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CHAPTER 1

INTRODUCTION

Three processes, two important factors

Wound healing, fibrosis and the foreign body reaction have two common players that 
are important, macrophages and fibroblasts. All three processes start with an injury 
followed by overlapping phases of inflammation, tissue repair and remodeling. 

MACROPHAGE POLARIZATION AND ACTIVATION

The majority of tissues in the body contain macrophages, either as tissue-resident 
macrophages, or as monocyte-derived macrophages that infiltrate into the tissue. 
Macrophages are differentiated monocytes, the latter being formed from a myeloid 
progenitor cell in the bone marrow. When monocytes are released into the peripheral 
blood they circulate for several days, enter tissues and differentiate into tissue-
resident macrophages or dendritic cells [1]. Tissue-resident macrophages show a high 
heterogeneity, which is important for tissue-specific functions (e.g. osteoclasts in bone, 
Kupffer cells in the liver and Langerhans cells in the skin) [1-3]. Therefore, the role of 
tissue macrophages is very broad: they are involved in the clearance of senescent cells, 
the remodeling of tissues and the regulation of metabolism (like adaptive thermogenesis 
and regulation of insulin sensitivity in adipose tissue). Another fundamental role of tissue 
macrophages is initiating the inflammatory response after injury [2-4]. 

When an injury occurs (described in the sections wound healing and the foreign 
body reaction), monocytes transmigrate through the activated endothelium towards the 
chemotactic stimuli in the underlying tissue, and differentiate into macrophages. These 
infiltrated macrophages can be involved in the regulation of inflammation, the remodeling 
of the extracellular matrix (ECM), phagocytosis of bacteria and/or cellular debris, as well 
as angiogenesis or neovascularization. Macrophages adopt a certain phenotype (M1 or 
M2) via the microenvironment they encounter. The ECM, pro-inflammatory cytokines, 
chemokines and growth factors all contribute to the microenvironment, and can 
therefore influence the activation state of monocyte-derived macrophages [5-7]. It is 
even described that macrophages can change their activation status within hours after 
encountering a different microenvironment: therefore, macrophages are highly dynamic 
cells [5, 8-14]. To make it even more complex, macrophages derived from different species 
(e.g human, mouse and rat) up- or down-regulate different genes and proteins after 
polarization to achieve the same phenotype (M1 or M2), which makes interpretation of 
macrophage activation and polarization rather difficult [8, 15-19]. 

Nowadays different macrophage activation statuses or phenotypes are described, 
which can roughly be divided into two major groups (Fig. 1). M1 macrophages are 
associated with tissue injury and inflammation and M2 macrophages are often 
associated with tissue repair and remodeling [5,20]. M1 macrophages, also known 
as classically activated macrophages, are pro-inflammatory and secrete several 
inflammatory cytokines and chemokines, such as interleukin 1 beta (IL1β), interleukin 6 
(IL6), interleukin 8 (IL8) chemokine (C-C motif ) ligand 2 (CCL2) (= monocyte chemotactic 
protein-1) and chemokine (C-C motif ) ligand 4 (CCL4) (= macrophage inflammatory 
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1protein 1-beta). In addition to secreting pro-inflammatory cytokines, macrophages 
are important producers of matrix metalloproteinases (MMPs), which degrade the 
ECM [5,8,12,15]. M2 macrophages, also known as alternatively activated macrophages, 
can induce angiogenesis, fibroblast proliferation, and stimulate ECM deposition by 
fibroblasts and myofibroblasts by e.g. the secretion of fibroblast growth factor 2 (FGF2), 
chemokine (C-C motif ) ligand 18 (CCL18), and transforming growth factor beta (TGF-β) 
[5,6,12,15,17,20].  

Factors that induce M1 macrophages are interferon gamma (INFγ), and/or 
lipopolysaccharides (LPS) (the combination was used in this thesis), tumor necrosis factor 
(TNF), or combinations [5,6,11,12,15]. M2 macrophage polarization can be induced by 
stimulation with interleukin 4 (IL4) or interleukin 13 (IL13) or combined (the combination 
was used in this thesis), interleukin 10 (IL10), TGF-β, glucocorticoids (GC) or combinations 
of these molecules [6,15,17,20]. 

Unstimulated macrophage

M1 M2 Intermediate

INFγ + LPS IL4 + IL13

CCL18
FGF2
MMP1
MMP12
CLEC10A

 IL1β
 IL6
 IL8 

CCL2
CCL4

MMP9 
CD40

Figure 1: Schematic representation of macrophage polarization towards a M1 or a M2 macrophage.
Macrophage polarization represents a continuum, with polarized M1 and M2 macrophages at both ends of 
the spectrum. M1 macrophages are associated with tissue injury and inflammation whereas M2 macrophages 
are associated with tissue repair and remodeling. M1 macrophages are pro-inflammatory and secrete several 
inflammatory cytokines and chemokines. These macrophages can be induced by factors like INFγ and LPS.  
M2 macrophages secrete factors which can induce angiogenesis, fibroblast proliferation, and stimulate 
ECM deposition by fibroblasts and myofibroblasts. M2 macrophages can be induced by factors like IL4 and 
IL13. Macrophages are highly dynamic cells which can subsequently change their polarization state after 
encountering a different stimulus. 
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WOUND HEALING

Wound healing can be subdivided into four different but overlapping phases: hemostasis, 
inflammation, proliferation and remodeling (Fig. 2) [21-29]. Wound healing is a complex 
process and it involves erythrocytes, platelets, neutrophils, macrophages and fibroblasts 
as well as different cytokines, growth factors and ECM components. 

HEMOSTASIS

Damaged endothelial or epithelial cells release pro-inflammatory cytokines that initiate 
the recruitment of leukocytes and macrophages. Hemostasis occurs directly after injury, 
blood vessels constrict to prevent blood loss and a blood clot consisting mainly of 
platelets, erythrocytes, fibrin and fibronectin is formed [22,26]. Platelet activation is not 
only important for hemostasis but also for the inflammation phase. Activated platelets 
release various cytokines and growth factors that attract neutrophils, monocytes and 
fibroblasts to the wound site. This is the start of the inflammation phase, also called the 
early inflammation phase [23-25]. 

INFLAMMATION PHASE

In the early inflammation phase neutrophils enter the wound site within minutes after 
injury and cell levels sustain for 48 hours approximately [22,23]. Neutrophils in the 
wounded area have several functions; they clean the wound site from cell debris, foreign 
body material, and invading bacteria by degranulation and phagocytosis [21,22]. They 
secrete several pro-inflammatory cytokines, like IL1β, IL6 and TNFα, which induce M1 
activation of newly attracted macrophages [30]. Currently, the role and/or polarization of 
tissue-resident macrophages is not completely understood [3,30-33]. At the end of the 
early inflammation phase, neutrophils go into apoptosis or are phagocytized by monocyte-
derived macrophages or tissue macrophages. When neutrophils begin to disappear 
from the wound site, increasing numbers of macrophages are observed [28]. This is the 
beginning of the late inflammation phase and macrophages are the most predominant 
cell type in the wound bed after 2-5 days [22,24]. The infiltrated macrophages adopt 
predominately a M1 phenotype and have several functions in the wounded area [31,34]. 
Firstly, they remove cell debris, bacteria-filled neutrophils and any remaining bacteria 
by phagocytosis. Secondly, M1 macrophages secrete pro-inflammatory cytokines and 
chemokines, thereby creating and maintaining a pro-inflammatory microenvironment, 
which attracts even more macrophages and fibroblasts. Thirdly, macrophages produce 
MMPs that have a pivotal role in tissue remodeling to facilitate the formation of new 
ECM. Macrophages are crucial in wound healing and inflammation, as illustrated by the 
fact that macrophage depletion in the inflammation phase leads to a significant delay 
in wound healing [35-41]. When the wound site is debris free and the inflammatory 
response stabilized, the proliferation phase begins [24,31,32,34,42]. 
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Figure 2: The phases of wound healing.
After injury and blood loss platelets become activated (A). Blood vessels constrict and a blood clot will be 
formed (B). The early inflammation phase, here neutrophils enter the wound bed and clean the area from 
cell debris, foreign body material and invading bacteria (C). The late inflammation phase where macrophages 
infiltrate the wound site and polarize towards a pro-inflammatory macrophage (D). These macrophages 
remove any remaining bacteria, bacteria-filled neutrophils and cell debris. The cells secrete pro-inflammatory 
factors that attract other macrophages and fibroblasts, which in turn also become pro-inflammatory (this 
thesis). The proliferation phase where M1 macrophages change their phenotype towards M2 macrophages 
or go into apoptosis (E). M2 macrophages regulate fibroblast infiltration, proliferation and differentiation 
towards myofibroblasts. Myofibroblasts produce new ECM and facilitate wound closure by contracting the 
wound edges. The last phase of wound healing is the remodeling phase, that involves a balance between ECM 
deposition and degradation and can last for several years (F). Eventually, a tissue structure resembling healthy 
tissue will appear.
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PROLIFERATION PHASE

It is thought that M2 macrophages are involved in this repair process.  M1 macrophages 
will either undergo apoptosis or change their activation status to an intermediate 
and eventually a M2 macrophage phenotype [31,43]. It is reported by Stout et al. 
[9,10] that M1 macrophages in vivo can change their phenotype by phagocytosis 
of apoptotic cells. Therefore, macrophages have a crucial role in the transition of the 
inflammation phase towards the proliferation phase. In the proliferative phase M2 
macrophages regulate fibroblast infiltration and proliferation, ECM degradation and 
attract vascular endothelial cells for angiogenesis. They continuously secrete growth 
factors and cytokines that stimulate fibroblast proliferation and differentiation towards 
myofibroblasts. Myofibroblasts produce new ECM and facilitate contraction and closure 
of the wound edges. This newly formed ECM (mainly  composed of collagen type III) is 
called granulation tissue and is necessary for cell ingrowth and neovascularization [21-
24,30,42-45]. 

REMODELING PHASE

The final stage of wound healing, the remodeling phase, can last for weeks to several 
years. The granulation tissue will be transformed into mature ECM tissue and/or scar 
tissue. This phase involves a balance between synthesis and degradation of ECM 
components, mainly degradation of collagen type III and synthesis of collagen type I 
produced by fibroblasts or myofibroblasts [45]. The remodeling is controlled by MMPs 
that are produced by macrophages and fibroblasts. Eventually, myofibroblasts and 
macrophages will go into apoptosis or senescence and a structure that is similar as is seen 
in healthy tissue will appear, although normal tissue strength will not be accomplished 
[21-25,29,46].  

FIBROSIS

An impaired healing response leads to excessive and poorly orchestrated ECM, known 
as fibrosis [44,47-50]. Fibrosis starts as a normal healing reaction as discussed earlier. 
The inflammatory response plays an important role in the onset of fibrosis in different 
organs [51]. Normally, activated pro-inflammatory (M1) macrophages go into apoptosis 
after clearing the wounded area from debris and dead cells, or change their activation 
state towards M2 macrophages. However, after repeated injury or prolonged infection, 
the inflammation state becomes chronic, which can persists for several weeks till months 
[49]. Although there is chronic inflammation and tissue destruction, synchronously 
tissue repair occurs and both M1 and M2 macrophages are present in these stadia (Fig. 
3) [52,53]. This leads to aberrant wound healing and ultimately to fibrosis [42,54]. The 
M1 macrophages continue to produce pro-inflammatory factors and MMPs, which 
activates and attracts more fibroblasts to the wounded area [47,48,55,56]. On the other 
hand, M2 macrophages release pro-fibrotic factors that induce fibroblast proliferation 
and differentiation towards myofibroblasts [47,55,56]. This chronic inflammation and 
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Figure 3: Schematic representation of fibrosis.
After injury, a healing response is initiated where M1 macrophages infiltrate the tissue (A,B). These cells 
normally go into apoptosis after clearing the wound bed from debris and dead cells, or change their activation 
state towards M2 macrophages. However, after repeated injury, the inflammation state becomes chronic 
and tissue destruction and tissue repair, initiated by M2 macrophages, occurs synchronously. This leads to an 
aberrant wound healing and ultimately to fibrosis. The latter is the consequence of ECM deposition and cross-
linking by (myo)fibroblasts, which leads to stiffening of the ECM (C).
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Figure 4: Schematic representation of the foreign body reaction.
After implantation, proteins will adsorb to the biomaterial and neutrophils will migrate towards the 
biomaterial.  Neutrophils become activated and secrete pro-inflammatory factors, which attract macrophages. 
These macrophages try to invade and degrade the biomaterial. For successful degradation or integration of 
the biomaterial both M1 and M2 macrophages are necessary. If macrophages are not able to degrade the 
biomaterial, the cells fuse and become foreign body giant cells. Additionally, fibroblasts are attracted and 
activated by the infiltrating macrophages. These fibroblasts differentiate into myofibroblasts and produce 
collagen type I and III at the surface of the biomaterial, which leads to a fibrous capsule around the biomaterial.
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1abnormal repair shifts the collagen deposition and degradation balance in favor of 
deposition [52]. Excessive ECM deposition and increased ECM cross-linking by (myo)
fibroblasts leads to less degradable and stiffening of the ECM [47,54,57-60]. The increased 
tissue stiffness and decreased elasticity of the tissue maintains the activation state of 
(myo)fibroblasts or even activate new fibroblasts, therefore acting as a negative feedback 
loop in favor of fibrosis, which ultimately can lead to organ failure [47-49,54,61,62].

THE FOREIGN BODY REACTION

The implantation of a biomaterial, medical device or a substance that is foreign to the 
body will always provoke a response of the innate immune system. This results in a chain 
of reactions that involve different cell types, growth factors, cytokines, chemokines 
and ECM components and is called the foreign body reaction (FBR) [63,64]. Biomaterial 
characteristics, implantation site and host species are important variables in the course 
of the FBR [63,66-70]. Although this all can influence the nature of the FBR, the general 
FBR can be divided into three phases: de onset phase, the progression phase and the 
resolution phase [66,68]. Similar as in wound healing all phases of the general FBR are 
distinct but clearly overlap (Fig. 4). 

The onset phase consists of protein absorption and acute inflammation. In 
the progression phase there is a transition from acute to chronic inflammation and 
foreign body giant cells can be observed. The resolution phase is highly dependent 
on the application and nature of the biomaterial [70]. If the biomaterial is only needed 
temporarily or if the desired outcome is new tissue formation, the biomaterial has to be 
degraded [66,70]. In contrast, does the biomaterial serve as a replacement, for instance 
breast implants, than a fibrous capsule is required [63,66]. The different stages of the 
onset, progression and resolution phase (e.g. protein adsorption, acute inflammation, 
chronic inflammation, foreign body giant cell formation and fibrous capsule formation) 
[63,72,73] are described in this chapter. 

The onset of the FBR is the introduction of a foreign body into the tissue. The 
injury caused by injection or implantation of a biomaterial leads to a wound healing 
reaction (hemostasis, blot clotting and inflammation) [63]. Although the onset and early 
stages of the FBR are similar to normal wound healing, the presence of an implanted 
material alters the inflammation response from acute to chronic inflammation [63,73]. 

PROTEIN ADSORPTION

Directly after implantation proteins like albumin, fibrinogen, fibronectin, vitronectin 
and complement factors will attach to the biomaterial and form a provisional matrix 
[63,66,72-74]. This provisional matrix can contain several growth factors, cytokines and 
chemokines, which interact with invading inflammatory cells [63]. The content of the 
provisional matrix is highly dependent on the characteristics of the biomaterial, (e.g. 
stiffness, surface topography, composition, protein structure and isoelectric point) and 
can influence the course of the FBR [72,73,75]. 
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ACUTE AND CHRONIC INFLAMMATION 

Because of tissue damage and the release of pro-inflammatory factors, neutrophils 
migrate towards the biomaterial, which is the start of the acute inflammation phase 
[71]. After migration of neutrophils to the implantation site, the cells become activated, 
interact with the provisional matrix and secrete more pro-inflammatory cytokines 
that attract other leukocytes and macrophages. Furthermore, neovascularization or 
angiogenesis will be initiated/stimulated [63,66]. The acute inflammation phase is short-
lived; normally invading neutrophils will go into apoptosis within two days and are 
cleared by attracted macrophages [73]. Because of the presence of the biomaterial there 
is a transition from acute to chronic inflammation [67,71-73]. 

At this point macrophages and lymphocytes are the most prominent cells, which 
interact with the provisional matrix and the biomaterial itself [71,76]. The inflammation 
response is confined to the implant site and the resolution of the chronic inflammation 
phase normally takes no longer than 3 weeks [63,76]. Attracted macrophages secrete 
more pro-inflammatory factors to attract other macrophages, and try to invade 
and degrade the material by phagocytosis and the secretion of MMPs [66,77]. The 
phenotype of the macrophage that participates in the FBR is of importance and can be 
influenced either by the microenvironment, the provisional matrix or the biomaterial 
[70,72,78]. However, for successful degradation or integration of the biomaterial with 
the surrounding tissue both M1 and M2 macrophages are crucial [73,74]. Additionally, 
macrophages attract and activate fibroblasts, therefore both cell types contribute to 
tissue repair and capsule formation around the biomaterial.

FOREIGN BODY GIANT CELL FORMATION

One hallmark of the FBR is the formation of multinucleated giant cells through fusion of 
macrophages, the so-called foreign body giant cells (FBGC) [72,73,79]. FBGC can be up to 
1 mm in size and can contain three to more than one hundred nuclei, which are randomly 
distributed throughout the cytoplasm [66,80,81]. It has been shown that IL4 and IL13 can 
induce FBGC formation both in vivo and in vitro [63,82-84]. Several proteins have been 
described as being necessary for fusion, such as dendritic cell-specific transmembrane 
protein (DC-STAMP), E-cadherin and CD44 [68,74,80,82-84]. Fusion of macrophages is  
further dependent on the characteristics of the biomaterial in combination with the 
formed provisional matrix [63]. In the past, it was thought that fusion of macrophages is 
a result of frustrated macrophages, which are not able to phagocytose the biomaterial, 
e.g. “frustrated” phagocytosis [72]. Nowadays, the function of FBGC is still not completely 
understood, nevertheless it is shown that FBGC can degrade ECM components via the 
secretion of MMPs and that these cells are able to phagocytose collagen [72,79,85]. 
Furthermore, FBGC are able to secrete different growth factors and cytokines that are 
able to stimulate angiogenesis and attract more macrophages, thereby contributing to 
the inflammatory response [63].
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1FIBROUS CAPSULE FORMATION

After injury fibroblasts are attracted to the implantation site and become activated by 
the secreted factors from macrophages [73]. Similar as seen in the proliferation phase in 
wound healing, fibroblasts begin to proliferate and differentiate towards myofibroblasts. 
At the surface of the biomaterial fibroblasts produce collagen type III and other ECM 
components, which form together with macrophages and blood vessels a loose network 
of granulation tissue [63,66]. Later in the FBR this granulation tissue will be remodeled 
towards a less cellular and strong fibrous capsule mostly composed of collagen type 
I [63]. The thickness of the capsule depends on the type of biomaterial, the influx of 
different types of macrophages, fibroblasts and myofibroblasts and the secretion of pro-
fibrotic factors. The thickness and stiffness of the formed capsule is of major importance 
[63,64,72,74,86]. This can lead to success or failure of the implanted biomaterial [87]. 
If the fibrous capsule is too thick and myofibroblasts are still present the biomaterial 
cannot interact with the surrounding tissue, and contraction can occur [64]. This leads to 
deformation, mechanical stress, and in the end failure of the implant [88]. In contrast to 
the remodeling phase of normal wound healing, the final stage of the FBR (namely the 
resolution phase), is barely understood. In normal wound healing myofibroblasts and 
macrophages go into apoptosis or senescence and a normal tissue structure will appear. 
The end stage of the FBR is generally fibrosis or fibrous encapsulation of the biomaterial, 
which together with macrophages and FBGC may persist for the lifetime of an implant. 
However, if the biomaterial can completely be degraded, normal healing occurs [63,66]. 

AIM AND OUTLINE OF THIS THESIS

The main objective of this thesis is to gain a better understanding of macrophage 
polarization/activation, macrophage fusion, the effect of ECM on macrophages and in 
what way macrophages cross-talk with fibroblasts.

In Chapter 2 we investigated the influence of paracrine factors secreted from 
human primary M1 and M2 macrophages on human primary dermal fibroblasts. 
Interestingly, we found that paracrine factors secreted from M2 macrophages induce 
proliferation of the dermal fibroblasts but did not induce myofibroblast differentiation. 
Even more interesting is the fact that M1 macrophages give rise to dermal fibroblasts 
with a pro-inflammatory and an ECM-degrading profile, which in turn can be completely 
reversed by secreted factors from M2 macrophages. Our data show that not only 
macrophages, but also fibroblasts display a high dynamic plasticity in wound healing/
tissue repair processes, and that this plasticity is regulated by the microenvironment. 

Macrophages are highly dynamic cells in vivo, as shown by Stout et al. [9,10] in a 
mouse model. In vitro, M1 macrophages quickly polarize towards a M2 phenotype after 
stimulation with IL4/IL13. The same holds true for M2 macrophages, which change their 
phenotype quickly into a M1 macrophage if LPS/IFNγ is added to the culture [11]. After 
injury, macrophages transmigrate towards the injured tissue or the biomaterial. In this 
process the cells are continuously in contact with the ECM and angiogenesis is initiated. 
The direct influence of different types of ECM components on macrophage polarization 
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is unknown. Therefore we investigated, in Chapter 3, the combined influence of ECM 
components and a pro-angiogenic microenvironment on the dynamics of human 
macrophage polarization. We show that angiogenically-primed macrophages easily 
adopt a M1 or M2 phenotype after stimulation with LPS/IFNγ or IL4/IL13 and that different 
ECM components (e.g. collagen type I and fibronectin) do not influence this polarization. 
The angiogenically-primed M1 or M2 macrophages quickly re-polarize by conditioned 
medium from M1 and M2 macrophages when given as a secondary stimulus. We show 
that macrophages can influence their own polarization status within hours. 

Macrophages have a pivotal role in the FBR and are, as shown in Chapter 3, 
highly responsive to the microenvironment. In Chapter 4 we have characterized 
the activation status of macrophages in the FBR towards subcutaneously implanted 
hexamethylenediisocyanate cross-linked dermal sheep collagen disks in rats. Firstly, we 
developed and validated phenotype-specific markers for rat M1 and M2 macrophages. 
Secondly, we used these markers for characterizing macrophages both inside and in 
the surroundings of the biomaterial. We found that M1 macrophages were not present 
during the FBR and that only a few M2 macrophages were present inside the biomaterial 
as well as in the capsule surrounding the biomaterial. We show that most macrophages 
present during the FBR do not adopt a M1 or M2 phenotype. Therefore, we conclude 
that macrophages in the FBR display various activation statuses and that the M1 and M2 
classification is oversimplified in the FBR context.  

In wound healing, fibrosis and the FBR, macrophages will encounter different 
ECM components with various stiffness. Stiffness in combination with ECM and paracrine 
signaling can potentially be crucial for macrophage polarization and macrophage fusion 
(e.g. FBGC formation). In Chapter 5 we developed a straightforward in vitro model in 
which one can easily and efficiently combine different stiffness (through the use of 
polyacrylamide hydrogels) in combination with diverse ECM components. In Chapter 6, 
the effect of collagen type I in combination with stiffness values (4-92 kPa) as observed 
in normal and fibrotic tissues on macrophage polarization was studied. Much to our 
surprise, the polarization of macrophages is not affected by substrate stiffness when 
present in a collagen type I-rich environment. This is in strong contrast with fibroblasts, 
as tissue stiffening has a major impact on these cells. We concluded that paracrine 
signals are the driving force behind macrophage polarization and that the interaction 
with collagen type I and various stiffness is only of secondary importance. On the other 
hand, we found that macrophage fusion is strongly induced on 12 kPa and 26 kPa 
gels functionalized with the ECM-component fibronectin, as shown in Chapter 7. This 
indicates that stiffness, in a physiological range and in combination with fibronectin, 
such as seen in fibrotic tissue and the FBR, is able to induce giant cell formation without 
paracrine signaling, which is of major importance for the nature and course of the FBR 
and the development of biomaterials.

In Chapter 8 the main findings of Chapters 2-7 are summarized, discussed and 
placed in a larger context. In this chapter we further discuss the future perspectives and 
the research which is currently under investigation.
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