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Abstract

Cardiovascular biomaterials are essential for the support of damaged or diseased
cardiovascular tissue and structures. Their applications include stents, heart valves, vascular grafts,
and pacemakers. The success of these biomaterials is crucial for improving patient outcomes and
enhancing quality of life. Shear stress, the frictional force exerted by flowing blood on the surface of
cardiovascular biomaterials, can directly influence the performance and stability of these materials.

Studying the impact of shear stress can aid in the development of improved biomaterials.

Neutrophils (PMNs) are a type of white blood cell that play a crucial role in the body’s
immune system and defend against infection. In addition to their conventional role in phagocytosing
and killing pathogens, neutrophils employ another intriguing defense mechanism known as neutrophil
extracellular traps (NETS). These web-like structures are released by neutrophils to immobilize and
eliminate microbes and are composed of DNA as well as antimicrobial proteins. With the introduction
of a biomaterial into the body, neutrophils respond by releasing inflammatory mediators and forming
NETSs. Previous studies have revealed that NETs form on the surface of a variety of biomaterials,
however, the effect of shear on NETosis in the presence of a biomaterial has not been examined in

blood neutrophils or in the neutrophil-like HL-60 cell line model.

In this study, an in-vitro model was developed to assess the effect of shear on NETosis in the
presence of silicone, a common biomaterial. Neutrophils isolated from healthy donor blood and
differentiated HL-60s were exposed to either static (37°C incubation in polypropylene tubes with or
without neutrophil stimulation) or dynamic conditions (cells circulate in flow chambers pre-loaded
with plasma-coated silicone at a shear rate of 500s, with or without neutrophil stimulation).
Following exposure, NETs and neutrophil activation were measured using a FACSCalibur flow

cytometer and the silicone surface was characterized by immunofluorescence.

Preliminary HL-60 results indicate that two populations of cell are present during analysis:
healthy and damaged. Damaged cells include both apoptotic and dead cells. With the inclusion of
both populations during analysis, results show that shear, in the presence of a plasma-coated
biomaterial, increases the number of cells undergoing NETosis and results in a small, elevated, NET
marker release as shown by expression levels of the antimicrobial protein myeloperoxidase (MPO)

and citrullinated histone (citH3). In blood-isolated neutrophils, shear also increases the number of



cells undergoing NETosis, however there is a minimal change in NET marker expression. For both
cell types, immunofluorescence staining reveals that NETSs largely aggregated on the silicone surface,
presenting the need to further explore and quantify NETosis on the biomaterial. When the
complement system is inactivated under shear conditions by ethylenediaminetetraacetic acid (EDTA),
the NET signal is reduced in both HL-60 cells and blood neutrophils.

Using the developed model, results support the idea that shear modulates NETosis in the
presence of a biomaterial and may play a role in the distribution of NETs between the material
surface and circulation. Given the difference in NETosis response between HL-60 cells and PMNS,
the HL-60 cell line may not be an accurate and appropriate model to investigate NET and material
interactions under shear. To better characterize the mechanisms involved in NETosis on the
biomaterial and under shear, the silicone surface and the aggregates found therein should be further

analyzed.
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Chapter 1: Thesis Introduction

1.1 Introduction

Neutrophils, a type of granulocytic white blood cell (leukocyte), are essential components of
the innate immune system. Neutrophils represent over 60% of the leukocyte population in blood and
play a crucial role in inflammation and fighting infections. Equipped with a distinctive multi-lobed
nucleus, and granules containing powerful antimicrobial and pro-inflammatory mediators, neutrophils
can eliminate invading microorganisms through phagocytosis, producing reactive oxygen species
(ROS), and releasing antimicrobial proteins and peptides, such as lactoferrin (LF), myeloperoxidase
(MPO), and elastase (NE). Neutrophils are also capable of releasing extracellular traps to neutralize
infections. Additionally, neutrophils contribute to the inflammatory response by releasing proteins
known as cytokines, which help recruit other immune cells to sites of infection or inflammation.

Moreover, neutrophils interact with other immune cells and regulate immune responses [1], [2].

Biomaterials come into contact with biological systems in a variety of ways such as through
implants, drug delivery systems, surgical tools, diagnostic devices, and tissue engineering scaffolds.
As key players in the innate immune response, neutrophil response can significantly impact the
interactions with biomaterials in tissues as well as cardiovascular biomaterials (ie blood-contacting
material). Thus, understanding how biomaterials interact with blood, including neutrophils, is
essential in assessing their biocompatibility. The biocompatibility of blood contacting medical
devices has been the subject of much research and review. Despite the improvement of current
biomaterials and the development of new ones, contact with blood continues to result in the activation
of blood components and in adverse reactions, such as thrombus formation, chronic inflammation and
impaired healing [3], [4]. Blood-biomaterial interactions are complex and can impact the
biomaterial's functionality and longevity (Figure 1.1) [5]. For example, the complement system (part
of the body’s innate immune response) is activated in the presence of a biomaterial. As a result of
complement protein adsorption to the surface and the chemoattractant particles that they release,
leukocytes are recruited to the material leading to further immune system activation via cytokine
release [3]. The adsorption of plasma proteins also includes fibrinogen, von willbebrand factor
(VWF), and immunoglobulins which further results in platelet activation. This triggers not only
coagulation pathways (leading to thrombus formation) but the formation of platelet-leukocyte

aggregates that can also contribute to creating an extensive thrombus network [6], [7]. Within this



feedback loop of activation, complement proteins are additionally capable of enhancing platelet

adhesion and activation [3].

Subsequently, studying the various elements of blood-material interactions in vitro will allow
for more insight into the underlying mechanisms that govern these responses. This knowledge will be
valuable in developing strategies to modulate host responses and improve blood compatibility in
various biomedical applications. During blood-material interactions, neutrophils can become
activated and adhere to the material's surface. This activation triggers the release of inflammatory
cytokines, tissue-degrading enzymes, extracellular traps, and reactive oxygen species [8], [9]. As
neutrophils adhere to the material, they attempt to phagocytose the surface as part of the immune
response. As the material is too large to be engulfed, neutrophils undergo a frustrated form of
phagocytosis leading to the release of oxygen metabolites and proteolytic enzymes [10]. The extent of
neutrophil activation depends on both the material characteristics and the other proteins adsorbed on
the surface. Neutrophils heavily interact with other biological components during the material-
induced biological response such as platelets, complement proteins, and endothelium. Given the
complexity of these interactions, it is important to isolate the specific effect of the material on
neutrophils directly. Hence, blood-isolated polymorphonuclear neutrophils (PMNSs) (as opposed to
whole blood) can be employed in models investigating leukocyte-material interactions. This thesis
will explore neutrophils in the presence of shear and a biomaterial in order to contribute to the

growing body of blood biocompatibility research.

Hemostasis -

—

— Inflammation

Coagulation < Complement

>

o

i

+ Neutrophils
>

Platelets

Monocyies

Figure 1.1: The key components of the blood-biomaterial response and their interactions.
Reproduced with permission [10].



1.2 Silicone

A widely used biomaterial, particularly in implanted cardiovascular materials, is silicone
(also known as polysiloxane). Silicone is made up of a mixture of semi-inorganic polymeric
molecules consisting of an array of polydimethylsiloxane monomer chains of varying lengths [11]. It
has high elasticity and hydrophobicity and retains flexibility even at extreme temperatures, making it
a widely applicable material. Its applications include coating or treatment of medical devices, inserts
and implants, catheters, contact lenses, and shunts. Table 1.1 provides a thorough list of silicone’s
applications in the medical setting. Silicone has good hemocompatibility in the body due to its

hydrophobicity and low surface tension [11].

Location Body parts Applications

Head and neck Brain Hydrocephalus shunts
Skull Burr hole covers
Eye Scleral bands and buckles

Vitreous fluid replacement
Intraocular lenses
Contact lenses

Ear Elastomer tubes for
ontological ventilation
Cochlear implants (encase
in silicone)
Throat Voicebox prothesis, post-
laryngectomy
Torso Cardiac Peacemaker encapsulated
and leads insulated with
silicone
Mechanical heart valves

Gastric Gastric band implant (Lap-
Band, Realize)

Urinary system Urinary tract Silicone urological catheters
Urethral stents
Artificial urethra

Skeletal joints  Hip Silicone drainage systems
Knee Shock-absorbing silicone
bumper for knee
replacement
Foot Foot and toe joint implants

Table 1.1: Applications of silicone. Adapted from Zare et al (open access article) [11].

1.3 Research Motivation and Objectives

Although NETSs and blood-biomaterial interactions have separately been reported to contribute to

thrombosis and inflammation, no in-vitro study has yet investigated the mechanisms involved in
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material-induced activation and NETs under flow conditions in human neutrophils. The aim of this
thesis was to develop an in vitro model and flow cytometry methodology to characterize NETosis
under shear conditions in the presence of a biomaterial. It was hypothesized that contact with a
biomaterial under physiological shear using a parallel plate model, and in the presence of an

inflammatory mediator, would activate NETosis that could be characterized by flow cytometry.

This thesis is also motivated by the lack of characterization around using the HL-60 cell line
to study NETosis. HL-60 is a human-derived immortal cell line that is often used as an alternative to
isolating human neutrophils. They are promyelocytes that can be differentiated into macrophage-like
cells through exposure to various chemicals, such as PMA and dimethyl sulfoxide (DMSO), [6]. They
are convenient for in-vitro studies as they proliferate rapidly (doubling time of 20-45 hours) and can
remain in suspension with minimal growth supplements and thus can be readily available for
experiments. While they can successfully mimic neutrophils, discrepancies exist in their phenotype,
including the lack of lactoferrin-specific granules and additional deficiencies observed in some of
their oxidative Killing mechanisms [12][13]. Despite these discrepancies, HL-60 cells have been used
to study NETs [14]. No comprehensive study has yet examined HL-60 NETosis under flow
conditions, nor have any utilized flow cytometry as an analysis method to characterize and quantify
NETosis in this model cell line. Thus, the other objective of this thesis was to determine if HL-60
cells are an appropriate model for investigating NETosis in leukocyte-biomaterial interactions under

shear.

1.4 Thesis Outline

This thesis will begin by presenting a review of the current understanding of biomaterial-related
NETosis in-vitro in Chapter 2. This review will cover both neutrophils and the HL-60 cell line.
Chapter 3 will focus exclusively on the HL-60 experimental process including materials, methods,
results, and discussion. Chapter 4 will examine blood neutrophils and will similarly outline the
materials, methods, results, and discussion related to those investigations. Conclusions and future

work will be presented in Chapter 5.



Chapter 2: Literature Review

2.1 Introduction to Leukocyte Biology and Cells Lines

2.1.1 Introduction

Neutrophils are a crucial component of the inflammatory response induced by biomaterials.
This chapter focuses on presenting what is currently understood about neutrophil-biomaterial
interactions. It will begin by briefly outlining the function of neutrophils, the definition of NETS, and
the mechanisms of NET release. It will then present how NETS are assessed, followed by what has so
far been done to study NETSs on biomaterials in-vitro. Further, it will explore how the HL-60 cell line
has been used to model neutrophil activation upon contact with materials. In the final section, this
review will discuss how the HL-60 cell line has been used to further the understanding of NETosis
mechanisms due to the similarities between differentiated HL-60 cells and neutrophils as well as their
modifiable phenotype. This will also include a comparison between HL-60 and neutrophil-derived
NET structures.

2.1.2 Leukocyte Biology

Neutrophils (also known as polymorphonuclear leukocytes, or PMNSs) are leukocytes, a
granulitic type of white blood cell that play a critical role in the innate immune system. Neutrophils,
with a concentration ranging from 2.5 to 7.5 million per mL, represent between 40 to 70% of the
circulating leukocytes and are primarily responsible for combating infections and protecting the host
against foreign bodies. While in circulation, they average a lifespan of approximately 24 hours. They
possess a distinctive multi-lobed nucleus and contain granules filled with potent antimicrobial and
inflammatory molecules that can neutralize and kill invading microorganisms [2]. PMNs can
phagocytose bacteria, fungi, and cellular debris, produce reactive oxygen species (ROS) and release
antimicrobial proteins and peptides through degranulation to directly kill microorganisms and control
infection. PMNs contain four types of granules: primary (azurophilic), secondary (specific), tertiary
and secretory [15]. The antimicrobial proteins myeloperoxidase (MPO) and neutrophil elastase (NE)
are released from primary granules when PMNSs are activated. This degranulation can be measured by
quantifying the increase in CD63, a transmembrane protein that becomes highly expressed on the
surface of neutrophils during degranulation [16]. Secondary granules also release antimicrobial

proteins including lactoferrin and lysozymes. Within the secondary granules (and also found on the
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plasma membrane of PMNSs) are the integral membrane proteins CD11b/CD18. During activation,
CD11b translocates to the membrane surface to aid with PMN migration and adhesion [17]. CD11b
upregulation facilitates the interaction between leukocytes and biomaterials enabling leukocytes to
play their role in the immune response. Adherent leukocytes can release various inflammatory
mediators that contribute to the recruitment of additional immune cells and the initiation of an
inflammatory cascade [3], [18]. As is seen in Figure 2.1 (illustrating the degranulation response),
tertiary granules contain metalloproteinases (MMPS) and secretory granules release plasma proteins
such as albumin [19]. Some additional PMN surface markers and their function are presented in Table
2.1 [19]-[23]. This is not a comprehensive list but these specific markers were selected based on their

use in biomaterial studies to characterize the PMN response [9], [24], [25].
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Figure 2.1: Degranulation response of neutrophils upon activation. Image reproduced with
permission [15].



Table 2.1: Neutrophil receptors and their function

Receptor Function

CD11b Adhesion, migration, phagocytosis

D15 Mediates neutrophil adhesion to dendritic cells.
Common marker for leukocytes

CD16 Phagocytosis. Expressed during maturation

CD35 Complement system regulation

CD63 Degranulation

CD65 Adhesion. Binds E and P-selectin

CD66b Degranulation, phagocytosis, adhesion, and

migration

Besides their role in infection control, neutrophils are the first innate immune cells at an
injury site and are essential and critical contributors to the inflammatory response by releasing
reactive oxygen species (ROS) and pro and anti-inflammatory proteins known as cytokines [1], [2].
Some of these cytokines, such as interleukin 1 (IL-1), tumor necrosis factor-alpha (TNFa), and
macrophage migration inhibitory factor (MIF) aid in recruiting other immune cells to the site of
infection or inflammation. A comprehensive list of cytokines released by PMNSs, and their functions
is presented in Figure 2.2. In the presence of a biomaterial, neutrophils can adhere to, and activate on,
the biomaterial surface, thereby impacting the inflammatory response and the overall biocompatibility
of the material. Regardless of adhesion, PMNs in circulation will still become activated as part of the

inflammatory response [8].
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Figure 2.2: Cytokines released by PMNs and their functions. Image reproduced with
permission [15].

2.1.3 Neutrophil Extracellular Traps (NETs)

In the study of blood-biomaterial interactions, neutrophils have become increasingly
implicated in the inflammatory and thrombotic response to the introduction of foreign material. In
recent years, there has been an increased focus on the phenomenon of neutrophil extracellular traps
(NETS) that are triggered upon material contact with neutrophils [8], [9]. First reported in 2004,
NETosis was initially studied in the context of bacterial infection. Upon activation, neutrophils expel
a network of DNA and proteins that bind and eliminate pathogens [26]. Two hallmark steps of
NETosis are histone citrullination and protease release. Briefly, citrullination involves the conversion
of histone residues (including but not limited to H3) from arginine to citrulline via peptidyl arginine
deiminase (PADA4), thereby leading to chromatin decondensation. Concurrently, neutrophils
degranulate to release proteins including the antimicrobial enzymes MPO and NE [27]. NETosis is a
distinct type of cellular death that differs from apoptosis or necrosis. For example, cells do not display

the phosphatidylserine signals typical of apoptotic cells nor do the membranes bleb in the same way.
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In fact, plasma integrity is maintained during NETosis to allow granular cargo to mix with chromatin
[28]. Despite being a powerful antibacterial tool, NETs have also been implicated in sterile
inflammation and can be induced in-vitro by the synthetic stimuli phorbol myristate acetate (PMA) or
by physiological stimuli such as calcium ionophore (Cl), interleukin- 8 (IL-8) and tumour necrosis
factor-alpha (TNF-a)[28]. NETs are pro-inflammatory as well as pro-thrombotic and have been
shown to activate complement, platelets, and monocytes [29]. Given the NETosis potential of
neutrophils and their importance in the immune reaction towards biomaterials, the interest in studying

NETSs as a consequence of neutrophil-biomaterial interactions is growing.

2.1.4 Mechanisms of NETosis

While the exact mechanisms and pathways of NETosis continue to be studied, several key
features have been elucidated. There are thought to be two types of NETosis: lytic and vital [30].
Lytic NETosis involves extracellular trap expulsion that occurs over several hours following
stimulation and ultimately results in the death of the neutrophils involved. In this type of NETosis,
reactive oxygen species play a large role. Upon stimulation, neutrophils activate the raf-MEK-ERK
signaling pathway that in turn activates the nicotinamide adenine dinucleotide phosphate oxidase
enzyme (NADPH) and the subsequent generation of superoxide anions. Crucially, NADPH is not the
only source of ROS during NETosis [31], [32]. Exactly how ROS interact with neutrophil proteins to
contribute to, as well as further, NETosis, remains unclear. There is evidence, however, that ROS
enable the release of granule proteins during NETosis, a hallmark step of the process. Two of the
released proteases are MPO and NE. NE has been shown to travel to the nucleus and causes histone
degradation, resulting in DNA decondensation [31], [33]. As it moves to the nucleus, NE has also
been found to break down actin filaments, hindering the movement of neutrophils. Later, MPO also
moves to the nucleus to aid NE in chromatin decondensation, though the exact mechanism is still
unknown [31]. DNA decondensation is also triggered by histone citrullination. This process involves
the conversion of histone residues (including but not limited to H3) from a positively charged
arginine side chain to a polar and uncharged citrulline side chain via peptidyl arginine deiminase
(PAD4), thereby leading to chromatin decondensation [32]. The interaction between ROS and histone
citrullination continues to be investigated. Eventually, chromatin and granule proteins combine in the
cytoplasm, leading to cell membrane lysis and the release of a mixture of nuclear and granule material

into the external environment. It is there that MPO produces hypochlorous acid that can kill



pathogens and where NE can degrade bacterial proteins [30], [31], [34]. Figure 2.3 illustrates the

release of NETSs to the environment.

Vital NETosis involves the expulsion of DNA from the nucleus into the extracellular space
while maintaining the viability of the neutrophils. This type of NETosis has been observed in
response to specific molecular patterns associated with microorganisms that are recognized by the
host's pattern recognition receptors, such as lipopolysaccharides (LPS) and Staphylococcus aureus (S.
aureus) [32]. This typically occurs faster than lytic NETosis (beginning in minutes as opposed to
hours) and cells maintained their chemotaxis and phagocytic abilities [32], [35]. This investigation

will focus on lytic NETosis as opposed to vital.

NETosis Elastase

Figure 2.3: NETosis involves the release of DNA, histones and antimicrobial proteins [1]. Open
access article.

2.1.5HL-60 Cells

HL-60 cells are a widely recognized and extensively studied cell line important for studying
blood-biomaterial interactions. Derived from a patient suffering from acute promyelocytic leukemia,
these immortalized cells exhibit properties of myeloblasts and promyelocytes, making them a
valuable model. They can be differentiated into macrophage-like cells using phorbol myristate acetate
(PMA) and 12-O-tetra-decanoylphorbol-13-acetate (TPA), or neutrophil-like cells through treatment
with dimethyl sulfoxide (DMSO), all-trans retinoic acid (ATRA) or dimethylformamide (DMF) [36].

Their unique characteristics, ease of cultivation, and ability to be induced to differentiate into
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different cell types have made them indispensable tools [14], [36]-[39]. These cells provide a
simplified and controlled model to explore the responses of blood cells to different biomaterials [14],
[39], [40] . By exposing HL-60 cells to biomaterial surfaces, researchers can assess factors such as
adhesion, activation, aggregation, and clotting, which are crucial in understanding the
biocompatibility and hemocompatibility of these materials. HL-60 cells offer a convenient alternative
to working directly with human blood-isolated neutrophils, allowing for repeatable and reproducible
experiments [14], [38], [39].

2.1.6 Differentiation Effects on HL-60 Cells

HL-60 differentiation has been more extensively studied to optimize conditions so that
differentiated cells (dHL-60) are most susceptible to NETosis. From a method’s perspective, this is
valuable in establishing effective dHL-60 models to be used in biomaterial-NETosis studies. For
example, in an extensive study by Manda-Handzlik and colleagues, HL-60 cells differentiated with
ATRA released NETs only when stimulated with PMA and DMSO-differentiated cells only upon Cl
stimulation. DMF differentiation resulted in HL-60 cells that could respond to both PMA and Cl
stimulation. In addition, H3 citrullination was observed more so in stimulated cells that had been
differentiated with DMSO or DMF as opposed to ATRA [41]. These striking results are at odds with
other papers that have reported NETSs in Cl-stimulated ATRA-differentiated HL-60 cells and PMA-
stimulated DMSO-differentiated HL-60 cells [42], [43].

Relating to media used in cell culture, Guo et al found that the serum-free medium X-VIVO
was not only effective during HL-60 differentiation with DMSO and ATRA, but that the dHL-60
cells produced were more efficient at generating NETs and ROS upon stimulation. Specifically, they
concluded that cells differentiated with DMSO in X-VIVO and stimulated with 100 nM PMA over
four hours generated the most NETSs (including elevated citH3 levels) [44]. Their findings also
contradicted those of Manda-Handzlik as the cells differentiated with ATRA in X-VIVO still

generated an elevated level of NETs upon stimulation with CI.
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2.2 Characterization of NETs

2.2.1 Immunofluorescent Staining of NETs

There is no gold standard for quantifying NETosis and in fact, there is very little consistency
across the literature. For the identification of NETs, most papers employ immunofluorescence
staining of both genetic material (either citrullinated histones or chromatin more generally) and NET
proteases like MPO and/or NE [45]-[48]. Common dyes for genetic material include 4',6-diamidino-
2-phenylindole (DAPI) or Sytox green which will only stain cells with compromised plasma
membranes [49], [50]. Quantification using immunofluorescence often involves expressing the ratio
of antibody-positive cells to the total adhered cells on the surface. Groups may also simultaneously
employ live/dead cell counts alongside antibody targeting [14]. Within imaging, several software
techniques exist to quantify NETS (including image stream systems, NETQuant and Image J) though
they can be modified to suit the needs of each group and may still require manual identification of
NET-positive events [14],[15].

2.2.2 ELISA for NET Quantification

Another method that is occasionally used is the enzyme-linked immunosorbent assay
(ELISA). This assay is used to detect the presence of a certain ligand (typically proteins) in a sample
by using antibodies specific to the ligand of interest. In the case of NETS, this is usually MPO, NE or
citH3 [51], [52]. In a method development paper, researchers validated ELISA detection of citH3 and
MPO in samples from patients with systemic lupus erythematosus [53]. In another work, MPO-DNA
complexes were used to study the association between NETs and cardiovascular disease risk factors
such as age and sex [54]. Despite their use, there are issues regarding standardization and there
remains some debate about the effectiveness of ELISA for identifying NETSs as others have reported
that it is error prone. Hayden and colleagues found that results obtained using MPO-DNA ELISA did
not correlate with other NET parameters such as citH3 and NE release. In addition, Matta et al
determined that the quantity and quality of NET structures had an effect on the success of ELISA-
based NET detection [55], [56]. Overall, using ELISA as a NET identifying tool was not considered
to be particularly effective and therefore was not selected as a primary NETosis analysis tool in this

investigation.
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2.2.3 Flow Cytometry

Flow cytometry is a measurement technique that can carry out a multi-parametric analysis of
cells in solution. Samples are first stained with fluorescent antibodies and then injected into a flow
path that is surrounded by a sheath containing faster-flowing fluid (See Figure 2.4). The sheath
ensures that cells pass a single file when exposed to the lasers of the machine. Light scattering and
fluorescence emission provide information about the cells such as size (Forward Scatter-FSC),
granularity (Side Scatter-SSC) and surface receptor presence. Fluorescent probes to label the cells
include those in the Fluorescein isothiocyanate (FITC), Phycoerythrin (PE), Peridinin chlorophyll
protein complex (PerCP) and Alexa Fluor series. Individual fluorescence (FL) channels then display
the final, filtered, optical signal [57]. Flow cytometry can be used to acquire a large number of
NETosis events and uses positive identification of NETosis markers including citH3, NE and MPO.
The MPO and citH3 combination is the most frequently used in the literature and often involves an
additional neutrophil marker such as the CD15 antigen [58]-[60]. This technique has been used on
both PMNs and HL-60 cells, however it is not standardized and cannot track the progression of
NETosis. As such, it is mainly used at defined experimental endpoints.
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Figure 2.4: Flow cytometry mechanism. Labelled cells pass through the laser and the signal is
detected by a sensor. Open access article [56].
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In flow cytometry, a gate refers to a range of values that are used to separate a particular
group of cytometric events from a vast collection. Gating allows for the identification of a specific
cellular population of interest by using a panel of markers that are visualized via their fluorescent
signal or side scatter as mentioned above. Figure 2.5 illustrates an example of a gating strategy used
in this investigation. Each singular dot in Figure 2.5A-B represents a single cell in the solution,
regions were drawn around specific cell population to define gates; the fluorescent histogram and
associated statistics of this gated population are shown in Figure 2.5C-D. The mean fluorescence
value is commonly reported when flow cytometry is used as an analytical tool [57], [61]. Additional
information that is provided includes the total number of cells within that gate (Gated events) and the
total percentage of cells in G1 relative to the total number of cells (% Gated). In this particular
example, a large number of cells have very low fluorescent intensity, indicating that marker
expression (in this case citH3) is low and following activation, a greater fluorescent intensity is

observed.

pmn 001

1000

Figure 2.5: Representative images of flow cytometry data. A) Neutrophils of a characteristic
FSC and SSC in Region 1 (R1). B) The same neutrophils from (A) were further selected by their
expression of a neutrophil-identifying marker in FL3 (CD15-PerCy5) identified in Region 2
(R2). C) Fluorescent histogram for flow cytometry analysis. Y-axis indicates the number of
cells, and the x-axis indicates the intensity of the fluorescence. Cells in the gate G1 (cell
population in R1 and R2) express the marker of interest and that overall fluorescence is
indicated by the “Geo Mean” value in the histogram statistics panel (D). The purple histogram
represents cell events for a sample that is not activated while the green line overlay represents
data of an activated sample.
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2.3 In-Vitro Investigations of Blood Neutrophils, Biomaterials and NETosis

2.3.1 NETosis on Titanium

The literature related to blood-biomaterial interactions is extensive and continuously
expanding due to the need to better understand the mechanisms related to the foreign body response.
Much of this work directly relates to understanding or preventing thrombosis [3], [62], [63]. To date,
there has been much less focus on understanding the impacts of biomaterials on NETosis in-vitro,
however various materials and in-vitro models have been explored. Vitkov and colleagues identified
that PMNs in whole blood attached to the surface of sandblasted large-grit acid-etched (SLA)
titanium implants and generated NETS after 4 hours of incubation [64]. Their presence was confirmed
by co-staining of H3, NE, and DAPI. Interestingly, there was no significant difference between
control conditions and those pre-treated with albumin, suggesting that Fc-gamma-receptors (Fcy) do
not influence the initiation of NETosis [64]. Abaricia and colleagues similarly characterized the
neutrophil response to titanium though the surface topography was modified to better understand how
physical cues can modulate NETSs [65]. In this work, NETosis was characterized by measuring the
area and circularity of DAPI-stained DNA. As the release of NETSs includes the expulsion of DNA
and genetic material, a greater area would be indicative of a strong NETosis response. Given that the
DNA also unravels during NET release, measuring circularity was also important for this work.
Neutrophils on smooth titanium showed large NET formation by 4 hours while rough surfaces did not
generate NETs until 8 hours post-plating and showed lower levels of pro-inflammatory cytokines
including IL-1beta, IL-6 and CCL22. Further, incubation on rough hydrophilic surfaces (generated in

a nitrogen environment to retain surface wettability) did not result in NET formation [65](Figure 2.6).
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Figure 2.6: NETosis events and quantification on titanium surfaces as presented by Abaracia
and colleagues. NETosis events were considered to be those that had a large DNA area and low
circularity [65]. Rough-hydro indicates rough hydrophilic surfaces. Open access article.

2.3.2 Surface Cue Modulation of NETosis

In a later study, Abaricia et al further characterized the neutrophil response to varying
stiffnesses of polydimethylsiloxane (PDMS)[66]. As surface stiffness increased, so too did NET
formation, coupled with an increase in pro-inflammatory cytokines. The group further implicated the

integrin-dependent focal adhesion kinase (FAK) pathway in NETosis by observing that FAK
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inhibition attenuated the stiffness-dependent increase in NETs [66]. While these two papers
contribute greatly to the understanding of sterile material-induced NETosis, the group’s use of murine
neutrophils, as opposed to human ones, indicates that additional confirmation is required as their
respective properties differ. For example, murine neutrophils have different surface receptor
expressions (e.g., less CD16 receptor expression compared to human neutrophils), a shorter lifespan,
and differences in cytokine production as well as regulation [671-[69]. Furthermore, other groups have
not thoroughly validated their method of quantifying NETSs through the spread and shape of nuclear
DNA, nor is their use of MPO-DNA complexes an effective indicator of NETosis without the

additional identification of histones [56].

Abaricia and colleagues were not the only group to examine how surface cues modulate
NETosis in-vitro. Erpenbeck and colleagues examined how adhesion and substrate elasticity of
polyacrylamide (PAA) gels affected NETosis [70]. Neutrophils were cultured on integrin-coated PAA
surfaces with physiologically relevant elasticities ranging from 1-128 kPA before being stimulated
with either 5nM PMA or 75 ug/mL LPS for 3 hours. NETosis was quantified microscopically by
examining MPO staining and chromatin decondensation. It was determined that PMA-induced NETs
were not impacted by either the substrate elasticity or the collagen and fibrinogen used to coat the
surface [70]. This can partly be explained by PMA’s mechanism of NETosis which acts
intracellularly to directly generate reactive oxygen species [70], [71]. In contrast, LPS-stimulated
NETSs increased with increasing substrate elasticity — a novel finding. Also of note, LPS-induced
NETSs increased with an increased cell contact area thus implying the importance of adhesion
signalling. PMA-induced NETS did not require adhesion as they did not correlate with spreading.
These results further contribute to the notion that both the NETosis trigger, and the material

microenvironment can dramatically alter the progression of NETosis [70].

NETosis was also taken into consideration by King and Bowlin during their use of the near-
field electrospinning (NFES) technique to generate novel polydioxanone (PDO) scaffolds. Scaffolds
generated via NFES had a 50% reduction in NETS relative to traditional electrospinning scaffolds at
both the 3 and 6-hour mark [72]. This group was not the only one to explore the interaction between
neutrophils and PDO in-vitro. In a series of papers by Fetz and colleagues, the interactions between
polydioxanone and human neutrophils have been extensively examined. In 2017, investigations were
carried out on the ability of PDO to regulate NETosis in-vitro. PDO and PDO-type | collagen blended

templates were fabricated with either small or large diameter fibers before their interactions with
17



neutrophils were evaluated for 3-24 hours [73]. NETs were co-stained with DAPI and Sytox while
template-bound citrullinated histone (citH3) expression was quantified using an infrared-on-cell
Western blot. The authors determined that large fiber diameters (1.0-2.00 um) reduced NETosis on
PDO templates while the addition of collagen attenuated NET formation independent of fibre
diameter. Small fibers (0.25-0.35 pm) rapidly induced NETosis and led to the expression of

8.06 +2.64 ng of CitH3 at 3 hours, a value five times higher than the large fibers [73]. This
highlighted the importance of designing scaffolds that can effectively modulate the immune response
to limit NETs. The authors incorporated chlorine-amidine to further elucidate whether PDO templates
could act as a delivery system to attenuate template-induced NETosis [74]. This was intended to
inhibit peptidyl arginase deiminase 4 (PAD4); an enzyme that mediates histone citrullination and is
heavily involved in NETosis, however, the results obtained were inconclusive. As the drug
concentration increased, NETosis decreased on small diameter templates (0.4 um) while the opposite
trend was observed for large diameters (1.8 um). Regardless of drug content, both small and large
fibre templates triggered nearly equivalent levels of NETosis by the 6-hour mark [74]. This suggests
that other pathways, besides that of PAD4, can regulate NETosis in the presence of PDO. To further
elucidate these pathways, a 2021 paper by the same group examined how IgG adsorption on PDO of
varying fibre sizes might regulate NET release [75]. On both small and large fibres, amounts of IgG
ranging from 100 pg to physiological concentrations increased NET release in a dose-dependent
manner. When the IgG receptor Fcy RIIIb was inhibited, NET release was reduced on small fibres.
Interestingly, none of the other receptors tested (Fcy RI, Fcy Rlla, and CD11b) altered NET release,
nor was NETosis impaired on large fibres in any condition. Further analysis revealed that the TAK1
signalling enzyme was responsible for the Fcy RIIIb activation pathway. This work demonstrated that
the release of NETs on biomaterials is in part regulated by 1gG adsorption and subsequent
engagement of the Fcy RIIIb/TAKk1 signalling pathway [75]. This is in contrast to the study by Vitkov
and colleagues that did not find a role for Fcy receptors in NETosis [64]. This could, in part, be due to
their use of titanium and not PDO however those authors did not further investigate specific Fcy

receptors in their work.

While the above papers focus on modifying a singular material’s surface, Sperling et al
compared NET release on a range of hydrophilic and hydrophobic material surfaces simultaneously
[76]. Glass, poly(ethylene-alt-maleic anhydride) (PEMA), self-assembled monolayers of methyl-
terminated alkanethiols (SAM-CH3), and Teflon AF™ were incubated for 4 hours with isolated
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human neutrophils after pre-adsorption with plasma proteins. NETs were visualized using citH3 and
NE but were quantified by determining the relative Sytox green staining. Their results showed a
significantly higher amount of expelled DNA on the hydrophobic surfaces SAM-CH3 and Teflon
compared to the hydrophilic surfaces. NET structures were identified on these surfaces through co-
staining of individual NET components though the authors did not present that data. Further testing
on Teflon with whole blood revealed a similar pattern of NETS that stained positively for citH3, NE,
and expelled DNA [76]. The increased retention of plasma proteins on the hydrophobic surfaces
likely contributed to the elevated NET formation on these surfaces. The significance of this work lies
in the relevance of hydrophobic surfaces in medical devices such as oxygenators and some vascular
grafts. [71].

2.3.3 NETosis on Graphene Oxide and Nanomaterials

A handful of additional materials have been tested as the importance of NETs becomes increasingly
clear. Lu and colleagues exposed PMNSs to graphene oxide biomaterials for an hour before NET
formation was evaluated via confocal microscopy and staining of MPO and NE[77]. Visualization
revealed DNA smears and enzyme staining that was indicative of NETosis while also confirming that
their NETs were generated in a ROS and NADPH-dependent fashion. Interestingly, graphene oxide
functionalization with carboxyl (GO-COOQOH) and polyethylene glycol (GO-PEG) resulted in NET
levels that were four times lower than that of unfunctionalized GO thus re-affirming the importance

of biomaterial surface modifications on modulating NETosis [77].

In one of only two studies examining nanomaterials, Bilyy et al showed that agglomerations
of non-stabilized superparamagnetic iron oxide nanoparticles (SPIONSs) induce NET formation in
human neutrophils after 3 hours[78]. In the presence of serum, however, NET formation was
abrogated. Similarly, Munoz et al reported that nanodiamonds also triggered NETs although this was
size-dependent [79]. It is difficult to directly interpret the results of these studies as they both used
high concentrations (200 ug/mL) of nanomaterial that would typically not be present [78], [79]. Other

groups have reviewed neutrophil-nanomaterial interactions more thoroughly [80]-[82].

The groups have all used human neutrophils to directly explore the effect of biomaterials on NETosis.
On the other hand, some have opted to take advantage of the HL-60 cell line to study the effects of
biomaterials on neutrophil activation. The next section of this literature review will summarize how
HL-60 cells have been used as a way to model neutrophil activation by biomaterials.
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2.4 HL-60 Cells as a Model of Neutrophil-Biomaterial Interactions

Literature on using HL-60 cells to study biomaterial-induced NETosis is scarce. As such, for
this particular section, criteria were expanded to include other types of neutrophil activation more

broadly such as apoptosis and oxidative burst.

2.4.1 Macrophage-Like HL-60 Cells

One of the only papers that used HL-60 cells as a model of NETosis on biomaterials was a
recent study conducted by Clarke and colleagues. To study the impact of biomaterial surface
chemistry on the release of NETS, undifferentiated HL-60 cells were incubated on poly(methyl
methacrylate) (PMMA\) functionalized with either carboxylic acid or amine groups[14]. The HL-60
cells were activated with 50 nM PMA over 48 hours which induced a semi-differentiation and
allowed the cells to adhere to the PMMA surface. Cells incubated on aminated PMMA had higher
cell adhesion and overall NETosis (as visualized using Sytox green and citH3) after 48 hours
compared to HL-60 cells incubated on both carboxylated and unfunctionalized PMMA. Crucially, the
ratio of NETS to total adhered cells was not statistically significant between cells on all three surfaces
thus indicating the importance of adherence to overall NETosis. These results would seem to suggest
that amine-functionalized biomaterials are more immune-activating than other types of
functionalization[14]. This paper is unique in its approach toward HL-60 cell differentiation.
Activation with PMA typically induces more of a macrophage-like phenotype as opposed to
neutrophil-like which raises questions about their validity as a NET model [83]-[87]. Macrophage-
like differentiated HL-60 cells were also used by Iwasaki et al when investigating the inflammatory
reaction of HL-60 cells to blended 2-methacryloyloxyethyl phosphorylcholine (MPC) and
poly(lactide-co-glycolide) (PLGA) polymers. The addition of MPC was found to reduce the
inflammatory response as indicated by a decreased level of IL-1 beta mRNA [88]. In a separate study
by Shin and colleagues, macrophage-like HL60 cells were used to study pressure regimes at the soft-
tissue-material implant interface. Here, superoxide production was used as a marker of cell death with
all pressures tested (5-40 mmHg) eliciting significantly less superoxide relative to controls [89]. In all
of the above studies, HL-60 cells were induced to differentiate to provide a more accurate model of

blood leukocytes.

20



2.4.2 Undifferentiated HL-60 Cells

Not all investigations use differentiated cells in their experiments as shown by Ciapetti et al
who used undifferentiated HL-60 cells to investigate the in-vitro apoptosis-inducing potential of
PMMA-based bone cement [38]. Undifferentiated HL-60 cells were selected alongside osteoblast-like
MG-63 cells due to their sensitivity to apoptotic stimuli. The viability of HL-60 cells was reduced
(down to a minimum of 50% on one material) on three of the four types of cement tested, however
the MG-63 cells were more sensitive to the cytotoxic effects of the materials than HL-60s, as
evidenced by an increase in DNA fragments in the medium [38]. It is difficult to directly apply this
result to the in-vivo environment given the stark difference between undifferentiated and
differentiated HL-60 cells. Furthermore, when considering undifferentiated HL-60 cell NETosis, a
proteomic analysis of NETs by Scieszka and colleagues revealed significant differences in the
expression levels of proteins known to be associated with NETs when undifferentiated and
differentiated HL-60 cell NETosis was compared [90].

2.4.3 Differentiated HL-60 Cells

One of the only other studies using HL-60 cells to study NETosis in-vitro was conducted by
Abri and colleagues. Specifically, a fluorinated methacrylamide chitosan (MACF) hydrogel was used
to determine if neutrophil function is influenced by the presence of oxygen and/or the antibacterial
agent polyhexamethylene biguanide (PHMB)[39]. The results revealed that the ability of
differentiated HL-60 (dHL-60) cells to form NETSs on the scaffold and in the presence of oxygen and
PHMB depended on the type of stimulation. NETs were maximally produced when chemically
induced with PMA as opposed to Staphylococcus aureus. A similar trend was observed for ROS
production. This study presented an intriguing in-vitro model to study the immune response via HL-
60 cells, however their quantification of NETosis was incomplete. The authors opted to use a double-
stranded DNA quantification assay to quantify extracellular DNA which was used as an indicator of
NET formation. While extracellular DNA is a useful NET marker, relying solely on expelled DNA is
not recommended as a method of quantifying NETs as it does not distinguish NETosis from apoptosis
or necrosis of the cells [91]-[93]. This is further compounded by the issue that the HL-60
differentiation process results in gradual apoptosis [94]-[97]. Indeed, the authors noticed that there

was a 68% reduction in cell number upon differentiation of the HL-60 cells [39]. Cells may have
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already been undergoing apoptosis before stimulation thus resulting in an overall inflated ROS and

apoptosis result.

2.4.4 HL-60 Cells Compared to Neutrophils on Biomaterials

In a study by Verdon and colleagues, the following responses to nanomaterials were
compared between PMNs and HL-60 cells: metabolic activity, cytokine production and cell death
[40]. Interestingly, while NETs were examined in blood PMNSs, the authors state that NETosis was
not examined in dHL-60 cells because of the challenges associated with their suspension. This is
likely an obstacle specific to the paper's experimental design and not the inability of HL-60 cells to
generate NETSs in-vitro. The authors present a handful of key results. NETs were released by PMNs
after 4 hours of exposure to 62.5 pg/mL of silver nanomaterial (Ag) and were stained with DAPI and
NE to confirm their characteristic spread and composition. Copper oxide (CuO) nanomaterials at a
concentration of 62.5 pg/mL were found to reduce the metabolic activity of blood PMNs to 13% and
of dHL-60 cells to 59%. Exposure to silver and CuO also increased pro-inflammatory cytokine
release, mainly IL-8, in both cell types in a concentration-dependent manner. This was observed
alongside a reduction in the secretion of the cytokine interleukin-1 receptor antagonist (IL-1Ra).
Strikingly, zinc oxide (ZnO) nanomaterials at a concentration of 15.6 ug/mL reduced dHL-60
metabolic activity to 35% and killed the cells at concentrations over 62.5 ug/mL but had no effect on
PMN metabolic activity [40]. This highlights the behavioral difference between dHL-60 cells and
PMNSs, something that should be considered when selecting HL-60 cells as a model for PMNs and
when applying conclusions obtained from HL-60 cells to PMNs in the biomaterial environment.
Indeed, several studies have reported differences between the behavior of HL-60 cells and PMNs and
are cited here for reference but are, once again, outside of this chapter’s current scope ([98]-[100]).
HL-60 cells and neutrophils can also be compared and contrasted based on their use in studying the
mechanisms that drive NETosis. Hence, the final part of this section will focus on NETosis

mechanisms and whether differences exist between HL-60 and PMN-driven NETS.
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2.5 The NETosis Process in HL-60 Cells vs Neutrophils

2.5.1 The Role of Protein Arginine Deiminase (PAD4) in NETosis

PADA4 is an enzyme that converts arginine residues to citrulline on protein substrates in a
process referred to as citrullination/deamination [101]. Since NETs were first identified, there has
been substantial work to elucidate the role that PAD4 plays in their mechanism, and it is now widely
accepted that PAD4 is vital for NETosis (thorough reviews of PAD4 activation in NETosis can be
found below [102], [103]). Two of the landmark papers that studied this phenomenon utilized dHL-60
cells. In 2008, Neeli and colleagues investigated the PAD4-mediated H3 citrullination in both PMNs
and dHL-60 cells exposed to Cl, LPS, TNF, lipoteichoic acid, f-MLP, or hydrogen peroxide [104]. ClI
treatment of dHL-60 cells resulted in detectable H3 citrullination starting 15 minutes after stimulation
and plateaued after 2 hours. Similar responses were observed with TNF and LPS. In PMNSs, histone
citrullination was also observed as early as 30 minutes after stimulation but plateaued at 3 hours.
Crucially, these increases in histone citrullination did not occur during apoptosis thus demonstrating
that NETosis and apoptosis are separate, distinct, processes. This paper also successfully
demonstrated that PMNs respond more robustly than HL-60 at lower concentrations of neutrophil
stimuli [104]. For example, PMNs responded to TNF at concentrations as low as 0.5 ng/ml while
dHL-60 cells required a concentration that was four times higher (2 ng/ml). This same trend was
observed for LPS (0.1 vs 1 ng/ml). In an extension of this work, Wang et al used dHL-60 cells to
demonstrate that hypercitrullination of histones by PAD4 mediates chromatin decondensation [105].
Their work confirmed Neeli’s observations of dHL-60 histone citrullination (both H4 and H3) after
just 15 minutes of ClI stimulation and demonstrated that TNF treatment of PMNSs results in
approximately 10% of neutrophils showing an increase in histone citrullination by 15 minutes. For
their additional analysis of PAD4 activity, the authors relied exclusively on dHL-60 cells and did not
confirm their results with PMNs. PADA4 activity was confirmed by inhibition with chlorine amidine
which resulted in significantly decreased histone staining during stimulation. To study the effect of
citrullination on nuclear structure, chromatin decondensation was analyzed through the addition of
wild-type or inactivated PADA4. The addition of wild-type PAD4 generated pronounced chromatin
decondensation which was not present when inactivated PAD4 was added. In an interesting sub-set of
results presented by the authors, it was demonstrated that H3 citrullination was rarely observed in

undifferentiated HL-60 cells despite stimulation with IL-8 and bacteria, however, it was observed
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after differentiation [105]. This further supports the use of dHL-60 cells over undifferentiated cells as
a model for NETosis. This paper has been cited by others as support for the notion that HL-60 cells
generate fewer NETs than PMNs. While this has been observed in the literature and will be discussed
in a later section of this review, it is difficult to directly compare the results in this paper given the
difference in stimuli used between dHL-60 cells and PMNs [104]-[106].

In a more recent study involving dHL-60 cells and PAD4, Thiam et al performed high-
resolution time-lapse microscopy to thoroughly track the NETosis process [34]. In all three cell types
tested (mouse neutrophils, PMNSs, and dHL-60 cells), the cellular sequence of events was largely
conserved upon ionomycin stimulation. NETosis began with the rapid disassembly of the actin
cytoskeleton, followed by plasma membrane vesicle shedding, endoplasmic reticulum vesiculation,
nuclear rounding, and chromatin decondensation. PAD4 was found to accumulate and remain
expressed in the nucleus up to nuclear rupture and was then expelled alongside NE and chromatin
once plasma membrane breakdown occurred. Human PMNs did not exhibit the same form of nuclear
rounding as the dHL-60 cells during DNA decondensation despite the overall similarities. This may
have been due to differences in the cell type's nuclear mechanical properties. Interestingly, the authors
report that after the 4-hour 4uM ionomycin stimulation, 45% of the human PMNs went on to
complete NETosis as opposed to the 56% of dHL-60 cells [34]. This can be attributed to several
factors including the choice of stimulus, the differentiation conditions of the HL-60 cells, and the

subjectivity of defining a NETosis endpoint.

2.5.2 Signalling Pathway Receptors Involved in NETOsis

When it comes to investigating the specific role of different receptors and signalling
molecules in the NETosis process, there is a significant advantage to using HL-60 cells. PMNs cannot
readily be genetically manipulated; thus, HL-60 cells are often used as surrogates [107]. Several
studies have leveraged this feature of dHL-60 cells. Kawakami et al studied the contribution of
GTPase Rab27a to NETosis using ATRA-differentiated HL-60 cells [108]. In this work, Rab27a was
found to be recruited to decondensing chromatin within 3 hours of PMA stimulation and histone
release into the medium gradually increased. In dHL-60 cells where expression was knocked down,
NET structures were barely visible after 4 hours of PMA treatment and this was accompanied by a
decrease in ROS production. This implies that Rab27a promotes NETosis through a ROS-dependent
mechanism. The authors also found that for both wild-type dHL-60 cells and PMNSs, similar NET
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structures and release of citH3 were observed, however, there is very little comparison of the two

responses beyond this observation[108].

To confirm the role of nucleotide oligomerization domain (NOD) receptors in NETosis,
NOD1 and NOD2 knockout dHL-60 cells were generated by Alyami et al [109] . When stimulated
with the bacterium Fusobacterium nucleatum for 12 hours, these cells showed significantly fewer
NETSs than the controls. Further, it was observed that NOD1 but not NOD2 was associated with
histone release though both receptors were equally associated with MPO and NE release as shown via
ELISA. Similarly, direct inhibition of NOD 1/2 receptors in PMNs stimulated with F. nucleatum also
resulted in reduced receptor expression and reduced IL-8 levels. However, the authors did not
examine a NETosis end point in these cells and so no comparison can be made to the knock-out dHL-
60s. Interestingly, in neutrophils, F. nucelatum upregulated NOD 1/2 receptors but stimulation with
100 nM PMA did not alter NOD1 expression [109]. This points to stimuli-specific differences in the

mechanism.

In a study to understand the relationship between cellular lipid peroxidation and MPO/NE
during NETosis, Tokuhiro and colleagues also leveraged HL-60 cell manipulation [110]. MPO
knockout cells had suppressed lipid peroxidation and reduced NETosis when stimulated with PMA.
However, NE knockout cells did not impact the degree of peroxidation or NETosis induced by PMA.
Despite this, NE-deficient cells still had a reduced citH3 signal thus highlighting the differing
functions of NE when compared to MPO. These two trends were also confirmed using MPO and NE
knockout mice neutrophils and through direct inhibition of PMNs. While this group leveraged knock-
out cells, Xu and colleagues overexpressed kindlin-3, an essential integrin activator, in dHL-60 cells
to study the effect on NETosis [42]. In this short report, overexpression of kindlin-3 resulted in
reduced ROS generation and NETosis, as determined by DNA fiber SYTOX quantification. An
additional crucial finding of this paper was that overexpression of kindlin-3 defective in interacting
with integrins still resulted in reduced ROS/NETosis thus demonstrating that the effect of kindlin-3 is
independent of integrin binding. While this paper presents important findings, their quantification of
NETosis via DNA fragments in solution was not very comprehensive. HL-60 cells have also been

called upon to answer mechanistic questions without manipulating protein expression.
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2.5.3 Adopting HL-60 Cells to Model NETosis

Other groups have also utilized HL-60 cells as a model to explore NETosis interactions. To determine
the impact of circulating IgG on NET formation, Lu and colleagues used dHL-60 cells pre-treated
with components of IgG. The authors found that the 1IgG1 and 1gG2 subclasses as well as the 1gG Fc
fragment were capable of augmenting PMA-stimulated NETs in dHL-60 cells. This was found to be
via the specific engagement of FcyRIlI and the Syk-ERK-NF-kB pathway that activates the
transcription factor NF-xB [111]. This aligns with the results previously mentioned in section 2.3.2
where the Fcy RIIIb activation pathway was found to be involved in NETosis on small fibre PDO
templates. Notably, however, the concentrations of IgG used were below levels found in human
serum, so this remains to be explored in further detail. Furthermore, whether the Syk-ERK signaling
pathway can induce the activation of PAD4 is currently being investigated [111]. Another group has
also explored the interaction of immune system components with NETs in dHL-60 cells. Mendes et al
found that the monoclonal antibody 2C5 had a strong specificity towards dHL-60 generated NETS
both in static and dynamic flow conditions and argue it could be used as a tool to identify and target

NETSs for therapeutic intervention [112].

2.5.4 Comparing HL-60 and PMN Responses

Section 2.4 of this chapter has already commented on some of the direct differences observed
in the NETosis response between HL-60 cells and PMNs [34], [104], [105]. There are, however,
some papers that are better suited to their own section as they more directly compare the two. In
another study by Manda-Hadzlik and colleagues, dHL-60 cells failed to release NETs upon
stimulation with reactive nitrogen species whereas PMNSs responded vigorously and generated NETs
over 3 hours (Figure 2.7 and Figure 2.8) [113]. In one of the sole papers aimed at characterizing the
suitability of dHL-60 cells as a model for PMNs, Yaseen et al analyzed the antibacterial response to
S. aureus in dHL-60 cells and PMNs [106]. This study revealed that after a 4-hour stimulation with S.
aureus, only 28% of dHL-60 cells released NETs as opposed to almost 100% in the PMN sample. A
similar trend was observed with PMA stimulation where NET formation was evident by 2 hours and
complete by 4 in PMNSs, but dHL-60 cells released significantly fewer NETSs at both time points.
Three groups mentioned in this chapter have all observed that the NETSs released by dHL-60 cells are

shorter and less diffuse than those released by neutrophils. Overall, however, many papers do not
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directly draw comparisons between the NETosis response in HL-60 cells and PMNs despite the fact
that many utilize both types of cells in their analysis[42], [100], [104]-[106], [112].

Unstimulated SNAP

Figure 2.7: dHL-60 cells fail to release NETs when stimulated with reactive oxygen nitrogen
species. (SNAP: S-Nitroso-N-acetyl-DL-penicillamine, a nitric oxide donor added to generate
reactive nitrogen species) (adapted from Manda-Hadzlik et al, open access article) [113].
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Figure 2.8: PMNs release NETs in the presence of reactive nitrogen species at levels similar to
those induced by PMA. (Adapted from Manda-Hadzlik et al, open access article). PER:
Peroxynitrate [113].
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2.6 In-Vitro Flow Models

Studying the effect of dynamic flow conditions on cells and tissue components requires the
use of an in vitro model that is capable of simulating a variety of physiological flow rates and shear
stresses. Commonly used systems include the cone and plate, the rotating disk, microfluidic devices,

and parallel plate flow chambers.

2.6.1 Cone and Plate Model

Cone and plate systems consist of a stationary plate and a rotating cone, creating a defined
shear rate in the sample. The sample fluid is placed in the plate, and the rotation of the cone generates
a shear force that causes the fluid to flow. The viscosity can be calculated from the shear stress (from
the torque) and the shear rate (from the angular velocity) (Figure 2.9). These devices are often used to
measure the viscosity and rheology of fluids but can also be used to study cell behaviour under flow
[114]-[117]. While useful for cell studies, this model often requires larger sample volumes in order to

obtain accurate measurements [118].
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Figure 2.9: Schematic of a cone and plate system. The cone rotates with an angular velocity ().
Reproduced with permission [115].



2.6.2 Rotating Disk

Rotating disc systems are used to measure the flow properties of fluids under shear (Figure
2.10). The instrument consists of a circular disk that is rotated at a constant angular velocity while
immersed in the fluid being studied. The fluid forms a thin layer on the surface of the disk, and the
shear rate is varied by adjusting the speed of rotation of the disk. The shear stress exerted by the fluid
on the disk is measured using strain gauges or other sensors attached to the disk, which convert the
mechanical deformation of the disk into an electrical signal that can be recorded and analyzed.
Coating the surface of the disk with a layer of extracellular matrix proteins or other adhesion
molecules allows for cells to be cultured on the disk and subjected to controlled shear stresses that
mimic physiological conditions. The cells can be observed, and their behavior analyzed using various
techniques. The system has been used to study the effect of shear stress on cell adhesion, migration,
proliferation, and differentiation, as well as to investigate the mechanisms underlying these cellular
responses [119], [120]. While advantageous for certain types of studies, the system’s flow patterns,

and shear rates can be challenging to control and the model operates at a relatively low throughput.
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Figure 2.10: Schematic of a rotating disk system [116]. Open access article.
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2.6.3 Microfluidic System

Microfluidic devices are miniaturized systems that use microfabrication techniques to control
and manipulate small volumes of fluids in channels and chambers on the micrometer to millimeter
scale. These devices typically consist of a network of channels, valves, pumps, and sensors etched
onto a substrate such as glass or silicone. They can be adapted to study cell adhesion, migration, and
cell signaling [121], [122]. A common material used in the fabrication of microfluidic devices is
silicone rubber polydimethylsiloxane (PDMS), an inexpensive and relatively biocompatible material
[123]. The advantage of such systems is that they are highly adaptable and multiple channels on the
same device can be modified to run parallel experiments simultaneously under different shear
conditions. Furthermore, microfluidic models allow for small volumes to be used. As a disadvantage,
these models can generate shear stress gradients (despite the often-precise control over the fluid) that
can affect cell behavior and introduce variability in experimental results [124]. Also, they have
limited scalability, accessibility, and standardization when it comes to studying blood-biomaterial

interactions.
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Figure 2.11: Schematic of a PDMS microchannel (adapted from [121], open access article).

2.6.4 Parallel Plate Flow Chamber

Parallel plate flow chambers have been widely used in biomaterial studies [125]-[127]. A

circular parallel plate flow chamber typically consists of two parallel plates (typically made of glass
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or plastic) that are circular in shape and sandwich a circular flow channel between them. The flow
channel has an inlet and an outlet, and the fluid (usually a buffer or cell culture medium) is pumped
through the channel at a controlled rate to generate a defined shear stress on the cells (Figure 2.12).
The overall chamber environment may also be equipped with other components, such as temperature
and gas controllers, to maintain a stable and controlled environment for the cells during the
experiment. The flow chamber can produce a constant shear rate from 1 to 10* s* and does not
require large volumes thanks to a syringe or roller pump that provides continuous re-circulation [128].
The parallel plate chamber can house a variety of biomaterials and cellular monolayers. For the
purposes of this investigation, the chamber was well-suited to house a disc of silicone material.
Furthermore, the parallel plate made it possible to effectively study the effect of constant shear stress
on the neutrophil’s capacity to generate NETs over the longer periods of time required for NETosis

and supported by continuous re-circulation with the syringe pump.
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Figure 2.12: Schematic of a circular parallel plate flow chamber [126] Open access article.

2.7 Conclusion

Neutrophil extracellular traps are web-like structures released by activated neutrophils. They
are composed of granule proteins (MPO and NE) as well as DNA and they play a crucial role in the
immune response against pathogens. Dysregulation of NETSs can lead to exacerbation of the

inflammatory response. The importance of NETS in driving the immune response towards
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biomaterials has become increasingly clear in recent years. NETs can be studied in static conditions
on biomaterials and under shear via the use of various shear-generating devices. Identification of
NETs may be done visually using microscopy and NET marker expression can be further quantified
using flow cytometry. So far, only a handful of groups have explored the direct impact of
biomaterials on NETosis in-vitro. Those findings have demonstrated that surface properties,
topography and modifications can modulate NETosis in various inflammatory conditions. It has also
become evident that the time frame during which NETS are generated on biomaterials depends on
both the material properties and the inflammatory stimulus [64]-[66], [70], [74]-[77]. The study of
neutrophil activation, and more specifically NETosis, has also employed HL-60 cells in their various
forms. Undifferentiated, neutrophil, and macrophage-like HL-60 cells have been used in-vitro to
model biomaterial responses. In general, undifferentiated HL-60 cells release NETS less effectively
than dHL-60 cells and have different properties upon activation [38], [90]. The similarity between
dHL-60 and PMN's has resulted in their use for understanding the mechanisms of NETosis,
particularly through genetic manipulation. While the use of HL-60 cells has aided in identifying key
players in the NETosis pathway (including PAD4, NOD receptors and Rab27a), their sensitivity to
stimuli and the overall response observed differs from PMNs [34], [42], [104]-[106], [108]-[110],
[113]. This difference in response appears to be highly stimulus-specific and it cannot be said with
certainty that HL-60 cells will generate equivalent NETs to PMNs in every in-vitro experimental

design.

32



Chapter 3: In-vitro model and flow cytometry analysis of HL-60
NETosis under shear conditions in the presence of a

biomaterial

3.1 Introduction

Neutrophils release neutrophil extracellular traps (NETS) as a defense mechanism against
invading pathogens. While this is meant to be a protective mechanism, recent research has suggested
that NETs may also contribute to a range of inflammatory and autoimmune diseases [1], [2]. As a
result, there has been increasing interest in studying NETs and their role in disease pathogenesis and
potential therapeutic interventions to target these structures. Studying neutrophil extracellular traps
(NETSs) under flow conditions is essential as it allows for the simulation of the physiological
conditions under which NETSs are formed in vivo. In the body, NETS are produced by neutrophils and
are released into the bloodstream. Blood flow exerts shear forces on cells and the extracellular matrix,
which can affect the formation, structure, and function of NETS [3], [4]. By studying NETs under
flow conditions, the effect of shear stress and flow dynamics on the properties of NETSs (their size,
shape, stability, and composition) can be examined. This information may help better understand the
mechanisms of NET formation and the role they play in various inflammatory conditions.
Furthermore, studying neutrophil extracellular traps (NETs) on biomaterials is also crucial as it
allows for a deeper understanding of the interactions between NETS and the surfaces of medical
devices and implants. When biomaterials are implanted or inserted into the body, they come into
contact with blood and tissues, and this can trigger an immune response that involves the formation of
NETSs [5]- [12]. These NETs can adhere to the surface of cardiovascular biomaterials and contribute
to inflammation and thrombosis on the biomaterial surface. Cardiovascular biomaterials can be
composed of metals, polymers, or diamond-like carbon. While some are permanent, others are made
to be bioabsorbable over time (specifically those made of polymers). These materials must be stable
under exposure to shear and limit inflammation. A truly biocompatible cardiovascular material does

not exist and therefore designs focus on minimizing complications [7].

In-vitro, NETs can be generated by synthetic stimuli like phorbol 12-myristate 13-acetate
(PMA) or by physiological stimuli such as calcium ionophore (CI), interleukin-8 and N-

formylmethionyl-leucyl-phenylalanin (fMLP). PMA is a potent chemical stimulator that stimulates
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NETosis by inducing reactive oxygen species (ROS) production, calcium influx, and the activation of
downstream signaling pathways. These pathways include protein kinase C (PKC), Raf/MEK/ERK,
and p38MAPK. Downstream activation of these pathways results in cytoskeleton changes and
alterations in nuclear envelope structure that allows for the expulsion of chromatin from the nucleus
[13]-[15]. In a similar manner, fMLP (a bacterial-derived chemotactic) is thought to trigger a ROS
cascade via the activation of the protein nicotinamide adenine dinucleotide phosphate oxidase
(NADPH oxidase), leading to NET release [16][17][18][19][23].

HL-60 cells are a human promyelocytic leukemia cell line commonly used in biomedical
research, and are an attractive research alternative for blood-isolated cells because they can be
induced to differentiate into various types of myeloid cells, including neutrophils [19], [20] [24]-[26].
HL-60 cells can be differentiated into neutrophil-like HL-60 cells (dHL-60) using dimethyl sulfoxide
over five days [17]-[19]. The exact mechanism by which DMSO induces differentiation is not fully
understood however it is thought to involve several signaling pathways and transcription modulation.
DMSO has been shown to downregulate the c-myc gene resulting in terminal differentiation [20],
[21]. DMSO has also been shown to suppress proliferation by activating the tumor suppressor PTEN,
known to arrest proliferation during the G1 cell phase [22], [23]. Yet another implicated signaling
pathway is the Wnt/B-catenin pathway whose activation via DMSO contributes to the final
neutrophil-like phenotype of dHL-60 cells [24]. Differentiation of HL-60 cells can be confirmed
using several markers. Undifferentiated HL-60 cells express high levels of CD71, also known as
transferrin receptor 1 (TfR1), on their surface as they are rapidly dividing and require it for
proliferation. Following differentiation, CD71 levels decrease [25], [26]. Differentiation also results
in the up-regulation of the surface marker CD11b, a crucial protein involved in adhesion and
activation [26]. Once differentiated, HL-60 cells can be activated by a variety of stimuli, resulting in
an increase in CD11b expression on the surface of cells so that they can carry out their immune
response, and an increase in degranulation [27], [28]. Degranulation can be measured by CD63, a
protein marker that is translocated from the dHL-60 granule membrane to the cell surface. In addition,
dHL-60 cells can generate NETs upon stimulation with PMA [29], [30]. Clarke and colleagues
present one of the only papers that use HL-60 cells specifically as a model of NETosis on
biomaterials, finding that undifferentiated HL-60 cells incubated on poly (methyl methacrylate)

(PMMA) functionalized with amine groups had elevated levels of cell adhesion and overall NETosis
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compared to cells on carboxylated PMMA [31]. HL-60 cells were also the main model used by
several groups to identify the role of PAD4 in the mechanism of NET release [32], [33].

Flow cytometry has been used as an analytical tool for HL-60 cells. It can confirm the
differentiation of cells by quantifying surface proteins [34]. In addition, HL-60 phagocytosis,
apoptosis, and ROS production have all been measured using flow cytometry following activation
with various stimuli and following differentiation under differing conditions [29], [34]. HL-60
chemotaxis and rolling have been studied by exposing cells to shear-biomaterial models prior to
analysis by flow cytometry to quantify and examine the expression of surface migration and adhesion
proteins [26], [35]. While NETSs can be quantified by flow cytometry using fluorescently labeled
antibodies against NET components including myeloperoxidase (MPO) and citrullinated histone
(citH3) [8], [34]-[36], for NETosis in dHL-60s, only one study used flow cytometry with citH3 being
the sole marker examined [29]. The various properties of HL-60 cells have been leveraged to study
both the mechanisms of NETosis and biomaterial-induced NETSs in different environments. Despite
this work, no study has examined biomaterial-induced HL-60 NETosis in a shear environment, nor
have any utilized a full panel of NET markers on flow cytometry to fully characterize and quantify

NETosis in this model cell line.

Parallel plate flow chambers are in vitro systems used to study cell populations under flow
conditions that mimic physiological shear stresses [34] [35], [36][43]. The effect of shear and
biomaterial on neutrophils has been explored by other groups using flow generating devices.
Tomczok and colleagues exposed PMNs to different biomaterials under shear and found that adhesion
of activated PMNs was significantly greater on hydrophilic surfaces as opposed to hydrophobic. They
also observed that PMN migration on the biomaterial surfaces varied depending on the material [36].
On polyether-urethane urea (PEUU), Shive et al noted that shear induced neutrophil apoptosis [37].
Transient exposure to high mechanical shear stress has also been found to increase neutrophil
activation, aggregation, and phagocytic ability [38]. Despite investigations like these into PMN
activation in the presence of shear and a biomaterial, gaps in knowledge remain. Specifically, PMN
NETosis has been primarily investigated on biomaterials only under static conditions and has not
been explored under shear [12], [39], [40]. NETs have also been found to have prothrombotic activity
due to their interaction with platelets [7]. Given the exposure of biomaterials, particularly
cardiovascular ones, to shear in the body, and the contribution of NETs to immunothrombosis, it is

important to understand how physiological shear modulates NETosis on biomaterials.
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In this investigation, the parallel plate flow chamber made it possible to effectively study the
effect of shear stress in the presence of plasma-coated biomaterial on the HL-60 cell’s capacity to
generate NETs over the longer periods of time required for NETosis. Silicone was chosen as our
model biomaterial due to its extensive use in the medical setting, specifically in catheters and other
blood-contacting devices [41]. Following exposure to the biomaterial under shear conditions with or
without PMA stimulation, flow cytometry was used to quantify NETosis (via the NET markers MPO
and citH3) and dHL-60 activation (via CD11b and CD63 expression). The central hypothesis of this
study was that the presence of shear as an additional stimulus to the biomaterial would result in an

elevated NET release compared to static samples.
3.2 Materials and Methods

3.2.1 Reagents and monoclonal antibodies

The experiments in this chapter utilized the following antibodies: PerCP-Cy™5.5 Mouse
Anti-Human CD15 (BD #560828), FITC Anti- Myeloperoxidase (Abcam 11729), Recombinant Anti-
Histone H3 (citrulline R2+R8+R17, Abcam 281584), Goat Anti-Rabbit IgG H&L (PE) (abcam
72465), FITC Mouse anti-Human CD11b (BD #562793), PE Mouse Anti-Human CD63 (BD
#557305), PE-Cy™5 Mouse Anti-Human CD45 (BD #555484), PE Mouse Anti-Human CD71 (BD
#555537). Additional reagents include RPMI Medium 1640 (1X) with 10% Fetal Bovine Serum,
0.5M EDTA, pH 8.0, DEPC-Treated (EMD Millipore #324506-100ML), X-Vivo 15 (Serum-Free,
Gentamicin and Phenol Red, Lonza #04-418Q), Dimethyl Sulfoxide (DMSO, Sigma #67-68-5),
Fluoroshield with DAPI (GeneTex #GTX30920), PMA (Sigma #P8139) and fMLP (Sigma, F3506-
5MG). Phosphate Buffered Saline 1X (PBS) (Corning #21-040-CV).

3.2.2 HL-60 cell culture and differentiation

HL-60 cells (ATCC, Toronto, Canada) were cultured in untreated flasks with X-Vivo-15
media at 37°C and with 5% CO- [29]. Media was changed every 24-48 hours and cells were passaged
weekly. Cells no older than 12 passages were used for experiments. Prior to experiments, cells were
differentiated with 1.3% DMSO for 5 days at a concentration of 5 x 10° to generate neutrophil-like
HL-60 cells (dHL-60) [19]. To prepare the cells for exposure to shear, cells were spun down at
1200rpm (277g) for 5 minutes to remove X-Vivo-15 and were then resuspended in RPMI with 10%
FBS before counting.
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3.2.3 HL-60 Shear Experiments Using the Circular Parallel Plate Flow Chamber
Glass coverslips were covered with an FDA grade silicone sheet (0.005” NRV G/G 40D 12”

X 12” (SMi). The following conditions were tested: silicone without plasma, silicone coated with
platelet-poor plasma and silicone coated with a combination of platelet-poor plasma and 10 mM
EDTA. This study was conducted in accordance with the tenets of the Declaration of Helsinki and
received ethics clearance from the University of Waterloo Human Research Ethics Committee
(#44502, Waterloo, ON, Canada). To obtain plasma, blood was drawn via venipuncture from healthy
donors who were medication-free for at least 3 days. Platelet-poor plasma was obtained by spinning
down donor blood for 10 minutes at 100g, removing the top layer of plasma, and another 7378 g
(10,000 rpm) centrifugation for 10 minutes to remove platelets. Silicone was incubated with 50%
plasma (diluted in PBS) or with a 50% plasma/10 mM EDTA solution for 30 minutes at 37°C.
EDTA, a calcium and magnesium chelator, was used to chelate the calcium ions necessary for

activation of the classical and lectin complement pathways [43].

To assemble the system, coverslips (GlycoTech #31-008, 35mm diameter) were secured to a
round parallel plate chamber lined with a gasket (Width 2.5 mm, thickness 0.01 in, GlycoTech #31-
003). Inlet and outlet medical silastic tubing (0.062” X 0.125” (SMi)) were securely connected to the
chamber ports, ensuring that no air bubbles were present. Syringes were used to draw up HL-60 cells
suspended in RPMI with 10% FBS (either with or without 25 nM PMA). The syringes were
connected to the inlet tubing and outlet tubing was placed in a microcentrifuge tube to allow for re-
circulation of the cell suspension. The chamber system was then connected to a Cole Parmer 75900-
50 programmable 6-channel syringe pump which allowed for continuous circulation. The total length
of tubing in the system was 140 mm. This length was optimal for running experiments in the 37°C
incubator and also prevented an excess of biomaterial surface area. The number of HL-60 cells per
shear experiment to be circulated through the system was selected to be 2 x 10° based on

recommendations in the literature and the parameters of the chamber [48].

The shear rate in the parallel plate flow chamber was calculated according to the equation:

60

"~ wh?

37



where y is the shear rate, Q is the flow rate, w is the flow chamber width and h is the chamber height.
Based on the parameters described above, a flow rate of 0.78 ml/min was required to produce a shear
of 500s™. To ensure full circulation of the HL-60 cells, a volume of 1.3 mL was selected. Flow within
the chamber was assumed to be continuous and experiments were run for 2 hours at 37°C. The full

experimental setup is illustrated in Figure 3.1. After 2 hours, the bulk solution was then collected for

flow cytometry analysis.

Figure 3.1: Parallel plate set up for shear experiments run with undifferentiated or
differentiated HL-60 cells. A) The chamber connected to the syringe that will hold the cell
suspension. Cells will flow from the syringe, through the chamber, and into the microcentrifuge
tube. B) Chamber attached to the parallel plate with clamping to create a leak-proof seal. Cell
suspension is circulated back and forth between the syringe and the tube via the parallel plate.

3.2.4 Controls and Experimental Conditions

Several controls were selected for these experiments. A sample was incubated without
exposure to flow and without plasma or PMA for 2 hours at 37°C (negative control). Static samples
were incubated in 5mL round bottom polypropylene tubes (Falcon Corning #352063) as opposed to
the chamber. The chamber would not have allowed for enough volume and cells. As a positive
control, a sample was incubated with 25 nM PMA for 2 hours at 37°C without plasma. To further test
a more physiological stimulus, 1uM fMLP was also tested for 2 hours at 37°C. Experimental
conditions were tested on both undifferentiated and differentiated HL-60 cells in order to generate a
more comprehensive understanding of the HL-60 cell line as a model for NETosis. Plasma coating

was included to create more physiologically relevant conditions and EDTA was also included to

38



explore the potential effect of complement activation on NETosis via the chelation of calcium and

magnesium ions [42]. The experimental conditions tested are presented below.

Table 3.1: Experimental conditions for HL-60 cells for shear and static samples

Stimulus Surface Treatment Abbreviation

} Platelet Poor Plasma PPP

Platelet Poor Plasma

- PPP/EDTA
+10 mM EDTA

PMA - PMA

PMA Platelet Poor Plasma PMA + PPP
Platelet Poor Plasma

PMA PMA + PPP/EDTA
+ 10 mM EDTA

fMLP - fMLP

Cells were circulated in the presence of a stimulus: PMA (25nM) or fMLP (1 uM). PPP: platelet-poor
plasma with or without 10 mM EDTA.

3.2.5 Flow Cytometry

All samples were adjusted to a cell number of 75,000 per tube by carrying out a cell count of
the bulk solution following shear and prior incubation with antibodies. To assess NETosis, samples
were first incubated with a primary anti-citrullinated histone (citH3) antibody for 30 minutes at room
temperature. This first incubation was immediately followed by a secondary 1gG PE antibody for
citH3, a FITC anti-MPO antibody, and a PE-Cy™S5 anti-CD15 myeloid cell identifying antibody.
Samples were then incubated for an additional 30 minutes at room temperature in the dark. Following
incubation, samples were washed with 1ImL RPMI with 10% FBS and centrifuged at 1200 rpm for 5
minutes. The supernatant was removed, and the cells were resuspended before being analyzed

immediately.

For leukocyte activation, samples were incubated with FITC anti-CD11b (Mac-1

upregulation), PE anti-CD63 (a neutrophil degranulation marker), and PE-Cy™5 anti-CD45 (a
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leukocyte identification marker) for 30 minutes at room temperature in the dark, then diluted before

being read immediately.

Samples were read on a four-color FACS Calibur flow cytometer (Becton Dickinson,
Franklin, New Jersey, USA). Data acquisition and analysis were performed using CELL-Quest
software (Becton Dickinson). Results are expressed as total fluorescence (geometric mean
fluorescence of the detected antibodies) and the fluorescence of a sub-group of HL-60s that have

undergone NETosis (known as marker 1 or M1 cells).

3.2.6 Apoptosis Protocol
To determine if HL-60 cells had undergone or were undergoing apoptosis, the FAM-FLICA

Poly Caspase Assay (FAM fluorescent-labeled inhibitors of caspases) (ImmunoChemistry
Technologies Catalog #92) was used. The protocol was followed according to the manufacturer's
instructions. Briefly, FLICA was diluted 1:5 and added to each sample at 1:30 followed by a one-hour
incubation. Cells were washed three times with 1X apoptosis buffer. Samples were labelled with

Propidium lodide and immediately analyzed using flow cytometry.

3.2.7 Immunofluorescent Microscopy

To assess adherent cells on the silicone biomaterial, the nuclear DNA stain 4',6-diamidino-2-
phenylindole (DAPI) was used. At the end of the experiment, the silicone sheet was removed from
each flow chamber slide with tweezers and placed in a well plate. 200 uL of PBS was added over top
of the samples before immediately staining with DAPI for 2 minutes. The slides were gently tilted to
allow the PBS and DAPI to slide off before the silicone was removed using tweezers and inverted
onto a glass slide. Slides were imaged using a TE2000-S microscope and photos were acquired using
the NIS-Elements AR Nikon program (Nikon, Melville, New York, USA).

3.2.8 Statistical Analysis

All results are reported as the mean + standard deviation (SD). For cell apoptosis assays, a
parametric paired t-test was used to determine significance. To analyze the percentage of cells in the
NETosis region, independent t-tests were used. To determine the effect of shear and dHL-60
activation via PMA on both NETosis and additional dHL-60 activation markers, a two-way ANOVA
was conducted followed by simple main effects posthoc test with a Bonferroni correction. A p-value
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of less than 0.05 was required for statistical significance. The number of experiments was always

equal to three.

3.3 Results and Discussion

3.3.1 HL-60 cell populations

In this study, differentiation of the cells was confirmed via a decrease in CD71 expression

(CD71 expression level on undifferentiated and 5 day differentiated cells were 84 AFU and 27 AFU
respectively) [25]. However, when dHL-60 cells were analyzed by flow cytometry, all samples
demonstrated a double population as illustrated in Figure 3.2. Following stimulation with PMA, the
number of cells shifting size and granularity and found in the region R2 (see Figure 3.2) increased,
suggesting that healthy cells in the R1 population that underwent NETosis changed size scatter and
contributed to the cell population found in the R2 region. The R2 population of cells displayed FSC
and SSC characteristics of apoptotic cells (a reduction in cell size as indicated by low FSC and
enhanced granularity as indicated by higher SSC). To further characterize the nature of this second

population, apoptosis levels in dHL-60 cells were assessed by flow cytometry.

200 400 600 200 1000 0 200 400 600 200 1000

FSCH

FSC

Figure 3.2: Representative images of the two distinct dHL-60 cell populations present during
analysis with cytometry. Size scatter dot plots of a control/unstimulated cell sample (A) and of
cells stimulated with 25nM PMA (B). The R1 region represents a healthy population of dHL-60
cells as determined by the characteristic FSC (forward scatter — related to cell size) and SSC
(side scatter — related to cell granularity). The R2 region outlines the second, unidentified,
population of cells.
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3.3.2 HL-60 cells undergo apoptosis during differentiation

Apoptosis levels were determined using caspase (apoptosis marker) and propidium iodide
(secondary necrosis and necrosis marker). Cells that stained positive for caspase but negative for
propidium iodide were identified as apoptotic cells while those that stained positive for both markers
were identified as having undergone secondary necrosis. Details of analysis are provided in Figure
3.3 and illustrates the increase in apoptosis and secondary necrosis induced by PMA stimulation as
well as the presence of cells undergoing apoptosis in day 5 of differentiation even in the absence of

stimulation.

dHL60.002

Secondary Necrosis

Secondary Necrosis

Apoptosis

Apoptosis

File: dHLE0.002 Gate: G1 File: dHL&0.003 Gate: G1
Gated Events: 3829 Gated Events: 4018
Quad % Gated Quad % Gated

uL 0.13 uL 0.40

UR 17.30 UR 33.75

L . LL 26.21

LR 20.06 LR 39.65

Figure 3.3: Representative image of dHL-60 cells analyzed by flow cytometry to characterize
apoptosis. A) unstimulated dHL60 cells, differentiated for 5 days. B) Day 5 dHL-60 cells
following PMA (25nM) stimulation for 2 hours. FL1 channel: Caspase (casp) and FL2 channel:
Propidium iodide (PI). Three distinct cell populations can be identified: healthy (casp”/PI) in
lower left quadrant (LF), apoptotic (casp*/PI) in lower right quadrant (LR) and secondary
necrotic (casp*/P1*) in upper right quadrant (UR). No cell displayed the necrosis phenotype
(casp/PI") in upper quadrant (UL). The percentage of the total number of gated cells that is
present in each quadrant is obtained from the quadrant statistics.

42



Undifferentiated HL-60 cells were found to have a very low level of apoptotic cells. Over the
course of differentiation with DMSO, the percentage of cells that were positive for apoptosis markers
increased but not significantly (Figure 3.4A). The flow cytometry analysis also confirmed that cells
present in the R1 region were non apoptotic cells while cells in the R2 region were undergoing
apoptosis or were necrotic. By day 5 of differentiation, approximately 10 to 15% of HL-60 cells were
apoptotic. Over the course of differentiation, secondary necrosis increased significantly by day 5
(p=0.0138) to more than 20% (Figure 3.4B). In the literature, Guo et al report a percentage survival
rate of around 90% on day 5 following differentiation with DMSO. They noted a steep drop in
survival only following day 5, however, while they mentioned using an apoptosis Annexin V staining
Kit, it is unclear from their results whether this value considered both apoptosis and cell death [29]. In
another study by Waters, necrosis was identified through a trypan blue exclusion cell count and 30-
35% of cells were identified as dead cells by day 5 of differentiation with DMSO [43]. This is in line
with our results as just over 20% of differentiated cells were found to be dead by day 5, as identified
by a PI+ signal. Waters’ study did not use flow cytometry to quantify cell death which may account
for some of the difference in the findings. Our results thus indicate that both apoptotic and dead cells
are present at day 5 of differentiation in the experimental cell population. Following 25 nM PMA
stimulation, apoptosis and secondary necrosis increased to approximately 30% and 50% respectively
(Figure 3.4), doubling these populations compared to unstimulated dH-L60 cells. This indicates, that
while PMA is a known NET inducer, some dHL-60 cells were likely undergoing apoptosis, as
opposed to NETosis, during PMA stimulation. How these cell populations responded to shear and a
NET inducer in the presence of a biomaterial was then examined in both undifferentiated and
differentiated HL-60 cells.
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Figure 3.4: Apoptosis (A) and secondary necrosis (B) of HL-60 during differentiation and

following stimulation with 25nM PMA for 2 hours. * p < 0.05 (parametric paired t-test). mean
standard + deviation, n = 3.

3.3.3 Undifferentiated HL-60 cells fail to generate NETs

No NETosis and no changes in HL-60 activation phenotype (as measured by CD11b and
CD63) were observed when undifferentiated cells were exposed to shear. Additionally, when
undifferentiated HL-60 cells were stimulated with 25nM PMA for 2 hours, both static and parallel
plate chamber samples failed to generate NETs: MPO and citH3 expression on HL-60 cells did not
increase significantly between samples (Table 3.2). Furthermore, PMA failed to activate HL-60 cells
as indicated by a lack of CD11b upregulation and no change in the CD63 degranulation marker
(Table 3.3). Clarke and colleagues generated NETSs by stimulating undifferentiated HL-60 cells with
PMA between 6 and 48 hours, much longer than what was used in this investigation [31]. With
respect to CD11b, undifferentiated HL-60 cells increase their expression of CD11b only over
stimulation with PMA for several days as reported by two separate groups [44], [45]. Stimulation
with PMA (primarily to differentiate HL-60 cells into macrophages) has also been shown to not alter
CD63 expression over time [25]. Our results presented in Tables 3.2 and 3.3 thus concur with prior
work, as 25nM PMA stimulation for two hours is insufficient to generate significant changes in
CD11b, CD63 and NET signals. The presence of shear did not contribute to further activation of the
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undifferentiated HL-60 cells. It is interesting to note that CD63 expression was somewhat
downregulated under shear conditions, even in the presence of PMA (though this was not significant).
No studies have yet examined HL-60 response (both in terms of activation and degranulation) under
this level of shear stress therefore further investigation into the HL-60 response to shear is required to

draw conclusions.

Table 3.2: Expression of NET markers MPO, citH3, and myeloid cell identifying marker CD15 on
HL-60 cells following 2 hour incubation under static condition and with silicone in flow chamber at
500s-1 with or without PMA (25nM).

Sample MPO (AFU) citH3 (AFU) CD15 (AFU)
Static 12.7 +£05 1.7+0.2 234 + 163
PMA Static 12.0 £0.6 14+£0.2 221 +182
Shear 119 +1.3 14+0.1 233 + 158
PMA Shear 131 +£16 14+£0.1 310 + 184

Results are reported as mean of total arbitrary fluorescence units (AFU) and standard deviations. n=3.

Table 3.3: Expression of leukocyte activation markers CD11b, CD63, and CD45 on HL-60 cells
following 2-hour incubation under static condition and with silicone in flow chamber at 500s-1 with
or without PMA (25nM).

Sample CD11b (AFU) CD63 (AFU) CD45 (AFU)
Static 120 £1.3 230 £7.6 23.7 £84
PMA Static 118 £1.6 21.0 £6.7 28.0 £11.0
Shear 11.7 £1.9 156+4.2 143 +£5.7
PMA Shear 123 £ 2.7 16.3+5.2 116 £3.0

Results are reported as mean of total arbitrary fluorescence units (AFU) and standard deviations. n=3.
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3.3.4 Identification of dHL-60 cells undergoing NETosis using a histogram marker

Experiments with dHL-60 resulted in significant NETosis; a comprehensive flow cytometry
analysis was developed to characterize NETosis, which was identified by expression of MPO and
citH3 on dHL-60 cells. To determine which population displayed signs of NETosis, the two separate
populations were first examined independently as shown in Figure 3.5. Both cell populations
identified in the R1 and R2 regions (Figure 3.5A) were confirmed to stain positive for the leukocyte
identifying marker CD15 (Figure 3.5B). Very few PMA-stimulated dHL-60 cells in the R1 region
(“healthy” cells as identified in section 3.3.3) exhibited signs of NETosis, as shown by the few events
seen in the upper quadrant of Figure 3.5C. On the other hand, PMA-stimulated dHL-60 cells in the
R2 region (which was identified as containing apoptotic and secondary necrotic cells earlier)
displayed significant signs of NETosis as shown by the high expression of MPO and CitH3 on the
cells (upper quadrant in Figure 3.5D). This highlights how eliminating the R2 population would
remove a prominent NET population and thus, in this study, R1 and R2 populations were examined in

combination (Figure 3.5E).

Note that while apoptosis has been identified before during differentiation of HL-60 cell as
discussed in section 3.3.2, the presence of this second population has not been reported in flow
cytometry and as far as we know has not been considered while assessing NETosis in dHL-60 cells.
Only one study has previously examined dHL-60 cell NETosis using flow cytometry and in that case,
only citH3 expression was examined under static conditions [29]. Day 5 DMSO-differentiated and X-
vivo cultured HL-60 cells were stimulated with 200nM PMA over 4 hours and the authors reported a
singular population of dHL-60 cells as shown in Figure 3.6, with box region indicating the cells that
the authors believe to be NET-positive (slightly above the HL-60 population) [29]. The “damaged”
dHL-60 cell population identified in our study has a lower size scatter and size threshold settings may
have excluded this population when examining dHL-60 NETSs by flow cytometry. While Guo et al
authors identified a potentially NETosis-positive region via their gating strategy, a significant number
of NETosis events may not have been included. While this had not been previously noted for dHL-
60, others have previously commented on how neutrophils undergoing NETosis displayed size scatter
characteristics that are very different than healthy neutrophils and one has to be very careful when

gating cell population as NETosis can easily be underestimated [46].
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Figure 3.5: Representative flow cytometry plots of dHL-60 staining positive for the presence of
NETSs, as identified by expression of MPO (FL1) and citH3 (FL2). A) Size scatter of dHL-60
with the double cell population. B) Cells in R1 and R2 stain positive for CD15, a leukocyte
marker. In dot plots C to E, cells found in the upper right express both MPO and citH3,
markers of NETs. C) R1 cells are rarely NET-positive even following PMA stimulation. D) R2
cells have a high number of NET-positive events. E) Combining R1 and R2 incorporates both
the healthy and damaged population to obtain a full representation of distribution of cells
staining positive for NETS.
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Figure 3.6: HL-60 cell population in an unstimulated and PMA-stimulated sample by Guo and
colleagues (open access article) [27]. Comp-PE-A indicates the fluorescence level of citH3.

For all flow cytometry analysis, to ensure a comprehensive analysis of the dHL-60 cell
response to PMA stimulation and shear, cells present in R1 and R2 were included, and all results
presented are based on this selected total cell population. To improve identifying NETs on dHL-60
cells on the flow cytometry data, a histogram marker (M1) was used when analyzing fluorescent
levels of the NET marker (MPO in FL1 and citH3 in FL2), as shown in Figure 3.7. M1 was used to
report the “NET signal” more accurately and focus on cells that were positive for the markers of
NETosis, ie cells strongly expressing MPO and citH3. The histogram statistics (data table displayed
in Figure 3.7) provided the mean fluorescence (“Geo Mean”) for cells in M1 as well as the percentage

of population within this marker; these values were used as a mean to characterize NETosis in our
dHL-60 samples.
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Figure 3.7: M1 marker established for cell analysis. The top two histograms represent the FL1
channel for MPO, and the bottom two panels represent the FL2 channel for citH3. A)
Representative panel for an unstimulated, static sample of dHL-60 cells. B) Representative
image of the M1 marker following activation with 25nM PMA for 2 hours. Stimulation with
PMA results in a greater number of cells with high fluorescence for MPO and citH3. The
corresponding histogram statistics tables report the fluorescence value and event number for
M1 under the marker column.

3.3.5 Exposing dHL-60 to shear increase NETosis

As shown in Figure 3.8A, the percentage of dHL-60 cells staining positive (ie high FL
intensity, as identified by M1) for NET markers MPO and citH3 was not significantly different
among any of the control static samples, indicating that less than 20% of cells underwent NETosis in
the static control sample even when stimulated with PMA. When examining fluorescence intensity
levels of static samples, PMA stimulation did not significantly increase MPO expression (Figure
3.8B), nor did it increase the citH3 signal (Figure 3.8C). The lack of NETosis in PMA-stimulated
samples may be explained by the lower concentration of PMA and shorter stimulation times
compared to other studies. Studies have previously utilized higher PMA concentrations with dHL-60
cells to trigger significant increases in MPO expression in NETosis [22], [27], [47]. In the case of
Lee and colleagues, this included ranges of 100-400nM of PMA [22]. If such high concentrations
were used in this investigation, increased NETosis would have been observed in the static control
samples, however, it would have been more difficult to detect the effect of shear on samples given
that such high concentrations of PMA have been reported to kill dHL-60 cells [48], [49]. Higher

concentrations of PMA have also been used to stimulate NET-associated citH3 release. Guo and
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colleagues reported that 50nM PMA stimulation for 2 hours resulted in significantly greater citH3
expression in static samples of DMSO-differentiated dHL-60 cells. Similarly, Yoshii and colleagues
stimulated dHL-60 cells for 4 hours with 200nM PMA to trigger higher NETS release (as quantified
via citH3 expression) in ATRA-differentiated dHL-60 cells. One may note that while few dHL60
cells exhibited signs of the NETosis in the control sample in the absence of plasma, MPO expression
was the highest of all conditions. At this time, it is not clear what would explain such phenomena.
The reduced MPO expression in the presence of plasma in the static control may be explained by the
presence of heparin in the plasma (as blood was anticoagulated with heparin). Heparin has been
shown to result in the degradation of NET structures in previous work [50], [51]. It is also possible

that some of the plasma proteins present have a protective effect and reduce NETosis.

Exposing dHL-60 cells to shear regardless of biomaterial conditions and the presence of
PMA (plasma-coated or uncoated silicone, with or without PMA) resulted in a significant increase in
the number of cells exhibiting markers of NETosis (staining positive for CitH3 and MPO; figure
3.8A) when compared to all control static samples (p<0.05). As opposed to static control samples, the
presence of PMA led to increased NETosis when combined with shear and exposure to biomaterial.
Plasma coating appeared to increase the number of cells exhibiting signs of NETosis, and while this
may suggest that interactions with adsorbed proteins on the surface may increase NETosis, results did
not reach statistical significance. Under shear conditions, minimal changes were observed in
expression of MPO and citH3 on dHL-60s showing signs of NETosis (Figure 3.8B and C), indicating
that the NET structures were similar across all shear samples. While the results did not reach yet
statistical significance and will require additional experiments, there appeared to be a trend whereby
higher number of dHL60 cells exhibited signs of NETosis when interacting with plasma-coated
silicone under shear (both with and without PMA), suggesting that dHL-60 cells interactions with

adsorbed proteins on the biomaterial plays a role in inducing NETosis.

Altogether, our results suggest that exposing dHL-60 to shear in the presence of a biomaterial
such as silicone increased NETosis and the presence of plasma proteins on the surface can further
trigger mechanisms of NETosis in dHL-60 cells. As the effect of shear had not yet been explored
with NETosis in dHL-60, these findings provide a valuable contribution to the existing literature on
DMSO differentiated HL-60 cells.
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Figure 3.8: A) Percentage of cells showing high level of expression of both MPO (FITC) and
citH3 (PE). C) Mean fluorescence of MPO and D) Mean fluorescence of citH3 for static control
and samples incubated in the presence of shear with plasma-coated or uncoated silicone. *
statistically significant, p < 0.05 and ** p < 0.01. n = 3, mean * standard deviation. All
experiments were run for 2 hours. PMA: 25nM PMA, PPP: platelet poor plasma, shear: 500s™.

3.3.6 NET Structures aggregate on the biomaterial

NET structures were identified using DAPI, a stain for genetic material, on both the plasma-

coated (Figure 3.9C and D) and non-coated silicone (Figure 3.9A and B) after exposure to shear. The
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non-plasma coated silicone had fewer NETSs than plasma-coated silicone. Interestingly, non-PMA
stimulated samples still demonstrated some signs of NETosis at the biomaterial surface both with and
without plasma (10A and 10C), suggesting that material-interaction under shear conditions induced
NETosis. Immunostaining with antibodies against MPO and citH3 will be required to confirm the

presence of NETS in the biomaterial surface.

A

Figure 3.9: DAPI staining of the silicone surface after exposure to shear. A) without plasma
coating (Shear), B) PMA-stimulation and without plasma coating (PMA+Shear), C) with
plasma coating (PPP+Shear) and D) PMA-stimulation and with plasma coating (PMA +
PPP+Shear). PMA-stimulation: dHL-60 cells were resuspended in medium containing PMA
(25nM) and were circulated on silicone surfaces for 2hr at 37°C in parallel plate flow chamber
at 500s™.

3.3.7 Shear increases dHL-60 activation (as indicated by CD11b)

In the static control samples, 25nM PMA stimulation was insufficient to significantly
increase CD11b expression. As with NETosis, this is likely due to the combination of a low PMA

concentration and only two hours of stimulation. CD11b upregulation in dHL-60 cells has only been
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observed upon PMA stimulation with concentrations that are eight times greater than what was used

in this investigation [52].

Compared to the static control samples, significant CD11b upregulation was observed on
dHL-60 cells exposed to plasma-coated silicone under shear conditions regardless of plasma coating
or PMA stimulation (Figure 3.10), indicating that shear substantially affected material-induced
CD11b upregulation on dHL-60 cells. Interestingly, shear had not been found to result in significant
CD11b upregulation in a previous study [53]. However, dHL-60 cells in this previous study were
only exposed to shear for 10 minutes in a cone and plate model at a greater shear than in this
investigation [53]. The extended period of shear used in this study may play explain the difference in

results.

Interestingly, CD11b expression decreases albeit not significantly between PPP+Shear and
PMA+PPP+Shear conditions. Stimulation with PMA would be expected to increase CD11b
expression however dHL-60 cells may be internalizing CD11b in the presence of shear and increase
stimulation. In a previous study where leukocytes were exposed to a similar shear stress and
incubation time but were activated with fMLP, it was observed that shear reduced fMLP-induced
CD11b integrin activation [54]. While this study used PMNs as opposed to HL-60 cells, dHL-60s
have equivalent receptors. The response observed to PMA under shear may be operating by a similar

mechanism.
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Figure 3.10: CD11b expression on dHL-60 cells in static control and samples incubated in the
presence of shear with plasma-coated or uncoated silicone with or without 25nM PMA after 2hr
incubation.* statistically significant, p < 0.05. mean + standard deviation, n = 3. PMA: 25nM
PMA stimulation, PPP: platelet poor plasma.

3.3.8 Shear increases HL-60 degranulation (as indicated by CD63)

To further examine material-induced dHL-60 degranulation under shear and static conditions,
CD63 was selected. CD63 is translocated from the granule membrane to the cell surface, interacting

with other proteins, making it a suitable marker for degranulation [55].

As is seen in Figure 3.11, dHL-60 cells exposed to plasma-coated silicone under shear
exhibited significantly greater CD63 expression compared to the control static conditions (p<0.05). In
both the static control sample and in the samples exposed to shear, stimulation with PMA failed to
increase CD63 expression even in the presence of plasma. This result is somewhat unanticipated as
PMA stimulation has been shown to increase dHL-60 degranulation. However, previous work utilized
much greater concentrations of PMA (upwards of 100nM) to stimulate this response [56]. The lack of

increased degranulation in the presence of PMA under both static and shear conditions may suggest
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that a greater concentration of PMA in combination with shear or the presence of additional blood
components like platelets (to interact with neutrophils and increase activation) on the surface may be

required to trigger additional degranulation when exposed to the biomaterial.
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Figure 3.11: CD63 expression on dHL-60 cells in static control and samples incubated in the
presence of shear with plasma-coated or uncoated silicone with or without 25nM PMA after 2hr
incubation.* statistically significant, p < 0.05, n = 3, mean * standard deviation. PMA: 25nM

PMA stimulation, PPP: platelet-poor plasma.

3.3.9 Inhibition of complement activation on the plasma reduces NETs formation

To begin investigating the mechanisms involved in triggering NETosis in dHL-60 cells on the
biomaterial under shear conditions, the effect of EDTA was studied. Among others, EDTA blocks
complement activation by chelating calcium and magnesium ions, which are necessary for the
activation of the complement system [42]. To determine if complement activation was contributing to
NETosis at the biomaterial surface, silicone was coated with platelet-poor plasma under shear

conditions in the presence of 10mM EDTA and incubated for 30 minutes before the addition of
circulating dHL-60 cells.
When cells interacted with plasma-coated silicone in the presence of EDTA (PPP/EDTA+Shear and

PMA+PPP/EDTA+Shear), a significant lower number of cells exhibiting signs of NETosis (p <0.01)
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was observed (Figure 3.12A) when compared to PPP+Shear and PMA+PPP+Shear. The expression of
MPO and citH3 on dHL-60 cells also decreased, in some cases reaching statistical significance
(Figure 3.12C), when cells interacted with silicone that had been incubated with plasma in the
presence of EDTA. In these experiments, activation of the complement system was blocked by
EDTA, and thus activated complement proteins were not adsorbed on the plasma-coated silicone. Our
results would thus suggest that dHL60 cell interactions with adsorbed complement activation
products on the surface play a significant role in triggering NETosis and extensive NET release.
Inactivation of complement on the surface may have led to reduced neutrophil interactions with
complement plasma proteins, thus limiting the NETosis response and creating smaller NET structures
with reduced marker expression. During complement activation, C3 is cleaved into C3b and C3a.
The C3b and iC3b can bind or adsorb to biomaterial [55]. There are several pieces of evidence that
point to C3 playing a key role in NETosis. In a study by Yipp and colleagues, C3 knockout mice
failed to generate NETosis, and their ability was restored upon the addition of C3-containing serum
[56]. Furthermore, Palmer and colleagues found that the addition of an antagonist that prevented C3b
detection reduced bacteria-induced NETosis [57]. In another study, in PMA-activated human
neutrophils, beads coated with C3b not only resulted in significantly greater levels of NETs but also
accelerated the NETosis process [58]. PMA-activation of neutrophils also results in the release of C3
from neutrophil granules (that dHL-60 cells also contain). The decoration of NET structures with C3
has also been shown to protect them from degradation [59], [60]. Given these established interactions
between C3 and NETS, the reduced levels of NETosis observed on dHL-60 cells following
interactions with surfaces that had incubated with plasma in the presence of EDTA suggest that
surface interactions with complement activation products play a significant role in material-induced
NETosis in dHL60 cells.
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Figure 3.12: Percentage of cells showing high level of expression of A) MPO (FITC) and B)
citH3 (PE). C) MPO (FITC) and citH3 (PE) expression on dHL-60 cells following 2-hour
exposure to silicone with plasma with or without 10mM EDTA. * Statistically significant, p <
0.05 and ** p < 0.01. n=3. PMA: 25nM PMA stimulation, PPP: platelet poor plasma,
PPP/EDTA: platelet poor plasma with 10mM EDTA.
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3.3.10 Inhibition of complement activation on the surface by EDTA decreases dHL-60

activation and degranulation

When platelet-poor plasma-coated silicone was incubated with 10 mM EDTA, and dHL60
cells were then circulated over this surface, as observed with NETosis, dHL-60 activation (CD11b —
Figure 3.13A) and degranulation (CD63 — Figure 3.13B) decreased significantly. The presence of
PMA to stimulate did not affect outcomes, which is not surprising as PMA stimulation had no effect
on CD11b upregulation and degranulation on dHL60 cells as discussed in sections 3.3.7 and 3.3.8.
The significant reduction in CD11b and CD63 on dHL-60 suggest that interactions with adsorbed
complement proteins on the biomaterial surface play a significant role in degranulation and activation

of dHL-60 under shear conditions.
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Figure 3.13: CD11b (A) and CD63 (B) expression on dHL-60 cells following 2-hour exposure to
silicone with plasma with or without 10mM EDTA.* indicates p < 0.05, ** indicates p < 0.01,
and *** indicates p<0.001. The mean values illustrated are for samples that were run n = 3.

PMA: 25nM PMA stimulation, PPP: platelet-poor plasma, PPP/EDTA: platelet-poor plasma
with 10mM EDTA.

3.3.11 Additional gating does not alter major trends

As is seen in Figure 3.5A, there are clusters of cells outside of the gate that includes R1 and R2. To

determine if these cells were also contributing to the NETosis level observed, an additional region
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(R3) was added to the gate (Figure 3.14). Figure 3.15 illustrates that some of the cells in R3 are
indeed NET-positive.

dHLE0.002

200 400 a00 200 1000 200 400 200 1000

FSi

Figure 3.14: Representative images of the three distinct dHL-60 cell populations present during
analysis with cytometry. Size scatter dot plots of a control/unstimulated cell sample (A) and of
cells stimulated with 25nM PMA (B).

dHLE0.002 dHLE0.002

Figure 3.15: A) Cells in R3 that are NET-positive following stimulation with 25nM PMA for 2
hours. B) Overlap of all three regions (R1 in red, R2 in green, and R3 in blue) and the total
distribution of NET-positive events from those regions following stimulation with PMA

When R3 is included in the gate, a similar trend of increasing NETosis under shear is

observed (Figure 3.16). There is no significant change in NETosis between PMA- stimulated and
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unstimulated static control samples (regardless of the presence of platelet-poor plasma). When
examining fluorescence intensity levels of static control samples, PMA stimulation did not
significantly increase MPO expression (Figure 3.16B), nor did it increase the citH3 signal (Figure

3.16C). This is again likely due to the low concentration of PMA.

For samples exposed to shear, those in the presence of platelet-poor plasma had elevated
levels of NETosis relative to no plasma conditions, however this did not reach statistical significance.
As has also been previously described, the fluorescence intensity levels of shear samples did not
differ significantly (Figure 3.15B and 3.15C). With the inclusion of Region 3, NETosis increased
significantly when PMA was added to plasma samples under shear (PPP+Shear vs PMA+PPP+Shear,
p = 0.016). Despite this, both MPO and citH3 fluorescence did not differ, indicating that the NET
structures remained the same between conditions. As in Figure 3.8A, there remains a statistically
significant (p = 0.0179) increase in NETosis when plasma shear samples are compared to plasma
control samples (PMA+PPP Control vs PMA+PPP+Shear). Overall, with the inclusion of R3, there
continued to be a trend whereby a higher number of dHL60 cells exhibited signs of NETosis when
interacting with plasma-coated silicone under shear (both with and without PMA), suggesting that
dHL-60 cells interactions with adsorbed proteins on the biomaterial plays a role in inducing NETosis.
Similar to section 3.3.9, the addition of EDTA significantly reduced NETosis in both PMA-
stimulated and non-stimulated samples exposed to shear (Figure 3.16D). The fluorescent expression
of both MPO and citH3 decreased in the presence of EDTA (Appendix Figure A.1), thereby
illustrating that plasma incubation with EDTA reduced NET structure size. Graphs illustrating CD11b

and CD63 expression following the inclusion of R3 can be found in the appendix.
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Figure 3.16: Percentage of cells showing high level of expression of both MPO (FITC) and citH3
(PE) (A). B) Mean fluorescence of MPO and C) Mean fluorescence of citH3 for static control
and samples incubated in the presence of shear with plasma-coated or uncoated silicone. D)
Percentage of cells showing a high level of both MPO and citH3 expression following 2-hour
exposure to silicone with plasma with or without 10mM EDTA. * statistically significant, p <
0.05 and ** p < 0.01. n = 3, mean % standard deviation. All experiments were run for 2 hours.
PMA: 25nM PMA, PPP: platelet poor plasma, shear: 500s™.

61



3.3.12 fMLP does not trigger NETosis in dHL-60 cells

PMA is a synthetic stimulus that does not accurately reflect physiological conditions. As
such, dHL-60 cells were also activated with 1uM fMLP. Results indicated that fMLP did not trigger
NETosis in dHL-60 cells under any conditions (See Appendix Table A.1) This aligns with what has
been observed in the literature. HL-60 cells have previously been activated with fMLP and have
demonstrated an increase in cytosolic-free calcium ions necessary for activation, leading to cell
migration and chemotaxis [63], [64]. The effect of fMLP on dHL-60s has related mostly to
chemotaxis and despite their production of ROS (both via NADPH and through other mechanisms),
no NETosis has been reported [63], [65], [66]. The results of this investigation confirm that fMLP
does not induce NETs in DMSO-differentiated HL-60 cells.

3.4 Conclusion and Future Work

This study examined dHL-60 NETosis under shear and in the presence of a biomaterial. To
characterize the NET response, flow cytometry was used to quantify NETosis in this model cell line.
In the presence of PMA and following interactions with plasma-coated silicone under shear
conditions, an increased number of dHL60 cells expressed both NETosis markers when compared to
static control sample. While PMA did not have an effect, shear significantly increased CD11b and
CD63 upregulation in dHL-60 cells, suggesting that mechanisms of NETosis, degranulation and
CD11b upregulation differ. Inhibiting complement activation on the surface with EDTA resulted in a
significant decrease in NETosis in dHL-60 cells suggesting that interactions of dHL-60 cells with
adsorbed complement proteins plays a significant role in material-induced NETosis under shear
conditions. Large standard deviations in flow cytometry data were often observed, and additional

experiments may be required to confirm statistical trends.

To characterize dHL-60 NETosis more accurately under shear in the presence of a biomaterial,
the surface of the biomaterial should also be further examined, staining NET structures with not only
DAPI but also with specific NET markers such as MPO and citH3. This will help confirm the spread
and aggregation of NETs by dHL-60 cells on the biomaterial surface.

When considering blood-biomaterial interactions, our current results with dHL60 cells as model
neutrophils suggest that shear has the potential to significantly increase material-induced NETosis

when combined with an inflammatory neutrophil stimulus (such as PMA). As such, NETs may play a
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role in exacerbating biomaterial-related complications in part due to the effect of physiological shear.

Further experiments with blood-isolated neutrophils will be needed to confirm these observations.
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Chapter 4: Assessing the effect of shear on neutrophil NETosis in
the presence of a biomaterial in the parallel plate flow

model

4.1 Introduction

Neutrophils (PMNSs) are the most abundant type of granulocyte in blood and are characterized
by their multi-lobed nucleus and their specialized intracellular structures called granules, which are
categorized into primary (azurophilic), secondary (specific), and tertiary (gelatinase). These granules
house a wide array of antimicrobial substances, enzymes, and proteins that contribute to neutrophil's
defense mechanisms. Primary granules, also known as azurophilic granules, contain potent
antimicrobial enzymes, including myeloperoxidase (MPO) and elastase (NE), which are involved in
the destruction of microorganisms. Secondary granules contain proteins such as lactoferrin and
lysozyme that contribute to the neutralization of pathogens [1]. Tertiary granules, on the other hand,
contain gelatinase enzymes that participate in tissue remodeling. The content and release of these
granules are tightly regulated and play a critical role in the neutrophil's ability to combat infections
and modulate inflammatory responses and granular proteins such as MPO, NE and lactoferrin have

been found on neutrophil extracellular traps (NETSs) [1].

Neutrophils release NETS as a defense mechanism against invading pathogens and while they
were initially thought to be beneficial, recent research has suggested that NETs may also contribute to
a range of inflammatory and autoimmune diseases [2] . As a result, there has been increasing interest
in studying NETs and their role in disease pathogenesis, as well as potential therapeutic interventions
to target these structures. In vitro, NETSs can be generated by synthetic stimuli like PMA or by
physiological stimuli such as fMLP. PMA is a potent chemical stimulator that stimulates NETosis by
inducing reactive oxygen species (ROS) production [3]-[5]. In a similar manner, fMLP is thought to
trigger a ROS cascade via the activation of the protein nicotinamide adenine dinucleotide phosphate
oxidase (NADPH oxidase), leading to NET release [6]. Neutrophil stimulation (using PMA and other
stimuli) also results in activation and degranulation which can be detected by the expression of
receptors CD11b and CD63 respectively [7]-[9] [10], [11]. Current research efforts are focused on
understanding the mechanisms of NET formation, identifying the role of NETS in disease, as well as

understanding the interactions between biomaterials and NETs [12], [13].

64



Blood-material interactions refer to the complex interactions that occur between biomaterials
and components of the blood when they come into contact. One key player in these interactions is
neutrophils. When biomaterials are implanted or introduced into the bloodstream, PMNs are among
the first cells to be recruited to the site of interaction. PMNs play a vital role in the response to
biomaterials by recognizing them as foreign and initiating an immune response. They adhere to the
biomaterial surface, undergo activation, and release various substances such as cytokines,
chemokines, and reactive oxygen species. PMNs can also undergo NETosis at the material surface
[14]. All biomaterials, both those that are bioabsorbable and those that are temporary, will trigger the
immune response, however, excessive activation and prolonged PMN presence can lead to chronic
inflammation, tissue damage, and impaired biocompatibility of the biomaterial [15]. Therefore,
understanding the interactions between biomaterials and PMNs is essential for improving the design

of biomaterials and developing strategies to modulate PMN responses for better clinical outcomes.

In recent years, there has been an increased focus on NETosis triggered upon material contact
with neutrophils. On titanium, NETs were found predominantly on smooth surfaces as opposed to
rough over the course of eight hours [12]. Furthermore, material stiffness has also been found to have
an impact where increased NET formation and release of pro-inflammatory cytokines was observed
on stiffer polydimethylsiloxane (PDMS) substrates [16]. A significantly higher amount of expelled
DNA on the hydrophobic surfaces SAM-CH3 and Teflon were observed compared to the hydrophilic
surfaces [17]. Other biomaterials have also demonstrated an ability to modulate NETosis including
polyacrylamide (PAA) gels, graphene oxide, metal and lipid nanoparticles, and polydioxanone [18]-
[21]. While several studies have highlighted the role of material topography and other surface cues
on NETosis, no in-vitro study has yet investigated the mechanisms involved in material-induced

activation and NETs under flow conditions.

In chapter 3, the parallel plate flow chamber was used to explore the effect of shear on
NETosis in dHL-60 in the presence of a biomaterial. The results indicated that there was an effect of
shear on overall NET release. Ultimately, HL-60s are a model cell line that only mimics neutrophils.
To determine if blood-isolated PMNs would react to the presence of shear and a biomaterial in the
same way as dHL-60 cells, PMNs were used in the same in vitro model than in chapter 3. In the
context of blood-material interactions, the focus of the study was on PMNs in the absence of other
cells in the blood system to gain a better understanding on the potential interactions and mechanisms

of material-induced NETosis [22]. Following stimulation with PMA or fMLP in the presence of shear
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and in the presence of silicone as our model biomaterial, flow cytometry was used to quantify the
NET markers, MPO and citH3, as well as PMN activation (via CD11b and CD63 expression). It was
hypothesized that contact with a biomaterial under physiological shear, and in the presence of an
inflammatory mediator, would trigger NETosis as well as PMN activation to a greater extent than in
the static control samples. It was also hypothesized the PMNs would react more readily to stimulation

as they are known to be more reactive than dHL-60 cells [22].

4.2 Materials and Methods

4.2.1 Reagents and Monoclonal Antibodies

Neutrophil activation and NETosis were characterized using the following antibodies:
PerCP-Cy™5.5 Mouse Anti-Human CD15 (BD #560828), FITC Anti- Myeloperoxidase (Abcam
11729), Recombinant Anti-Histone H3 (citrulline R2+R8+R17, Abcam 281584), Goat Anti-Rabbit
IgG H&L (PE) (abcam 72465), FITC Mouse anti-Human CD11b (BD #562793), PE Mouse Anti-
Human CD63 (BD #557305), PE-Cy™5 Mouse Anti-Human CD45 (BD #555484), Myeloperoxidase
Monoclonal Antibody (2C7) (Invitrogen #MA1-80878), Goat anti-Mouse 1gG (H+L), Superclonal
Recombinant Secondary Antibody, Alexa Fluor 488 (Invitrogen #A28175) and Alexa Fluor 594 goat
anti-rabbit 1IgG (H+L) (Invitrogen # A-11012). Additional reagents include RPMI Medium 1640 (1X)
with 10% Fetal Bovine Serum, 0.5M EDTA, pH 8.0, DEPC-Treated (Millipore #324506-100ML),
Fluoroshield with DAPI (GeneTex #GTX30920), PMA (Sigma #P8139) and fMLP (Sigma, F3506-
5MG). Phosphate Buffered Saline 1X (PBS) (Corning #21-040-CV).

4.2.2 Neutrophil Isolation and Plasma Preparation

This study was conducted in accordance with the tenets of the Declaration of Helsinki and
received ethics clearance from the University of Waterloo Human Research Ethics Committee
(#44502, Waterloo, ON, Canada). To obtain neutrophils, blood was drawn via venipuncture from
healthy donors who were medication-free for at least 3 days. Neutrophils were isolated using Stem
Cell Technologies EasySep Direct Human Neutrophil Isolation Kit (Catalogue #19666). Blood was
incubated for 10 minutes at room temperature with EDTA (1/500 diluted), EasySep Direct Human
Neutrophil Isolation Cocktail (#19666C) (1/20 dilution), and EasySep Direct Rapid Spheres (#50300)

(/20 dilution). PBS with 1 mM EDTA was then added to a final volume of 10 mL and the blood was
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incubated in the magnet for 10 minutes. The solution was transferred to a new test tube and incubated
with an additional set of EasySep Direct Rapid Spheres at a 1/20 dilution for 10 minutes in the
magnet. This was followed by an additional transfer to a new test tube and a final magnetic
incubation for 10 minutes. The isolated cells were then spun down at 1200 rpm for 5 minutes and

resuspended in PBS before carrying out a cell count.

Platelet-poor plasma was obtained by spinning down donor blood for 10 minutes at 100g,

removing the top layer of plasma, and another 7378 g (10,000 rpm) centrifugation for 10 minutes.

4.2.3 Neutrophil Shear Experiments and Controls

Glass coverslips were covered with a silicone sheet (FDA grade, 0.005” NRV G/G 40D 12” X 12”
(Speciality Manufacting inc, Saginaw, MI, USA)). [25], [26] Silicone was coated with 50% plasma or
with a 50% plasma/ 10 mM EDTA solution and incubated for 30 minutes at 37°C. EDTA isa
calcium and magnesium chelator and can inhibit of calcium- and magnesium-dependent mechanisms,
including complement activation [150], [151]. In some cases, 10mM EDTA was added in the

circulating solution. The experimental conditions tested are summarized in Table 4.1.

As described in chapter 3, section 3.2.3, the chamber was assembled and connected to a Cole
Parmer 75900-50 programmable 6-channel syringe pump which allowed for continuous circulation.
The number of neutrophils per shear experiment to be circulated through the system was selected to
be 2 x 10° based on recommendations in the literature and the parameters of the chamber [48].
Neutrophils were circulated in RPMI media with 10% FBS at a flow rate of 0.78 ml/min,
corresponding to a shear of of 500s*. To ensure full circulation of neutrophils, a volume of 1.3 mL
was selected. Flow within the chamber was assumed to be continuous and experiments were run for 2

hours at 37°C. The bulk solution was then collected for flow cytometry analysis.

Several controls were included in these experiments. A sample was incubated without
exposure to flow and without plasma or PMA for 1 hour at 37°C (negative control, referred to as a
static sample). Static samples were incubated in 5mL polypropylene round bottom tubes (Falcon
Corning #352063) as opposed to the chamber due to the limited volume and cells that could be added
to the flow chamber as a static model. As a positive control, a sample was incubated with 6nM PMA
for 1 hour at 37°C without plasma. A more physiological stimulus, 1uM fMLP was also tested for 1
hour at 37 37°C.
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Table 4.1: Experimental conditions tested on isolated PMNs

Stimulus/Treatment Surface Treatment Abbreviation

} Platelet Poor Plasma PPP

Platelet Poor Plasma

- PPP/EDTA
+10 mM EDTA
PMA - PMA
PMA Platelet Poor Plasma ~ PMA + PPP
Platelet Poor Plasma
PMA PMA + PPP/EDTA
+10 mM EDTA
Platelet Poor Plasma )
10mM EDTA PPP/Circ EDTA
+ 10 mM EDTA
Platelet Poor Plasma
PMA & 10mM EDTA PMA+PPP/Circ EDTA
+10 mM EDTA
fMLP Platelet Poor Plasma fMLP+PPP

PMA: 6nM; fMLP: 1uM. Surface treatment: incubation at 37°C for 30 min

4.2.4 Flow Cytometry

All samples were adjusted to a cell number of 75,000 per tube. To assess NETosis, samples
were first incubated with a primary anti-citrullinated histone (citH3) antibody for 30 minutes at room
temperature. This first incubation was immediately followed by a secondary IgG PE antibody for
citH3, a FITC anti-MPO antibody, and a PE-Cy™S5 anti-CD15 myeloid cell identifying antibody.
Samples were then incubated for an additional 30 minutes at room temperature in the dark. Following
incubation, samples were washed with 1ImL RPMI with 10% FBS and centrifuged at 1200 rpm for 5
minutes. The supernatant was removed, and the cells were resuspended before being analyzed
immediately.

For leukocyte activation, samples were incubated with FITC anti-CD11b (Mac-1
upregulation), PE anti-CD63 (a neutrophil degranulation marker), and PE-Cy™5 anti-CD45 (a

68



leukocyte identification marker). Samples were incubated for 30 minutes at room temperature in the

dark, diluted following incubation and analyzed immediately.

Samples were analyzed on a four-color FACS Calibur flow cytometer (Becton Dickinson).
Flow cytometry settings of NETosis were optimized to ensure no overlap of fluorescence between the
three fluorescent channels used (FL1, FL2, FL3). Data acquisition and analysis were performed using
CELL-Quest software (Becton Dickinson). Results are expressed as total fluorescence (geometric

mean fluorescence of the detected antibodies)

4.2.5 DNASE Treatment

Generated NETSs can be broken down by Deoxyribonuclease (DNAse), an endonuclease that
digests the DNA backbone of NET structures [7] [25], [26]. To confirm that the structures present on
the silicone surface following shear and activation were NETSs, samples were incubated with 1 mg/mL
of DNAse for 10 minutes at 37°C [27]. Following treatment, slides were stained with DAPI and

visualized using immunofluorescent microscopy.

4.2.6 Immunofluorescent Microscopy

To obtain a thorough confirmation of NET structures, citH3 and MPO NET markers were
visualized using immunofluorescence. The protocol was adapted from previous works [28], [29].
Following activation and exposure to shear, silicone samples were removed from the chamber and the
attached cells were fixed with 4% paraformaldehyde for 10 minutes at room temperature. Samples
were subsequently washed three times with PBS. To prevent non-specific antibody binding, samples
were blocked with 5% goat serum for 20 minutes at 37°C and then washed three times with PBS.
Samples were incubated with 1/200 diluted primary citH3 (Abcam 281584) and 1/100 diluted primary
MPO antibodies (Invitrogen #MA1-80878) for 1 hour at room temperature in the dark. Alexa Fluor™
594 (2 ug/mL) (Invitrogen # A-11012) and Alexa Fluor™ 488 (1/1000 diluted) (Invitrogen #A28175)
secondary antibodies were added for citH3 and MPO respectively and incubated for 45 minutes at
room temperature in the dark. Blue nuclear DNA stain 4',6-diamidino-2-phenylindole (DAPI) for
genetic material was added and the silicone was inverted onto a glass slide for imaging purposes.
Samples were imaged using an Eclipse TE2000-S microscope and photos were acquired using the

NIS-Elements AR Nikon program.
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4.2.7 Statistical Analysis

All results are reported as the mean = standard deviation (SD). To analyze the effect of shear
and PMN activation via PMA on NETosis, independent t-tests were conducted. If normality
conditions were not met, non-parametric t-tests were conducted using the Kolmogorov-Smirnov test.
A p-value of less than 0.05 was required for statistical significance. The number of experiments was

always equal to or greater than three.

4.3 Results and Discussion

4.3.1 Flow cytometry analysis of NETosis in neutrophil population

Flow cytometry gates are useful for identifying specific populations of interest cells in
samples, using a double-gating strategy. Figure 4.1A illustrates the gating method used for the PMNs
in this investigation. As blood-isolated PMNs, most cells presented the characteristic FSC (size) and
SSC (granularity) of PMNSs (region R1); a few leukocytes, likely lymphocytes, can be observed in the
lower part of the size scatter dot plot. Cells were further identified based on their SSC and their
expression of the myeloid cell identifying marker CD15 (Region R2); and a gate (G1) was created to
focus analysis on cells present in both R1 and R2. Similar to Chapter 3, NET formation in the bulk
was identified by changes in the numbers of cells staining positive for NETs as well as fluorescence
expression level, through staining with MPO (FL1 channel) and citH3 (FL2 channel) as illustrated in
Figure 4.1B (specifically the MPO signal in channel FL1) for those gated cells. The complexity
around characterizing NETSs in blood-isolated neutrophils in these experiments laid in the fact that the
fluorescence signal shifted rather than having a clearer separation between what one may consider
positive versus negative (as could be observed with the HL-60 where it was simple to create this M1
mark in the fluorescent histogram). To report NETosis, the percentage of cells that stained positive
for both MPO and citH3 was determined as illustrated in Figure 4.1C. Cells in the upper right-hand

corner are identified as NET-positive events.
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Figure 4.1: Gating strategy and identification of NET-positive events in PMNSs. A) Gating
strategy including the two regions (R1 and R2) based on FSC, SSC, and CD15 expression in
FL3. B) CitH3 fluorescence in FL2 channel and the corresponding mean fluorescence. The
fluorescent level in the cell sample, identified as “Geo Mean” in the histogram statistics, is
reported throughout the chapter. C) Fluorescent dot plot to identify NET positive PMNs, as
identified by the expression of MPO and CitH3 on their surface. Cells in the upper right-hand
guadrant of the figure would be those undergoing NETosis D) Fluorescent dot plot for cells
activated with PMA.
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4.3.2 Shear alone in the presence of a biomaterial does not increase NETosis in the
bulk

In the absence of stimulation, less than 5% of PMNSs exhibited signs of NETosis and results
suggest that shear alone did not increase NET formation in PMNs as shown by the lack of difference
between PPP static and PPP+shear (Figure 4.2). The presence of PMA during the 1hr-incubation
resulted in NETosis, as shown by the increase in cells expressing NETs markers (MPO and CitH3)
and the increase in the fluorescent signal in both the control sample (PMA+PPP static) and PMNs
exposed to shear (PMA+PPP+shear) (p<0.001) (Figure 4.2). While more PMNs showed signs of
NETosis when exposed to shear with PMA when compared to the PMA-stimulated static samples,
this did not reach statistical significance (Figure 4.2A). However, a significant increase in MPO
expression was observed, highlighting the presence of NETs on PMNs when exposed to 6nM PMA
for 1 hour (Figure 4.2B) (p = 0.0156, PPP static vs PMA+PPP static). These results are in agreement
with prior findings as PMA is known to trigger neutrophil degranulation and NETosis even at low
concentrations [10], [30]. Indeed, Erpenbeck and colleagues used 5nM PMA to stimulate NETosis on
polyacrylamide (PAA) gels [21]. Additionally, shear conditions (PMA+PPP+ Shear) did not result in
a significantly higher MPO expression compared to the control resting sample (PMA +PPP) but was
greater overall, indicating elevated MPO levels on the NETSs in the presence of physiological flow
and PMA (Figure 4.2B).

Furthermore, contrary to MPO, a small but not statistically significant increase in citH3 levels
was observed with PMA in the presence of shear (Figure 4.2B). It is possible that 6nM PMA was too
low, and 1 hour too short, to sufficiently release enough citH3 into the NETSs to have a strong
expression. Indeed, lower concentrations and shorter times have not been shown to trigger large
amounts of NETosis. Pai and colleagues found that half-maximal NET formation for 3nM PMA
occurred only after 120 minutes and concentrations of 10nM only after around 100 minutes [31].
Furthermore, Holsapple and colleagues looked specifically at histone staining within the neutrophils
during stimulation with 100 nM PMA.. After 60 minutes, histone had accumulated in pockets within
the neutrophil membrane but had not yet been released to the environment (even by 150 minutes)
[32]. Another potential explanation for the inconsistency between the changes in MPO and citH3
expression is that not all NET structures are equivalent. A study by Obermayer and colleagues found
that some NET structures invivo released genetic material but did not citrullinate their H3, resulting
in NET structures that would not stain positive for citH3 [33]. Variability in NET structures suggests
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that different mechanisms are involved in their release, which may be influenced by interactions with
the surface under flow conditions. Overall, our results suggest that in the presence of a plasma-coated

biomaterial, shear acts as a priming stimulus for NETosis.

One may suggest that increase PMA stimulation may have allowed to obtain a stronger citH3
expression on NETSs, as stimulating PMNs with higher PMA concentrations and longer time period
tend to result in equally strong MPO and citH3 expression on NETSs [34]-[36]. Indeed, early on in
this investigation, higher concentrations of PMA were found to result in a greater citH3 expression
but resulted in overall excessive cell loss to the biomaterial (data not shown) [35]-[37]. In this study,
6nM was selected due to its ability to minimize cell loss and cell death in our in vitro model
environment. Over the course of protocol development, concentrations of 10-50nM PMA were tested
using the parallel plate flow chamber over various time frames. Initially, cells were circulated in the
presence of 50nM PMA for an hour. It was found that this led to a high degree of apoptosis and a
final cell suspension that could not be analyzed via flow cytometry. Reducing the concentration to
25nM for 1 hour also resulted in a similar issue. The PMNs became excessively activated under shear
and the presence of 25nM PMA, resulting in the loss of cells to the biomaterial via adhesion. Further,
cells were initially circulated in media supplemented with 30-35% plasma but this was found to
exacerbate the cell loss in the presence of 25-50nM PMA and so was not pursued. When PMA was
reduced to 12 and 6nM but circulated for 2 hours, a NET signal was observed but low cell counts
remained an issue for samples exposed to shear. As such, the final concentration and time were
selected to be 6nM PMA stimulation for 1 hour and as mentioned earlier, exposing PMNSs to shear
appears to have a priming effect as higher level of NETs are observed with PMA stimulation
compared to the PMA-stimulated control static sample. In the future, raising the PMA concentration
will strengthen the NETosis signal observed but this would need to be balanced by a decrease in
incubation time. The lack of the strong presence of NETosis in the bulk/circulating PMNs may also

be due to adhesion and where NETosis is taking place, which is discussed in the next section.
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Figure 4.2: NETosis in PMNs in static control and samples incubated in the presence of shear
with plasma-coated or uncoated silicone with or without 6nM PMA after 1hr incubation. A)
percentage of cells staining for both MPO (FITC) and citH3 (PE). B) MPO and citH3
expression on PMNs cells. * Statistically significant, p < 0.05, ** p <0.001. n =7, mean £
standard deviation. All experiments were run for 1 hour at 37°C. PMA: 6nM PMA, PPP:
platelet poor plasma, shear: 500s. AFU: Arbitrary fluorescent units.
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4.3.3 NETs accumulate at the biomaterial surface

A large subset of cells in the solution adhered to the silicone surface and were lost from the
circulation. For samples exposed to shear without PMA (PPP+Shear), 68% of cells were lost to the
biomaterial environment while samples with PMA (PMA+PPP+Shear) lost a greater number of cells,
this was not significantly different (Figure 4.3). This suggested that many of cells adhered to the
plasma-coated silicone and adherent PMNs on the surface may exhibit signs of NETosis or be
aggregated in NET structures as opposed to circulating in the bulk solution (Figure 4.3) as suggested
by Manda-Handzlik and colleagues who found a significant loss of cells from suspension following

activation with PMA over several hours [37].
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Figure 4.3: Percentage of cells lost the surface of the in vitro model (biomaterial surface and
tubing) following exposure to shear for 1 hour with or without 6nM PMA stimulation in the
presence of platelet poor plasma. n=7. mean + standard deviation.

4.3.4 May-Grinwald-Giesma (MGG) staining did not effectively stain NETs

MGG staining is a commonly employed method to image neutrophils [38], [39]. In this stain,
nuclei are coloured by an intense blue/purple while the cytoplasm is pink/red. In our lab, the MGG
stain was successfully used to visualize tear film neutrophils and thus attempts were also made to
identify PMN NETSs. Staining with MGG did not reveal easily identifiable NET structures, despite

revealing neutrophil aggregates and some strands of genetic material. This likely indicates that the
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various steps involved in the staining protocol (which includes different washing steps and fixation)
damaged NET structures before imagining could be completed (Figure 4.4).

Figure 4.4: MGG staining of neutrophils stimulated with PMA. One NET was identified in B)
but overall staining typically revealed activated cells as shown in A) that did not have easily
identifiable NET structures.

4.3.5 NETs on the biomaterial surface stain positive for all NET markers

To accurately characterize NETs on the biomaterial surface, samples exposed to shear and
activated with 6nM PMA were stained for three NET markers, DAPI, MPO and CitH3 as shown in
Figure 4.5. The green fluorescence staining for MPO was observed along the membranes of
neutrophils. On strands, citH3 expression often overlapped with DAPI (which stains genetic materials
including nuclei of PMNS), particularly in PMN aggregates.
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Figure 4.5: Immunofluorescent staining at the plasma-coated silicone surface of samples
exposed to shear and activated with 6nM PMA.. The blue arrow indicates genetic material
stained with DAPI, a green arrow indicates MPO staining, and the red arrow indicates citH3
staining. A) and B) are the same NET structure but B) is magnified to highlight how MPO
decorates the surface of the PMNs as NETS are released (as indicated by the green arrow).
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These images provide support for the notion that NET structures adhered to the plasma-
coated silicone. Highly expressing citH3 cells undergoing NETosis may be remaining adherent to the
plasma-coated silicone instead of circulating in the bulk solution. To further confirm that the
structures on the plasma-coated silicone were NETS, the biomaterial surfaces were treated with
DNAse, a known digestor of NETs for 10 minutes. Prior to DNAse treatment, structures stained
positive for citH3, and DNA structures were visible. Following treatment, samples failed to stain for
citH3, and DNA strands were eliminated. PMN aggregates remained adhered to the silicone but did

not have extracellular structures to connect them (Figure 4.6B).

Figure 4.6: Immunofluorescent staining of neutrophils adherent to plasma-coated silicone
following shear with 6nM PMA. A) Without DNAse. B) Following DNAse treatment. Blue:
DAPI. Red: citH3

These imaging results, taken in combination with Figures 4.5A and 4.5B, indicates that
NETosis is occurring at the biomaterial surface or that PMNs that are undergoing NETosis are more
adherent, and the NETosis signal in the bulk solution (as measured by flow cytometry), may not

accurately reflect the true effect of the material-induced activation in the presence of shear.

4.3.6 Neutrophil markers CD11b and CD63 increase with PMA activation

CD11b is a protein and a member of the integrin family of cell adhesion molecules. It is
expressed on the surface of neutrophils and plays a role in adhesion, migration, and signaling.
Following activation, CD11b expression increases on the surface of neutrophils so that they can carry

out their immune response [40]. As expected, CD11b expression increased upon stimulation with
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6nM PMA in static samples (p <0.01). In samples exposed to shear, the addition of PMA still resulted
in an increase in CD11b expression which is expected due to the PMA-induced activation [172],
[190], [191]. However, there was no significant difference between PMA-activated samples that were
static and those exposed to shear (PMA+PPP static vs PMA+PPP+Shear). Similarly, samples without
PMA (PPP Static and PPP+Shear) did not significantly differ in terms of CD11b expression,
indicating that shear was not playing a significant role. This is in agreement with previous work
where, at 500s™, CD11b expression in blood PMNs did change [43]. CD11b upregulation due to
exposure to shear stress only occurs at far greater shear stresses than what the cells were exposed to in
our study [43]-[45] .

A similar trend is observed for the degranulation marker CD63. During neutrophil activation,
CD63 is translocated from the granule membrane to the cell surface, where it interacts with other
proteins. Subsequently, it is used to identify neutrophil degranulation [46]. Stimulation with 6 nM
PMA results in significant degranulation in both static and samples exposed to shear as expected (p <
0.05) [10], [42], [46]. As with CD11b, no significant difference between PPP+Shear and
PMA+PPP+Shear samples was found, indicating that shear was not significantly triggering additional
degranulation. This is also in agreement with prior studies as degranulation has not been observed at
this level of shear. Transient exposure of neutrophils to extremely high shear has been shown to result
in the movement of granules towards the surface but also did not trigger degranulation [44]. As such,
it is not expected that the dynamic conditions of this study would trigger excessive degranulation and
therefore elevated CD63 levels. Furthermore, the increase in CD11b and CD63 upon PMA
stimulation but not shear indicates that the selected 500 s shear did not prime the circulating PMNs

in this in vitro model.
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Figure 4.7: CD11b (A) and CD63 (B) expression of PMNs cells in static control and samples
incubated in the presence of shear with plasma-coated or uncoated silicone with or without
6nM PMA after 1hr incubation. * Statistically significant, p < 0.05. n = 6. PMA: 6nM and PPP:
platelet poor plasma.

4.3.7 fMLP did not trigger elevated levels of NETosis

PMA is a synthetic stimulus that does not accurately reflect physiological conditions. As
such, this study also attempted to trigger NETosis in PMNs via fMLP. The results using fMLP as a
stimulus were inconclusive. Activation of PMNSs resulted in a very low percentage of cells that
stained positive for both NET markers (anywhere between 0-3% as indicated in Appendix Figure
A.4). Staining of the silicone surfaces also did not show conclusive NET aggregates. This aligns with
what as previously been reported as the direct effect of fMLP on NETosis is less clear than that of
PMA. Some literature suggests that fMLP alone is insufficient to generate NETs without an
additional stimulus while others suggest that fMLP first initiates autophagy to trigger NETosis [6],
[47], [48]. Regardless, this investigation shows fMLP was not an effective NET inducer in the in-

vitro shear and biomaterial model.

80



4.3.8 EDTA decreased NETosis

To begin investigating the mechanisms involved in triggering NETosis on the biomaterial
under shear conditions, the effect of EDTA was studied. EDTA chelates calcium and magnesium and
inhibit complement pathways, including the classical, alternate, terminal and lectin pathways, by
preventing the activation of complement proteins that require calcium ions for their activity. When
activated, the complement system generates a cascade of reactions and has been shown to increase the
release of NETs [49]. To determine if complement activation played a role in NETosis at the
biomaterial surface, silicone was coated with platelet-poor plasma and 10 mM EDTA for 30 minutes
prior to exposure to the PMNs and shear. As shown in Figure 4.8A, the percentage of NET-positive
cells decreased when cells were exposed to the EDTA/plasma coated sample. While this did not yet
reach statistical significance, the reduction in the number of cells undergoing NETosis points towards

a contribution of adsorbed complement proteins on NETosis.

Despite the addition of EDTA, during the plasma coating incubation or during the
circulation/flow experiment, both MPO and citH3 expression remained similar to those observed in
the absence of EDTA (Figure 4.8B). While no statistical significance was found, the expression of
MPO did decrease slightly in the presence of EDTA. As was noted above in section 4.3.2, the overall
expression of MPO and citH3 changed very little upon stimulation with 6nM PMA. As such,
inhibition of complement via EDTA may have reduced an already low NETosis level that failed to
reach statistical significance. As was previously mentioned in Chapter 3, complement proteins such as
C3 are known to interact with, and stimulate the generation of, NETs [50]-[53]. Furthermore,
adsorption of the plasma protein 1gG to material surfaces has also been shown to increase NETosis in
a dose-dependent manner [20], [54]. Inhibiting potential calcium-dependent ligand-receptor
interactions between adsorbed plasma proteins and circulating PMNSs via EDTA may have reduced
overall NETosis in the sample. Calcium has also been implicated in intracellular mechanism with the
calcium-ion-dependent Raf-MEK-ERK signalling pathway as being required for NET formation.
Thus, chelating calcium in the bulk during the experiment would also lead to disruption of calcium

signaling that would decrease pathway activation and thus reduce NETosis [55].

Despite incubation with EDTA on the silicone, some NETSs were still present on the
biomaterial surface (as seen in Figure 4.9), indicating that additional mechanisms may also be at play

at the material surface.
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Figure 4.8: NETosis in PMNs in samples incubated in the presence of shear with plasma-coated
or uncoated silicone with or without 6nM PMA and 10mM EDTA after 1hr incubation. PPP:
platelet poor plasma. PPP/EDTA: platelet poor plasma with 10mM EDTA. PPP/Circ EDTA:
platelet poor plasma with 10mM EDTA and an additional 10mM EDTA circulating in the bulk
solution. n =7 for PPP+Shear and PMA+PPP+Shear. n=5 for PMA+PPP/EDTA+Shear. n =3
for PMA+PPP/Circ EDTA+Shear A) percentage of cells staining for both MPO (FITC) and
citH3 (PE). B) MPO and citH3 expression on PMNSs cells. mean * standard deviation. All
experiments were run for 1 hour at 37°C.
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Figure 4.9: Immunofluorescent staining of plasma-coated silicone following shear and
activation with 6nM PMA. A) No EDTA on the surface and B) Presence of 10mM EDTA



4.3.9 EDTA did not meaningfully decrease PMN CD11b and CD63 expression

To fully characterize the response of PMNs to EDTA treatment in the presence of plasma-coated
silicone under shear conditions, both CD11b and CD63 levels were quantified. Exposure to coating
with plasma incubated with 10mM EDTA did not significantly alter the expression of CD11b or
CD63 in samples that were activated with 6nM PMA.. Additional circulation of 10mM EDTA in the
bulk solution was also ineffective at significantly altering CD11b and CD63 expression in samples
activated with 6nM PMA (Appendix Figure A.3). This observation aligns with previous works
showing that EDTA does not affect overall expression levels [56]-[58]. Treatment with EDTA did
not significantly impact PMA-induced PMN degranulation in the presence of shear or a biomaterial
as shown by the lack of CD63 expression change. This indicates the mechanisms of material-induced
CD11b and CD63 upregulation under shear conditions is independent of adsorbed complement

proteins.

Table 4.2: Expression of markers CD11b and CD63 on PMNs following 1 hour incubation with
platelet-poor plasma coated silicone under dynamic (500s?) conditions with or without 10mM EDTA

and with or without 6nM PMA stimulation.

Sample CD11b Expression (AFU) CD63 Expression (AFU)
PPP+Shear 132+ 32 8.2+52
PMA+PPP+Shear 227 +42 54 +37
PMA+PPP/EDTA+Shear 235+ 42 50+30

PMA+PPP/Circ EDTA+Shear 259 + 51 22+2

Results are reported as mean of total arbitrary fluorescence units and standard deviations. n= 7 for
non-EDTA conditions, n=5 for PPP/EDTA conditions and n=3 for PPP/Circ EDTA conditions.

4.4 Conclusion and Future Direction

This investigation examined the effect of shear on PMN NETosis in the presence of plasma-
coated biomaterial. 6nM PMA was used to induce NETSs under physiological flow. Our results

suggest that while shear was not able to induce NETosis, shear primed PMNs for NETosis. While
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limited number of PMNs exhibiting NETosis were identified in the bulk via flow cytometry, imaging
of the biomaterial surface indicated a strong presence of NET structures and aggregates. This
demonstrated that the NET signal analyzed from the bulk solution did not accurately reflect PMN
NETosis as in the presence of a biomaterial under shear, NETs and PMNs were primarily binding to
the surface. Complement inhibition by EDTA in both the bulk and on the surface reduced the
percentage of cells undergoing NETosis suggesting that interactions between circulating PMNs and
adsorbed complement proteins on the biomaterial material surface increased NETosis. Taken
together, these results indicate that in the presence of a biomaterial, such as a cardiovascular stent for
example, NETs could be induced to aggregate in large structures as a consequence of the immune
response at the surface and in combination with exposure to physiological shear. This may play a role

in biomaterial-related immune complications.

The results of this study suggest that further investigation of mechanisms at the biomaterial
surface, rather than in the bulk, will be crucial in future work. The vast majority of cells adhered to
the biomaterial and so it will be important in future work to determine how to quantify NETosis at the
surface. Furthermore, as EDTA is a non-specific complement inhibitor, future work will involve
complement-inhibition at the biomaterial surface to elucidate mechanisms. Additionally, instead of
platelet-poor plasma, the silicone surface can be coated with serum to identify the role of fibrinogen's
presence and potential effect on NETosis. Fibrinogen plays a role in creating thrombi and has been
shown to scaffold with NETSs [59], [60]. To target complement more specifically, complement
receptor 3 can be inhibited given its involvement in NETosis [61]-[63]. Testing its inhibition in the
presence of shear and a biomaterial environment would provide valuable information regarding

NETosis mechanisms at the material surface.

The use of PMA moving forward is also discouraged due to the synthetic nature of the stimulus.
fMLP generated inconclusive results about its ability to generate NETs and as a result, additional
physiological stimuli, such as lipopolysaccharides (LPS), interleukin-8 (IL-8), and calcium ionophore
(CI), should be tested.
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Chapter 5: Conclusion

5.1 Final Experimental Conclusions

The purpose of this investigation was to develop an in-vitro model that would allow for the
characterization of shear on dHL-60 and blood PMN NETosis in the presence of a biomaterial. To
achieve this, a parallel plate model and corresponding flow cytometry analysis tools were developed
to study NETosis under these conditions. The hypothesis around both the dHL-60 cells and the blood-
isolated PMNs was that in the presence of shear and a biomaterial, PMA-stimulated NETosis would
be greater. The results of this study indicate that while an increase in NETosis under these conditions
was observed, it was not reflected in the bulk. Rather, NETosis occurred largely at the material

surface.

In Chapter 3, dHL-60 cells were first used as a model cell line to study NETosis in the
presence of shear and a biomaterial. The impact of various inflammatory mediators including shear,
PMA, biomaterial, and plasma components on dHL-60 NETosis was examined. dHL-60 cells
analyzed by flow cytometry demonstrated a double population of cells before and after stimulation
with PMA. Upon further examination, it was found that this secondary population of HL-60 cells
contained a mixture of both apoptotic and necrotic cells. This secondary population increased over the
5-day differentiation period and reached a maximum following PMA stimulation. This illustrates that
some of the HL-60 cells undergo apoptosis, as opposed to NETosis, during stimulation with PMA.
Furthermore, there remains a percentage of cells that are necrotic and the NET gating strategy
included both populations. Despite the elevated presence of apoptotic and dead cells, flow cytometry

was still used to analyze NETosis markers.

The number of cells expressing MPO and citH3 increased significantly in PMA-stimulated
dHL-60 cells that were exposed to shear relative to static. This was the case for both plasma-coated
and non-plasma-coated silicone conditions. As for NET marker expression, both had variable
expressions depending on the presence or absence of plasma and PMA. For both MPO and citH3,
PMA-activated samples that were exposed to shear in the presence of plasma had significantly greater
marker expression than their PMA-activated static counterparts, suggesting that the resulting NET
structures were larger, likely due to interactions between the cells under shear. The plasma on the
slide may have facilitated these interactions as non-plasma conditions did not have significantly

different MPO or citH3 expression between static and shear conditions (indicating no change to NET
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morphology in the presence of shear). Taken together, this indicates that shear, in the presence of a

plasma-coated biomaterial, modulates NETosis.

During the analysis, the M1 marker region was used to identify cells undergoing NETosis.
This was done to isolate the signal from cells undergoing NETosis. Despite the creation of the M1
marker, it is possible that a number of unhealthy (apoptotic or necrotic) dHL-60 cells were included
in the gate, thus skewing not only the NETosis signals but the activation and degranulation markers
(CD11b and CD63). Alternative gating methods may be required to more accurately isolate the
NETosis signal.

Shear alone was found to increase both CD11b and CD63 expression in dHL-60 cells thus
demonstrating that the biomaterial environment under those conditions triggered both activation and
degranulation of the cells. In the case of CD63, additional activation with PMA under shear failed to
significantly increase degranulation in dHL-60 cells, demonstrating that shear had a greater effect
than PMA activation.

To begin investigating the mechanisms involved in triggering NETosis in dHL-60 cells on the
biomaterial under shear conditions, 10 mM EDTA was added to the plasma-coated silicone in the
chamber. The presence of 10 mM EDTA during the plasma coating resulted in a reduced number of
cells undergoing NETosis, indicating that interactions between adsorbed complement proteins were

contributing to NETosis.

Despite the ability of dHL-60 cells to respond to shear in the biomaterial environment, the
lack of uniformity in their population makes the interpretation of the results more challenging. The
presence of a damaged cell population, even prior to exposure to the shear and biomaterial, presents a
confounding factor that will require additional analysis via different gating methods. Taken
altogether, the results obtained using this experimental model indicate that dHL-60 cells were not an

effective model of NETosis.

The aim of Chapter 4 was to apply the model used in Chapter 3 to investigate the effect of
shear on PMN NETosis in the biomaterial environment, albeit at a lower PMA concentration and
time. Experimental data revealed that the combination of shear and biomaterial increased the
percentage of cells undergoing NETosis (via PMA stimulation) but this was not found to be
significant. The expression of MPO was found to be greater in the plasma-containing shear condition

but the citH3 signal showed no change. Difference in NETSs structure and low PMA stimulation may
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be explain the difference in NET marker expression in PMNSs in this model. Further analysis revealed
that this lack of signal increase in the bulk was likely due to the location of NETosis. Imaging
revealed that many NET structures adhered to the plasma-coated silicone, stained positive for both
NET markers, and were degraded by DNAse. If shear is capable of increasing the level of NETosis,
particularly on the surface of the material, this would indicate that previous in-vitro models that
studied NETs on material surfaces may have underestimated the true extent of NETosis that would
occur under physiological conditions, thus limiting the application of their conclusions. Furthermore,
previous work has examined NETs obtained from the blood of patients undergoing surgery and
quantified them using flow cytometry [1]. Our results indicate that flow cytometry of a bulk solution
does not accurately reflect NETosis occurring the biomaterial. As such, the presence of NETs in
circulation is not painting an accurate picture of true NETosis levels (NETSs likely accumulated on

any materials associated with the surgical process).

As in Chapter 3, EDTA was added to investigate the role of complement. Inhibition of
complement resulted in a decrease in NETosis in the circulating PMNs (and no change in MPO or
citH3 expression), albeit it did not reach statistical level, suggesting the potential role of adsorbed
complement activated products in material-induced NETosis under shear conditions. Visually, EDTA
resulted in fewer aggregates on the plasma-coated silicone surface, however, NET structures were

still evident. Further experiments will be needed to quantify NETs on the surface.

The results of chapter 3 and 4 can also be compared to each other to draw conclusions about
modelling NETosis. While developing the protocol for this study, it became increasingly clear that
different conditions were required for dHL-60 cells versus PMNs. Specifically, the concentration of
PMA needed to generate a NETosis signal in dHL-60 cells was four times greater than what was used
for PMNSs and over twice as long. This confirms what has been previously reported on the differing
activation thresholds for HL-60 cells and PMNs as mentioned in Chapter 2 [2],[3]. The cells can also
be contrasted by their different response to EDTA. dHL-60 cells reduced NETosis (as evidenced by
the significant decrease in the number of cells expressing NET markers and the reduction in citH3
expression) more readily in the presence of EDTA than PMNSs. This demonstrates that these cells may
interact with other immune components (including complement) via different mechanisms when it
comes to NETs. Another notable difference was the morphology of NET structures on the silicone
surface. NET structures released by the dHL-60 cells under shear did not aggregate to the same extent

as PMNs and the DNA released did not extend as far from the cell. PMNs tended to aggregate in
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large clusters with elongated strands of genetic material connecting these clusters across the silicone
surface. Figures in Chapter 3 and 4 illustrate this difference to some extent but do not capture the full

scale of the morphological difference observed.

The disparity in the threshold NETosis concentration suggests that the signaling pathways
and regulatory mechanisms governing NETosis in dHL-60 cells may differ from those in PMNs,
particularly in the presence of shear and/or a biomaterial. As such, caution should be exercised when
extrapolating findings from HL-60 cell studies to infer the intricacies and physiological relevance of
NETosis in human PMNSs. To accurately understand the mechanisms and dynamics of NETosis on
biomaterials under shear, it is crucial to utilize primary human neutrophils or more relevant ex vivo

models that closely mimic the behaviour and responses of blood PMNSs.

5.2 Future Work

This investigation concludes that dHL-60 cells are not a suitable model to investigate
NETosis in the presence of shear and a biomaterial, however, it also acknowledges that a closer
examination of the surface may be required. To characterize dHL-60 NETosis more accurately, the
surface of the biomaterial could be further examined via staining. This will involve staining NET
structures with DAPI, MPO, and citH3. This will confirm the spread and aggregation of NETs by
dHL-60 cells at the chosen concentration of PMA and under constant shear conditions. Furthermore,
additional gating strategies may be employed to isolate the population of cells undergoing NETosis

more accurately.

With respect to PMNSs, the results of this investigation suggest that the focus of studying
NETosis in the presence of shear and biomaterial should shift to analyzing the surface. Given the
accumulation of NETs on the material, it will be important to quantify the NETSs that are present.
Following this, the mechanisms involved can be further explored. For example, the non-specific
inhibition by EDTA can be replaced with specific, targeted, complement inhibitors (such as those for
complement receptor 3) added to the plasma coating. Furthermore, plasma can be replaced with
serum at the biomaterial surface to eliminate the potential effect of fibrinogen. Lastly, additional
physiological stimuli such as LPS, IL-8, and CI should replace PMA. Extensions of this work could
also involve testing not only alternative stimuli, but also additional times points given that the
progression of NETosis occurs over several hours. Furthermore, the shear stress could be modulated
to determine if higher or lower shear stress changes the outcome of NETosis in the presence of the
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biomaterial. Other biomaterials could also replace silicone within the parallel plate flow chamber,
allowing for additional information to be obtained about NETosis at the biomaterial surface under

shear.

Overall, the protocol developed over the course of this investigation can be easily adapted to
explore a variety of stimuli concentrations, times, and surface interactions in order to increase the

understanding of NETosis in the biomaterial environment under shear.
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Appendix A: Lactoferrin

During NETosis, lactoferrin (LF) is released and adheres to expelled genetic material alongside MPO
and NE. Additionally, work in our lab has revealed that stimulation with fMLP results in LF release
from neutrophils within 15 minutes. To date, no group has used LF alongside MPO and H3 to assess
NETosis using flow cytometry. We attempted to develop a protocol that could be used to quantify LF
expression from parallel plate samples. This was done solely in PMNs as we have also seen that HL-
60 cells do not release LF upon stimulation. Cells were incubated with 2uM fMLP for 1 hour at 37
degrees. Initial attempts were made to pair PE-LF with FITC-MPO to more specifically target NETS,
however, there was a substantial signal leak into the neutrophil marker CD15 channel with the PE-LF
secondary antibody. The settings were adjusted to account for this however the LF signal decreased
upon fMLP stimulation, indicating that an issue remained. To obtain a greater positive control peak
for MPO, the channel voltage was increased however the reduction in the LF signal with fMLP
remained obvious. At this stage, several adjustments were made. To prevent overlap and interference,
MPO was removed and a new set of settings using FITC-LF and Cy5.5-CD45 were tested. These new
settings and its protocol had previously been validated for LF release from tear film neutrophils.
fMLP was also replaced with the more reliable NETosis stimuli PMA at a concentration of 6nM.
Under these conditions, the LF signal continued to decrease in the static conditions despite PMA
stimulation. At this stage, it was determined that LF could not be used reliably to identify NETSs via

flow cytometry.
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Appendix B: HL-60

Table A.1: Fluorescence of cells identified by the M1 histogram marker for samples activated with
1uM fMLP for 2 hours.

Sample MPO H3

191.30 13.96

Static 166.12 13.34
161.00 15.24

210.12 13.38

fMLP Static 167.49 13.50
148.92 15.53

163.16 13.53

Plate 93.63 12.06
117.73 14.55

111.58 13.33

fMLP Plate 89.25 12.81
130.23 13.73

fMLP: 1uM fMLP. Fluorescence for both NETosis markers did not change meaningfully with fMLP
stimulation in either static or sheared samples. Samples were incubated without platelet-poor plasma.
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Figure A.1: CD11b (A) and CD63 (B) expression (AFU) of cells in the triple population gate (R1, R2,
and R3) for all samples. n =3. ** indicates p < 0.01 and *** indicates p < 0.01.
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Figure A.2: MPO (FITC)(A) and citH3 (PE) (B) expression on dHL-60 cells in gate 1 (including R1,
R2, and R3) following 2-hour exposure to silicone with plasma with or without 100mM EDTA. n = 3.
Significance * p < 0.05and ** is p < 0.01.
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Appendix C: PMN Values

Table A.2: MPO and citH3 expression values (AFU) of PMN samples exposed to shear with or
without plasma and with or without 1uM fMLP.

sample Fluorescence MPO Fluorescence citH3 Mean + SD Mean = SD
(AFU) (AFU) for MPO for citH3
2.68 4.08
2.13 3.32
+ PPP Static 2.36 4.06 2.40%0.22 3.74£0.33
2.28 3.52
2.54 3.72
2.95 3.56
3.11 3.33
fMLP+PPP Static 3.0 3.58 3.07£0.13 3.66+0.63
3.28 4.74
3.02 3.10
2.83 4.17
2.50 2.87
PPP+Shear 2.23 3.83 2.55+0.24 3.45+0.57
2.45 3.47
2.74 2.91
4.44 4.88
5.13 4.06
fMLP+PPP+Shear 3.69 3.63 428+ 0.54 3.99+0.53
4.09 3.77
4.05 3.62

PMA: 6nM PMA, fMLP: 1uM fMLP, PPP: platelet poor plasma
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Table A.3: CD11b and CD63 expression values (AFU) of PMN samples exposed to shear with or
without plasma and with or without 1uM fMLP.

sample Fluorescence CD11b  Fluorescence CD63 Mean = SD Mean £ SD
(AFU) (AFU) for CD11b for CD63
146 7.82
114 5.62 19154 +
PPP Static 104.11 6.7 24'.96_ 6.90+0.99
94.1 6.4
149.48 7.98
299 25
297 15.31 585.87 +
fMLP+PPP Static 257.97 30.99 17’ 27_ 21.26 £ 6.64
280.25 16.97 '
295.15 17.53
159 8.57
132.7 6.83 132.48 +
PPP+Shear 94.72 6.55 25'.21_ 7.57 +£0.89
124.72 7.56
151.28 8.33
282 25.19
231.66 15.24 256.97 +
fMLP+PPP+Shear 271.95 26.27 28'.45_ 21.51+4.62
278.24 22.38
221 18.49

PMA: 6nM PMA, fMLP: 1uM fMLP, PPP: platelet poor plasma
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Figure A.3: CD11b (A) and CD63 (B) expression in PMNs following 1-hour exposure to plasma-
coated silicone under shear conditions with or without 6 nM PMA and 10mM EDTA. PPP: platelet
poor plasma. PPP/EDTA: platelet poor plasma with 10mM EDTA. PPP/Circ EDTA: platelet poor
plasma with 10mM EDTA and an additional 10mM EDTA circulating in the bulk solution. n = 7 for
PPP+Shear and PMA+PPP+Shear. n=5 for PMA+PPP/EDTA+Shear. n = 3 for PMA+PPP/Circ
EDTA+Shear A) percentage of cells staining for both MPO (FITC) and citH3 (PE). B) MPO and
citH3 expression on PMNSs cells. mean + standard deviation. All experiments were run for 1 hour at
37°C.
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Figure A.4: NETosis in PMNSs following 1-hour exposure to plasma-coated silicone under shear
conditions with or without 1uM fMLP PPP: platelet poor plasma. n=5 A) percentage of cells staining
for both MPO (FITC) and citH3 (PE). B) MPO and citH3 expression on PMNSs cells. mean + standard
deviation. All experiments were run for 1 hour at 37°C.
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Table A.4: Percentage of cells lost in the shear-biomaterial environment following either no
stimulation, or activation with 6nM PMA or 1uM fMLP for 1 hour.

Sample Mean = SD of the Percentage of Cells Lost
PPP+Shear 67.45+10.91
PMA + PPP+Shear 82.26+9.11
fMLP +PPP+Shear 89.46+5.71
+ PPP/EDTA+Shear 73.55+11.75
PMA + PPP/EDTA+Shear 83.12+7.87
PMA + PPP/Circ EDTA Shear 76.80+ 1.28

PMA: 6nM PMA, fMLP: 1uM fMLP, PPP: platelet poor plasma, EDTA: 10mM EDTA incubated
with the PPP, Circ EDTA: 10mM Circulating EDTA through the bulk solution.
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