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Abstract 

The foreign body reaction (FBR) is an aberrant wound healing process that occurs in 

response to an implanted biomaterial, which can lead to the implant failing prematurely. 

Recently, damage-associated-molecular-patterns (DAMPs) were identified as potential 

contributing factors to the onset and progression of the FBR. DAMPs, released as a result of 

tissue damage, can stimulate an inflammatory response via interaction with pattern recognition 

receptors, such as Toll-like receptors (TLRs), on the surface of immune cells. Recently, our 

research group demonstrated that macrophages stimulated by DAMP-adsorbed biomaterials have 

increased NF-κB/AP-1 activity and cytokine expression at 20 hours, with TLR2 inhibition 

reducing these effects. The goal of this thesis was to examine the effects of adsorbed DAMP-

induced TLR2 signaling on pro-inflammatory and profibrotic signaling in macrophages and its 

downstream effects on fibroblasts to better understand the early chronic inflammatory response 

associated with biomaterials. After 72 hours, macrophages cultured on DAMP-adsorbed 

TeflonTM AF surfaces had increased NF-κB/AP-1 activity and pro-inflammatory and profibrotic 

cytokine expression compared to serum-adsorbed TeflonTM AF, which was reduced in the 

presence of a TLR2 neutralizing antibody. After 120 hours, NF-κB/AP-1 activity and profibrotic 

cytokine expression remained elevated for macrophages cultured on DAMP-adsorbed TeflonTM 

AF relative to the negative control, and again TLR2 inhibition reduced these effects. In addition, 

fibroblasts cultured in conditioned medium from macrophages cultured on DAMP-adsorbed 

TeflonTM AF surfaces for 72 or 120 hours had increased gene and protein expression of α smooth 

muscle actin (αSMA) compared to fibroblasts in conditioned medium from serum-adsorbed 

TeflonTM AF surfaces. This αSMA expression was reduced for the conditioned medium of 

DAMP-stimulated macrophages treated with a TLR2 neutralizing antibody. 
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These results suggest that macrophages are still significantly activated by surface-

adsorbed DAMPs at 72 and 120 hours and conditioned media from these cells could induce 

myofibroblast differentiation in fibroblasts. In addition, a single treatment with a TLR2 inhibitor 

for macrophages was sufficient to decrease the effects of adsorbed DAMPs at both 72 and 120 

hours. However, the effects of both the adsorbed DAMPs and TLR2 inhibitor decreased over 

time in the macrophages, potentially due to paracrine signaling within the cultures overpowering 

the effects of the DAMP-signaling.  

 



iv 

 

Co-Authorship 

I declare that this thesis incorporates some material that is the result of joint research. The 

Luminex assay discussed in Chapters 3 and 4 was performed by Jenny Thiele, lab manager of the 

Ellis lab at Queen’s University. The primer validation and qPCR discussed in Chapters 3 and 4 

was performed by Laurel Ballantyne, lab manager of the Fitzpatrick lab at Queen’s University. I 

certify that all other content contained in this thesis is my original work, completed under the 

supervision of Dr. Lindsay Fitzpatrick. 

The content in Chapters 3 – 5 are being adapted to a manuscript format for submission 

for publication. Additional data prepared by Yuxi Zhang (PhD candidate in the Fitzpatrick lab) 

will be included in the manuscript (data not included in the thesis). I am the primary author of 

this manuscript, with Yuxi Zhang and Laurel Ballantyne as co-authors, and Dr. Lindsay 

Fitzpatrick is the corresponding author.  

 



v 

 

Acknowledgements 

I would like to thank my supervisor Dr. Lindsay Fitzpatrick for her guidance and support 

throughout my time at Queen’s. I would also like to thank Dr. Kim Woodhouse for her guidance 

and advice with my thesis. I would also like to thank Dr. Brian Amsden and Dr. Laura Wells for 

allowing me to use their laboratory equipment. I would like to thank my lab mates for making 

my laboratory experience enjoyable. I would like to especially thank Laurel Ballantyne, lab 

manager for the Fitzpatrick lab, for her assistance throughout my experiments, specifically with 

microscopy and qPCR. Finally, I would like to thank my family and friends for their continued 

support and encouragement. 

 



vi 

 

Table of Contents 

Abstract ......................................................................................................................................................... ii 

Co-Authorship.............................................................................................................................................. iv 

Acknowledgements ....................................................................................................................................... v 

List of Figures ............................................................................................................................................ viii 

List of Tables ................................................................................................................................................ x 

List of Abbreviations ................................................................................................................................... xi 

Chapter 1 Introduction .................................................................................................................................. 1 

1.1 Background ......................................................................................................................................... 1 

1.2 Research Question and Aims .............................................................................................................. 3 

1.3 Proposed Approach ............................................................................................................................. 4 

Chapter 2 Literature Review ......................................................................................................................... 6 

2.1 Wound Healing ................................................................................................................................... 6 

2.1.1 Macrophages Plasticity and Phenotypes ...................................................................................... 8 

2.2 Foreign Body Reaction ..................................................................................................................... 10 

2.2.1 Protein Adsorption ..................................................................................................................... 11 

2.2.2 Inflammation .............................................................................................................................. 12 

2.2.2.1 Macrophage-Biomaterial Interactions ................................................................................. 14 

2.2.3 Provisional Matrix Formation .................................................................................................... 15 

2.2.4 Fibrosis ....................................................................................................................................... 17 

2.2.4.1 Fibroblasts ........................................................................................................................... 18 

2.3 The Role of DAMPs and Toll-like Receptors in Biomaterial Host Responses ................................ 20 

2.3.1 Damage Associated Molecular Patterns..................................................................................... 20 

2.3.2 Toll-Like Receptors ................................................................................................................... 21 

2.3.3 DAMPs and TLRs in Biomaterial Host Responses ................................................................... 23 

2.4 Current Strategies for Modulating the Host Response to Biomaterials ............................................ 25 

2.5 In vitro Models of the Biomaterial Host Response ........................................................................... 26 

Chapter 3 Materials and Methods ............................................................................................................... 28 

3.1 Cell Line Cultures ............................................................................................................................. 28 

3.2 Lysate Preparation ............................................................................................................................ 28 

3.3 TeflonTM AF Coatings ....................................................................................................................... 29 

3.4 Macrophage Cultures on Lysate-Adsorbed Surfaces ........................................................................ 30 

3.4.1 NF-κB/AP-1 Dependent Reporter Assay (QUANTI-Blue) ....................................................... 31 



vii 

 

3.4.2 QuantiFluor assay ...................................................................................................................... 31 

3.4.3 Cytokine Immunoassays ............................................................................................................ 32 

3.5 Fibroblasts Cultured in Macrophage Conditioned Media ................................................................. 32 

3.5.1 Macrophage Conditioned Media ................................................................................................ 32 

3.5.2 Fibroblast Culture in Macrophage Conditioned Media.............................................................. 33 

3.5.3 Microscopy ................................................................................................................................ 33 

3.5.4 Gene expression analysis ........................................................................................................... 34 

3.6 Statistics ............................................................................................................................................ 37 

Chapter 4 Results ........................................................................................................................................ 38 

4.1 TeflonTM AF Coatings ....................................................................................................................... 38 

4.2 QUANTI-Blue .................................................................................................................................. 38 

4.3 Macrophage Cytokine Analysis ........................................................................................................ 40 

4.4 Effect of Macrophage-Conditioned Media on 3T3 Fibroblasts ........................................................ 43 

4.4.1 Alpha Smooth Muscle Actin Expression in Fibroblast Cultures ............................................... 43 

4.4.2 Relative Gene Expression of Myofibroblast Differentiation Markers ....................................... 46 

Chapter 5 Discussion .................................................................................................................................. 48 

Chapter 6 Conclusions and Significance .................................................................................................... 54 

6.1 TLR2 Dependent NF-κB and AP-1 Activation by DAMPs on TeflonTM AF at Chronic 

Inflammatory Response Timepoints ....................................................................................................... 54 

6.2 Early Chronic Pro-inflammatory Effects of TLR2-Dependent Signaling on Macrophages in 

Response to Adsorbed DAMP on TeflonTM AF ...................................................................................... 54 

6.3 Effects of TLR2-Dependent Signaling on the Fibrotic Response by Fibroblasts in Response to 

Conditioned Media from Adsorbed DAMPs-Stimulated Macrophages ................................................. 56 

6.4 Significance....................................................................................................................................... 57 

6.5 Future Recommendations ................................................................................................................. 58 

References ................................................................................................................................................... 60 

  

  



viii 

 

List of Figures 

Figure 2.1 – The classical wound healing model. Adapted with permission from Shechter D. and 

Schwartz M. (2013) Trends in Molecular Medicine 19(3); 135-143 [15]. ................................................... 6 

Figure 2.2 – The progression of a classical foreign body reaction. Adapted with permission from McKiel, 

L., Woodhouse, K., & Fitzpatrick, L. (2020). MRS Communications, 10(1), 55-68 [3]. .......................... 11 

Figure 2.3 – A simplified view of Toll-like receptor signaling. Adapted with permission from McKiel, L., 

Woodhouse, K., & Fitzpatrick, L. (2020). MRS Communications, 10(1), 55-68 [3]. ................................ 23 

Figure 4.1 – Absorbance values at 620 nm for QUANTI-Blue assay on RAW-BlueTM cells cultured on 

TeflonTM AF for (a) 72 hours and (b) 120 hours. (c) Cell density for RAW-BlueTM cells cultured on 

TeflonTM AF for 120 hours obtained from a dsDNA QuantiFluor assay. (d) Absorbance values at 620 nm 

for QUANTI-Blue assay on RAW-BlueTM cells cultured on TeflonTM AF for 120 hours accounting for cell 

density. Data analyzed via a one-way ANOVA with Tukey’s post-hoc test and expressed as mean 

absorbance ± standard deviation. (n = 9; * p<0.05). ................................................................................... 39 

Figure 4.2 – Cytokine and growth factor concentration in supernatant of RAW-BlueTM cells cultured on 

serum-adsorbed or lysate-adsorbed TeflonTM AF for 72 (a, c, e) and 120 hours (b, d, f) with or without 

TLR2 inhibition. The concentration of MCP-1 (a, b), RANTES (c, d), and TGF-β1 (e, f). Data analyzed 

via a one-way ANOVA with Tukey’s post-hoc test and expressed as mean absorbance ± standard 

deviation. (n = 9. * p<0.05). Any data below the limit of detection of the assays was omitted from 

analysis and noted as not detected (N.D.). .................................................................................................. 42 

Figure 4.3 – Results from staining 3T3 cells with an αSMA antibody (green), NucBlue (blue), and 

phalloidin (orange). The 3T3 cells were cultured for 48 hours in 30% percent conditioned media from 

RAW 264.7.  The scale bar is equivalent to 50µm. .................................................................................... 45 

Figure 4.4 – Quantitative analysis performed on 40X images of αSMA, NucBlue, and phalloidin stained 

3T3 cells cultured using conditioned media from 72 (a, c) and 120 hours (b, d) RAW-264.7 cells cultured 

on serum-adsorbed or lysate-adsorbed TeflonTM AF. The fluorescence intensity (a, b) was analyzed on the 

isolated FITC (αSMA) channel while the area of the cell (c, d) was determined from the overlapping 

channel images. Images were analyzed using ImageJ. Data presented as mean ± standard deviation. (n = 

3. * p < 0.05). .............................................................................................................................................. 45 

Figure 4.5 – Relative gene expression of myofibroblast markers (a) αSMA or (b) OPN in 3T3 fibroblasts 

cultured for 48 hours in 30% conditioned media from RAW 264.7 macrophages. RAW 264.7 

macrophages were cultured on serum or lysate-adsorbed TeflonTM AF surfaces or with TLR2 agonist 

PAM3CSK4 for 120 hours, with or without pre-treatment with a TLR2 neutralizing antibody. mRNA 



ix 

 

expression was normalized to the negative controls (fibroblasts cultured in fibroblast media) and two 

reference genes (Rplp0 and B2M). Data presented as mean relative expression ± standard error of the 

ratio. (n = 3. * indicates 0.67<R<1.5 and log2NQR p < 0.05). ................................................................... 46 

 



x 

 

List of Tables 

Table 3.1 – Primer Sequences used in the qPCR assay .............................................................................. 35 

Table 3.2 – Thermal cycling protocol used for qPCR. ............................................................................... 36 

 



xi 

 

List of Abbreviations 

αSMA α smooth muscle actin 

AP-1 Activator protein 1 

BCA Bicinchoninic acid 

C3 Complement component 3 

CD Cluster of differentiation 

cDNA Complementary deoxyribonucleic acid 

CSII Continuous subcutaneous insulin infusion 

CTGF Connective tissue growth factor 

DAMP Damage-associated molecular pattern 

DC-STAMP Dendritic cell-specific transmembrane protein 

DMEM Dulbecco’s Modified Eagle’s Medium 

DNA Deoxyribonucleic acid 

dsDNA Double stranded deoxyribonucleic acid 

ECM Extracellular matrix 

ELISA Enzyme-linked immunosorbent assay 

FBGC Foreign body giant cell 

FBR Foreign body reaction 

FBS Fetal bovine serum 

HDL High density lipoprotein 

HI-FBS Heat inactivated fetal bovine serum 

HMGB1 High mobility box group 1 



xii 

 

HSP Heat shock protein 

IFN Interferon 

Ig Immunoglobulin 

IIS Insulin infusion set 

IL Interleukin 

IRAK Interleukin-1 receptor-associated kinase 

IRF Interferon regulatory transcription factor  

LAL Limulus amebocyte lysate 

LDL Low density lipoprotein 

LPS Lipopolysaccharide 

LTBP Latent TGF beta binding protein 

MAP Mitogen-activated protein 

MAPKAPK2 MAP kinase activated protein kinase 2  

M-CSF Macrophage colony stimulating factor 

MCP Monocyte chemoattractant protein 

MIP Macrophage inflammatory protein 

MMP Matrix metalloproteinase 

mRNA Messenger ribonucleic acid 

MyD88 Myeloid differentiation primary-response gene 88 

NET Neutrophil extracellular trap 

NF-κB Nuclear factor kappa B 

NSAID Nonsteroidal anti-inflammatory drug 

OPN Osteopontin 



xiii 

 

PAM3CSK4 Synthetic triacylated lipopeptide 

PAMP Pathogen-associated molecular pattern 

PBS Phosphate buffered saline 

PDGF Platelet derived growth factor 

PDMS Polydimethylsiloxane 

PEG Polyethylene glycol 

PET Polyethylene terephthalate 

PLA Polylactic acid 

PLGA Poly(lactic-co-glycolic acid) 

PMMA Poly(methyl methacrylate) 

PRR Pattern recognition receptor 

PTFE Polytetrafluoroethylene 

PVA Polyvinyl alcohol 

qPCR Quantitative polymerase chain reaction 

RANTES Regulated upon activation, normal T cell expressed and secreted 

RNA Ribonucleic acid 

ROS Reactive oxygen species 

SD Standard deviation 

SEAP Secreted embryonic alkaline phosphatase 

T1D Type 1 diabetes mellitus 

TCPS Tissue culture treated polystyrene 

TGF Transforming growth factor 

TGFβR Transforming growth factor beta receptor 



xiv 

 

TIMP Tissue inhibitors of matrix metalloproteinase 

TLR Toll-like receptor 

TNF Tumor necrosis factor 

TRAF Tumor necrosis factor receptor associated factor 

TRIF Toll/IL-1 receptor-domain-containing adapter-inducing interferon-β 

UV Ultraviolet 

VEGF Vascular endothelial growth factor 



 

1 

 

Chapter 1 

Introduction 

1.1 Background 

The foreign body reaction (FBR) is an inflammatory host response to an implanted 

biomaterial that results in the fibrous encapsulation of the implant and presents a major hurdle in 

the development of long-term implantable biomaterials. The process is initiated during the 

implantation process, in response to the material or device placement and the associated tissue 

damage1. The damaged cells release damage-associated-molecular-patterns (DAMPs) such as 

heat shock proteins and high mobility group box protein 1 (HMGB1), while damaged blood 

vessels leak blood components into the implant site2. Molecules from both the blood and tissue-

derived DAMPs adsorb onto the surface of the biomaterial almost instantaneously to form an 

adsorbed protein layer2,3. Within the adsorbed protein layer, adsorbed DAMPs are thought to 

activate innate immune cells, such as macrophages, via interactions with Toll-like receptors 

(TLRs)2,3. DAMP-TLR signaling at the implant surface is thought to contribute to the acute 

inflammatory response that is induced at the implant site 1-2 hours after implantation and lasting 

for up to a few days4. During this time, the macrophages try to phagocytize the biomaterial 

implant, while simultaneously releasing various pro-inflammatory cytokines4. Some of these 

cytokines act as chemoattractants, recruiting more macrophages to the implant site and activating 

them4. This results in the transition from acute inflammation to chronic inflammation, where the 

macrophages will continue to secrete pro-inflammatory cytokines and begin attracting other cell 

types, such as fibroblasts, to the implantation site4,5. As chronic inflammation progresses, some 

of the macrophages will transition towards an M2 or pro-wound healing phenotype and begin 
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secreting anti-inflammatory cytokines, such as transforming growth factor β (TGF-β) and IL-134. 

These anti-inflammatory cytokines recruit fibroblasts from the tissue surrounding the implant 

and activate them to produce granulation tissue in the area5. The chronic inflammation and new 

tissue formation can cause pain and discomfort in patients as well as interfere with the 

biomaterial’s function6. As the fibroblasts secrete and remodel the new extracellular matrix 

(ECM) of granulation tissue, they begin differentiating into myofibroblasts, which are highly 

contractile cells capable of producing abundant amounts of collagen and other ECM molecules5. 

The myofibroblasts form a fibrous capsule around the biomaterial, isolating it from the rest of the 

body5. For certain applications, this fibrous capsule results in the biomaterial being unable to 

adequately interact with the body and can impair implant or device function5. 

Continuous subcutaneous insulin infusion (CSII) (i.e. insulin pump therapy) is an 

example of a biomaterial application that is adversely impacted by the biomaterial host response. 

CSII is used to manage blood glucose levels for people with Type-1 diabetes by continuously 

delivering insulin to the subcutaneous fat via an insulin infusion set (IIS)6. The IIS contains a 

cannula, made of either polytetrafluoroethylene (PTFE) or stainless steel6. As it is being inserted, 

cells are damaged and the resulting inflammation and collagen deposition is thought to 

contribute to inconsistent insulin absorption within the tissue that arise after a few days6. This 

can cause premature failure of the device which may lead to diabetic ketoacidosis and 

hyperglycemia, both of which can be fatal7. Consequently, IIS must be replaced every 2-3 days, 

causing repeated damage to a person’s skin and significant financial and psychological burden 

for CSII users and their family6,7. While there are treatments available to control the host 

response to biomaterials, none are appropriate for this type of percutaneous device, which must 

be used for the person’s entire life. Current strategies for controlling the host response involves 
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the usage of potent and broad-acting immunosuppressants, such as dexamethasone8. The long-

term use of immunosuppressants is strongly discouraged due to the increased risk of infection 

and illness9. Consequently, there is an urgent need to develop new strategies for controlling the 

host response for percutaneous implantable biomaterials, such as the IIS, such that the device 

lifespan and reliability can be improved. A critical criterion for new strategies would be the 

ability to selectively target a molecule or pathway involved in the host response, while leaving 

other pathways and mechanisms of host defense and wound healing functional. 

Recently, the Fitzpatrick lab published a study examining the relationship between TLRs 

on macrophages and DAMPs adsorbed to various surfaces3. The study showed that surface-

adsorbed DAMPs elicited a potent pro-inflammatory response in macrophages and inhibition of 

TLR2 resulted in a strong decrease in the amount of pro-inflammatory cytokines released by the 

macrophages in response to adhered DAMPs at 20 hours3. Based on these results, the TLR2 

signaling pathway was suggested as a potential target to modulate the host response to implanted 

biomaterials, particularly for life-long medical devices such as the IIS3. However, as this study 

only considered the acute macrophage response (i.e. ≤ 24 hours), it is unclear if the effects of the 

adsorbed DAMP and TLR2-dependent macrophage response would continue to have a 

significant impact on macrophage responses over extended time periods3. 

1.2 Research Question and Aims 

 The goal of this project was to examine the effects of adsorbed DAMP and TLR2 

signaling on the pro-inflammatory and profibrotic response in macrophages, and through indirect 

co-cultures with fibroblasts, to better understand the early chronic inflammatory phase of 

biomaterial host responses. TeflonTM AF was used as a model for the IIS cannula surface. 

Macrophages and fibroblasts were studied due to their importance in the progression of the FBR 
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and the known crosstalk between these two cell types5,10. To examine this, two aims were 

explored. 

Aim 1: Examine the effects of TeflonTM AF-adsorbed DAMPs and TLR2 inhibition on the early 

chronic inflammatory macrophage response. 

Aim 2: Assess the profibrotic potential of adsorbed DAMPs-stimulated macrophages cultured on 

TeflonTM AF using indirect conditioned media co-cultures with fibroblasts and the 

effect of macrophage TLR2 inhibition on fibroblast responses.  

1.3 Proposed Approach  

To examine the first aim, the expression of pro-inflammatory transcription factors NF-κB 

and AP-1 was studied using a reporter macrophage cell line (RAW-BlueTM murine macrophages) 

cultured on TeflonTM AF coated surfaces. The RAW-BlueTM macrophage cell line contains a 

secreted embryonic alkaline phosphatase (SEAP) gene on an NF-κB/AP-1 promoter. By 

measuring the SEAP activity in macrophage supernatants, the relative level of NF-κB/AP-1 can 

be determined between groups. The cells were cultured on TeflonTM AF surfaces pre-adsorbed 

with either fibroblast lysate (as an in vitro source of cell-derived DAMPs), 10% fetal bovine 

serum (FBS, negative control), or in conditions with 10% FBS and TLR2 agonist, PAM3CSK4 

(150 ng/ml) as a positive control. Each condition was tested with and without a TLR2 inhibitor 

treatment prior to cell seeding. At 72 and 120 hours, the NF-κB and AP-1-dependent SEAP 

activity was measured using a plate reader and the concentrations of secreted cytokines and 

growth factors were measured using a multiplexed Luminex assay and an ELISA kit.  

The second aim was completed using an indirect co-culture experiment that was 

performed by adding conditioned mediumfrom a macrophage cell line (RAW 264.7 murine 

macrophages) to cultures of a fibroblast cell line (3T3 murine fibroblasts). Macrophages were 
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cultured under the conditions described in aim 1, and the conditioned media from the 

macrophage cell line was collected at 72 and 120 hours. The fibroblast cell line was then 

cultured in fibroblast growth medium containing 30 v/v% macrophage conditioned media from 

the different aim 1 conditions. Two additional conditions were also included as control 

conditions for myofibroblast differentiation. Fibroblasts cultured with 100% fibroblast growth 

medium served as the negative control, while fibroblasts cultured in medium containing TGF-β1, 

a known inducer of myofibroblast differentiation, was used as the positive control for 

myofibroblast differentiation5. The fibroblasts were cultured for 48 hours, then the expression of 

osteopontin (OPN) and α smooth muscle actin (αSMA) was examined to assess myofibroblast 

differentiation using either qPCR or immunofluorescence (αSMA only). These two markers were 

selected as both OPN and αSMA are associated with myofibroblast differentiation and collagen 

deposition11,12. 
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Chapter 2 

Literature Review 

2.1 Wound Healing 

Upon tissue injury, our body mounts a wound healing process to repair or regenerate the 

damaged tissue. Wound healing’s highly orchestrated process is typically divided into four, 

overlapping stages of hemostasis, inflammation, granulation, and remodeling (Figure 2.1)13. The 

initial phase of hemostasis aims to minimize blood loss, and also creates a provisional matrix to 

aid in the healing of the wound13. Platelets from damaged blood vessels release coagulation 

factors, which promote platelets to bind together and polymerize fibrinogen to create a fibrin rich 

blood clot that acts as a physical barrier to prevent further blood loss13. Activated platelets will 

also begin secreting pro-inflammatory mediators and profibrotic factors such as interleukin (IL) 

1 beta (IL-1β), transforming growth factor β (TGF-β) and platelet derived growth factor (PDGF) 

to recruit circulating innate immune cells to mount an inflammatory response14. 

 

Figure 2.1 – The classical wound healing model. Adapted with permission from Shechter D. and 

Schwartz M. (2013) Trends in Molecular Medicine 19(3); 135-143 [15]. 
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Inflammation is triggered by the release of pro-inflammatory cytokines and DAMPs from 

platelets and damaged tissue-resident cells. During this stage, neutrophils, monocytes, and tissue 

resident macrophages accumulate at the wound site with neutrophils being the first innate 

immune cell to arrive1,14. Neutrophils immediately begin clearing the wound site via 

phagocytosis13. As healing progresses, most neutrophils undergo apoptosis or migrate away from 

the wound site13. Neutrophils can also perform NETosis if the cells detect the presence of 

pathogen associated molecular patterns (PAMPs) at the wound site16. During NETosis, the 

neutrophils release neutrophil extracellular traps (NETs) consisting of DNA, histones, and 

cytotoxic proteins, to entrap microorganisms16. The NETs provide an additional method of 

increasing inflammation to assist in the clearing of possible pathogens16.  

Shortly after the arrival of neutrophils, monocytes and tissue resident macrophages will 

arrive to the wound site14. The naive monocytes quickly differentiate into pro-inflammatory 

(M1-like) macrophages at the wound site1,14. The macrophages release various pro-inflammatory 

cytokines and chemokines, such as tumor necrosis factor α (TNF-α), IL-1β, and IL-614. These 

cytokines increase immune cell recruitment at the wound site and propagate inflammation in the 

area14. Macrophages are also capable of phagocytosis and will assist in clearing of cell debris, 

including the phagocytosis of apoptotic neutrophils14. Inflammation typically lasts 1-4 days 

depending on the extent of the injury, before transitioning to the granulation (also called 

proliferation or tissue formation) phase1.  

As the inflammation gradually resolves, granulation tissue formation begins at the wound 

site13,14. Macrophages at the wound site transition into an alternative M2-like state and begin 

releasing pro-wound healing cytokines such as vascular endothelial growth factor (VEGF), 

PDGF and TGF-β13. These cytokines stimulate fibroblasts to migrate to the wound site and 
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produce granulation tissue to create a provisional matrix and promote the growth of new 

tissue13,14. In addition, new blood vessels begin to form at the wound site via angiogenesis in 

response to VEGF, PDGF and other pro-angiogenic factors released by the macrophages and 

other cells within the wound13. The new vascular network provides the cells present at the wound 

site with increased nutrients to meet the higher metabolic demands of the cells14. Towards the 

end of this stage, the macrophage population at the wound site begins to decrease1,13,14.  

The final stage of the wound healing process is remodeling13. The provisional matrix of 

the granulation tissue is remodeled into scar tissue13,14. The fibroblasts present at the wound site 

differentiate into myofibroblasts largely due to the release of profibrotic factors, such as TGF-β, 

by the fibroblasts and macrophages14. The myofibroblasts increase secretion of collagen I and 

other extracellular matrix proteins and reorganize and contract the ECM14. As the collagen is 

deposited, the provisional matrix and immature blood vessels begin to be degraded by proteases 

released by the fibroblasts and myofibroblasts14. Overtime, fibroblasts and myofibroblasts 

undergo apoptosis14. The resulting tissue is largely acellular and avascular scar tissue14. 

Wound healing is a tightly regulated process and perturbances at the wound site can have 

many unintended effects. For example, a decrease in the pro-inflammatory signaling during the 

inflammatory phase resulted in delayed resolution of the wound and an increased area of scar 

tissue in hepatic fibrosis model in mice14. Many diseases and conditions have been associated 

with impaired wound healing14. One such condition is the host response to implantable 

biomaterials1. 

2.1.1 Macrophages Plasticity and Phenotypes 

Macrophages play an important role in the wound healing process17. These innate 

immune cells play a critical role in host defense and are capable of both a pro-inflammatory and 
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a profibrotic response depending on the conditions to which they are subjected17. In addition, 

they are often involved in the removal of cell debris and foreign material via phagocytosis17.  

Macrophages are typically viewed as being in one of three phenotypes: M0 (naïve), M1 

(classical), or M2 (alternative)18. The M0 phenotype denotes the non-activated resting state of 

these cells18. These cells typically have low levels of cytokine secretion and can be difficult to 

differentiate from M2 macrophages due to the shared cluster of differentiation 163 (CD163) 

expression by both phenotypes (whereas CD163 has previously been used as a M2 marker)18,19. 

M0 macrophages can be obtained in vitro via stimulation by low levels macrophage colony 

stimulating factor (M-CSF) (e.g. 10 – 50 ng/ml) while M2 macrophages are obtained by using 

higher levels of M-CSF (e.g. 100 – 150 ng/ml)18,19. 

M1 macrophages, also called classically activated macrophages, are the pro-

inflammatory phenotype of the cell17. These cells are typically present in high number and are 

the dominant phenotype during the initial stages of inflammation19. In vitro, M1 polarization is 

typically achieved through addition of interferon γ (IFN-γ) or lipopolysaccharide (LPS), however 

it can also be achieved by exposing the macrophages to a variety of pro-inflammatory 

cytokines17,18. Once the cells are M1 polarized, they begin secreting various pro-inflammatory 

cytokines including Il-1β, TNF-α, Il-6, and IFN-γ17. M1 macrophages can also stimulate adaptive 

immune cells, such as T-cells, to produce pro-inflammatory cytokines as well20,21. 

M2 macrophages, also called alternatively activated macrophages, are the profibrotic 

phenotype of the cell17. The M2 phenotype promotes tissue regeneration and repair and is 

generally the dominant phenotype as inflammation resolves and the wound healing process 

transitions towards granulation18,19. In vitro, M2 polarization is typically achieved through use of 

M-CSF and IL-4 but can also be achieved by exposing the macrophages to various anti-
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inflammatory cytokines, including IL-10 and IL-1317,18. As the macrophages become M2 

polarized, they will begin to secrete high levels of anti-inflammatory cytokines such as IL-10 and 

TGF-β17. 

While M1 and M2 macrophages were described as separate entities above, this is 

typically only seen in vitro. Macrophages in vivo exhibit a larger spectrum of polarizations and 

can display characteristics of both M1 and M2 polarization at the same time, such as CD86, 

typically found M1 polarized macrophages, and CD1b, typically found in M2 polarized 

macrophages20,22. As a result, macrophage polarization is better described as being a spectrum 

rather than as distinct groups20,21. 

2.2 Foreign Body Reaction 

The host response to implantable biomaterials is characterized as a foreign body reaction 

(FBR), in which the normal progression of wound healing is disrupted by the persistent presence 

of the implant1. While severity of the FBR can vary greatly depending on a variety of factors 

including implant size, implant material, and implant location, the general, overlapping stages of 

the response following material implantation are protein adsorption, inflammation, and fibrous 

encapsulation (Figure 2.2)1.  
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Figure 2.2 – The progression of a classical foreign body reaction. Adapted with permission from 

McKiel, L., Woodhouse, K., & Fitzpatrick, L. (2020). MRS Communications, 10(1), 55-68 [3]. 

2.2.1 Protein Adsorption 

Protein adsorption is the initial step in the foreign body response1. Proteins from the 

blood leaking from damaged vasculature and from damaged cells are released into the implant 

space during the implantation process1,23. Once released, the proteins will instantaneously adsorb 

on the surface of the biomaterial and will influence the subsequent stages of the foreign body 

response by mediating cell-material interactions1. Variations in the conformation and profile of 

adsorbed proteins can affect macrophage-biomaterial interactions and have been shown to 

influence the severity of the inflammation and fibrosis resulting from biomaterial implantation24. 

Protein adsorption is a complex process dependent on many factors including the size, 

charge, and diffusion coefficients of the protein as well as the material properties of the 
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biomaterial itself25,26. The proteins adsorbed onto a biomaterial also change over time1. More 

abundant proteins with high diffusion coefficients are often the first proteins to interact with the 

biomaterial and thus adsorb onto the biomaterial first27. Overtime, less abundant proteins with a 

higher affinity for the biomaterial will begin interacting with biomaterial and adhere onto its 

surface, causing the smaller proteins to become displaced27.  

Blood proteins are often the most abundant type of protein present in the adsorbed protein 

layer1. The abundant blood proteins, in order of concentration, are albumin, immunoglobulin G 

(IgG), transferrin, high density lipoprotein (HDL), low density lipoprotein (LDL), α2-

macroglobulin, fibrinogen, complement protein C3, IgA, and IgM24. Consequently, these have 

been extensively studied under the context of their contribution to the foreign body response. For 

example, increased concentrations of IgG and fibrinogen in the adsorbed protein layer have been 

associated with increased inflammation after implantation24. In recent years, however, the 

presence of damage associated molecular patterns (DAMPs) in the adsorbed protein layer, in 

addition to blood proteins, became an area of active research and is the focus of this thesis28,29. 

The contributions of DAMPs and their receptors in biomaterial host responses will be discussed 

in depth in section 2.3. 

2.2.2 Inflammation 

The inflammatory response to implanted biomaterials can be divided into two 

overlapping phases: acute inflammation and chronic inflammation1,30. Inflammation begins 

shortly after implantation occurs1. Neutrophils and monocytes quickly migrate in the implant site 

and can become activated by cytokines and chemokines released by platelets, such as 

macrophage inflammatory protein 1α (MIP-1α) and CXCL1, as well as by DAMPs within the 

implant microenvironment and likely within the adsorbed protein layer on the material 



 

13 

 

surface1,30,31. Neutrophils act to clean the implant site of cell debris via phagocytosis and can also 

release proteolytic enzymes, such as neutrophil elastase and cathepsin G, and reactive oxygen 

species (ROS) in an attempt to degrade the biomaterial13,16,30. Similar to the inflammation phase 

in normal wound healing, neutrophils can also undergo NETosis in response to the biomaterial, 

eliciting a strong pro-inflammatory response as a result16. While neutrophils are the dominant 

cell type present during acute inflammation, multiple studies have demonstrated that 

macrophages play a more significant role in the progression of the foreign body response1. For 

examples, neutrophil depletion did not significantly perturb inflammation and fibrosis occurring 

in response to implanted biomaterials in mice, whereas macrophage depletion resulted in 

decreased inflammation and no fibrosis occurring30. 

During acute inflammation, macrophages recruited to the implant site become polarized 

toward an M1 phenotype and begin releasing pro-inflammatory cytokines1. Prominent cytokines 

released during this phase include IL-1β, IL6, IL10, and TNF-α1. The release of these cytokines 

results in further recruitment of macrophages to implant site and their subsequent M1 activation1. 

During this phase, foreign body giant cells (FBGCs) can also begin to form1.  

The acute inflammation typically lasts 2-4 days in vivo, at which point it transitions into 

chronic inflammation1,14,30. The development of a chronic inflammatory response is induced by 

the persistent presence of the biomaterial implant and is characterized by macrophages 

overtaking neutrophils as the dominant cell type within the implant site, as well as the formation 

of FBGCs and initial infiltration of fibroblasts1. 

During this phase, a subset of the M1 macrophages transition into an M2-like phenotype, 

resulting in a shift in cytokine profile during this phase in comparison with acute inflammation33. 

Cytokines commonly studied during chronic inflammation include monocyte chemoattractant 
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protein-1 (MCP-1), MIP1α, regulated upon activation, normal T cell expressed and secreted 

(RANTES), TGF-β, and matrix metalloproteinase 9 (MMP9) due to their importance in 

propagating inflammation and remodeling the ECM1,30,33. In addition, IL-6 production is often 

still elevated compared to unstimulated macrophages in vivo33. Fibroblasts migrating to the 

wound site produce a provisional matrix, composed primarily of fibronectin and proteoglycans1. 

This process is often aided by various MMP as these proteases can aid in ECM remodeling1,14. 

TGF-β is known induced of myofibroblast differentiation and influences the fibrosis that occurs 

towards the end of the foreign body response14,33.  

2.2.2.1 Macrophage-Biomaterial Interactions 

Macrophages are often viewed as one of the most important cell types in the onset of the 

host response17. Approximately 5 days after implantation, macrophages become the most 

abundant cell type present at the implant site1. In addition, macrophages are one of the only cell 

types present at all stages of the host response and their absence can prevent the host response 

from progressing1,17,31,34-36.  

Macrophage-biomaterial interactions can influence the severity of the host response to 

implanted biomaterials1. The biomaterial surface chemistry, through protein adsorption, can 

affect macrophage adhesion and, as a result, activation37. Macrophages adhere to the biomaterial 

surface through interactions between integrin receptors and the adsorbed protein layer1. Integrins 

are heterodimers made up of an α subunit and a β subunit which allows for the integrin family to 

recognize many targets38. In the context of biomaterials, macrophages use α4/β1 and 

α5/β1integrins to adhere to fibronectin, α6/β1 to adhere to laminin, and αX/β2 and αM/β2 to 

adhere to fibrinogen and complement fragment C3bi1. Integrin binding of cell adhesion motifs 
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within the various adsorbed proteins enable the macrophages to adhere to the surface of the 

biomaterial38.  

Once there, the macrophage will attempt to phagocytose the biomaterial, in an effort to 

clear the foreign material from the body. However, they will not be able to do so for any implant 

material larger than approximately 10µm in diameter1. Instead, frustrated phagocytosis can cause 

fusion of adjacent macrophages to form foreign body giant cells (FBGCs)1. In vitro, FBGC 

formation is induced using IL-4 or IL-1338. Although the cellular mechanisms guiding FBGCs 

formation are not fully understood, β1 integrin receptors, mannose receptors and dendritic cell-

specific transmembrane protein (DC-STAMP) are required for macrophage fusion39. In addition, 

αM/β2 activation via fibrinogen, C3bi, and vitronectin has also been shown to promote FBGC 

formation1. Once formed, FBGCs continue to attempt phagocytosing the biomaterial while also 

releasing reactive oxygen species (ROS) and enzymes in an attempt to breakdown the 

biomaterial40. This can cause degradation of the material, potentially causing mechanical failure 

of the biomaterial40. In addition, the paracrine signaling of FBGCs and macrophages induce the 

migration of fibroblasts to the implant site and subsequent fibrosis that occurs as a result1. 

2.2.3 Provisional Matrix Formation 

Provisional matrix formation is generally seen as a two-phase process in the biomaterial 

host response, consisting of an early and a late phase41. The early phase begins shortly after 

implantation of the biomaterial or device and occurs as a result of damaged blood vessels41. 

Acute phase plasma proteins, such as fibrinogen and complement proteins, and proteins from the 

α-granules of activated platelets, such as fibronectin and vitronectin, are released following clot 

formation and begin forming a network at the injury site41,42. The resulting early provisional 

matrix is a fibrin rich structure with fibronectin crosslinks dispersed throughout and can 
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contribute to the pro-inflammatory and profibrotic signaling occurring at the implant site41,42. 

Signaling proteins such as IL-1β, TNF-α, and PDGF have been found to adhere to the early 

provisional matrix and are known to contribute to the inflammation resulting from the tissue 

damage43.  

As fibroblasts arrive to the wound site, they infiltrate the newly formed early provisional 

matrix and being remodeling it into the late provisional matrix41. The fibroblasts release 

fibronectin and proteoglycans which integrates into the provisional matrix41-43. MMPs released 

by the fibroblasts contribute to this process and remove the fibrin from the structure44. The 

resulting late provisional matrix is more mechanically stable, while still contributing to the 

profibrotic signaling occurring at the implant site41,42. Fibronectin is particularly important to 

these functions. Increased fibronectin at the implant site has been shown to increase 

inflammation45. Fibronectin also promotes myofibroblast differentiation as it contains many 

binding sites for TGF-β, a known inducer of myofibroblast differentiation41,46. Myofibroblasts 

also secrete increased levels of fibronectin compared to fibroblasts, which integrates into the 

provisional matrix thus creating additional TGF-β binding sites and creating a positive feedback 

loop that induces myofibroblast differentiation41,46. 

The late provisional matrix composition has also been shown to contribute to the 

subsequent fibrosis42. Thicker provisional matrices have been correlated with thicker fibrotic 

scars42. Fibronectin is thought to contribute to this putative relationship42. It has previously been 

shown that collagen matrices cannot form without active fibronectin secretion, as fibronectin 

stabilizes collagen I fibers prior to their secondary crosslinking41,42,46. In addition, fibronectin’s 

TGF-β binding sites may also contribute to the larger scars41. Excessive amounts of TGF-β at a 

wound site have been associated with larger scars47. 
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2.2.4 Fibrosis 

Fibrous encapsulation of the biomaterial initially begins through the formation of 

granulation tissue by fibroblasts during chronic inflammation1. Newly recruited fibroblasts are 

stimulated by resident macrophages and FBGCs to transform the late provisional matrix into a 

granulation tissue that is rich in proteoglycans and collagen III1,48. Like the wound healing 

process, new blood vessels begin forming around the granulation tissue, providing the cells with 

additional nutrients to match their increased metabolic demands13. As a result of increased 

profibrotic signaling by macrophages and FBGCs, the fibroblasts will begin differentiating into 

myofibroblasts33,47-49. The contractile ability of the myofibroblasts assists in the remodeling of 

the granulation tissue47,48. Over time, the previously proteoglycan and collagen III rich matrix is 

replaced with a fibronectin and collagen I rich matrix1,48. This process can take weeks or months 

to be completed1. The resulting scar tissue separates the implanted biomaterial from the 

surrounding tissue, preventing the biomaterials integration with the host and potentially 

interfering with biomaterials function1. Within the fibrous capsule, the macrophages and FBGCs 

adhered to the biomaterial will remain there for the remainder of the biomaterial’s lifespan1.  

Many properties of the biomaterial itself affect the thickness of the resulting fibrous 

capsule50. A biomaterial’s size, topography, and surface chemistry have all been shown to 

influence the resulting scar tissue after implantation47,50. In general, implants with porous 

surfaces generate thinner fibrous capsules, compared to implants with non-porous surfaces47. For 

example, glucose sensors with porous polylactic acid (PLA) coatings yielded thinner fibrous 

capsules at 3 weeks after implantation in healthy rats and increased sensor lifetime, compared to 

bare sensors47. Phospholipid-containing biomaterials have also been shown to decrease the 

thickness of the resulting fibrous capsule as well as reducing the adhesion of macrophages and 
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FBGC, relative to polyethylene terephthalate (PET) containing biomaterials47. It is thought that 

this is due to the phospholipid compound mimicking the cell membrane and thus reducing 

detection by inflammatory cells47.  

Macrophages are also thought to contribute to the controlled formation of the fibrous 

capsule51. If macrophages are depleted after the initial inflammation occurs, the resulting scar 

tissue is often much larger than control groups52. This is likely due to the loss of paracrine 

signaling at the implant site and the subsequent overproduction of fibrin and collagen by 

myofibroblasts as a result51,52. These results highlight the importance between the balance of pro-

inflammatory and profibrotic signaling during wound healing51. 

2.2.4.1 Fibroblasts 

Fibroblasts are the most prevalent cell type in humans48. Fibroblasts are highly plastic 

cells and exist as a heterogenous populations48. Often, these cells are described by the relative 

levels of type I collagen and type III collagen they produce48. Generally, fibroblasts from deeper 

dermis layers have a decreased ratio of collagen I to collagen III when compared to fibroblasts 

from more superficial layers48. In addition, fibroblasts isolated from wounds also have a 

decreased ratio of collagen I to collagen III when compared fibroblasts from healthy tissue48. 

These cells not only differ between different tissue but can also differ within tissue as well48. 

However, due to their plasticity, fibroblasts can alter their physiology and function in response to 

changes in their microenvironment48.  

A major function of fibroblasts during wound healing and the FBR is the creation of 

granulation tissue at the wound site1,48. This granulation tissue is typically rich in proteoglycans 

and collagen III, and serves as a provisional matrix for infiltrating cells and is often the site of 

myofibroblast differentiation during wound healing1,58. 
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2.2.4.1.1 Myofibroblasts 

Myofibroblasts have an intermediary morphology between fibroblasts and smooth muscle 

cells47. Myofibroblast differentiation can be induced by exposing fibroblasts to TGF-β47-49. In 

vivo, myofibroblast differentiation can be induced as a result of autocrine signaling by the 

activated fibroblasts as well as by TGF-β released by macrophages and FBGCs47,49. TGF-β binds 

to the receptor TGFβRII on the fibroblast and upregulates downstream signaling molecules, 

namely SMAD-1, SMAD-2, SMAD-4, and latent TGF beta binding protein 2 (LTBP-2)47. These 

proteins can act as transcription factors to upregulate gene associated with myofibroblasts such 

as connective tissue growth factor (CTGF), tissue inhibitors of matrix metalloproteinase 1 

(TIMP-1), and collagen I47.  

Myofibroblasts are generally characterized by the presence of α smooth muscle actin 

(αSMA)49. The αSMA allows the cells to be contractile which aids in the remodeling of the 

ECM47,48. αSMA expression is thought to be controlled by MAP kinase activated protein kinase 

2 (MAPKAPK2)53. In myofibroblasts isolated from mice, MAPKAPK2 depletion resulted in 

lower expression of αSMA but did not affect collagen I deposition53. This suggested that the 

myofibroblasts were still present and function but were not expressing αSMA53. 

Osteopontin (OPN) is a matricellular protein that is also used as a marker for 

myofibroblasts48. OPN is required for myofibroblast differentiation via TGF-β and is expressed 

at high levels throughout the lifetime of the cell11,48. OPN-depleted fibroblasts are unable to 

differentiate into myofibroblasts in the presence of TGF-β, although they can be stimulated to 

myofibroblasts in other ways, namely through TH2-type cytokines11. OPN signaling aids with 

matrix remodeling and has been shown to influence the formation of scar tissue54. OPN has also 
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been shown to increase fibroblast migration and proliferation highlighting its importance to 

wound healing48. 

Myofibroblasts play a large role in both normal wound healing and the host response to 

implanted biomaterials1. Myofibroblasts can remodel the ECM both through their contractile 

ability and through the release of various ECM proteins, such as fibrin and collagen47,48. During 

wound healing and the foreign body response, this results in the formation of fibrous scar tissue 

and the wound site or around the biomaterial1,47,48. The thickness of the fibrous tissue that is 

formed is largely dependent on the balance of signaling molecules present47. Of particular 

importance is TGF-β due in part to its ability to induce the deposition of collagen I, a prominent 

protein in scar tissue47. Excessive amounts of TGF-β at a wound site can result in larger scar 

tissue being formed47. Similarly, OPN levels can affect the amount of scar tissue formed48. Low 

levels of OPN have been associated with faster wound healing and resulted in significantly less 

scar and granulation tissue in a mice model wound bed48. 

2.3 The Role of DAMPs and Toll-like Receptors in Biomaterial Host Responses 

2.3.1 Damage Associated Molecular Patterns  

DAMPs are endogenous intracellular molecules that are released by damaged cells and 

elicit an immune response, often referred to as sterile inflammation55. Examples of well 

characterized DAMPs include high mobility group box 1 (HMGB1), a DNA binding protein, and 

heat shock protein 70 (HSP70), which assists in protein folding56,57. While sterile inflammation 

induced by DAMPs plays an important role in tissue repair, excessive release of DAMPs has also 

been implicated in the pathogenesis of many inflammatory diseases, including inflammatory 

bowel syndrome, rheumatoid arthritis, and atherosclerosis56. It is also hypothesized that the 
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release of DAMPs and their subsequent adsorption to the biomaterials surface play a significant 

role in initiating the inflammatory response to biomaterials.  

The biomaterial implantation procedure inevitably causes some degree of cell damage, 

even if minimally invasive techniques are used58. The damaged cells then release DAMPs into 

the ECM at the implant site55. Circulating immune cells can recognize the DAMPs through 

pattern recognition receptors (PRR), which activates the immune cells and initiate pro-

inflammatory signaling cascades that promote and amplify the inflammatory response55. The 

resulting inflammation is referred to as sterile inflammation due to the absence of any 

pathogens59. Neutrophils and macrophages primarily interact with the DAMPs and begin 

releasing pro-inflammatory cytokines56. In macrophages, the response elicited by DAMPs can be 

specific to the species of DAMP detected. For example, detection of HSP70 can results in the 

macrophages releasing TNF-α, IL-10, and NO while detection of DNA can result in TNF-α, 

IFN-β, and CXCL10 production56,57. DAMPs can bind to and activate many different types of 

PRRs, including Toll-like receptors (TLRs)60. 

2.3.2 Toll-Like Receptors 

TLRs are a family of PRR capable of binding a variety of ligands to initiate an immune 

response54. TLRs are present on many immune cells, including macrophages, neutrophils, B 

cells, and T cells, and are also present on tissue-resident cells such as endothelial cells61. There 

are 13 known TLRs in mammals, 5 of which are located in the intracellular space (TLR3, TLR7, 

TLR8, TLR9, TLR13) and 8 of which are located on the cell surface (TLR1, TLR2, TLR4, 

TLR5, TLR6, TLR10, TLR11, TLR12)62,63. Once bound to a ligand, the TLR forms a dimer54. 

Depending on the specific TLR, the dimer can be a heterodimer or a homodimer54. Through 

dimerization, intracellular signaling can be initiated54. 
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TLR downstream signaling can occur through two pathways (Figure 2.3). The first, is 

through the adaptor protein myeloid differentiation primary response 88 (MyD88). MyD88 

functions as an adaptor protein for all TLRs except for TLR354. MyD88 propagates the signal 

through interleukin 1 receptor associated kinase 1 (IRAK1), IRAK4, and TNF receptor 

associated factor 6 (TRAF6) pathways resulting in the activation of the transcription factors 

nuclear factor kappa-B (NF-κB) and activator protein 1 (AP-1)54. These transcriptions factors 

can then upregulate the transcription of pro-inflammatory cytokines. 

The alternate pathway for TLR activation is through the adapter protein Toll/IL-1 

receptor-domain-containing adapter-inducing interferon-β (TRIF). TRIF primarily activates 

interferon regulatory transcription factor 3 (IRF3) via TRAF3, resulting in the production of 

IFNα and IFNβ54. TRIF can also activate transcription factors NF-κB and AP-1 through the 

activation of TRAF654. Although MyD88 and TRIF activate the same transcription factors, the 

different intracellular pathways leading to the activation results in different genes being 

upregulated64. MyD88 activation typically results in the upregulation of pro-inflammatory 

cytokines such as TNF-α and IL-1β, while TRIF activation typically results in the upregulation 

of interferons such as IFN-β52,65. TLR4 is unique in its ability to use both adapter proteins 

depending on the receptor’s location66. When TLR4 is located on the cell surface it signals 

through MyD88 but after internalization it begins signaling through TRIF66.  
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Figure 2.3 – A simplified view of Toll-like receptor signaling. Adapted with permission from 

McKiel, L., Woodhouse, K., & Fitzpatrick, L. (2020). MRS Communications, 10(1), 55-68 [3]. 

2.3.3 DAMPs and TLRs in Biomaterial Host Responses 

Examining the interactions between DAMPs and TLRs in the context of implanted 

biomaterials is a relatively new field, when compared to the decades of work focusing on blood 

derived proteins. Rogers and Babensee had examined the role of TLR4 in the host response to 

PET discs implanted in mice67. This study had found TLR4-deficient mice had a decreased 

adherent macrophage population on the implant surface 16 hours after biomaterial implantation 

in comparison with wild type mice67. However, no change in fibrous capsule thickness 

surrounding the implant was observed between the two groups67. These results suggested that 

while TLR4 may play a role in macrophage recruitment to the implant site, TLR4 depletion 

would not affect the outcome of the foreign body reaction67. 
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Furthermore, Amer et al. examined the effect of MyD88-dependent signaling in the 

foreign body response to poly(ethylene glycol) (PEG) hydrogel implants in mice68. Implants 

from MyD88-deficient mice had fewer adherent cells attached to them 2 days after implantation, 

when compared with the wild type mice68. In addition, MyD88-deficient mice had a significantly 

thinner fibrous capsule surrounding the PEG hydrogel implant than the wildtype mice 28 days 

after implantation68. 

Recently, McKiel and Fitzpatrick developed an in vitro model to study the putative 

contribution of TLR signaling in biomaterial host responses. The researchers specifically looked 

at the contribution of TLR2 and TLR4 in the acute inflammation in response to adsorbed 

DAMPs on tissue culture polystyrene (TCPS), poly(methyl methacrylate) (PMMA), and 

polydimethylsiloxane (PDMS) surfaces69. To model the complex mixture of DAMPs released by 

damaged cells in vitro, mouse 3T3 fibroblasts were lysed using freeze-thaw cycling and the cell 

lysate was collected and used as a source of intracellularly derived DAMPs69. The presence of 

the DAMPs HMGB1 and HSP60 were then confirmed via a western blot69.  

Using an NF-κB/AP-1 macrophage reporter cell line, RAW-BlueTM, the effect of TLR2 

and TLR4 inhibition on the activation of NF-κB and AP-1 transcription factors was examined 24 

hours after the cells were introduced to adsorbed DAMPs69. The RAW-BlueTM macrophage cell 

line contains a secreted-phosphatase gene on an NF-κB and AP-1 promoter that can be measured 

to determine the relative activity level of NF-κB and AP-1. To assess the effects of TLR4 and 

TLR2 on the NF-κB and AP-1 activation, an appropriate inhibitor of the TLR was added to the 

macrophage culture prior to it being exposed to the DAMPs69. For TLR4, inhibition resulted in 

significantly lower NF-κB and AP-1 activation on TCPS and PMMA but not on PDMS69. For 

TLR2, inhibition resulted in significantly lower NF-κB and AP-1 activation on all surfaces69. In 



 

25 

 

addition, the increased inflammatory response elicited by the adsorbed lysate was completely 

attenuated in the TLR2 inhibited group, whereas TLR4 inhibition resulted in a modest 

decrease69. These results suggested that TLR2 may play a larger role in acute inflammation than 

TLR469. 

In addition to the above results, an ELISA was performed by McKiel and Fitzpatrick to 

further examine the effects of TLR2 inhibition69. RAW-BlueTM cells were either treated with a 

TLR2 inhibitor or were left untreated prior to exposure to adsorbed DAMPs69. The cytokines 

TNF-α and IL6 were looked at after 24 hours69. Both cytokines had significantly lower levels in 

the TLR2 inhibited sample in comparison with the untreated cells69. These results further 

suggested that TLR2 may play a major role in the acute inflammation resulting from 

macrophages interacting with DAMPs69. 

2.4 Current Strategies for Modulating the Host Response to Biomaterials 

Currently, only a limited number of treatments options exist to mitigate the foreign body 

reaction. Dexamethasone, a potent immunosuppressant, is currently one of the best studied 

options70. Dexamethasone treatment has been effective at reducing inflammation and preventing 

fibrosis for up to 3 months in poly(lactic-co-glycolic acid) (PLGA)/polyvinyl alcohol (PVA) 

hydrogel composites70. However, the inflammatory response resumed after the dexamethasone 

treatment was stopped, suggesting that the use of dexamethasone pauses the host response, but 

fails to support a beneficial, long-term resolution70. In addition, dexamethasone is not 

recommended for long-term usage due to the increased risk of infection and illness9. Other 

immunosuppressants have been studied as well but none appear to be as effective. For example, 

nonsteroidal anti-inflammatory drugs (NSAIDs) have been used for short term reduction in 
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inflammation after biomaterial implantation70. However, NSAIDs only appear to be effective for 

a few days and have no effect on the fibrotic encapsulation of the biomaterial70. 

Recently, antifibrotic drugs have been suggested as a potential treatment. Pirfenidone, a 

drug currently approved to treat idiopathic pulmonary fibrosis, has been shown to reduce fibrous 

capsule thickness in rabbits implanted with silicone gel implants, compared to control rabbits70. 

Pirfenidone treatment also resulted in reduced αSMA and procollagens I and II expression at the 

implant site70,71. While results from this treatment are favorable, limited research exists studying 

its usage for mitigating the foreign body reaction. Furthermore, this strategy mitigates only the 

fibrotic outcomes of the host response, leaving the chronic inflammatory response unaffected. 

Small-interfering RNA (siRNA) have also been proposed as a potential treatment option. 

siRNA targeting collagen type I was shown to reduce fibrous capsule thickness in rats implanted 

with nanofibers after 2 and 4 weeks, compared with control rats70. However, this approach has 

had inconsistent results70. siRNA targeting collagen type I have no effect on fibrous capsule 

thickness in mice implanted with PEG hydrogels70. 

2.5 In vitro Models of the Biomaterial Host Response 

In vitro models of macrophage-material interactions typically focus on the acute 

inflammatory response that is elicited either by the biomaterial of interest with adsorbed proteins 

from the serum within the culture medium, while some studies use an inflammatory stimulus 

such as LPS to generate a stronger response. Generally, the acute inflammatory response, 

characterized by TNF-α secretion, resolved in 24 hours1,14,30. To study the chronic inflammatory 

response in macrophages in vitro, cultures are typically extended to at least 3 days, with some 

studies extending the cultures to 21 days33,72. These later timepoints are generally characterized 
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by increased anti-inflammatory cytokine concentrations and the presence of M2 polarized 

macrophages72.  

Myofibroblast differentiation is also well defined in vitro. Myofibroblast differentiation 

can occur as early as 18 hours after being cultured with high concentrations (>50 ng/ml) of TGF-

β1, however, high concentrations of TGF-β1 significantly increase the rate of apoptosis in 

myofibroblasts73. More commonly, 5-10 ng/ml of TGF-β1 are used to induce myofibroblast 

differentiation in in vitro cultures47,74. Myofibroblasts obtained using these concentrations of 

TGF-β1 usually begin expressing αSMA within 24 hours, with the peak expression occurring at 

48-72 hours depending on the cell density conditions74. 
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Chapter 3 

Materials and Methods 

3.1 Cell Line Cultures 

RAW-BlueTM (Invivogen, San Diego, CA) macrophages are NF-κB/AP-1 reporter cells 

that stably express secreted embryonic alkaline phosphatase (SEAP) under the control of NF-κB 

and AP-1 transcription factors. RAW-BlueTM  macrophages were maintained in Dulbecco’s 

Modified Eagle’s Medium (DMEM, Sigma-Aldrich, St. Louis MO) supplemented with 10% fetal 

bovine serum (FBS, Wisent, St. Bruno, QC), 5 µg/ml Plasmocin (Invivogen), 200 µg/ml Zeocin 

(Invivogen). The cells were passaged once they reached 70% confluence and were only used up 

to passage 15. 

RAW 264.7 (ATCC, Manassas, VA) murine macrophages were cultured in DMEM 

supplemented with 10% FBS and 1% Penicillin/Streptomycin (Sigma-Aldrich). The cells were 

passaged once they reached 70% confluence and were only used up to passage 15. 

NIH3T3 (ATCC) murine fibroblasts were cultured in DMEM supplemented to contain 

10% FBS and 1% Penicillin/Streptomycin. The cells were passaged once they reached 70% 

confluence and were only used up to passage 10. 

3.2 Lysate Preparation 

3T3 fibroblasts were used to generate DAMP-containing lysate, as previously 

described69. To generate the lysate, the fibroblasts were detached using TrypLE (Fischer 

Scientific, Waltham, MA) and were counted using a hemocytometer after staining with Trypan 

Blue (Fischer Scientific). The cells were then centrifuged at 200xg for 5 minutes, resuspended at 

5 x 106 cells/ml, and freeze-thaw cycled three times using a -80 °C freezer and a 37 °C water 
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bath. The protein concentration of the lysate was quantified using a microBCA assay (Fischer 

Scientific) according to the manufacturer’s instructions. The lysate was then diluted to a total 

protein concentration of 625µg/ml in sterile PBS, aliquoted and stored in a -80 °C  freezer. 

3.3 TeflonTM AF Coatings 

In this study, an amorphous fluoropolymer, TeflonTM AF 1600 (Sigma-Aldrich), was 

used as an in vitro cell culture substrate to model the surface of Teflon PTFE insulin infusion 

cannulas. TeflonTM AF 1600 is an amorphous copolymer of 65 mol% 2-bistrifluoromethyl-4,5-

difluoro-1,3-dioxole (PDD) and 35 mol% tetrafluoroethylene (TFE) and shares many 

characteristics with semi-crystalline TeflonTM PTFE, including wettability75. However, the 

surface chemistry of TeflonTM AF 1600 does differs from PTFE due to the oxygen content of the 

PDD comonomer75. TeflonTM AF 1600 is also soluble in perfluorinated solvents, which allows 

films to be cast from solutions. Furthermore, TeflonTM AF 1600 has excellent optical clarity due 

to its amorphous structure, which beneficial for cell culture studies that rely of visualization of 

adherent cells on the fluoropolymer surfaces. 

TeflonTM AF 1600 (referred to as TeflonTM AF from here) was dissolved in a fluorinated 

solvent (FC-40; Sigma-Aldrich) to create a 1 mg/ml solution and used to coat 24 well non-tissue 

culture treated polystyrene plates, as previously described3,76. Briefly, 500µl of 1mg/ml TeflonTM 

AF solution was added to each well, the well plates were placed in a vacuum oven at 22.5 inHg 

and 40 °C for 72 hours to remove the fluorinated solvent. The wells were then cleaned with 70% 

ethanol and subsequently washed three times with endotoxin free water69. Prior to use, TeflonTM 

AF-coated plates were placed under UV light for 30 minutes. 

Each plate was also tested for endotoxin by using a LAL Pyrochrome kit according to the 

manufacturer’s provided instructions (CapeCod and Associates, East Falmouth, MA). Three 
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wells from each plate were tested in duplicate, as described previously69, using 100µl of 

endotoxin free water per well. All endotoxin levels were below the lower limit of the assay (0.05 

EU/ml). 

3.4 Macrophage Cultures on Lysate-Adsorbed Surfaces  

Wells in TeflonTM AF coated 24 well plates were coated with either lysate (125 µg/ml) or 

10% FBS (1600 µg/ml) for 1 hour at room temperature, then washed with sterile PBS three times 

for 5 minutes each time. RAW-BlueTM cells were seeded in TeflonTM AF-coated wells at 1x104 

cells/well (5x103 cells/cm2) in DMEM supplemented with 10% heat inactivated fetal bovine 

serum (HI-FBS), 5 µg/ml Plasmocin and, 200 µg/ml Zeocin, while RAW 264.7 macrophages 

were seeded in their normal growth medium. The use of heat-inactivated serum is required to 

eliminate the activity of any serum alkaline phosphatase in the SEAP-dependent NF-κB/AP-1 

reporter assay, according to the manufacturer’s instructions, to prevent false positive results. As a 

positive control for TLR2-induced macrophages activation, PAM3CSK4 (150 ng/ml; Invivogen) 

was added to a RAW-BlueTM macrophages seeded in TeflonTM AF-coated wells with adsorbed-

serum. To neutralize signaling, RAW-BlueTM or RAW 264.7 macrophages were incubated in 2.5 

µg/ml of neutralizing TLR2 antibody, anti-mTLR2-IgG (cat. no. mabg-mtlr2, Invivogen) for 1 

hour prior to seeding on the TeflonTM AF surfaces. 

  Plates were then incubated at 37 °C and 5% CO2 for 120 hours. Partial media changes 

(50% of total volume) were performed at 48 and 96 hours. At 72 and 120 hours, supernatant 

samples were collected and either used immediately in a QUANTI-Blue assay (Invivogen) or 

stored at -80 °C to be used for cytokine analysis.  
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3.4.1 NF-κB/AP-1 Dependent Reporter Assay (QUANTI-Blue) 

The NF-κB/AP1 activity in macrophages was measured indirectly as SEAP activity using 

a colorimetric enzymatic assay for alkaline phosphatase activity (QUANTI-Blue, Invivogen). 

Supernatant samples from RAW-BlueTM macrophages were diluted in QUANTI-Blue reagent in 

96 well plates and incubated for 2.5 hours, according to the manufacturer’s instructions. The 

absorbance was measured in duplicate at 620nm using a Biotek Synergy H1 microplate reader. 

All absorbance values were normalized to the absorbance of the negative assay control (media 

with no cells). 

3.4.2 QuantiFluor assay 

The number of RAW-BlueTM cells present after 120 hours of incubation were measured 

using Promega QuantiFluor dsDNA System (Fischer Scientific). Supernatant was removed from 

each well and cells were washed twice with PBS before being placed in the -80 °C freezer. A 

standard curve ranging from 1,000 to 200,000 cells was created using RAW-BlueTM cells, which 

were counted on a hemocytometer, diluted in PBS, and pelleted in triplicate in a well plate before 

being placed in a -80 °C freezer. A 4x QuantiFluor dsDNA dye dilution was prepared by diluting 

in 1x TE buffer (supplied in kit). The dilution was selected based on an expected cell count of 

200,000 cells per well. Cells were then removed from the freezer and 440 µl of 4x QuantiFluor 

dsDNA dye was added to each well of frozen cells to completely lyse the cells. The samples 

were then transferred to a 96 well plate and 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 Biotek Synergy H1 microplate reader. 
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3.4.3 Cytokine Immunoassays 

The concentration of cytokines in the supernatant of RAW-BlueTM macrophage cultures 

on TeflonTM AF surfaces was measured using immunoassays. A Milliplex Luminex assay 

(Millipore, Burlington, MA) measured the concentrations of IL-1β, IL-6, IL-10, MCP-1, and 

RANTES in undiluted supernatant samples, following the manufacturer’s instructions. Each 

sample was measured in duplicate.  

The supernatant concentration of TGF-β1 was measured using an ELISA kit (Fischer 

Scientific), according to the manufacturer’s instructions. The samples were diluted 1:5 in assay 

buffer and were measured in duplicate. The absorbance values were read at 450nm and 620nm 

using a Biotek Synergy H1 microplate reader. Absorbance values were compared to a standard 

curve to determine the concentration of TGF-β1 in each sample. 

3.5 Fibroblasts Cultured in Macrophage Conditioned Media  

3.5.1 Macrophage Conditioned Media 

TeflonTM AF coated 24 well plates were incubated with lysate and 10% FBS as described 

above. RAW 264.7 cells were seeded onto the wells at a concentration of 1x104 cells/well (5x103 

cells/cm2) and incubated at 37 °C and 5% CO2 for 120 hours. Media changes (50%) were 

performed at 48 and 96 hours. At 72 and 120 hours, the supernatant was transferred to a 

microcentrifuge tube and centrifuged at 1000xg for 10 minutes at 4oC. The supernatant was then 

transferred to a new microcentrifuge tube and stored at -80oC. RAW 264.7 cells grown in media 

containing PAM3CSK4 (150 ng/ml) was used as a positive control for TLR2 signaling. For 

TLR2 inhibition, RAW 264.7 macrophages were incubated with a neutralizing TLR2 antibody, 

anti-mTLR2-IgG (2.5 µg/ml), for 1 hour prior to seeding on TeflonTM AF surfaces.  
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3.5.2 Fibroblast Culture in Macrophage Conditioned Media 

The fibroblast response to macrophage conditioned media was tested using an indirect 

co-culture model, in which fibroblasts were cultured in macrophage conditioned media. The 

model was selected instead of a direct co-culture to specifically examine the effects TLR2 

macrophage inhibition on the downstream responses, rather than examining the effects of TLR2 

inhibition on both macrophage and fibroblast cells, and their crosstalk. 3T3 fibroblasts were 

seeded into 24 well tissue TCPS plates and 8 well µ-slides (Ibidi, Madison, WI) at a 

concentration of 4x103 cells/cm2. Conditioned media from RAW 264.7 cells was added to the 

wells such that the conditioned medium made up 30% (v/v) of the total media. This percentage 

of conditioned medium was selected as it was the highest percentage of conditioned media that 

could be added to the wells without affecting fibroblast viability over the 48-hour incubation 

(data not shown). 3T3 cells treated with myofibroblast differentiation inducer, TGF-β1 (10 

ng/ml), were used as a positive control and 3T3 cells grown with no conditioned medium were 

used as a negative control.  Fibroblasts were incubated at 37 °C and 5% CO2 for 48 hours. The 

24 well TCPS plates were used to isolate RNA to be used in qPCR while the 8 well µ-slides were 

used for staining.  

3.5.3 Microscopy 

All staining procedures were performed in the dark. The supernatant was removed from 

the 8 well µ-slides and each well was washed with PBS for 5 minutes. The fibroblasts were fixed 

using 4% paraformaldehyde (Sigma-Aldrich) for 15 minutes, then washed twice with PBS. The 

cells were permeabilized with 0.5% Triton-X (Fischer Scientific) for 5 minutes, then washed 

with PBS. A FITC-conjugated α-smooth muscle actin (αSMA) monoclonal antibody (Sigma-

Aldrich) was diluted to 1:250 in a 1% bovine serum albumin (BSA; Sigma-Aldrich) in PBS 
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solution and added to each well for 20 hours at 4oC. The wells were rinsed twice with PBS. 

AlexaFluor 555 conjugated phalloidin (Fischer Scientific) was diluted to 1:400 in a 1% BSA in 

PBS solution and added to each well for 90 minutes at room temperature. The cells were washed 

twice with PBS and a drop of NucBlue (Fischer Scientific) was added to each well. 

Cells were imaged with a Nikon Eclipse Ti2 microscope, using the NIS Elements 

Advanced Research imaging software. Three representative images of each well were captured at 

20x and 40x magnification. All image settings were kept constant between the different 

conditions. The 40X images were analyzed using ImageJ to determine the fluorescence intensity 

of each cell in the FITC channel and to determine the size of each cell present in a condition (all 

channels). Images were opened in ImageJ and the scale was then set using the scale bar in each 

image. The images were then converted to 16-bit greyscale images and, using the threshold 

function, the individual cells were highlighted. The measure function was then used to determine 

the cell area and the average grey scale intensity (fluorescence intensity) of each cell. 

3.5.4 Gene expression analysis 

Total RNA was extracted from 3T3 fibroblasts using an RNeasy micro kit (Qiagen, 

Hilden, Germany) with DNAse treatment, according to the manufacturer’s instructions. Purified 

RNA was eluted in RNase-free water and stored at -80oC. RNA concentrations and purity were 

measured using a NanoDrop One Spectrophotometer (ThermoFisher). All samples had an 

A260/A280 ratio above 1.8. cDNA was synthesized using iScriptTM Reverse Transcription 

Supermix (BioRad, Hercules, CA) using 1µg of RNA in each 20µl reaction, according to the 

manufacturer’s instructions. 

Custom primers for all genes were designed using PrimerBlast, according to the 

following criteria: 100-225 base pairs in product length, primer length close to 20 base pairs, 
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primer melting temperature between 57 °C and 63 °C, a GC content between 40% and 60%, low 

self-complementarity and low self 3’ complementarity, and unique targets. All primers were 

validated prior to use for gene expression analysis. A standard dilution curve was obtained from 

the cDNA with the primers to ensure a linear working range. All primers that were used had an 

efficiency between 90% and 110%. A melt curve optimization experiment was performed for 

each gene with annealing temperatures ranging from 54 °C – 64 °C. An annealing temperature of 

58 °C was chosen for the qPCR protocol. The stability of reference genes Rplp0 and B2m was 

assessed using GeNorm in qbase+ (Biogazelle), and both reference genes yielded M values 

below 0.1. Primer sequences and their amplification efficiencies are listed in Table 3.1. 

Table 3.1 – Primer Sequences used in the qPCR assay  

Gene 

Abbreviation 

Primer Sequences (5’-3’) GenBank Accession 

Number 

Efficiency (%) 

αSMA F: GTCCCAGACATCAGGGAGTAA 

R: TCGGATACTTCAGCGTCAGGA 

NM_007392.3 102.1 

OPN F: GTGAGATTCGTCAGATTCATCCG 

R: AGCAAGAAACTCTTCCAAGCAA 

NM_001204201.1 95.7 

Rplp0 F: GGGCATCACCACGAAAATCTC 

R: CTGCCGTTGTCAAACACCT 

NM_007475.5 97.2 

B2M F: TTCTGGTGCTTGTCTCACTGA 

R: CAGTATGTTCGGCTTCCCATT 

NM_009735.3 95.2 

 

qPCR was performed using SsoAdvanced Universal SYBR Green Supermix (BioRad), in 

a total reaction volume of 10 µl with 300 nM of forward and reverse primers and 10 ng cDNA in 

a 384 well plate. Three biological replicates were used for each condition and each sample was 

plated in triplicate. No template controls (NTC) were included in all assays. The plates were run 

in a BioRad CFX384 system using the thermal cycling protocol provided in Table 3.2. 
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Table 3.2 – Thermal cycling protocol used for qPCR. 

Step Name Temperature (oC) Duration Number of Cycles 

1. Polymerase activation 95 o 30 seconds 1 

2. Denaturation 95 oC 10 seconds 40 (steps 2-4) 

3. Annealing/extension 

4. Plate read 

58 oC 30 seconds 

5. Melt curve 65 - 95 oC 

(0.5 oC increments) 

5 seconds/step 1 

  

Quantification cycles (Cq) were determined using Bio-Rad’s Maestro Software. The 

relative quantities (RQ) of each gene were determined using Equation 3.1, where the efficiency 

(E) for each gene assumed to be 100% (E = 2). The normalized relative quantity (NRQ) for the 

genes of interest was then calculated by normalizing the RQ of the genes of interest (GOI) to the 

geometric mean RQ of the reference genes (Equation 3.2). The relative expression ratio (R) was 

determined by comparing the NRQ of the treated groups with the NRQ of the negative control 

(Equation 3.3). An ANOVA of the log transformed NRQ values (log2NRQ) was performed to 

determine statistical difference among groups using α = 0.05. Changes in gene expression were 

only considered significant if R was less than 0.67 or greater than 1.5 (0.67 < R <1.5) and the 

log2NRQ p value was less than 0.05. Error bars were presented as the standard error (SE) of the 

ratio was calculated using Equation 3.4, as previously described by Rieu and Powers77. 

𝑅𝑄 = 1/𝐸𝐶𝑞                                                      Eq. 3.1 

𝑁𝑅𝑄 =
𝑅𝑄𝑔𝑜𝑖

(𝑅𝑄𝑟𝑒𝑓1×𝑅𝑄𝑟𝑒𝑓2)1/2                                                Eq. 3.2 

𝑅 = 𝑁𝑅𝑄𝑡𝑒𝑠𝑡/𝑁𝑅𝑄𝑐𝑜𝑛                                                 Eq. 3.3 

𝑆𝐸𝑅 = [
𝑚𝑒𝑎𝑛 𝑁𝑄𝑅𝑡𝑒𝑠𝑡

𝑚𝑒𝑎𝑛 𝑁𝑄𝑅𝑐𝑜𝑛
× [

𝑆𝐸𝑡𝑒𝑠𝑡
2

(𝑚𝑒𝑎𝑛 𝑁𝑄𝑅𝑡𝑒𝑠𝑡)2
+  

𝑆𝐸𝑐𝑜𝑛
2

(𝑚𝑒𝑎𝑛 𝑁𝑄𝑅𝑐𝑜𝑛)2
]]

1

2

              Eq. 3.4 
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3.6 Statistics  

Unless otherwise stated, data was expressed as mean ± standard deviation and analyzed 

via a one-way ANOVA with Tukey’s post-hoc test in Graphpad Prism 9.2.0. Statistical 

significance was assessed using an α value of 0.05. Data outside of three standard deviations 

from the mean were considered outliers. For the immunoassays (i.e. Luminex and ELISA) any 

data points below the detection limit of the assay were omitted from the analysis. Each 

experiment was performed three times and each condition was run in triplicate each time (n=3). 
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Chapter 4 

Results 

4.1 TeflonTM AF Coatings 

Non-tissue culture treated polystyrene plates were coated with TeflonTM AF and test for 

endotoxin prior to use. The endotoxin levels for each plate were below the lower limit of 

detection of the assay (0.05 EU/ml). Each plate was also visually inspected to ensure that all 

surfaces had a complete TeflonTM AF coating and that no peeling was observed for any coatings. 

4.2 QUANTI-Blue 

The NF-κB/AP-1-dependent SEAP activity was measured in the supernatant of RAW-

BlueTM macrophages cultured for 72 and 120 hours on TeflonTM AF surfaces pre-adsorbed with 

lysate or serum, with and without a TLR2 inhibitor (Figure 4.1). Macrophages culture on 

TeflonTM AF surfaces pre-adsorbed with lysate or in the presence of PAM3CSK4 had 

significantly higher NF-κB/AP-1-dependent SEAP activity per well at both 72 and 120 hours of 

culture, compared to macrophages culture on TeflonTM AF surfaces pre-adsorbed with serum 

(p<0.05; Figure 4.1 a and b). The lysate group yielded the largest increase in SEAP activity at 

both timepoints, with SEAP activity being ~3 fold and ~2.5 fold higher than the serum-

containing condition at 72 and 120 hours, respectively. The addition of soluble PAM3SCK4 at 

the beginning of the culture period resulted in ~2 fold and ~1.3 fold increases over the SEAP 

activity in the serum condition at 72 and 120 hours, respectively. Comparing macrophage 

stimulation by adsorbed-lysate and soluble PAM3CSK4, the NF-κB and AP-1 activity was 

observed to be higher in macrophages stimulated by adsorbed agonist than by the soluble 

agonist. 
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Figure 4.1 – Absorbance values at 620 nm for QUANTI-Blue assay on RAW-BlueTM cells cultured 

on TeflonTM AF for (a) 72 hours and (b) 120 hours. (c) Cell density for RAW-BlueTM cells cultured 

on TeflonTM AF for 120 hours obtained from a dsDNA QuantiFluor assay. (d) Absorbance values at 

620 nm for QUANTI-Blue assay on RAW-BlueTM cells cultured on TeflonTM AF for 120 hours 

accounting for cell density. Data analyzed via a one-way ANOVA with Tukey’s post-hoc test and 

expressed as mean absorbance ± standard deviation. (n = 9; * p<0.05). 

Treatment with the TLR2 neutralizing anybody prior to seeding on serum-adsorbed 

TeflonTM AF surfaces had no effect on the NF-κB/AP-1-dependent SEAP activity at either 

timepoint. In contrast, TLR2 inhibition resulted in significant decreases in NF-κB/AP-1-

dependent SEAP activity at 72 hours and 120 hours for macrophages cultured on the lysate-

adsorbed TeflonTM AF surfaces (p < 0.05, compared to uninhibited lysate condition). However, 

the amount of NF-κB/AP-1-dependent SEAP activity following TLR2 inhibition remained 
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significantly higher than the serum-adsorbed condition at both timepoints (p < 0.05). This was 

not true for the TLR2 macrophages stimulated by soluble PAM3CSK4, which had similar SEAP 

activity to the serum-adsorbed conditions when pretreated with TLR2 neutralizing antibody (p = 

0.96 for 72 hours and p = 0.28 for 120 hours). 

Next, we investigated the effect of adsorbed lysate on the macrophage proliferation by 

measuring the number of cells per well at 120 hours using a dsDNA QuantiFluor assay (Figure 

4.1c ). Adsorbed-lysate and PAM3CSK4 stimulated macrophage cultures had significantly more 

cells compared with the serum-adsorbed conditions (p < 0.05), however there was no significant 

difference in the number of cells between the adsorbed-lysate and PAM3CSK4 stimulated 

macrophage cultures (p = 0.37). In addition, TLR2 inhibition did not affect the number of cells 

when compared with their uninhibited counterparts. The cell proliferation data was then used to 

normalize the SEAP activity at 120 hours to the number of macrophages per well (Figure 4.1d). 

The trends in NF-κB/AP-1 activity per cell were the same as the trends observed at the well level 

for all conditions. 

4.3 Macrophage Cytokine Analysis 

The concentration of cytokines in RAW-BlueTM supernatant following culture on 

adsorbed-lysate surfaces with and without a TLR2 inhibitor was measured using immunoassays. 

A multiplexed Luminex assay was used to measure IL-1β, IL-6, IL-10, MCP-1, and RANTES 

concentration, while an ELISA was used to measure TGF-β1 concentration. The assay was 

performed at 72 and 120 hours. The concentration of IL-1β, IL-6 and IL-10 in undiluted samples 

were below the limit of detection of the Luminex assay for all samples (data not shown).  

At 72 hours, RAW-BlueTM macrophages had higher concentrations of cytokines MCP-1 

(p < 0.05) and RANTES (p < 0.05) when cultured on lysate-adsorbed TeflonTM AF or when 
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treated with PAM3CSK4 compared to serum-adsorbed TeflonTM AF surfaces (Figure 4.2 a and 

c). Treatment with the TLR2 neutralizing antibody reduced the concentration of both cytokines 

in the lysate and PAM3CSK4 conditions (p < 0.05 for MCP-1 and RANTES), relative to the 

uninhibited condition. By 120 hours, MCP-1 concentration was no longer significantly elevated 

in adsorbed lysate samples in comparison with serum-adsorbed TeflonTM AF surfaces (Figure 4.2 

b). However, RANTES concentrations remained significantly elevated for macrophages 

stimulated with adsorbed lysate, with or without TLR2 inhibition, compared to the serum 

condition, although the intensity of the difference was less than what was observed at 72 hours 

(Figure 4.2 d). Treatment with TLR2 inhibition had no effect on the cytokine concentration for 

macrophages cultured on TeflonTM AF surfaces in any condition at 120 hours. 

 The expression of TGF-β1 was also significantly affected by both lysate and 

PAM3CSK4 treatment, in a TLR2-dependent manner (Figure 4.2 e and f). At 72 hours, the 

expression of TGF-β1 was significantly elevated in both the lysate and PAM3CSK4 groups 

(1814 ± 204 pg/ml and 1618 ± 111 pg/ml, respectively, p < 0.05), compared to macrophages 

cultured on serum-adsorbed surfaces (88 ± 8 pg/ml). Pretreatment with the TLR2 neutralizing 

antibody reduced expression of TGF-β1 in the lysate and PAM3CSK4 groups, such that the 

growth factor was not detected at 72 hours. At 120 hours, the concentration in the lysate group 

increased to 1900 ± 210 pg/ml (p < 0.05, compared to 165 pg/ml in the serum condition), while 

the concentration of TGF-β1 in the PAM3CSK4 group was 1299 ± 105 pg/ml. TLR2 inhibition 

continued to affect the concentration of TGF-β1 at 120 hours, where serum and lysate had 

undetectable levels of growth factor, except one sample in the lysate group (491 pg/ml), and the 

PAM3CSK4 group had a mean concentration of 336 pg/ml. 
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Figure 5.2 – Cytokine and growth factor concentration in supernatant of RAW-BlueTM cells 

cultured on serum-adsorbed or lysate-adsorbed TeflonTM AF for 72 (a, c, e) and 120 hours (b, d, f) 

with or without TLR2 inhibition. The concentration of MCP-1 (a, b), RANTES (c, d), and TGF-β1 

(e, f). Data analyzed via a one-way ANOVA with Tukey’s post-hoc test and expressed as mean 

absorbance ± standard deviation. (n = 9. * p<0.05). Any data below the limit of detection of the 

assays was omitted from analysis and noted as not detected (N.D.).  
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4.4 Effect of Macrophage-Conditioned Media on 3T3 Fibroblasts 

Fibroblasts were cultured in macrophage-conditioned media to gain insights into the 

downstream effect of lysate-containing adsorbates on macrophage profibrotic responses. 3T3 

fibroblasts were cultured in media containing 30 v/v% media from RAW 264.7 macrophages 

cultured on serum or lysate-adsorbed TeflonTM AF surfaces or stimulated with PAM3CSK4 for 

72 or 120 hours. Fibroblasts differentiation towards a myofibroblast phenotype was assessed at 

48 hours using fluorescence microscopy for αSMA and gene expression of αSMA and OPN, 

using TGF-β1 as a positive control. 

4.4.1 Alpha Smooth Muscle Actin Expression in Fibroblast Cultures 

The 3T3 fibroblasts grown in conditioned media from the 72 and 120 hour macrophage 

cultured with adsorbed lysate or PAM3CSK4 groups stained positive for αSMA, as did 

fibroblasts stimulated with 10 ng/ml TGF-β1 (positive control) (Figure 4.3). In contrast, little to 

no αSMA was observed in fibroblasts culture in the negative control (unsupplemented 3T3 

growth medium) or in the conditioned media from macrophages grown on serum-adsorbed 

surfaces (with or without TLR2 inhibition). 

These observations were supported by analysis of the average fluorescence intensity of 

the FITC (αSMA) channel per cell, which clearly showed increased αSMA staining for the 

fibroblasts cultured in the conditioned media of lysate and PAM3CSK4 macrophage groups 

(without inhibitors), and TGF-β1-containing media (p < 0.05), compared to fibroblasts cultured 

in the conditioned media of serum macrophage groups or the negative 3T3 control group (Figure 

4.4 a and b). TLR2 inhibition in macrophages reduced downstream fibroblast expression of 

αSMA in the lysate and PAM3CSK4 groups at 72 hours and at 120 hours. However, the extent to 

which macrophage TLR2 inhibition reduced αSMA fibroblast expression for the lysate and 
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PAM3CSK4 conditions appeared to be less at 120 hours than at 72 hours. Fibroblasts in 

conditions with significantly higher αSMA expression also had increased size (area per cell, p < 

0.05), compared to the negative fibroblast control, and this effect was reduced by TLR2 

inhibition (p < 0.05 compared to the untreated macrophage condition) (Figure 4.4 c, d). 
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Figure 6.3 – Results from staining 3T3 cells with an αSMA antibody (green), NucBlue (blue), and 

phalloidin (orange). The 3T3 cells were cultured for 48 hours in 30% percent conditioned media 

from RAW 264.7.  The scale bar is equivalent to 50µm. 
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Figure 7.4 – Quantitative analysis performed on 40X images of αSMA, NucBlue, and phalloidin 

stained 3T3 cells cultured using conditioned media from 72 (a, c) and 120 hours (b, d) RAW-264.7 

cells cultured on serum-adsorbed or lysate-adsorbed TeflonTM AF. The fluorescence intensity (a, b) 
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was analyzed on the isolated FITC (αSMA) channel while the area of the cell (c, d) was determined 

from the overlapping channel images. Images were analyzed using ImageJ. Data presented as mean 

± standard deviation. (n = 3. * p < 0.05). 

4.4.2 Relative Gene Expression of Myofibroblast Differentiation Markers  

The relative mRNA expression of αSMA and OPN was measured in fibroblasts cultured 

for 48 hours in the 120-hour macrophage conditioned media (Figure 4.5). As expected, the 

expression of αSMA was significantly upregulated (~ 4 fold) in the TGF-β1 positive control, 

compared to the negative control. For the conditioned media conditions, fibroblast αSMA 

expression was increased in the lysate (~ 2 fold) and PAM3CSK4 (~ 1.5 fold) groups in 

comparison to the 10% FBS group (Figure 4.5a). However, the ANOVA performed on the 

log2NRQ indicated that neither of these results were significant (p = 0.1243 and p = 0.1974, 

respectively). Interestingly, although OPN was significantly upregulated in the positive control 

(~ 2.5 fold increase, p < 0.05), its expression did not differ significantly among any of the 

conditioned media groups or the negative control (Figure 4.5b). 
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Figure 8.5 – Relative gene expression of myofibroblast markers (a) αSMA or (b) OPN in 3T3 

fibroblasts cultured for 48 hours in 30% conditioned media from RAW 264.7 macrophages. RAW 

264.7 macrophages were cultured on serum or lysate-adsorbed TeflonTM AF surfaces or with TLR2 

agonist PAM3CSK4 for 120 hours, with or without pre-treatment with a TLR2 neutralizing 

antibody. mRNA expression was normalized to the negative controls (fibroblasts cultured in 
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fibroblast media) and two reference genes (Rplp0 and B2M). Data presented as mean relative 

expression ± standard error of the ratio. (n = 3. * indicates 0.67<R<1.5 and log2NQR p < 0.05). 
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Chapter 5 

Discussion 

Understanding the various signaling pathways that contribute to the host response to 

implantable biomaterials is imperative to developing new and better strategies for modulating 

adverse responses. While certain signaling pathways, such as complement signaling1, have been 

studied extensively in relation to the host response to biomaterials, the role of DAMP-dependent 

TLR signaling in the process is less well characterized. Previously, we had demonstrated that 

lysate-adsorbed PMMA, PDMS, TeflonTM AF, and TCPS surfaces stimulated a potent TLR2-

dependent pro-inflammatory response in the RAW-BlueTM and RAW 264.7 macrophage cell 

lines69. However, this first study only characterized the acute response at 20 hours. In the present 

study, we examined the pro-inflammatory and profibrotic signaling in RAW-BlueTM and RAW 

264.7 macrophage cell lines in response to TeflonTM AF surfaces pre-adsorbed with DAMP-

containing lysate at 72 and 120 hours in an effort to understand how this acute DAMP/TLR2 

mediated activation of macrophage played out over extended culture periods, as paracrine 

signaling within the cultures played an increasingly important role. Furthermore, this study 

examined the effect of a single treatment with a TLR2 neutralizing antibody, which was 

administered prior to seeding the macrophages within the various test conditions, over an 

extended period. 

Surfaces with adsorbed lysate sustained macrophage activation at 72 hours and 120 

hours, as indicated by the increased NF-κB/AP-1 activity, compared to adsorbed serum. At 72 

hours, adsorbed lysate-stimulated macrophages had increased MCP-1, RANTES, and TGF-β1 

concentrations in supernatant, while at 120 hours only RANTES and TGF-β1 had increased 

concentration when compared with the adsorbed serum stimulated macrophages. Although 
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MCP-1 expression is regulated by NF-κB78,79, it was not present at higher concentrations in the 

supernatant from the adsorbed-lysate group at 120 hours, despite the sustained increase in NF-κB 

activity. The concentration of MCP-1 at 120 hours in the adsorbed-lysate group is less than that 

at 72 hours suggesting the initial effect of the lysate on the cytokine’s concentration may have 

ended. Previous work from our lab had shown high secretions of IL-1β and IL-6 in adsorbed-

lysate stimulated macrophages at 20 hours, however by 72 hours these cytokines were no longer 

detectable despite having a similar number of cells in the culture69. Interestingly, adsorbed lysate 

and 150 ng/ml PAM3CSK4 elicited a similar response from macrophages at both timepoints, 

with only a few exceptions such as the MCP-1 concentrations at 120 hours, despite the difference 

in TLR2 agonist presentation (i.e. adsorbed vs soluble). Both of these conditions also caused an 

increase macrophage proliferation, relative to the serum condition. These results suggest that the 

initial stimulation by either adsorbed DAMPs or a soluble TLR2 agonist (PAM3CSK4) 

determine a trajectory of the pro-inflammatory response over time, within this model. 

This interpretation was further supported by the extended impact that TLR2 neutralizing 

antibody pretreatment had on macrophage pro-inflammatory and profibrotic response to 

adsorbed DAMPs. At 72 hours, TLR2 inhibition has a clear effect on the RAW-BlueTM 

macrophage’s response to adsorbed-lysate on TeflonTM AF surfaces. Lower NF-κB/AP-1 activity 

and MCP-1, RANTES, and TGF-β1 concentrations were all observed in RAW-BlueTM 

macrophages pre-treated with a TLR2 neutralizing antibody in the lysate group. These results 

show that TLR2 inhibition of NF-κB and AP-1 transcription factor activity affects both pro-

inflammatory signaling, through the decrease of the pro-inflammatory cytokines MCP-1 and 

RANTES, and profibrotic signaling, though the decrease of TGF-β1 in response to adsorbed-

lysate on TeflonTM AF at 72 hours. These results are consistent with published literature on NF-
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κB and AP-1 regulation of various pro-inflammatory cytokines, including MCP-1 and 

RANTES78,79,80. The decrease in TGF-β1 concentration is perhaps the most significant result, 

with TLR2 inhibition resulting in complete attenuation. Previously, it was shown that TLR2 

knockout mice generated smaller fibrotic scars in response to angiotensin II-induced cardiac 

fibrosis, which the researchers had attributed to the decreased TGF-β1 at the wound site81.  

At 120 hours, TLR2 inhibition still appears to have an effect on the RAW-BlueTM 

macrophage response to adsorbed lysate. Lower NF-κB, AP-1, and TGF-β1 activity were 

observed in TLR2 inhibited RAW-BlueTM cells in response to adsorbed-lysate on TeflonTM AF at 

120 hours. While NF-κB/AP-1 activity was significantly decreased with TLR2 inhibition in 

response to adsorbed-lysate, the intensity of the difference was less than what was observed at 72 

hours. Interestingly, MCP-1 and RANTES remain unchanged in TLR2 inhibited cells and no 

significant difference was observed between lysate stimulated cells and FBS stimulated cells for 

MCP-1. One possible explanation for these results may be a shift in the phenotype of the 

macrophage population, from an M1-like phenotype at earlier timepoints to an increasingly M2 

polarized population at 120 hours. MCP-1 and RANTES are both pro-inflammatory cytokines 

that would be produced by M1 polarized macrophages as opposed to M2 polarized macrophages, 

which would primarily be producing profibrotic cytokines such as TGF-β1. An increase in the 

proportion of M2 polarized macrophages would also explain the lower intensity difference in the 

decreased NF-κB and AP-1 activity in TLR2 inhibited cells at 120 hours then that at 72 hours. 

However, the lack of IL-10 (an M2 marker) expression in the supernatant does not support this 

hypothesis. Another possible explanation could be that paracrine signaling is beginning to exert a 

greater effect in the macrophage cultures, resulting in a decreased effect of TLR2 inhibition and 

resulting in similar levels of the pro-inflammatory cytokines for all conditions. 
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The indirect co-culture model using macrophage conditioned media in fibroblast cultures  

showed the functional, downstream impact of TLR2-dependent signaling in macrophages 

stimulated by adsorbed lysate molecules. Fibroblasts cultured with conditioned media from 

adsorbed lysate or PAM3CSK4-stimulated macrophages showed significantly increased αSMA 

expression, as indicated by the increased fluorescence intensity, in comparison with fibroblasts 

cultured with conditioned medium from macrophages cultured on serum-adsorbed surfaces. 

TLR2 inhibition of the macrophages resulted in a significantly decreased amount of αSMA in 

both the lysate and PAM3CSK4 groups, indicating that TLR2 inhibition attenuated the overall 

expression of profibrotic factors by lysate (or PAM3CSK4) stimulated macrophages, including 

TGF-β1. Fibroblasts cultured in the conditioned media of macrophages treated with both TLR2 

inhibitor and either lysate or PAM3CSK4 also had decreased cell spreading (indicated as 

cm2/cell) on average than their uninhibited counterparts. This further suggests macrophage TLR2 

inhibition decreased the amount of myofibroblast differentiation as myofibroblasts are typically 

larger than fibroblasts82. Interestingly however, the qPCR results do not support this conclusion. 

While the fibroblasts cultured in conditioned media from adsorbed lysate or PAM3CSK4 

stimulated macrophages had a several fold increase in comparison to fibroblasts cultured with 

conditioned medium from macrophages cultured on serum-adsorbed surfaces, the ANOVA 

performed on the log2NRQ indicated that neither of these results were significant. In addition, 

the qPCR results showed no significant change in osteopontin expression between the TLR2 

uninhibited conditions and the TLR2 inhibited conditions despite an increase in the TGF-β1 

stimulated macrophages. These results may be due to the lower amount of TGF-β1 in the 

adsorbed-lysate and PAM3CSK4 stimulated macrophages conditioned media (approximately 0.6 

ng/ml) compared to the exogenous TGF-β1 (10 ng/ml). This concentration has previously been 
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shown to be too low to induce myofibroblast differentiation in fibroblasts83. However, the 

combined effect of TGF-β1 and other cytokines in the conditioned medium may be inducing 

αSMA production. 

The in vitro model of the early chronic macrophage-biomaterial response used in the 

present study generated a macrophage activation profile that agrees with other in vitro 

macrophage-biomaterial models that have been used previously33,84-92. For example, a paracrine 

co-culture using RAW 264.7 macrophages and 3T3 fibroblasts had found a similar increase in 

RANTES and MCP-1 concentrations at 72 hours after stimulation with LPS, which decreased 

over time33. The concentration of both cytokines at 72 hours were also similar to those found in 

the adsorbed lysate stimulated macrophages in the present study (~150 pg/ml for MCP-1 and ~30 

pg/ml for RANTES)33. Other in vitro studies have found similar increases in MCP-1 and 

RANTES in various primary and cell line macrophages 72 hours following stimulation with LPS 

or TNF-α84-87. Several studies have also examined myofibroblast differentiation in co-cultures of 

macrophages and fibroblasts in vitro and found similar results to those presented in the present 

study. Myofibroblast differentiation typically began 72 hours after co-culturing with M1 

polarized macrophages and between 24 and 48 hours following co-culture with M2 polarized 

macrophages88-92. However, cytokine expression in in vitro cell models of inflammation differ 

from those seen in in vivo studies. While MCP-1, RANTES, and TGF-β1 are still markers for 

chronic inflammatory conditions such as chronic colitis in rats, myocardial infarcts in mice, and 

autoimmune uveitis in mice in vivo, some cytokines that are markers for chronic inflammation in 

vivo are not found in in vitro cultures93-96. For example, IL-6 is typically elevated in in vivo 

models of early chronic inflammation however in the present study IL-6 was undetectable at 

either timepoint33,97. Other in vitro studies have found IL-6 expression did not increase until 7 
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days after culturing macrophages with LPS33,98,99, whereas IL-6 expression is typically elevated 

in vivo 72 hours after injury100-102. In addition, macrophages in vivo exhibit a larger spectrum of 

polarizations than those seen in vitro, resulting in more complex cytokine profiles20,22.  

This research adds to the growing evidence of the involvement of TLR2 in the host 

response to biomaterials. As described earlier, our group has shown that TLR2 inhibition 

decreased NF-κB and AP-1 transcription factor activity and the expression of IL-6 and TNF-α in 

RAW-BlueTM and RAW 264.7 macrophages on DAMP-adsorbed TCPS, PMMA, PDMS, and 

TeflonTM AF69,103. Others have shown that IL-4 stimulated human monocyte-derived 

macrophages express TLR2 after 7 days on multiple materials, and that the expression level was 

dependent on material surface properties104. In contrast, TLR4 and TLR5 expressions were not 

detectable at 7 days, indicating TLR2 played a more prominent role in the response of the 

macrophages to the material surface104. In addition, myeloid differentiation primary response 88 

(MyD88), an adaptor protein for many TLRs including TLR2, has been shown to be involved in 

the inflammation and fibrosis resulting from polyethylene glycol (PEG) hydrogel implants105. 

MyD88 deficient mice had reduced inflammatory cell recruitment and thinner fibrous capsules 

when compared to wild type mice, 28 days after PEG hydrogel implantation105. The results 

presented here support the hypothesis that TLR2 plays a significant role in the development of 

the host response to TeflonTM AF surfaces, such as insulin infusion cannulas, and that the TLR2 

pathway represents a potential target for modulating both the acute and chronic stages of the host 

response. However, further studies in primary mouse and human macrophages and in vivo 

studies focusing on TLR2 inhibition are needed to determine the relative importance of this 

pathway in the context of the complex in vivo response to implanted biomaterials. 

  



 

54 

 

Chapter 6 

Conclusions and Significance 

6.1 TLR2 Dependent NF-κB and AP-1 Activation by DAMPs on TeflonTM AF at Chronic 

Inflammatory Response Timepoints  

The first aim of this project was to determine the effects of adsorbed DAMPs and TLR2 

signaling on NF-κB/AP-1 signaling in macrophages cultured on TeflonTM AF during timepoints 

modeling the early chronic inflammatory response. To complete this aim, RAW-BlueTM reporter 

murine macrophages were cultured on TeflonTM AF surfaces with either adsorbed lysate 

(modeling DAMPs) or FBS for 120 hours. PAM3CSK4, a soluble TLR2 agonist, was added to 

wells with FBS-adsorbed TeflonTM AF surfaces as a positive control. A QUANTI-Blue assay 

was performed at 72 and 120 hours to monitor the activity of NF-κB/AP-1. Macrophages 

cultured on lysate-adsorbed surfaces had significantly higher NF-κB/AP-1 activity when 

compared with the FBS adsorbed group at both timepoints. These results indicate that adsorbed 

DAMPs continue to elicit a cell stress response from the macrophages even at longer timepoints 

than previously shown3. In addition, treating the RAW-BlueTM cells with a TLR2 neutralizing 

antibody prior to culturing them on the lysate-adsorbed surfaces significantly reduced NF-

κB/AP-1 activity in the cells at both timepoints, suggesting that the DAMPs stimulated activation 

of the macrophages was at least in part due to TLR2 signaling. 

6.2 Early Chronic Pro-inflammatory Effects of TLR2-Dependent Signaling on 

Macrophages in Response to Adsorbed DAMP on TeflonTM AF 

To further characterize the TLR2-dependent macrophage response to adsorbed DAMPs 

on TeflonTM AF, the expression of cytokines and growth factors associated with the early chronic 

pro-inflammatory phase was studied. To accomplish this, RAW-BlueTM cells were cultured on 
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TeflonTM AF surfaces with adsorbed-lysate or FBS for 120 hours. Again, PAM3CSK4 was used 

as a positive control. At 72 and 120 hours, supernatant from the culture collected and the 

concentration of IL-1β, IL-6, IL-10, MCP-1, RANTES, and TGF-β1 was measured. IL-1β, IL-6, 

and IL-10 were undetectable in all samples at both timepoints, despite using undiluted 

supernatant. This absence of markers of acute inflammation, IL-1β and IL-6, suggested that the 

acute inflammatory response had transitioned into a chronic inflammatory response by 72 hours 

in this model.  

At 72 hours, MCP-1, RANTES, and TGF-β1 activity was significantly reduced in the 

TLR2 inhibited lysate group when compared with the TLR2 uninhibited lysate group. These 

results suggest that DAMP stimulation of macrophages at 72 hours increases both pro-

inflammatory mediators (MCP-1 and RANTES) and profibrotic (TGF-β1) activity in a TLR2 

dependent manner. 

At 120 hours however, MCP-1 and RANTES activity were similar between TLR2 

inhibited cells and TLR2 uninhibited cells, while TGF-β1 activity was still significantly reduced 

in the TLR2 inhibited cells. In addition, MCP-1 activity was similar between the lysate groups 

and the FBS groups, indicating that the pro-inflammatory effect of surface adsorbed-lysate had 

either begun resolving or was overpowered by paracrine signaling. Taken together, these results 

may suggest that the macrophage population in the lysate and PAM3CSK4 groups had become 

largely M2 polarized at 120 hours, the macrophages on serum-adsorbed surfaces did not become 

activated by the TeflonTM AF surfaces. However, the lack of IL-10 (an M2 marker) in the 

supernatant does not support this hypothesis. Alternatively, it may suggest that the chronic 

inflammatory response in lysate-stimulated macrophages is resolving by 120 hours. Future 
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studies characterizing the phenotype of the macrophage population in the different conditions 

would address this unanswered question. 

6.3 Effects of TLR2-Dependent Signaling on the Fibrotic Response by Fibroblasts in 

Response to Conditioned Media from Adsorbed DAMPs-Stimulated Macrophages 

The second aim of this thesis was to determine the effects of TLR2-dependent signaling 

on the profibrotic paracrine signaling in macrophages cultured on lysate-adsorbed TeflonTM AF 

using an indirect co-culture system with fibroblasts. To accomplish this, conditioned medium 

was obtained from RAW 264.7 murine macrophages at 72 hours and 120 hours. The cells were 

grown on TeflonTM AF coated surfaces with either adsorbed FBS, adsorbed lysate, or adsorbed 

FBS with soluble PAM3CSK4. All conditions were tested both with and without pre-treating 

macrophages with a TLR2 neutralizing antibody. The conditioned medium was then added to 

cultures of 3T3 murine fibroblasts such that 30% of the total media was conditioned medium. 

The 3T3 cells were cultured for 48 hours after which αSMA expression was assessed by 

fluorescence microscopy and qPCR was used to assess relative gene expression of osteopontin 

and αSMA, as markers of myofibroblast differentiation. 

Staining for αSMA revealed that fibroblasts cultured with conditioned medium from 

adsorbed-lysate stimulated macrophages showed a significant expression of αSMA and had a 

larger surface area, on average, in comparison with fibroblasts cultured in conditioned medium 

from TLR2 inhibited, lysate stimulated macrophages at 72 hours or macrophages cultured on 

serum-adsorbed surfaces. These results suggest that TLR2-dependent signaling in response to 

adsorbed DAMPs in macrophages increased their profibrotic paracrine signaling. 
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6.4 Significance 

The host response to implanted biomaterials presents a major hurdle in the development 

of advanced biomaterial-based medical technologies that require unimpeded tissue-material 

interfaces and continues for the lifespan of many biomedical devices used clinically today, such 

as the insulin infusion set (IIS) used for the treatment of type 1 diabetes. The biomaterial-induced 

inflammation and fibrosis occurring at the implant site impedes the ability of the biomaterial to 

adequately interact with the body and potentially causing premature failure of the implant or 

device for certain applications1,4,5. Macrophages and fibroblasts are known to be two of the most 

important cells in the progression the host response and understanding the interactions between 

these cells is imperative to obtaining a better understanding of the host response in 

general1,12,17,31,34-36,41,47-49. The adsorbed protein layer around the biomaterial is also known to 

influence the severity of the inflammation and fibrosis resulting from biomaterial implantation24. 

While most work examining the adsorbed protein layer has focused on blood proteins, recently 

DAMPs have been identified as being present in the adsorbed protein layer as well26,27. The 

results from this thesis show that adsorbed DAMPs have the potential to increase pro-

inflammatory and profibrotic signaling in macrophages in a TLR2 dependent manner at early 

chronic inflammatory response timepoints. These finding suggest TLR2 may be a potential target 

to modulate the host response to implanted biomaterials.  

While there are treatments available to combat the host response to biomaterials, none are 

suitable for long-term implants or devices that require lifelong use. The treatment to the host 

response involves the use of a high potency immunosuppressant, such as dexamethasone, which 

is not recommended for long term usage8,9. For this reason, long-term implantable biomaterials 

currently do not have any way to reduce the host response from occurring. TLR2 targeting may 
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potentially be useful in these scenarios. As this is a specific receptor, therapeutics targeting it 

would still be leaving the patient with robust immune function through other signaling pathways 

and allowing longer term usage than high potency, broad acting immunosuppressants. While 

more research needs to be done examining the effect of TLR2 inhibition on the host response in 

vivo, as well as its translation potential, the work presented in this thesis suggests that this may 

be a promising area of research. 

The results of this thesis also provide evidence that the inclusion of DAMPs within the 

adsorbed protein layer induce a macrophage response that models the in vivo response, without 

the use of pathogenic stimulants, such as LPS. Combined with the results from McKiel et al.69, 

surfaces with adsorbed-lysate induced an acute inflammatory response, characterized by 

increased TNF-α and IL-6, at 24 hours, which then transitioned to a chronic and profibrotic 

response within 72-120 hours.  

6.5 Future Recommendations 

The cell models developed in this thesis may be useful in investigating the early chronic 

response to implanted biomaterials. While the work in this thesis focused on TeflonTM AF as the 

material of interest, the cell models could be used to investigate different materials to determine 

the effects of the material on macrophages during the early chronic inflammatory response. By 

using different materials, the effect of the material on TLR2 signaling could be investigated, to 

ensure the findings in this thesis are not specific to TeflonTM AF. In addition, the cell models 

could be used to phenotype the macrophages 24-120 hours after exposure to lysate-adsorbed 

surfaces. Previous work done in our lab has shown that macrophages are largely pro-

inflammatory shortly (i.e. 24 hours) after being cultured on lysate-adsorbed surfaces while the 

results in this thesis suggest the macrophages are more profibrotic by 120 hours69.  Phenotyping 
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macrophages during this time period can provide insight into macrophage behavior during the 

transition from acute inflammation to chronic inflammation. 

The experiments in this thesis should also be repeated using human cell models. This 

would allow for the assessment of the translation potential of the findings made in this thesis. 

Several studies have identified differences in innate immune cells between mice and humans, 

including their response to the TLR4 agonist lipopolysaccharide (LPS)106,107. In addition, the 

importance of TLR2 signaling should be assessed in vivo. Signaling is more complicated in vivo 

which may change the effects of TLR2 inhibition. The mechanical characteristics of the in vivo 

microenvironment are also very different than the in vitro characteristics used in this thesis. 

Fibroblasts have been shown to be sensitive to mechanical characteristics, with stiffer surfaces 

promoting myofibroblast differentiation108. 

Finally, the lysate used to model DAMP adsorption should be characterized using mass 

spectrometry to identify what species of DAMPs may contribute to the TLR2-dependent 

macrophage response. This information could be used to develop a standardized in vitro model 

of DAMP adsorption, and to validate the lysate as a model of protein adsorption by comparing it 

to in vivo generated protein layers. 
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