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The foreign body reaction (FBR) is an inflammatory response driven by macrophages 

(MΦs). During the inflammatory response, MΦs influence fibrosis and angiogenesis by secreting 

certain cytokines. It is still unclear what roles the pro-inflammatory (M1) MΦ and pro-healing 

(M2) MΦ phenotypes play during these processes. However, given that the FBR leads to a non-

vascularized fibrous capsule surrounding most medical devices, better device integration might be 

possible by controlling the MΦ phenotype at the implant site to lead to decreased fibrosis and 

increased vessel formation.  

 

The research presented in this dissertation describes the development and characterization 

of engineered pro-inflammatory MΦs, MΦ-cTLR4 cells, which can be activated to a M1-like MΦ 

phenotype with a small molecule, the chemical inducer of dimerization (CID) drug. It is 

hypothesized that the engineered MΦ-cTLR4 cells in this study can functionally activate by 
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addition of CID drug and allow better integration of implanted medical devices, by inhibiting 

fibrosis and priming angiogenesis around implanted medical devices. The MΦ-cTLR4 cells when 

activated with the CID drug, express increased levels of M1 MФ markers. Activated MΦ-cTLR4 

cells stay stimulated for at least 48 hours; once the CID drug is withdrawn, the MΦ-cTLR4 cells 

return to baseline state within 18 hours. Further, in vitro CID-activated MΦ-cTLR4 cells induce 

upregulation of adhesion molecules on endothelial cells (ECs) in a TNFα-dependent manner. The 

MΦ-cTLR4 cells have also been shown to co-localize with pro-inflammatory regions following in 

vivo injection, which suggest these cells are still present and functionally active. Lastly, CID-

treated mice with injected MΦ-cTLR4 cells within a Matrigel matrix exhibited less fibrosis overall 

in the Matrigel plugs. With the ability to specifically modulate the MФ-cTLR4 cells with the 

presence or absence of a small molecule, a tool now exists to observe a primarily M1 MФ response 

during inflammation. Using these engineered cells as a tool, this study has shown that pro-

inflammatory MΦ-cTLR4 cells may be capable of inhibiting the fibrosis response, while also being 

able to prime the angiogenesis response. By controlling these two key processes that relate to the 

foreign body reaction, better medical device integration might be possible. 
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Chapter 1. BACKGROUND  

1.1 SIGNIFICANCE AND INNOVATION 

1.1.1 Significance  

Implanted medical devices have been used for more than 40 years. There have been about 50 

implantable medical devices approved per year by the FDA, since 2008; adding to the 80,000 

worldwide total (1). Furthermore, it has been estimated that 20-25 million Americans currently 

have a medical device implant (2). The increase in implanted devices can be attributed to scientific 

advances in medical device development, which range from biosensors, heart valves and tissue 

engineering scaffolds to drug-eluting stents and implantable glucose monitoring systems (3). 

Oftentimes implantable medical devices lose functionality over time. Examples of certain devices 

that lose functionality over time include biosensors, pacemaker leads, as well as any other device 

that depends on direct interaction with the surrounding tissue. A critical barrier in medical device 

implantation is the activation of the foreign body reaction (FBR), which can be due to the lack of 

functional integration of the device. The FBR is an inflammatory/immune process, driven by MΦs 

and MΦ-derived foreign body giant cells, which are activated as a defense mechanism by the host. 

The FBR ultimately results in a physical and functional barrier between the host and the implanted 

device. The barrier or capsule is generally depleted of blood vessels and is characterized by 

extensive fibrosis, which prevents successful tissue integration and causes deleterious effects on 

biomedical device function (4). There have been strides to mitigate the FBR by creating devices 

with non-fouling coatings (5, 6) or using anti-inflammatory (7) or pro-angiogenic drugs (8). 

However, these techniques have only marginally affected the FBR (3). Being able to fully 



www.manaraa.com

 

 

2 

understand and regulate the inflammation resolution response, and limit the FBR, could be the key 

to improving biocompatibility and integration of medical devices. 

1.1.2 Improvement  

An appealing new theoretical concept to tissue regenerative therapies and biomedical device 

implantation is the addition of engineered MΦs that allow manipulation of the host response, thus 

resulting in reduction and resolution of the foreign body reaction while also facilitating 

regeneration and integration. To improve clinical practice, these engineered MΦs that can be 

engineered from patient derived monocytes, could potentially be added or delivered to the 

surrounding of an implantable device via an encompassing natural scaffold, such as fibrin or 

collagen (9). Manipulation via the activation of engineered MΦs, could then be achieved by the 

addition of a small molecule drug that can activate specific pathways to polarize the MΦ into a 

distinct functional phenotype. Furthermore, development of this technology could be applied to a 

number of classic inflammatory diseases to promote a physiological and reparative response. None 

of these tasks have been reported to date. 

1.1.3 Innovation 

While the idea that macrophage polarization is well established, the new theoretical concept of 

controlled macrophage polarization modulation into distinct phenotypic states, by using a new cell 

therapy approach, is innovative and has not yet been investigated.  

1.2 PARADIGM FOR INFLAMMATION 

The physiological inflammatory response requires a highly orchestrated series of events 

characterized by four basic phases: reaction, regrowth, remodeling and resolution (10). There are 

two main types of inflammation: acute inflammation and chronic inflammation. Acute 
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inflammation has a faster reaction time, involves mostly neutrophil and macrophage cell types, 

exhibits prominent local and systemic signs, and culminates in resolution. Conversely, chronic 

inflammation has a much slower onset and if often characterized as persistent, involves mostly 

macrophage and lymphocyte cell types, exhibits less prominent and subtle systemic signs, and 

often ends with fibrosis of the tissue. Both acute and chronic inflammation responses are triggered 

by certain pro-inflammatory molecules of invading microbes. However, sterile stimuli such as 

mechanical trauma, ischemia, chemicals, and antigens also trigger inflammation (11). In the event 

of infection or sterile inflammation, cytokines and chemokines are released, which increase 

permeability of capillaries and attract wandering polymorphonuclear and mononuclear leukocytes. 

Neutrophils are the first cells to arrive, as they respond to chemokine attractants and directors, 

such as extracellular adenosine triphosphate and other damage-associated molecular patterns (12, 

13). Neutrophils phagocytise debris, kill bacteria by releasing reactive oxygen species (ROS) and 

aid in the cleaning of the wound by secreting proteases that breakdown damaged tissue. 

Neutrophils are usually the most prevalent cell type during the first 48 hours of inflammation. 

Once neutrophils finish cleaning up the infection, they undergo controlled apoptosis and 

infiltrating MΦs will engulf and degrade the neutrophils in a safe and controlled manner. During 

the next 2-5 days, MΦs are the most prevalent cell type at the site of inflammation. MΦs mature 

from their circulating monocyte precursor cells at the site of inflammation and respond to key 

cytokine signals such as IL-4 and IFN-γ. There are two main types of MΦs that exist: pro-

inflammatory (M1 MФ) and pro-healing (M2 MФ). However, any polarized MФ can be viewed 

as a single state in the continuum of diverse polarization states.  Pro-inflammatory MΦs are the 

first MΦ sub-type to appear and aid in the natural debriding of the wound with neutrophils. Around 

three days post-infection, the pro-healing MΦ sub-type becomes the prominent player at the site 
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of infection by secreting anti-inflammatory cytokines, such as IL-10, and performing efferocytosis 

of apoptotic pro-inflammatory MΦs and neutrophils (14). Pro-healing MΦs also release factors, 

like TGFβ, which recruit endothelial cells, epithelial cells and fibroblasts; all key players in the 

next regrowth phase of healing. The regrowth phase can start as early as day three post-infection 

and last until day ten post-infection (15). During this phase, new cells grow into the wound and 

these cells begin to lay down collagen and other extracellular fibers. At this same time, new blood 

vessels are formed and begin to grow into the wounded areas. This tissue is called the granulation 

tissue. The remodeling and resolution phases take place concurrently, in that the resolution phase 

decreases the number of fibroblasts and pro-healing MΦs, as well as thins the dense capillary 

network. This occurs while the remodeling phase contracts the scar tissue and allows the scar to 

adjust to the tensions applied during everyday life. Inflammatory resolution can take up to 21 days 

to complete; however, the remodeling phase can take up to 6-12 months to adjust for physical 

movements, depending on the tissue. In some cases, the resolution phase fails to resolve 

inflammation, which can ultimately lead to a chronic inflammatory state or constant fibrotic 

remodeling in the affected tissues (16). The dysregulation of the innate immune response has been 

implicated as a key player contributing to these defective mechanisms (16). Therefore, the ability 

to regulate the intricate processes in innate inflammation could potentially elucidate culpable 

dysregulated mechanisms, which could possibly lead to remedies and an overall better 

understanding of inflammatory reactions and deadly inflammatory diseases.  

1.3 ROLE OF MACROPHAGES IN INFLAMMATION  

Monocytes are the precursor cells to macrophages (MΦs), which are a main inflammatory cell type 

that are known to be key players in the inflammatory response. When activated, they exist in two 

major phenotypes that can be broadly defined as: pro-inflammatory MΦs and pro-healing MΦs. 
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Pro-inflammatory MΦs are the first to arise at the site of injury and propagate the initial response 

by releasing pro-inflammatory cytokines as well as producing reactive oxygen species (ROS) in 

order to destroy foreign material at the injury site. Thus, pro-inflammatory MΦs are absolutely 

necessary in cleaning the injured and inflamed site, before any healing can begin. On the other 

side of the spectrum, pro-healing MΦs promote growth and regeneration and are present following 

the pro-inflammatory MΦ decline. These type of MΦs are present toward the end of the 

inflammatory response and mainly function to end and resolve inflammation, stimulate healing 

and restore tissue homeostasis characterized by proper vascularization and little to no fibrosis (17). 

In chronic inflammation patients, pro-inflammatory MΦs are the most prominent MΦ sub-type in 

the tissue with little pro-healing MΦ cells. This elevated pro-inflammatory MΦ level stays 

increased and tissues show no signs of resolution. The pro-inflammatory/pro-healing MΦ ratio can 

be helpful in determining the phase of the immune response. It has been hypothesized that a high 

pro-inflammatory/pro-healing MΦ ratio can lead to chronic inflammation from pro-inflammatory 

MΦ efferocytosis failure, due to the small numbers of efferocytic pro-healing MΦs available (18). 

If the pro-inflammatory MΦs are not efferocytized by pro-healing MΦs before they undergo 

necrosis, then the pro-inflammatory MΦ cytotoxic contents released into the tissue can cause 

further inflammation and recruitment of inflammatory cells. Left untreated, this condition is 

thought to be caught in an infinite loop of necrosis and further inflammation. Conversely, it is 

hypothesized that fibrosis is the result of a low pro-inflammatory/pro-healing MΦ ratio in which 

there is an excess of TGFβ-producing pro-healing MΦs (19). Due to high levels of TGFβ, there is 

a constant influx of collagen depositing fibroblasts and inflammation is never completely resolved. 

These notions strengthen the argument that it is necessary to have a balance of both pro-healing 
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and pro-inflammatory MΦs and any skewing of this balance could potentially lead to chronic 

inflammation or fibrosis of the tissue. 

1.4 THE FOREIGN BODY REACTION 

The foreign body reaction (FBR) to implanted biomedical devices begins almost immediately 

following implantation. The reaction starts with the non-specific adsorption of proteins to the 

device surface (20) and inflammatory cell infiltration. Neutrophils are the predominant cell type 

during the first few days, however, these cells are short lived and MΦs eventually predominate the 

inflammatory response (21). The recruitment of macrophages to the implant site promotes the 

production of additional chemoattractants, which amplifies the response. Up until this step, the 

FBR correlates closely with that of the natural inflammatory reaction to invading microbes and 

sterile stimuli. The next divergent steps involve the unsuccessful attempt of MΦs to phagocytose 

the implant. These MΦs then fuse to form multinucleated foreign body giant cells. In the final 

stage of the foreign body reaction a fibrotic response occurs in which fibroblasts proliferate and 

deposit collagen, which leads to the formation of a foreign body capsule isolating the implant from 

the surrounding tissue. During this response, the MФ phenotype also becomes a mixed population, 

which is characterized by both M1 and M2 MФ markers. This mixed population or intermediate 

phenotype of MФ contrasts with the acute inflammatory response, which is characterized by 

distinct phases of M1 and M2 MФ populations in a temporal manner. Previous studies have tried 

to mitigate the FBR by methods involving: steroid-releasing polymers, non-fouling techniques, 

regulating key matricellular proteins, anti-sense RNA and siRNA approaches, as well as porous 

biomaterials (22). Cellular approaches mainly focus on pre-treating the device surface with stem 

cells (23) or modulating lymphocyte and MΦ cell-cell interactions (24). Currently in literature, 

there have been no cellular engineering approaches to control or modulate MΦ polarization to 
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lessen the FBR. Having the ability to control MΦ polarization during and after implantation could 

potentially allow for the manipulation of the host response and the successful integration of 

biomedical devices. 

1.5 MACROPHAGE IMPACT ON ANGIOGENESIS 

Angiogenesis or neovascularization, the formation of new blood vessels from pre-existing 

capillaries or de novo, is a physiologic and pathologic process that has been associated in cancer, 

chronic inflammation and ischemic diseases. Although normal tissue remodeling and repair during 

ontogenesis and adult life is characterized by new vessel formation for supply of oxygen and 

nutrients, there is also a large range of different and unrelated diseases linked to neovascularization 

(25). While some diseases might benefit from an inhibition of angiogenesis, like cancer, 

atherosclerosis and fibrosis, there are some diseases or conditions that could benefit from a pro-

angiogenic response, such as cardiac failure, ischemia or the FBR. Several studies in the field 

strongly suggest that macrophages (MΦs) can affect the pro- and anti-angiogenic balances that 

encompass many of these disease pathologies (26, 27). It has been shown that pro-inflammatory 

MΦs have inhibited tube formation in an in vitro co-culture angiogenesis assay (28). On the other 

hand, pro-healing MΦs have been reported to express increased levels of vascular endothelial 

growth factor (VEGF) receptor 1 and 2, which is activated by the potent angiogenic factor VEGF 

(25). This VEGF production from MФs is thought to aid in the survival and growth of endothelial 

cells, thus enhancing angiogenesis. Furthermore, during in vivo Matrigel plug experiments and in 

vitro angiogenesis assays, pro-healing MΦs have been shown to enhance angiogenic potential (28). 

Increasing angiogenesis around an implantable biomedical device, via MΦ phenotype modulation, 

could be a solution to better device integration. Accordingly, angiogenesis makes for an appealing 
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application in order to investigate the potential for engineered macrophages to influence 

endothelial neovessel formation and morphogenesis via polarization into different phenotypes. 

1.6 TOLL-LIKE RECEPTOR 4 SIGNALING  

Toll-like receptor 4 (TLR4) belongs to a family of toll-like receptors (TLRs) that recognize 

pathogen-associated molecular patterns (PAMPs) that are expressed on foreign agents. Following 

recognition of a PAMP, a TLR will mediate specific cytokine production necessary to combat the 

foreign agent. TLR4 specifically detects lipopolysaccharides (LPS) and Lipid A from Gram-

negative bacteria and activates the innate immune system accordingly. When LPS binds to TLR4, 

the receptor homodimerizes and subsequently activates few downstream pathways. It was once 

believed that TLR4 only signaled via the adaptor proteins MyD88 and TIRAP, which lead directly 

to NF-κB activation (MyD88-dependent pathway). However, a second MyD88-independent 

pathway was discovered in which TRIF and TRAM adaptor proteins were involved (Figure 1.1). 

This MyD88-indpendent pathway initiates the type 1 IFN response as well as late NF-κB activation 

(29-33). Most importantly, TLR4 activation is associated with pro-inflammatory MΦ polarization 

(34). Exposure to LPS and INF-γ are commonly known to drive in vitro classical pro-inflammatory 

MΦ polarization (34). Knockout studies of TLR4 have shown MΦs to be hyporesponsive to the 

strong pro-inflammatory immune elicitation of LPS. Moreover, overexpression rescue 

experiments revealed activation of NF-κB, which indicates that TLR4 is necessary for pro-

inflammatory LPS signaling (35). Overall, these studies strengthen the argument that TLR4 is a 

key receptor in controlling pathways during the innate pro-inflammatory response and should 

definitely be considered in experiments aiming to engineer polarization of pro-inflammatory MΦs. 
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1.7 CHEMICALLY INDUCED DIMERIZATION (CID) SYSTEM 

For the endogenous TLR4 membrane-spanning receptor, it is necessary for this receptor to 

dimerize in order to activate its pathways. Receptor dimerization causes activation of the 

intracellular signaling cascade at the cytoplasmic side of the receptor. Physiologically, 

dimerization is achieved by a specific ligand binding to the receptor. Techniques in protein 

engineering utilizing the chemically induced dimerization (CID) system can activate pathways in 

the absence of a receptor’s specific ligand (36) (Figure 1.2). This system works by fusing the 

intracellular domain of the receptor to a protein engineered dimerization domain, which binds to a 

diffusible synthetic ligand (AP20187) that is a chemical inducer of dimerization (CID). The F36V 

engineered dimerization domain is derived from a mutated version of the endogenous FKBP12 

protein (phenylalanine to valine point mutation) and the FRB engineered domain is derived from 

FKBP rapamycin-associated protein with a threonine to leucine point mutation (37). The diffusible 

synthetic ligand is a redesigned version of the naturally occurring FK506 molecule. The Blau 

group has used this CID technology to engineer red blood cells with a chemically-induced 

myeloproliferative leukemia virus oncogene (mpl) that can stimulate red blood cell expansion 

following cell transplantation (38). The significance of this implemented technology is CID-

regulated erythropoiesis independent of the mpl-ligand erythropoietin (Epo), which is a pathway 

that has been implicated in many types of cancer (39). The successful application of this system to 

the mpl receptor, and various other receptor domains (40-44), has given incentive to attempt this 

methodology with TLR4 to develop engineered pro-inflammatory MΦs. 

1.8 RATIONALE FOR STUDY 

There have been various attempts at mitigating the FBR. Firstly, steroid releasing polymers 

surrounding the implant have been used since the 1980’s (45). The most common steroid is 
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dexamethasone. However, even though this steroid decreases the inflammation response, the 

mechanism of action is still unknown. Other groups have attempted using non-fouling techniques, 

which involved creating implant materials that decrease protein adsorption and immune cell 

adhesion, however these materials are very unstable and degrade quite fast (46). Groups have also 

attempted regulating key matricellular proteins involved in vessel formation to increase 

angiogenesis or attempted regulating specific genes with siRNA, such as RAC1 which is involved 

in cytoskeleton rearrangement and fusion of foreign body giant cells (47, 48). However, these 

techniques are heavily dependent on the delivery of the molecules used to regulate these targets 

and the efficiency of these methods. Lastly, groups have attempted to surround devices in porous 

biomaterials, such as sphere-templated scaffolds that recruit specific immune cells to allow the 

better integration of implanted devices, however the mechanism of action of these biomaterials is 

still not completely understood (49). With none of these current treatment strategies being ideal, 

my solution is to use a cell therapy approach, in which an encompassing scaffold is added to the 

device during the implant procedure that contains engineered M1-like pro-inflammatory cells 

(MΦ-cTLR4 cells). Since the FBR is thought to be a dysregulated state that displays both M1 and 

M2 MΦ markers at the same time, as opposed to the acute inflammation response that exhibits 

distinct M1 and M2 MΦ phases, I hypothesize that an initial distinct M1 pro-inflammatory 

response, with no M2 MΦ phase present, can decrease fibrosis and increase angiogenesis for better 

device integration. In fact, there have been reports that scaffolds containing exclusively M1 MΦs 

have been associated with more vessel formation (50). These results indicate that M1 MΦs might 

play a key role in regulating this process. The addition and activation of the engineered MΦ-cTLR4 

cells around device implants might be the necessary tool to regulate the adverse effects of the FBR.     
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Figure 1.1: TLR4 Pathway Diagram including both MyD88 dependent and independent pathways. Figure from 

Szabo, et al. (2011)(51) 
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Figure 1.2: Diagram of Engineered Receptor Expressed in RAW264.7 Cells. Comparison of CID 

drug and endogenous ligand treatments. 
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Chapter 2. DESIGN AND CONSTRUCTION OF ENGINEERED PRO-

INFLAMMATORY CELLS 

2.1 ABSTRACT 

In this chapter, I have outlined the design of the cTLR4 pro-inflammatory MΦ construct and 

explored the pathway activation of the MΦ-cTLR4 cells, following transduction of the cTLR4 

construct into the monocyte-like RAW264.7 cell line. I validated the presence of the construct by 

probing for the FKBP12/F36V protein via western blot analysis and optimized the engineered cell 

line by sorting for >90% transduction efficiency. As the TLR4 receptor is known to be activated 

during M1 MΦ responses, I hypothesized that the engineered CID-induced cTLR4 construct would 

dimerize and activate TLR4-specific pathways following addition of CID drug. To this end, I 

tested for both MyD88-dependent and MyD88-independent pathway activation, which included 

ERK1/2, NF-κB, and IRF-3 activation. All three proteins exhibited activation in CID-treated MΦ-

cTLR4 cells. Lastly, optimization of the engineered cell line was accomplished by sorting for 

different GFP intensity populations, in which GFP was the tag in the engineered MΦ-cTLR4 cells, 

and subsequently performing a CID-drug titration on the MΦ-cTLR4 cells. A “midlow” GFP 

intensity population, as well as a CID drug concentration of 50 nM, was selected for all future 

experiments.  

2.2 INTRODUCTION 

M1 MΦs are the first MΦ population to arrive at the injury site following an innate inflammatory 

response. In comparison, a distinct M1 MΦ response does not occur during the FBR, which is 

thought to reflect a dysregulated inflammation state. Instead the MΦ population present around 

the implanted device usually has both M1 and M2 MΦ characteristics. I have hypothesized that a 

distinct M1 MΦ response at the onset of the FBR can lead to better integration of implanted 
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devices, as well as better healing outcomes. In this chapter, I will summarize the design and 

validation of the engineered pro-inflammatory MΦs with the plan to use these engineered MΦs to 

control the innate inflammatory response to display a distinct primary M1 MΦ burst in order to 

prime the reaction for subsequent M2 MΦ events (Figure 2.1).  

2.2.1 TLR4 Receptor Structure 

All toll-like receptors evolved from a common structural framework. This common structural 

framework is comprised of Leucine-Rich Repeat (LRR) structures, which allows for various 

modes of molecular recognition (52). LRRs are repeated units of about 25 conserved hydrophobic 

amino acids in the protein structure. Each LRR secondary structure contains a short parallel β-

sheet, a turn, and then a variable region. When repeated one after another, the blocks form a 

solenoidal structure (53). It is the inner concave surface of the solenoid that mediates the specific 

molecular recognition, by interactions with the ligands and the protruding side chains that extend 

off of the short parallel β-strands. Moreover, similar to other type I receptors, TLR4 is connected 

to the cytoplasmic toll-interleukin receptor domain by a single transmembrane helix. Even though 

there is no sequence homology in these segments between different TLRs, the transmembrane 

sequences likely play a significant role in receptor activation. For this reason, I chose to include 

this key transmembrane helix in the engineered construct.  A representative toll-like receptor can 

be seen in Figure 2.2.  

2.2.2 Selection of Monocyte-MΦ RAW264.7 Cell Line 

Bone marrow derived MΦs (BMDMs) are the gold standard for in vitro MΦ experimentation. 

However, adequate amounts of BMDMs are difficult to obtain and achieving high transduction 

efficiencies are even more challenging. Therefore, for the in vitro studies, I used a cell line that 

could be stably transduced. Three potential monocyte-MΦ cell lines were available to choose from: 
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IC-21, J774A.1, and RAW264.7 cells. All cell lines have been compared to BMDMs for cell 

morphology, surface antigen expression, and cytokine production (54). Literature searches 

revealed that IC-21 cells display similar morphology as BMDMs, but generally have significantly 

higher levels of most surface antigens and cytokines. The J774A.1 cell line do not share 

morphological similarities with BMDMs and these cells are also missing the presence of key 

mRNAs, such as GM-CSF. The RAW264.7 cell line do not have morphological similarities to 

BMDMs, however, this cell line shares similar levels of surface antigen expression, as well as 

similar levels of key cytokines, such as TNFα and IL-6. For the purposes of the studies, I selected 

RAW264.7 cells, as this cell line is most functionally similar to the BMDMs.  

2.3 MATERIAL AND METHODS 

2.3.1 Reagents and Antibodies 

The monoclonal anti-human/mouse/rat FKBP12 antibody was purchased from Thermo Scientific. 

The following antibodies were purchased from Cell Signaling: p44/42 MAPK, Phospho -p44/42 

MAPK, IRF3 and Phospho-IRF3. The anti-iNOS/NOS type II antibody was purchased from BD 

Biosciences. The HRP-conjugated goat-anti-rabbit antibody was obtained from Jackson 

ImmunoResearch Laboratories, Inc. and the HRP-conjugated goat-anti-mouse antibody was 

obtained from Life Technologies. LPS was purchased from Sigma. AP20187 (CID drug) was 

purchased from Clontech. Lipofectamine 2000 was purchased from Invitrogen. The Dual-

Luciferase ® reporter assay system was obtained from Promega Corporation. 

2.3.2 Plasmid Construction of cTLR4 

The mouse Sport6-TLR4 vector was purchased from Open Biosystems. The cytoplasmic portion 

of TLR4 (cTLR4) was amplified (mRNA base pairs 2207-2748) and inserted into a pBluescript II 

KS+ vector with an existing myristolation domain and engineered F36V domain (pBluescript-
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Myr-F36V) (55) following BamHI and EcoRV restriction enzyme (RE) cuts. PCR products were 

gel purified using a QIAEX II gel extraction kit (Qiagen) before ligations were performed. This 

resulted in a pBluescript-Myr-F36V-cTLR4 construct. The pCDH-EF1α-MCS-T2A-copGFP 

lentiviral cDNA and expression vector was purchased from System Biosciences. This vector was 

cut in the MCS with both NheI and EcoRI, and a PCR amplified portion of the Myr-F36V-cTLR4 

sequence was ligated into this site within the pCDH-EF1α-MCS-T2A-copGFP vector (7.26 kb). 

This resulted in the final cTLR4 lentiviral plasmid: pCDH-EF1α-Myr-F36V-cTLR4-T2A-copGFP 

(8.18 kb). 

2.3.3 Cell Transduction of cTLR4 Lentiviral Constructs 

We utilized a 3rd generation lentiviral vector, pCDH (System Biosciences), carrying the cTLR4 

gene under the control of the EF-1α promoter. For stable lentiviral transductions, 5x106 HEK293T 

packaging cells were seeded in 10-cm cell culture dishes that were previously coated with 50 

ug/mL poly-D-lysine hydrobromide (Sigma). Culture medium was changed just prior to 

transduction. In total, 12 µg plasmid DNA was used for each 10-cm dish (2.8 µg transfer vector 

(cTLR4), 0.9 µg pSL3 (vesicular stomatitis virus G envelope), 5.4 µg pSL4 (HIV-1 gag/pol 

packing genes), and 2.8 µg pSL5 (rev gene required for HIV-1 envelope protein expression). DNA 

and Lipofectamine 2000™ (Life Technologies) were diluted in Opti-MEM® medium (Gibco) 

separately. After a 5 minute incubation, DNA and lipofectamine were combined and incubated for 

20 minutes at room temperature. The complexes were then added, drop-wise, to cell dishes with 8 

mL growth medium and medium was replaced after 14-16 hours. Virus supernatant was collected 

following an additional 48 hours by filtering through a 0.45 µm filter.  Filtered virus supernatant 

was then added either directly or in concentrated form to previously plated RAW264.7 cells (5x105 

cells per well) in 6-well plates. Following initial transduction, only 40% of cells were positive for 
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GFP expression. Cells were then sorted for GFP expression to acquire a greater than 90% GFP 

positive MΦ-cTLR4 cell line. 

2.3.4 Cell Culture 

RAW264.7 were obtained from ATCC. RAW264.7 cells were cultured in DMEM medium from 

Invitrogen containing 10% (v/v) heat-inactivated FBS and 100 U/ml pen/strep (Invitrogen) and 

incubated at 37°C with 5% CO2. 

2.3.5 Western Blotting 

Protein from RAW264.7, MФ-T2A (vector control cells), and MФ-cTLR4 cell monolayers were 

extracted by lysis in Laemmli buffer containing 1x Halt Protease Inhibitor cocktail (Thermo 

Scientific). Following lysis, samples were boiled and protein concentration was determined by 

performing a BCA assay from Thermo Scientific. Samples (10-30 μg of lysates) were run on 4-

20% Mini-PROTEAN® TGX precast polyacrylamide gels (Bio-Rad). Protein from gels were 

transferred onto PVDF membranes and probed with the appropriate primary antibody overnight. 

Membranes were washed between each antibody incubation and subsequently probed with the 

appropriate HRP-conjugated secondary antibody (Life Technologies). The Clarity Western ECL 

Substrate (Bio-Rad) was used to detect bands. 

2.3.6 Luciferase Assay 

Two hundred thousand cells/well were seeded in 24-well plates. The following day each well was 

transfected with a total of 0.8 µg plasmid DNA, which consisted of a 20:1 ratio of pBIIX-LUC 

(NFκB reporter construct):pRL (Renilla luciferase construct). The pBIIX-LUC reporter construct 

driving the luciferase gene was a kind gift from D. Baltimore (Massachusetts Institute of 

Technology, Boston, MA) to Drs Scatena and Giachelli (55). The promoterless pGL4.10 vector 

was also transfected in a 20:1 ratio of pGL4.10:pRL, as a control. Transfections of each well were 
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performed with 2 µL Lipofectamine 2000 (Invitrogen). The following morning transfection 

reagents were replaced with fresh serum-free medium and treated with either vehicle (100% EtOH) 

or CID drug (50 nM) for 4 hours. Cell lysate was harvested and luciferase activity was measured 

using a Dual-Luciferase ® reporter assay kit (Promega) according to manufacturer’s instructions. 

All groups were normalized to Renilla luciferase. 

2.3.7 Cytokine Profile 

We tested IL-6 concentrations in supernatants of transduced RAW264.7 cells in vitro. Briefly, 

MΦ-cTLR4 cells (1 × 106) were plated in each well of a 6-well plate and treated with vehicle 

(100% EtOH), LPS (100 ng/mL), CID drug (50 nM), or left untreated in DMEM without serum. 

Supernatants were collected after 24 hours and tested using the mouse IL-6 ELISA Ready-SET-

Go! Kit (eBioscience) according to the manufacturer’s instructions. Plates were read at 450 nM 

with a 570 nM wavelength subtraction, normalized to standard solutions, and concentrations 

(pg/mL) were calculated.  

2.3.8 Statistical Analysis 

Results are expressed as mean ± SE unless otherwise specified. Significance between groups was 

determined by one-way ANOVA and p-values less than 0.05 were considered significant. 

2.4 RESULTS 

2.4.1 Engineering Pro-inflammatory Macrophages 

With the goal of developing inducible M1 MΦ cells, I have engineered the murine monocytic cell 

line RAW264.7 to express a fusion protein comprising the intracellular TLR4 signaling domain 

and F36V-dimerization domain that binds to a cell permeable CID drug (Figure 2.3A). The cTLR4 

construct is in a pCDH expression system. The 5’ end of the construct starts with a myristoylation 
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domain (Myr), which allows targeting to the membrane to mirror the spatial localization of the 

endogenous full length TLR4 domain. The Myr domain is followed by the engineered F36V 

dimerization domain, which has a binding site for the CID drug. This domain is linked to the 

cTLR4 domain, which is only the cytoplasmic portion and the entire transmembrane domain of 

the receptor that is necessary for proper signal transduction. This design allows dimerization via a 

F36V-F36V interaction with the homodimerization CID drug (AP20187). Lastly, there is a T2A 

ribosome skipping sequence that allows the separate expression of GFP at the 3’ end of the 

construct. The GFP expression allows the transcriptional verification of transduced cells.  

 

Delivery of the cTLR4 engineered constructs to RAW264.7 cells was achieved via lentiviral 

methods. Control MΦ cells were also generated. These cells were transfected with constructs 

lacking the cytoplasmic and engineered domain (MΦ-T2A). Confirmation that the whole 

engineered construct was being transcribed was validated by the expression of the GFP reporter 

marker in the MΦ-cTLR4 cell line (Figure 2.4). Protein expression of the cTLR4 construct in the 

MΦ-cTLR4 engineered cells was verified by western blot analysis for the FKBP12/F36V domain. 

A corresponding 35.5 kDa band can be seen in Figure 2.3B. 

2.4.2 MyD88-dependent and MyD88-independent Signaling Pathway Activation in MΦ-

cTLR4 Cells 

Following LPS stimulation, the TLR4 pathway leads to activation of NF-B and the three MAPK 

pathways through the MyD88-dependent pathway. Both NF-B and MAPK pathways directly 

control the transcription of the TNFα,  IL-6 and iNOS inflammatory genes, as well as control the 

mRNA stability of those transcripts. For the activated MΦ-cTLR4 cells, ERK1/2 phosphorylation 

is expected if the MyD88 dependent pathway and subsequent downstream TRAF6 activation has 
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occurred. Therefore, I performed a western blot to probe for phosphorylated-ERK (p-ERK) and 

total ERK and compare the p-ERK/total ERK ratio relative to the zero timepoint (Figure 2.5A). 

As time increases from 0 minutes to 60 minutes, the CID-treated MΦ-cTLR4 cells exhibit an 

upregulation of ERK1/2 phosphorylation at the 5 minute timepoint, a subsequent decrease for the 

15 minute timepoint, and then a significant increase for the last two 30 minute and 60 minute 

timepoints. The LPS-treated MФ-cTLR4 cells exhibited a similar ERK1/2 phosphorylation pattern 

but with lower maximum phosphorylation. The NF-κB transcription factor has also been shown to 

be activated following TLR4 dimerization. Thus, MΦ-cTLR4 cells were tested for NF-κB 

promoter activation via a Dual-Luciferase reporter assay. Cells were transduced with a NF-κB 

responsive promoter element driving the luciferase gene. Measurement of the luciferase activity 

following CID treatments (Figure 2.5B) shows that CID-treated MΦ-cTLR4 cells have increased 

NF-κB promoter activation when compared to the vehicle. These results suggest that the CID-

treated cells signal through the MyD88 dependent pathway. 

 

To determine if the MΦ-cTLR4 cells were signaling through the MyD88-independent pathway, I 

tested for phosphorylated IRF3. This protein is downstream of the MyD88-independent pathway 

and has been shown to translocate into the nucleus and regulate type I interferon responses (56). 

Western blot analysis of the p-IRF3/total IRF3 ratio relative to the zero timepoint (Figure 2.6) 

shows a pronounced activation peak at 2 hours for both CID- and LPS-treated MФ-cTLR4 cells 

when compared to vehicle. The IRF3 phosphorylation of the CID- and LPS-treated MФ-cTLR4 

cells starts to decrease following the 2 hour timepoint and subsequently reaches similar levels as 

vehicle at the 6 and 12 hour timepoints.  
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2.4.3 Optimization of MΦ-cTLR4 Cell Line and CID Drug Dose 

For MΦ-cTLR4 cells, IL-6 levels are elevated in CID-treated cells when compared to controls. In 

order to find the optimal in vitro dosage, an IL-6 ELISA was performed to test for the maximum 

signal of this cytokine in a CID drug titration experiment. The optimal dose of CID drug 

corresponds to the lowest dose that induces the highest level of IL-6 expression. The IL-6 ELISA 

results are seen in (Figure 2.7). These results suggest that a dose of at least 50 nM, produces the 

maximum activation of MΦ-cTLR4 cells in the range from 50 nM - 250 nM.  

 

The MФ-cTLR4 cells were also optimized for maximal signal to baseline activation by sorting 

four different GFP intensity populations: dim, midlow, midhigh, and high. An IL-6 ELISA was 

performed to determine activation of these populations compared to unsorted MФ and MФ-T2A 

populations (Figure 2.8). As signal intensity increased, the baseline activation of MФ-cTLR4 cells 

also increased. A potential explanation for the high baseline activation as GFP intensity increases 

might be that some cells have more cTLR4 construct copies integrated into their genome, thus 

resulting in higher GFP intensity. This higher number of copies will yield a greater concentration 

of the engineered cTLR4 construct on the cell surface and might result in self-dimerization, if the 

constructs are in close enough proximity. Ultimately, I determined that the “midlow” MФ-cTLR4 

population had similar CID and LPS activation, as well as the highest signal to noise ratio, so I 

used this sorted population for future experiments.  

2.5 DISCUSSION 

The CID system has been successfully used in literature to trigger a variety of signal transduction 

cascades. In vitro immunology studies using this system have been mostly focused on downstream 

effects of a specific engineered receptor’s signaling pathway (57-59). For instance, Kuenzel et al. 
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transfected HeLaS3 cells with a nucleotide-binding oligomerization domain-like receptor 5 

(NLRC5)-FKBP fusion protein and determined that induced oligomerization of this receptor 

activated certain IFN signaling pathways that contributed to an antiviral defense mechanism (58). 

In another study, Fooksman et al. transiently transfected T2 cell lines with a dimerizable mouse 

class I H2-Kb H chain-FKBP fusion protein and determined that induced dimerization, and thus 

clustering of this class I MHC construct, enhanced lymphoblast recognition by T cells (59). In 

contrast to using the CID system to examine cause and effect relationships within a specific 

pathway, this study is the first to use this system to regulate the phenotype of a cell by polarizing 

RAW264.7 cells into a specific pro-inflammatory MФ. Further, my lab has previously 

demonstrated that this system can be used to engineer inducible bone resorbing osteoclasts from 

the monocyte-macrophage RAW264.7 cell line, in which it is important to note that monocytes 

are a common precursor to both macrophages and osteoclasts (60). 

 

Other groups have attempted to engineer macrophages to control the inflammatory response. For 

example, Wu et al. transduced MФs in vitro with the IFN-γ gene and delivered them intratracheally 

to immunodeficient mice (61). These MФs restored immune function in the lungs of the 

immunodeficient mice. However, these constitutively active IFNγ-expressing pro-inflammatory 

MФs probably have limited applications, since the cells were not engineered to be tunable. 

Additionally, Oxford BioMedica has engineered human MФs to express cytochrome P450, which 

can convert a cancer prodrug into its active form during hypoxic tumor conditions. When delivered 

into an avascular spheroid model, the human engineered P450 MФs were able to induce tumor cell 

death following the addition of the prodrug (62). The success of this study was dependent on the 

hypoxia-driven expression of cytochrome P450 in MФs. The engineered MΦ-cTLR4 in this study, 
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on the other hand, can be controlled temporally and specifically with the addition or withdrawal 

of the CID drug and activation is independent of the local environment. The ability to tune the 

engineered MФs with respect to selective activation provides a large added benefit, since the 

engineered MΦ-cTLR4 cells could be turned on or off when and if necessary. 

 

Even with the successful generation of the pro-inflammatory MФs, there were some complications 

with the transduction and activation that may be of concern when and if this technology is 

translated into clinical use. First, there were issues with high levels of transduction. The GFP 

expression was very dim and only about 2-5% positive, following lentiviral transduction. The low 

transduction efficiency required sorting the cells to acquire a higher GFP positive population. This 

suggests that another method of DNA integration is necessary, if this technique were to be used in 

primary cells, as these cells are even more difficult to transduce. Secondly, once the cells were 

sorted, there was a high baseline of self-activation. The self-activation required sorting different 

populations and testing each population for the highest signal to noise ratio. This technique worked 

well for the cell line, however, this would probably not be an option for primary cells, since the 

technique utilizes a significant amount of cells. Lastly, the MФ-cTLR4 cells did not respond 

differentially in the CID drug titration experiment. This suggests that there is a uniform activation 

that may or may not allow fine-tuning in the MФ-cTLR4 cells. Although it would be beneficial to 

control the level of activation of MФ-cTLR4 cells by the concentration of CID drug treatment, this 

is not necessary and the engineered cells could still be turned on and off by addition or withdrawal 

of the drug. Ultimately, while the optimization of the cTLR4 transduction would be beneficial for 

primary cells and subsequent translational work, this chapter illustrates a proof-of-principle cell 



www.manaraa.com

 

 

24 

line engineering study that is equally useful, as a tool to understand inflammation and the healing 

process in various diseases at a higher level.    

2.6 CONCLUSIONS 

In this section, I designed and optimized the engineered pro-inflammatory MΦ cell line (MΦ-

cTLR4). I confirmed that the engineered cTLR4 receptor was being expressed in the stably 

transduced RAW264.7 cell line via western blot analysis. Additionally, I determined that both 

MyD88-dependent and MyD88-independent pathways were activated by CID drug treatment in 

MΦ-cTLR4 cells, by testing for NF-κB, ERK1/2, and IRF3 activation. Further, the cell line was 

optimized for CID dose and for highest signal to noise ratio via cell population sorting. This 

optimization resulted in selecting the “midlow” population for the highest signal to noise ratio and 

choosing a CID drug dose of 50 nM as the lowest dose to fully activate the MФc-TLR4 cells. With 

the creation and optimization of the MΦ-cTLR4 cells, subsequent steps involve utilizing these 

cells in in vitro experiments to test for further M1 MΦ characteristics. 
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Figure 2.1: Chapter 2 Summary Diagram. The cTLR4 construct was designed and then transduced into RAW264.7 

cells using lentiviral methods. After optimization, MФ-cTLR4 cells were tested for TLR4-specific pathway 

activation, by testing for phosphorylated ERK1/2 levels and NF-κB promoter activation for the MyD88-dependent 

pathway and testing for phosphorylated IRF3 levels for the MyD88-independent pathway. 
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Figure 2.2: Toll-like Receptor Diagram. Bottom green 

domain is the cytoplasmic toll-interleukin receptor (TIR) 

domain which is connected through the membrane by the 

transmembrane domain. The top purple domain is the LRR 

portion in the shape of a solenoid that interacts with the 

ligand. 
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Figure 2.3: Diagram of cTLR4 Construct and Engineered Receptor and 

Confirmation of cTLR4 Construct Expression. (A) The cTLR4 construct. 

(B) Western blot probing for the FKBP12/F36V domain (35.5 kDa) 

containing lysates from RAW264.7 cells, MΦ-T2A negative control cells, 

MФ-cTLR4 cells, and F2 positive control cells. MФ-T2A cells have been 

transduced with a construct that contains only the T2A ribosome skipping 

sequence with the GFP tag. F2 cells have been transduced with just two 

adjacent F36V domains. 
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Figure 2.4: GFP+ Cell Comparison of MΦ-cTLR4 and Control (pCDH-T2A) 

Transduced Cells. 
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Figure 2.5: CID-treated MФ-cTLR4 Cells Activate the MyD88-

dependent Pathway. (A) Western blot probing for p-ERK and total 

ERK. Top panel shows phosphorylated over total ERK ratio 

relative to the zero timepoint for each subsequent timepont. 

Bottom panel shows corresponding blots (B) A Dual-luciferase® 

assay was used to determine NF-κB activity in MФ-cTLR4 cells. 
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Figure 2.6: CID-treated MФ-cTLR4 Cells Activate the MyD88-

independent Pathway. Western Blot for p-IRF3 and total IRF3. Top 

panel shows phosphorylated over total IRF3 ratio relative to the zero 

timepoint for each subsequent timepoint. Bottom panel shows 

corresponding blots. 
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Figure 2.7: Dose of 50 nM CID Drug Produces Maximum Activation of 

MФ-cTLR4 Cells. CID drug dosage optimization for MФ-cTLR4 cells, 

determined by IL-6 expression. An IL-6 ELISA was performed to test for 

the maximum signal of this cytokine in a CID drug titration experiment. 

CID drug doses ranged from 50 nM to 250 nM CID-treated MФ-cTLR4 

cells were compared to vehicle and the LPS positive control. Cell medium 

was collected following 24 hour treatment. 
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Figure 2.8: MidLow MΦ-cTLR4 Cells Exhibit Highest Signal to Noise Ratio. 

An IL-6 ELISA was performed on unsorted cells and four groups of sorted 

cells from the lowest to the most intense GFP intensity of MΦ-cTLR4 cells. 
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Chapter 3. PHENOTYPIC PROPERTIES OF MΦ-CTLR4 CELLS 

3.1 ABSTRACT 

In this chapter, I have investigated the MΦ-cTLR4 cells for M1 MΦ-like behavior. Since M1 MΦs 

express classical inflammation markers, such as TNFα, IL-6, and reactive oxygen species (ROS), 

I hypothesized that the CID-treated MΦ-cTLR4 cells would express these M1 markers. Indeed, 

the CID-treated MΦ-cTLR4 cells did express all of these M1 MФ markers. Additionally, the 

engineered cells were tested for longevity of activation and length of time for cells to reach baseline 

levels after withdrawal of CID drug. The MΦ-cTLR4 cells stayed activated for at least 48 hours 

with constant CID drug treatment and cells converged to their baseline state at approximately 18 

hours. Lastly, engineered cells were tested for plasticity propensity and the MΦ-cTLR4 cells 

showed signs of plasticity when exposed to cocktail treatments of CID/IL-4. MΦ-cTLR4 cells 

treated with CID/IL-4 exhibited about half the expression of IL-6 and iNOS, but TNFα expression 

was not affected.  

3.2 INTRODUCTION 

In the following sections, I will investigate the phenotypic properties of the MФ-cTLR4 cells and 

how these engineered cells compare to the M1-activated MФ (Figure 3.1). The phenotype of the 

M1 MФ has been described extensively in literature (34, 63). M1 MФs differ from the M2 MФ 

subsets by the expression of different key membrane receptors, cytokines, and chemokines. Unlike 

M2 MФs that can polarize into multiple phenotypes (M2a, M2b, and M2c), M1 MФ activators 

induce polarization of a single analogous pro-inflammatory MФ phenotype. This phenotype is 

naturally induced by INF-γ and LPS. Additionally, plasticity has been described as the hallmark 

of the monocyte-macrophage lineage. Mononuclear leukocytes are subjected to a combination of 

signals in vivo with different temporal patterns. Consequently, MФ polarization can be viewed as 
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a single MФ state at a given time, which exists in the continuum of diverse polarization states (64). 

In this study, I will be specifically examining the M1 MФ phenotype following 24 hours of 

activation.      

3.2.1 M1 Macrophage Markers 

The pro-inflammatory phenotype is characterized by the promotion of the Th1 response, the 

expression of pro-inflammatory cytokines, and the high production of reactive nitrogen and 

oxygen intermediates. The M1 MФ phenotype is typically IL-12high and IL-10low and cytokine 

expression also includes IL-1, TNFα, and IL-6. M1 polarization signals and subsequent NF-κB 

activation leads to transcription of inflammatory factors, such as various CXCL and CCL 

chemokine ligands. M1 MФs also produce ROS, which originate primarily from the induced nitric 

oxide synthase (iNOS) enzyme. The production of NO by iNOS acts as an immune defense, as 

NO is a free radical with an unpaired electron that can react with superoxide and form 

peroxynitrate, which is a potent bactericidal agent (65). Following M1 MФ activation, the main 

inhibitory molecule for pro-inflammatory genes is IL-10. This interleukin activates STAT6 

pathways, which sequester coactivator molecules required for the LPS pathway activation and 

prime the cell for a M2 MФ phenotype transition (66). Ultimately, it is the balance of these 

cytokines, chemokines, and ROS that dictate the polarization state of a MФ.   

3.2.2 Plasticity in Macrophages 

 The phenotypes of M1 and M2 MФs in vivo and in vitro can be reversed to some extent. The 

pathology of the tissue has a large influence on the polarization state and influences whether the 

MФ displays a more inflammatory M1 phenotype or a more resolving and reparative M2 

phenotype (67). However, it still remains unclear whether the recruitment of circulating monocytes 

or the reprogramming of cells is the main mechanism for this phenotype switch. Nevertheless, it 
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has been shown in vivo that M2 MФs can be skewed to a M1 MФ phenotype by certain stimuli or 

genetic mutations. Guiducci et al. reported that gene therapy of CCL16 chemokine used to 

accumulate macrophages and dendritic cells, combined with TLR9 ligand and anti-IL-10 antibody, 

was potent enough to redirect macrophages towards a tumor rejection phenotype (68). In another 

study, the genetic deletion of p50 NF-κB allowed for tumor-associated M2 MФs to express M1 

markers in sufficient amounts to reduce tumor growth (69). Lastly, in an in vitro study, Boehler et 

al. showed that delivery of IL-10 promotes an anti-inflammatory M2 MФ phenotype, even after 

polarizing the MФs to a M1 phenotype (70). Thus, MФs can be influenced to transition from a M2 

to M1 phenotype, as well as be induced to transition from a M1 to M2 phenotype.  

3.3 MATERIALS AND METHODS 

3.3.1 Reagents and Antibodies 

The anti-iNOS/NOS type II antibody was purchased from BD Biosciences. The HRP-conjugated 

goat-anti-rabbit antibody was obtained from Jackson ImmunoResearch Laboratories, Inc. and the 

HRP-conjugated goat-anti-mouse antibody was obtained from Life Technologies. Recombinant 

mouse IL-4 was purchased from eBioscience.  

3.3.2 Cytokine Profile 

We tested IL-6, TNFα, and IL-10 concentrations in supernatants of transduced RAW264.7 cells in 

vitro. Briefly, MΦ-cTLR4 cells (1 × 106) were plated in each well of a 6-well plate and treated 

with vehicle (100% EtOH), IL-4 (60ng/mL), LPS (100 ng/mL), CID drug (50 nM), or left untreated 

in DMEM without serum. Supernatants were collected and tested using the mouse IL-6 ELISA 

Ready-SET-Go!, mouse IL-10 ELISA Ready-SET-Go!, and the mouse TNFα ELISA Ready-SET-

Go! Kits (eBioscience) according to the manufacturer’s instructions. Plates were read at 450 nM 
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with a 570 nM wavelength subtraction, normalized to standard solutions, and concentrations 

(pg/mL) were calculated.  

3.3.3 Western Blotting 

Protein from MФ-T2A (vector control cells) and MФ-cTLR4 cell monolayers were extracted by 

lysis in Laemmli buffer containing 1x Halt Protease Inhibitor cocktail (Thermo Scientific). 

Following lysis, samples were boiled and protein concentration was determined by performing a 

BCA assay from Thermo Scientific. Samples (30-50 μg of lysates) were run on 4-20% Mini-

PROTEAN® TGX precast polyacrylamide gels (Bio-Rad). Protein from gels were transferred onto 

PVDF membranes and probed with the appropriate primary antibody overnight. Membranes were 

washed between each antibody incubation and subsequently probed with the appropriate HRP-

conjugated secondary antibody (Life Technologies). The Clarity Western ECL Substrate (Bio-

Rad) was used to detect bands. 

3.3.4 Statistical Analysis 

Results are expressed as mean ± SE unless otherwise specified. Significance between groups was 

determined by one-way ANOVA and p-values less than 0.05 were considered significant. 

3.4 RESULTS 

3.4.1 Pro-inflammatory Activation of MΦ-cTLR4 Cells 

Polarized classical inflammatory MΦs are known to have increased levels of TNFα, IL-6, and 

iNOS (34). Therefore the MΦ-cTLR4 cells were tested for the presence and levels of these 

markers. Engineered MΦ-cTLR4 cells were seeded in 6-well culture plates overnight and then 

treated for 24 hours with CID drug, vehicle, or LPS as a positive control. Polarization was 

confirmed by ELISA and western blot analyses. CID-treated MΦ-cTLR4 cells expressed increased 
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TNFα and IL-6 levels when compared to uninduced controls (Figure 3.2A & 3.2B). However, the 

CID-treated MФ-cTLR4 cell levels were not as high as the LPS-treated cells. I also tested for iNOS 

via a western blot and observed similar results with this marker. The positive control LPS-treated 

cells had a substantial increase in iNOS expression and there is a band evident at 130 kDa in the 

CID-treated lane, however, it has much lower intensity than the LPS-treated cells (Figure 3.2C).  

3.4.2 MΦ-cTLR4 Cells Response to Withdrawal and Length of Treatment 

A withdrawal experiment was performed to determine the time in which the cells would revert to 

a baseline state following CID drug withdrawal. MΦ-cTLR4 cells were seeded in a 6-well culture 

plate (1x106 cells/well). Cells were treated with vehicle, CID drug, or LPS for 24 hours. Timepoints 

were collected after complete CID drug withdrawal and IL-6 levels were measured at each 

timepoint to determine activation intensity. Results showed that cells converged to their baseline 

state at approximately 18 hours (Figure 3.3). 

 

In order to determine how long the engineered MΦ-cTLR4 cells would stay “on” or activated, I 

performed a longevity study for TNFα, IL-6, and iNOS. With constant CID drug presence in the 

medium, I found that the MΦ-cTLR4 cells maintain considerable elevated levels of all three pro-

inflammatory markers for at least 48 hours (Figure 3.4A-3.4C). The IL-6 levels stayed activated 

the longest for 72 hours. 

3.4.3 Plasticity of MΦ-cTLR4 Cells 

Diversity and plasticity are hallmarks of cells from the MΦ lineage and they can change phenotype 

depending on the surrounding microenvironment (67). Thus, I tested how the expression of 

classical MΦ markers in the MΦ-cTLR4 cells were influenced by a M2 MΦ activator. Engineered 

cells were treated with a cocktail of either vehicle/IL-4, CID/IL-4, or LPS/IL-4, as well as the 
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appropriate controls. The degree of polarization was assessed by ELISA and western blot analyses 

for IL-6, TNFα, and iNOS (Figure 3.5). Both CID- and LPS-treated groups responded similarly to 

the IL-4 cocktail treatment and exhibited about half the expression of IL-6 and iNOS when 

compared to treatment groups without IL-4. However, TNFα levels for both CID drug and LPS 

with and without IL-4 were not significantly different. Similar results to iNOS and IL-6 were 

observed with IL-10 cytokine expression (Figure 3.6), which is a canonical pro-healing M2 MΦ 

marker. Cocktail treatment of CID/IL-4 and LPS/IL-4 displayed increased levels of IL-10, when 

compared to controls without IL-4 present.  

3.5 DISCUSSION 

We have shown that MФ polarization induced by LPS has different effects than that of the CID-

treated MФ-cTLR4 cells. Short-term activation results in LPS exhibiting a higher expression of 

key pro-inflammatory cytokines, however pathway activation of MyD88-dependent and MyD88-

independent pathways is either similar or lower for LPS, when compared to CID-treated MΦ-

cTLR4 cells. This suggests that LPS activates M1-like processes through other parallel pathways, 

such as CD14 or MΦ scavenger receptor co-activation. These other receptors or co-receptors might 

enhance the existing pathways or activate through other pathways, leading to greater NF-κB 

downstream effects. Thus, there is potentially more input signal from LPS than the CID drug, 

which only activates through TLR4 (Figure 3.7). In fact, it has been shown that the LPS/CD14 

complex can lead to robust NF-κB activation (71), which might support the idea that existing 

enhanced pathway activation could be the main driver, since this complex also signals through the 

MyD88-dependent and MyD88-independent pathways. CD14 could be a co-activator that has 

higher affinity for recruiting MyD88 or TRIF in these pathways when compared to CID drug, 

which does not utilize this co-receptor.     
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A common occurrence with LPS exposure, is a phenomenon called LPS tolerance. This tolerance 

is described as the reduced response to LPS following the initial MΦ or monocyte endotoxin 

exposure (72). The molecular mechanism of this tolerance leads to downregulation of IL-1 and 

NF-κB in tolerant MΦs. More importantly, TLR4 mRNA levels stay stable, however, TLR4 

protein expression gradually decreases after 1 hour of activation and returns to baseline levels at 

about 24 hours. An advantage of the engineered MΦ-cTLR4 cells might be the protection against 

LPS tolerance, as the CID drug works mechanistically different with the overexpressed engineered 

cTLR4 construct. With the MΦ-cTLR4 cells, downregulation of the cell surface cTLR4 construct 

is not likely, since it is driven by a constitutive EF-1α promoter. This could be a large advantage 

when the cells are injected and treated in vivo, as the MΦ-cTLR4 cells could potentially continue 

to display a pro-inflammatory M1-like MΦ polarized state for longer than endogenous MΦs, which 

have inherent LPS tolerance mechanisms.  

 

During the natural innate inflammation response, the M1 MΦ phase lasts for about 48 hours (73). 

Similarly, the MΦ-cTLR4 cells exhibit activation as early as 6 hours and activation lasts for about 

48 hours with constant CID treatment, at least with cytokine expression and iNOS production.  

This timeline of activated M1 MΦs has been described in both sterile and non-sterile innate 

inflammatory responses. Thus, it might be an inherent property of MΦs/monocytes to naturally 

depolarize or convert to a M2 MΦ following M1 MΦ polarization. Additionally, the withdrawal 

of CID drug yielded an 18 hour deactivation timeline for MΦ-cTLR4 cells. As previously stated, 

LPS tolerance leads to deactivation within 24 hours (35). Both of these deactivation timelines are 

similar and suggest that the same mechanism might be used, which could simply stem from the 
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inactivity of TLR4 dimerization driving the pathway activation. Both the activation and 

deactivation of the MΦ-cTLR4 cells is optimal for in vivo applications, as the cells can be turned 

“on” very quickly, stay activated for a robust M1 MΦ response, and then be turned “off” to 

represent a natural initial phase of the innate inflammatory response.  

 

Even though MΦ-cTLR4 cells can be regulated in vitro by the CID drug in a relatively controlled 

manner, the same regulation might not translate to in vivo applications. Endogenous signals will 

be present upon the introduction of the cells, as well as during MΦ-cTLR4 activation. Thus, it is 

unknown what will occur in vivo with the addition or withdrawal of CID drug. The IL-4 cocktail 

results showed that the MФ-cTLR4 cells had decreased IL-6 and iNOS levels when compared to 

CID drug or LPS treatment alone, however, IL-4 did not seem to affect TNFα levels. The IL-4 

cocktail experiments also show increased levels of IL-10 when compared to controls. The IL-10 

cytokine has been known to not only directly block inflammatory responses in M1 MΦs, but also 

promote the transition from a M1 phenotype to a M2 phenotype and enhance efferocytosis. The 

increase in efferocytosis propensity further promotes IL-10 production (74). This suggests that the 

engineered cells are influenced by competing M2-like MФ signals. These competing signals may 

be changing the phenotype of the engineered MФ-cTLR4 cells into an intermediate phenotype or 

even skewing the cells toward a M2-like MФ phenotype. These results are not completely 

surprising, as MФs are known to be very plastic cells and can change phenotypes depending on 

the surrounding microenvironment. Future in vivo studies will be necessary to determine if 

elevated TNFα levels, or other increased pro-inflammatory MФ markers, are adequate enough to 

maintain a pro-inflammatory surrounding environment with M2 MФ competing signals present. 

In a physiological setting, the CID-treated and subsequently CID-withdrawn engineered MФs 
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could potentially: 1) be primed to polarize into M2 pro-healing MФs, 2) remain in a pro-

inflammatory MФ phenotype state due to the surrounding environment, 3) develop into an 

intermediate phenotype state due to M2 MФ competing signals, 4) undergo apoptosis or, 5) 

migrate out of the inflammation site. Future studies will determine the degree of plasticity of the 

engineered cells, as well as how precise these cells can be controlled in vivo.  

3.6 CONCLUSIONS 

 In this chapter, I showed that CID-treated MΦ-cTLR4 cells displayed M1-like MΦ characteristics, 

such as increased IL-6, TNFα, and iNOS expression. Additionally, the MΦ-cTLR4 cells remained 

polarized in response to CID drug for at least 48 hours and CID drug withdrawal experiments 

suggest that the engineered cells became deactivated 18 hours after drug withdrawal. 

In the plasticity studies, MФ-cTLR4 cells were influenced by IL-4 cocktail treatment, however, 

the engineered cells still displayed M1 MФ characteristics, albeit at lower expression levels. 

Lastly, the MФ-cTLR4 cells were able to transition from a M1 to a M2 MФ phenotype evidenced 

by levels of M1 markers and IL-10 (M2 marker), but a M2 to M1 MФ transition was not observed.  
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Figure 3.1: Chapter 3 Summary Diagram. MФ-cTLR4 

cells were tested for classical inflammatory MФ markers, 

such as iNOS, IL-6, and TNFα. Using these markers as a 

polarization indicator for MФ-cTLR4 cells, withdrawal of 

CID drug and length of CID drug treatment was also 

tested. Lastly, the plasticity of the MФ-cTLR4 cells was 

tested by using IL-4 and CID in a cocktail treatment. 
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Figure 3.2: CID-treated MФ-cTLR4 Cells Exhibit Increased Expression of TNFα, IL-6, 

and iNOS. Expression of classical inflammatory MΦ phenotype markers, determined by 

sandwich ELISA assay. Bar graphs show the levels of (A) TNFα and (B) IL-6 of CID-treated 

(50 nM) MФ-cTLR4 cells compared to untreated, vehicle (100% EtOH), and LPS-treated 

cells (100 ng/mL). (C) Western blot shows intensity of iNOS expression (130 kDa) for CID 

and LPS-treated MФ-cTLR4 cells when compared to controls. 
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Figure 3.3: MФ-cTLR4 Cells Return to Baseline Levels 18 Hours Following CID Drug Withdrawal. CID 

drug withdrawal experiment, determined by IL-6 expression. Cells were treated with CID drug (50 nM), 

LPS (100 ng/mL), or vehicle for 24 hours and then left untreated after each medium change for up to 24 

hours. 
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Figure 3.4: CID-treated MФ-cTLR4 Cells Remain Activated for At Least 48 Hours. Longevity study 

determined by expression of (A) TNFα, (B) IL-6, and (C) iNOS in MФ-cTLR4 cells. Medium containing 

CID drug (50 nM) was changed every 24 hours. 
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Figure 3.5: MФ-cTLR4 Cells are Influenced by IL-4 Treatment. Expression of classical inflammatory MΦ 

phenotype markers following cocktail treatment of IL-4 (60 ng/mL) and CID drug (50 nM), LPS (100 ng/mL) 

or vehicle. Bar graphs show the levels of (A) TNFα and (B) IL-6 of cocktail-treated cells compared to controls. 

Cell medium was collected following 24 hour treatment. (C) Western blot shows intensity of iNOS expression 

(130 kDa) for cocktail-treated MФ-cTLR4 cells when compared to controls. Cells were lysed following 24 

hour treatment. 
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Figure 3.6: MФ-cTLR4 Cells are Influenced by IL-4 Treatment. Expression of the IL-10 cytokine 

(M2 marker) following cocktail treatment of IL-4 (60 ng/mL) and CID drug (50 nM), LPS (100 

ng/mL), or vehicle. Bar graph shows the levels of IL-10 for cocktail-treated cells compared to 

controls. Cell medium was collected following 48 hour treatment. 
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Figure 3.7: Schemata of CID-activated Pathways and LPS-activated Pathways. 

CID drug only activates through the MyD88-dependent and MyD88–independent 

pathway to lead to NF-κB responses. LPS has more NF-κB response input due to 

other receptor and co-receptor activation with CD14 and MФ scavenger receptor. 
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Chapter 4. FUNCTIONAL PROPERTIES OF MΦ-CTLR4 CELLS  

4.1 ABSTRACT 

This chapter reports on the influence of MΦ-cTLR4 cells on angiogenic processes. Although the 

relative role of MФs in angiogenesis is still not completely understood, it is currently well 

appreciated that MФs can affect pro- and anti-angiogenic processes. I hypothesized that MΦ-

cTLR4 cells would have the ability to prime the angiogenesis response. Thus, I have quantified 

the ability of MФ-cTLR4 cells to activate endothelial cells (ECs) by testing for VCAM-1 and 

ICAM-1 adhesion molecules and CID-activated MΦ-cTLR4 cells induced upregulation of 

VCAM-1 and ICAM-1 on ECs in a TNFα-dependent manner. Further, MФ-cTLR4 conditioned 

medium influence on a wound closure assay with ECs was quantified. The wound closure assay 

indicated that CID-treated MФ-cTLR4 conditioned medium inhibited proliferation and migration 

of ECs when compared to vehicle-treated MФ-cTLR4 conditioned medium, which showed the 

highest closure rate. Since recent data suggests that direct contact of MФs and ECs is necessary to 

modulate the angiogenesis process, a co-culture tube formation assay was performed to quantify 

cell-cell interactions between ECs and the MФ-cTLR4 cells. The co-culture tube formation assay 

suggested that CID-treated MФ-cTLR4 cells brought about behavior similar to that created by 

LPS-treated MФ-TLR4 cells and inhibited tube formation from occurring. Lastly, VEGF-A 

expression in the MФ-cTLR4 cells was determined when treated with CID, LPS, CID/IFN-γ, or 

LPS/IFN-γ. VEGF-A levels were significantly decreased in MФ-cTLR4 cells in all treatment 

groups.  

4.2 INTRODUCTION 

In the following sections, MФ-cTLR4 cells will be tested for their influence on in vitro angiogenic 

processes (Figure 4.1). M1 MФs have been associated with inflammation and subsequent 
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angiogenesis behavior, as they can activate ECs to enhance proliferation, migration, and survival. 

The main factor associated with activation of endothelial cells by MФs is VEGF. Thus the 

induction of VEGF receptor (VEGFR) on the EC surface is responsible for increasing matrix 

metallopeptidase 9 (MMP-9) and other vascular-bed specific growth factors for ECM invasion. 

The other growth factors consist of TGF, FGF, as well as insulin-like growth factor-1, which help 

ECs proliferate and grow into the granulation tissue. The tube formation of ECs that follows is 

hypothesized to be driven by secreted angiogenic factors, as well as cell-cell interactions between 

ECs and various leukocytes.    

4.2.1 Process of Angiogenesis During Inflammation 

In the first step of acute inflammation, functional changes occur in the vasculature, in which the 

vasculature exhibits dilation, an increase in permeability, and EC activation. During this stage, 

MФs provide a continuous source of cytokines that stimulate fibroblasts and ECs (75). In the later 

phases, ECs display increased mitotic activity and capillaries and venules start remodeling and 

forming new tubes (25). Fibroblast cells are very important in this phase, as they construct the new 

extracellular matrix (ECM) necessary to support cell ingrowth. New blood vessel formation 

contains ECs that digest and penetrate the underlying vascular basement membrane. The ECs then 

invade into the stroma and form branching tube-like structures which are directed by proliferating 

ECs from the sprout region, as well as chemotaxis, which guides the leading edge. All these steps 

require a dynamic environment of ECs, angiogenic factors, and surrounding ECM proteins that are 

interacting both spatially and temporally.  

4.2.2 Macrophage Influence on Angiogenesis 

In animals, wounds generally activate an inflammatory response with an ensuing repair process. 

The influx of MФs are part of this response and MФs have been found to be mandatory for final 



www.manaraa.com

 

 

51 

tissue resolution to occur (76). There are multiple observations that point to MФs as a key 

influential cell type in angiogenesis. For example, MФs extracted from wounds can induce 

neovascularization in a variety of angiogenesis assays, such as in the mouse cornea, the rabbit ear 

chamber, and in in vitro tube formation assays (77-79). Some report that secretory products alone 

of MФs can influence the many stages of the angiogenic process (80). One of these processes 

includes altering the ECM for favorable angiogenesis, by producing metalloproteases and serine 

proteases that degrade ECM molecules. MФs can also secrete G-CSF and bFGF that enhance EC 

secretion of proteases, as well as TGFβ that has an inhibitory effect on secretion of these EC 

proteases (26). Another process that MФs influence is the activation of ECs. The TNFα secreted 

by M1 MФs has the ability to increase the expression of adhesion molecules and integrins on ECs, 

which include VCAM-1, ICAM-1, PECAM-1, αvβ3, and αvβ5. These adhesion molecules and 

integrins have been implicated in EC survival and proliferation, as well as integrin-dependent 

angiogenesis (25). Even though secretory products seem to activate ECs, recent data suggests that 

direct contact of MФs and ECs is necessary to modulate the physiological angiogenesis process 

(28, 81, 82). Furthermore, co-culture assays of MФs and various other cell types have generally 

given better functional results (83, 84). Collectively, these data suggest that MФs have both a 

secretory role, as well as a cell-cell interaction role during the process of angiogenesis.  

4.2.3 Vascular Endothelial Growth Factor and Macrophages 

During inflammation, oxygen levels decrease and generate hypoxic stress within the tissue. TLR4 

has been reported to be associated with hypoxic conditions and its expression is upregulated in the 

tissues of patients with ischemia-based injuries. The hypoxia-inducible transcription factor (HIF-

1) is activated during hypoxia and plays a critical role in downstream activation of angiogenesis. 

This transcription factor controls the VEGF gene, which suggests an early contribution of VEGF 
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in the angiogenic process. Moreover, the VEGF receptor (VEGFR) is upregulated under ischemic 

conditions as well. MФs have been known to express VEGF and this signal protein is directly 

responsible for vasodilation, increasing vascular permeability, as well as inducing expression of 

proteases and receptors on ECs that are important for survival, invasion, and proliferation (25). 

Monocytes and MФs also express VEGFRs and when activated, the subsequent signal transduction 

events lead to an increase in migration potential. Specifically, M1 MФs have been shown to 

express high levels of VEGF with IFN-γ treatment in humans (85), however, this has not been 

repeated in mice and most studies suggest that only M2 MФs express VEGF (86). The mechanism 

of VEGFR and VEGF production in MФs is still not completely understood, but MФs could be 

playing a larger role than previously thought in the angiogenesis process. Nonetheless, 

angiogenesis is not completely dependent on VEGF production; indeed many other mediators 

stimulate new vessel formation (87). Thus, MФ-derived VEGF expression likely represents a small 

portion of the complicated and dynamic process of angiogenesis and inflammation. 

4.3 MATERIALS AND METHODS 

4.3.1 Cell Culture 

bEnd.3 cells were obtained from ATCC and were cultured in DMEM medium from Invitrogen 

containing 10% (v/v) heat-inactivated FBS and 100 U/ml pen/strep (Invitrogen) and incubated at 

37°C with 5% CO2. RAECs were a gift from Dr. Giachelli’s lab and cultured in EBM medium 

(Lonza) containing 10% (v/v) heat-inactivated FBS and 100 U/ml pen/strep (Invitrogen) and 

incubated at 37°C with 5% CO2.  

4.3.2 Endothelial Cell Activation 

MΦ-cTLR4 conditioned medium, following a 6 hour treatment in 6-well plates (1x106 cells/well), 

was transferred to plated bEnd.3 cells in a 12-well plate (0.2x106 cells/well). Before medium 
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transfer, TNFα neutralizing and IgG isotype antibody (1 μg/mL) were incubated in medium for 15 

minutes. Medium was then added to bEnd.3 cells for 12 hours. Following incubation, bEnd.3 cells 

were trypsinized and stained for directly PE-conjugated ICAM-1 and VCAM-1. Cell cytometry 

was performed on a FACSCanto II Cell Analyzer (BD Biosciences) equipped with 488 nm and 

647 nm lasers. Typically, 10,000 cells were analyzed per sample. Experiments were repeated at 

least three times. Non-specific staining was evaluated using a monoclonal antibody for directly 

PE-conjugated IgG2b and IgG2a (eBioscience). 

4.3.3 Wound Closure Assay 

MΦ-cTLR4 conditioned medium, following a 24 hour treatment in 6-well plates (1x106 cells/well), 

was transferred to plated bEnd.3 cells in a 6-well plate (90-95% confluent). Before medium 

addition, three separate scratches were made in each well with a p200 pipet and subsequently 

washed with PBS to remove any cell debris. Images of the same region of interest were taken at 6 

hour intervals up to 24 hours. Images were analyzed using the ImageJ “Wound Healing Tool” 

macro.  

4.3.4 Tube Formation Assay 

MФ-cTLR4 cells and rat aortic endothelial cells (RAEC) were seeded together in 6-well plates 

(1x106 cells per well) with 3 wells of MФ-T2A cells and 9 wells of MФ-TLR4 cells. MФs were 

pre-treated with either vehicle, CID (50nM), LPS (100 ng/mL) or left untreated. The thin gel 

method was used to coat the bottom of a 24-well plate with 100 μL of Matrigel. Plates were left to 

solidify in a 37°C incubator for 1 hour. Mixed suspensions of both RAECs and MΦ-cTLR4 cells 

were seeded on top of solidified Matrigel (1x105 REACs and 2x105 pre-treated MФ-cTLR4 cells). 

At the start of co-cultures, wells were treated again with vehicle, CID, or LPS to keep cells 
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polarized. Wells were imaged for tube formation at 6, 9, 12, and 24 hours. No more than 4x105 

total cells were used in a maximum of 500 μL medium for optimization experiments. 

4.3.5 VEGF-A Level Measurement  

We tested vascular endothelial growth factor concentrations in supernatants of transduced 

RAW264.7 cells in vitro. Briefly, MΦ-cTLR4 cells (1 × 106) were plated in each well of a 6-well 

plate and treated with vehicle (100% EtOH), LPS (100 ng/mL), CID drug (50 nM), IFN-γ (20 

ng/mL), or left untreated in DMEM without serum. Supernatants were collected and tested using 

the mouse VEGF-A Platinum ELISA kit (eBioscience) according to the manufacturer’s 

instructions. Plates were read at 450 nM with a 620 nM wavelength subtraction, normalized to 

standard solutions, and concentrations (pg/mL) were calculated.  

4.3.6 Statistical Analysis 

VEGF-A ELISA and tube formation quantification results are expressed as mean ± SE unless 

otherwise specified. Significance between groups was determined by one-way ANOVA and p-

values less than 0.05 were considered significant. For wound closure assay, two-way ANOVA was 

used with p-values less than 0.05 considered significant.  

4.4 RESULTS 

4.4.1 MΦ-cTLR4 Endothelial Cell Activation 

Better wound healing outcomes have been correlated with increased angiogenesis (88). 

Furthermore, areas containing almost entirely pro-inflammatory MΦ have been shown to correlate 

with angiogenesis, in specific cases (50, 88). Thus, I tested whether engineered MΦ-cTLR4 cells-

derived factors were able to induce EC activation by measuring the expression of the VCAM-1 

and ICAM-1 adhesion molecules. ECs incubated with medium from MΦ-cTLR4 treated with 
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TNFα and CID drug both had increased expression of VCAM-1 and ICAM-1 (Figure 4.2A & 

4.2B) when compared to vehicle alone. For the TNFα-treatment group, 93.5% of EC were positive 

for VCAM-1 and 57.2% of EC were positive for ICAM-1. The CID drug-treatment group was 

very similar, with 93.7% of the EC being positive for VCAM-1 and 64.4% of the EC being positive 

for ICAM-1. The vehicle group had a baseline VCAM-1 and ICAM-1 expression when compared 

to the isotype control.  

 

To determine if the TNFα was the main driver of the EC activation, I repeated the experiment with 

a neutralizing antibody for TNFα (Figure 4.2C & 4.2D). Before adding the MΦ-cTLR4 

conditioned medium to the EC, a TNFα neutralizing antibody was incubated in the medium for 15 

minutes. The CID and the TNFα groups with the neutralizing antibody had severely decreased 

levels of both VCAM-1 and ICAM-1 when compared to the IgG control. The VCAM-1 expression 

was decreased by a factor of three and the ICAM-1 expression was decreased by a factor of two 

and fell below vehicle/baseline treatment, thus indicating that some of the activity at baseline is 

TNFα-dependent. 

4.4.2 Wound Closure Assay with MΦ-cTLR4 MΦ-Conditioned Medium  

In order to determine how fast ECs would migrate into a “wounded” area of a bEnd.3 cell 

monolayer, I performed a wound closure assay (Figure 4.3). Following the initial scratches, 

vehicle-treated MФ-cTLR4 conditioned medium exhibited the most complete closure of the 

“wound,” followed by the untreated MФ-cTLR4 conditioned medium. TNFα-treated and CID-

treated MФ-cTLR4 conditioned medium groups had less “wound” closure than that of the 

untreated or vehicle-treated medium. The rates at which closure occurred were not significantly 

different (Figure 4.4A). However, the amount of closure at the last timepoint (48 hours) was 
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significantly different between vehicle-treated and untreated groups, when compared to the TNFα-

treated group, but not that of the CID-treated group (Figure 4.4B).  

4.4.3 Co-Culture of MΦ-cTLR4 Cells and Endothelial Cells in Tube Formation Assay 

Since cell-cell interactions have been shown to be important for ECs and MФs, a co-culture tube 

formation assay was performed (Figure 4.5). Untreated MФ-cTLR4 cells co-cultured with RAECs, 

with no added factors to the medium, had the least amount of isolated segments, the least amount 

of branches, and the most amount of branching interval. CID-treated and LPS-treated MФ-cTLR4 

cells co-cultured with RAECs, with CID or LPS added to the medium, had much more braches 

than untreated co-cultures with a smaller branching interval. The CID-treated group differed from 

the LPS-treated group in isolated segment analysis, as LPS-treated MФc-TLR4 cells co-cultured 

with RAECs had the highest number of isolated segments and CID-treated MФc-TLR4 cells co-

cultured with RAECs had slightly more isolated segments than the untreated group. The number 

of branches and the branching interval for the CID- and LPS-treated groups were significantly 

different than the control. However, the number of master segments and isolated segments for the 

CID- and LPS-treated groups were not significantly different, when compared to the control 

(Figure 4.6). 

4.4.4 VEGF Expression in MΦ-cTLR4 Cells 

In order to determine if the MФ-cTLR4 cells were expressing the key angiogenic molecule VEGF-

A, I performed an ELISA to test for VEGF-A levels in MФ-cTLR4 medium following various 

treatments (Figure 4.7). CID-treated and LPS-treated MФ-cTLR4 cells expressed significantly 

decreased amounts of VEGF, when compared to controls. Since studies have shown human and 

rat MФs express increased VEGF with IFN-γ treatment, I also tested the response with this factor. 
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Figure 4.8 shows cocktail treatment of IFN-γ treatment with CID or LPS, or IFN-γ alone. All 

groups also show a significant decrease in VEGF when compared to the control.   

4.5 DISCUSSION 

The EC and MФ-cTLR4-conditioned medium wound closure experiment did not yield any 

significant results in relation to CID-treated MФ-cTLR4 conditioned medium. However, there was 

a distinct grouping of 48 hour endpoint quantification, in which the CID and TNFα MФ-cTLR4 

conditioned medium wounds closed similarly and the untreated and vehicle MФ-cTLR4 

conditioned medium wounds closed similarly. This distinct grouping might suggest that the high 

levels of TNFα in the medium were actually inhibiting the EC proliferation and migration, as 

continuous TNFα presence has been shown to inhibit angiogenesis by unknown mechanisms (89).  

Furthermore, there were differences between quantifications of vehicle and CID- or LPS-treated 

MФ-cTLR4 co-culture experiments, in which there were significant differences in the branching 

quantification. Other groups have shown that conditioned medium from M1 polarized MФs has 

an enhancing effect on EC tube formation, however, these studies were done with primary cells 

(28). Conversely, when this same group used co-cultures instead of conditioned medium, the M1 

MФs had an inhibitory effect of EC tube formation.  

 

Other groups have suggested that direct contact is necessary to mirror the physiological 

environment of angiogenesis, as MФs are known to bridge endothelial tip cells and to be located 

at vascular junctions (81). The presence of MФs at these specific locations help close tip cell 

apposition for fusion and aid in joining vessel segments. Even though MФs were found at key 

“joining” regions during vessel formation, the MФs were not tested for polarization markers, thus 

it is unknown whether the MФs in this study were skewed to the M1 or M2 MФ phenotype. The 
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MФ-cTLR4 data in this chapter suggests that cell-cell interactions are absolutely necessary for EC 

functional influence, at least for M1 MФs. Furthermore, secreted growth factors from MФ-cTLR4 

cells were not enough to significantly influence EC wound closure. Nevertheless, the possibility 

of exosome or microvesicle release has not been excluded in this study. Recent studies have shown 

that MΦs produce abundant amounts of exosomes and microvesicles in vitro that contain 

microRNAs and other factors (82). Although transfer of these cargo from MΦs to ECs needs 

further investigation, these exosomes could potentially be modulating the gene expression and 

function of ECs engaged in angiogenesis. In the case of the MΦ-cTLR4 cells, these cells might be 

secreting exosomes which are inhibiting EC function during the tube formation and wound closure 

in vitro assays. 

 

The expression of certain cytokines and surface receptors can differ from cell lines to primary 

cells. Specifically, RAW264.7 cells are useful to use for in vitro experiments, however, these cells 

express significantly less GM-CSF than primary cells and might have difficulty enhancing EC 

secretion of proteases for activation to occur (54). There have been no reports of decreased VEGF 

expression in RAW264.7 cells. However, there have also been reports of increased VEGF in 

RAW264.7 cells after treatment with advanced glycation end products (AGEs), which coincided 

with ROS levels (90). These results suggest that VEGF levels are not inherently low in this cell 

line and can be activated, although certain pathway activation may differ. Regardless, I observed 

a significant decrease in VEGF expression when MФ-cTLR4 cells were treated with either CID, 

LPS, IFN-γ, or a combination of the treatments when compared to controls. This is consistent with 

the co-culture tube assay, in which LPS- and CID-treated MФ-cTLR4 cells inhibited tube 

formation. The down-regulation of VEGF could be maintaining the angiogenesis process at the 
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first stage, which is the destabilization step. The second and third step involve sprouting and 

branching, respectively, which necessitates increases in VEGF expression. Since MФ-cTLR4 cells 

are actively down-regulating this factor, I believe that this might play a large role in the anti-

angiogenic behavior of the activated engineered cells.  

 

In chapter 3, it was found that MФ-cTLR4 cells express TNFα, which is known to be a key 

angiogenic cytokine. Several studies have elucidated that temporal expression of key angiogenic 

cytokines, such as TNFα, is necessary for tip formation in ECs (89). Sainson et al. showed that 2- 

to 3-day pulses of TNFα in vitro and in vivo stimulates angiogenesis, as opposed to the inhibition 

of angiogenesis with continuous administration. I observe robust TNFα expression in the 

engineered pro-inflammatory MФ-cTLR4 cells, which may possibly be utilized to promote 

angiogenesis, if controlled in a time-based manner. Indeed, the MΦ-cTLR4 engineered cells may 

be tailored to exhibit pulse behavior with the simple addition and withdrawal of CID drug at certain 

timepoints. In addition, I do observe that the MΦ-cTLR4-conditioned medium stimulates EC 

activation by increasing VCAM-1 and ICAM-1 adhesion molecule expression in an in vitro setting 

and in a TNFα-dependent manner, which suggests that the engineered MΦs may be able to promote 

angiogenesis. Further, iNOS levels directly correlate with VCAM-1 expression (91). I do see 

similar activation patterns with both TNFα and iNOS in the MΦ-cTLR4 cells, so both of these 

factors could be working in concert to upregulate adhesion molecule expression. Activation of 

VCAM-1 and ICAM-1 has been shown to destabilize endothelial junctions resulting in leaky 

vessels, a first step in the angiogenesis process. It has been suggested that a subsequent M2 MΦ 

phase may be necessary for the process of angiogenesis to continue and come to completion, as 

the M2 MФ phenotype has been hypothesized to bridge and stabilize newly formed vessels (92). 
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Thus, CID drug activated MΦ-cTLR4 cells may provide the required priming step for angiogenesis 

to initiate.   

 

In addition to iNOS and TNFα, the CID-treated MΦ-cTLR4 cells were found to produce increased 

levels of IL-6 in chapter 3. The IL-6 cytokine has been closely associated with promotion of 

angiogenesis. Increased IL-6 mRNA levels correlated with the development of ovarian follicles 

and the uterine lining, which are two independent physiological angiogenic processes (93). 

Moreover, IL-6 treatment has been shown to promote tubule formation in brain microvessel EC in 

an in vitro setting. This correlated with increased IL-6 and VEGF mRNA expression in the healing 

adult murine brain tissue following injury (94). These studies suggest that IL-6 may play a role in 

normal physiological angiogenesis as well as angiogenesis related to inflammatory remodeling of 

tissue. Studies in IL-6 KO mice showed that the IL-6 deletion resulted in delayed wound healing, 

accompanied with both delayed angiogenesis and collagen deposition (95). The direct mechanism 

of IL-6 and its influence on pro-angiogenic behavior is still not completely understood, however, 

IL-6 seems to be a key player in this process. The engineered MΦ-cTLR4 cells produce IL-6, along 

with two other factors implicated with pro-angiogenic behavior. This strongly suggests that the 

MΦ-cTLR4 cells may have the ability to aid in the priming of the endothelium for early stage 

angiogenesis. 

 

Despite the possible use of the MΦ-cTLR4 cells as angiogenesis priming agents, in which a 

following M2 MФ response might need to be necessary, these cells could also be used in certain 

diseases to skew the balance of a M2 MФ-abundant process. For example, diseases characterized 

by excessive fibrosis could benefit from this technology, as there is often a local abundance of M2 
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MΦs present during fibrotic events. Fibrosis occurs due to the abundance of these M2 MΦs over-

producing TGFβ, which in turn recruits fibroblasts. The recruitment of fibroblasts then leads to the 

overproduction of collagen, thus leading to a fibrotic state. This dysregulated process is often 

associated with the dense collagen fibrous capsule that surrounds an implanted material, as well 

as with cardiac fibrosis that plagues congestive heart failure patients (96). A few studies have 

suggested that a proper balance of M1 and M2 MФs is necessary to achieve a reduction in the 

extent of fibrosis (97, 98). Thus, CID-activated MΦ-cTLR4 cells may provide a tool to reestablish 

the proper M1 vs M2 MФ equilibrium and decrease the excessive collagen deposition. Another 

possible application of the MΦ-cTLR4 cells could be tumor inhibition. Tumor-induced 

angiogenesis is essential for cancer cell survival, tumor growth and metastasis propagation. An 

abundance of pro-angiogenic, anti-inflammatory M2 MФs, known as tumor-associated MΦs 

(TAMs), is normally present in the tumor environment thus aiding tumor progression. In contrast, 

very few M1 MФs able to activate NK cells and TH1 responses are present in and around the 

growing tumor mass (99). Thus, the delivery of tunable MΦ-cTLR4 cells to the tumor may halt 

progression by activating a more pro-inflammatory immune response.  

4.6 CONCLUSIONS 

In this chapter, I investigated the influence of MФ-cTLR4 cells on ECs. I showed that the 

engineered cells have functional properties by performing a MΦ-cTLR4 conditioned medium 

experiment to test for EC activation potential. CID-polarized MΦ-cTLR4 conditioned medium had 

the ability to activate ECs by upregulating both VCAM-1 and ICAM-1 expression on the cell 

surface, which are two cell adhesion molecules associated with angiogenic processes (100, 101). 

Further, the activation of ECs by CID-treated MΦ-cTLR4 cells was determined to be dependent 

on TNFα. Furthermore, I found that secretory factors alone from MФ-cTLR4 cells do not 
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significantly influence EC proliferation and migration in the wound closure assay, but that there 

were distinct groupings of endpoint quantification, in which the CID and TNFα MФ-cTLR4 

conditioned medium wounds closed similarly and the untreated and vehicle MФ-cTLR4 

conditioned medium wounds closed similarly. Additionally, I found that MФ-cTLR4 cell and EC 

cell-cell interactions were sufficient and necessary for EC influence on tube formation. CID-

treated MФ-cTLR4 co-cultures were similar to LPS-treated MФ-cTLR4 co-cultures in that they 

both inhibited tube formation from occurring, when compared to the vehicle. Lastly, I showed that 

VEGF was significantly decreased in activated MФ-cTLR4 M1-like cells, which might play a 

large factor in the destabilization and inhibitory role that MФ-cTLR4 cells displayed in the EC 

assays. Overall, it was suggested that the engineered M1 MФs might be a suitable priming agent 

to stimulate angiogenesis, however, persistent M1 polarization does not seem permissive for 

angiogenesis or vessel growth.  
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Figure 4.1: Chapter 4 Summary Diagram. MФ-cTLR4 cells were first tested for EC activation by 

looking for VCAM-1 and ICAM-1 upregulation on ECs. Next, MФ-cTLR4 conditioned medium was 

tested in a wound closure assay to look for secreted factor influence on ECs. MФ-cTLR4 cells were 

then tested in a co-culture tube formation assay with ECs to investigate cell-cell interactions. Lastly, 

MФ-cTLR4 cells were tested for VEGF-A expression. 
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Figure 4.2: Medium From CID-treated MФ-cTLR4 Cells Upregulate VCAM-1 and ICAM-1 on 

Endothelial Cells. Endothelial activation, determined by flow cytometry. Conditioned medium from 

MΦ-cTLR4 cells treated for 6 hours with TNFα, CID, and vehicle was transferred to plated bEnd.3 

endothelial cells and left to incubate for 12 hours. Following the 12 hour incubation, bEnd.3 cells 

were then trypsinized and stained for both VCAM-1 and ICAM-1. (A & B) Histograms showing 

intensity of VCAM-1 and ICAM-1 expression on bEnd.3 cells incubated with MФ-TLR4 

conditioned medium treated with TNFα (20 ng/mL), CID (50 nM), or vehicle (C & D) Histograms 

showing intensity of VCAM-1 and ICAM-1 expression on bEnd.3 cells incubated with MФ-TLR4 

conditioned medium treated with TNFα (20 ng/mL), CID (50nM), or vehicle, as well as with or 

without TNFα neutralizing antibody (α-TNFα). 
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Figure 4.3: Wound Closure Assay. MФ-cTLR4 conditioned medium was used in a wound closure 

assay to determine EC proliferation and migration potential depending on MФ-cTLR4 treatments. Left 

panels show initial baseline scratch, while right panels show the endpoint EC proliferation and migration 

into the scratch at 48 hours for untreated, vehicle-treated, CID-treated (50 nM), and TNFα-treated (30 

ng/mL) MФ-cTLR4 cell conditioned medium. 
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Figure 4.4: Rates of Wound Closure. (A) Rate of closure for untreated, vehicle-

treated, CID-treated (50 nM), and TNFα-treated (30 ng/mL) wound closure assays. 

(B) The 48 hour endpoint of each group, showing two distinct groupings and error 

bars. 
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Figure 4.5: Co-culture Angiogenesis Assay Results. Top right panel shows example of the angiogenesis 

analyzer, where: green = branches; cyan = twigs; magenta = segments; orange = master segments; blue sky = 

meshes; red surrounded by blue = nodes surrounded by junctions symbol; junctions surrounded by red = master 

junctions; blue = isolated elements; cyan = small isolated elements; red surrounded by yellow = extremities. Bottom 

left panel shows network formation for vehicle-treated MФ-cTLR4 cells co-cultured with RAECs. Top right panel 

shows network formation for CID-treated (50 nM) MФ-cTLR4 cells co-cultured with RAECs. Bottom right panel 

shows network formation for LPS-treated (100 ng/mL) MФ-cTLR4 cells co-cultured with RAECs. 
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Figure 4.6: Quantification of Co-culture Angiogenesis Assay. (A) Bar graph of quantification of master 

segments. (B) Bar graph of quantification of isolated segments. (C) Bar graph of quantification of branch number. 

(D) Bar graph of quantification of branching interval.  
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Figure 4.7: VEGF-A Expression in MФ-cTLR4 Cells. Bar graph shows 

levels of VEGF for cells treated with vehicle, CID drug (50 nM), LPS (100 

ng/mL), or left untreated. Cell medium was collected following 24 hour treatment. 
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Figure 4.8: VEGF-A Expression in MФ-cTLR4 with IFN-γ Co-treatment. Bar 

graph shows levels of VEGF for cells treated with IFN-γ (20ng/mL) and CID drug 

(50 nM) or LPS (100 ng/mL), or left untreated. Groups were compared to 

corresponding controls. Cell medium was collected following 24 hour treatment. 
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Chapter 5. THE ROLE OF MΦ-CTLR4 CELLS IN THE 

INFLAMMATORY RESPONSE IN VIVO 

5.1 ABSTRACT 

In this chapter, the MФ-cTLR4 cells were tested in a mouse model injected with a Matrigel plug 

containing engineered cells. Both 7 day and 14 day timepoints for injected Matrigel plugs were 

performed and two groups existed for each experiment: untreated mice and CID-treated mice. I 

hypothesized that Matrigel plugs containing MΦ-cTLR4 cells would still be present following the 

duration of the experiments and that the MΦ-cTLR4 cells would be functionally active in CID-

treated mice, but not for untreated mice. This would suggest that pro-inflammatory regions would 

be present surrounding the MФ-cTLR4 cells after plug retrieval from CID-treated mice. Plug 

morphology was analyzed using H&E and trichrome staining. Cell infiltration was greatly 

increased for the CID-treated mice in the 14 day experiment, when compared to the untreated mice. 

Furthermore, MФ-cTLR4 cells in the Matrigel plug pockets appeared dead in the untreated mice 

from lack of nuclei staining, however, CID-treated mice had MФ-cTLR4 cells in plug pockets that 

had clear nuclei staining. Matrigel plugs were additionally analyzed using trichrome staining, 

which can detect collagen deposition. Collagen fibril formation was detected in regions 

surrounding the plug, as well as in the Matrigel plug, which might suggest the presence of fibrosis. 

Lastly, plugs were analyzed via immunofluorescence to test for co-localized regions of GFP 

positive MФ-cTLR4 cells and iNOS inflammatory regions, which would suggest that MΦ-cTLR4 

cells were present and functionally active. MΦ-cTLR4 cells were still present in the 7 day 

experiments, however, MФ-cTLR4 cells either died or migrated out of the plug for the 14 day 

experiment, as there were very few GFP positive cells observed. Nonetheless, even with very few 
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GFP positive cells present, there were some MФ-cTLR4 cells detected in the 14 day experiment 

that co-localized with iNOS inflammatory regions.   

5.2 INTRODUCTION 

In the following sections, I will investigate the functional properties of MФ-cTLR4 cells in an in 

vivo environment (Figure 5.1). It has been shown that mice injected with Matrigel plugs containing 

pre-polarized MΦs can influence inflammatory properties (28). However, while a pre-polarized 

MΦ approach may be helpful in determining in vitro inflammatory outcomes, this technique is not 

suitable for examining long-term in vivo inflammation resolution outcomes. This is attributable to 

the competing local inflammatory environment, in which these pre-polarized cells are being 

introduced. These competing signals could potentially change the phenotype of the injected cells, 

depending on the influence of different chemokines, cytokines, and other factors. To overcome 

this limitation, I have used MΦ-cTLR4 cells, which can be injected and subsequently polarized 

into a pro-inflammatory phenotype. I have tested these cells in an in vitro plasticity assay and even 

though MΦ-cTLR4 cells are influenced by IL-4 cocktail treatment, the cells still display M1 MΦ 

characteristics, albeit at lower levels. Injection of these cells and subsequent treatment with CID 

drug will allow me to hypothetically maintain desired phenotype characteristics of the cells via 

numerous CID drug intraperitoneal injections. 

5.2.1 In Vivo MФ Characterization 

For in vivo MΦ characterization, phenotype determination is more complicated than in vitro 

studies. While the in vitro M1 MΦ and M2 MΦ extremes described in literature are a nice concept, 

unfortunately these extremes are a continuum of intermediate MΦ cell phenotypes. This becomes 

clear when looking at MΦ phenotypes in vivo instead of cells cultured in vitro with only LPS or 

IL-4 (102). The question is not whether extreme pro-inflammatory MΦs or extreme pro-healing 
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MΦs are present, but rather whether the present MΦs are more or less skewed toward the pro-

inflammatory or pro-healing phenotype. For this reason, upregulation of pro-inflammatory 

markers does not mean that pro-healing markers are downregulated, or vice versa. Therefore, for 

in vivo experiments, it is often necessary to look at M1/M2 marker ratios, such as the 

iNOS/Arginase I ratio or the IL-12/IL-10 ratio to determine how the MΦ phenotypes have been 

skewed (103). This study is merely attempting to co-localize the MФ-cTLR4 cells with 

inflammatory regions, however, it is helpful to keep in mind that absolute levels of inflammatory 

regions in this study might differ from sample to sample, as ratios could be similar, but levels could 

differ.   

5.2.2 M1 Macrophages During the FBR 

During the FBR, MΦ phenotypes do not fit into the conventional M1/M2 MΦ dichotomy. Instead 

MΦs exhibit a mixed M1/M2 MΦ phenotype that could contribute to a dysregulated state of the 

inflammatory process during this reaction. In many investigations of the FBR, the most abundant 

MΦ phenotype present is a M2-skewed MΦ and the M1-skewed MΦs are generally found at much 

lower numbers around the implanted device (104, 105). As M2 MΦs are known to recruit 

fibroblasts, cells that lay down collagen, these overly abundant cells without a strong M1 MΦ 

response could be contributing heavily to the undesirable capsule formation. M1 MΦs or MФ-

cTLR4 cells could theoretically be used correct this balance or reinitiate the innate inflammatory 

response. Furthermore, M1-skewed MΦs have been associated with angiogenic regions closely 

surrounding the implanted material or device (50). Therefore, M1 MΦs could be used as a tool to 

both reactivate inflammation, as there a very few of these M1-skewed MФs, and increase 

angiogenesis in close proximity to the device or implanted material for better integration.   
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5.3 MATERIALS AND METHODS 

5.3.1 Reagents and Antibodies 

The anti-iNOS/NOS type II antibody was purchased from Abcam. The anti-TurboGFP(d) antibody 

was purchased from Evrogen. Normal goat and rabbit serum was purchased from Jackson 

Laboratories. Goat and rabbit IgG control was purchased from BD Pharmingen.  

5.3.2 Animals 

Four groups of 4 week old female BALB/c mice (total of 16 mice) were used in this in vivo study. 

The four groups consisted of: 7 day non-treated mice, 7 day CID-treated mice, 14 day non-treated 

mice, and 14 day CID-treated mice. The day before Matrigel injections, needles, 200 μL pipets 

tips, and syringes were chilled at 4°C. At day of injection, pre-plated MФ-cTLR4 cells were lifted 

off T75 flasks with trypsin, spun down, and resuspended in 3-5 mLs of DMEM. Cells were counted 

and 0.5x106 cells were placed in 8 separate Eppendorf tubes with at most 100 μL medium. In 

procedure room, tubes containing cells were placed on ice to cool, so that Matrigel did not solidify 

when mixed with cells in tubes. Matrigel was added to medium/cells in pre-chilled tubes (400 μL 

of Matrigel with no dilution). Tubes were flicked to mix contents. The Matrigel and cell suspension 

was then immediately loaded into chilled 1 mL syringes with a chilled 23 gauge needle. The 

isoflurane chamber was set up (2% O2, 1.5% isoflurane for chamber, and 0.5% isoflurane for nose 

cone) and anesthetized mice were s.c. injected with the Matrigel and MФ-cTLR4 cell suspension 

into the right back dorsal area (after shaving mouse). Before placing mouse back in cage, mice 

were injected with the first intraperitoneal CID drug dose (2 mg/kg mouse weight). Treatment 

groups were given CID drug injections every other day during the course of the experiment. 
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5.3.3 Histological Samples 

Mice were euthanized using CO2, as per IACUC protocol. Following dissection, tissues containing 

Matrigel plug, skin, and muscle were placed in 10% formalin for 24 hours to fix tissue. Samples 

were then transferred to 70% EtOH for 24 hours. For cryo freezing, samples were then transferred 

to 20% sucrose (W/V in PBS) for 24 hours and then embedded in Tissue-tek molds with optimum 

cutting temperature (O.C.T.) compound. Molds were placed in freezing isopentane to freeze the 

samples rapidly and then blocks were sectioned at 5 μM for analysis. For paraffin embedded 

samples, tissues were processed using a Thermo Shandon Citadel 2000. Tissues were embedded 

in paraffin and blocks were sectioned at 5 μM for analysis.  

5.3.4 Trichrome and H&E Staining 

Trichrome staining was performed using the Accustain Trichrome Stains from Sigma. Briefly, 

slides were deparaffinized and hydrated with deionized water. Slides were then placed in Bouin’s 

solution at room temperature overnight. The next day, the slides were rinsed in tap water and 

washed to remove any yellow color remaining from Bouin’s solution. Slides were stained in 

Weigert’s Iron Hematoxylin Solution for 10 minutes and subsequently washed in running tap water 

for 5 minutes and rinsed in deionized water. Next, the slides were stained in Biebrich Scarlet-acid 

Fucshin for 7 minutes and then rinsed in deionized water. Following this step, 

phosphotungstic/phosphomolybdic acid solution was placed on the slides for 5 minutes and then 

immediately placed in Aniline Blue solution for 5 minutes without washing between steps. Lastly, 

the slides were placed in Acetic Acid (1%) for 2 minutes, dehydrated through alcohol, and cleared 

in xylene to be cover slipped. For Hematoxylin and Eosin staining, slides were deparaffinized and 

hydrated with deionized water. Slides were then placed in Hematoxylin solution for 2 minutes and 

rinsed in water several times. Clearing solution (95% EtOH & 1% HCl) was then placed in the 
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sections for 5 seconds. Slides were rinsed in water and subsequently placed in Eosin solution for 

40 seconds. Slides were rinsed in water again, dehydrated, and cover slipped.   

5.3.5 Immunofluorescence  

For immunofluorescence, slides were deparaffinized and hydrated with TN basic solution (100 

mM Tris base, 150 mM NaCL, pH 7.5). Antigen retrieval was performed by placing slides in 

Coplin jar with citrate buffer and boiling citrate solution for 5 minutes. Once temperature reached 

90-95°C, Coplin jar containing heated citrate solution was placed in a heated water bath and 

allowed to cool for 30-35 minutes. Slides were rinsed with TN basic solution for 5 minutes and 

sections were divided by “Ruby” red nail polish. Once nail polish was dried, slides were placed in 

an incubation chamber and TN working solution (TN basic solution with 0.3% Tween-20, 1% 

BSA, and 1% appropriate serum) was applied to sections to block for 1 hour at room temperature. 

After blocking step, the appropriate amount of primary antibody was diluted in TN working 

solution and placed on slides to be incubated overnight at 4°C. The next day, slides were rinsed 

with TN basic solution 3 times for 15 minutes each. Following washes, the sections were covered 

with secondary antibody diluted in TN working solution for 1 hour at room temperature. Slides 

were then rinsed 3 times for 10 minutes each and placed in sudan black solution (0.3% sudan black 

and 95% EtOH) for 5  minutes to dampen background signal. Slides were rinsed in water and 

dipped in 70% EtOH to remove any preceipitates from sudan black. Lastly, slides were dipped in 

TN basic solution with 0.3% Tween and cover slipped with Prolong® Diamond Antifade Mountant 

with DAPI (Life Technologies).  
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5.4 RESULTS 

5.4.1 Morphology and Cell Survival of Implanted Matrigel Plugs 

Cell survival is important for the MΦ-cTLR4 cells, as cells need to remain in the vicinity of the 

delivery site for the full duration of inflammatory resolution to be used as a tool for in vivo 

applications. Cell survival in both 7 day and 14 day experiments were analyzed by H&E staining. 

The Matrigel plugs for the untreated 14 day group were mostly dead and contained no nuclei 

staining (Figure 5.2). However, the CID-treated 7 day, as well as CID-treated 14 day plugs still 

contained pockets of alive cells (Figure 5.3 & 5.6). Cell infiltration is also important for Matrigel 

plugs, as MΦ-cTLR4 cells need to interact with the endogenous inflammatory cells to influence 

the overall inflammatory environment. As for cell infiltration, 14 day CID-treated Matrigel plugs 

had much more endogenous cell infiltration, when compared to 14 day untreated Matrigel plugs 

(Figure 5.2 & 5.3). Both cell survival and endogenous cell infiltration were qualitative analyses.  

5.4.2 Collagen Deposition in Matrigel plugs 

The presence of collagen in or around the MФ-cTLR4 Matrigel plug exists in one of two forms: 

1) dense collagen formation surrounding the outside of the plug or 2) sparse collagen formation 

interspersed throughout the plug. The region of collagen deposition is also an indication of whether 

there is a healing or a fibrosis response occurring. During the FBR, the fibrosis response often 

creates a fibrotic capsule or collagen layer around the object to isolate it from the surrounding 

environment. However, during the normal healing response, collagen is used for the formation of 

granulation tissue in a less dense and delocalized manner. With this in mind, it can be proposed 

that collagen fibrils seen within the Matrigel plug are indicative of a healing response, but dense 

collagen formation on the perimeter of the plug may indicate the start of the fibrosis process. 

Collagen formation was increased in the 14 day untreated Matrigel plugs, when compared to the 
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14 day CID-treated plugs (Figure 5.4). When present, collagen formation was mostly observed on 

the perimeter of the Matrigel plug in both untreated and CID-treated Matrigel plugs. However, 

there was a higher degree of collagen formation around plugs in untreated plugs, as opposed to 

CID-treated plugs, where collagen was mostly observed within the plug, if observed at all. Figure 

5.4 shows the only CID-treated mouse that displayed collagen staining, however, this mouse did 

not contain any GFP positive MФ-cTLR4 cells at the 14 day timepoint. The collagen fibril 

formation for untreated mice was also much denser and more abundant, unlike CID-treated plugs, 

which contained less dense and sparser collagen formation.  

5.4.3 MΦ-cTLR4 Cells Co-localized with iNOS Inflammation Regions in Tissue 

The existence of GFP positive MΦ-cTLR4 cells and iNOS co-localization indicates that the MΦ-

cTLR4 cells remain functional within the Matrigel plug and also indicates the potential influence 

of the MΦ-cTLR4 cells on the local environment. As most cells were dead in the 14 day untreated 

Matrigel plugs, there were no regions of co-localization of GFP MΦ-cTLR4 cells and iNOS 

regions (Figure 5.5). However, the 14 day CID-treated plugs had some occurrences of GFP/iNOS 

co-localization (Figure 5.7 and 5.8).  

5.5 DISCUSSION 

To perform the Matrigel plug experiments, BALB/c mice were chosen, since RAW 264.7 cells 

originate from this specific mouse strain and had the least chance of rejection. Matrigel was also 

chosen as a delivery vehicle, due to the fact that this is a murine ECM, which is well-characterized 

and yields reliability and reproducibility. Furthermore, it was necessary to keep the ECM 

consistent with Chapter 4 in vitro studies. Lastly, both 7 and 14 day timepoints for Matrigel plugs 

were chosen to coincide with Matrigel plug experiments performed in literature (28, 106). Even 

though BALB/c mice might exhibit the least amount of rejection, future experiments should use 
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nude mice, as these mice lack T-cells and thus cannot mount an antibody response. Nude mice 

might allow the cells to survive longer and for Matrigel plugs to contain larger amounts of MΦ-

cTLR4 cells at the endpoints.  

 

In order for in vivo applications to be possible with MФ-cTLR4 cells, cell survival is necessary for 

the duration of the innate inflammation response, which is at least 10 days, depending on the degree 

of injury. The fact that cells did not look alive in the pockets of Matrigel plugs from the 14 day 

untreated mice, suggests that these cells might have died, due to lack of activation signal. CID-

treated mice had a dose of CID that could theoretically activate the MФ-cTLR4 cells in the injected 

Matrigel plugs. These plugs experienced much more activity, such as increased cell infiltration, as 

well as more degraded Matrigel, suggesting that the MФ-cTLR4 cells might have been 

communicating with the endogenous environment. In this scenario, MФ-cTLR4 would secrete 

signals that recruit other inflammatory cells, which would increase endogenous infiltration of the 

Matrigel and possibly allow for the MФ-cTLR4 to shape the environment into an inflammatory 

state. This is just one inference from the observed results, however, more studies need to be 

performed to understand the interaction between the MФ-cTLR4 cells and the endogenous innate 

immune system.  

 

The FBR to implanted materials is characterized by a distinct avascular fibrous capsule made of 

collagen surrounding the implanted device. Thus, it is important to note the differences in collagen 

deposition for both untreated and CID-treated mice. It was observed that untreated mice had a 

greater amount of dense collagen formation surrounding the outside of the plug, as opposed CID-

treated mice, which had a less and more interspersed collagen deposition that infiltrated the plug. 
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This could be potentially significant, as during the innate inflammatory response, M2 MФs have 

been associated with the later stages of the inflammation response and are correlated with increased 

angiogenesis and fibrosis, (67) whereas M1 MФs have been associated with the early stages of the 

inflammation response as well as inhibition of angiogenesis. These results suggest that CID-treated 

MФ-cTLR4 cells might act to decrease the fibrosis response in the normal healing process, as these 

cells are producing competing signals to that of the collagen promoting M2 MФs. Therefore, it 

would be interesting to know whether there are more M2 endogenous MФs present in the plugs 

from untreated mice, when compared to CID-treated mice. 

 

Co-localization experiments showed that MФ-cTLR4 cells could survive for at least 14 days in an 

in vivo environment and remain in a pro-inflammatory functionally active state. Only 0.5x106 cells 

were injected with the 400 uL Matrigel plug, which might be too low of a number to observe 

abundant GFP positive cells following the 7 and 14 day timepoints. In fact, there were very few 

instances where co-localization was observed even in CID-treated Matrigel plugs. A potential 

explanation for this might be that the MФ-cTLR4 cells could be dispersed in and around the 

Matrigel plug, making it difficult to see the individual single engineered cells. In comparison, the 

cells that were found to exhibit co-localization of GFP and iNOS were contained with many other 

MФ-cTLR4 cells in the pockets of the Matrigel plug, which gave a brighter signal. Thus, in order 

to see a more robust pro-inflammatory response, the number of injected MФ-cTLR4 cells might 

need to be increased in future experiments.   

 

While similarities exist between acute inflammation progression and the FBR process, one major 

difference includes the observation that the MФ phenotypes in the FBR have been shown to 
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express a combination of both M1 and M2 MФ markers (49, 107). This observation may indicate 

a dysregulation of the inflammatory response in the FBR. Thus, it could potentially be beneficial 

to control the FBR inflammation response to exhibit a distinct M1 MФ response followed by a 

distinct M2 MФ response (108). This may decrease fibrous capsule formation and integrate the 

implant better with the surrounding tissue by promoting more angiogenesis and less fibrosis. To 

this end, Spiller et al. created a scaffold that sequentially released a M1-promoting cytokine (IFN-

γ) followed by a M2-promoting cytokine (IL-4) in an attempt to increase vascularization of 

scaffolds for bone regeneration. When implanted, the IFN-γ-loaded scaffolds induced a vascular 

network, however, the IL4- and sequential IFN-γ/IL4-loaded scaffolds did not promote further 

vascularization. In addition, at the two week timepoint there was no difference in the composition 

of M1 vs M2 MФs between the groups (85). These findings suggest that the two distinct and 

sequential M1 and M2 MΦ phases need to be elicited in a specific temporal manner to promote 

persistent angiogenesis, inhibit fibrosis, and resolve the FBR. The engineered pro-inflammatory 

MФs in this study may be the proper tool, to at least elicit a robust early M1 MФ phase. Since the 

engineered MФ-TLR4 cells are activated by the CID drug, they can be: 1) activated independently 

of the endogenous microenvironment, and 2) can be turned on early in the FBR but turned off at a 

later time to allow M2 MΦ processes to occur. 

5.6 CONCLUSIONS 

In this chapter, I investigated the influence of the MΦ-cTLR4 cells in an in vivo mouse model. I 

found that cell survival was evident in 7 day plugs, as well as 14 day CID-treated plugs. However, 

14 day untreated plugs had very few, if any, alive cells in Matrigel pockets. Cell survival in 14 day 

CID-treated plugs indicate that activated MΦs might be able to survive longer than non-activated 

MΦs. Endogenous cell infiltration was also much less for 14 day untreated plugs, when compared 
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to 14 day CID-treated plugs. This suggests MΦ-cTLR4 cells within 14 day CID-treated plugs 

might have been able to influence the local environment to a greater degree and the recruitment of 

endogenous cells into the Matrigel plug is evidence for local environmental stimulus. Furthermore, 

an increase in collagen formation was observed for 14 day untreated plugs, when compared to 14 

day CID-treated plugs. A greater amount of collagen formation in untreated plugs might indicate 

a fibrosis response around the plug, as the plug was not actively influencing the environment, due 

to the lack of live cells. Lastly, co-localization of GFP positive cells and iNOS regions were 

observed in both 7 day and 14 day CID-treated plugs, but not apparent in 14 day untreated plugs. 

This suggests that MΦ-cTLR4 cells were still functional and influencing the local environment to 

be that of an inflammatory state in CID-treated Matrigel plugs.  
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Figure 5.1: Chapter 5 Summary Diagram. MФ-cTLR4 cells were tested in vivo using a Matrigel plug. Liquid 

Matrigel with MФ-cTLR4 cells were s.c. injected into a mouse and left to solidify. Mice were injected with CID 

drug every other day with 2 mg/kg mouse weight. Matrigel plugs were then removed following 7 or 14 days and 

analyzed.  
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Figure 5.2: 14 Day Untreated Mice Matrigel Plug. Top right panel shows cell infiltration in H&E stained 

section. Top right panel shows cell infiltration in trichrome stained section. Orange arrow indicates outside border of 

Matrigel plug, while green arrow indicates the inside border of cell infiltration. Bottom left panel shows dead cells 

with no nuclei staining in Matrigel pockets in H&E stained section. Bottom right panel shows dead cells with no 

nuclei staining in Matrigel pockets in trichrome stained section. Yellow arrows indicate two separate pockets of 

dead cells.  
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Figure 5.3: 14 Day CID-treated Mice Matrigel Plug. Top right panel shows cell infiltration in H&E stained 

section. Top right panel shows cell infiltration in trichrome stained section. Orange arrow indicates outside border of 

Matrigel plug, while green arrow indicates the inside border of cell infiltration. Bottom left panel shows alive cells 

with nuclei staining in Matrigel pockets in H&E stained section. Bottom right panel shows alive cells with faint 

nuclei staining in Matrigel pockets in trichrome stained section. Yellow arrows indicate two separate pockets of 

alive cells. 
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Figure 5.4: Collagen Deposition in Untreated and CID-treated Mice. Top left panel shows collagen surrounding 

outside of Matrigel plug of untreated mouse H&E stained section. Top right panel shows collagen interspersed 

throughout plug of H&E stained section. Yellow arrows on top panels indicate high density regions of collagen 

staining (blue). Bottom left panel shows detailed dense collagen fibril formation surrounding the outside of the 

untreated mouse plug. Bottom right panel shows loose fibril formation of collagen fibrils interspersed throughout 

CID-treated Matrigel plug. Yellow arrows on bottom panels indicate regions of collagen staining (blue).  
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Figure 5.5: 14 Day Untreated Plugs with No GFP and iNOS Co-localization. Images taken at 40X. Top left 

panel shows dapi nuclei immunofluorescent staining, top right panel shows GFP immunofluorescent staining in 

MΦ-cTLR4 cells, bottom left shows iNOS immunofluorescent staining, and the bottom right panel shows the 

merged image. The merged image confirms absence of MФ-cTLR4 cells being present in Matrigel plug pockets. 

White arrows indicate two instances of false GFP positive cells. 
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Figure 5.6: 7 Day CID-treated Plugs with GFP and iNOS Positive Cells with Co-localization. Images taken at 

40X. Top left panel shows dapi nuclei immunofluorescent staining, top right panel shows GFP immunofluorescent 

staining in MΦ-cTLR4 cells, bottom left shows iNOS immunofluorescent staining, and the bottom right panel shows 

the merged image. The merged image confirms presence of MФ-cTLR4 cells still being present and functionally 

active in Matrigel plug pockets. White arrows indicate three instances of cells that were positive for both iNOS and 

GFP. 
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Figure 5.7: Co-localization of GFP and iNOS in 14 day CID-treated Matrigel plugs. Image taken at 10X 

magnification. Top left panel shows Dapi staining of nuclei, top right panel shows GFP positive cells, bottom left 

panel shows iNOS positive cells, and bottom right panel shows the merged image. 
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Figure 5.8: 14 Day CID-treated Plugs with GFP and iNOS Positive Cells with Co-localization. Image taken 

at 40X magnification. Top left panel shows Dapi staining of nuclei, top right panel shows GFP positive cells, 

bottom left panel shows iNOS positive cells, and bottom right panel shows the merged image. 
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Chapter 6. CONCLUSION AND FUTURE STUDIES 

It has been shown previously that MΦs drive the wound healing response (86, 109, 110). In this 

dissertation, I have engineered tunable pro-inflammatory MΦs that could possibly be used to better 

regulate inflammation. By utilizing these MΦ-cTLR4 cells to control the host response, it might 

be possible to increase angiogenesis and decrease fibrosis for better integration of medical device 

implants. Additionally, these engineered cells could be used as a tool to better understand and 

better regulate M1 MΦ-like dynamics. While RAW264.7 cells are suitable to use during in vitro 

inflammation studies, future investigations will focus on using a more physiological engineered 

primary cell type, such as bone marrow derived MФs (54).  While ongoing studies continue to 

unravel MФ-cTLR4 cell possibilities in both in vitro and in vivo settings, currently these 

engineered cells serve as a platform technology that could be applied to various inflammatory 

diseases including the FBR, fibrosis, atherosclerosis, and cancer.   

 

Further in vivo testing is necessary for MΦ-cTLR4 cells, as the in vivo results in this dissertation 

represent a pilot study. Not only should the inflammatory state be further investigated in the 

Matrigel plugs, but the angiogenesis and fibrosis state should also be explored to a greater extent. 

For instance, the plugs could be analyzed for VEGF-A and TSP-1 expressing cells and compared 

to controls, as these are pro- and anti-angiogenic markers, respectively (111). Alternatively, 

quantitative PCR could be used for VEGF-A, and TSP-1, as well as fibroblast markers (TE-7, HA-

BP and COLLAGEN V) (112). Angiogenesis should also be analyzed by counting CD31 positive 

lumen structures, in which CD31 is a classical endothelial cell marker. Once it has been established 

how the engineered cells influence these specific processes, the next step would entail testing the 

cells directly with a foreign implanted material, such as PET disks (113).   
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Even with the above suggestions and the progress made in this dissertation, there will still be a 

great amount of work that needs to be performed in order to get the proposed engineered MΦ-

cTLR4 cells to a cell therapy stage. First and foremost, a M2 MΦ version of these engineered cells 

would be necessary to completely manipulate the host inflammatory response. To this end, I have 

currently created a cIL4R heterodimer construct that can be theoretically activated with a different 

CID drug, however, I have yet to characterize the M2 MΦ-cIL4R engineered cells or optimize the 

cell line. If these cells are functional, it could then be possible to modulate the inflammation in 

both directions, as well as finely tune the temporal activation of both M1 and M2 engineered cells. 

To simplify the system, both cTLR4 and cIL4R constructs could be transduced into the same cell, 

to create cells that could respond to both CID drugs. In this scenario, the same monocyte could be 

polarized back and forth with the different CID drugs and overall, less cells would be necessary 

for in vivo applications. 

 

More testing of inflammation would need to be completed once the MФ-cIL4R cells are validated. 

Modulation of inflammation toward either a pro-inflammatory or a pro-healing environment as 

well as degree of device integration could initially be tested. However, temporal modulation, in 

which MΦ-cTLR4 and MΦ-cIL4R cells are switched “on” and “off” at key timepoints could also 

elucidate key findings about the FBR. Another possible future study could entail location 

experiments for MΦc-TLR4 cells and MΦ-cIL4R cells following i.v. injection into the blood 

stream. Since monocytes have the natural tendency to home to sites of inflammation, it would be 

interesting to observe where the engineered cells locate in a mouse model that has an inflicted 

inflammatory event present, depending on polarization state. Lastly, pending successful in vivo 

experimentation of these engineered MΦs, clinical trials could potentially follow. Possible pro-
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healing MΦ applications include better biomedical device implant integration, ischemia, and 

chronic inflammatory diseases, while possible pro-inflammatory applications include fibrotic 

diseases and inhibition of angiogenesis for cancer.  

 

In conjunction with this dissertation, another MΦ cell tool is also in progress. In collaboration with 

Bryers lab, a MΦ reporter cell line has been designed that will express GFP when M2 processes 

are occurring in the cell, but express RFP when M1 processes are occurring in the cell. The GFP 

is driven by an Arginase 1 promoter (M2 marker) and the RFP is driven by an iNOS promoter (M1 

marker). This reporter cell line would allow one to distinguish if cells are expressing M1 markers, 

M2 markers, or mixed M1/M2 markers and can help with tracking the polarization state of MΦs 

in vivo. A potential application of this reporter cell line, is the injection of these cells around an 

implanted foreign material. These cells would be able to confirm or refute current studies that 

claim certain MΦs are present in distinct zones around the implanted material in the FBR. These 

cells could also be used to investigate the polarization properties of sphere-templated pHEMA 

scaffolds (50). 

 

In conclusion, there are an increasing amount of diseases as well as conditions, in which a key 

dysregulated inflammation role is being implicated. MΦ dynamics are an important part of many 

processes that involve innate functions and interactions. Thus, it is necessary to understand 

complete MΦ function and polarization, before any of these diseases or conditions can be cured. 

This dissertation provides a tool to allow these processes to be investigated in a more controlled 

and specific manner.    
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