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Abstract 

The foreign body reaction is a chronic inflammatory response to an implanted biomaterial that 

ultimately leads to fibrous encapsulation of the implant. It is widely accepted that the host response to 

implanted biomaterials is largely dependent on the species and conformations of proteins adsorbed onto 

the material surface, due to the adsorbate’s role in mediating cellular interactions with the implanted 

material. While the cellular response to adsorbed serum-derived proteins has been studied extensively, the 

presence of endogenous, matrix- and cell-derived mediators of inflammation within the adsorbed protein 

layer and their impact on cell-material interactions is not well understood. Damage-associated molecular 

patterns (DAMPs) are endogenous ligands released by stressed or damaged tissues to stimulate sterile 

inflammatory responses via Toll-like receptors (TLRs) and other pattern recognition receptors. The work 

in this thesis explored the contribution of cellular damage molecules in cell lysate and TLR signalling in 

macrophage responses to a range of non-resorbable polymers, including insulin infusion cannulas. 

The in vitro data showed that adsorbed DAMPs on polymeric surfaces, both alone and in the 

presence of blood proteins, strongly induced NF-B/AP-1 transcription factor activity and pro-

inflammatory cytokine secretion in reporter macrophages, compared to serum- and plasma-adsorbed 

surfaces. Lysate-dependent NF-B/AP-1 activation and cytokine production was strongly attenuated by 

TLR2 neutralizing antibodies. Work with primary bone marrow-derived macrophages confirmed the 

similar contribution of TLR2- and MyD88-dependent signalling in pro-inflammatory, anti-inflammatory, 

and angiogenic cytokine gene expression and production in response to model cannula surfaces with 

adsorbed DAMPs and plasma. Trends in the results from short term cannula implants in wildtype (WT) 

and TLR-knockout mice demonstrated that, while WT mice had an increase in inflammation over the 7 

days, TLR2-/- and MyD88-/- mice had a decreasing trend. Furthermore, TLR2-/- and MyD88-/- mice had 

similar inflammatory cell layer thicknesses after 7 days, which were thinner than in WT mice. The results 

of the work presented here demonstrate that TLR2- and MyD88-dependent signalling are promising 

targets to modulate the acute inflammatory response, and merit further investigation. 
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Chapter 1 

Introduction 

1.1 Disclosure 

The background information in this chapter has been previously published in McKiel, L., Woodhouse, 

K., & Fitzpatrick, L. (2020). The role of Toll-like receptor signaling in the macrophage response to implanted 

materials. MRS Communications, 10(1), 55-68. doi:10.1557/mrc.2019.154 and is reproduced with permission. 

I am the primary author on the manuscript, the content of which also appears in the second chapter of this 

thesis1. 

1.2 Clinical Significance 

The foreign body reaction (FBR) is the body’s innate immune response to implanted biomaterials and 

medical devices, and is facilitated predominantly by white blood cells such as macrophages. This 

phenomenon is largely dependent on the species and conformations of proteins adsorbed onto the material 

surface following implantation2. Macrophages and other immune cells interact with the adsorbed protein 

layer, and this interaction has been shown to influence the downstream cellular response2. An adverse host 

response, characterized by chronic inflammation and fibrous capsule formation, can eventually cause the 

implant to degrade, loosen, and/or be unable to perform its intended function3. Toll-like receptors (TLRs) are 

a family of pattern recognition receptors expressed by macrophages, among other cells, that play a critical role 

in innate immunity by recognizing evolutionarily conserved pathogen- and damage-associated molecular 

patterns (PAMPs and DAMPs, respectively)4. DAMPs are intracellular molecules (e.g. nuclear proteins, 

cytosolic proteins, DNA) and extracellular matrix molecules (e.g. fibronectin fragments) involved in regular 

tissue function that, upon release during tissue injury and cell death, are known to bind to TLRs and initiate 

inflammatory responses via MyD88-dependent activation of NF-κB and AP-1 transcription factors5.  

The acute inflammatory phase of FBR presents a challenge for transdermal insulin delivery for 

patients with type 1 diabetes mellitus that use continuous subcutaneous insulin infusion (CSII) systems. These 
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systems typically contain insulin infusion sets (IISs) that use a stainless steel or polytetrafluoroethylene 

(PTFE) cannula to deliver insulin to subcutaneous adipose tissue6. Currently IIS wear time is recommended 

for 2 - 3 days, and prolonged use is associated with poor glycemic control and increased risk of serious 

adverse events, including hyperglycemia and diabetic ketoacidosis6-10. The acute inflammatory response due 

to tissue trauma caused by cannula placement (i.e. from DAMPs), as well the presence of the cannula (i.e. 

acute inflammatory phase of FBR elicited during wear time), pose a significant problem11,12. The local 

inflammatory reaction to IIS cannulas contributes to variations in insulin absorption that lead to the 

development of unexplained hyperglycemia, which is a significant barrier in safely extending IIS wear time11-

14. This project hypothesizes that targeted inhibition of the TLR pathway (i.e. surface TLRs and MyD88) will 

reduce the acute inflammatory response at the infusion site, and consequently could reduce the variability of 

insulin adsorption over time and potentially increase IIS wear time. This strategy can also be applied to a 

variety of biomaterial implants, where a reduction in the acute inflammatory response may lessen chronic 

inflammation and result in decreased fibrotic capsule thickness, both of which are associated with FBR. 

The regulation of inflammation requires a careful and time-dependent balance of pro-inflammatory 

and anti-inflammatory signals. An imbalance of these signalling molecules in the presence of a biomaterial 

leads to the chronic inflammation and fibrosis that are characteristic of the host response to biomaterials. 

Furthermore, the continuous presence of DAMPs can lead to chronic inflammation, due to the prolonged 

release of pro-inflammatory cytokines15. This mechanism has been linked to the pathogenesis of numerous 

inflammatory diseases, including atherosclerosis and type 1 diabetes mellitus16.  

The biomaterials market is projected to reach $149 billion USD by 2021 (compounded annual growth 

rate of 16% since 2016), with the polymeric biomaterials market expected to grow the fastest during this 

forecast17. The reasons for this increase include increased government funding, technological advances, a rise 

in the geriatric population, and an increase in the prevalence of cardiovascular diseases17. In 2000, it was 

estimated that 20 - 25 million Americans (and about 6% of people in industrialized countries in 1995) have 

some form of implanted medical device18,19. This number is very likely to have increased since then for the 

same reasons previously mentioned.  
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Current work in the field of biomaterials focuses on preventing the chronic inflammatory response 

associated with FBR, as it can often lead to patient discomfort and eventual implant failure due to implant 

degradation and/or fibrous encapsulation2,11,14,20-23. Therefore, research into the cellular mechanisms of FBR 

has broad implications in the biomedical field, as it is known that all biomaterials elicit some form of 

inflammatory response upon implantation into the body2. Cell signalling pathway inhibition is one potential 

method to control FBR.  This thesis focuses on the MyD88-dependent TLR pathway because it is expressed in 

multiple cell types that play critical roles in acute inflammation and downstream host response to implanted 

materials, and is a critical pathway in initiating sterile inflammatory responses. Targeted inhibition of MyD88-

dependent signalling will block activity downstream of TLRs (as well as other MyD88-dependent pathways, 

such as interleukin 1 and interleukin 18 receptors24) but will not impede other signalling pathways that are 

critical in mounting immune responses against pathogens, and in wound healing and angiogenesis, such as 

nucleotide-binding and oligomerization domain (NOD)-like receptors25,26 and Notch signalling27,28. 

The findings in this research area can be broadly applied to any biomedical (e.g. controlled drug 

delivery, implantable glucose sensor) or tissue engineering application involving soft-tissue biomaterial 

implants where the host response is a critical factor. A comprehensive understanding of the signalling 

pathways involved in macrophage activation on material surfaces will also inform the design of new 

biomaterials and post-surgical treatment to improve patient outcomes and implant functionality. 

1.3 Research hypotheses 

The overarching goal of this project is to advance current understanding of the mechanisms that drive 

biomaterial-induced inflammation, to ultimately provide strategies to modulate FBR. Specifically, the 

objective of this research is to modulate the acute inflammatory response to PTFE cannulas from CSII 

systems, with the primary aim of influencing the FBR. Macrophages have been identified to have a pivotal 

role in the FBR by orchestrating inflammation and wound healing events2,29,30. Additionally, the composition 

of the adsorbed protein layer on biomaterials is known to influence downstream cellular responses to 

implanted materials2,31-33. TLRs are an innate immune signalling pathway that elicit a strong pro-inflammatory 

response to tissue damage products (i.e. DAMPs). Some TLRs reside on the surface of macrophages34, 
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meaning they can bind to adsorbed ligands on the surface of biomaterials, such as DAMPs. Therefore, the 

overarching hypothesis of this work is that TLRs contribute to biomaterial-induced inflammation by binding 

DAMPs created at the implant site and adsorbed to the surface of the biomaterial (Figure 1.1). The hypothesis 

statement can be divided into three sub-hypotheses: 

1. Surface TLRs mediate macrophage NF-κB/AP-1 signalling in response to adsorbed DAMPs on a 

variety of non-resorbable polymer surfaces. 

2. TLR signalling pathways modulate macrophage responses to DAMPs adsorbed on model PTFE 

surfaces. 

3. The absence of TLR signalling alters the acute inflammatory response to PTFE cannula implants. 

 

 

Figure 1.1 Graphical explanation of the research hypothesis. 

 

To address Hypothesis 1, a variety of non-resorbable polymers were examined to ensure the 

contribution of TLR signalling to macrophage responses is robust and reproducible on multiple surfaces. Of 

particular interest to this research are the challenges faced by patients with type 1 diabetes mellitus using CSII 

systems to control their insulin levels. These devices have a relatively short wear time before there are 

unpredictable variations in insulin absorption, and even during this period there can still be complications with 
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hyperglycemia due to inconsistent insulin absorption6-10. The secondary research hypothesis is that the 

variation in insulin absorption from CSII systems is due, in part, to the acute inflammatory response to the 

PTFE cannula. For this reason, Hypotheses 2 and 3 focus on macrophage and tissue responses to PTFE (or 

fluorinated PTFE, fPTFE, as a model for PTFE) as the material of interest. 

1.4 Research objectives and thesis overview 

The objectives of the work presented in this thesis are to investigate the contribution of TLR 

signalling in macrophage and tissue responses to PTFE cannulas. Based on the research hypotheses, the work 

has been divided into three main objectives: 

1. Investigate Toll-like receptor signalling of reporter macrophages in response to a variety of non-

resorbable polymer surfaces with adsorbed DAMPs and serum proteins in vitro. 

2. Explore the effect of MyD88-dependent TLR signalling in knock-out primary murine macrophage 

responses to model PTFE surfaces with adsorbed DAMPs. 

3. Examine differences in the acute inflammatory response to inguinal fat PTFE cannula implants in 

wild type and TLR-knockout mice. 

 

The first objective of this project was a proof-of-concept to demonstrate the ability of DAMPs in cell 

lysate to stimulate TLR signalling in murine macrophages on a variety of non-resorbable polymer surfaces. A 

reporter macrophage cell line was used to assess NF-κB/AP-1 signalling in response to a variety of non-

resorbable polymer surfaces (tissue culture polystyrene (TCPS), poly (methyl methacrylate) (PMMA), 

polydimethylsiloxane (PDMS), and fluorinated PTFE (fPTFE)) with adsorbed lysate (containing DAMPs), 

serum, or TLR positive control ligand. To achieve objective 2, primary murine macrophages (bone marrow-

derived macrophages, BMDMs) from wildtype, TLR2-knockout (TLR2-/-), and MyD88-knockout (MyD88-/-) 

mice were used to further investigate macrophage interactions with lysate and plasma on fPTFE as a model 

for PTFE cannulas, as fPTFE can be easily coated onto cell culture surfaces. Macrophages were cultured on 

fPTFE with adsorbed lysate in plasma, plasma alone, or TLR2 ligand for 24 hours, and then cytokine 

secretion and gene expression were assessed to investigate the macrophage response and the contribution of 
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TLR2 and MyD88-dependent signalling.  In objective 3, the acute inflammatory response to PTFE cannulas 

was assessed in vivo. Cannulas were implanted in wildtype, TLR2-/-, and MyD88-/- mice for 3 and 7 days, and 

the inflammatory response was assessed used histology. The cannulas were inserted into the inguinal fat pads 

of the mice as a model for the subcutaneous fat in humans where IIS cannulas deliver insulin. 
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Chapter 2 

Literature Review 

2.1 Disclosure 

The following chapter describes the current scientific literature that is relevant to this thesis. The 

majority of this writing is reproduced with permission from McKiel, L., Woodhouse, K., & Fitzpatrick, L. 

(2020). The role of Toll-like receptor signaling in the macrophage response to implanted materials. MRS 

Communications, 10(1), 55-68. doi:10.1557/mrc.2019.1541. Information on diabetes mellitus and continuous 

subcutaneous insulin infusion systems was added to the manuscript, as this topic is the primary motivation for 

Objectives 2 and 3 of my thesis. 

2.2 Introduction 

The host response to implants is a complex immune-mediated foreign body reaction (FBR) that 

continues to present a significant challenge to the field of biomaterials and biomedical engineering2. While the 

severity and extent to which an implant elicits a FBR varies, depending on biological factors (e.g. implant 

location, degree of trauma to implant site)35-37 and material factors (e.g. implant shape and size, material 

chemistry, topography, porosity, stiffness, etc.)38-41, a classical FBR can be described as overlapping and fluid 

phases of an aberrant wound healing response: protein adsorption, inflammation, and fibrous encapsulation of 

the implant2. Upon implantation in soft tissue (e.g. sensors, drug delivery devices, tissue replacements), the 

material surface is immediately fouled by the adsorption of proteins (and other molecules) from the injured 

tissue and blood vessels at the implant site, and a provisional fibrin matrix is formed around the implant42. 

This acute inflammatory response, which can last up to 7 days, is further stimulated by tissue damage from the 

implantation procedure, and innate immune cells are recruited to the implant site43,44. At the tissue-material 

interface, immune cells (also known as white blood cells or leukocytes) recognize and adhere to the implant 

surface via the adsorbed protein layer32. While multiple circulating and tissue resident leukocytes are involved 

in biomaterial host responses, a type of leukocyte known as macrophages are widely recognized as key 

mediators of the FBR, and direct the immune recognition and response to the foreign materials2,29,30. 
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Macrophages are also phagocytic, meaning they can engulf and ingest small particles (i.e. microparticles), 

cellular debris, and bacteria45. Macrophage adhesion and activation on material surfaces implanted in soft 

tissue is well documented31,38,39,41,46,47. Adherent macrophages may fuse to form multi-nucleated foreign body 

giant cells (FBGCs) that release potent degradative enzymes and reactive oxygen species (ROS) at the cell-

material interface48,49. Both adherent macrophages and FBGCs release a plethora of cytokines and growth 

factors that recruit fibroblasts to encapsulate the implant in a fibrous matrix2. In many applications, this 

fibrous capsule interferes with the implant’s performance by impeding interactions between the biomaterial 

and its surrounding microenvironment, and preventing the implant from becoming integrated with healthy 

host tissue11,14,20-23.  

The regulation of inflammation involves a delicate, temporally regulated balance of pro-inflammatory 

and anti-inflammatory signals. Shifts in this balance can result in prolonged inflammation, which is a 

characteristic of the inflammatory and fibrotic response observed in host-biomaterial interactions. There are 

numerous examples of poor outcomes of non-degradable biomaterial implants in soft tissue arising from 

FBR11,14,20. In type I diabetes mellitus patients, the local inflammatory host response to subcutaneous cannulas 

used for insulin pump therapy contributes to unpredictable variations in insulin absorption that can lead to the 

development of unexplained hyperglycemia11,14,20. Additionally, the accuracy of biosensor readings can be 

compromised due to fibrotic encapsulation2. While failure of implant integration is a multifactorial process, an 

appropriate host response is critical to the success of a biomaterial implant. Deepening our understanding of 

the immune response to implanted biomaterials will enable the development of technological or therapeutic 

advances for promoting beneficial host responses by targeting relevant cell signalling pathways, and 

consequently can result in more effective implanted devices. This chapter provides an overview of the current 

literature on host responses to solid, non-phagocytosable biomaterials (i.e. materials that do not degrade and 

cannot be engulfed by cells) in soft tissue, highlighting macrophage-material interactions and the putative role 

Toll-like receptors (TLRs) and their endogenous ligands (damage-associated molecular patterns, DAMPs) 

play in the acute immune recognition and response to implanted materials. While this chapter discusses the 

host response in a general context relevant for a range of applications and materials, continuous subcutaneous 
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insulin infusion systems (CSII, a form of insulin pump therapy) will be highlighted as a device that is 

negatively affected by the direct and acute consequence of an adverse host response. 

2.3 Continuous subcutaneous insulin infusion systems 

2.3.1 Diabetes mellitus 

Diabetes mellitus is a group of metabolic diseases characterized by high blood glucose levels over a 

prolonged period of time50. It is one of the most common metabolic disorders worldwide; in 2013 it was 

reported to affect 381.8 million people, and this number is expected to increase to 592 million by the year 

203551. Insulin is produced by the beta cells in the pancreas, which grow in small clusters known as the islets 

of Langerhans50. It is the primary hormone responsible for controlling glucose levels in the blood, and when it 

either is not present (hypoinsulinemia) or the cells do not recognize it (insulin resistance), the metabolic 

disorder known as diabetes mellitus can result50. The two most abundant types of diabetes mellitus are type 1 

(T1D) and type 2 diabetes (T2D). T1D is an autoimmune disorder in which the body’s immune cells attack the 

beta cells, thus reducing the ability of the pancreas to produce insulin. In T2D the body’s cells become 

resistant to insulin, and insulin production can become decreased due to beta cell failure52.  

T1D is one of the most prevalent chronic childhood illnesses, occurring in 1 in 400 to 1 in 600 

children in the United States as of 200953. A recent study also found a 21.1% increase in T1D in the United 

States between 2001 and 200954. Due to a reduction in, or complete loss, of insulin production, T1D patients 

must continuously follow challenging guidelines to self-administer insulin to control their blood glucose 

levels55. Unfortunately, T1D has many long-term complications due to poor blood glucose regulation, 

including retinopathy, nephropathy, neuropathy, cardiovascular disease, and in severe cases coma and diabetic 

ketoacidosis55. The Diabetes Control and Complications Trial demonstrated that strict metabolic control is 

required to reduced complications with T1D56. 

2.3.2 Insulin management strategies 

 The conventional method of insulin management by T1D patients is multiple daily injections of 

human insulin or a biosynthetic analogue, combined with blood glucose and dietary intake monitoring to 
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adjust insulin dosages as needed55. Maintaining tight control of blood glucose levels using insulin injection 

therapy is challenging, even when following best practices. Insulin can be poorly absorbed when injected 

subcutaneously13, resulting in unpredictable fluctuations in glycemic levels and increased risk of 

hypoglycemia57. Furthermore, injection of insulin at mealtimes is prone to error due to the incorrect estimation 

of meal size and composition, timing, and required insulin dose, potentially resulting in hyperglycemia or 

hypoglycemia58.  

A promising method of insulin control is continuous subcutaneous insulin infusion (CSII) therapy. 

CSII systems use a portable pump to deliver short acting insulin subcutaneously though an insulin infusion set 

(IIS) using a transcutaneous cannula (either polytetrafluoroethylene or stainless steel), with patients 

dispensing additional boosts in insulin around meal times59. CSII systems can provide T1D patients with 

improved glycemic control compared to insulin injections because it reduces the within-day and between-day 

glycemic variability60,61, likely due to the programmable basal insulin delivery rate and its associated 

reduction in the coefficient of variation for absorption compared to multiple daily insulin injections62. In a 

meta-analysis of 12 randomized controlled trials, it was found that CSII systems provided patients with better 

glycemic control and that they used less insulin, compared to optimized insulin injection therapy (though the 

difference was relatively small)63. Another study looked at 23 randomized controlled trials, and determined 

that CSII systems significantly reduced severe hypoglycemia in T1D patients compared to conventional 

insulin injection therapy, but there was no difference in non-severe hypoglycemic events between the two 

treatments64. Furthermore, in many of the reviewed studies patients had a higher quality of life, treatment 

satisfaction, and perceived physical and mental health when using CSII systems compared to daily insulin 

injections64. Together, these results suggest that CSII systems provide better glycemic control and patient 

satisfaction than insulin injection therapy. 

2.3.3 Challenges associated with insulin infusion sets 

While CSII systems have demonstrated improved patient outcomes compared to traditional daily 

insulin injections, there are still many challenges with this therapy. Currently, the recommended wear time of 

IISs are limited to 2 - 3 days, and extended use is associated with reduced glycemic control and increased risk 
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of adverse events9,10. Even following proper use, some CSII system users experience unexplained 

hyperglycemia due to IIS failure65. The unexplained hyperglycemia is reported to be responsible for 30 - 50% 

of unplanned IIS replacements6. Furthermore, a randomized controlled trial reported that out of 256 CSII 

system users, more than two-thirds of patients reported at least one incidence of unexplained hyperglycemia 

and/or IIS failure per month66. While the underlying causes of unexplained hyperglycemia experienced by 

CSII patients are unclear, experts hypothesize that it may be due to the acute inflammatory response to IIS 

cannulas11-13, which can cause unpredictable changes in insulin absorption. Therefore, the acute inflammatory 

host response to insulin infusion cannulas represents a considerable obstacle in reducing IIS failure rates and 

safely lengthening their wear time11-13.   

Encouragingly, there may soon be advances in improving IIS wear time. According to a press release 

in August 2019, Medtronic PLC has received Food and Drug Administration (FDA) approval for an 

investigational clinical trial for a new extended wear IIS, which can be worn for up to 7 days by “using new 

adhesive technology as well as maintaining insulin stability”67. However, until the acute inflammatory 

response of the subcutaneous tissue is addressed, challenges with consistent insulin delivery and absorption 

will remain. This thesis will address a major challenge in CSII, which is the acute inflammatory response to 

the infusion cannula that limits wear time and contributes to increased rates of IIS failure and resulting patient 

complications due to variations in blood glucose levels. This research proposes that targeting specific cell 

signalling pathways (such as surface Toll-like receptors) will diminish the acute inflammatory response, and 

thereby reduce insulin absorption variability and extend cannula wear time without severely compromising the 

patient’s immune system and wound healing, as seen with corticosteroid treatments68.  

2.3.4 Toll-like receptor activity in type 1 diabetes patients 

A complication of T1D is dysregulation of the immune system, including elements relevant to the 

host response. TLRs and interleukin 1β (IL-1β, a pro-inflammatory cytokine that is associated with FBR and 

is produced downstream of TLRs) have been shown to contribute to the development of T1D69, and therefore 

may be promising targets for modulating the acute inflammatory response to CSII cannulas. Ururahy and 

colleagues have demonstrated that the mRNA expression of TLR2, IL-1β, and other pro-inflammatory 
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cytokines (IL-6 and tumour necrosis factor α (TNF-α)) are elevated in primary blood leukocytes from T1D 

patients compared to normoglycemic subjects70. Devaraj et al. have also shown that peripheral blood 

monocytes from T1D patients had increased TLR2 and TLR4 mRNA and surface expression, as well as 

myeloid differentiation primary-response gene 88 (MyD88), Toll/IL-1 receptor-domain-containing adapter-

inducing interferon-β (TRIF), phosphorylated IL-1 receptor-associated kinase (IRAK), and nuclear factor-κB 

(NF-κB) protein levels in cell lysate (all of which are signalling molecules and transcription factors 

downstream of TLRs), compared to non-diabetic controls16. Additionally, Dasu et al. demonstrated that high 

glucose levels (15 mmol/L) significantly increased the mRNA expression of TLR2 and TLR4 and the 

production of IL-1β, IL-6, and TNF-α in a human monocytic cell line compared to normal glucose levels (5.5 

mmol/L)71. The SEARCH Case-Control Study, a study involving 553 T1D patients between the ages of 10 - 

22 years, showed that the inflammatory responses of patients with T1D (associated with increased levels of 

IL-6 and fibrinogen in the blood compared to non-diabetic controls) are independent of glycemic control (i.e. 

if patients are using insulin therapy such as CSII)72. Collectively the results discussed above indicate that 

TLR-dependent signalling is increased in patients with T1D16, which demonstrates that TLRs may be 

promising targets for modulating the inflammatory response to CSII cannulas. The increased expression of IL-

1β in T1D patients may also implicate the NLRP3 inflammasome in the inflammatory response73, making it 

an interesting target for future investigation. 

2.3.5 The influence of T1D on wound healing 

 The long-term production of pro-inflammatory cytokines, such as IL-1β, IL-6, and TNF-α, in patients 

with T1D has been described as chronic low grade inflammation (CLGI) and is associated with many co-

morbidities, including impaired wound healing and the development of diabetic foot ulcers74,75. A study by 

Black and colleagues investigated the influence of T1D, T2D, and glycemic control on wound healing in 

healthy human tissue (i.e. tissue not compromised by neuropathy, reduced perfusion, or infection)76. In their 

work, expanded polytetrafluoroethylene (ePTFE) tubes were implanted subcutaneously for 10 days and the 

formation of granulation tissue was measured, which is a standard model used to assess wound healing76,77. 

The results showed that T1D patients had a 40% decrease in collagen deposition compared to T2D patients 
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and control subjects76. Furthermore, fibroblasts isolated from the implant environment had reduced activity in 

T1D patients compared to T2D patients and controls76. These results demonstrate that T1D influences 

collagen deposition and fibroblast activity in wounds, which consequently may result in dysregulated wound 

healing76. Tellechea et al. studied differences in skin inflammatory responses in human and experimental 

models of diabetes (T1D and T2D) using immunohistochemistry78. Their results showed that the total number 

of inflammatory cells and blood vessels in each human forearm skin biopsy was higher in the diabetes 

samples compared to non-diabetes patients, and similar trends were seen in rabbit, rat, and mouse T1D 

models78. These results indicate that there is increased inflammation in the skin of humans and animals with 

T1D78. T1D models in animals have also shown similar deficiencies in wound healing. In a study investigating 

the contribution of leukotrienes in T1D wound healing responses, Ramalho and colleagues compared wound 

healing in T1D and non-diabetic mice, and showed delayed wound closure in mice with streptozotocin-

induced T1D compared to non-diabetic mice75. After 18 days of observation, the wound areas of T1D mice 

were 15% compared to day 0, whereas the non-diabetic mice achieved full wound closure after 16 days75. 

Overall the outcomes of these studies, and those discussed in the previous section, demonstrate that 

there is increased inflammation and reduced wound healing capacity in human and animal models of T1D16,70-

72,75,76,78. Consequently, targeted inhibition of the TLR pathway may be able to improve the wound healing 

response to CSII cannulas in T1D patients, thus reducing the severity of the acute inflammatory response and 

extending cannula wear time16. However, these results also highlight the importance of future work after this 

thesis using T1D models, to verify that TLRs are an effective target for reducing the acute inflammatory 

response in the CLGI environment of T1D patients.  

2.4 The classical foreign body reaction 

The FBR has been studied extensively for more than half a century, and there are many excellent 

reviews on the subject (please refer to work by James Anderson and colleagues2,79). Therefore, this 

prospective review will briefly highlight the general progression of the FBR to non-resorbable implants in soft 

tissue (Figure 2.1) and then focus on the putative role that endogenous danger signals and their cognate 

receptors, specifically TLRs, may play in acute cell-material interactions with soft tissue implants. Please note 
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that while the FBR is commonly discussed in steps to make it easier for the reader’s understanding, the 

immune response is a fluid process in which multiple different events are occurring simultaneously.  

 

 

Figure 2.1 A diagram of the foreign body response (FBR) to non-resorbable biomaterials in soft tissue. 

McKiel, L., Woodhouse, K., & Fitzpatrick, L. (2020). The role of Toll-like receptor signaling in the macrophage 

response to implanted materials. MRS Communications, 10(1), 55-68. doi:10.1557/mrc.2019.154, reproduced 

with permission1. 

 

FBR is initiated by the implantation procedure that causes tissue damage, followed by protein 

adsorption to the material surface. Neutrophils and then macrophages infiltrate the implant site. Over time, the 

acute inflammatory response becomes chronic (after approximately 7 days), resulting in persistent 

macrophages and multinucleated foreign body giant cells (FBGCs) at the implant surface and the eventual 

fibrous encapsulation of the implant due to crosstalk between macrophages, FBGCs, and fibroblasts in the 

surrounding environment. 

2.4.1 Protein adsorption 

A fundamental tenet of biomaterial science is that protein adsorption is one of the initiating steps in 

the host response to biomaterial surfaces and the adsorbed protein layer mediates subsequent cell-material 

interactions2. When a material is implanted in the body, damage to the soft tissue and its vasculature is 
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incurred at the implant site, even with the use of minimally invasive techniques2. This damage results in the 

accumulation of a complex solution of blood- and tissue-derived molecules at the implant site, and the 

spontaneous adsorption of molecules from the liquid phase to the material surface2. While many types of 

molecules are likely present, blood proteins are the predominant source of molecules, and blood protein 

adsorption has been the focus of decades of material science research80-86. It is widely accepted that profile 

(i.e. relative amounts) and conformation of adsorbed proteins determine subsequent stages in the foreign body 

response by modulating cellular responses31,32. Consequently, variations in the adsorbed protein layer(s) are 

thought to result in variations in cellular responses and adhesion to the material33.  

Protein adsorption is a spontaneous process that is dependent on multiple factors, including protein 

size, diffusion constant, charge, hydrophilicity, and affinity for the implant surface, as well as material surface 

properties87-89 (please refer to work by Vogler for an in-depth review of protein adsorption phenomena90). 

While protein adsorption from simple solutions (< 5 proteins) is generally understood91, mechanisms of 

protein adsorption from complex solutions (e.g. plasma) remain unclear. Protein adsorption is a competitive 

process that arises in complex biological fluids and leads to an exchange of adsorbed proteins over time2. This 

exchange is frequently described as the Vroman effect, which hypothesizes that low molecular weight proteins 

with higher diffusion constants (i.e. fibrinogen) arrive at and adsorb to the surface first, and are later displaced 

by relatively higher molecular weight proteins (i.e. kininogen, factor XII) with higher affinity for the 

surface80,82,86,92. However, others have hypothesized that protein adsorption is determined by solution 

concentrations87, with Vroman-like exchanges driven by size discrimination91.  

The adsorbed protein layer influences the interaction between the underlying material and responding 

cells by providing integrin binding motifs and signalling ligands that are recognized by cell surface receptors 

(discussed further in the following section)2. In vitro studies of monocytes and macrophages cultured on a 

range of polymer substrates have demonstrated that secretion of the pro-inflammatory cytokines interleukin-

1β (IL-1β), IL-6, and tumor necrosis factor-α (TNF-α) are material-dependent, and attributed to differences in 

adsorbed protein layers31,32,93. Blood proteins that are frequently reported to dominate adsorbed layers include 

albumin, fibrinogen, immunoglobulins (e.g. IgG), complement factors, fibronectin, and vitronectin2,33,89,94. 
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These proteins contain integrin-binding sites that enable leukocyte adhesion to the material surface, and the 

subsequent progression of the FBR2. Coupled with protein deposition on the material surface, blood-material 

contact also activates the coagulation and complement cascades, which results in the formation of a 

provisional fibrin-rich matrix surrounding the implant and the release of pro-inflammatory complement 

fragments C3a and C5a, respectively2. 

Historically, most protein adsorption studies have focused on the “big twelve” blood-derived proteins 

(in order of concentration: albumin, IgG, low density lipoprotein (LDL), high density lipoprotein (HDL), α-

macroglobulin, fibrinogen, transferrin, α-antitrypsin, haptoglobin, complement factor C3, IgA, and IgM), 

which are generally at a concentration of 1 mg/mL or higher in plasma and expected to compete for initial 

surface interactions95. However, the recent application of proteomic tools, such as liquid chromatography-

tandem mass spectroscopy (LC-MS/MS) and high-resolution shotgun mass spectrometry, in profiling 

adsorbed proteins layers has begun to shed further light into the complexity of adsorbed protein layers on 

biomaterials and its effect on cellular responses. Walkley et al. investigated the influence of polyethylene 

glycol (PEG) grafting density and size on the adsorbed protein layer of gold nanoparticles in serum96. They 

found via LC-MS/MS that increasing PEG grafting density decreased total protein adsorption, and influenced 

the relative density of adsorbed protein species (e.g. C3 concentration decreases and kininogen concentration 

increases with increasing PEG grafting density)96. Wells and colleagues demonstrated using high resolution 

shotgun mass spectrometry that methacrylic acid (MAA) copolymer beads (which have been previously 

shown to induce angiogenesis and improve chronic wound healing97), incubated in human plasma or serum for 

90 minutes adsorbed high counts of complement pathway associated proteins89. In contrast, poly(methyl 

methacrylate) (PMMA) beads, used as a “no MAA” control, adsorbed high spectral counts of proteins 

associated with macrophage adhesion (e.g. vitronectin)46,89. Swartzlander et al. have looked at the composition 

of the adsorbed protein layer on polyethylene glycol (PEG) hydrogels implanted subcutaneously in mice for 

30 minutes with LC-MS/MS, and some DAMPs (e.g. heat shock proteins) were detectable in these samples98. 

While many of the top 20 adsorbed proteins on the hydrogels were part of the previously described “big 12” 

(including C3, which has been shown to activate the alternative complement pathway in response to 
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biomaterials99), other proteins were also identified (e.g. plasminogen and anti-thrombin III, which are 

involved in fibrin clot formation and regulation)98. Interestingly, some of the proteins identified are DAMPs 

(e.g. heat shock proteins)98, which demonstrates that cellular damage, likely due to the implantation 

procedure, is reflected in the composition of the adsorbed protein layer on biomaterials.  

2.4.2 Inflammatory response 

Following the initial events of protein adsorption and formation of the provisional matrix, platelets 

entrapped within fibrin mesh release cytokines and chemokines, such as transforming growth factor beta 

(TGF-β), chemokine (C-X-C motif) ligand-4 (CXCL4), and platelet-derived growth factor (PDGF)100,101. 

These molecules attract neutrophils and monocyte-derived macrophages from blood to the injury site and 

stimulate an inflammatory response102. Neutrophils are the dominant cell type at the implant site during the 

acute phase of inflammation (approximately 1 - 4 days post-implantation)2. These short-lived phagocytes clear 

the wound bed of debris, release reactive oxygen species and antimicrobial neutrophil extracellular traps 

(NETs), then undergo apoptosis and are cleared from the wound bed by infiltrating monocyte-derived 

macrophages2.  

Multiple studies have provided evidence that macrophages are the main cellular mediator of 

biomaterial host responses29,30.  Recently, Doloff and colleagues demonstrated the critical role of macrophages 

in responses to implanted alginate gel spheres30. They found that fibrosis was eliminated in mice that 

underwent total macrophage depletion (and macrophage depletion plus neutrophil removal, but not neutrophil 

depletion alone) in response to alginate gel spheres 14 days post-intraperitoneal implantation30. In addition, 

their work showed that inhibition of colony stimulating factor-1 receptor (CSF1R) prevented the fibrotic 

response of mice to intraperitoneal implantations of alginate gel, glass, and polystyrene spheres, while still 

preserving the expression of many other macrophage cytokines (e.g. GM-CSF), growth factors (e.g. VEGF), 

and receptors (e.g. IL-4R)30. The results also demonstrated that CXCL13 plays a role in B cell recruitment, 

and that following CXCL13 neutralization fibrosis is reduced to similar levels as seen in B cell knock out 

mice in response to alginate gel spheres30. The authors proposed CSF1R inhibition as a more feasible human 

therapy for FBR than complete macrophage depletion, since other important immune functions, such as 
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phagocytic activity and skin wound healing, would be preserved while FBR would be greatly reduced30. It 

should be noted that the authors used barium to crosslink alginate gels, because calcium (which is typically 

used) is competed for by other salts in the media30. Since barium is known to have cytotoxic effects103, it is 

possible that any remaining barium in the gels could influence the cellular response. 

Macrophages are highly plastic cells, with a spectrum of phenotypes that enable them to respond to 

changing environments and direct dynamic processes, such as wound healing102. During the initial 

inflammatory phase, macrophages recruited to the implant site are polarized towards a classically activated, 

pro-inflammatory (M1-like) phenotype and secrete cytokines, including IL-1β, IL-6, IL-10, IL-12, IL-18, 

TNF-α, monocyte chemotactic protein-1 (MCP-1), and macrophage inflammatory protein 1α and 1β (MIP-

1α/β)2,102. These pro-inflammatory cytokines can induce further macrophage recruitment and enhance their 

activation, promote fusion of material-adherent macrophages to form FBGCs, and signal to other cells 

involved in the healing response (i.e. fibroblasts)2,32,104. Classically activated macrophages also secrete matrix 

metalloproteases (MMPs) and other enzymes to degrade provisional matrices and aid the tissue healing 

response105. For this reason, macrophages play an important role in tissue remodelling. However, if classical 

activation of macrophages becomes chronic, excessive protease activity can destroy surrounding tissue and 

impede wound healing106. 

At the material surface, macrophages interrogate the implant using cell surface receptors, which bind 

ligands within the adsorbed protein layer to stimulate signalling cascades and adhesion via integrin 

receptors2,107. While small biomaterial particles (~ 10 µm diameter or less) can be cleared by macrophages 

through phagocytosis108,109, larger implants can induce the formation of FBGCs through frustrated 

phagocytosis2. This process is material-dependent, as not all surfaces allow macrophage fusion39,110. This is an 

area of interest for biomaterials researchers, since many believe that prevention of macrophage adhesion and 

fusion into FBGCs may reduce or prevent FBR39,110. Brodbeck and colleagues investigated the effect of 

varying surface chemistries on macrophage adhesion and fusion on material surfaces using a cage implant 

system110. Cages containing polyethylene terephthalate (PET) with or without cationic, anionic, hydrophilic, 

or hydrophobic coatings were implanted subcutaneously in rats for 7, 14, or 21 days110.  Their results 
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demonstrated that the number of adherent cells and percent fusion was decreased on the hydrophilic and 

anionic surfaces after 14 and 21 days, and the rate of macrophage apoptosis was also increased on these 

surfaces at all timepoints compared to uncoated PET, indicating that anionic and hydrophilic surfaces may be 

a promising method of reducing adherent cells on medical devices and prostheses110. Indeed, work by Kamath 

et al. that investigated the effect of various types of functionalized polypropylene microspheres on FBR 

demonstrated that hydrophilic and anionic functionalized surfaces (i.e. -COOH) had the thinnest fibrous 

capsule formation and least cellular infiltration after 14 days in mice111. 

Once formed, multinucleated FBGCs release large amounts of ROS and degradative enzymes at the 

cell-material interface in an attempt to degrade the comparatively large implant48,49. It has been observed 

following implant retrieval that biomaterials with FBGCs adhered to the surface underwent degradation, 

surface pitting and/or cracking, all of which can lead to mechanical failure of the implant23,47,112.  Therefore, 

FBGCs are commonly associated with the negative impacts of FBR, and particularly the fibrotic response2,30. 

Interestingly, though FBGCs form following exposure to IL-4 and IL-13, known to be anti-inflammatory 

cytokines, their behaviour is more similar to an M1-like macrophage phenotype113-115. 

In the context of biomaterial host responses, the presence of macrophages at the tissue-material 

interface signals the switch from acute to chronic inflammation2. Over days to weeks, macrophages at the 

implant surface will shift their activation profile towards an alternatively activated (M2-like) phenotype, 

which is associated with the secretion of cytokines, such as TGF-β, that promote tissue granulation and the 

formation of a fibrous capsule113-116. FBGCs are also thought to produce cytokines that contribute to fibrosis, 

and Anderson and McNally have observed high production of connective tissue growth factors by fusing 

macrophages and FBGCs in vitro113-115. 

2.4.3 Fibrous encapsulation 

Overlapping chronic inflammation, granulation (i.e. the formation of new tissue) begins as fibroblasts 

move into the implant site from the surrounding tissue and begin to deposit granulation tissue, a collagen and 

proteoglycan rich matrix that precedes the fibrous capsule matrix2. Paracrine signalling from macrophages and 

FBGCs at the material surface stimulates the fibroblast activity, and also promotes blood vessel ingrowth to 
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support the increased cellular load and activity within the newly forming tissue2.  As granulation tissue is 

deposited, some fibroblasts will differentiate into myofibroblasts, which use contractile forces to remodel the 

matrix into a fibrous, avascular tissue that encapsulates the entire implant2. Biomaterial-adherent macrophages 

and FBGCs can persist at the material surface, within the fibrous capsule, for the lifetime of the implant2. 

Blood vessel ingrowth and minimal presence of fibrotic capsule at the implant site are indicative of a 

favourable healing response because this facilitates implant-tissue integration2. However, the chronic phase of 

the FBR is associated with neovascularization (i.e. abnormal blood vessel growth) and a fibrotic capsule 

replacing the newly deposited granulation tissue, which separates the implant from the surrounding tissue and 

prevents proper integration into the body2. 

The fibrous capsule thickness can vary greatly depending on the extent of injury sustained during 

implantation (and therefore intensity of inflammatory response), as well as on the physical and chemical 

properties of the material39,117.  Material surface chemistry, hardness, shape, size, topography and porosity 

have all been shown to impact both the extent of the inflammatory response and fibrous capsule 

thickness39,117. For example, smooth materials tend to have a thick, fibrous coating, and porous materials tend 

to have large amounts of macrophages and FBGCs present at the implant site2. However, the impact of FBR 

outcomes is highly dependent on the material application and location in the body (i.e. load-bearing vs soft 

tissue implant, discussed further by others2).  

A significant effort has been undertaken by biomaterial scientists and engineers to modulate the FBR 

through material characteristics (e.g. modifying material chemistry or topography), or the release of 

pharmacological agents (e.g. anti-inflammatory dexamethasone or complement inhibitor compstatin) and the 

incorporation of endogenous molecules with immunomodulatory activity (reviewed by Sridharan and 

colleagues118). While these strategies have resulted in advances in modulating the immune response to 

implanted biomaterials, the FBR remains a significant barrier for both synthetic and natural materials 

alike2,11,14,20-23. Currently no strategies have proven capable of eliminating the FBR for non-resorbable and 

non-phagocytosable soft tissue implants over extended time periods119.  Indeed, despite the varied chemical, 

physical, and mechanical properties of the biomaterials, and broad range of molecules released from or 
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conjugated to material surfaces, most (if not all) implants will experience the same sequence of events, 

described as the FBR, albeit to varying degrees2.  

2.5 Macrophage interactions with biomaterials 

Macrophages have many different mechanisms for recognizing and responding to their changing 

environment, including their interaction with biomaterial surfaces. In current literature, macrophages are 

frequently described in terms of M1 and M2 phenotypes, which are derived in vitro using specific agonists 

(i.e. IL-4-generated M2 phenotypes or IFN-γ-induced M1 phenotypes)104,116,120,121. However, these cells often 

display characteristics of both polarized states when studied in vivo, during tissue responses such as wound 

healing and biomaterial host responses122-124. Furthermore, their expression profiles shift over time, indicating 

a switch from a more M1-like state characterized by high expression of CCR7 and production of pro-

inflammatory cytokines (e.g. IL-6, TNF-α), to an M2-like state characterized by high levels of mannose 

receptor (CD206) and secretion of large amounts of anti-inflammatory cytokines (e.g. IL-10)104,116,125 (Figure 

2.2). 

 

 

Figure 2.2 Macrophage phenotype and cytokine production in response to in vitro polarization to M1-like 

(pro-inflammatory) and M2-like (pro-resolution) states. McKiel, L., Woodhouse, K., & Fitzpatrick, L. 

(2020). The role of Toll-like receptor signaling in the macrophage response to implanted materials. MRS 

Communications, 10(1), 55-68. doi:10.1557/mrc.2019.154, reproduced with permission1. 
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In order to respond appropriately over time to the multitude of signals being produced during a tissue 

response to injury or infection, macrophages express a wide array of receptors and molecular assemblies. 

Many of these receptors can be classified as pattern recognition receptors (PRRs), which are utilized by the 

innate immune system to detect pathogens, tissue injury, and foreign material, including biomaterials. When 

these receptors bind with a ligand, it initiates a signalling cascade that ultimately results in the production of 

pro-inflammatory cytokines. As the name implies, PRRs represent a large class of innate immune receptors 

that recognize evolutionarily conserved patterns of molecular structures that are present on many groups of 

potentially harmful pathogens. More recently, some PRRs were also found to recognize self-derived host 

molecules that are released to signal cellular infection, tissue damage and/or cellular stress126-128.  

Phagocytic PRRs clear offending pathogens, apoptotic cells, or foreign material through phagocytosis. 

Scavenger receptors and mannose receptors (MMRs) are examples of phagocytic PRRs129,130. These types of 

PRRs are particularly relevant when considering the host response to small, phagocytosable biomaterials, such 

as nanoparticles, as well as wear particles in the periprosthetic tissue generated from orthopaedic 

implants131,132. Biomaterial phagocytosis is enhanced through opsonization, a process in which the foreign 

material becomes coated in biomolecules known as opsonins (typically complement factor C3b and IgG)133-

135. Opsonins bind to specific macrophage receptors to aid in identifying and phagocytosing the material136. 

Interactions of macrophages with fibronectin also increase phagocytosis via complement receptors137. MMRs 

facilitate endocytosis and phagocytosis of PAMPs via carbohydrate-pattern recognition138, and expression and 

activity of MMR is also affected by pro-inflammatory cytokines, implying that it may be controlled by these 

molecules during inflammation113. MMR is upregulated on populations of M2-like macrophages and IL-4-

induced FBGCs113. When MMR is inhibited, FBGC fusion is reduced, indicating that this receptor plays a 

critical role in macrophage fusion113. 

2.5.1 Inflammasome activation by biomaterials 

Macrophages can form a large intracellular protein complex known as the inflammasome, which 

contributes to further pro-inflammatory cytokine production (specifically IL-1β)73. Inflammasome formation 

can be induced by many different PRRs including nucleotide-binding oligomerization domain-like receptors 
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(NLRs)73. In particular, a specific NLR family, NLRP3, is well known to form an inflammasome in response 

to biomaterials (e.g. titanium dioxide and cobalt-chromium wear particles in periprosthetic tissues139), 

possibly due to the induction of oxidative stress140. Inflammasome activation is modulated by at least two 

signals. First, ligand-binding of TLRs or other NF-κB dependent PRRs (e.g. IL-1R and TNFR) leads to the 

activation of the NF-κB transcription factor and the transcription of NLRP3 and pro-IL-1β (the inactive 

cytoplasmic precursor of IL-1β). Following transcription, the inflammasome becomes activated by a 

secondary stimulus (e.g. ROS produced in response to DAMPs, or DAMPs alone141) in contact with cytosolic 

sensor proteins (e.g. NLRs). The ASC adaptor protein and pro-caspase-1 will complex and cleave pro-

caspase-1 into active caspase-1, and then pro-IL-1β is cleaved by caspase-1 into the active form of IL-1β73, 

which is released by the macrophage to propagate inflammation.  

Researchers have shown that the adhesion and activation of murine bone marrow-derived 

macrophages (BMDMs) to plasma-deposited glass with a variety of nanotopographies and surface chemistries 

was mediated by ASC and NLRP3142. There was an observed decrease in IL-1β production in ASC-/- and 

NLRP3-/- BMDMs in response to the materials (as expected), but an increase in TNF-α secretion, which is 

possibly due to compensatory mechanisms when ASC or NLRP3 are missing142. The same researchers also 

found evidence that ASC, but not NLRP3, modulates components of FBR including IL-1β secretion, 

infiltrating leukocyte population, and collagen deposition following intraperitoneal implantation of macro-

sized PMMA beads143. Furthermore, inflammasome activation in BMDM responses to amorphous silica 

particles was shown to be particle size-dependent, with particles 300 – 1,000 nm in diameter eliciting higher 

production of IL-1β compared to 3,000 – 10,000 nm diameter particles. Other work has shown that chitosan, a 

promising material for use in drug delivery devices and sensors144-146, decreases the production of inactive 

chitinase (YKL-40) but not active chitinase (Chit-1) in primary human macrophages, leading to increased 

inflammasome activity147.  

Inflammasome activation has also been shown to play a role in dermal fibrosis in the absence of 

biomaterials. Dermal fibrosis was associated with myofibroblast activation and increased collagen deposition, 

similar to the events leading to fibrous capsule formation in FBR. Artlett et al. found that dermal fibroblasts 
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from patients with systemic sclerosis (a connective tissue disease characterized by uncontrolled fibrosis) had 

increased expression of over 40 genes associated with downstream inflammasome activation (including 

NLRP3, caspase-1, and IL-1β) compared to normal human dermal fibroblast cell lines148. Additionally, 

inhibition of caspase-1 resulted in decreased IL-1β and hydroxyproline (collagen protein) secretion in 

systemic sclerosis dermal fibroblasts and fibrosis in mouse models of bleomycin-induced skin fibrosis, while 

hydroxyproline secretion was significantly reduced in NLRP3-/- and ASC-/- mice148. Collectively, this research 

provides clear evidence that the inflammasome is involved in macrophage response to implanted materials, 

and may also participate in fibrosis. 

2.5.2 Integrin-mediated cell adhesion and foreign body giant cell formation 

Macrophages use surface receptors called integrins to interact with and attach to the adsorbed protein 

layer on a biomaterial2. Integrins are heterodimers comprised of α and β subunits, which gives them variation 

and specificity for binding many different targets149. Targets of the various integrins on the surface of 

monocytes and macrophages include fibronectin, fibrinogen, complement fragment C3bi, and intracellular 

adhesion molecules (ICAMs)150-152. Current evidence suggests that adsorption of fibrinogen and complement 

fragments are main contributors to macrophage attachment to biomaterials through αMβ2, αXβ2, and αIIbβ3 

integrins107,153. 

Integrin engagement is also a critical factor in macrophage fusion and the formation of FBGC. While 

integrins β2 and β3 are responsible for macrophage attachment, Anderson et al. have shown that both β1 and 

β2 integrins are involved in IL-4 induced fusion on biomaterial surfaces115. Furthermore, adsorbed vitronectin 

(but not fibrinogen, fibronectin, complement C3bi, collagen I or IV, or laminin) has been shown to play a 

critical role in macrophage fusion on a range of biomaterial surfaces114. As the profile of adsorbed proteins is 

dependent on the biomaterial surface chemistry, different material chemistries are more or less able to support 

macrophage adhesion and fusion. Certain surface chemistries have been demonstrated to resist macrophage 

adhesion and fusion, likely due to differences in adsorbed protein layer composition. For example, anionic and 

hydrophilic surfaces generally have reduced macrophage adhesion and fusion compared to cationic and 

hydrophobic surfaces110,117.   
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2.6 Toll-like receptors 

TLRs are a type of PRR made of leucine rich repeats that bind a variety of ligands to initiate an 

immune response. There are 13 known TLRs that exist in mammals: TLRs 1 - 10 in humans, and TLRs 1 - 9, 

11 - 13 in mice34. The role of these receptors involves the recognition of invading pathogens (via pathogen-

associated molecular patterns, PAMPs) or endogenous ligands that signal cell damage (damage-associated 

molecular patterns, DAMPs)34. Unlike some cell receptors, each TLR can bind many different ligands, hence 

they are commonly referred to as promiscuous receptors154,155. Many cells in both the innate and adaptive 

immune systems, such as macrophages, neutrophils, B cells, and dendritic cells, as well as resident soft tissue 

cells, such as mucosal, epithelial, and endothelial cells, express TLRs either on the cell surface, intracellularly 

(lining the endosomes of phagocytic cells), or both34. Ligand-binding results in TLR dimerization (homo- or 

hetero-dimerization depending on the specific TLR), interaction of intracellular Toll/interleukin-1 (IL-1) 

receptor (TIR) domains (present on TLRs and adaptor molecules), and initiation of the intracellular signalling 

cascade that ultimately stimulates the expression of chemokines and cytokines involved in inflammation34. 

The release of these signalling molecules recruits more immune cells (i.e. neutrophils and macrophages) to the 

site, and propagates an acute innate immune response against the potential danger34. 

TLR signalling is generally divided into two primary pathways, determined by the engagement of 

adaptor proteins myeloid differentiation primary-response gene 88 (MyD88) or Toll/IL-1 receptor-domain-

containing adapter-inducing interferon-β (TRIF) (Figure 2.3). MyD88 is a critical adaptor molecule for all 

TLRs except TLR3, as well as IL-1R and IL-18R. This MyD88-dependent cascade signals through IL-1 

receptor-associated kinase-1 (IRAK1), IRAK4, and TNF receptor associated factor-6 (TRAF6), to activate 

nuclear factor kappa-B (NF-κB) and activator protein-1 (AP-1) transcription factors34. NF-κB and AP-1 then 

regulate the transcription of pro-inflammatory cytokines, including IL-6 and TNF-α34. Both TLR3 and TLR4 

signal through the TRIF-dependent pathway to activate NF-κB via TRAF6 or interferon regulatory factor 3 

(IRF3) via TRAF334. IRF3 is responsible for the transcription of type-I interferons, which have anti-viral 

activity and also induce M1 macrophage polarization156. TLR4 is unique in that it signals through MyD88 

when located at the plasma membrane, but switches to TRIF-mediated signalling at the endosomal membrane 
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after being internalized157. Unlike TLR3, TLR4 also requires the TRIF-related adaptor molecule (TRAM) to 

activate TRIF in the endosome157. Although MyD88 and TRIF both activate NF-κB, each pathway uses 

different intracellular mechanisms, which results in the upregulation of distinct target genes158.  

 

 

Figure 2.3 The Toll-like receptor signalling pathway (simplified view). McKiel, L., Woodhouse, K., & 

Fitzpatrick, L. (2020). The role of Toll-like receptor signaling in the macrophage response to implanted 

materials. MRS Communications, 10(1), 55-68. doi:10.1557/mrc.2019.154, reproduced with permission1. 

 

Previous work by Häcker and colleagues showed that the signalling pathway used by TLRs to activate 

expression of pro- and anti-inflammatory cytokines separates at TRAF3 and TRAF6159. TRAF6 and TRAF3 

are responsible for the induction of pro-inflammatory (IL-6, IL-12) and anti-inflammatory (IL-10) cytokines, 

respectively159. In the absence of TRAF3, expression of the TRAF6-dependent pro-inflammatory cytokines 

IL-6 and IL-12 is dramatically increased159. Mice lacking TRAF3 overproduce pro-inflammatory cytokines 

due to the absence of IL-10 to regulate cytokine production159. Therefore, the balance between TRAF3- and 

TRAF6-dependent signalling may contribute significantly to the body’s ability to modulate inflammation160. 
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TLRs have been implicated in multiple phases of wound healing, but their predominant contribution 

occurs during the inflammation phase161. TLR activation results in leukocyte recruitment to the wound site, 

and can either cause secretion of pro-inflammatory (e.g. IL-1β, TNF-α) or anti-inflammatory (e.g. IL-10) 

cytokines depending on the activated downstream signalling molecules161-165. TLRs have also been implicated 

in fibrogenesis due to their upregulation of TGF-β, which induces production of extracellular matrix (ECM) 

molecules, thus contributing to matrix formation in the wound healing process166. 

A growing body of evidence shows that TLRs are important in initiating inflammatory responses in 

the absence of pathogens and facilitating wound healing in vivo161-165. TLR3-knockout mice demonstrated 

delayed wound closure and reduced leukocyte infiltration compared to the wildtype163, while TLR4-deficient 

mice showed no differences in rate of wound healing compared to the wildtype but had increased numbers of 

neutrophils in the wound165. Skin wounds in MyD88-/- mice have shown slower wound contraction, decreased 

rate of granulation tissue formation, reduced neovascularization and increased macrophage infiltration161. 

These results demonstrate that TLRs contribute to leukocyte recruitment and inflammation in wounds, and can 

influence the rate of wound healing161. 

2.7 Damage-associated molecular patterns 

DAMPs collectively refer to molecules that are normally present within the intracellular space or 

sequestered within the extracellular matrix (ECM), but trigger an inflammatory response when released into 

the extracellular milieu following cell stress or tissue damage167 (Table 2.1). Well characterized DAMPs 

include the nuclear proteins high mobility group box 1 (HMGB1)168 and heat shock proteins (HSPs)128,169, as 

well as ECM components hyaluronan170 and fibronectin extra domain A (Fn EDA)171. Surrounding tissue 

resident cells and circulating immune cells sense these molecules, which are normally not present in 

significant concentrations, as indicating present danger and become activated to remove the cause of cellular 

damage or distress167. This type of immune activation, which occurs in the absence of pathogens, is known as 

sterile inflammation172. Sterile inflammation is characterized by the infiltration of leukocytes including 

neutrophils and macrophages, and the production of pro-inflammatory mediators including IL-1β, TNF-α, and 

ROS172. Consequently, the FBR is a form of sterile inflammation (provided the implant is free of pathogens or 
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residual pathogenic molecules, such as lipopolysaccharide), which may be induced, in part, by the presence of 

DAMPs at the implant site and within the adsorbed protein layer35,37,173. In fact, some DAMPs have been 

observed in the adsorbed protein layer of PEG hydrogels, demonstrating the presence of tissue damage 

markers following biomaterial implantation98. The contribution of DAMP-TLR signalling in FBR is discussed 

further in the “DAMPs, TLRs, and biomaterials” section of this review. 

 

Table 2.1 Examples of DAMPs, their TLRs, and the responses induced in macrophages.  

DAMP Source Chemical 

Nature 

TLR* Macrophage 

Response 

Ref 

 Intracellular 

HSPs 60, 70 Necrotic and apoptotic 

cells (nucleus, 

mitochondria) 

Chaperones TLR2, 

TLR4 

TNF-α, IL-10, NO 

production 

128,169,174 

HMGB1 Necrotic and apoptotic 

cells (nucleus) 

DNA-binding 

protein  

TLR2, 

TLR4, 

TLR5, 

TLR9 

TNF-α production, 

leukocyte recruitment 

168,175,176 

DNA Necrotic and apoptotic 

cells (nucleus) 

Nucleic acid TLR9 IFN-β, TNF-α, 

CXCL10 production 

177,178 

Minimally 

modified 

LDL 

Necrotic and apoptotic 

cells (endosomes) 

Lipoprotein TLR4/MD2 Macrophage 

spreading 

179 

 Extracellular matrix 

Biglycan MMP cleavage, tissue 

injury 

Proteoglycan TLR2, 

TLR4 

TNF-α, MIP-2 

production 

180 

Hyaluronan 

(LMW) 

Hyaluronidase cleavage Glycosamino

glycan 

TLR2, 

TLR4 

MIP-2, KC production 170,181,182 

Heparan 

sulphate 

Heparanase cleavage Glycosamino

glycan 

TLR4 IL-1β, IL-6, IL-8,  

IL-10, TNF-α 

production 

183 

Fibronectin-

EDA 

MMP cleavage Glycoprotein TLR4 MMP-9 production 171 

Tenascin C De novo synthesis Glycoprotein TLR4 IL-6, IL-8, TNF-α 

production 

184 

* It is likely the effects of some endogenous TLR4 ligands are erroneous or overestimated due to 

lipopolysaccharide (LPS) binding or endotoxin contamination185 
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DAMPs can activate multiple types of PRRs, including TLRs35,37,173, receptor for advanced glycation 

end products (RAGE)186, nucleotide-binding oligomerization domain-like receptors (NLRs)187, and C-type 

lectin receptors (CLRs)188. However, this review focuses on specifically on DAMP-TLR interactions because 

multiple members of this PRR family (i.e. TLRs 1, 2, 4, 5, 6)34 are expressed on the cell surface and would 

enable direct interaction between responding macrophages and the adsorbed protein layer on the material 

surface35,37,173.  DAMPs released from tissue damaged during biomaterial implantation initiate inflammation in 

the body by binding with TLRs to initiate a series of intracellular signalling events and produce pro-

inflammatory cytokines (Figure 2.4)35,37,173. The subsequent cytokine signalling via cytokine receptors 

amplifies the pro-inflammatory response by re-activating NF-κB and AP-1 signalling pathways, resulting in a 

positive feedback loop of pro-inflammatory cytokine production167. It has been proposed that DAMPs, and 

specifically HMGB1, play a role in propagating inflammation and tissue damage following injury189,190. As 

well, HMGB1 is actively secreted by activated macrophages, further exacerbating inflammation in the wound 

environment189,190. The prolonged presence of DAMPs can aggravate the inflammatory response, upsetting the 

balance of pro-and anti-inflammatory cytokines in favour of a chronic inflammatory response191. 

Consequently, there is significant interest in targeting DAMP activity as a strategy for modulating 

inflammation191-193. Researchers have proposed a variety of strategies to investigate, including agents that 

neutralize DAMPs (e.g. DAMP neutralizing antibodies) and molecules that block TLRs from binding with 

DAMPs (e.g. TLR neutralizing antibodies)191-193. In particular, anti-HMGB1 therapy has been used to reduce 

inflammation in multiple mouse models of inflammation and inflammatory diseases, including arthritis194 and 

atherosclerosis195.  
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Figure 2.4 The propagation of tissue damage and pro-inflammatory signalling in leukocytes following 

tissue injury due to biomaterial implantation. Figure adapted from Piccinini & Midwood, 2010196. 

Copyright © 2010 A. M. Piccinini and K. S. Midwood through CC BY 3.0 

(https://creativecommons.org/licenses/by/3.0/). McKiel, L., Woodhouse, K., & Fitzpatrick, L. (2020). The role 

of Toll-like receptor signaling in the macrophage response to implanted materials. MRS Communications, 

10(1), 55-68. doi:10.1557/mrc.2019.154, reproduced with permission1. 

 

2.8 DAMPs, TLRs, and biomaterials 

There is a growing body of research on the interactions of TLRs and DAMPs in the context of 

biomaterial host responses. The Badylak group demonstrated that decellularized xenogenic biological 

scaffolds contained HMGB1, and that inhibition of HMGB1 increased macrophage necrosis and release of 

pro-inflammatory chemokines in vitro, suggesting that the presence of HMGB1 may act as bioinductive 

molecules that stimulate constructive remodeling of the scaffold197.  The role of TLR4 in the foreign body 

reaction to polyethylene terephthalate (PET) discs has also been investigated using TLR4-deficient mice. In an 

acute intraperitoneal implant model, the profile of the adherent leukocytes on the PET implants was shifted 

from equivalent numbers of neutrophils and macrophages in the wildtype mice to a predominantly neutrophil 
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population in the TLR4-deficient mice198. However, no difference was observed in fibrous capsule thickness 

surrounding PET discs implanted subcutaneously for 14 days between the mouse strains198. These results 

suggest that while TLR4 may play a role in leukocyte, and particularly macrophage, recruitment to wounds 

and implants, loss of TLR4 did not affect the long-term outcome of the FBR, specifically fibrogenesis198.  

Further evidence supporting a role of the TLR pathway in myeloid cell interaction with biomaterials is 

found within dendritic cell (DC) literature199,200. The role of DCs in the classic FBR is still emerging, as DCs 

are primarily involved in adaptive immune responses and have not been studied extensively in biomaterial 

host responses201,202. However, DCs share the same myeloid precursor as macrophages203, are functionally 

similar to macrophages204, and are activated upon exposure to various polymeric biomaterials201,205,206. 

Compared to DCs from wildtype mice, DCs from TLR4-/- and MyD88-/- were shown to have reduced cytokine 

expression following exposure to a variety of biomaterials199,200. Collectively, these results suggest that the 

TLR pathway plays a role in DC and macrophage acute pro-inflammatory responses to a variety of polymeric 

biomaterials199,200. However, the relative importance of this role in the acute and chronic phases of the FBR is 

unclear.  

We and others have hypothesized that DAMPs released during soft tissue implantation likely adsorb 

to the material surface, along with plasma proteins, and that adsorbed DAMPs mediate leukocyte-material 

interactions via cell surface TLRs (TLRs 1, 2, 4, 5, and 6)35,37,173,199. Proteomic analysis of protein layers 

adsorbed on PEG hydrogels in vivo has confirmed the presence of DAMP species in the adsorbed layers, 

including HMGB1, HSPs, S100 proteins, and annexins98. Recently, Amer and colleagues studied the role of 

MyD88-dependent signalling in the foreign body response to PEG hydrogels implanted subcutaneously in 

mice for 2, 7, and 28 days173. After 2 days, the MyD88-/- implants had fewer adherent cells than the wildtype 

implants173. Furthermore, at all timepoints the adherent leukocyte populations in wildtype mice were 

predominantly neutrophils, whereas the MyD88-/- mice had a predominantly macrophage adherent cell 

population173. At all timepoints the MyD88-/- implants had significantly less inflammatory cell infiltration 

compared to wildtype, and at day 28 the MyD88-/- mice had a significantly thinner fibrous capsule compared 
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to wildtype mice173. Together, the results of these studies indicate that DAMPs may be present in the implant 

environment, and that TLR signalling is a promising target to modulate the FBR.  

2.9 Summary 

The body’s initial inflammatory response to implants is desirable because it removes cellular debris 

created during the surgery and any potential exogenous contamination, such as microbial pathogens102. 

Furthermore, acute inflammation is a necessary step before the body can heal without having recurring 

infection and inflammation at the site of implantation102. However, there are serious implications in material 

integration and effectiveness when the inflammatory immune response becomes chronic and the inflammation 

cannot be resolved3. The body’s response to implanted materials can significantly perturb the soft tissue 

microenvironment, which can have significant implications for applications in tissue engineering, biosensing 

and immunotherapy207.  

Biomaterials scientists have attempted to control FBR by altering various properties of devices, such 

as surface chemistry, porosity, mechanical properties, surface roughness and shape41,208. Often patients are 

prescribed an immunosuppressive drug to take for the remainder of the lifetime of the device, which is 

problematic due to increased side effects and risk of serious infection that the body is unable to fight209-211. 

Further research on the immune response to non-resorbable and non-phagocytosable biomaterial implants in 

soft tissue will allow for the identification of cell signalling pathways (such as TLRs) that are active in FBR, 

and will provide molecular targets to inhibit or control activation of these pathways, thus modulating the FBR 

without compromising the patient’s immune system. In particular, these findings can be applied to patients 

using CSII who currently experience unpredictable variations in insulin adsorption, even within the 

recommended wear time window, due to the acute inflammatory phase of FBR.    
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Chapter 3 

Toll-like receptor 2-dependent NF-κB/AP-1 activation by damage-associated 

molecular patterns adsorbed on polymeric surfaces 

3.1 Disclosure 

This work was published in American Chemical Society Biomaterials Science & Engineering in July 

2018. All experiments described herein were designed and completed by me. I am the first author of the 

manuscript. The original publication described the results of TCPS, PMMA, and PDMS, and this information 

has been reprinted with permission from ACS Biomater. Sci. Eng. 2018, 4, 11, 3792-380137. Copyright 2018 

American Chemical Society. This chapter has been updated to include results with fPTFE, to describe the 

preliminary work for Objectives 2 and 3. This additional work is adapted from McKiel, L. A., Woodhouse, K. 

A., Fitzpatrick, L. E. A Macrophage Reporter Cell Assay to Examine Toll-Like Receptor-Mediated NF-

kB/AP-1 Signaling on Adsorbed Protein Layers on Polymeric Surfaces. J. Vis. Exp. (155), e60317, 

doi:10.3791/60317 (2020)212. 

3.2 Introduction 

The success of many established and emerging medical technologies depends heavily on the 

biological response elicited by the materials used in their construction. However, nearly all synthetic 

biomaterials elicit an immune-mediated host response, characterized by inflammation and fibrous 

encapsulation2. The foreign body reaction (FBR) to biomaterials is initiated immediately upon implantation, 

when proteins and other macromolecules adsorb to the biomaterial surface98,213. It is well recognized that the 

species and conformation of proteins adsorbed to the material surface mediate subsequent material-cell 

interactions, and may provide targets for modulating the FBR. Neutrophils and then macrophages accumulate 

at the implant site and adhere to the material surface2, where macrophages may fuse to form multinucleated 

foreign body giant cells (FBGCs). While the presence of neutrophils at the material surface is relatively short-

lived, macrophages and FBGCs persist and modulate the progression of the FBR by releasing inflammatory 

cytokines into the implant microenvironment, and degradative enzymes, reactive oxygen species, and acids at 
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the material surface2. Paracrine factors released by adherent macrophages and FBGCs recruit fibroblasts, 

which deposit a collagenous matrix and differentiate into contractile myofibroblasts. Over time, the implant 

and the adherent macrophages and FBGCs are encapsulated by an avascular, fibrous matrix, which walls the 

implant off from the body214. The inflammatory and fibrotic response can ultimately lead to implant failure, by 

impeding the implant from performing its intended function215,216. 

Tissue injury, cell necrosis, and cell stress result in the release of a collection of proteins and other 

molecules, collectively referred to as damage-associated molecular patterns (DAMPs) or alarmins, that serve 

as endogenous danger signals to initiate inflammation. DAMPs are derived from both intracellular (e.g. high 

mobility box group 1 (HMBG1), heat shock proteins (HSPs), and mitochondrial DNA) and extracellular (e.g. 

biglycan, fibronectin extra domain A) environments, and are released into the extracellular milieu following 

non-programmed cell death (e.g. mechanical damage, heat stress, or osmotic shock)217,218. Tissue resident and 

circulating immune cells recognize these molecules as indicators of danger, and initiate an inflammatory 

response to address the cause of cellular damage or distress. In the absence of pathogens, this type of immune 

response is referred to as sterile inflammation219. One of the primary pathways through which DAMPs initiate 

sterile inflammation is the Toll-like receptor (TLR) pathway.  

TLRs are a family of evolutionarily conserved pattern recognition receptors (PRRs) that are involved 

in the recognition of invading pathogens or tissue injury by binding pathogen-associated molecular patterns 

(PAMPs) and endogenous DAMP ligands, respectively. Each TLR can bind multiple ligands, hence they are 

commonly referred to as promiscuous receptors220. Many cells in both the innate and adaptive immune 

systems (i.e. macrophages, neutrophils, B cells, and dendritic cells), as well as regular tissue (i.e. mucosal, 

epithelial, and endothelial cells), express intracellular and cell surface TLRs221. Of the 13 known TLRs that 

exist in mammals34, all of these receptors, except TLR3, signal through the canonical myeloid differentiation 

primary-response gene 88 (MyD88) signalling pathway222. MyD88 activation results in the activation of 

nuclear factor-кB (NF-кB) and activator protein 1 (AP-1) transcription factors, and the production of pro-

inflammatory cytokines, such as tumour necrosis factor α (TNF-α), interleukin 1 beta (IL-1), and interleukin 

6 (IL-6). Non-canonical TLR signalling occurs via the Toll/interleukin 1 receptor (TIR)-domain-containing 
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adaptor protein inducing interferon β (TRIF)-dependent pathway, which is used by TLR3 and TLR4 (late 

response). TRIF-pathway activation results in the activation of the transcription factor NF-κB, as well as 

interferon regulatory factor (IRF) 3 and IRF7, which are responsible for production of type I interferons (e.g. 

interferon β; IFN-β)223. The present study focused on TLRs expressed on the cell membrane (specifically, 

TLRs 1, 2, 4, and 6), as these receptors have the potential to interact directly with the adsorbed protein layer 

on biomaterial surfaces.  

To date, 23 DAMPs have been shown to signal through TLR2 and TLR4-dependent pathways, 

including HMBG1224, HSP70225,226, and hyaluronan181. While ligand binding to TLR4 induces 

homodimerization and activation of the MyD88- (early response) and TRIF-dependent (late response) 

pathways, ligation of TLR2 initiates heterodimerization with either TLR1 or TLR6 to activate the MyD88-

dependent pathway only34. Therefore, inhibition of TLR2 also effectively inhibits signalling via TLR1 and 

TLR6. MyD88-dependent TLR2 and TLR4 signalling promotes a pro-inflammatory cellular phenotype and 

pro-inflammatory cytokine production that is consistent with the early inflammatory response to 

biomaterials227,228. As TLR1 and TLR6 signalling pathways are dependent on dimerization with TLR2, the 

interactions of the majority of surface TLRs with known DAMP ligands can be studied through the direct 

inhibition of TLR2 and TLR4. 

The regulation of inflammation requires a delicate, temporally regulated balance of pro-inflammatory 

and anti-inflammatory signals. Prolonged stimulation by DAMPs prevents the resolution of inflammation 

through the release of pro-inflammatory cytokines, ultimately leading to chronic inflammation15. This 

mechanism has been linked to the pathogenesis of a number of inflammatory diseases, including 

atherosclerosis and type 1 diabetes mellitus16. This response is also characteristic of the chronic inflammation 

and fibrosis observed in the host response to biomaterials. As originally proposed by Babensee35, the 

hypothesis was that surface TLRs contribute to biomaterial-induced inflammation by binding DAMPs created 

at the implant site and adsorbed to the surface of the biomaterial. While blood-derived protein adsorption to 

biomaterial surfaces has been extensively studied in the context of foreign body reaction, the contribution of 

DAMPs within the adsorbed protein layer has not been investigated in depth. This study examined 
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macrophage activation on four model polymers (tissue culture polystyrene (TCPS), poly(methyl methacrylate) 

(PMMA), polydimethylsiloxane (PDMS), and fluorinated polytetrafluoroethylene (fPTFE)) coated in lysate-

derived DAMPs and/or serum proteins, and the role of TLR2 and TLR4 signalling. The goal of this research 

was to expand the current knowledge of the complex signalling that occurs at the macrophage-biomaterial 

interface. 

3.3 Materials and methods 

3.3.1 Cell culture and reagents 

RAW-Blue™ macrophages (reporter macrophages; Invivogen, San Diego, CA) are virally transfected 

RAW 264.7 murine macrophages that stably express secreted embryonic alkaline phosphatase (SEAP) upon 

activation of NF-κB/AP-1 transcription factors. Reporter macrophages were cultured according to 

manufacturer's instructions in Dulbecco’s Modified Eagle’s Medium (DMEM; Sigma Aldrich, St. Louis, MO) 

containing 10% fetal bovine serum (FBS; Wisent, St. Bruno, QC), 5 g/ml Plasmocin (Invivogen) and 200 

g/ml Zeocin (Invivogen), and passaged once they reached 70% confluence.  

3.3.2 Lysate preparation 

NIH3T3 murine fibroblasts (ATCC, Manassas, VA) were cultured according to manufacturer's 

instructions in DMEM containing 10% FBS and 1% penicillin/streptomycin, and passaged once they reached 

70% confluence. To generate lysate, fibroblasts were washed in phosphate buffered saline (PBS; Gibco, 

Waltham, MA), resuspended at 1 x 106 cells/mL and freeze-thaw cycled three times in a -80 oC freezer and 37 

oC water bath. Protein content of the lysate was quantified using a microBCA assay (Thermo Scientific, 

Waltham, MA) according to manufacturer instructions, and lysate was aliquoted and stored at -80 oC for 

future use. 

3.3.3 Spin coating slides with PMMA 

Poly(methyl methacrylate) (PMMA; Sigma Aldrich) was dissolved in chloroform at 10, 15, and 20 

mg/mL for a minimum of 2 hours. Dissolved PMMA was spin coated onto borosilicate glass microscope 

slides (75 mm x 25 mm) at 3,000 rpm for 2 minutes. Water contact angles (WCAs) of coated, uncoated, and 
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cleaned (ultraviolet (UV) treatment, 30 minutes or 70% ethanol (by volume), 60 minutes) slides were 

measured using a goniometer at 5 points per slide (n = 5 slides). Coated slides were also analyzed using 

atomic force microscopy (AFM) to visualize surface topography.  

For cell culture experiments, 8 chamber sticky wells® (Ibidi, Madison, WI) were adhered to the 

PMMA coated-slides using aseptic technique, followed by UV sterilization (30 minutes) prior to cell culture 

on PMMA. Endotoxin-free water was added to each well and incubated for 1 hour (three times), 12 hours, and 

24 hours prior to use to remove any remaining solvent. All batches of PMMA-coated wells (20 mg/mL 

PMMA, n = 3/batch, plated in duplicate) were tested for endotoxin using Pyrochrome® Chromogenic LAL 

Endotoxin Test Kit (MJS Biolynx Inc, Brockville, ON), following manufacturer directions. Endotoxin levels 

were consistently below the detectable limit (< 0.005 EU/mL). 

3.3.4 Coating 48 well plates with PDMS 

Sylgard® 184 polydimethylsiloxane elastomer (PDMS; Sigma Aldrich) was manually mixed in a 10:1 

ratio (base:curing agent by weight). Approximately 200 µL of the solution was then added to the wells of a 48 

well plate (Corning, Thermo Scientific) and placed in a vacuum oven (50 cmHg, 40 oC) for 48 hours to cure. 

Successful surface coating was confirmed by visual inspection. The wells were cleaned with 70% ethanol for 

one hour. Endotoxin-free water was added to each well and incubated for 1 hour (three times), 12 hours, and 

24 hours prior to use to remove any remaining solvent. All batches of PDMS-coated wells were tested for 

endotoxin (n = 3/batch, plated in duplicate) using Pyrochrome® Chromogenic LAL Endotoxin Test Kit (MJS 

Biolynx Inc), following manufacturer directions. Endotoxin levels were consistently below the detectable 

limit (< 0.005 EU/mL). 

3.3.5 Coating 48 well plates with fPTFE 

Fluorinated poly(tetrafluoroethylene) (fPTFE, Teflon® AF-1600; Sigma Aldrich) was dissolved in a 

fluorinated solvent (FC-40; SigmaAldrich) at 1 mg/mL and coated onto 48 well polystyrene plates, using the 

protocol originally developed by the Grainger group229. Well plates were placed in a vacuum oven (50 cmHg, 

40 oC) for 48 hours to remove solvent. Wells were then cleaned with 70% ethanol for one hour, followed by 
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30 minutes of UV sterilization. fPTFE was also coated onto glass coverslips (diameter = 12 mm) by placing 

the coverslips into the wells of a 24 well plate and covering with fPTFE solution, following by incubation in a 

vacuum oven for 48 hours. Endotoxin-free water was added to each well and incubated for 1 hour (three 

times), 12 hours, and 24 hours prior to use to remove any remaining solvent. Water contact angles of coated, 

uncoated, and cleaned (UV, 30 minutes and 70% ethanol, 60 minutes) coverslips (diameter = 12 mm) were 

measured using a goniometer at 2 points per coverslip (n = 5 coverslips). All batches of fPTFE-coated wells 

were tested for endotoxin (n = 3/batch, plated in duplicate) with a LAL Pyrochrome kit (CapeCod and 

Associates), and endotoxin levels were below 0.05 EU/mL. 

3.3.6 Static water contact angle measurements 

 A Dataphysics OCA 15EC digital goniometer (Charlotte, NC, USA) was used to perform static water 

contact angle measurements on PMMA and fPTFE coatings. A Hamilton syringe was filled with ultrapure 

water and placed into the holder, and then the stage was brought up to just below the syringe tip. A small 

quantity of the water (3 μL) was slowly dispensed from the electronically controlled syringe, and then an 

image of the drop was immediately captured. The goniometer software was used to calculate the left and right 

water contact angle of each drop, and the average of these 2 values was graphed for each replicate. The water 

contact angle of PMMA was measured on glass microscope slides (75 mm x 25 mm, 5 drops per slide, n = 5 

slides) spin coated with PMMA, since these were also used for the cell culture surface. The water contact 

angle of fPTFE was measured on glass coverslips (diameter = 12 mm, 2 drops per coverslip, n = 5 coverslips) 

that were placed in a 24 well plate, covered with fPTFE solution, and allowed to evaporate in a vacuum oven 

for 48 hours to mimic the coating conditions of fPTFE on 48 well plates used for cell culture. 

3.3.7 Western blot analysis 

SDS-PAGE was performed using 1.5 mm thick 10% polyacrylamide gels. Samples were prepared 

using 4X Laemmli buffer (BioRad, Mississauga, ON) and 10% β-mercaptoethanol (BioRad). Lysate (50 µL) 

containing 40 - 60 µg of protein was loaded into the wells. Precision Plus Protein™ All Blue Prestained 

Protein Standards (BioRad) was used as the ladder. Electrophoresis was run at 180 V until the dye front 
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reached the bottom of the gel (approximately 1 hour). Western blotting was performed using transfer buffer 

supplemented with 20% methanol for 2 hours at 70 V with a 0.2 µm nitrocellulose membrane. Membranes 

were blocked for one hour with 5% non-fat dried milk (NFDM) in Tris-buffered saline with 0.1% Tween 20 

(TBST) at room temperature, probed overnight at 4 oC with HMGB1 (Dilution 1:1000; Cat No. 6893; Cell 

Signalling Technology, Danver, MA), HSP60 (Dilution 1:1000; Cat No. 12165; Cell Signalling Technology), 

or β-actin (Dilution 1:1000; Cat No. 8457; Cell Signalling Technology) in 5% bovine serum albumin (BSA) 

in TBST, and probed for one hour at room temperature with secondary antibody horseradish peroxidase 

conjugate (Dilution 1:2000, Cat No. 7074; Cell Signalling Technology) in 5% NFDM in TBST. The 

membrane was developed using SignalFire™ ECL reagent (Cell Signalling Technology) and imaged using a 

ChemiDoc imaging system with ImageLab software (BioRad). 

3.3.8 Macrophage culture on lysate-conditioned surfaces 

Tissue culture polystyrene (TCPS, 48 well plates, Corning), PMMA (8 well Sticky-wells), PDMS 

(coated 48 well plates), and fPTFE (coated 48 well plates) surfaces were coated with lysate (125 µg/cm2) or 

10% FBS (~ 1,600 µg/cm2) for 30 minutes at room temperature. The 10% FBS condition was used to mimic 

standard cell culture conditions. Surfaces were then washed (3 times, 5 minutes) with PBS. Reporter 

macrophages were seeded at 1.9 x 105 cells/cm2 in test medium and incubated for 20 hours at 37 oC and 5% 

CO2. The test media for the reporter assay was DMEM supplemented with 10% heat-inactivated FBS (HI-

FBS), 5 g/ml Plasmocin and 200 g/ml Zeocin, a selection antibiotic. Heat inactivation of the serum (56 oC 

for 30 minutes) used to supplement the test media is necessary to eliminate activity of serum alkaline 

phosphatases in the NF-B-dependent SEAP reporter assay, as recommended by the manufacturer, to prevent 

false positive results. 

After 20 hours, supernatant samples were collected, and were either used immediately (QUANTI-

Blue™; Invivogen) or stored at -80oC for future use (LEGEND MAX™ IL-6 and TNF-α ELISAs, Biolegend, 

San Diego, CA). Reporter macrophages cultured for 20 hours on TCPS, PMMA, PDMS, or fPTFE surfaces 

(without pre-adsorbed proteins) in test media supplemented with 1.5 µg/mL LPS (TLR4 ligand; Invivogen) or 

150 ng/mL Pam3CSK4 (TLR2 ligand, synthetic triacylated lipopeptide; Invivogen) were used as positive 
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controls for TLR-dependent NF-B/AP-1 activity, while untreated cells cultured in test media on the 

biomaterial surfaces were used as the negative control.  

3.3.9 NF-B-dependent SEAP reporter assay (QUANTI-Blue™) 

The NF-B/AP-1 activity in macrophages was measured indirectly as SEAP activity using a reporter 

assay. The concentration of SEAP in culture supernatant was measured using a colorimetric enzymatic assay 

for alkaline phosphatase activity (QUANTI-Blue™, Invivogen), per the manufacturer’s instructions. 

Absorbance was measured at 635 nm using a PerkinElmer Enspire plate reader. Results were reported as 

relative SEAP activity, where the absorbance for each condition was normalized to the absorbance of 

untreated cells in test media. 

3.3.10 Picogreen® assay 

Reporter macrophages were cultured on TCPS, PMMA, and PDMS in the original five conditions 

used in the NF-B-dependent SEAP reporter assays for 20 hours: adsorbed lysate (125 ug/cm2, 30 minutes), 

adsorbed 10% FBS (~ 1,600 µg/cm2, 30 minutes), LPS stimulation (1.5 µg/mL), Pam3CSK4 stimulation (150 

ng/mL), and untreated in test media (control). The number of cells present after 20 hours was assessed using 

Quant-iT™ PicoGreen® dsDNA Kit (Thermo Scientific, Waltham, MA). Manufacturer instructions for the 

CyQUANT® Cell Proliferation Assay Kit (Thermo Scientific) were followed for this procedure, and 

CyQUANT GR dye was substituted with PicoGreen reagent. After culturing cells for 20 hours, supernatant 

was removed and cells were washed with PBS before placing in the -80 oC freezer. A cell number standard 

curve was created using a flask of reporter macrophages at 70% confluence. Cells were washed with PBS, 

counted, pelleted, and placed in the -80 oC freezer. CyQUANT cell lysis buffer (20X) was diluted to 1X to 

lyse cells. Picogreen reagent (200X) was diluted to 4X in the lysis buffer. A dye concentration of 1X can 

quantify up to 50,000 cells accurately, and dye concentration can be increased linearly to quantify up to 

250,000 cells. Since about 300,000 cells were predicted to be present in every well, the dye was used at 4X 

(quantifies up to 200,000 cells) and samples were diluted 1:1 in lysis buffer. The lysis buffer with dye was 

added to the frozen cell pellet and the well plate to lyse cells. The standard curve ranged from 1,000 to 
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200,000 cells, plated in triplicate. Samples were run in triplicate and plated in duplicate. The well plate was 

incubated for 5 minutes at room temperature, protected from light. Fluorescence was measured at 480 nm 

excitation maximum and 520 nm emission maximum using a PerkinElmer Enspire plate reader. 

3.3.11 alamarBlue® assay 

Reporter macrophages were cultured on TCPS in the original five conditions used in the NF-B-

dependent SEAP reporter assays for 20 hours (n = 5): adsorbed lysate (125 ug/cm2, 30 minutes), adsorbed 

10% FBS (1,600 µg/cm2, 30 minutes), LPS stimulation (1.5 µg/mL), Pam3CSK4 stimulation (150 ng/mL), 

and untreated in test media (control). Media containing 10% HI-FBS, and PBS were also plated as assay 

controls. The viability and metabolic activity of the cells after 20 hours was analyzed using the alamarBlue® 

cell viability assay (Thermo Scientific), per the manufacturer’s instructions. Once the cells had been cultured 

in assay conditions for 20 hours, 22.2 µL of alamarBlue reagent was added to each well. The well plate was 

incubated at 37 oC and checked every 30 minutes until a significant colour change was observed 

(approximately 90 minutes). Samples were transferred to a 96 well plate and plated in duplicate. Absorbance 

was measured at 570 nm and 600 nm (reference wavelength) using a PerkinElmer Enspire plate reader. 

3.3.12 Inhibition of TLR signalling pathways 

TLR2 signalling was neutralized by incubating reporter macrophages in purified anti-mouse/human 

CD282 (TLR2) (TLR2 neutralizing antibody, Cat. No. 121802; BioLegend) at 50 µg/mL for 30 minutes. 

Treated and untreated cells were cultured on TCPS, PMMA, PDMS, and fPTFE in lysate-coated, Pam3CSK4 

(positive control, 150 ng/mL), or 10% FBS-coated conditions for 20 hours at 37 oC and 5% CO2. SEAP 

activity was analyzed using the NF-B-dependent SEAP reporter assay. 

TLR4 signalling was inhibited using CLI-095 (Cat. No. tlrl-cli95; Invivogen), a TLR4 signalling 

inhibitor that blocks the intracellular signalling domain of TLR4230. Cells were exposed to the inhibitor for 60 

minutes at 1 µg/mL. Treated and untreated cells were cultured on TCPS, PMMA, PDMS, and fPTFE in 

lysate-coated, LPS (positive control, 1.5 µg/mL), or 10% FBS-coated conditions for 20 hours at 37 oC and 5% 

CO2. SEAP activity was analyzed using the NF-B-dependent SEAP reporter assay. 
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3.3.13 Cytokine analysis 

Reporter macrophages were untreated or treated with TLR2 neutralizing antibody (Biolegend) and 

cultured on PMMA and PDMS in the following conditions for 20 hours: adsorbed lysate, Pam3CSK4 

stimulation (150 ng/mL) and test media. The concentration of IL-6 and TNF-α in the supernatant after 20 

hours was analyzed using ELISA kits (LEGEND MAX™, BioLegend). Samples were run diluted (IL-6: 

diluted 1/2, TNF-α: diluted 1/10), in duplicate, per the manufacturer’s instructions. Absorbance was measured 

at 450 nm and 570 nm using a PerkinElmer Enspire plate reader. 

3.3.14 Dilution series of lysate in serum 

Total protein concentration of lysate and FBS samples were measured using a microBCA assay. FBS 

was then diluted with PBS to achieve the same protein concentration as the lysate. Maintaining the total 

protein concentration constant at 1,400 g/mL (280 g/well), solutions of different ratios of lysate and FBS 

were created (% total protein from lysate): 100, 10, 1, 0.5, 0.1, 0.05, 0.01 and 0 (serum only). Protein was 

adsorbed onto TCPS, PMMA-coated, PDMS-coated, and fPTFE-coated wells in triplicate for 30 minutes at 

room temperature. Solutions were aspirated and then surfaces were washed with PBS (three times, five 

minutes each). Cells cultured in wells with no pre-adsorbed protein were used as the negative control. 

Reporter macrophages were then seeded onto the surfaces, as described above, and incubated for 20 hours 

before collecting the supernatants and performing the NF-B-dependent SEAP reporter assay.  

3.3.15 Statistical analysis 

Data are expressed as mean ± standard deviation (SD). Data were analyzed for statistical significance 

by one-way ANOVA and Tukey’s post-hoc test (GraphPad Prism 7.0) with  = 0.05. P-values less than 0.05 

were considered statistically significant. Conditions were run in triplicate (n = 3) and each sample was 

analyzed in duplicate, unless otherwise stated.  
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3.4 Results 

3.4.1 Polymer coatings 

Microscope slides were spin coated with 10, 15, and 20 mg/mL PMMA dissolved in chloroform. 

Static water contact angles (WCA) of the PMMA-coated slides were measured using a goniometer at 5 

positions on each slide to confirm PMMA coverage. All PMMA concentrations yielded surfaces with higher 

WCA values (74o, 69o, and 70o for 10, 15, and 20 mg/mL conditions), compared to uncoated slides (62o, p < 

0.05) (Figure 3.1a). However, no significant differences in WCA were observed among slides coated with the 

three different PMMA concentrations. The WCA values of the PMMA-spin coated slides were consistent with 

those reported by Kang and colleagues231.  

PMMA-coated slides (15 mg/mL) were then subjected to either UV sterilization for 30 minutes in a 

biological safety cabinet (BSC) or soaking in 70% ethanol for 60 minutes to identify a decontamination 

method that did not disrupt the PMMA coating. WCA measurements were similar for untreated and UV-

treated PMMA-coated slides (69o vs 73o, respectively), indicating that UV treatment did not affect the PMMA 

coating (Figure 3.1b). However, PMMA-coated slides following exposure to 70% ethanol had similar WCA 

values as the uncoated borosilicate slides (61o vs 62o, respectively), and significantly less than the untreated 

and UV sterilized PMMA-coated slides (p < 0.05), indicating the PMMA coating had been disrupted. This is 

consistent with previous work that demonstrated that PMMA, while relatively insoluble in 100% ethanol, is 

soluble in 80 wt% ethanol232. Based on these results, the 20 mg/mL PMMA solutions and UV sterilization 

were selected for preparing PMMA-coated surfaces for all subsequent cell assays.  

PDMS coating were confirmed by visual inspection. A one hour 70% ethanol soak was used to clean 

PDMS, and was visually confirmed to not disrupt the coating. UV sterilization was not performed because UV 

light can cause chain scission and influence the surface wetting properties of PDMS233. 
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Figure 3.1 Water contact angle analysis of spin coated PMMA slides and coated fPTFE coverslips. 

Water contact angles of microscope slides spin coated with 10, 15, or 20 mg/mL PMMA, or uncoated (n = 5) 

(a). Water contact angles of PMMA-coated (15 mg/mL) and fPTFE-coated (1 mg/mL) surfaces before and 

after decontamination by UV sterilization (30 minutes) and/or or soaking in 70% ethanol for 30 minutes, 

compared to an uncoated microscope slide (PMMA) or glass coverslip (fPTFE). (n = 5) (b). * p < 0.05. 

Adapted with permission from ACS Biomater. Sci. Eng. 2018, 4, 11, 3792-380137. Copyright 2018 American 

Chemical Society. This is also adapted from McKiel, L. A., Woodhouse, K. A., Fitzpatrick, L. E. A 

Macrophage Reporter Cell Assay to Examine Toll-Like Receptor-Mediated NF-kB/AP-1 Signaling on 

Adsorbed Protein Layers on Polymeric Surfaces. J. Vis. Exp. (155), e60317, doi:10.3791/60317 (2020)212. 

 

The static water contact angle of fPTFE-coated coverslips was found to be 88o, with individual 

measurements ranging from 74 - 108o. The manufacturer’s data sheet states the WCA of fPTFE is 104o, 

though researchers have measured much higher values (ranging from 117 - 127o)234-236. It is possible that the 

coating method for the coverslips was not able to produce a uniform surface, likely due to the buoyancy of the 

coverslip in the fPTFE solution, which could account for the large range in measured WCA. Another potential 

explanation is the drop size dependence of WCA on fPTFE, which was observed by David and colleagues237, 

and was not controlled for during WCA measurements. However, when adding PBS and water to the coated 

well plates, the liquid immediately beaded on the surface, which indicates the surface is hydrophobic (unlike 

the uncoated well plate) and likely has a uniform fPTFE coating. Performing both a 70% ethanol soak and UV 

sterilization did not influence the water contact angle of fPTFE-coated coverslips (Figure 3.1b), therefore the 

two methods, in succession, were used to clean fPTFE coatings.  

3.4.2 Presence of DAMPs in cell lysate 

Cell lysate was used as an in vitro source of cell-derived DAMPs, to recapitulate the complex mixture 

of molecules released by necrotic and stressed cells in vivo. Lysate was generated from NIH3T3 fibroblasts by 
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freeze/thaw cycling, as described above. The presence of two well-characterized DAMPs, HMGB1 and 

HSP60, within the lysate was confirmed by western blot (Figure 3.2).  

 

 

Figure 3.2 The presence of DAMP species HMGB1 and HSP60 in the 3T3 fibroblast lysate was 

confirmed using western blot. β-actin was used as the protein loading control. Reprinted with permission 

from ACS Biomater. Sci. Eng. 2018, 4, 11, 3792-380137. Copyright 2018 American Chemical Society. 

 

3.4.3 Analysis of NF-B/AP-1-dependent SEAP activity on lysate-derived adsorbates 

To study the effect of adsorbed lysate-derived molecules on the NF-B/AP-1 signalling pathway, 

reporter macrophages were cultured on lysate-coated surfaces and the NF-κB/AP-1 activity was measured 

indirectly using an alkaline phosphatase reporter assay. TCPS, PMMA, PDMS, and fPTFE surfaces were 

incubated in 100% lysate or 10% FBS for 30 minutes, to allow lysate and serum-derived molecules to adsorb 

to the polymer surfaces. The 10% FBS condition was included to represent the protein layer formed under 

standard culture conditions, as the reporter assay required the use of heat-inactivated serum (HI-FBS) in the 

test media to avoid interference from alkaline phosphatases present in serum. Reporter macrophages seeded in 

test media supplemented with LPS (TLR4 agonist) or Pam3CSK4 (TLR2 agonist) served as positive controls 

for NF-κB/AP-1 activation, while RAW-Blue cells seeded in test media (containing 10% HI-FBS) on TCPS, 

PMMA, PDMS, and fPTFE surfaces in the absence of pre-adsorbed proteins was the negative control. 

Reporter macrophages cultured on TCPS, PMMA, PDMS, and fPTFE surfaces (Figure 3.3) with pre-

adsorbed lysate-derived molecules had significantly higher NF-κB/AP-1-inducible SEAP activity, compared 

to surfaces with FBS-derived adsorbates and test media alone (p < 0.001). The TLR agonists (LPS and 

Pam3CSK4) also induced a significant increase in NF-B/AP-1 activity, compared to the FBS and test media 

conditions (p < 0.001). Measurements of double-stranded DNA (Picogreen® assay) and metabolic activity 
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(alamarBlue® assay; TCPS only) in each condition indicated that the increased SEAP activity was not due to 

differences in cell number, which were similar for all conditions within a given material group (Figure 3.4).  

 

 

Figure 3.3 NF-κB/AP-1-dependent SEAP activity of RAW-Blue macrophages cultured on TCPS, 

PMMA, PDMS, and fPTFE surfaces for 20 hours. Lysate- and serum-derived molecules were pre-adsorbed 

on TCPS, PMMA, PDMS, and fPTFE surfaces, prior to seeding with reporter macrophages. LPS (1.5 µg/ml) 

was used as a positive control for TLR4 -dependent NF-κB/P-1 activity, while untreated cells in media 

supplemented with 10% HI-FBS was used as a negative control. Data are expressed as mean absorbance ± 

SD. *** p < 0.001 within material group. Adapted with permission from ACS Biomater. Sci. Eng. 2018, 4, 

11, 3792-380137. Copyright 2018 American Chemical Society. 
 

Interestingly, reporter macrophages cultured on PMMA, PDMS, and fPTFE films pre-adsorbed with 

10% FBS or with no pre-adsorbed proteins had higher SEAP activity compared to TCPS surfaces with the 

same pre-adsorbed treatment. This resulted in a smaller relative increase (approximately 4-fold, 5-fold, and 6-

fold) in SEAP activity on lysate-adsorbed PMMA and PDMS surfaces (relative to the material control), 

respectively, compared to the approximately 8-fold increase in SEAP activity on lysate-adsorbed TCPS 

surfaces (relative to TCPS control, Figure 3.3). The increased SEAP activity observed in the PMMA, PDMS, 

and fPTFE media and 10% FBS conditions was likely due to differences in adsorbed protein profiles and 

conformations (as opposed to differences in cellular metabolism or cell numbers, Figure 3.4), which highlights 

the dependence of protein adsorption and cellular responses on the underlying material properties, including 

surface chemistry, surface energy, topography, and stiffness87-89.  
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Figure 3.4 Assessment of relative cell numbers for NF-κB-dependent SEAP reporter assay conditions. 

alamarBlue (n=5) (a) and Picogreen (n=3) (b) assays were performed on TCPS, PMMA and PDMS to 

determine the relative cell number and metabolic activity of reporter macrophages in the various assay 

conditions. Data are expressed as mean ± SD. Reprinted with permission from ACS Biomater. Sci. Eng. 2018, 

4, 11, 3792-380137. Copyright 2018 American Chemical Society. 

 

3.4.4 Effect of TLR2 and TLR4 inhibition on NF-κB/AP-1 activity 

As NF-κB/AP-1 transcription factors can be activated by multiple signalling pathways, including 

TLRs, tumour necrosis factor receptor (TNFR)238 and interleukin-1 receptor (IL-1R)239 pathways, inhibition 

assays were used to determine the contribution of TLR2 and TLR4 signalling to the increased NF-κB/AP-1 

activity observed in response to lysate-adsorbed surfaces. Treatment of the cells with a TLR2 neutralizing 

antibody significantly attenuated the NF-кB/AP-1-dependent SEAP activity of reporter macrophages cultured 

on lysate-coated TCPS, PMMA, PDMS, and fPTFE (Figure 3.5a, p < 0.001). The reduction in SEAP activity 

for reporter macrophages treated with the Pam3CK4 (TLR2 agonist) verified that the neutralizing antibody 

was acting on TLR2. However, treatment with the TLR4 inhibitor (CLI-095) yielded a modest, although 

statistically significant, decrease in NF-кB/AP-1 activity in the reporter macrophages exposed to lysate-coated 

TCPS (p < 0.001), PMMA (p < 0.01), and fPTFE (p < 0.001), but not PDMS, surfaces (Figure 3.5b). CLI-095 

is a small molecule inhibitor that acts by blocking the intracellular signalling domain of TLR4, and is a highly 

specific and potent inhibitor of TLR4 signalling230. The complete attenuation of LPS-induced SEAP activity 

for reporter macrophages further demonstrates the successful blocking of TLR4 signalling by CLI-095 (Figure 

3.5c and d, p < 0.001 for “LPS + TLR4 inhibitor” treated cells, compared to control conditions with or 

without CLI-095) on all surfaces. These data show that the lysate-derived adsorbates activated NF-B/AP-1 

signalling in reporter macrophages primarily through TLR2, while TLR4-dependent signalling had a modest 



48 

 

effect. Consequently, these results suggest that the increased NK-B/AP-1 activity in the lysate conditions are 

due to the presence of DAMPs within the adsorbed molecular layer, by virtue of the TLR-dependent response.  

 

 

Figure 3.5 The contribution of TLR2 and TLR4 to the increased NF-κB/AP-1 signalling observed on 

lysate-conditioned surfaces, measured indirectly as absorbance using a SEAP reporter assay. The 

increased absorbance on lysate-conditioned TCPS, PMMA, PDMS, and fPTFE was attenuated by treating 

reporter macrophages with a TLR2 neutralizing antibody (a). Inhibiting TLR4 signalling with TLR4 inhibitor 

CLI-095 decreased absorbance on lysate-conditioned TCPS, PMMA, and fPTFE (b), but not to the same 

extent as TLR2 inhibition. Data are presented as mean absorbance ± SD. ** p < 0.01, *** p < 0.001. Adapted 

with permission from ACS Biomater. Sci. Eng. 2018, 4, 11, 3792-380137. Copyright 2018 American Chemical 

Society. This is also adapted from McKiel, L. A., Woodhouse, K. A., Fitzpatrick, L. E. A Macrophage 

Reporter Cell Assay to Examine Toll-Like Receptor-Mediated NF-kB/AP-1 Signaling on Adsorbed Protein 

Layers on Polymeric Surfaces. J. Vis. Exp. (155), e60317, doi:10.3791/60317 (2020)212. 

 

3.4.5 Effect of TLR2 inhibition on lysate-induced cytokine expression 

To examine the effect of increased NF-B/AP-1 activity induced by lysate-adsorbed surfaces on 

macrophage function, the supernatant concentration of two pro-inflammatory cytokines, IL-6 and TNF-, was 
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measured (Figure 3.6). As expected, both cytokines were present at elevated concentrations in the supernatant 

of reporter macrophages exposed to lysate and TLR agonists for all surfaces, although the extent of the 

increase was material dependent. The exception was lysate-adsorbed PDMS surfaces, which induced a 

significant increase in TNF- (p<0.001) but not IL-6. Inhibition of TLR2 signalling using neutralizing 

antibodies completely abrogated the increased cytokine expression, further demonstrating that the adsorbed 

lysate activated the reporter macrophages predominantly through a TLR2-dependent pathway. 

 

 

Figure 3.6 Pro-inflammatory cytokine expression of reporter macrophages cultured on PMMA and 

PDMS surfaces, with and without TLR2 inhibition. TNF-α (a) and IL-6 (b) concentration in the 

supernatant of reporter macrophages cultured for 20 hours with pre-adsorbed lysate, Pam3CSK4 stimulation, 

and media supplemented with HI-FBS (control). Data are expressed as mean ± SD. *** p < 0.001, comparing 

conditions with and without TLR2 inhibition. #  p < 0.05 and #### p < 0.0001, compared to material-specific 

10% FBS. Adapted with permission from ACS Biomater. Sci. Eng. 2018, 4, 11, 3792-380137. Copyright 2018 

American Chemical Society. 
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3.4.6 Dilution series of lysate in serum 

The results presented thus far have shown that reporter macrophages were significantly more 

activated when cultured on surfaces pre-coated in lysate alone, compared to those pre-coated in 10% FBS. 

However, this model is not representative of the relative abundance of serum proteins to DAMPs that likely 

exists in an implant microenvironment and the competitive adsorption that would occur between blood- and 

tissue-derived molecules. Dilutions of lysate in serum were adsorbed to TCPS, PMMA, PDMS and fPTFE 

surfaces to determine if the lysate-derived molecules were capable of stimulating NF-κB/AP-1 activity, even 

at very low concentrations and in the presence of blood proteins (Figure 3.7). Holding the total protein 

concentration of the dilutions constant at 1,400 g/ml, molecules from lysate/serum solutions ranging from 

100% lysate to 100% serum were pre-adsorbed on the four polymer surfaces (280 g total protein per well). 

The lysate-dependent increase in macrophage NF-B/AP-1 activity was maintained down to 0.1% total 

protein from lysate in FBS (p < 0.01) for the TCPS surfaces, while the more hydrophobic PMMA, PDMS and 

fPTFE surfaces maintained a significant increase in NF-B/AP-1 activity down to 1% (PMMA) and 10% 

(PDMS and fPTFE) total protein from lysate in FBS. These results demonstrate that DAMPs are able to 

compete with an abundance of serum proteins to interact with and adsorbed to a material surface, in a 

material-dependent manner. Furthermore, this work shows that very small amounts of DAMPs in the adsorbed 

protein layer are capable of eliciting a significant response in macrophage signalling, supporting the 

hypothesis that DAMPs adsorbed from an implant’s microenvironment play a significant role in macrophage-

biomaterial responses. 
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Figure 3.7 A dilution series of lysate in FBS were adsorbed onto TCPS (a), PMMA (b), PDMS (c), and 

fPTFE (d) and the NF-κB/AP-1 activity in reporter macrophages was measured indirectly as 

absorbance using a SEAP reporter assay. Total protein was held constant at 280 g/well. Data are 

expressed as mean absorbance ± SD. * p < 0.05, ** p < 0.01, *** p < 0.001. Adapted with permission from 

ACS Biomater. Sci. Eng. 2018, 4, 11, 3792-380137. Copyright 2018 American Chemical Society. This is also 

adapted from McKiel, L. A., Woodhouse, K. A., Fitzpatrick, L. E. A Macrophage Reporter Cell Assay to 

Examine Toll-Like Receptor-Mediated NF-kB/AP-1 Signaling on Adsorbed Protein Layers on Polymeric 

Surfaces. J. Vis. Exp. (155), e60317, doi:10.3791/60317 (2020)212. 

  

3.5 Discussion  

Protein adsorption and macrophage interactions with material surfaces have been studied extensively 

for more than 50 years, due to the principal roles adsorbed proteins and macrophages play in directing foreign 

body reactions32. From this body of research, it is evident that macrophage recognition and response to 

biomaterial surfaces involves a complex coordination of multiple signalling pathways, with potential for 

crosstalk. While some pathways, such as integrin-mediated adhesion and complement, have been investigated 

in depth, a comprehensive understanding of the molecular mechanisms that determine macrophage activation 

and downstream host responses remains elusive. The present study investigated the role of TLRs in acute pro-

inflammatory macrophage activation in response to cell-derived DAMPs adsorbed on polymer surfaces. This 

in vitro work demonstrated that surfaces coated in adsorbates derived from fibroblast lysate potently activated 

NF-B/AP-1 transcriptions factors and induced the expression of pro-inflammatory cytokines in reporter 
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macrophages, compared to surfaces coated with molecules adsorbed from serum alone. This lysate-induced 

activation was mediated primarily through TLR2 signalling, supporting the hypothesis that DAMPs within the 

adsorbed molecular layer induced the increased NF-B/AP-1 macrophage activity. Furthermore, the results 

demonstrated that even a small amount of DAMPs within the adsorbed protein layer activate NF-B/AP-1 

transcription factors, suggesting that DAMP adsorption and TLR signalling should be considered when 

examining innate immune responses to implanted biomaterials.  

The goal of this study was to investigate the ability of cell-derived DAMPs (i.e. products released 

upon cell necrosis that induce inflammatory responses via PRRs) to adsorb onto polymer surfaces and activate 

macrophages when in their adsorbed conformations. As protein adsorption is known to vary based on material 

properties, four model polymers with distinct surface properties were investigated to determine whether the 

TLR2-dependent NF-B/AP-1 activity observed on lysate-adsorbed surfaces was a robust effect240. TCPS, 

PMMA, PDMS and PTFE were selected for their non-degradable chemistry and wide-spread use in protein 

adsorption31,241-244 and macrophage activation245-247 literature, as the primary focus on the study was the 

cellular response to different adsorbed protein layers. Furthermore, PMMA, PDMS, and PTFE are clinically 

relevant biomaterials with well-characterized FBRs248-257. PMMA is a moderately hydrophobic polymer 

(WCA of 68 - 74o)231,258 that is rigid and stiff at body temperature (Tg = 105 oC for spin-coated thin films)259. 

PDMS is a hydrophobic elastomer (WCA of 105 - 109o) and is rubbery and flexible at body temperature (Tg = 

-127 oC)260-262. fPTFE was used as a model for PTFE, since it is simple to coat on cell culture surfaces when 

dissolved in fluorinated solvent229. fPTFE is a hydrophobic, amorphous copolymer (WCA of 104 - 127o)234-236 

that is rigid at body temperature (Tg = 160 oC)263. The TCPS (CorningTM FalconTM) used in this study is 

reported to have a relatively hydrophilic surface (WCA ~ 55o)264. TCPS was included as a control material due 

to its prevalence as a cell culture substrate in TLR signalling studies, within which standard serum-containing 

culture conditions induce minimal to no TLR activation without the addition of TLR agonist265-268.  

As expected, the relative NF-B/AP-1 activation of the macrophage reporter line in response to serum 

and lysate, was material-dependent. Serum-adsorbed PMMA, PDMS, and fPTFE surfaces induced greater 

NF-B/AP-1 activation than serum-adsorbed TCPS surfaces. However, this difference cannot be attributed 
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directly to any specific material properties, as such investigation is outside the scope of the current study. 

Interestingly, TLR2 and TLR4 inhibition did not reduce the NF-B/AP-1 activity in these control conditions, 

suggesting the NF-B/AP-1 transcription factors activation by serum proteins is not TLR-dependent (e.g. 

autocrine signalling via TNFR and IL1R pathways)269. All three polymer surfaces pre-adsorbed with lysate 

had significant increases in NF-B/AP-1 activity, relative to the control conditions, and TLR2 significantly 

attenuated the NF-B/AP-1 activity on all surfaces.  

3.5.1 Cell lysate as an in vitro source of DAMPs 

The presence of a complex mixture of DAMPs, including HMGB1, HSP60, HSP70, and heparin 

sulphate, was previously shown in the exudates from tissue surrounding subcutaneously implanted poly(lactic-

co-glycolic acid) (PLGA) scaffolds35. Similarly, a proteomic analysis of the adsorbed protein layer on 

polyethylene glycol (PEG) hydrogels disks following 30 minute subcutaneous implantation identified multiple 

known endogenous TLR agonists (i.e. DAMPs), including HMGB1 and multiple HSPs, although the 

individual molecules were not present in high abundance98. By using cell lysate as a source of DAMPs, this 

work sought to recapitulate this complex mixture of endogenous danger signals that would be released by 

damaged tissue during material placement. The lysate, which was derived from freeze-thaw cycling 3T3 

fibroblasts in PBS, was described as a source of DAMPs, based on the western blot showing the presence of 

HMGB1 and HSP60, and also by virtue of the ability of molecules within the lysate to bind and activate 

TLRs.  

Adsorbing molecules from this complex molecular mixture, alone or in the presence of serum 

proteins, onto TCPS, PMMA, PDMS, or fPTFE surfaces enabled the examination of NF-B and AP-1 

signalling through individual surface TLRs in responding macrophages without introducing bias by selecting 

specific TLR ligands. Furthermore, this use of lysate provided an in vitro model for studying how the release 

and adsorption of DAMPs immediately following implant placement may affect macrophage interactions with 

the polymer surface, which to our knowledge has not been studied previously. Other studies have previously 

investigated the specific effects of HMGB1 on macrophages cultured on TCPS176 and various xenogenic 
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biological scaffolds197. However, the present study was unique in that it was an unbiased in vitro study of the 

effect of a complex mixture of adsorbed DAMPs on macrophage response to polymer surfaces. 

3.5.2 The role of TLRs in biomaterial host responses 

Toll-like receptors and other pattern-recognition receptors likely play a significant role in macrophage 

activation following implant placement, through interaction with endogenous ligands in the implant 

microenvironment and adsorbed on the biomaterial surface35. The growing evidence for the role of TLRs in 

the development of inflammatory diseases, and their role in initiating sterile inflammatory responses, supports 

this hypothesis. Furthermore, the expression of multiple TLRs on the cell surface facilitates direct interaction 

between the surface receptor and ligands present on the material surface. This is in contrast to many other 

pattern recognition receptor families, such as retinoic acid-inducible gene (RIG)-I-like receptors (RLRs) and 

NOD-like receptors (NLRs), which are present in the interior of the cells, either within the cytosol or as 

endosomal membrane receptors270.  

While the role of TLRs in sterile inflammatory host responses to solubilized polymer molecules271,272, 

nanoparticles, and phagocytosable microparticles (specifically PMMA orthopaedic wear particles) is relatively 

well established (refer to references 273,274 for further information), there is limited evidence within the 

literature regarding DAMP adsorption and TLR activation in response to non-phagocytosable materials. 

Alginates are known to stimulate TLR4 and TLR2 signalling, however this observation is highly specific to 

alginate’s mannuronic acid content and is not broadly applicable to other synthetic and natural polymers275. 

Previous investigation by Babensee and colleagues on the role of TLR4 in biomaterial host responses showed 

that TLR4-deficient mice had altered profiles of adherent leukocytes on polyethylene terephthalate (PET) 

discs after 16 hours in an intraperitoneal implant model, compared to wild type mice198. However, there were 

no differences in thickness of the fibrous layer surrounding the PET discs at 14 days198, suggesting that the 

effect of TLR4 was isolated to the acute inflammatory response to biomaterial implants. Considering the 

present results, the limited effect of TLR4 on the progression of the FBR in vivo may reflect the minimal 

effect TLR4 inhibition had on NF-B/AP-1 activity on DAMP-adsorbed surfaces (compared to TLR2 

neutralization). A recent study by McNally and Anderson further implicated TLR2 in macrophage-biomaterial 
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interactions267. In this study, the expression of TLR2 in IL-4 stimulated human monocyte-derived 

macrophages and FBGC was modulated by material surface properties, whereas TLR4 and TLR5 were not 

expressed267. Collectively, this small body of research supports the hypothesis that TLRs, particularly TLR2 

and TLR4, play a significant role in biomaterial-induced inflammatory response to non-phagocytosable 

implants. While the present study was conducted using a mouse macrophage cell line, TLR signalling is 

highly conserved between mice and humans11-13, and it is anticipated these results will be relevant in the 

human macrophage response to biomaterial surfaces. However, the overall significance of TLR signalling in 

the acute and chronic phases of the FBR is still unclear and further research is needed.  

3.6 Conclusions 

In this work the effect of lysate-adsorbates on NF-B/AP-1 activation and pro-inflammatory cytokine 

expression of macrophages was examined. These results clearly demonstrated the ability of lysate-derived 

DAMPs to adsorb on TCPS, PMMA, PDMS and fPTFE surfaces and potently activate NF-κB/AP-1 

transcription factors in reporter macrophages, to a similar level seen with LPS and Pam3CSK4 stimulation. 

Additionally, exposure to lysate-adsorbed surfaces caused significant increase in secretion of the pro-

inflammatory cytokines IL-6 and TNF-α. Inhibition of TLR2 resulted in nearly complete attenuation of the 

lysate-dependent NF-B/AP-1 activity and cytokine expression, suggesting TLR2 may play an important role 

in macrophage-material interactions. Additionally, the results demonstrated that very small amounts of lysate 

can adsorb onto surfaces in the presence of serum proteins, and cause significant increases in NF-κB/AP-1 

activity down to 1% total protein on TCPS and PMMA and 10% total protein on PDMS and fPTFE, 

suggesting that DAMP adsorption on implant surfaces may play a significant role in initiating the acute 

inflammatory response in vivo. 
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Chapter 4 

TLR2 and MyD88-dependent signalling pathways modulate primary 

macrophage responses to damage-associated molecular patterns on model 

cannula surfaces 

4.1 Disclosure 

The experiments in this chapter were designed by me. Mouse housing and care were performed by 

Queen’s University Animal Care Staff, and breeding and weaning were performed by Laurel Ballantyne. 

Bone marrow-derived macrophage (BMDM) isolation, flow cytometry, experimental plating, supernatant 

collection, RNA isolation, cDNA synthesis, and qPCR assays were performed by me. The MilliPlex assays of 

BMDM supernatants were designed and tested by me and performed by Jenny Thiele (Ellis Lab, Queen’s 

University). Primer validation and protocol optimization for qPCR of BMDM RNA was performed by Laurel 

Ballantyne. All data analysis was performed by me using Microsoft Excel, CFX Maestro, and GraphPad 

Prism 8.4.3, except for the hierarchical clustering analysis which was performed by Caleb Yee using R. Some 

of the work in this chapter (reporter macrophages on adsorbed plasma and extending protein adsorption 

timepoints) is adapted from McKiel, L. A., Woodhouse, K. A., Fitzpatrick, L. E. A Macrophage Reporter Cell 

Assay to Examine Toll-Like Receptor-Mediated NF-kB/AP-1 Signaling on Adsorbed Protein Layers on 

Polymeric Surfaces. J. Vis. Exp. (155), e60317, doi:10.3791/60317 (2020)212.  

4.2 Introduction 

The immune response to biomaterial implants, known as the foreign body response (FBR), is a 

significant challenge in the biomedical engineering field2. FBR is a chronic inflammatory reaction to an 

implanted material and results in a fibrous layer encapsulating the material, which prevents the implant from 

interacting with the surrounding tissue2. In many cases, such as some drug delivery devices, the fibrotic 

capsule prevents the implant from performing its intended function, resulting in implant failure2. FBR is 

initiated by material implantation (i.e. tissue damage) and shortly followed by protein adsorption, resulting in 
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a layer of molecules from the implant environment (e.g. blood proteins, tissue damage products) on the 

surface of the implant2. Neutrophils and macrophages, two types of white blood cells, will migrate to the 

implant site and interact with the implant and its adsorbed protein layer2. Macrophages have been shown to be 

key players in FBR; they are present at the implant site as early as 24 hours and remain for the lifetime of the 

implant, and have been shown to orchestrate further leukocyte recruitment and downstream tissue remodeling 

events30. Many in vitro models of macrophage responses to biomaterial surfaces have studied adsorbed blood 

proteins80-86, however, my previous work has demonstrated that tissue damage products, known as damage-

associated molecular patterns (DAMPs), are able to adsorb to polymeric surfaces in the presence of blood 

proteins and induce pro-inflammatory cytokine secretion in macrophages37. Furthermore, this pro-

inflammatory response was shown to largely occur through Toll-like receptor (TLR) signalling (specifically 

TLR2), an innate immune signalling pathway used by many cells including macrophages37. This identified 

TLR2 and its downstream adapter molecule MyD88 (which is downstream of all surface TLRs) as potential 

targets to alter the extent of FBR. 

Approximately 30 - 40% of patients with type I diabetes (T1D) in the United States of America use 

pump and sensor technology (e.g. continuous subcutaneous insulin infusion (CSII) systems) to deliver insulin 

and manage blood glucose levels276. Traditional methods of blood glucose management involve bolus 

injections of long acting insulin, which can cause significant variations in blood glucose levels throughout the 

day, potentially leading to undesirable effects like headache, fatigue, weakness, and in extreme cases 

ketoacidosis and diabetic coma13,57. CSII delivers a constant amount of short-acting insulin throughout the 

day, with increases in insulin around mealtimes, reducing the variability of blood glucose levels59-61. However, 

there are many challenges with using CSII10. CSII uses an insulin infusion set (IIS) with a 

polytetrafluorethylene (PTFE) or stainless steel cannula that is inserted into the subcutaneous fat for a 

recommended wear time of 2 - 3 days10. Beyond the recommended wear time, and sometimes even within the 

wear period, insulin delivery can become inconsistent, leading to potentially dangerous side effects9,10,65.  

Many studies have shown that the challenges with inconsistent insulin delivery using CSII are due, in 

part, to the acute inflammatory response at the IIS cannula11-13. I propose that the persistent presence of the IIS 
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cannula initiates the early phases of FBR, and the resulting tissue inflammation interferes with insulin 

delivery. My previous work has shown TLRs as a promising target for modulating macrophage responses to 

tissue damage and biomaterial surfaces37. Therefore, the hypothesis for this work was that MyD88-dependent 

signalling pathways modulate primary murine macrophage responses to DAMPs adsorbed on model PTFE 

surfaces. In this work, I used genomic and proteomic techniques to characterize the responses of primary bone 

marrow-derived macrophages (BMDMs) from wildtype (WT), TLR2-knockout (TLR2-/-), and MyD88-

knockout (MyD88-/-) mice to model PTFE surfaces with adsorbed DAMPs and plasma proteins. The results 

demonstrate the significant influence of both TLR2- and MyD88-dependent signalling on macrophage 

responses to adsorbed DAMPs, and highlight these signalling pathways as promising targets to modulate the 

acute inflammatory response to PTFE cannulas. 

4.3 Methods 

4.3.1 Reporter macrophages 

4.3.1.1 Cell culture 

Reporter macrophages (RAW-Blue™, Invivogen, San Diego, CA) were used to investigate NF-κB-

dependent responses to a variety of adsorbed protein layers on TCPS. These cells are virally transfected RAW 

264.7 murine macrophages that stably express secreted embryonic alkaline phosphatase (SEAP) upon 

activation of NF-κB/AP-1 transcription factors. Reporter macrophages were cultured according to 

manufacturer's instructions in Dulbecco’s Modified Eagle’s Medium (DMEM; Sigma Aldrich, St. Louis, MO) 

containing 10% fetal bovine serum (FBS; Wisent, St. Bruno, QC), 5 μg/mL Plasmocin (Invivogen) and 200 

μg/mL Zeocin (Invivogen), and passaged at 70% confluence. 

4.3.1.2 NF-κB-dependent SEAP reporter assay 

The NF-κB/AP-1 activity in reporter macrophages was measured indirectly as secreted embryonic 

alkaline phosphatase (SEAP) activity using a colorimetric enzymatic assay for alkaline phosphatase activity 

(QUANTI-Blue™, Invivogen), per the manufacturer’s instructions. Absorbance was measured at 635 nm 

using a PerkinElmer Enspire plate reader.  
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4.3.1.3 Protein adsorption assays 

Tissue culture polystyrene (TCPS, 48 well plates; Corning, Corning, NY) surfaces were adsorbed 

with lysate (125 µg/cm2), 10% FBS (~ 1,600 µg/cm2; Wisent, St Bruno, Quebec), or 10% plasma (~ 3,100 

µg/cm2; C57BL/6J Mouse Complement Plasma K2 EDTA, InnovativeResearch, Novi, MI) for 30 minutes, 60 

minutes, or 24 hours at 37 oC. The 10% FBS condition was used to mimic standard cell culture conditions, 

and the 10% plasma condition was used to model blood proteins that are present in vivo. Surfaces were 

washed three times with PBS (5 minutes per wash) to remove any unbound proteins. Reporter macrophages 

were seeded at 1.9 x 105 cells/cm2 in test medium (containing 10% heat inactivated FBS, HI-FBS, instead of 

10% FBS) and incubated for 20 hours at 37 oC and 5% CO2
37. Heat inactivated serum (56 oC for 30 minutes) 

must be used in the assay media to eliminate false positive results due to the activity of serum alkaline 

phosphatases in the NF-κB-dependent SEAP reporter assay, per the manufacturer’s directions 

After 20 hours, supernatant samples were collected and used in an NF-κB/AP-1 reporter assay. 

Reporter macrophages cultured for 20 hours on TCPS (without pre-adsorbed proteins) in test media 

supplemented with 150 ng/mL Pam3CSK4 (TLR2 ligand, synthetic triacylated lipopeptide; Invivogen) were 

used as positive controls for TLR-dependent NF-κB/AP-1 activity, while untreated cells cultured in test media 

on adsorbed 10% FBS or adsorbed 10% plasma were used as the negative control. 

4.3.1.4 MyD88 inhibitor assay 

A MyD88 inhibitor (T6167923, Enamine, Monmouth Jct., NJ), previously developed and tested by 

another research group277, was used to block MyD88-dependent signalling in reporter macrophages. The 

T6167923 inhibitor was dissolved in dimethyl sulfoxide (DMSO) at 100 mM and aliquoted and stored at -20 

oC for future use.  

Reporter macrophages were cultured on TCPS in assay media (10% HI-FBS) with the following 

DMSO concentrations: 0%, 0.1%, 0.5%, 1%, 5%, to determine a MyD88 inhibitor concentration that would 

not influence cell metabolism (n = 6 wells per condition). Media containing 10% HI-FBS, and PBS were also 

plated as assay controls (no cells). The viability and metabolic activity of the cells after 20 hours were 

analyzed using the alamarBlue® cell viability assay (Thermo Scientific, Waltham, MA), per the 
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manufacturer’s instructions. Once the cells had been cultured with DMSO for 20 hours, 22.2 µL of 

alamarBlue reagent was added to each well. The well plate was incubated at 37 oC and checked every 30 

minutes until a significant colour change was observed (approximately 90 minutes). Samples were transferred 

to a 96 well plate and plated in duplicate. Absorbance was measured at 570 nm and 600 nm using a 

PerkinElmer Enspire plate reader. 

Reporter macrophages were cultured to 70% confluence, detached using TryplE (Gibco, 

Gaithersburg, MD) and exposed to T6167923 (ranging from 50 - 600 μM, 0.1% DMSO per well) for 60 

minutes prior to seeding on typical assay conditions (i.e. adsorbed 10% FBS and adsorbed lysate) on TCPS. 

TLR ligands Pam3CSK4 (synthetic triacylated peptide, TLR2; 150 ng/mL) and LPS (TLR4; 150 ng/mL and 

1.5 μg/mL) were used as positive controls, and Poly (I:C) (TLR3; 10 μg/mL) was used as a MyD88-

independent control.  

4.3.1.5 Flow cytometry 

Two different antibody panels were used to assess reporter macrophage and BMDM behaviour (Table 

4.1). Panel 1 confirmed macrophage lineage (F4/80, CD11b)278 and determined surface TLR expression 

(TLR2, TLR4). Panel 2 analyzed macrophage polarization (M1: iNOS, CCR7; M2: CD163, CD206)279,280. 

This panel was initially tested on reporter macrophages to optimize the staining protocol (antibody titration) 

and experimental workflow before working with BMDMs. Reporter macrophages were also used to create a 

compensation matrix using unstained, single stained, and fluorescence-minus-one stained cells (i.e. all stains 

but one of interest), to account for cellular autofluorescence and interactions between the antibodies. 
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Table 4.1 Antibody concentrations used for flow cytometry staining of reporter macrophages and 

BMDMs. 

Name Fluorophore Panel Concentration Supplier Cat # 

Zombie NIR APC-A750 

780/60, red 

laser 

1 & 2 1:200 Biolegend 423105 

F4/80 APC 660/20, 

red laser 

1 500 ng/mL Biolegend 123115 

CD11b PB450 450/45, 

violet laser 

1 1.25 µg/mL Biolegend 101235 

TLR2 FITC 525/40 

blue laser 

1 2 ug/mL Biolegend 121805 

TLR4 PE 585/42 

blue laser 

1 1.25 µg/mL Biolegend 117605 

iNOS FITC 525/40 

blue laser 

2 120 ng/mL ThermoFisher 53-5920-80 

CCR7 PE 585/42 

blue laser 

2 2 µg/mL Biolegend 120105 

CD163* APC 660/20 

red laser 

2 10 µL Abcam ab134416 

CD206* PB450 450/45 

violet laser 

2 2.5 µL Biolegend 141717 

* Intracellular stain 

 

Reporter macrophages were cultured in 24 well plates under the NF-κB-dependent SEAP reporter 

assay conditions (adsorbed 10% FBS, adsorbed lysate, Pam3CSK4, LPS) and detached by incubation in 10 

mM EDTA at 37 oC for 10 minutes followed by forceful pipetting. Cells were washed with PBS and incubated 

in 10 μg/mL anti-mouse CD16/32 (TruStain fcX™, Biolegend, San Diego, CA) on ice for 10 minutes. The 

anti-mouse CD16/32 solution was removed, followed by incubation in antibodies of interest on ice protected 

from light for 20 minutes. The staining volume used was 50 μL for 1 x 106 cells. Cells were washed three 

times with staining buffer (5% FBS), and then fixed in 100 μL Fixation Buffer (Biolegend) for 10 minutes. 

For intracellular staining, cells were then washed twice with Intracellular Staining Buffer (Biolegend), 

followed by incubation in antibodies of interest for 20 minutes  protected from light and at room temperature. 
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After staining, cells were washed with buffer (cell staining buffer for surface staining or intracellular staining 

buffer for intracellular staining) and then resuspended in PBS. Flow cytometry was performed using a 

Beckman Coulter Cytoflex machine with a single tube loader, after ensuring the machine passed Quality 

Control tests. A cell viability stain (Zombie NIR®, Biolegend) was performed on all samples, and dead cells 

and debris were gated out prior to analysis. Unstained cells were run to confirm successful staining. 

4.3.2 Pilot bone marrow-derived macrophage experiments 

4.3.2.1 Fluorinated polytetrafluoroethylene coating 

Fluorinated polytetrafluoroethylene (fPTFE, Teflon-AF® 1600, Sigma Aldrich) was dissolved in 

fluorinated solvent (FC-40, SigmaAldrich) at 1 mg/mL and coated onto 6 well polystyrene plates, using the 

protocol originally developed by the Grainger group229. Well plates were placed in a vacuum oven (50 cmHg, 

40 oC) for 48 hours to remove solvent. Wells were then cleaned with 70% ethanol (by volume) for one hour, 

followed by 30 minutes of UV sterilization. Endotoxin-free water washes were performed on the wells for 1 

hour (three times), 12 hours, and 24 hours prior to use to remove any remaining solvent. All batches of 

fPTFE-coated wells were tested for endotoxin (n = 3/batch, plated in duplicate) with a LAL Pyrochrome kit 

(CapeCod and Associates, East Falmouth, MA), and endotoxin levels were consistently below 0.05 EU/mL. 

4.3.2.2 Power analysis 

A power analysis was performed using GPower3.1 with an ANOVA: fixed effects, omnibus, one-way 

test a priori. Since there was no quantitative pilot data available for the bone marrow-derived macrophage 

(BMDM) work, an effect size of 0.9 (based on published data for tube shaped subcutaneous implants281,282) 

was used. For this effect size, 80% power, two-tailed α = 0.05 and 9 groups (one material: fPTFE; three 

mouse strains: WT, TLR2-/-, MyD88-/-; three conditions: 10% plasma, 10% lysate in plasma, Pam3CSK4) the 

sample size is n = 4 per group (i.e. 4 separate bone marrow isolations and downstream assays).  
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4.3.2.3 Bone marrow isolation and assay conditions 

All animal work was approved by the Queen’s University UACC (AUP 2018-1849). Tissue harvest 

and bone marrow isolations were performed on wildtype (C57BL/6J, WT, stock# 000664), TLR2-/- (stock# 

004650283), and MyD88-/- (stock# 009088284) mice (Jackson Laboratories, Bar Harbour, ME) in the Queen’s 

University Animal Care Facility. All mice were ordered from Jackson Laboratories (WT: 10 mice, 8 for bone 

marrow isolations and 2 for attrition; TLR2-/- and MyD88-/-: 6 mice each, 4 for bone marrow isolations and 2 

for attrition), and were housed for one week prior to procedures. The hind legs were removed and cleaned of 

tissue, bone marrow was flushed from the femur and tibia with sterile PBS, and red blood cells were lysed 

with ammonium chloride. The remaining bone marrow cells were incubated in RPMI media containing 20% 

L929 supernatant (contains M-CSF), 10% FBS, and 50 µg/mL gentamicin (conditioning media) and allowed 

to differentiate for 7 days into macrophages (bone marrow-derived macrophages, BMDMs). For each isolation 

(resulting in one experiment), two WT mice, one TLR2-/- mouse, and one MyD88-/- mouse were used (legs 

from each mouse genotype were kept in separate tubes). Pilot experiments found that these were the numbers 

of mice needed for each genotype to obtain enough BMDMs for the final assay. Media was partially changed 

on days 3 and 5 by adding half fresh conditioning media and half old media (centrifuged at 1000 x g, 10 

minutes to remove any debris), and cells were used on day 10 for all experiments.  

BMDMs were detached with 10 mM EDTA (37 oC, 10 minutes) and plated on fPTFE-coated 24 well 

plates with adsorbed plasma, adsorbed lysate, or Pam3CSK4 (TLR2 positive control, 150 ng/mL) and cultured 

for 24 hours. Protein adsorptions (10% plasma, lysate) were performed for 60 minutes, followed by three 5 

minute washes with PBS to remove any unbound proteins. Supernatants were collected from the wells, 

centrifuged to remove debris (1000 x g, 10 minutes), and stored at -80 oC for future use in ELISAs and bead-

based cytokine assays. Half of the wells for each condition were lysed and used in RNA isolation for qPCR, 

and the other half were detached with 10 mM EDTA and stained for flow cytometry.  
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4.3.2.4 Flow cytometry 

The previously described antibody panels were used to assess BMDM responses (Table 4.1). The 

antibody concentrations were first tested with BMDMs to confirm they worked with this cell type. A 

compensation matrix was also created with the BMDMs using unstained, single stained, and fluorescence-

minus-one stained cells to account for cellular autofluorescence and interactions between the antibodies. 

 After BMDM differentiation and detachment, approximately 2 x 106 cells were reserved for Panel 1 

staining (split into 2 tubes) to assess the baseline expression of macrophage markers and surface TLRs prior to 

exposure to the assay conditions. Following the 24 hour culture period, Panel 2 staining was performed. 

BMDM staining was performed following the protocol described in 4.3.3.2. A cell viability stain (Zombie 

NIR®, Biolegend) was performed on all samples, and dead cells and debris were gated out prior to analysis. 

Unstained cells were run to confirm successful staining. 

4.3.2.5 Enzyme-linked immunosorbent assay 

The supernatants of WT BMDMs cultured on fPTFE for 24 hours (as described in 4.3.2.3) were 

analyzed for IL-6 and TNF-α production using ELISA kits (LEGEND MAX™, BioLegend). Samples were 

run undiluted in duplicate according to the manufacturer’s directions. Absorbance was measured at 450 nm 

and 570 nm using an Enspire plate reader (PerkinElmer, Waltham, MA). 

4.3.3 Final bone marrow-derived macrophage experiments 

4.3.3.1 Bone marrow isolation and assay conditions 

All animal work was approved by the Queen’s University UACC (AUP 2018-1849). Tissue harvest 

and bone marrow isolations were performed on WT, TLR2-/-, and MyD88-/- mice that were bred and raised 

under sterile conditions in the Queen’s Animal Care Facility. An equal number of male and female mice were 

used for each bone marrow isolation to account for differences in TLR expression of murine macrophages 

between sexes285. The hind legs were removed and cleaned of tissue, bone marrow was flushed from the 

femur and tibia with sterile PBS, and red blood cells with lysed with ammonium chloride. The remaining bone 

marrow cells were incubated in RPMI media containing 20% L929 supernatant (contains M-CSF), 10% FBS, 
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and 50 µg/mL gentamicin (conditioning media) and allowed to differentiate for at least 7 days into BMDMs. 

Media was partially changed on day 3 by adding half fresh conditioning media and half old media 

(centrifuged at 1000 x g, 10 minutes to remove any debris) and fully changed on day 5, and cells were used on 

day 7 to 10 for all experiments. Each isolation pooled bone marrow from multiple mice (WT: 8 mice, TLR2-/- 

& MyD88-/-: 6 mice; equal numbers of males and females), which was determined to yield a sufficient number 

of cells for downstream experiments after 7 days in pilot studies. 

fPTFE-coated 6 well plates were adsorbed with 10% lysate in plasma (based on total protein, lysate 

concentration was approximately 350 µg/cm2), 10% plasma, or assay media (RPMI 1640 with 10% FBS) for 

60 minutes. Assay media was incubated in the Pam3CSK4 wells, which would otherwise have no pre-

adsorbed protein, to provide surface wetting and surface pre-conditioning to facilitate BMDM adhesion265. 

Following protein adsorption, surfaces were washed with PBS (three times, 5 minutes). BMDMs were washed 

with PBS (Gibco) and detached by incubation in TryPlE (Gibco) at 37 oC for 10 minutes followed by forceful 

pipetting. Cells were counted, resuspended in assay media, and plated (concentration = 7.2 x 105 cells/cm2). 

Pam3CSK4 (1 µg/mL) was a positive control for TLR2 signalling. Cells were cultured under the above 

conditions for 24 hours before supernatant collection and RNA isolation for downstream analysis. 

4.3.3.2 Flow cytometry 

After the differentiation period, BMDMs were confirmed to be viable (Zombie NIR®, Biolegend) and 

to express macrophage markers (F4/80, CD11b; Biolegend) using flow cytometry (Table 4.1)278. Cells were 

washed with PBS (Gibco) and detached by incubation in TryPlE (Gibco) at 37 oC for 10 minutes followed by 

forceful pipetting. Cells were washed with PBS and incubated in 10 µg/mL anti-mouse CD16/32 (TruStain 

fcX™; Biolegend) on ice for 10 minutes, followed by incubation in antibodies of interest on ice protected 

from light for 20 minutes. The staining volume used was 50 μL for approximately 1 x 106 cells. Cells were 

washed three times with staining buffer (5% FBS), and then resuspended in PBS. Flow cytometry was 

performed using a Beckman Coulter Cytoflex machine with a single tube loader, after ensuring the machine 

passed Quality Control tests. Dead cells and cellular debris were gated out using a cell viability dye (Zombie 

NIR®, Biolegend), and an unstained control was used to confirm successful cell staining. 
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4.3.3.3 RNA isolation 

RNA was collected from BMDMs after 24 hours on fPTFE under conditions of interest using the 

RNeasy® mini kit (Qiagen, Hilden, Germany) according to manufacturer directions. Lysis buffer (600 µL) 

was added to each well, cells were detached using a cell scraper, and lysate was pushed through a 26 gauge 

diabetic syringe (Becton Dickinson, Franklin Lakes, NJ) followed by centrifugation in homogenizer columns 

(Qiashredder®, Qiagen) to homogenize the solution. Genomic DNA was removed by centrifuging the lysate 

through a genomic DNA binding column. RNA was eluted in 30 µL of TE buffer and stored at -80 oC for 

future use. RNA concentrations and quality were measured using a NanoDrop One Spectrophotometer 

(Thermo Fisher Scientific, Waltham, MA), and all RNA samples were deemed to be high quality (A260/A280 

≥ 1.8, A260/A230 ≥ 2.0).  

RNA quality was confirmed via non-denaturing agarose gel electrophoresis, by ensuring a 28S/18S 

intensity ratio of 2 or higher and no visible smear below the 18S band. RNA samples were run on a 1.2% 

agarose gel containing SYBR Safe dye (Invivogen) in TBE buffer (Invitrogen, Carlsbad, CA). RNA samples 

and RiboRuler High Range RNA ladder (Thermo Scientific) were mixed with 2X RNA loading dye, boiled at 

70 oC for 10 minutes, then cooled on ice for 3 minutes. 1.5 μg of each RNA sample was loaded into the gel, 

and then the gel was run at 110 V for 1 hour in a 4 oC room, before being imaged using a ChemiDoc imaging 

system (BioRad, Hercules, CA). All samples had a 28S/18S intensity ratio of 2 or higher. 

4.3.3.4 cDNA synthesis 

RNA was transcribed into cDNA using the iScript™ Reverse Transcription Supermix (BioRad), using 

1 µg of RNA in each 20 μL reaction, according to manufacturer instructions. No reverse transcriptase (NRT) 

controls were made with RNA from WT BMDMs from each experimental condition (10% plasma, 10% lysate 

in plasma, Pam3CSK4) to confirm there was no genomic DNA contamination after the RNA isolation 

procedure. 

4.3.3.5 qPCR primer design 

The genes used for qPCR experiments are outlined in Tables 4.2 and 4.3. Primers for Il10, Nos2, and Tnfα 

were purchased from BioRad (Il10: qMmuCED0044967, Nos2: qMmuCID0023087, Tnfα: 
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qMmuCEP0028054). The remaining primers were designed using PrimerBlast with the following criteria, 

when possible. 

• Product size: 100 - 225 base pairs (bp) 

• Primer length: close to 20 bp, difference between forward and reverse primers 2 bp or less 

• Melting temperature: 57 - 63 oC 

• GC%: 40 - 60 

• Self-complementarity and Self 3” complementarity: as low as possible, particularly for 3” 

• Location: preferably spanning introns or close to the 5” or 3” end of the mRNA sequence 

• Avoid repeats of G or C longer than 3 bases, A or T longer than 4 bases 

• Product specificity: primer pair should have only one target, or up to two if the gene has multiple 

variants 
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Table 4.2 Primer sequences used in qPCR. 

Gene Name Gene 

Abbrev 

GenBank 

Accession 

Number 

Forward Sequence 

(5’-3’) 

Reverse 

Sequence (5’-3’) 

Arginase 1 Arg1 NM_007482.3 GTACATTGGCTT

GCGAGACG 

ATCGGCCTTTT

CTTCCTTCCC 

Interleukin 1 beta Il1β NM_008361.4 TGCCACCTTTTGA

CAGTGATG 

ATGTGCTGCTG

CGAGATTTG 

Interleukin 6 Il6 NM_031168 TAGTCCTTCCTAC

CCCAATTTCC 

TTGGTCCTTAG

CCACTCCTTC 

Myeloid differentiation 

primary-response gene 88 

MyD88 NM_010851.3 GAGGATATACTG

AAGGAGCTGAAG

TC 

CCTGGTTCTGC

TGCTTACCT 

* Ribosomal protein L13a *Rpl13a NM_009438.5 ATCCCTCCACCCT

ATGACAA 

GCCCCAGGTA

AGCAAACTT 

* Ribosomal protein lateral 

stalk subunit P 

*Rplp0 NM_007475.5  GGGCATCACCAC

GAAAATCTC 

CTGCCGTTGTC

AAACACCT 

Transforming growth factor 

beta 1 

Tgfβ1 NM_011577.2 AGCTGCGCTTGC

AGAGATTA 

AGCCCTGTATT

CCGTCTCCT 

Toll-like receptor 2 Tlr2 NM_011905.3 GGTGCGGACTGT

TTCCTTCT 

GAGATTTGAC

GCTTTGTCTGA

GG 

Toll-like receptor 4 Tlr4 NM_021297.3 TCCACTGGTTGC

AGAAAATGC 

TTAGGAACTA

CCTCTATGCAG

GG 

* Reference gene 

 

4.3.3.6 qPCR primer validation 

Standard dilution curves ranging from 0.16 - 20 ng cDNA were performed with all primers to 

determine the optimal cDNA concentration and ensure a linear working range. All primers that were used had 

an efficiency ranging from 90 - 110%. A melt curve optimization experiment was performed for each gene 

with annealing temperatures ranging from 54 - 64 oC. Annealing temperatures of 58 - 60 oC were found to be 

optimal for all primers, and 60 oC was chosen for the qPCR protocol. The efficiencies of each primer when 

run at an annealing temperature of 60 oC are given in Table 4.3. 

 

https://www.ncbi.nlm.nih.gov/nucleotide/158966684?report=gbwithparts
https://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=921274059
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=nucleotide&doptcmdl=genbank&term=NM_031168
https://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=1405457314
https://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=334688867
https://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=254939638
https://www.ncbi.nlm.nih.gov/nucleotide/930697458?report=gbwithparts
https://www.ncbi.nlm.nih.gov/nucleotide/158749637?report=gbwithparts
https://www.ncbi.nlm.nih.gov/nucleotide/927442692?report=gbwithparts
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Table 4.3 Efficiency values for each qPCR primer (annealing temperature = 60 oC). 

Gene Efficiency E 

Arg1 101.7 2.017 

Il1β 96.8 1.968 

Il6 109.5 2.095 

Il10 98.6 1.986 

Myd88 100 2.000 

Nos2 91.7 1.917 

Rpl13a 101.1 2.011 

Rplp0 100.9 2.009 

Tgfβ 98.3 1.983 

Tlr2 99.6 1.996 

Tlr4 100.9 2.009 

Tnfα 95.8 1.958 

 

4.3.3.7 qPCR reference gene selection 

A reference gene plate containing 30 different reference genes (BioRad) was run using 10 ng cDNA 

from WT and MyD88-/- BMDMs cultured on fPTFE with adsorbed 10% lysate in plasma or 10% plasma for 

24 hours. This assay determined the reference genes that worked best with the BMDM cDNA were Ldha, 

Ppia, Rpl13a, Rplp0, Rps17. Primers for these genes were designed and validated in the lab (described in 

4.3.3.6), and it was determined using GeNorm (qbase+ software, Biogazelle, Gent, Belgium) that the most 

stable reference genes (i.e. lowest M value) for the BMDM experiments were Rplp0 and Rpl13a. 

4.3.3.8 qPCR assay 

qPCR was performed using SsoAdvanced Universal SYBR Green Supermix (BioRad), according to 

manufacturer instructions (Table 4.4). qPCR was run in 10 μL reactions in a 384 well plate, with 300 nM 

primers and 10 ng cDNA at 60 oC, with three biological replicates and conditions plated in quadruplicate. The 

plate was run in a BioRad CFX384 system, and relative gene expression was compared to 2 reference genes 

(Rplp0, Rpl13). A plate of NRT controls was run to confirm there was no genomic DNA contamination in the 

RNA samples, and no amplification occurred in any NRT wells. No template controls (NTCs) were included 
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in all assays (n = 3), and melt curves were checked after every experiment to ensure no primer-dimers were 

formed. 

 

Table 4.4 Thermal cycling protocol used for qPCR. 

Step Name Temperature Duration Number of Cycles 

Polymerase activation 95 oC 30 seconds - 

Denaturation 95 oC 10 seconds 40 

(denaturation + 

annealing) 

Annealing/extension 

Plate read 

60 oC 30 seconds 

Melt curve 65 - 95 oC 

0.5 oC increments 

5 seconds/step - 

 

Data analysis of qPCR experiments was performed using a method described by Vandesompele et 

al286-288, which calculates the relative gene expression of each sample using the Ct values, and accounts for the 

use of two reference genes. A very helpful breakdown of the data analysis process has been published by 

Taylor and colleagues288. Each biological replicate (n = 3, per experiment) was treated separately289, and the 

geometric mean of the relative gene expression was reported for each experiment (N = 4). 

4.3.3.9 Multiplexed bead-based cytokine assay 

The supernatant of BMDMs cultured on fPTFE-coated 6 well plates for 24 hours under the conditions 

of interest was collected, centrifuged at 1000 x g for 10 minutes to remove cellular debris, and stored at -80 oC 

for future analysis. Production of a variety of chemokines and cytokines by BMDMs was assessed using a 

Luminex assay (MilliPlex Magnetic 9-plex custom kit; MilliporeSigma, Burlington, MA), according to 

manufacturer directions. Samples were run undiluted in duplicate to assess the production of interleukin-1β 

(IL-1β), IL-6, IL-10, tumour necrosis factor-α (TNF-α), CXCL1 (keratinocyte chemoattractant, KC), CCL2 

(monocyte chemotactic protein 1, MCP-1), CCL3 (macrophage inflammatory protein-1α, MIP-1 α), CCL5 

(regulated upon activation, normal T cell expressed and secreted; RANTES), and vascular endothelial growth 

factor-A (VEGF-A) by BMDMs. Samples were plated across three 96 well plates, ensuring that samples from 

all conditions were present on each plate. On one plate the RANTES and VEGF-A samples did not pass the 
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internal quality control, therefore, these points were excluded in the data analysis. Data was processed to 

obtain standard curves and cytokine concentrations using the BioPlex system (Ellis lab, Queen’s University; 

BioRad), organized in Microsoft Excel (Microsoft Corporation, Albuquerque, NM), and plotted in 

GraphPadPrism 8.4.3 (GraphPad Software). Statistical analysis was performed using ANOVA and Tukey 

post-hoc tests to determine significant differences between conditions. 

4.3.3.10 Statistics - qPCR 

mRNA expression of pro-inflammatory (Il1β, Il6, Nos2), anti-inflammatory (Il10, Arg1, Tgfβ), and 

TLR signalling (Tlr2, Tlr4, Myd88) genes by BMDMs cultured on fPTFE for 24 hours was studied using 

qPCR (CFX384, BioRad) following the MIQE guidelines. Four separate bone marrow isolations and 

downstream assays were performed for each genotype, and each condition (10% plasma, 10% lysate in 

plasma, Pam3CSK4) had three biological replicates (which were plated in triplicate for the qPCR 

experiments). Individual samples whose triplicates (technical replicates) had a standard deviation greater than 

0.5 or had no Ct value were removed prior to analysis. Data analysis was performed in Microsoft Excel 

(Microsoft Corporation) using the method described by Vandesompele et al286-288, which calculates the relative 

gene expression of each sample using the Ct values, and accounts for the use of two reference genes (Rplp0 

and Rpl13a for this work). Each biological replicate (n = 3, per experiment) was treated separately289, and the 

geometric mean of the relative gene expression was reported for each experiment (N = 4). Results were 

normalized to the 10% plasma condition (negative control) for each genotype. Data points that were outside 

the lower and upper bounds of the interquartile range were considered outliers and excluded. All included data 

was analyzed in GraphPad Prism 8.4.3 (GraphPad Software, San Diego, CA) and tested for normality using a 

Shapiro-Wilk test. If data had a normal distribution, a one-way analysis of variance (ANOVA) was performed 

followed by a Dunnett’s post-hoc test to determine if differences between conditions for each genotype were 

statistically significant (i.e. for TLR2-/-: 10% plasma vs 10% lysate in plasma, 10% plasma vs Pam3CSK4). If 

data did not pass the Shapiro-Wilk test for normality, statistical analysis was performed using a non-

parametric Kruskal-Wallis test followed by a Dunn’s multiple comparison post-hoc test to determine 

statistically significant differences between conditions. According to the power analysis, p < 0.05 was 
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considered a statistically significant difference. Data was plotted on a log(2) y-axis to highlight when a gene 

was downregulated, since a linear axis emphasizes upregulated genes (ranging from 1 - ∞) and 

downregulation can be masked (ranging from 0 - 1). Dashed lines were included to draw attention to genes 

that vary by more than double the negative control (i.e. upregulated: 2, downregulated: 0.5). Results are 

displayed as mean ± standard deviation (SD), with individual points for each experiment shown. 

4.3.3.11 Statistics - Bead-based cytokine assay 

The production of pro-inflammatory (IL-1β, IL-6, MCP-1, MIP-1α, RANTES, TNF-α), anti-

inflammatory (IL-10), and angiogenic (KC, VEGF-A) factors by BMDMs cultured on fPTFE for 24 hours 

was assessed using a multiplexed bead-based cytokine assay (MilliPlex®, MilliporeSigma). Four separate 

bone marrow isolations and downstream assays were performed for each genotype, and each condition (10% 

plasma, 10% lysate in plasma, Pam3CSK4) had three biological replicates (n = 3, which were plated in 

duplicate for the assay). The mean result of the biological replicates for each experiment was plotted in 

GraphPad Prism 8.4.3 (GraphPad Software), according to the power analysis which called for 4 groups per 

condition. Adsorbed 10% plasma (60 minutes) was the negative control, and Pam3CSK4 (TLR2 ligand, 1 

μg/mL) was the positive control. All data that was outside the range of the standard curve was excluded from 

analysis. Data points that were outside the lower and upper bounds of the interquartile range were considered 

outliers and excluded. All included data was tested for normality using a Shapiro-Wilk test. If data had a 

normal distribution (and most data sets did), a one-way analysis of variance (ANOVA) was performed 

followed by a Dunnett’s post-hoc test to determine if differences between genotypes for each condition were 

statistically significant (i.e. for 10% lysate in plasma: WT vs TLR2-/-, WT vs MyD88-/-). If data did not pass 

the Shapiro-Wilk test for normality, statistical analysis was performed using a non-parametric Kruskal-Wallis 

test followed by a Dunn’s multiple comparison post-hoc test to determine statistically significant differences 

between genotypes. According to the power analysis, p < 0.05 was considered a statistically significant 

difference. Conditions that had less than 3 data points were not statistically analyzed. Results are displayed as 

mean ± SD, with individual points for each experiment shown. 
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4.3.3.12 Statistics - Hierarchical clustering analysis 

Hierarchical clustering analysis was performed on qPCR data and bead-based cytokine assay data 

using R290 to highlight trends in BMDM responses to fPTFE. Data was normalized on a scale of zero to one (0 

- 1) to ensure that all results were equally weighted, since many values greatly varied (e.g. KC production 

ranged from ~ 20 - 3500 pg/mL, whereas IL-1β production ranged from ~ 4 - 180 pg/mL). An agglomerative 

hierarchical cluster analysis was performed (i.e. every group was treated as separate and the two most similar 

were clustered at each iteration) using the average linkage clustering method and the Euclidean distance 

method. The average linkage clustering method was used because it is not sensitive to outliers and is 

conservative in grouping clusters together based on proximity, and the Euclidean distance method was chosen 

because is commonly used in hierarchical clustering analysis and it does not require prior knowledge of 

distinct data groups291,292. 

4.4 Results 

4.4.1 MyD88 inhibition of RAW-Blues 

The use of a MyD88 inhibitor (T6167923, Enamine)277 was explored as a method to modulate 

MyD88-dependent TLR signalling in vitro to investigate the contribution of all MyD88-dependent TLR 

signalling pathways to macrophage responses to adsorbed DAMPs on polymeric surfaces. The chemical was 

dissolved in DMSO and exposed to reporter macrophages at various concentrations for 60 minutes prior to 

seeding on typical assay conditions (i.e. adsorbed 10% FBS and adsorbed lysate). TLR ligands Pam3CSK4 

(synthetic triacylated peptide, TLR2) and LPS (TLR4) were used as positive controls, and Poly (I:C) (TLR3) 

was used as a MyD88-independent control. The inhibitor was tested at various concentrations with reporter 

macrophages to create a dose curve, and the optimal concentration was determined to be 100 µM (Figure 

4.1a). An alamarBlue® assay was also performed to confirm that the final concentration of DMSO in the 

inhibitor solution (0.1% for 100 µM, 0.5% for 500 µM) did not significantly affect cell metabolism (Figure 

4.1b). An NF-κB/AP-1 activity assay was performed to investigate the effect of MyD88 inhibition on the NF-

κB/AP-1 activity of reporter macrophages in response to lysate-coated TCPS (Figure 4.1c). The results 

showed that the inhibitor was effective at reducing the NF-κB/AP-1 activity in response to lysate and MyD88-
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dependent TLR ligands (TLR2 = Pam3CSK4), however, it was not able to inhibit those responses down to the 

levels of the negative controls (media, 10% FBS), as was seen in previous work with TLR2 neutralizing 

antibodies and TLR4 small molecule inhibitor37. It is likely that the NF-κB/AP-1 response to LPS was reduced 

to a lesser extent than Pam3CSK4 because LPS can also signal through the TLR4 MyD88-independent 

pathway (late response, typically occurs after 1 - 2 hours)157. Additionally, the inhibitor was difficult to 

dissolve in the media at high concentrations, and cells cultured with 400 μM and 600 μM inhibitor had visible 

precipitate in the bottom of the wells. As a consequence of these results, a system using BMDMs from 

wildtype, TLR2-/-, and MyD88-/- mice was chosen to evaluate the role of TLRs in primary cell responses to 

adsorbed lysate on fPTFE. 

 

 

Figure 4.1 Preliminary work with a MyD88 inhibitor for use with reporter macrophages to make a dose 

curve (a), confirm there was no effect of DMSO solvent on cell metabolism (b), and examine the role of 

MyD88 in response to lysate (c). Data is from one experiment and shown as mean ± SD. n = 3 separate wells 

per condition, and each well was plated in duplicate for the enzymatic assay. Analyzed using one-way 

ANOVA and Tukey post-hoc test. * p < 0.05. 

 

4.4.2 Optimization of protein adsorption conditions 

An initial protein adsorption timepoint of 30 minutes was chosen for this work due to its common use 

in protein adsorption literature98,241,293-295. However, I also explored longer adsorption times (i.e. 60 minutes 
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and 24 hours, Figure 4.2) to better represent the adsorbed protein layer that macrophages would interact with 

in vivo, which is likely to occur 4 - 24 hours following implantation2. It has been postulated that the majority 

of protein adsorption and exchange occurs in the first 60 minutes of exposure to a surface213,296,297, therefore I 

chose a 60 minute adsorption period as a more relevant timepoint. 

 

 

Figure 4.2 NF-кB/AP-1 activity of reporter macrophages cultured on media (negative control), 30 

minute and 24 hour adsorbed protein layers, and Pam3CSK4 (positive control) on TCPS for 20 hours. 

Data (absorbance) is combined from 3 separate experiments and shown as mean ± SD. Each experiment used 

n = 3 separate wells per condition, and each well was plated in duplicate for the enzymatic assay. Analyzed 

using one-way ANOVA and Tukey post-hoc test. * p < 0.05. Adapted from McKiel, L. A., Woodhouse, K. 

A., Fitzpatrick, L. E. A Macrophage Reporter Cell Assay to Examine Toll-Like Receptor-Mediated NF-

kB/AP-1 Signaling on Adsorbed Protein Layers on Polymeric Surfaces. J. Vis. Exp. (155), e60317, 

doi:10.3791/60317 (2020)212. 

 

Preliminary experiments were performed with reporter macrophages and adsorbed mouse plasma to 

determine if the presence of other blood proteins that are absent in serum (i.e. fibrinogen) influence 

macrophage response to adsorbed lysate (Figure 4.3a). Exposure to adsorbed 10% plasma elicited similar NF-

κB/AP-1 activity in reporter macrophages as adsorbed 10% FBS. Additionally, a dilution series of lysate in 

plasma (based on total protein) confirmed the potency of the lysate solution in the presence of plasma proteins 

by maintaining significantly increased NF-κB/AP-1 activity down to 0.5% lysate in plasma on TCPS (Figure 

4.3b). 
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Figure 4.3 NF-кB/AP-1 activity of reporter macrophages cultured on adsorbed FBS or plasma (a) or 

adsorbed layers of dilutions of lysate in plasma (total protein = 280 µg/well) (b) on TCPS for 20 hours. 

Data (absorbance) is combined from at least 2 experiments and shown as mean ± SD. n = 3 separate wells per 

condition, and each well was plated in duplicate for the enzymatic assay. Analyzed using one-way ANOVA 

and Tukey post-hoc test. * p < 0.05. 

 

4.4.3 Flow cytometry practice panels on reporter macrophages 

Two different flow cytometry panels were designed for BMDMs to confirm that the cells express 

macrophage markers (F4/80 and CD11b)278 and examine TLR2 and TLR4 expression (Panel 1), and 

investigate M1 (NOS2 and CCR7)279 and M2 (CD206 and CD163)280 marker expression (Panel 2). Antibodies 

were previously titrated using BMDMs, and full panels were tested with reporter macrophages to practice 

experimental workflow before working with BMDMs. Panel 1 confirmed that cells express macrophage 

markers (F4/80 and CD11b positive) and showed that TLR2 and TLR4 expression was similar between all 

experimental conditions (Figure 4.4a). Panel 2 demonstrated that adsorbed lysate had a similar effect on M1 

and M2 marker expression in reporter macrophages as the positive controls Pam3CSK4 and LPS (Figure 

4.4b). 
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Figure 4.4 Histograms of flow cytometry practice panels. Flow cytometry panel on untreated reporter 

macrophages confirming macrophage lineage (F4/80, CD11b) and surface TLR expression (TLR2, TLR4) (a). 

Flow cytometry panel on reporter macrophages investigating M1 (NOS2, CCR7) and M2 (CD163, CD206) 

marker expression following exposure to adsorbed lysate and serum proteins (b). Data is representative of 

results from 2 separate experiments. The grey curve represents the unstained control. 

 

4.4.4 Pilot bone marrow-derived macrophage flow cytometry 

BMDMs were detached with 10 mM EDTA and plated on fPTFE-coated 24 well plates with adsorbed 

plasma (60 minutes), adsorbed lysate (60 minutes), or Pam3CSK4 (TLR2 positive control, 150 ng/mL) and 

cultured for 24 hours. Supernatant was collected from the wells, centrifuged to remove debris, and stored at -

80 oC for future use in ELISAs and bead-based cytokine and chemokine assays. Half of the wells for each 

condition were lysed and used in RNA isolation for qPCR, and the other half were detached with EDTA and 

stained for flow cytometry.  

The naïve BMDMs did not express detectable levels of surface TLRs, and consequently did not have 

a detectable increase in M1 or M2 marker expression to any of the conditions, including the positive control 

(Figure 4.5). However, when BMDM supernatants were analyzed using ELISA it was confirmed that BMDMs 

were activated by TLR ligands and had significantly increased pro-inflammatory cytokine production in 

response to TLR ligands (lysate, Pam3CSK4) compared to 10% plasma (Figure 4.6). Since no difference in 
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BMDM response was observed used flow cytometry, qPCR and bead-based cytokine assays were chosen to 

assess BMDM responses to adsorbed lysate on fPTFE. 
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Figure 4.5 Flow cytometry results of macrophage marker and surface TLR expression of differentiated 

untreated BMDMs prior to the assay (a-c) and M1 and M2 marker expression of BMDMs on fPTFE 

with adsorbed protein layers or positive control (Pam3CSK4) for 24 hours (d-f). Data is representative of 

results from at least 2 separate experiments. The black curve represents the unstained control. 
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Figure 4.6 Concentrations of pro-inflammatory cytokines produced by wildtype BMDMs cultured on 

fPTFE with adsorbed protein layers (10% plasma, 10% lysate in plasma, lysate) or positive control 

(Pam3CSK4) for 24 hours. Data is from one experiment and shown as mean ± SD. Samples were run 

undiluted from two experiments, with technical replicates plated in duplicate (n = 2 per condition). * p < 0.05, 

compared to 10% plasma; ^ above maximum standard curve concentration (IL-6: 500 pg/mL, TNF-α: 1000 

pg/mL). 

 

4.4.5 Gene expression of BMDMs on fPTFE 

mRNA expression of pro-inflammatory (Il1β, Il6, Nos2, Tnfα), anti-inflammatory (Il10, Arg1, Tgfβ), 

and TLR signalling (Tlr2, Tlr4, Myd88) genes by BMDMs cultured on fPTFE for 24 hours was studied using 

qPCR (CFX384, BioRad) following the MIQE guidelines. The majority of the data was normally distributed 

(see Table 4.5 for the conditions that did not pass the Shapiro-Wilk test for normality). Data was plotted on a 

log(2) y-axis to highlight when a gene is downregulated, since a linear axis emphasizes upregulated genes 

(ranging from 1 - ∞) and downregulation can be masked (ranging from 0 - 1). Dashed lines were included to 

draw attention to genes that vary by more than double the negative control (i.e. upregulated = 2, 

downregulated = 0.5).  
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Table 4.5 qPCR experimental conditions that did not pass the Shapiro-Wilk test for normality. 

Gene Genotype Condition 

Il1β WT Pam3CSK4 

Nos2 WT 10% Plasma 

Nos2 WT Pam3CSK4 

Nos2 TLR2-/- 10% Plasma 

Tlr4 WT Pam3CSK4 

Tnfα MyD88-/- 10% Lysate in Plasma 

 

The gene expression of Il1β, Il6, and Nos2 (pro-inflammatory cytokines) were significantly 

upregulated in WT BMDMs exposed to adsorbed lysate and Pam3CSK4 compared to 10% plasma, and this 

effect was lost in TLR2-/- and MyD88-/- BMDMs, where gene expression was similar or downregulated 

compared to 10% plasma, though these differences failed to show a statistically significant effect (Figure 4.7). 

Conversely, Tnfα mRNA expression, which is also a pro-inflammatory cytokine, was downregulated in WT 

BMDMs exposed to adsorbed lysate compared to plasma, and the extent of this downregulation was reduced 

in TLR2-/- and MyD88-/- BMDMs (i.e. similar to 10% plasma for TLR2-/- BMDMs, but still downregulated for 

MyD88-/- BMDMs). These results demonstrate the critical role that TLR2 and MyD88 have in the production 

of pro-inflammatory factors in FBR. 
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Figure 4.7 Relative gene expression (normalized to negative control for each genotype) of the pro-

inflammatory cytokines Il1β (a), Il6 (b), Tnfα (c), and Nos2 (d) in WT, TLR2-/-, and MyD88-/- BMDMs 

cultured on fPTFE for 24 hours. Each point represents the mean result of one experiment, where each 

condition had three biological replicates and was plated in triplicate for the qPCR assay. Results are displayed 

as mean ± SD, with individual points showing the mean relative gene expression for each experiment. Pla = 

adsorbed 10% plasma (negative control), LyPla = adsorbed 10% lysate in plasma, Pam = Pam3CSK4 (TLR2 

positive control). * p < 0.05 compared to 10% plasma within the same genotype. 

 

The anti-inflammatory genes Arg1 and Il10 showed similar trends as Il1β, Il6, and Nos2, where genes 

were upregulated in WT BMDMs exposed to adsorbed lysate and Pam3CSK4 compared to 10% plasma, and 

expression of these genes was noticeably lower in TLR2-/- and MyD88-/- BMDMs compared to WT (Figure 

4.8). However, Tgfβ (another anti-inflammatory gene) expression trends were similar to Tnfα. Gene 

expression of Tgfβ was significantly downregulated in WT BMDMs exposed to adsorbed lysate and 

Pam3CSK4, and the extent of this downregulation was reduced in TLR2-/- and MyD88-/- BMDMs. These 

results demonstrate that the absence of TLR2- and MyD88-dependent signalling influences pro-inflammatory 

and anti-inflammatory cytokine gene expression. Whereas the mRNA expression in knockout BMDMs 

exposed to adsorbed lysate is similar to that of adsorbed plasma, the adsorbed lysate yields different mRNA 

expression levels than plasma in WT BMDMs.  
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Figure 4.8 Relative gene expression (normalized to negative control for each genotype) of the anti-

inflammatory cytokines Arg1 (a), Il10 (b), Tgfβ (c) in WT, TLR2-/-, and MyD88-/- BMDMs cultured on 

fPTFE for 24 hours. Each point represents the mean result of one experiment, where each condition had 

three biological replicates and was plated in triplicate for the qPCR assay. Results are displayed as mean ± 

SD, with individual points showing the mean relative gene expression for each experiment. Pla = adsorbed 

10% plasma (negative control), LyPla = adsorbed 10% lysate in plasma, Pam = Pam3CSK4 (TLR2 positive 

control). * p < 0.05 compared to 10% plasma within the same genotype. 

 

The genes Tlr2, Tlr4, and Myd88 were included in the qPCR experiment to study the influence of the 

TLR2- and MyD88-knockouts, which were created using targeted mutations at the genomic level, meaning 

the genes are still encoded in the mRNA but not made into functional proteins (Figure 4.9)298. In WT 

BMDMs, there was a slight increase in Tlr2 and Myd88 following exposure to adsorbed lysate and 

Pam3CSK4, however, in TLR2-/- and MyD88-/- BMDMs the expression of these genes was downregulated, 

demonstrating the influence of the knockout. The results also showed that Tlr4 was slightly downregulated in 
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WT BMDMs exposed to adsorbed lysate or Pam3CSK4 (TLR2 ligand), which agrees with previous work that 

showed only a minor influence of TLR4 on reporter macrophage NF-κB/AP-1 responses to adsorbed lysate37. 

 

 

Figure 4.9 Relative gene expression (normalized to negative control for each genotype) of the TLR 

proteins Tlr2 (a), Tlr4 (b), and Myd88 (c) in WT, TLR2-/-, and MyD88-/- BMDMs cultured on fPTFE for 

24 hours. Each point represents the mean result of one experiment, where each condition had three biological 

replicates and was plated in triplicate for the qPCR assay. Results are displayed as mean ± SD, with individual 

points showing the mean relative gene expression for each experiment. Pla = adsorbed 10% plasma (negative 

control), LyPla = adsorbed 10% lysate in plasma, Pam = Pam3CSK4 (TLR2 positive control). * p < 0.05 

compared to 10% plasma within the same genotype.
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4.4.6 Cytokine production of BMDMs on fPTFE 

The production of pro-inflammatory (IL-1β, IL-6, MCP-1, MIP-1α, RANTES, TNF-α), anti-

inflammatory (IL-10), and angiogenic (KC, VEGF-A) factors by BMDMs cultured on fPTFE for 24 

hours was assessed using a multiplexed bead-based cytokine assay (MilliPlex®, MilliporeSigma). All 

data that was outside the range of the standard curve was excluded from analysis. All included data was 

tested for normality using a Shapiro-Wilk test. The majority of the data was normally distributed (see 

Table 4.6 for the conditions that did not pass the Shapiro-Wilk test). Conditions that had less than 3 data 

points were not analyzed statistically (see Table 4.7 for conditions that were not statistically analyzed). 

No noticeable change in MCP-1 was seen between conditions or genotypes, so these results were not 

included. 

 

Table 4.6 Luminex experimental conditions that did not pass the Shapiro-Wilk normality test. 

Cytokine Genotype Condition 

IL-10 TLR2-/- 10% Lysate in Plasma 

MIP-1α MyD88-/- 10% Lysate in Plasma 

TNF-α WT 10% Plasma 

TNF-α WT Pam3CSK4 

TNF-α TLR2-/- Pam3CSK4 
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Table 4.7 Luminex experimental conditions that did not have enough data points for statistical 

analysis (< 3 points). 

Cytokine Genotype Condition 

IL-1β WT 10% Plasma 

IL-1β TLR2-/- 10% Plasma 

IL-1β MyD88-/- 10% Plasma 

IL-1β TLR2-/- 10% Lysate in Plasma 

IL-1β MyD88-/- 10% Lysate in Plasma 

IL-1β TLR2-/- Pam3CSK4 

IL-1β MyD88-/- Pam3CSK4 

IL-6 MyD88-/- 10% Plasma 

IL-6 TLR2-/- 10% Lysate in Plasma 

IL-6 MyD88-/- 10% Lysate in Plasma 

IL-6 TLR2-/- Pam3CSK4 

IL-6 MyD88-/- Pam3CSK4 

IL-10 WT 10% Plasma 

IL-10 TLR2-/- Pam3CSK4 

MIP-1α TLR2-/- Pam3CSK4 

RANTES WT 10% Plasma 

RANTES TLR2-/- 10% Lysate in Plasma 

RANTES MyD88-/- 10% Lysate in Plasma 

 

Similar to the results of Aim 137, pro-inflammatory cytokine secretion was increased in WT 

BMDMs following exposure to adsorbed lysate compared to adsorbed plasma (IL-1β: 5-fold, IL-6: 48-

fold, RANTES: 16-fold, TNF-α: 23-fold), though this failed to show a statistically significant effect. 

There was a noticeable decrease in pro-inflammatory cytokine production in response to adsorbed lysate 

from TLR2-/- BMDMs (IL-1β: 7-fold, IL-6: 103-fold, RANTES: 19-fold, TNF-α: 35-fold (p < 0.05)) and 

MyD88-/- BMDMs (IL-1β: 7-fold, RANTES: 26-fold, TNF-α: 27-fold) compared to WT (Figure 4.10). 

These results indicate that TLR2 and MyD88-dependent signalling contribute to the acute inflammatory 

response in macrophages to lysate-coated fPTFE. Furthermore, MyD88-/- BMDMs had undetectable 

levels of IL-6 (i.e. below 3.2 pg/mL) under all assay conditions, demonstrating the significant role of 
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MyD88-dependent signalling in the production of IL-6. Absence of TLR2 and MyD88 signalling 

markedly reduced the production of IL-10, an anti-inflammatory cytokine, which could influence the 

downstream resolution phases of FBR. Trends in IL-1β, IL-6, and IL-10 production agree with those seen 

in the qPCR data (Figure 4.7), where gene expression and production of these cytokines was reduced in 

TLR2-/- and MyD88-/- BMDMs exposed to adsorbed lysate compared to WT BMDMs. 
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Figure 4.10 Secretion of pro-inflammatory (a-d), angiogenic (e-f), and anti-inflammatory (g-h) 

cytokines by WT, TLR2-/-, and MyD88-/- BMDMs cultured on fPTFE for 24 hours. Each point 

represents the mean result of one experiment, where each condition had three biological replicates and 

was plated in duplicate for the bead-based cytokine assay. Results are displayed as mean ± SD, with 

individual points showing the mean concentration of each experiment. WT = wildtype, TLR2 = TLR2-/-, 

MyD = MyD88-/-. * p < 0.05 compared to WT within same condition. 

 

Contrastingly, Tnfα gene expression was downregulated in WT BMDMs exposed to adsorbed 

lysate compared to adsorbed plasma, whereas TNF-α secretion was upregulated in WT BMDMs exposed 

to adsorbed lysate compared to adsorbed plasma at the same 24 hour timepoint. Baer and colleagues have 

shown a similar trend in Tnfα gene expression of BMDMs exposed to LPS over time, where up to 3 hours 
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post-exposure the mRNA expression of Tnfα increases, and then over time decreases to baseline levels299. 

Their work, as well as the work here (Figure 4.7c & Figure 4.10e), demonstrates that TNF-α is an early 

response cytokine, and over time it becomes downregulated as other pro-inflammatory and anti-

inflammatory cytokines are produced299. Baer and colleagues, as well as other researchers, have shown 

that the NF-κB p50 subunit is responsible for the downregulation of Tnfα in murine and human primary 

macrophages299,300. Agbanoma et al. have also demonstrated that in human macrophages Tnfα is regulated 

by IL-10, predominantly through signal transducer and activator of transcription 3 (STAT3) signalling301. 

Therefore, the upregulation of Il10 mRNA expression (Figure 4.8b, 6-fold increase compared to control) 

and IL-10 secretion (Figure 4.10f, 18-fold increase compared to WT BMDMs exposed to adsorbed 

plasma) in WT BMDMs exposed to lysate is a contributing factor to the downregulation of Tnfα 

expression in these macrophages (Figure 4.7c, 2-fold decrease compared to control). 

Production of MIP-1α, a macrophage chemoattractant, doubled in MyD88-/- BMDMs in response 

to adsorbed lysate compared to WT, which was an unexpected result, though it did not show a statistically 

significant effect. It is possible that this is a compensatory response due to the absence of TLR2 and 

MyD88-dependent signalling. Typically MIP-1α is induced by IL-1β and TNF-α302 and inhibited by IL-

10303, therefore its production may have increased due to the reduction in IL-10 production in TLR2-/- and 

MyD88-/- BMDMs. While TLR2 and MyD88-dependent signalling contribute to the production of KC in 

response to adsorbed lysate (p < 0.05 for MyD88-/- BMDMs compared to WT), there was only a minor 

reduction in the production of VEGF-A in the absence of these signalling pathways. Though VEGF-A is 

considered to be a key angiogenic marker304, KC is a neutrophil chemoattractant305 and its absence has 

been consistently linked to many anti-angiogenic treatments306. Therefore, the noticeable reduction of KC 

and the mild reduction of VEGF-A production in TLR2-/- and MyD88-/- BMDMs exposed to adsorbed 

lysate after 24 hours could contribute to a reduction in angiogenesis in response to fPTFE at longer 

timepoints. In general, blood vessel ingrowth and minimal presence of fibrotic capsule at the implant site 

are indicative of a favourable healing response because this facilitates implant-tissue integration2. 
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However, the chronic phase of the FBR is associated with neovascularization (i.e. abnormal blood vessel 

growth)2, therefore a strong reduction in KC and minor reduction in VEGF-A production may lead to 

organized blood vessel ingrowth around an implant.  

Taking the qPCR and bead-based cytokine assay results together, based on the genes and 

cytokines investigated it appears that lack of TLR2 and MyD88 signalling causes the expression of pro-

inflammatory and anti-inflammatory genes in response to TLR ligands to be similar to the expression 

seen when exposed to adsorbed plasma, the negative control. Hierarchical clustering analysis was 

performed to confirm this conclusion (Figure 4.11). The qPCR data demonstrated that WT BMDMs 

exposed to Pam3CSK4 or adsorbed lysate are the most dissimilar from all other conditions (indicated by 

the separate branch on the left from the other conditions), and all knockout BMDMS behaved similarly to 

the WT negative control (demonstrated by the similar and low height of all branches in this cluster) 

(Figure 4.11a). The bead-based cytokine assay data showed that WT BMDMs exposed to Pam3CSK4 are 

the most dissimilar from WT BMDMs exposed to lysate or plasma and all knockout BMDMs (indicated 

by the separated branch on the left), and WT BMDMs exposed to adsorbed lysate are dissimilar from all 

knockout conditions and the WT negative control (demonstrated by the second left branch separating WT 

LyPla from WT Pla and all knockout conditions) (Figure 4.11b). These results indicate that in the absence 

of TLR-dependent signalling BMDMs are unable to be activated by the DAMPs present in lysate on 

fPTFE, and behave more similarly to BMDMs cultured on adsorbed plasma alone. 
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Figure 4.11 Hierarchical clustering analysis of qPCR (a) and bead-based cytokine assay (b), 

demonstrating the similarity between knockout BMDMs and the WT negative control. WT = 

wildtype, TLR = TLR2-/-, MyD = MyD88-/-. Pla = adsorbed 10% plasma (negative control), LyPla = 

adsorbed 10% lysate in plasma, Pam = Pam3CSK4 (TLR2 positive control). 

 

4.5 Discussion 

4.5.1 Protein adsorption solutions and timepoints 

The in vitro model for my research moved from using fetal bovine serum as a negative control for 

the presence of DAMPs in the adsorbed protein layer to commercial mouse plasma. The rationale for 

using plasma instead of serum is that plasma proteins are known to play significant roles in protein 

adsorption and macrophage responses1, and that plasma provides a more accurate representation of the 

proteins in the implant environment compared to serum (i.e. clotting factors are present). Plasma used in 

protein adsorption experiments is commonly prepared as a 1 - 10% dilution213,296,307, which motivated the 

use of 10% plasma. Human plasma is frequently used213,296, as it is easier to obtain in large quantities and 

more clinically relevant compared to mouse plasma. However, I chose to use commercial mouse plasma 

for my in vitro work to keep the species of the protein solutions consistent with that of the reporter 

macrophages and BMDMs. Additionally, the protein adsorption timepoint was increased from 30 minutes 

to 60 minutes to better represent the adsorbed protein layer that macrophages would interact with in vivo, 
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as the majority of protein adsorption and exchange occurs in the first 60 minutes of exposure to a 

surface213,296,297. 

4.5.2 Transition from reporter macrophage cell line to primary macrophages 

I performed preliminary work for this aim in reporter macrophages because they are 

immortalized, simple to culture, and readily available. The BMDMs are more time intensive due to the 7 

day differentiation period, therefore, using the reporter macrophages allowed me to quickly optimize 

experimental parameters, such as antibody titration for flow cytometry and RNA isolation for qPCR. 

However, BMDMs are more biologically relevant than macrophage cell lines308 and were chosen as a 

model to analyze macrophage responses more representative of what would be seen in vivo. The reporter 

macrophages are an immortalized macrophage-like cell, and have been modified to induce alkaline 

phosphatase production when the NF-κB/AP-1 transcription factors are activated (the unmodified 

macrophage-like cell line is RAW 264.7)309. Chamberlain and colleagues compared the responses of three 

macrophage-like cell lines (IC-21, J774A.1, RAW 264.7) with BMDMs, and showed that surface TLR4 

expression (measured using flow cytometry), and mRNA expression of FBR cytokines (Tnfα, Mcp1, Il10, 

Il1β, Tgfβ), Th1 cytokines (Ifnγ, Il2), Th2 cytokines (Il4, Il5, Il13), and surface receptors (Ccr2, Cd206), 

were similar between RAW 264.7s and BMDMs cultured on fPTFE for 24 hours308.  However, their work 

also demonstrated that RAW 264.7s and BMDMs had different morphologies when cultured on tissue 

culture-treated polystyrene (RAW 264.7 = small and rounded, BMDMs = greater cell spreading), and 

RAW 264.7s had noticeably reduced IL-6, IL-10, IL-12, and MCP-1 expression (measured using flow 

cytometry) following LPS stimulation compared to BMDMs, indicating that the macrophage cell line 

may have a different phenotypic response to TLR ligands compared to BMDMs308.  

The differences between the reporter macrophages and BMDMs have also been demonstrated in 

my work, where unlike reporter macrophages (Figure 4.4), naïve BMDMs did not express detectable 

levels of surface TLRs using flow cytometry (Figure 4.5). Furthermore, after culture with the TLR ligands 

for 24 hours there was no detectable response in terms of NOS2, CCR7, CD206, and CD163 expression 
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in any conditions for the BMDMs (including the positive control, Pam3CSK4). These results demonstrate 

that flow cytometry may not be an appropriate technique to detect differences in BMDM responses to 

adsorbed protein layers on fPTFE for short (≤ 24 hours) endpoints.  

While reporter macrophages were a useful model for Aim 1, there are numerous limitations in 

using them to assess the effect of specific signalling pathways (i.e. TLR2, MyD88) on macrophage 

responses. No TLR2 small molecule inhibitor was available at the time of this work, therefore 

neutralizing antibodies were used in Aim 1 to block the TLR2 signalling pathway37,212. However, there are 

concerns with non-specific binding of antibodies to other cell surface receptors that could block other 

pathways in addition to TLR2, making the neutralization effect appear stronger than it truly was310. To 

investigate the influence of MyD88 signalling on macrophage behaviour, a MyD88 inhibitor 

(T6167923277) was used with reporter macrophages cultured with lysate and a variety of TLR agonists 

(TLR2: Pam3CSK4, TLR3: Poly(I:C), TLR4: LPS). The MyD88 inhibitor molecule was very 

hydrophobic, which made it difficult to dissolve in cell culture media and resulted in precipitation at 

higher concentrations (i.e. 400 μM and 600 μM). Furthermore, while the inhibitor reduced reporter 

macrophage NF-κB/AP-1 activity in response to Pam3CSK4 (a MyD88-dependent TLR2 ligand), it was 

not reduced to baseline levels (i.e. 10% FBS, media), as was seen with the TLR4 inhibitor and TLR2 

neutralizing antibody in Aim 137. Pairing these challenges with the need for a biologically relevant 

macrophage model, a system using wildtype and knockout (TLR2-/-, MyD88-/-) BMDMs were chosen to 

evaluate the role of TLRs in primary cell responses to adsorbed lysate. 

In addition to the challenges with flow cytometry, the cell yield for downstream analyses (flow 

cytometry, RNA isolation) from the pilot BMDM work was not adequate for proper analysis. After cell 

culture (24 hours), detachment, and staining there were less than 5,000 positive-stained cells analyzed in 

each sample (numbers ranged from 1,800 to 4,500, compared to 7,300 to 9,000 positive events for the 

reporter macrophage flow cytometry experiments). The low number of cells in the samples led to very 

noisy data (Figure 4.5), and also affected the precision of the results311. As well, the RNA isolation yield 
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from each well was very low (350 ng - 1.5 μg), many samples had guanidine isothiocyanate impurities, 

and A260/A230 values were consistently below 2.0 (ranging from 0.06 - 1.3), indicating contamination 

with organic compounds (likely due to the low RNA yield) which may impact downstream qPCR 

results312. For this reason, the experiments were scaled up to use more mice (WT: 8 mice per isolation, 

TLR2-/- and MyD88-/-: 6 mice; all equal numbers of males and females), accounting for sex-based 

differences285,313 and yielding more BMDMs for analysis. Furthermore, flow cytometry was not used for 

later experiments and BMDM responses were assessed using multiplexed bead-based cytokine assay 

(MilliPlex, MilliporeSigma) and gene expression analysis (qPCR). 

4.5.3 Comparison of reporter and primary macrophage responses 

Although there are many differences between the behaviour of reporter macrophages and 

BMDMs308, there were similar trends in the production of IL-6 and TNF-α following exposure to lysate. 

Both untreated reporter macrophages and WT BMDMs had an increase in pro-inflammatory cytokine 

production in response to adsorbed lysate compared to adsorbed serum or plasma, respectively. 

Additionally, reporter macrophages and WT BMDMs were able to respond to adsorbed protein layers 

from lysate diluted in blood proteins (reporter macrophages = serum, BMDMs = plasma), demonstrating 

the potent effect of DAMPs on macrophage responses in the presence of other proteins, which is 

representative of the in vivo implant environment98. Reporter macrophages treated with TLR2 neutralizing 

antibodies and TLR2-/- BMDMs (Figure 4.6) had a reduction in IL-6 and TNF-α secretion in response to 

adsorbed lysate compared to untreated cells or WT BMDMs, respectively. Many of the differences in 

gene expression and cytokine production of knockout BMDMs on adsorbed lysate failed to show a 

statistically significant effect when compared to WT. It is possible that the lack of significant change may 

be due to the fact that bone marrow was combined from male and female mice, and small differences that 

would have been seen with all-male or all-female isolations may have been lost285,313. Most notably, this 

work demonstrated that when BMDMs are lacking TLR2 or MyD88-dependent signalling, they have little 

to no response to the DAMPs present in lysate, and behave very similarly to the negative control (WT 
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BMDMs exposed to 10% plasma, Figure 4.11). Surprisingly, TLR2-knockout appeared to affect BMDM 

responses to a similar extent as MyD88-knockout, which suggests that TLR2 is a promising and specific 

target for FBR in vivo.  

Previous work by Rogers and Babensee studied 14 day polyethylene terephthalate (PET) implants 

in TLR4-/- mice, and though there was a difference in the proportion of adherent leukocyte populations on 

the PET discs after 16 hours implanted in the peritoneal cavity (i.e. increased neutrophils and decreased 

monocytes/macrophages in TLR4-/- compared to WT), there was no difference in the fibrous capsule 

thickness at day 14 for subcutaneous PET discs198. When the influence of TLR4 on reporter macrophage 

responses to adsorbed lysate was explored in Aim 1, inhibition of TLR4 had a modest effect on NF-

κB/AP-1 activity compared to untreated cells, whereas TLR2 neutralization resulted in a significant 

reduction in NF-κB/AP-1 activity37. Therefore, it was hypothesized that TLR2-knockout would affect 

FBR to a greater degree than TLR4-knockout, likely by altering the proportion of leukocyte populations 

and reducing the thickness of the fibrous capsule. 

Both TLR2-/- and MyD88-/- mice have a C57BL/6J background with targeted mutations of the 

TLR2 and MyD88 genes, and are reported to have numerous immune system abnormalities283,284,314,315. At 

the time of writing, very little information is available about the MyD88-/- mouse phenotype, and no 

characterization of immune cell populations has been performed on TLR2-/- or MyD88-/- mice compared 

to WT. However, the reported phenotypes of both mouse strains (i.e. reduced pro-inflammatory cytokine 

production in response to bacterial ligands314,315) are presumably due to the lack of TLR signalling, which 

is a key innate immune signalling pathway family316, and not due to deficiencies or differences in their 

immune cell populations. However, it has been reported that hematopoietic stem cells (HSCs) in TLR2-/- 

mice have a modest repopulating advantage over HSCs from WT mice (though there was no difference 

found in the number of HSCs between these strains)317,318. Indeed, this was observed in my work, which is 

why 8 WT mice were required for bone marrow isolation to achieve an adequate amount of BMDMs, 

compared to 6 TLR2-/- or MyD88-/- mice. It is possible that an HSC repopulating advantage would 
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influence the FBR, since HSCs would repopulate the leukocytes that migrate toward the implant site 

(similar to what occurs during bacterial infection319) more quickly than WT. However, it would be 

expected that this would aggravate FBR, since circulating leukocyte levels (e.g. neutrophils and 

monocytes) would be replenished quickly, meaning that more leukocytes would be available to migrate to 

the implant site. 

TLR2-/- and MyD88-/- mice have been used in numerous models of bacterial infections314,315, 

though there is a small selection of research investigating macrophage behaviour and FBR173,320-322. 

Recently, Amer and colleagues studied the responses of WT and MyD88-/- BMDMs to polyethylene 

glycol (PEG) hydrogels with DAMP mimetics (i.e. TLR ligands, specifically LPS), and showed that 

MyD88-/- BMDMs had reduced gene expression of Il1β, Il6, and Tnfα and significantly decreased IL-6 

and TNF-α production in response to LPS on TCPS and PEG hydrogel surfaces compared to WT173. 

Additionally, they performed 28 day implant studies of subcutaneous PEG hydrogels in these mice, and 

found MyD88-/- mice had an increased proportion of monocyte and macrophage populations at the 

implant site and reduced fibrous capsule thickness compared to WT mice173. These results demonstrate 

the significant role of MyD88-dependent signalling in leukocyte recruitment and fibrosis, both of which 

are key aspects of FBR2,173. However, as these studies were performed on hydrogels, the composition of 

the adsorbed protein layer may differ from PTFE323, which could influence the degree of MyD88 

contribution in FBR. Furthermore, Doloff et al. have previously shown that macrophages play a key role 

in FBR to alginate gel spheres in mice and nonhuman primates30, therefore the strong influence of TLR2 

and MyD88 signalling in BMDMs may be indicative of the ability of these pathways to module FBR. The 

results of these studies, paired with the BMDM work in this chapter, demonstrate that TLR-dependent 

signalling is a promising target for modulating FBR in vivo.  

4.6 Conclusions 

In this work WT, TLR2-/-, and MyD88-/- BMDMs were cultured on fPTFE surfaces as an in vitro 

model of PTFE cannulas used in CSII. Similar to previous work, WT BMDMs had increased pro-
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inflammatory, anti-inflammatory, and angiogenic cytokine production in response to adsorbed lysate 

containing DAMPs in the presence of plasma compared to adsorbed plasma alone. In BMDMs lacking 

TLR and MyD88 signalling, the extent of FBR-associated cytokine gene expression and production in 

response to adsorbed lysate was reduced to similar levels as WT BMDMs cultured on adsorbed plasma 

(negative control). These results highlight the important role that TLR-dependent signalling has in 

macrophage responses to biomaterial surfaces and cellular damage molecules. Notably, TLR2-/- BMDMs 

had similar responses to MyD88-/- BMDMs. Therefore, the TLR2 pathway presents as a promising and 

specific target for modulating macrophage responses to biomaterials and FBR. 
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Chapter 5 

MyD88-dependent signalling contributes to the acute inflammatory response 

to implanted polytetrafluoroethylene cannulas 

5.1 Disclosure 

All experiments performed were designed by me. Mouse housing and care was performed by 

Queen’s University Animal Care Staff, and breeding and weaning was performed by Laurel Ballantyne. 

Short-term polymer disc implant experiments were designed and performed by me, with surgical 

assistance (i.e. mouse hair removal and cleaning, handing tools) from Anish Jadav. Endotoxin assays 

were performed by me, and scanning electron microscopy imaging of the cannulas was performed by 

Xiaohu Yan at the Botterell Hall Electron Microscopy Suite. Cannula implantation surgeries were 

performed by Laurel and me, where Laurel performed the implantations in the inguinal fat and I 

performed surgical preparation of the mice, post-operative monitoring, and cleanup. Laurel performed 

post-operative care on mice at 24 and 48 hours after implantation. Cannula and tissue explants were 

performed by Laurel with my assistance. Tissue fixation, processing, embedding, sectioning were 

performed by Laurel. Hematoxylin and eosin (H&E) and Masson’s Trichrome (MT) staining were 

performed by Laurel. The stained histology slides were scanned by Shakeel Virks at Queen's Laboratory 

for Molecular Pathology (QLMP). Blinded analysis of H&E slides was performed by Dr. May-Phyo Nyi 

Nyi, a pathology resident at Kingston General Hospital, and analysis of MT slides was performed by me 

using HALO software.  

5.2 Introduction 

Type I diabetes (T1D) is a chronic condition where a patient’s pancreas cannot produce an 

adequate amount of the hormone insulin to maintain blood glucose levels50. In these patients, blood 

glucose levels are commonly managed using bolus injections of long acting insulin, which can cause 

significant variations in blood glucose levels throughout the day, potentially leading to undesirable effects 
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such as headache, fatigue, weakness, and in extreme cases ketoacidosis and diabetic coma13,57.  Newer 

technology using pumps and sensors, such as continuous subcutaneous insulin infusion (CSII), provides 

patients with more stable blood glucose levels compared to bolus insulin injections by delivering a 

constant amount of short-acting insulin throughout the day, with increases in insulin around mealtimes59-

61.  CSII delivers insulin through an insulin infusion set (IIS) with a polytetrafluorethylene (PTFE) or 

stainless steel cannula that is inserted into the subcutaneous fat, which is the target tissue for insulin 

absorption10. In 2018, it was estimated that there were 1.6 million people in the United States of America 

living with T1D324 and of these patients, approximately 30 to 40% use pump and sensor technology (e.g. 

CSII) to deliver insulin and manage blood glucose levels276. However, CSII poses many challenges, 

including a short wear time of 2 - 3 days for the infusion set, beyond which insulin delivery can become 

inconsistent, leading to potentially dangerous side effects9,10,65. Inconsistent insulin delivery has also been 

observed in CSII users within the recommended wear time9,10,65. Many experts have hypothesized that 

challenges with inconsistent insulin delivery using CSII are due to the acute inflammatory response at the 

IIS cannula11-13. Therefore, characterizing the inflammatory response to cannulas within adipose tissue 

and investigating the cellular mechanisms involved in regulating the host response is an important step in 

improving insulin delivery via insulin infusion cannulas.  

The foreign body reaction (FBR) is a chronic inflammatory response to an implanted biomaterial, 

and is a significant challenge in the biomedical engineering field because it can impede the implant from 

performing its intended function2. When an implantation procedure is performed, tissue damage is 

incurred at the implant site, and an adsorbed protein layer of blood proteins and cellular damage products 

(known as damage-associated molecular patterns, DAMPs) will form at the implant surface2. The 

molecules in this adsorbed layer have been shown to direct downstream cellular responses31,32. During the 

acute inflammatory response, neutrophils, macrophages, and other leukocytes accumulate at the implant 

site and establish an inflammatory environment through cytokine and chemokine secretion2. 

Macrophages, as well as neutrophils and many other cell types, respond to DAMPs primarily through the 
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Toll-like receptor (TLR) signalling pathway, which is an evolutionarily conserved cell signalling pathway 

that also responds to bacterial ligands34. Over time (~ 2 to 5 days) macrophages emerge as the dominant 

cell population and remain at the biomaterial for the lifetime of the implant, where they mediate the 

deposition of a fibrous capsule that is characteristic of the chronic inflammatory phase of FBR2,30.  

TLRs play a significant role in wound healing processes, particularly in initiating the 

inflammatory phase through the secretion of pro-inflammatory (IL-1β, TNF-α) and anti-inflammatory 

(IL-10) cytokines in response to TLR ligands present within the wound161-166. In skin wounds, MyD88-/- 

mice have shown a decreased rate of granulation tissue formation, reduced neovascularization and 

increased macrophage infiltration compared to wildtype mice161. Furthermore, MyD88-/- mice were 

recently shown to have reduced inflammatory cell layers and fibrous capsule thicknesses in response to 

subcutaneous polyethylene glycol (PEG) hydrogels over 28 days compared to wildtype173. Together, these 

findings indicate that TLR signalling is required for normal wound healing, yet may be excessively 

activated in FBR and exacerbate pro-inflammatory and fibrotic tissue responses. Therefore, the regulation 

of TLR signalling requires a balance to orchestrate wound healing events without causing excessive pro-

inflammatory signalling.  

My previous work has demonstrated the significant role of TLR-dependent signalling in 

macrophage inflammatory responses to a variety of polymeric surfaces, including fluorinated PTFE 

(fPTFE), with adsorbed blood proteins and DAMPs37. Wildtype macrophages had increased pro-

inflammatory, anti-inflammatory, and angiogenic cytokine production in response to fPTFE surfaces with 

adsorbed blood proteins and DAMPs compared to blood proteins alone (negative control). However, 

TLR2-/- and MyD88-/- macrophages had similar responses to adsorbed protein layers with and without 

DAMPs, indicating that the absence of TLR signalling prevented DAMP-induced pro-inflammatory 

signalling responses. Based on these previous findings, the work in this chapter investigated the 

contribution of TLR2- and MyD88-dependent signalling to macrophage and tissue responses to polymeric 

implants. First, the results were reported from preliminary studies that examined the influence of TLR2 
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signalling on macrophage responses to poly(methyl methacrylate) (PMMA), polydimethylsiloxane 

(PDMS), and PTFE discs implanted subcutaneously in mice for short periods of time. The influence of 

TLR2- and MyD88-dependent signalling on the acute inflammatory response was then investigated in 

mice with PTFE cannulas implanted in the inguinal fat as a model for the subcutaneous fat where the IIS 

delivers insulin. These results provide evidence that TLR-dependent signalling contributes to the acute 

inflammatory response to insulin infusion cannulas and merits further investigation. 

5.3 Methods 

5.3.1 Poly(methyl methacrylate) discs 

Poly(methyl methacrylate) (PMMA; SigmaAldrich, St. Louis, MO) was dissolved in chloroform 

(SigmaAldrich) at 100 mg/mL, cast into an aluminum weighing dish (Fisher Scientific, Waltham, MA), 

and left covered in the fume hood overnight. The next morning, the film (which was sticky and slightly 

flexible) was removed from the weighing dish and discs (diameter = 9 mm, thickness ≤ 1 mm) were 

punched out with an autoclaved manual metal hole punch. The PMMA discs were placed in a 48 well 

plate (one disc per well) and incubated in a vacuum oven at 50 cmHg and 40 oC for 48 hours to remove 

remaining solvent. Discs were incubated in endotoxin-free water for 1 hour (three times), 12 hours, and 

24 hours prior to use to remove any remaining solvent, followed by UV sterilization for 30 minutes.  

5.3.2 Polydimethylsiloxane discs 

Sylgard 184 (Polydimethylsiloxane, PDMS; Fisher Scientific) was mixed in a 10:1 base:curing 

agent weight ratio and thoroughly mixed via stirring and pipetting. PDMS was pipetted into a petri dish, 

and left to cure at room temperature for 48 hours. Discs (diameter = 9 mm, thickness ≤ 1 mm) were 

punched out of the PDMS film with a manual metal hand punch, transferred to a 48 well plate, and 

incubated in 70% ethanol (by volume) for one hour. Endotoxin-free water washes were performed on the 

discs for 1 hour (three times), 12 hours, and 24 hours prior to use to remove any remaining solvent.  
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5.3.3 Polytetrafluoroethylene discs 

Polytetrafluoroethylene (PTFE) discs (diameter = 9mm, thickness ≤ 1 mm; Goodfellow 

Corporation, Coraopolis, PA) were placed into each well of a 48 well plate and incubated in 70% ethanol 

for 1 hour, followed by UV sterilization for 30 minutes. Discs were washed with endotoxin-free water for 

1 hour (three times), 12 hours, and 24 hours prior to use to remove any remaining solvent.  

5.3.4 Polymer disc endotoxin assay 

Polymer discs (PMMA, PDMS, PTFE) were tested for the presence of endotoxin according to the 

immersion method325,326. Briefly, discs were placed in separate wells of a 48 well plate and soaked in 200 

μL of LAL reagent water (CapeCod and Associates, East Falmouth, MA) for 1 hour. After incubation, the 

water was tested for endotoxin using a LAL Pyrochrome kit (CapeCod and Associates), following the 

manufacturer’s directions for an endpoint assay. A positive spike control was included in all assays to 

control for enhancement or inhibition of the endotoxin assay in test samples. All discs were confirmed to 

have endotoxin levels below 0.05 EU/mL (PMMA: n = 3 per batch, PDMS: n = 3 per batch, PTFE: n = 6; 

all samples plated in duplicate). 

5.3.5 Power analysis for short-term polymer disc implants 

A power analysis was performed using GPower3.1 with an ANOVA: fixed effects, omnibus, one-

way test a priori to determine the sample size for short-term polymer implants in mice. An effect size of 

0.817 was used, which was calculated using data from the pilot implant experiments. For this effect size, 

80% power, two-tailed α = 0.05 and 4 groups (one timepoint: 30 minutes; two materials: PDMS, PTFE; 

two culture conditions: untreated or TLR2-neutralized) the sample size was n = 6 per group (i.e. 3 

separate surgeries, with 2 mice used per surgery). A full experiment was performed implanting PDMS 

and PTFE discs for 30 minutes in 10 - 14 week old C57BL/6J male mice. Four discs were implanted per 

mouse (2 PDMS, 2 PTFE) and following explant each material was cultured with untreated or TLR2-

neutralized reporter macrophages to study downstream NF-κB/AP-1 activity. 
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5.3.6 Short-term polymer disc implants 

Animal protocols were designed following the guidelines from Canadian Council of Animal Care 

and approved by Queen's University Animal Care Committee (AUP 2015-1600). For the pilot study, male 

mice of varying age with a C57BL/6J genetic background were provided by the Animal Training 

Coordinator. For the full study, male wild type C57BL/6J (WT, stock# 000664) mice aged 8 - 12 weeks 

were purchased (Jackson Laboratories, Bar Harbor, ME) and housed for at least one week prior to the 

surgical procedure. All mice were housed in filter cages with free access to food and water in a room with 

a 12h:12h light-dark cycle. In the pilot study, two mice were used for each polymer (four mice total; 

PMMA & PDMS), with four discs (either PMMA or PDMS) implanted per mouse (8 discs total per 

polymer), split up over two surgeries. In the full study (timepoint = 30 minutes), six mice were used in 

total for three surgeries (2 mice per surgery), and four discs were implanted per mouse (2 PDMS and 2 

PTFE). In a follow up experiment (timepoint = 60 minutes), two mice had four discs (2 PDMS and 2 

PTFE) implanted subcutaneously. A subcutaneous implant model was chosen for its simplicity, and 

because it is frequently used to study FBR to implanted materials30,173,198,327.  

Mice were anesthetized in a 5% isofluorane chamber and maintained with 1 - 2% isofluorane 

delivered via nose cone to ensure a deep anesthesia. The dorsal surface of the mouse was shaved, 

followed by treatment with a hair removal cream for 1 - 2 minutes. Betadine and 70% ethanol were 

applied sequentially to the surgical site, three times in a circular fashion. Four bilateral incisions 

(approximately 0.5 - 1 cm in length, positioned 1 - 2 cm from base of skull and 0.5 - 1 cm apart; Figure 

5.1) were made using a scalpel blade. Aggressive blunt dissection was performed on the implant area 

using a hemostat and dental file prior to material insertion to cause extensive tissue damage (i.e. release 

DAMPs). The polymer discs (diameter = 9 mm, thickness ≤ 1 mm) were inserted, the incision was closed 

using medical tape, and the discs were implanted for 30 or 60 minutes. Once the implantation time was 

complete, the tape was removed and discs were retrieved using tweezers and placed in sterile PBS. 

Immediately following disc retrieval, mice were euthanized by isofluorane overdose followed by cervical 

dislocation.   
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Figure 5.1 Diagram of short-term disc implant location in mice. 

 

5.3.7 Reporter macrophage culture & assays 

An NF-κB/AP-1 reporter macrophage cell line (RAW-Blue™, Invivogen, San Diego, CA) was 

used to investigate the contribution of TLR signalling in macrophage responses to the adsorbed protein 

layer on explanted polymeric discs. RAW-Blue™ macrophages are RAW 264.7 murine macrophages that 

have been transfected to stably express secreted embryonic alkaline phosphatase (SEAP) following the 

activation of NF-κB/AP-1 transcription factors. Macrophages were cultured according to manufacturer's 

instructions in Dulbecco’s Modified Eagle’s Medium (DMEM; Sigma Aldrich, St. Louis, MO) containing 

10% fetal bovine serum (FBS; Wisent, St. Bruno, QC), 200 μg/mL Zeocin (selection antibiotic, 

Invivogen), and 5 μg/mL Plasmocin (Invivogen), and passaged after reaching 70% confluence. 

TLR2 signalling was neutralized by incubating reporter macrophages in purified anti-

mouse/human TLR2 (cat. no. 121802, BioLegend, San Diego, CA) at 50 µg/mL for 30 minutes prior to 

plating. Untreated and TLR2-neutralized cells were cultured on PMMA, PDMS, or PTFE discs placed in 

a 24 well plate and secured in place using CellCrown well inserts (SigmaAldrich). Solutions of 10% 

plasma (C57Bl/6J Mouse Complement Plasma K2 EDTA, InnovativeResearch, Novi, MI), 10% FBS 

(Wisent), or 10% lysate in plasma were adsorbed to discs for 30 minutes, followed by three 5 minute PBS 
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washes to remove any unbound protein. The positive control condition was Pam3CSK4 (TLR2 positive 

control, 150 ng/mL) and the negative control was adsorbed 10% plasma or 10% FBS. Reporter 

macrophages were seeded at 1.9 x 105 cells/cm2 in test medium and incubated for 20 hours at 37 oC and 

5% CO2. The media used for the reporter assay was DMEM supplemented with 10% heat-inactivated 

FBS (HI-FBS), 200 μg/mL Zeocin, and 5 μg/mL Plasmocin. The test media contained HI-FBS to 

eliminate activity of serum alkaline phosphatases (which are present in native FBS), to prevent false 

positive results in the NF-κB-dependent SEAP reporter assay, per manufacturer recommendations. 

Supernatant samples were collected after 20 hours and used in the NF-κB/AP-1 reporter assay (QUANTI-

Blue™, Invivogen) to indirectly measure SEAP activity. Absorbance was measured at 635 nm using a 

PerkinElmer Enspire plate reader.  

5.3.8 Scanning electron microscopy 

Insulin infusion cannulas (Medtronic MiniMed™ Silhouette™, Minneapolis, MN) were imaged 

using scanning electron microscopy (Botterell Hall Electron Microscopy Suite). Cannulas were detached 

from the insulin infusion set using a scalpel, and then mounted on specimen stubs with conductive glue 

and coated with gold for two minutes using a Hummer V Sputter Coater. The cannulas were mounted in 3 

orientations: vertical with manufacturer’s end up, vertical with scalpel end up, and horizontal. The 

samples were imaged on a Hitachi S-2300 SEM machine operated at 20 kV, and the image was captured 

digitally.  

5.3.9 Cannula endotoxin assay 

The cannulas from insulin infusion sets (Medtronic MiniMed™ Silhouette™) were removed 

using a sterile scalpel and manipulated with sterile forceps in a biological safety cabinet to mimic how 

they were handled during surgery. Cannulas were placed in separate wells (n = 4) and assayed directly for 

endotoxin using a LAL Pyrochrome kit (CapeCod and Associates), following the endpoint assay protocol. 

A positive spike control was included to control for enhancement or inhibition of the endotoxin assay in 

test samples. The endotoxin levels of all cannulas were below 0.05 EU/mL. 
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5.3.10 Power analysis for cannula implants 

A power analysis was performed for the cannula implant work using GPower3.1 with an 

ANOVA: fixed effects, omnibus, one-way test a priori. Since there was no quantitative pilot data 

available for the bone marrow-derived macrophage (BMDM) work, an effect size of 0.9 (based on 

published data for tube-shaped subcutaneous implants281,282) was used. For this effect size, 80% power, 

two-tailed α = 0.05 and 6 groups (one material: PTFE; three mouse strains: wildtype, TLR2-/-, MyD88-/-;  

two timepoints: 3 days, 7 days) the sample size is 6 mice per condition (7 mice total to account for 10% 

attrition). Equal numbers of male and female mice were used to account for sex differences, which have 

been shown to influence immune responses285,313 (for an in-depth review, please see work by Klein and 

Flanagan328). 

5.3.11 Cannula implantation surgery 

All animal work was approved by the Queen’s University UACC (AUP 2018-1849). Wildtype 

(C57BL/6J, WT, stock# 000664), TLR2-knockout (TLR2-/-, stock# 004650283), and MyD88-knockout 

(MyD88-/-, stock# 009088284) mouse breeding pairs were purchased (Jackson Laboratories). Mice were 

bred and housed in the Queen’s Animal Care Facility under sterile conditions, and implantation surgeries 

were performed at 9 - 16 weeks of age. Mice were anesthetized using isofluorane, cleaned, shaved, and 

skin was prepared following the procedure in 5.3.5. A small incision (~ 1 cm) was made over each (of 2) 

inguinal fat pads (Figure 5.2). A 6 mm piece of cannula was inserted into the fat using a 25 gauge guide 

needle and the incision was closed using 5-0 Vicryl suture and Vetbond surgical glue. Mice received 1 - 2 

mg/kg Metacam diluted in saline (0.6 mL total volume) on the day of the surgery and 24 hours post-

operative for pain management. At days 3 or 7, mice were euthanized by CO2 asphyxiation and cervical 

dislocation, and the cannulas were explanted with the surrounding tissues.  
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Figure 5.2 Diagram of the inguinal fat cannula implants in mice. 

 

5.3.12 Tissue processing 

Cannulas and surrounding tissues were placed in 10% neutral buffered formalin (SigmaAldrich) 

immediately following explantation, and fixed for up to 48 hours. Samples were then stored in 70% 

ethanol prior to processing and embedding. Tissue processing was performed using a STP 120 Spin 

Tissue Processor (Thermo Fisher Scientific, Waltham, MA). The protocol consisted of the following 

steps: 75% ethanol (45 minutes, twice), 85% ethanol (45 minutes), 95% ethanol (45 minutes), 100% 

ethanol (45 minutes, three times), toluene (45 minutes, twice), paraffin (60 minutes, three times). A 

Shandon Embedding Centre (Thermo Scientific, Waltham, MA) was used to embed tissue explants in 

paraffin. Explants were positioned in paraffin with the manufacturer’s end of the cannula facing up (i.e. 

the end of the cannula that would deliver insulin). Paraffin blocks were cut using an electronic rotary 

microtome (HM 340E, Thermo Scientific) into 6 μm sections and mounted on microscope slides (Fisher 

Scientific) for staining. Sections of the top 1 mm of the cannula were used for histological analysis. 

Microscope slides were then placed in a 60 oC oven overnight to adhere the paraffin sections fully to the 

slide. 
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5.3.13 Hematoxylin and eosin staining 

The tissue response to implanted cannulas was analyzed using hematoxylin and eosin (H&E) 

staining. Slides were stained using standard protocols, with batch to batch modifications when required to 

obtain optimal colour. The general steps for the H&E stain were as follows: toluene (3 minutes, three 

times), 100% ethanol (3 minutes, twice), 95% ethanol (3 minutes), 80% ethanol (3 minutes), distilled 

water (1 minute), tap water (2 minutes), hematoxylin + ~ 1% acetic acid (3 minutes; acetic acid added to 

enhance colouration), running tap water (2 minutes), 80% ethanol (30 seconds), alcoholic eosin (1:1 

aqueous eosin to 70% ethanol to enhance colouration) + 1% acetic acid (2 minutes), tap water (2 dips), 

80% ethanol (2-3 dips), 95% ethanol (30 seconds), 100% ethanol (1 minute, twice), toluene (1 minute, 

twice). Slides were wiped of excess liquid and mounted with Cytoseal™ mounting medium (Fisher 

Scientific) with a glass coverslip.  

All slides were scanned using an Olympus VS120 high resolution digital scanner (Queen’s 

Laboratory for Molecular Pathology, QLMP). Blinded image analysis was conducted using HALO 

(Indica Labs, Albuquerque, NM) image analysis platform. The degree of inflammation was scored by a 

pathology resident, Dr. May-Phyo Nyi Nyi, based on the degree of inflammatory infiltrate, fibrin 

deposition, and fat necrosis using a grading system adapted from Hauzenberger et al20 (Figure 5.3). One 

tissue section per cannula was scored at least two times, and if there was a disagreement between the two 

grades then it was graded a third time and the most common score was used for analysis. 

 

 

Figure 5.3 Inflammation grading key with representative images used for H&E analysis. 
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5.3.14 Masson’s Trichrome staining 

The thickness of the inflammatory cell layer was identified by Masson’s Trichrome (MT) staining 

(Trichrome Stain Kit, cat. no. HT15-1KT, SigmaAldrich). Slides were stained using standard protocols, 

with batch to batch modifications when required to obtain optimal colour. The steps for the MT stain were 

as follows: toluene (3 minutes, 3 times), 100% ethanol (3 minutes, 2 times), 95% ethanol (3 minutes), 

70% ethanol (3 minutes), 50% ethanol (3 minutes), distilled water (3 minutes), Bouin’s fluid (1 hour at 60 

oC, 10 minutes to cool afterwards), distilled water (1 minute), Weigert’s iron hematoxylin solution (mix 

equal parts Weigert’s iron hematoxylin A & B solutions; 5 minutes), running tap water (2 minutes), 

Biebrich scarlet-acid fuchsin solution (10 minutes), distilled water (5 dips, 3 times, followed by 30 

seconds in solution), phosphomolybdic/phosphotungstic acid solution (up to 60 minutes, until collagen is 

no longer red), Aniline blue solution (5 minutes), distilled water (5 dips, 3 times, followed by 1 minute in 

solution), 1% acetic acid (3 minutes), 80% ethanol (3 dips), 95% ethanol (3 dips), 100% ethanol (1 

minute, twice), toluene (1 minute, twice). Slides were wiped of excess liquid and mounted with 

Cytoseal™ mounting medium (Fisher Scientific) with a glass coverslip. 

All slides were scanned using an Olympus VS120 high resolution digital scanner. Blinded image 

analysis was conducted using HALO (Indica Labs) image analysis platform. At least three representative 

points were analyzed per cannula, per mouse at 40X magnification. The inflammatory cell layer thickness 

was measured at 40X magnification for at least three representative points around each cannula. 

Measurements were taken at positions where tissue was intact and there were no tissue structures 

interrupting the cell layer (e.g. blood vessels), and the average inflammatory cell layer thickness was 

reported for each cannula.  

5.3.15 Statistics – Short-term polymer disc implants 

The NF-κB/AP-1 activity of reporter macrophages cultured on explanted polymer discs was 

analyzed using GraphPad Prism 8.4.2 (GraphPad Software, San Diego, CA). Data was tested for 

normality using a Shapiro-Wilk test and passed. A one-way analysis of variance (ANOVA) was 
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performed followed by a Tukey post-hoc test to determine if differences between conditions were 

statistically significant. According to the power analysis, p < 0.05 was considered a statistically 

significant difference. 

5.3.16 Statistics – Hematoxylin and eosin grades 

Inflammation was scored on H&E slides by visual inspection in HALO and analyzed using 

GraphPad Prism 8.4.2 (GraphPad Software). Since the data were ordinal values, a Kruskal-Wallis test was 

performed followed by a Dunn’s multiple comparison post-hoc test to determine if differences between 

genotypes were statistically significant329. According to the power analysis, p < 0.05 was considered a 

statistically significant difference. 

5.3.17 Statistics - Masson’s trichrome measurements 

The inflammatory cell layer thickness of MT slides was measured in HALO and analyzed using 

GraphPad Prism 8.4.2 (GraphPad Software). Data points that were outside the lower and upper bounds of 

the interquartile range were considered outliers and excluded. All included data was tested for normality 

using a Shapiro-Wilk test and passed. A one-way analysis of variance (ANOVA) was performed followed 

by a Tukey post-hoc test to determine if differences between genotypes were statistically significant. 

According to the power analysis, p < 0.05 was considered a statistically significant difference. 

5.4 Results 

5.4.1 Short-term subcutaneous polymer disc implants 

Pilot experiments of short-term subcutaneous implants of PMMA and PDMS discs in mice were 

performed to assess the NF-κB/AP-1 activity of reporter macrophages in response to the adsorbed protein 

layer on the explanted discs (Figure 5.4a&b). This pilot work used extra mice from other research labs 

that were being culled. Therefore, while the genetic background of the mice was known (C57BL/6J), the 

exact ages and genotypes were unknown and may have influenced the results. The pilot surgery results 

(Figure 5.4b) demonstrated that the surface of the explanted discs (i.e. the adsorbed protein layer) 
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increased NF-B/AP-1 activity in macrophages more than adsorbed serum, though not to the same extent 

as lysate alone. A full experiment was designed using the effect size from the pilot surgery results (0.817). 

PDMS and PTFE discs were implanted for 30 minutes in 10 - 14 week old C57BL/6J male mice, then 

explanted and cultured with reporter macrophages for 20 hours. Four discs were implanted per mouse (2 

PDMS, 2 PTFE) and each material was cultured muscle side facing up with untreated or TLR2-

neutralized reporter macrophages (Figure 5.4c). There was a small, but significant, difference between 

reporter macrophage responses to adsorbed plasma and explanted PTFE discs (p < 0.05). However, no 

significant difference was detected between reporter macrophage responses to adsorbed plasma and the 

explanted PDMS discs, nor between untreated and TLR2-neutralized reporter macrophages in response to 

the explanted discs (PDMS and PTFE) at the 30 minute timepoint. An additional implantation experiment 

(n = 2 mice) with a 60 minute implantation was performed to determine if there would be a marked 

change in reporter macrophage NF-κB/AP-1 activity between conditions after a longer implantation time, 

however, no significant difference was observed (Figure 5.4d).  
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Figure 5.4 Short-term implants of polymeric discs in mice (a), pilot experiment (b), 30 minute 

implants (c), and 60 minute implants (d) of PMMA, PDMS, and PTFE discs subcutaneously in mice 

for 30 - 60 minutes. Data is from at least one experiment and shown as mean ± SD. n = 2 separate wells 

per condition (minimum), and each well was plated in duplicate for the enzymatic assay. Results were 

analyzed using one-way ANOVA and Tukey post-hoc test. At least 3 replicates per condition were 

required to perform statistical analysis. * p < 0.05. 

 

5.4.2 Analysis of cannula surface 

Scanning electron microscopy (SEM) was used to image the tip of the cannula and to assess the 

roughness of the scalpel cut end (Figure 5.5). Although there are some small defects in the tip of the 

cannula, these cannulas are FDA approved and commonly used by T1D patients330, and consequently 

these defects were considered to be negligible. Furthermore, the end of the cannula that was cut with the 

scalpel is very smooth and round, indicating this is an appropriate method to detach the cannula from the 

insulin infusion set without causing pinching or deformation. However, the cut end lacked the beveled 

edge, and the outer edge may aggravate the tissue more than the cannula tip. Consequently, only the tissue 

response at the cannula tip was assessed. 
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Figure 5.5 SEM images of the cannula tip (a), scalpel cut end (b), and the length of the cannula (c). 

All images are 100X. Scale bar is 500 µm. Images are representative of 3 cannulas. 

 

5.4.3 Acute inflammatory response to implanted cannulas 

Insulin infusion cannulas were implanted in the inguinal fat of wildtype (WT), TLR2-knockout 

(TLR2-/-), and MyD88-knockout (MyD88-/-) mice for 3 and 7 days to assess the contribution of TLR-

dependent signalling to the acute inflammatory response. Six mice were used per genotype and timepoint, 

and two cannulas were implanted in the inguinal fat of each mouse (i.e. one cannula per fat pad, see 

Figure 5.2). Cannulas and the surrounding fat pads were explanted, fixed, processed, and embedded 

upright so that tissue sections would show a cross section of the cannula. Tissue sections were taken from 

the first ~ 1 mm of the cannula to visualize the tissue reaction around the end of the cannula from which 

insulin would be delivered during CSII. The tissue response to PTFE cannulas implanted in the inguinal 

fat was assessed using H&E staining (Figure 5.6), and blinded image analysis was performed by a 

pathology resident.  
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Figure 5.6 Representative images of the H&E stains. 

 

Each tissue section was assigned an inflammation grade based on the degree of inflammatory 

infiltrate, while considering fibrin deposition and fat necrosis as secondary features (Figure 5.3). Initially 

each of these criteria were grade separately (similar to work by Hauzenberger et al20), however, fat 

necrosis was present in almost all samples regardless of the degree of inflammatory infiltrate, which was 

likely due to injury from the implantation procedure. Therefore, all criteria were considered and combined 

into one score to reflect the degree of inflammation in tissue surrounding the cannula (Figure 5.7). The 

degree of inflammation was variable within each genotype and timepoint, however, there was a trend 

towards similar levels of inflammation in WT and MyD88-/- mice after 3 days and increased inflammation 

in TLR2-/- mice at the same timepoint. After 7 days, the inflammation grade tended to be lower in TLR2-/- 

and MyD88-/- mice compared to WT. Interestingly, the inflammation grade increased in WT mice over 

time (from an average of 1.5 ± 0.7 at 3 days to 2.2 ± 1.1 at 7 days), whereas the inflammation grade in 

TLR2-/- and MyD88-/- mice was decreased at 7 days compared to 3 days (TLR2-/-: decreased from 2.1 ± 

0.8 to 1.3 ± 0.9; MyD88-/-: decreased from 1.6 ± 0.5 to 0.9 ± 0.9). These results indicate that while the 

effect of TLR-dependent signalling on early acute inflammatory responses (i.e. 3 days) is unclear, it does 
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appear to have an influence on the degree of inflammation after 7 days, though this failed to show a 

statistically significant effect due to the variation between samples and the conservative nature of the 

Kruskal-Wallis test329. 

 

 

Figure 5.7 Inflammation scores of insulin infusion cannulas implanted in the inguinal fat of mice 

for 3 and 7 days. Results are displayed as mean ± SD, with individual points showing the inflammation 

grade for one cannula. WT = wildtype. 

 

Tissue sections were also stained with Masson’s trichrome to visualize collagen deposition 

(indicative of the beginning stages of the fibrotic response) and to measure the thickness of the layer of 

inflammatory cells around the cannula (Figure 5.8). There was little to no collagen deposition seen at day 

3, therefore the thickness of the inflammatory cell layer was measured at that timepoint. After 7 days, 

there was noticeable collagen deposition around the cannula for all implants, and the total thickness was 

measured accordingly. However, the MT measurements are called the inflammatory cell layer thickness 

for both timepoints, regardless of the presence of collagen in the layer of cells surrounding the cannula. 
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Figure 5.8 Representative images of the Masson's trichrome stains. 

 

The thickness of the inflammatory cell layer was measured in at least three positions per cannula, 

where tissue was intact with no tissue structures interrupting the cell or collagen layer (i.e. fat pockets or 

blood vessels), and the average thickness was reported (Figure 5.9). The inflammatory cell layer thickness 

was variable within each genotype and timepoint. Similar to the results of the H&E stain, after 3 days the 

TLR2-/- mice trended towards having a slightly thicker inflammatory cell layer around the cannula 

compared to WT mice (62.1 ± 21.0 μm vs 55.5 ± 18.6 μm), and this layer was significantly thicker than in 

MyD88-/- mice (62.1 ± 21.0 μm vs 36.9 ± 9.4 μm; p < 0.05). However, after 7 days the fibrous capsule 

was thinner in both TLR2-/- and MyD88-/- mice compared to WT (25.6 ± 10.8 μm and 29.7 ± 6.3 μm vs 

41.3 ± 19.2 μm, respectively), though not to a statistically significant degree. Additionally, the thickness 

of the cell layer around the cannula decreased over time for all conditions, and this was a statistically 

significant decrease in TLR2-/- mice (62.1 ± 21.0 μm to 25.6 μm; p < 0.05). These results demonstrate that 

TLR-dependent signalling influences the acute inflammatory response to insulin infusion cannulas, 

particularly after 7 days. 
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Figure 5.9 Inflammatory cell layer thickness measurements of insulin infusion cannulas implanted 

in the inguinal fat of mice for 3 and 7 days. Results are displayed as mean ± SD, with individual points 

showing the thickness measurement for one cannula. WT = wildtype. * p < 0.05. 

 

5.5 Discussion 

5.5.1 Differences between mouse genotypes 

Working with knockout mouse strains raises the concern of differences in the baseline mouse 

behaviour (in this case, immune cell populations) compared to the wildtype control. The TLR2-/- and 

MyD88-/- mice have the same genetic background as the wildtype control (C57BL/6J) with targeted 

mutations that prevent TLR2- and MyD88-dependent signalling. At the time of writing, no 

characterization of immune cell populations has been performed on TLR2-/- or MyD88-/- mice compared 

to WT. In other work, TLR2-/- and MyD88-/- mice have shown decreased pro-inflammatory cytokine 

production in response to bacterial ligands compared to WT mice314,315, which is likely due to the absence 

of TLR signalling and not because of differences in their immune cell populations. Other researchers 

found no difference in the number of hematopoietic stem cells (HSCs) between WT and TLR2-/- mice317. 

However, they observed that HSCs in TLR2-/- mice had a modest repopulating advantage over WT 

mice318, which could influence the FBR since leukocytes migrating toward the implant site could be 

repopulated faster than in WT mice. In this case, it would be expected that more leukocytes would be 

available to migrate to the implant site, and potentially result in an exacerbated FBR. However, after 7 
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days (the time it takes for HSCs to differentiate to BMDMs in vitro) both TLR2-/- and MyD88-/- mice 

showed reduced inflammation grades and inflammatory cell layer thickness compared to WT. Therefore, 

it is unlikely that an HSC repopulating advantage influences the longer-term inflammatory response. 

5.5.2 Implantation model to assess the inflammatory responses to cannulas 

Short-term implant procedures were performed in WT mice, where polymeric discs were 

implanted into subcutaneous pockets with tissue damage (induced by a dental file) for 30 minutes, 

followed by culturing reporter macrophages on the surface to investigate whether the in vivo adsorbed 

protein layer contained molecules that influence TLR-dependent macrophage responses (i.e. DAMPs). 

There was a small but significant difference between reporter macrophage responses to adsorbed plasma 

and explanted PTFE (but not PDMS) discs. However, there was no significant difference between 

untreated and TLR2-neutralized reporter macrophages in response to the explanted PDMS and PTFE 

discs at either timepoint. The discs were implanted into the interstitial space between the panniculus 

carnosus and fascia, which is an area with very few cells and little vascularization331. Consequently, when 

the dental file was used to damage tissue, very few cells and blood vessels would have been damaged, 

which would limit the release of DAMPs and presence of blood proteins (e.g. complement) at the polymer 

surface that activate macrophages89,332. Therefore, it is likely that the subcutaneous short-term implant 

model was not suitable to investigate the influence of in vivo adsorbed protein layer on macrophage 

responses. Instead, longer term implants (3 - 7 days) in WT and TLR-knockout mice were performed to 

assess the role of TLRs in the acute inflammatory response to implanted PTFE cannulas. 

An inguinal fat implant model was selected to place the cannulas within the subcutaneous adipose 

tissue, which is the target tissue for insulin delivery11. While subcutaneous models are frequently used to 

study the FBR to model percutaneous devices (e.g. continuous glucose monitoring) within the 

literature207,281,282,333, the epidermis and dermis of mice are significantly thinner than humans331 and are not 

suitable for this model. As well, mice have an additional muscle layer, the panniculus carnosus, which 

does not occur in humans331. A 3 day timepoint was chosen to investigate the acute inflammatory 
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response during the recommended wear time for IISs, and a 7 day timepoint was of interest for continuous 

glucose monitoring devices (e.g. artificial pancreas systems), which have a wear time of 7 days. 

Furthermore, two timepoints were used to assess the time-dependent acute inflammatory response to 

PTFE cannulas in the inguinal fat, and whether this response changed over time in a manner characteristic 

of FBR. Indeed, the histology images demonstrated that there was a decrease in inflammatory cells 

surrounding the cannula between the acute timepoint (3 days) and the later timepoint (7 days) in WT 

mice, and there was noticeable collagen deposition for all mouse genotypes after 7 days, both of which 

are characteristic of FBR2. Furthermore, a subtle decrease in the inflammatory responses of TLR2-/- and 

MyD88-/- mice compared to WT mice was observed. Together, these findings suggest that the inguinal fat 

cannula implants are a useful tool for studying the contribution of TLR signalling to the acute 

inflammatory response to insulin infusion cannulas. 

5.5.3 The contribution of TLR-dependent signalling to the foreign body response 

The trends seen in the acute inflammatory response to implanted PTFE cannulas agree with those 

from comparable studies20,173,198,334. Hauzenberger et al. investigated the time-dependent effect 

inflammatory response to PTFE and steel cannulas in pigs20. In this study, insulin infusion sets were 

inserted transcutaneously in pigs for 1, 4, and 7 days, and the inflammatory response was assessed using 

histology (H&E and MT staining) and qPCR20. Their findings showed that the area of inflammation and 

fibrin deposition increased over time in response to PTFE cannulas, which is similar to the observation 

here that the inflammation grade (which was based on the degree of inflammatory infiltrate, fibrin 

deposition, and fat necrosis) increased over time in WT mice20. The authors postulated that this 

inflammatory tissue response to the cannula may explain the inconsistent insulin delivery experienced by 

CSII users outside the recommended IIS wear time20. The results from the work in this chapter also 

support this claim, since inflammation grades increased over time in WT mice, and provides evidence that 

TLR2 and MyD88 may be relevant targets to extend IIS wear time due to the reduction in inflammation 

seen over time in the knockout mice. 
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Hauzenberger et al. also showed an increase in the gene expression of CD68, a macrophage 

marker, over time in the tissue surrounding the cannulas20. The increased CD68 expression, indicating an 

increased macrophage population in the tissue surrounding the cannula, likely explains the increase in the 

area of inflammation and fibrin deposition over time, since macrophages have been shown to play a 

significant role in FBR30,335. It has previously been demonstrated in a study with rats that single polymer 

fibers with a smaller diameter had reduced macrophage densities and consequently decreased fibrous 

capsule thicknesses compared to larger fibers335. More recently, Doloff and colleagues showed that, 

unlike wildtype mice and mice that had targeted neutrophil depletion, mice that underwent targeted 

macrophage depletion had no fibrous capsule formation in response to intraperitoneal alginate gel spheres 

after 14 days30. Therefore, it is likely that an increased macrophage presence at the implant site would 

result in increased inflammatory and fibrotic responses30,335. However, the alginate gel spheres were 

crosslinked with barium, which may have influenced the cellular response due to barium’s cytotoxic 

effects103. 

Amer and colleagues studied the influence of MyD88-dependent signalling in the foreign body 

response of mice to subcutaneous polyethylene glycol (PEG) hydrogels over 28 days173. Their results 

demonstrated that there was a consistently thinner inflammatory cell layer in MyD88-/- mice compared to 

WT after 2, 7, and 28 days, and there was a 3-fold decrease in fibrous capsule thickness in MyD88-/- mice 

compared to WT after 28 days173. These trends agree with what was seen in the inflammatory response to 

PTFE cannulas, where MyD88-/- mice had a lower inflammation grade at 7 days and a thinner 

inflammatory cell layer at 3 and 7 days compared to WT mice. Their work also observed that the 

dominant leukocyte population in the hydrogel microenvironment at all timepoints was neutrophils in WT 

mice and macrophages in MyD88-/- mice173, which agrees with other research that showed increased 

macrophage infiltration in skin wounds of MyD88-/- mice compared to WT161. Additionally, MyD88-/- 

mice had a drastically reduced number of leukocytes present compared to WT at all timepoints, which 

likely contributed to the reduced inflammatory cell layer and fibrous capsule173. These results support my 
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hypothesis that MyD88-dependent signalling influences FBR in mice to polymer implants173. However, as 

this study was performed on PEG hydrogels, the results cannot be extrapolated to PTFE cannulas. It is 

likely that PEG hydrogels would have a different adsorbed protein layer (i.e. protein composition and 

conformations) due to differences in surface chemistry and hydrophilicity/hydrophobicity 

(respectively)323. As adsorbed protein species and conformations are known to influence cellular 

responses, differences in the adsorbed protein layers between materials may result in variations in the 

tissue response2,31,32. Therefore, it is possible that the absence of MyD88-dependent signalling would 

influence FBR (i.e. leukocyte recruitment and fibrous capsule thickness) in a different manner for PTFE 

compared to PEG hydrogels. 

Rogers and Babensee studied differences in leukocyte recruitment between WT and TLR4-/- mice 

in response to intraperitoneal implantation of polyethylene terephthalate (PET) discs after 16 hours173,198. 

Unlike the findings by Amer and colleagues173, they observed that the total number of adherent cells on 

PET discs was the same in both genotypes, though the profile of the cells varied198. The profile of cells on 

the surface of explanted PET discs from WT mice had an equivalent number of neutrophils and 

monocytes/macrophages, whereas the TLR4-/- mice had a profile of predominantly neutrophils and fewer 

monocyte/macrophages198. Interestingly, there were no differences in the composition of leukocytes in the 

intraperitoneal lavage, indicating that TLR4 influences leukocyte recruitment to the implant but not the 

intraperitoneal cavity198. While the differences in the results of these studies may be attributed to different 

experimental conditions (timepoint, material, implant location), it would also be expected that MyD88 

would have a stronger influence on the acute inflammatory response than a single TLR pathway due to its 

role as an adapter molecule for all TLRs (except TLR3), IL-1R, and IL-18R34. Though MyD88 is a 

downstream adapter molecule for the early response of surface TLR4, over time surface TLR4 becomes 

internalized in an endosome and switches to MyD88-independent (TRIF) signalling157. Therefore, the 

acute inflammatory response may be influenced by both MyD88- and TRIF-dependent TLR4 signalling. 

When PET discs were implanted subcutaneously for 14 days, however, there was no difference in capsule 
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thickness on the dermal or muscle sides of the disc between WT and TLR4-/- mice, indicating that TLR4 

did not affect the downstream fibrotic response198. Again, since MyD88 is downstream of all surface 

TLRs, as well as IL-1R and IL-18R signalling34, it would be anticipated to have a significant effect on 

fibrous capsule thickness compared to TLR4 alone. The results from the work in this chapter and the 

other bodies of work discussed collectively demonstrate that TLR-dependent signalling (and especially 

MyD88-dependent signalling) influences both the acute and chronic phases of FBR to polymeric 

biomaterials, and merits further investigation.  

The results of this research demonstrated that mouse inguinal fat pads are a useful model to 

observe time-dependent differences in tissue responses of wildtype and TLR-knockout mice to implanted 

cannulas. Additionally, these results provide evidence that TLR2 is a promising specific target to 

modulate FBR, as TLR2-/- and MyD88-/- mice had comparable degrees of inflammation and fibrotic 

capsule thicknesses in response to PTFE cannulas implanted after 7 days. My previous work also showed 

that macrophages from TLR2-/- and MyD88-/- mice had similar responses to adsorbed blood proteins and 

DAMPs. This work encourages further investigation into the contribution of TLR2 to FBR, since 

blocking a single pathway (as opposed to MyD88, which is downstream of many TLRs as well as IL-1R 

and IL-18R34) would leave the majority of the immune response intact for various beneficial functions, 

including pathogen removal and wound healing. However, further analysis is required to understand how 

TLR2- and MyD88-dependent signalling influence both the acute and chronic inflammatory response to 

insulin infusion cannulas. Immunohistochemical (IHC) staining for various markers of cells involved in 

FBR (e.g. macrophages: F4/80, CD6830,336-338; neutrophils: Ly6g, Ly6c, CD11b30,339; fibroblasts: 

vimentin, FAP340; B cells: CD19, CD2030) would elucidate differences in cellular recruitment to the 

cannula site. Furthermore, IHC staining for macrophage polarization markers (M1, pro-inflammatory: 

CCR7, NOS2; M2, pro-resolving: CD206, Arg1)336-338 could be used to study differences in macrophage 

responses to implanted cannulas, which may be predictive of responses at later timepoints. Finally, longer 
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term studies (i.e. 14, 28, 90 days) are required to determine whether the absence of TLR2- or MyD88-

dependent signalling influences FBR. 

5.6 Conclusions 

The work in this chapter provides evidence that TLR-dependent signalling contributes to the 

acute inflammatory response to PTFE insulin infusion cannulas, and merits further investigation into its 

role in FBR. Both TLR2-/- and MyD88- mice showed reduced inflammation grades and inflammatory cell 

layer thickness compared to WT after 7 days. However, further study into the cell types in the cannula 

environment and macrophage polarization is required to understand how the inflammatory response is 

being influenced at both the 3 and 7 day timepoints, since this will impact the downstream fibrotic 

response. Furthermore, longer term studies (i.e. 14, 28, and 90 days) would elucidate how TLR-dependent 

signalling contributes to FBR, and whether TLR2 inhibition alone is sufficient to mediate this response.  
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Chapter 6 

Conclusions, recommendations, and significance 

6.1 Conclusions 

6.1.1 Toll-like receptor 2-dependent NF-κB/AP-1 activation by damage-associated molecular 

patterns adsorbed on polymeric surfaces 

In the first aim of my research, I investigated Toll-like receptor (TLR) signalling of reporter 

macrophages in response to a variety of non-resorbable polymer surfaces with adsorbed damage-

associated molecular patterns (DAMPs) and serum proteins in vitro, with the hypothesis that surface 

TLRs mediate macrophage NF-κB/AP-1 signalling in response to adsorbed DAMPs. This work served as 

a proof-of-concept to demonstrate that (1) DAMPs adsorb to polymer surfaces, (2) adsorbed DAMPs 

activate NF-κB/AP-1 activity via surface TLRs and (3) macrophage TLR signalling in response to 

adsorbed DAMPs was robust and reproducible on multiple polymeric surfaces.  

To complete this aim, I developed an in vitro protein adsorption model to recapitulate the 

complexity of the implant environment by combining cellular damage molecules and blood proteins 

adsorbed to polymeric surfaces. Using this model, I demonstrated that DAMPs adsorb to a variety of non-

resorbable polymer surfaces, both alone and in the presence of serum proteins, and activate NF-κB/AP-1 

transcription factors and pro-inflammatory cytokine secretion in macrophages more strongly than 

adsorbed serum alone. These results suggest that the conformation of adsorbed DAMPs on the 

investigated polymeric surfaces play a significant role in macrophage activation through TLR signalling. 

Furthermore, my work using a TLR4 small molecule inhibitor and TLR2 neutralizing antibodies showed 

that TLR2 neutralization had a significant effect on DAMP-induced NF-κB/AP-1 activity and pro-

inflammatory cytokine production in reporter macrophages, while TLR4 inhibition had only a modest 

effect. While there has been some research into the contribution of TLRs to the foreign body reaction 

(FBR)173,198,199,267,334, TLR2 and its downstream adapter molecule MyD88 have not been investigated in 
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depth. My results showed that TLR2, and consequently MyD88, are promising targets to modulate 

macrophage responses to surfaces with adsorbed DAMPs, and merit further investigation as potential 

therapeutic targets to modulate host responses to implanted biomaterials, including 

polytetrafluoroethylene (PTFE) cannulas.  

6.1.2 TLR2 and MyD88-dependent signalling pathways modulate primary macrophage responses 

to damage-associated molecular patterns on polytetrafluoroethylene surfaces 

The results of the first research aim demonstrated that TLRs, and TLR2 in particular, have a 

strong effect on reporter macrophage responses to adsorbed DAMPs on a variety of non-resorbable 

polymeric surfaces. The remaining research aims focused on one polymer, PTFE, to assess the 

contribution of TLR2 and MyD88 in macrophage and tissue responses to PTFE cannulas used in insulin 

pump therapy. Primary murine macrophages were used for this work to ensure the effect of TLRs on 

macrophage responses was reproduced in a more biologically relevant model than the reporter 

macrophage cell line used in the first aim. In the second aim of my research, I explored the effect of 

MyD88-dependent TLR signalling in primary murine macrophage responses to fluorinated PTFE (fPTFE, 

used as a model for PTFE cannulas) with adsorbed DAMPs and plasma. The hypothesis was that MyD88-

dependent signalling pathways modulate macrophage responses to DAMPs adsorbed on fPTFE.  

To deepen our understanding of the contribution of TLR2 and MyD88 to macrophage responses 

to PTFE cannulas, bone marrow-derived macrophages (BMDMs) were cultured for 24 hours on lysate- 

and/or plasma-adsorbed fPTFE and the macrophage responses were studied using bead-based cytokine 

assays and qPCR. Similar to the observations from the first research aim, WT BMDMs cultured on 

adsorbed lysate had increased pro-inflammatory, anti-inflammatory, and angiogenic cytokine expression 

compared to when they were cultured on fPTFE with adsorbed plasma. In contrast, TLR2-/- and MyD88-/- 

BMDMs cultured on adsorbed lysate on fPTFE had similar levels of cytokine expression to WT, TLR2-/- 

and MyD88-/- BMDMs cultured on adsorbed plasma (i.e. the negative control). The level of similarity 

between knockout BMDMs and the negative control condition was confirmed using hierarchical 
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clustering, which showed that WT BMDMs exposed to adsorbed lysate or a TLR2 ligand were dissimilar 

from all other assay conditions. These results demonstrate the important role that TLR-dependent 

signalling has in macrophage production of FBR-associated cytokines in response to model cannula 

surfaces in vitro. Furthermore, TLR2-/- BMDMs had similar responses to MyD88-/- BMDMs for all 

conditions, indicating that the TLR2 pathway is a promising and specific target for modulating 

macrophage responses to insulin infusion cannulas. 

6.1.3 MyD88-dependent signalling contributes to the acute inflammatory response to implanted 

polytetrafluoroethylene cannulas 

The results of the second research aim demonstrated that TLR2- and MyD88-dependent 

signalling have a marked effect on macrophage responses to adsorbed DAMPs on model cannula 

surfaces. In the final aim of my dissertation, I sought to validate these in vitro results using an in vivo 

implant model. To do so, I examined the acute inflammatory response to PTFE cannulas implanted in the 

inguinal fat of WT, TLR2-/-, and MyD88-/- mice for 3 and 7 days. The hypothesis was that the absence of 

TLR signalling alters the acute inflammatory response to PTFE cannula implants. Based on the results 

from Aim 2, the secondary hypothesis was that TLR2-/- and MyD88-/- mice would have similar tissue 

responses to insulin infusion cannulas. 

The tissue response to the implanted cannulas was assessed using hematoxylin and eosin (H&E) 

and Masson’s trichrome histology stains. The H&E images were examined by a pathology resident and 

given an inflammation grade based on the degree of inflammatory infiltrate, fat necrosis, and fibrin 

deposition. These scores showed that WT mice had an increasing trend in inflammation between 3 and 7 

days, whereas TLR2-/- and MyD88-/- had a decreasing trend. Furthermore, the inflammation grades of 

TLR2-/- and MyD88-/- mice were noticeably lower than WT after 7 days. The Masson’s trichrome stain 

was used to measure the thickness of the cell layer around implanted cannulas and visualize the presence 

of collagen deposition (indicative of a fibrotic response). After 7 days, both knockout mouse strains had 

similar inflammatory cell layer thicknesses, which were decreased compared to WT. These results 
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suggest that TLR2- and MyD88-dependent signalling contribute to the acute inflammatory response to 

PTFE cannula implants, and TLR2 may be a more selective target for altering this response. Therefore, 

both TLR2 and MyD88 merit further investigation into their effects on leukocyte recruitment and 

macrophage polarization in the acute inflammatory response. 

6.2 Recommendations for future work 

Proteomic studies would greatly contribute to our understanding of the contribution of DAMPs in 

lysate in the in vitro macrophage model. For example, liquid chromatography-tandem mass spectrometry 

(LC-MS/MS) and high resolution shotgun mass spectrometry are useful tools to characterize adsorbed 

protein layers on biomaterial surfaces89,96. A study using mass spectrometry to compare the adsorbed 

protein layers of lysate alone, lysate diluted in plasma or serum, and serum or plasma alone would deepen 

our understanding of the composition of the in vitro adsorbed protein layers and verify the presence of 

DAMPs in these layers. However, there are some limitations to this work, such as the surface area 

required to yield sufficient adsorbed protein for analysis and the possibility that the abundance of 

individual DAMP species will be below the detection limit. Furthermore, a collaborator would be needed 

for this work since there is no shotgun mass spectrometry suite available at Queen’s University. 

Alternatively, there are less rigorous methods that could be used to characterize the relative abundance 

and variety of proteins in these adsorbed protein layers. Eluted proteins from the material surface could be 

separated on a 2D gel to visualize spots (unlike bands in a western blot), and compared between the 

different protein adsorption conditions. Spots present in the lysate samples, but absent in the serum or 

plasma samples, could then be excised from the gel, dissolved, and run through an HPLC column to 

identify the peptide sequence and have it matched to a known protein using a database. However, again it 

is possible that this method would not be able to detect DAMPs in the adsorbed protein layer because the 

individual species may be present in concentrations below the detection limit. Additionally, since the 2D 

gel is an antibody-based method, it may not work if the epitope of interest on the DAMP is denatured 
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during the adsorption process, making it difficult to conclude whether DAMPs are not present based on a 

negative result.  

There are many areas for future work using the BMDM model I developed. A greater 

understanding of the contribution of TLR-dependent signalling to BMDM responses to adsorbed lysate on 

model PTFE surfaces could be achieved by incorporating insulin into the culture conditions. After 

differentiation, BMDMs could be cultured under hyperglycemic (25 mM glucose) and normoglycemic 

(5.5 mM glucose) conditions341, and after adapting to the new media then be cultured with and without 

insulin (e.g. 100 U/L, the standard insulin concentration used in CSII342) on fPTFE to investigate the 

influence of insulin on BMDM responses. Furthermore, a variety of culture timepoints (6, 12, 24, 48, 72, 

and 96 hours) would give insight into time-dependent response of wildtype and knockout BMDMs to 

model PTFE surfaces, which could be assessed using qPCR and bead-based cytokine assays similar to 

what was performed in Aim 2.  

The cannula implantations performed in Aim 3 demonstrated that mouse inguinal fat pads are a 

suitable model for measuring the acute inflammatory response to PTFE cannulas. These studies resulted 

in many extra tissue sections, which could be stained using immunohistochemistry and/or 

immunofluorescence for the presence of macrophages (F4/80, CD68)30,336-338, neutrophils (Ly6g, Ly6c, 

CD11b)30,339, fibroblasts (vimentin, FAP)340, and B cells (CD19, CD20)30. Markers of M1 (pro-

inflammatory, e.g. NOS2 and CCR7) and M2 (anti-inflammatory/pro-resolving, e.g. Arg1 and CD206) 

macrophage polarization could also be stained to study macrophage behaviour in the cannula 

environment336-338. Gene expression in the tissue surrounding implanted cannulas could also be studied by 

isolating RNA from the tissue and performing qPCR (e.g. genes associated with inflammation, 

angiogenesis, and fibrosis), and the responses of wildtype and TLR-knockout mice could be compared. 

Finally, the implant studies could be performed in mice with and without streptozotocin-induced 

hyperglycemia as a murine model for type 1 diabetes mellitus (T1D), to assess the influence of TLR-
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dependent signalling on the acute inflammatory response to implanted cannulas in a T1D environment, 

using the methods previously described.  

6.3 Significance 

The foreign body response poses a significant challenge to the function of implanted biomaterials 

and medical devices, since many of these constructs must achieve tissue-material integration to perform 

their intended function2,11,14,20-23. Fibrosis, which is associated with the final stage of FBR2, has been 

shown to be absent in macrophage-depletion mouse models, suggesting that macrophages are responsible 

for orchestrating the downstream cellular events associated with chronic inflammation and fibrosis30. 

Furthermore, it is well established that the species and conformations of proteins adsorbed on a material 

surface following implantation influence innate immune cell responses31-33. These findings highlight 

macrophage interactions with adsorbed protein layers as key determinants of the progression of FBR30-33. 

Moreover, macrophages (and many other cell types) express TLRs, an evolutionarily conserved family of 

pattern recognition receptors that are known to respond to pathogen- and damage-associated molecular 

patterns4. DAMPs have been hypothesized to be present in the implant microenvironment due to the 

damage incurred during implantation procedures35,173. Therefore, TLRs on the surface of macrophages 

(i.e. TLR2, TLR4, and their downstream adapter molecule MyD88) are of interest to this project, since 

these receptors would interact directly with an implant’s adsorbed protein layer. Taken together, these 

findings motivated my research into the contribution of TLR signalling to macrophage responses to 

polymeric biomaterials, with a special focus on insulin infusion cannulas.  

The acute inflammatory phase of FBR presents a challenge for transdermal insulin delivery for 

T1D patients that use insulin pump therapy. Prolonged use of insulin infusion cannulas is associated with 

poor glycemic control and increased risk of serious adverse events, including hyperglycemia and diabetic 

ketoacidosis6-10. The acute inflammatory response due to tissue trauma caused by cannula placement (i.e. 

from DAMPs), as well the presence of the cannula (i.e. acute inflammatory phase of FBR elicited during 

wear time), contributes to variations in insulin absorption that lead to the development of unexplained 
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hyperglycemia11-14. The overarching hypothesis of this research was that targeted inhibition of the TLR 

pathway (i.e. surface TLRs and MyD88) would reduce the acute inflammatory response at the infusion 

site by interrupting the positive feedback loop of TLR signalling and cytokine production, which can 

cause further tissue damage167,191.  

The work in this dissertation has demonstrated the contribution of TLR-dependent signalling in 

macrophage and tissue responses to polymeric surfaces, and specifically to insulin infusion cannulas. The 

responses of TLR2-/- BMDMs to adsorbed lysate and plasma on fPTFE were similar to those of MyD88-/- 

BMDMs. Furthermore, TLR2-/- and MyD88-/- mice had similar degrees of inflammation and inflammatory 

cell layer thicknesses in response to PTFE cannula implants after 7 days. These findings highlight TLR2 as 

a promising and specific target to modulate acute inflammatory responses to insulin infusion cannulas. 

Cannula implants in WT mice also showed an increase in inflammation over time, which agrees with the 

hypothesis that the tissue response (i.e. cellular infiltration and inflammation) contribute to variations in 

insulin absorption. Therefore, targeted TLR inhibition may improve insulin absorption in T1D patients 

using insulin pump therapy.  

By targeting a single receptor in the TLR family, this strategy will leave the majority of the immune 

response intact and not disrupt cell signalling pathways critical in responding to pathogens and orchestrating 

wound healing and angiogenesis processes, unlike indiscriminate immunosuppressing drugs such as 

corticosteroids (e.g. dexamethasone)209,210,343,344. Research into the cellular mechanisms of FBR has broad 

implications in the biomedical field, as it is known that all biomaterials elicit some form of inflammatory 

response upon implantation into the body2. Consequently, this strategy can likely be applied to any 

biomedical (e.g. controlled drug delivery, implantable glucose sensor) or tissue engineering application 

involving soft-tissue biomaterial implants where the host response is a critical factor in the function of the 

implanted construct. 
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Appendix A 

A macrophage reporter cell assay to examine Toll-like receptor-mediated NF-

kB/AP-1 signalling on adsorbed protein layers on polymeric surfaces  

A.1 Disclosure 

 The following Appendix describes the detailed methods that were used to perform Objective 1 

(Chapter 3) of this thesis. The methods in this paper describe an in vitro model using adsorbed protein 

layers containing cellular damage molecules on polymer biomaterial surfaces to assess macrophage 

responses. An NF-кB/AP-1 reporter macrophage cell line and the associated colourimetric alkaline 

phosphatase assay were used as a rapid method to indirectly examine NF-кB/AP-1 transcription factor 

activity in response to complex adsorbed protein layers containing blood proteins and damage-associated 

molecular patterns, as a model of the complex adsorbed protein layers formed on biomaterial surfaces in 

vivo. This protocol provides researchers with a rapid, indirect method of measuring TLR-dependent NF-

кB/AP-1 transcription factor activity in a murine macrophage cell line in response to a variety of 

polymeric surfaces and adsorbed protein layers that model the biomaterial implant microenvironment.  

 This was an invited manuscript, which was published in the Journal of Visualized Experiments in 

January 2020. Some of the information included in this manuscript has been reprinted with permission 

from ACS Biomater. Sci. Eng. 2018, 4, 11, 3792-380137. Copyright 2018 American Chemical Society. 

All experiments and data in this chapter were designed and collected by me. The manuscript was written 

by me and I am the primary author, and the other authors are Dr. Kimberly Woodhouse and Dr. Lindsay 

Fitzpatrick. 

A.2 Introduction 

The foreign body reaction (FBR) is a chronic host response that can negatively impact the 

performance of an implanted material or device (e.g. drug delivery devices, biosensors), through the 

persistent release of inflammatory mediators and by impeding integration between the implanted material 

and the surrounding tissue2. This innate immune response is initiated by the implantation procedure and is 
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characterized by the long-term presence of innate immune cells and fibrous capsule formation around the 

implant1. Within the context of material host responses, macrophage-material interactions have a 

significant impact on the progression of the host response and development of a FBR2. Macrophages are a 

diverse innate immune cell population, recruited to the implant site either from tissue-resident 

macrophage populations or from the blood as monocyte-derived macrophages. They begin to accumulate 

at the implant site shortly after implantation, and within days become the predominant cell population in 

the implant microenvironment. Material-adherent macrophages, along with foreign body giant cells 

(FBGC) formed through macrophage fusion, can persist at the material surface for the lifetime of the 

implant46,79. Consequently, macrophages are considered to be key players in the foreign body response 

due to their roles orchestrating the characteristic steps of the FBR: acute inflammatory response, tissue 

remodeling, and formation of fibrotic tissue2.  

Toll-like receptors (TLRs) are a family of pattern recognition receptors that are expressed by 

many immune cells, including macrophages, and have been shown to play a significant role in 

inflammation and wound healing. In addition to pathogen-derived ligands, TLRs are able to bind 

endogenous molecules, known as damage-associated molecular patterns (DAMPs), that are released 

during cell necrosis and activate inflammatory signalling pathways resulting in the production of pro-

inflammatory cytokines15. We and others have proposed that damage incurred during soft tissue 

biomaterial implantation procedures release DAMPs, which then adsorb to biomaterial surfaces in 

addition to blood proteins and modulate subsequent cell-material interactions35,37. When macrophages 

interact with the adsorbed protein layer on an implant, their surface TLRs may recognize adsorbed 

DAMPs and activate pro-inflammatory signalling cascades, leading to NF-κB and AP-1 transcription 

factor activation and production of pro-inflammatory cytokines. We have previously shown that murine 

macrophages have significantly increased NF-κB/AP-1 activity and tumor necrosis factor α (TNF-α, pro-

inflammatory cytokine) secretion in response to DAMP-containing adsorbed protein layers on a variety of 
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polymeric surfaces compared to surfaces with adsorbed serum or plasma only (i.e. no DAMPs present), 

and that this response is largely mediated by TLR2, while TLR4 plays a lesser role37. 

 The NF-κB/AP-1 reporter macrophage cell line used in this protocol is a convenient method to 

measure relative NF-κB and AP-1 activity in macrophages37,345,346. In combination with TLR pathway 

inhibitors, this cell line is a useful tool for investigating TLR activation and its role in inflammation in 

response to a variety of stimuli37,345,346. The reporter cells are a modified mouse macrophage-like cell line 

that can stably produce secreted embryonic alkaline phosphatase (SEAP) upon NF-κB and AP-1 

transcription factor activation309. The colorimetric enzymatic alkaline phosphatase assay can then be used 

to quantify relative amounts of SEAP expression as an indirect measure of NF-κB/AP-1 activity. As NF-

κB and AP-1 are downstream of many cell signalling pathways, neutralizing antibodies and inhibitors 

targeting specific TLRs (e.g. TLR2) or TLR adaptor molecules (e.g. MyD88) can be used to verify the 

role of a specific pathway. The methodology described in this article provides a simple and rapid 

approach for assessing the contribution of TLR signalling in murine macrophage responses to a variety of 

polymeric surfaces with adsorbed protein layers containing both blood proteins and DAMPs as an in vitro 

model of implanted biomaterials. 

A.3 Protocol 

A.3.1 Media and reagent preparation 

1.1 Prepare fibroblast media. Combine 450 mL Dulbecco’s Modified Eagle Medium, 50 mL fetal bovine 

serum (FBS), and 5 mL penicillin/streptomycin. Store at 4 oC for up to 3 months. 

 

1.2 Prepare reporter macrophage growth media in 50 mL aliquots. Combine 45 mL Dulbecco’s Modified 

Eagle Medium, 5 mL FBS, 5 μg/mL Plasmocin, and 200 μg/mL Zeocin. Store at 4 oC for up to 3 months. 
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1.3 Prepare reporter macrophage assay media in 50 mL aliquots. Combine 45 mL Dulbecco’s Modified 

Eagle Medium, 5 mL heat inactivated FBS (HI-FBS), 5 μg/mL Plasmocin, and 200 μg/mL Zeocin. Store 

at 4 oC for up to 3 months. 

A.3.2 Coating cell culture surfaces with poly(methyl methacrylate) 

2.1 Dissolve poly(methyl methacrylate) (PMMA) in chloroform at 20 mg/mL (e.g. 100 mg PMMA in 5 

mL chloroform) in a 20 mL glass scintillation vial. Place a magnetic stir bar in the vial and allow to stir 

for at least 2 hours, until all solids are dissolved.  

CAUTION: Chloroform is harmful if inhaled. Ensure to use solvent in a fume hood while wearing PVA 

gloves. 

 

2.2 Pipette 400 µL of PMMA solution onto the center of a borosilicate glass microscope slide in a spin 

coater, and spin at 3000 rpm for 2 minutes. Prepare the number of slides required for the assay, as well as 

3-5 extra for water contact angle measurement. Store slides in a clean box (sprayed and wiped with 70% 

ethanol (by volume)) for future use. 

NOTE: Spin coating is often used to deposit a thin, uniform coating on a flat surface. A spin coater rotates 

a substrate at high speeds, using centrifugal force to spread the coating solution over the surface. 

 

2.2.1 Measure water contact angle at two random positions on the surface of extra coated slides (i.e. not 

the slides being used for cell culture) with a goniometer to ensure glass surface was completely coated 

with the polymer.  

NOTE: Only water of the highest purity (e.g. glass triple distilled) should be used for water contact angle 

measurements.  

 

2.3 In a biological safety cabinet (BSC) attach 8-chamber sticky wells to PMMA coated-slides using 

sterile forceps and following aseptic technique. Press firmly on the top of the sticky wells to make sure 
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they are strongly attached. Incubate the slides with attached sticky-wells at 37 oC overnight to secure the 

seal. 

 

2.3.1 Test the seal of the sticky wells by adding 200 µL cell culture grade (endotoxin-free) water to each 

well. Incubate at room temperature for 60 minutes and ensure no leakage before proceeding. Aspirate the 

water, being careful not to disturb the PMMA coating. 

 

2.4 Perform endotoxin-free water washes by adding 300 µL endotoxin-free water to each well and 

incubating for 1 hour (three times), 12 hours, and 24 hours prior to use to remove any remaining solvent. 

 

2.5 Test endotoxin concentration of the slides to be used for cell culture. Incubate 200 µL of endotoxin-

free reagent water in one well of each slide for 1 hour. Measure endotoxin concentration in the extract 

using an endpoint chromogenic endotoxin assay. The following protocol is specific to the LAL 

Pyrochrome kit (CapeCod and Associates, East Falmouth, MA). 

NOTE: Use only water and consumables (i.e. pipette tips, microcentrifuge tubes and well plates) that are 

certified pyrogen-free (i.e. endotoxin-free) for this work.  Also, any glassware used in the preparation of 

the polymer-coated surfaces should be depyrogenated using dry heat sterilization (250 oC for 30 minutes) 

prior to use347. 

NOTE: Measuring endotoxin in the extract solution, as described here, can result in an underestimation of 

endotoxin on the material surface325,326. Consequently, it is recommended that when developing a polymer 

coating protocol, perform the endotoxin assay reaction (i.e. Steps 2.5.4 - 2.5.6 for test samples (reagent 

water) or spike controls) directly within wells containing the coated sample to ensure no sources of 

endotoxin are inadvertently introduced into the system during the coating process.  
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2.5.1 Bring all test samples (i.e. extracts) and endotoxin assay reagents to room temperature. Reconstitute 

chromogenic reagent in assay buffer and endotoxin standard in reagent water, allow to dissolve for 5 

minutes and gently swirl before using. Cover all bottles with paraffin film when not in use. 

 

2.5.2 Create a 5 – 8 point standard dilution curve of endotoxin standard ranging from the lower to the 

upper limit of the assay by performing a serial dilution of the endotoxin standard in reagent water. 

 

2.5.3 To control for enhancement or inhibition of the endotoxin assay in test samples, prepare a positive 

control (also called a spike control or spiked sample) by diluting a known amount of endotoxin in unused 

test sample solution. The concentration of the positive control should be the same concentration as a 

standard in the middle of the standard curve.  If the recovered amount of the endotoxin spike (i.e. 

concentration of the positive control minus the concentration of the unspiked test sample) is within 50 – 

200% of the nominal concentration of the endotoxin spike, the extraction solution can be considered to 

not significantly interfere with the assay. 

 

2.5.4 Add 50 µL of standards, samples, or spike controls to each well of a 96 well plate in duplicate or 

triplicate. Use reagent water as a negative control.  

 

2.5.5 Add 50 µL of chromogenic reagent to every well. Add reagent quickly to all wells. Use a timer to 

record the amount of time it takes to add reagent to all wells. Cover the plate with an adhesive seal and 

incubate at 37 oC (incubation time is lot-dependent and stated on Certificate of Analysis included in the 

chromogenic reagent kit). Alternatively, check on the plate every 15 minutes during incubation until 

colour change is observed in all standard wells. 
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2.5.6 After incubation, add 25 µL of 50% acetic acid to each well (final concentration of 10% acetic acid 

per well) to stop the reaction. Add acetic acid in the same order as the chromogenic reagent was added. 

Read absorbance of the plate using a plate reader at 405 nm. Aspirate liquid and discard plate. 

NOTE: Acetic acid addition should take the same length of time to add to each well as the chromogenic 

reagent took (± 30 seconds). 

 

2.6 UV sterilize the slides for 30 minutes prior to cell culture experiments. 

A.3.3 Coating cell culture surfaces with polydimethylsiloxane 

3.1 Mix polydimethylsiloxane (PDMS) elastomer in a 10:1 weight ratio (base:curing agent). In a 

biological safety cabinet, pipette approximately 10 mL of polydimethylsiloxane base into a sterile tube. 

Weigh the tube and slowly add curing agent until 10% has been added. 

CAUTION: Use PDMS reagents in a well-ventilated area and avoid eye contact by wearing safety 

glasses. 

 

3.2 Thoroughly mix the elastomer by stirring with a sterile serological pipette tip and by pipetting up and 

down. Add approximately 200 μL of the solution to each well of a 48 well plate. Tilt the well plate slowly 

to ensure complete coverage of wells with elastomer solution. 

 

3.3 Place the well plate with elastomer into a vacuum oven set at 50 cmHg, 40 oC. Remove the lid and 

cover with a single-ply wipe to prevent other debris from falling into the wells. Allow to incubate for at 

least 48 hours.  

 

3.3.1 Confirm the wells are completely coated via visual inspection. Ensure the elastomer is fully cured 

by gently prodding with a sterile pipette tip before removing.  
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3.4 Add 300 µL of 70% ethanol (made with absolute ethanol and endotoxin-free water) and incubate at 

room temperature for 1 hour. Remove the ethanol and perform endotoxin-free water washes by adding 

300 µL endotoxin-free water to each well and incubating for 1 hour (three times), 12 hours, and 24 hours 

prior to use to remove any remaining solvent. 

 

3.4.1 Incubate 200 µL of endotoxin-free water in three wells of each plate for 1 hour. Measure endotoxin 

concentration of the water extracts using an endpoint chromogenic endotoxin assay (please refer to steps 

2.5.1-2.5.6).  

A.3.4 Coating cell culture surfaces with fluorinated polytetrafluoroethylene 

4.1 Make a 1 mg/mL solution of fluorinated polytetrafluoroethylene (fPTFE) (e.g. add 10 mg fPTFE to 10 

mL fluorinated solvent) in a 20 mL glass scintillation vial. Place a magnetic stir bar in the vial and allow 

to stir for at least 24 hours, until all solids are dissolved.  

 

4.2 Add approximately 150 μL of the polymer solution to each well of a polystyrene 48 well plate (i.e. not 

tissue culture treated). Tilt the well plate slowly to ensure complete coverage of all wells with polymer 

solution. Replace lid. 

 

4.2.1 To ensure effective fPTFE-coating of wells, glass coverslips should be coated in fPTFE and used for 

water contact angle measurement (step 4.3.1). Place coverslips inside the wells of a 24 well plate. Add 

approximately 400 μL of the polymer solution to each well containing a coverslip. Push the coverslips 

down using sterile forceps, ensuring they are completely covered in polymer solution, and cover the well 

plate with a lid.  
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4.3 Place the well plate with polymer solution and/or coverslips into a vacuum oven set at 50 cmHg, 40 

oC. Remove the lid and cover with a single-ply wipe to prevent other debris from falling into the wells. 

Allow to incubate for at least 48 hours.  

 

4.3.1 Measure water contact angle of fPTFE-coated coverslips with a goniometer to ensure effective 

coating. 

NOTE: Only water of the highest purity (e.g. glass triple distilled) should be used for water contact angle 

measurements. 

 

4.4 Add 300 µL of 70% ethanol (made with absolute ethanol and endotoxin-free water) and incubate at 

room temperature for 1 hour. Remove the ethanol and perform endotoxin-free water washes by adding 

300 µL endotoxin-free water to each well and incubating for 1 hour (three times), 12 hours, and 24 hours 

prior to use to remove any remaining solvent. 

 

4.4.1 Incubate 200 µL of endotoxin-free water in three wells of each plate for 1 hour. Measure endotoxin 

concentration of water extracts using an endpoint chromogenic endotoxin assay (steps 2.5.1-2.5.6). 

 

4.5 UV sterilize the well plates for 30 minutes prior to cell culture experiments. 

A.3.5 Making lysate from 3T3 cells 

5.1 Grow 3T3 cells in multiple T150 flasks to 70% confluence. To detach cells: aspirate media, wash 

surface with 5 mL PBS, and aspirate PBS. Add 5 mL animal origin-free, recombinant cell dissociation 

enzyme and incubate at 37 oC for 3-5 minutes.  
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5.2 Detach cells by gently tilting the flask back and forth. Add 5 mL PBS to neutralize the recombinant 

enzyme used for cell dissociation. Transfer the detached cells from the flasks into a centrifuge tube and 

mix via pipetting. Perform a live cell count using a hemocytometer and cell viability dye. 

NOTE: A cell dissociation enzyme that can be neutralized through dilution in PBS was selected to avoid 

the introduction of serum-based proteins in the lysate preparation. If trypsin is used to dissociate cells, it 

should be neutralized with a serum-containing solution, and an additional PBS wash should be performed 

to reduce the amount of serum proteins carried over into the lysate preparation.  

 

5.3 Centrifuge the cells at 200 x g for 5 minutes. Aspirate the supernatant and resuspend cells in original 

volume (i.e. 10 mL x number of flasks) of PBS to wash off any remaining media. Repeat. 

 

5.4 Centrifuge the cells again at 200 x g for 5 minutes and aspirate the supernatant. Add the volume of 

PBS required to achieve a final cell concentration of 1x106 cells/mL. Place the cell solution into a -80 oC 

freezer until sample is fully frozen (at least 2 hours). 

 

5.5 Thaw cell solution in a 37 oC water bath. Once completely thawed, place the solution back into the -

80 oC freezer until totally frozen. Repeat for a total of 3 freeze-thaw cycles. 

 

5.6 Perform a microBCA assay on the cell lysate at a variety of dilutions (e.g. 1/100, 1/200, 1/500, 

1/1000) to determine the protein concentration. Dilute the cell lysate to a protein concentration of 468.75 

µg/mL, aliquot, and store at -80 oC for future use.  

NOTE: Final protein concentration in a 48 well plate is 125 µg/cm2 (based on the surface area of one 

well, 0.75 cm2) 
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5.7 Perform a western blot to assess presence of DAMPs in lysate (e.g. HSP60, HMGB1) by loading 40-

60 µg lysate protein in loading buffer onto a 1.5 mm thick 10% polyacrylamide gel and follow standard 

western blot procedures. 

A.3.6 Assessing effect of adsorbed protein layers and Toll-like receptors on NF-κB/AP-1 activity of 

macrophages 

For a schematic of the experimental workflow and plate layout, please refer to Figure A.2A and Figure 

A.6, respectively. 

 

6.1 Grow reporter macrophages in an appropriately sized flask to 70% confluence. Aspirate media, wash 

surface with PBS, and aspirate PBS. Add the recombinant cell dissociation enzyme and incubate at 37 oC 

for 8 minutes.  

 

6.2 Detach cells by firmly tapping the sides of the flask. Inactivate the recombinant cell dissociation 

enzyme by adding an equal volume of growth media (containing 10% FBS). Perform a live cell count 

using a hemocytometer and cell viability dye. 

NOTE: Expected viability for the reporter macrophages following an 8 minute incubation in the cell 

dissociation enzyme is 90%.  

 

6.3 Centrifuge cells at 200 x g for 5 minutes. Aspirate supernatant and resuspend in original volume of 

PBS to wash cells. Centrifuge again and resuspend cells at 7.3x105 cells/mL in assay media (containing 

HI- FBS). 

 

6.4 Separate cell suspension into 3 different tubes: TLR4 inhibitor, anti-TLR2, and untreated.  

Incubate cells with 1 µg/mL of TLR4 inhibitor for 60 minutes at room temperature or with 50 µg/mL 

anti-TLR2 for 30 minutes at room temperature.  
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6.5 Add 200 µL of lysate, 10% FBS, 10% commercial mouse plasma, or a mixture of the protein 

solutions to a 48 well plate (or equivalent) and allow protein to adsorb at 37 oC for the desired amount of 

time (i.e. 30 minutes, 60 minutes, or 24 hours). Aspirate protein solutions from wells, using a fresh 

Pasteur pipette for each protein solution, and wash surfaces with 250 µL PBS for 5 minutes. Aspirate 

PBS. Repeat for a total of 3 washes.  

NOTE: This step may need to be started earlier in the protocol depending on desired adsorption time. 

Adjust protocol accordingly. 

 

6.6 After incubation period with the TLR4 inhibitor or anti-TLR2, pipette cells to resuspend. Add 200 µL 

of cell solution to each well.  

 

6.6.1 For TLR2 positive control condition, add Pam3CSK4 to a final concentration of 150 ng/mL. For 

TLR4 positive control condition, add LPS to a final concentration of 1.5 µg/mL.  

 

6.7 Incubate cells at 37 oC for 20 hours. 

 

6.8 Sample 20 µL of supernatant from each well and plate in duplicate into a 96 well plate. Include two 

wells of 20 µL assay media as a background control. Add 200 µL of SEAP reporter assay reagent to each 

well. Cover the plate with an adhesive seal and incubate for 2.5 hours at 37 oC.  

NOTE: The incubation time may vary depending on experimental conditions, and should be optimized for 

a strong difference in absorbance between positive and negative control wells. 

 

6.8.1 Transfer the remainder of the supernatant to a 1.5 mL tube (per well). Centrifuge at 1000 x g for 10 

minutes to pellet any debris. Transfer supernatant to a new 1.5 mL tube and store at -80 oC. Analyze 
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supernatant for the presence of pro-inflammatory cytokines (e.g. TNF-α, interleukin 6) via enzyme-linked 

immunosorbent assay (ELISA). 

 

6.9 Remove adhesive plate seal. Read absorbance of the plate using a plate reader at 635 nm. Aspirate 

liquid and discard plate. 

A.4 Representative results  

Cleaning methods for the polymer-coated surfaces were tested to ensure there was no disruption of the 

coating, which would be seen as a change in the water contact angle to an uncoated glass coverslip 

(Figure A.1). Soaking PMMA-coated microscope slides in 70% ethanol for one hour was found to 

remove the PMMA coating, likely due to the solubility of PMMA in 80 wt% ethanol232, therefore 

PMMA-coated surfaces were cleaned using 30 minutes of UV sterilization alone. The concentration of 

PMMA for coating was optimized previously37. A one hour 70% ethanol soak was used to clean PDMS, 

and UV sterilization was neglected since UV light can cause chain scission and influence the surface 

wetting properties of PDMS233. The method of fPTFE coating was previously described by the Grainger 

group229. Both 70% ethanol soak and UV sterilization did not influence the water contact angle of fPTFE-

coated coverslips, therefore the two methods, in succession, were used to clean fPTFE coatings.  

A western blot was performed on the 3T3 lysate to ensure that DAMP species were present in the 

complex molecular mixture. The results showed that both high mobility group box 1 (HMGB1) and heat 

shock protein 60 (HSP60), two well-documented DAMPs128,175, were present in the lysate (Figure A.2). 

The adsorption of TLR ligands from the lysate onto the polymer surfaces was confirmed by culturing 

reporter macrophages (untreated, TLR2-neutralized, or TLR4-inhibited) for 20 hours on protein-adsorbed 

polymer surfaces (i.e. TCPS, PMMA, PDMS, fPTFE), and then indirectly assessing NF-кB/AP-1 activity 

based on SEAP production using an enzymatic assay (Figure A.3). Furthermore, the reporter 

macrophages had significantly increased NF-кB/AP-1 activity on adsorbed lysate compared to adsorbed 

FBS or plasma and no pre-adsorbed protein (media) (Figure A.4). The TLR ligands synthetic triacylated 
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lipopeptide (Pam3CSK4, TLR2 ligand) and lipopolysaccharide (LPS, TLR4 ligand) were included as 

positive controls to confirm the antibody or inhibitor and the assay were working properly. TLR2 

neutralization had a noticeably stronger reduction in NF-кB/AP-1 response of reporter macrophages to 

adsorbed lysate compared to TLR4 inhibition. As well, small amounts of lysate diluted in serum (based 

on total protein) induced significantly increased NF-кB/AP-1 response compared to serum alone, with the 

lowest effective dilution dependent on the polymer surface (Figure A.5). These results demonstrate the 

potency of the adsorbed lysate-derived molecules on inducing TLR-dependent NF-кB/AP-1 activity in 

reporter macrophages on a variety of polymeric surfaces. 

A.5 Figures and tables 

 

Figure A.1 Optimization of cleaning methods for PMMA- and fPTFE-coated surfaces, assessed 

using water contact angle (WCA). Measurements were taken on 2 separate spots of at least 3 coverslips. 

Data is shown as mean ± standard deviation (SD). Analyzed using one-way ANOVA and Tukey post-hoc 

test. * p < 0.05. Adapted with permission from McKiel & Fitzpatrick, 20185. Copyright 2018 American 

Chemical Society. 
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Figure A.2 Methods and results for the alkaline phosphatase assay of NF-кB/AP-1 reporter 

macrophages on TCPS, PMMA, PDMS, and fPTFE. A. Diagram of the workflow for the reporter 

macrophage alkaline phosphatase assay. B. Western blot of lysate confirming the presence of DAMP 

species HMGB1 and HSP60, with β-actin as the loading control. C. NF-кB/AP-1 activity (represented by 

absorbance) of reporter macrophages cultured on media (negative control), 10% FBS, lysate, and 

Pam3CSK4 (TLR2 ligand, positive control) for 20 hours. Data shows the results of one experiment and is 

representative of results from at least 2 separate experiments, shown as mean ± SD. Each experiment used 

n = 3 separate wells per condition, and each well was plated in duplicate for the enzymatic assay. 

Analyzed using one-way ANOVA and Tukey post-hoc test. *** p < 0.001. Adapted with permission from 

McKiel & Fitzpatrick, 201837. Copyright 2018 American Chemical Society. 
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Figure A.3 TLR-mediated NF-кB/AP-1 activity of reporter macrophages cultured on 10% FBS 

(control), lysate, and positive control for 20 hours. A. Influence of TLR2 neutralization on reporter 

macrophage responses to adsorbed lysate. Positive control is Pam (Pam3CSK4, TLR2 ligand). B. 

Influence of TLR4 inhibition on reporter macrophage response to adsorbed lysate. Positive control is LPS 

(TLR4 ligand).  Data shows the results of one experiment and is representative of results from at least 2 

separate experiments, shown as mean ± SD. Each experiment used n = 3 separate wells per condition, and 

each well was plated in duplicate for the enzymatic assay. Analyzed using one-way ANOVA and Tukey 

post-hoc test. ** p < 0.01, *** p < 0.001. Adapted with permission from McKiel & Fitzpatrick, 201837. 

Copyright 2018 American Chemical Society. 
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Figure A.4 NF-кB/AP-1 activity of reporter macrophages cultured on media (negative control), 30 

minute and 24 hour adsorbed protein layers, and Pam3CSK4 (positive control) on TCPS for 20 

hours. Data (absorbance) is combined from 3 separate experiments and shown as mean ± SD. Each 

experiment used n = 3 separate wells per condition, and each well was plated in duplicate for the 

enzymatic assay (i.e. n = 9 non-independent cell culture wells and n = 18 non-independent enzymatic 

assay wells). Analyzed using one-way ANOVA and Tukey post-hoc test. *** p < 0.001.  

 

 

Figure A.5 Reporter macrophage NF-кB/AP-1 activity after 20 hours in response to dilutions of 

lysate in FBS (total protein = 280 µg/well) adsorbed to polymer surfaces for 30 minutes. A. TCPS. B. 

PMMA. C. PDMS. D. fPTFE. Data shows the results of one experiment and is representative of results 

from at least 2 separate experiments, shown as mean ± SD. Each experiment used n = 3 separate wells per 

condition, and each well was plated in duplicate for the enzymatic assay. Analyzed using one-way 

ANOVA and Tukey post-hoc test. * p < 0.05, ** p < 0.01, *** p < 0.001. Adapted with permission from 

McKiel & Fitzpatrick, 201837. Copyright 2018 American Chemical Society. 
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Figure A.6 Example layouts used for NF-кB/AP-1 reporter macrophage cell culture assay in 8 

chamber and 48 well plate formats.  

 

A.6 Discussion 

A primary focus of our lab is the host response to solid biomaterial soft tissue implants, and in 

particular how the cellular damage incurred during the implantation procedure impacts the host response. 

The work presented here describes preliminary experiments using a reporter macrophage cell line and in 

vitro-generated DAMP-containing cellular lysate, to investigate the influence of molecules released 

during cellular damage (i.e. from the implant surgery) on macrophage responses to biomaterials. 

Fibroblast cell lysate was used to model the cellular damage and release of DAMPs due to biomaterial 

placement. Fibroblasts were chosen to create the lysate because of the prevalence of fibroblasts in soft 

tissue, as well as their ability to secrete a variety of extracellular matrix (ECM) proteins, including 

fibronectin348. Freeze-thaw cycling was chosen as the method of lysis to produce both intracellular and 

ECM-derived DAMPs, similar to what would be present in the implant environment. Protease inhibitors 

were not used to make this lysate. While uncontrolled cell lysis like freeze-thaw cycling can result in the 
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release of proteases that may degrade DAMPs, these enzymes would also likely be present in the 

biomaterial implant environment when cells are damaged during the implantation procedure. The 

presence of DAMPs in the complex molecular mixture of the lysate was confirmed by western blot 

(Figure A.2B; HMGB1 and HSP60) and secreted embryonic alkaline phosphatase (SEAP) reporter assay 

(Figure A.2C; NF-кB/AP-1 activity in response to adsorbed lysate). We have also performed assays 

where lysate was diluted in FBS based on total protein concentration and adsorbed onto cell culture 

surfaces (Figure A.5) to better reflect the complexity of the implant environment, since it will contain an 

abundance of blood proteins as well as DAMPs35. Reporter macrophage NF-кB/AP-1 activity remained 

significantly increased on adsorbed layers from lysate diluted in FBS, and the lowest dilution to achieve 

significant activation was surface dependent, ranging from 0.1% (TCPS) to 10% (PDMS and fPTFE). 

The polymers PMMA, PDMS, and PTFE were chosen for this work because they are 

nondegradable and have been used extensively in the literature to assess protein adsorption and 

macrophage response to biomaterials31,39,242,243,245-247. TCPS was also used for comparison since it is a 

common substrate used for in vitro macrophage and TLR signalling work31,213,266,267. The materials used in 

our work are representative examples of non-degradable, solid biomaterials. However, many other 

materials could be used with this model, provided the material can be coated onto cell culture plates or 

microscope slides and properly decontaminated. The NF-κB/AP-1 reporter macrophage cell line was 

selected for this in vitro model because it enables rapid, indirect measurement of NF-κB/AP-1 activity 

through the NF-κB/AP-1 inducible expression of SEAP. NF-κB/AP-1 reporter macrophages require the 

use of zeocin in the culture media as a selective antibiotic to ensure that only cells with the NF-кB/AP-1 

inducible SEAP gene are present349. For the alkaline phosphatase assay, it is critical to use HI-FBS in the 

cell culture media to avoid potential false positive results generated by alkaline phosphatases present in 

serum. Our research to date suggests that FBS-adsorbed surfaces do not generate a detectable false 

positive result, likely because the serum molecules are strongly adsorbed to the culture surface and are not 

released into the supernatant. The culture time point for the reporter macrophages (20 hours), assay 
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incubation timepoint (2.5 hours), and absorbance reading wavelength (635 nm) for the alkaline 

phosphatase assay were optimized with this system to ensure robust and reproducible measurements for 

all conditions.  

An initial protein adsorption timepoint of 30 minutes was chosen for this work due to its common 

use in protein adsorption literature (Figure A.2C)98,241,293-295. However, I have also explored longer 

adsorption times (i.e. 60 minutes and 24 hours, Figure A.4) to better represent the adsorbed protein layer 

that macrophages would interact with in vivo, which is likely to occur 4 - 24 hours following 

implantation2. It has been postulated that the majority of protein adsorption and exchange occurs in the 

first 60 minutes of exposure to a surface213,296,297, therefore a 60 minute adsorption time may be a more 

relevant timepoint. I also moved from using fetal bovine serum as a negative control for the presence of 

DAMPs in the adsorbed protein layer to commercial mouse plasma. The rationale for using plasma 

instead of serum is that plasma proteins are known to play significant roles in protein adsorption and 

macrophage response1, and that plasma provides a better representation of the proteins in the wound 

environment.  Plasma used in protein adsorption experiments is commonly prepared as a 1-10% 

dilution213,296,307, which motivated our use of 10% plasma. Human plasma is commonly used213,296, as it is 

easier to obtain in large quantities and more clinically relevant, compared to mouse plasma. However, we 

chose to use commercial mouse plasma for in this model to keep the species of the protein solutions 

consistent with that of the reporter cells.  

The use of the reporter macrophage cell line introduced some limitations within the study. First, 

using a murine leukemic macrophage cell line has inherent limitations, as the phenotype and behavior 

may vary from primary macrophage cultures. While this limitation will be addressed in future work using 

primary macrophages, the parental macrophage cell line was shown to closely mimic mouse bone 

marrow-derived macrophages in terms of their cell surface receptors and response to microbial ligands for 

TLRs 2, 3 and 4350. Furthermore, the NF-κB/AP-1 reporter macrophages yielded similar results in 

response to HMGB1 and LPS stimulation when compared to peritoneal primary murine macrophages351. 
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It should be noted that the NF-κB/AP-1 reporter macrophages, and their parental strain, do not express 

TLR5352. Researchers have demonstrated that HMGB1 was able to activate NF-κB transcription factors 

via the TLR5 signalling pathways in HEK-293 cells stably transfected with human TLR5176. Therefore, 

the contribution of HMGB1-TLR5 signalling to overall NF-κB/AP-1 activity on lysate-coated surfaces 

was neglected in this model. Additionally, the reporter macrophages and their parental strain do not 

express the ASC adaptor protein, and consequently do not form most types of inflammasomes and cannot 

process inactive IL-1β or inactive IL-18 to their mature forms353. Therefore, the model we have used does 

not account for the contribution of ASC-dependent inflammasome activity and subsequent autocrine IL-

1β and IL-18 signalling in macrophage responses to lysate-adsorbed surfaces. Consequently, this assay is 

intended as a preliminary examination of TLR-dependent NF-κB/AP-1 activation, and subsequent 

research using primary macrophages is recommended to provide a more complete and representative 

understanding of macrophage activation and phenotype on material surfaces of interest. 

The alkaline phosphatase assay indirectly measures the NF-кB/AP-1 activity of the reporter 

macrophages. However, there are many signalling pathways other than TLRs that involve NF-кB/AP-1 

(e.g. interleukin-1 receptor (IL-1R)239 and tumor necrosis factor receptor (TNFR)354). Therefore, it was 

necessary to assess the contribution of TLR2 and TLR4 signalling in the increased NF-кB/AP-1 response 

to lysate-adsorbed surfaces using inhibition assays (Figure A.3). The rationale for selecting these two 

surface TLRs was that at least 23 DAMPs that have been shown to signal through TLR2 and TLR4355, 

including the well-characterized HMGB1, and both receptors are expressed on the cell surface and can 

interact directly with the biomaterial surface35. The TLR2 and TLR4 inhibition assays demonstrated that 

when TLR2 or TLR4 signalling were blocked, the NF-кB/AP-1 response of the reporter macrophages to 

adsorbed lysate was reduced, indicating that both pathways are involved. However, there was a noticeably 

larger reduction in NF-кB/AP-1 activity when TLR2 signalling was neutralized, suggesting that TLR2 

may play a primary role in the response of reporter macrophages to adsorbed lysate. Is it possible that 

there may be some off-target inhibition with the TLR signalling pathway neutralizing antibodies and 
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inhibitors. A neutralizing antibody was used to inhibit the TLR2 pathway since there were not 

commercially available TLR2 inhibitor molecules at the time of this work. 

A.7 Conclusion 

The methods presented here use lysate, as a complex source of DAMPs, and NF-κB/AP-1 

reporter macrophages as an in vitro model for macrophage responses to DAMPs and other proteins 

adsorbed to polymeric biomaterials (Figure A.2). I anticipate this protocol can be used to quickly analyze 

NF-κB/AP-1 responses and upstream TLR signalling of reporter macrophages to a variety of materials 

(including degradable materials, porous scaffolds or hydrogels) and adsorbed protein layers (Figure A.3). 

However, the use of porous materials and hydrogels will introduce complexity within the system, as it 

may be challenging to distinguish between adsorbed molecules and entrained molecules. I also anticipate 

that this protocol can be easily adapted to investigate the contribution of other signalling pathways 

upstream of NF-кB/AP-1 (e.g. C-type lectin receptors356 and nucleotide-binding oligomerization domain 

(NOD)-like receptors357) with the appropriate inhibitors . Furthermore, the NF-κB/AP-1 response of 

reporter macrophages could be compared between different materials, provided responses are normalized 

to baseline cell activity (i.e. cells in media on each surface with no pre-adsorbed protein) and all materials 

have undetectable endotoxin levels. 

 


