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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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1

Infiltrating macrophage

Intermediate macrophage

M1 macrophage

M2 macrophage

Fibroblast

Pro-inflammatory fibroblast

Myofibroblast

Newly formed ECM + 
cross-links

A

B

C

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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Neutrophil

Proteins Fibroblast
Pro-inflammatory fibroblast

Myofibroblast

Newly formed ECM 
(collagen I and III)

Foreign body giant cell

Infiltrating macrophage

Intermediate macrophage

M1 macrophage
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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.

In�ammation

Remodeling

Time 
axis 
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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].



19

1
INTRODUCTION AND AIM OF THIS THESIS

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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ABSTRACT

Background
Macrophages and fibroblasts are two major players in tissue repair and fibrosis. Despite 
the relevance of macrophages and fibroblasts in tissue homeostasis, remarkably little is 
known whether macrophages are able to influence the properties of fibroblasts. Here 
we investigated the role of paracrine factors secreted by classically activated (M1) and 
alternatively activated (M2) human macrophages on human dermal fibroblasts (HDFs).

Results
HDFs stimulated with paracrine factors from M1 macrophages showed a 10 to > 100-fold 
increase in the expression of the inflammatory cytokines IL6, CCL2 and CCL7 and the 
matrix metalloproteinases MMP1 and MMP3. This indicates that factors produced by M1 
macrophages induce a fibroblast phenotype with pro-inflammatory and extracellular 
matrix (ECM) degrading properties. HDFs stimulated with paracrine factors secreted 
by M2 macrophages displayed an increased proliferation rate. Interestingly, the M1-
activated pro-inflammatory fibroblasts downregulated, after exposure to paracrine 
factors produced by M2 macrophages or non-conditioned media, the inflammatory 
markers as well as MMPs and upregulated their collagen production.

Conclusions
Paracrine factors of M1 or M2 polarized macrophages induced different phenotypes 
of HDFs and the HDF phenotypes can in turn be reversed, pointing to a high dynamic 
plasticity of fibroblasts in the different phases of tissue repair.
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INTRODUCTION

In wound healing and fibrosis, a variety of processes are crucial, such as inflammation, 
cell proliferation, cell migration and extracellular matrix (ECM) remodeling. Two major 
cellular players in these processes are macrophages and fibroblasts [1-4]. During the 
proliferation phase of wound healing, fibroblasts proliferate and migrate into the wound 
site to form granulation tissue. Part of these fibroblasts differentiate into myofibroblasts 
and produce new ECM, mainly in the form of collagen, which is necessary to support 
cellular ingrowth. The degradation of collagen in the wound is mainly controlled by 
matrix metalloproteinases (MMPs). In normal wound healing, most of the myofibroblasts 
and fibroblasts go into apoptosis in due time, or leave the wound site. However, in fibrosis 
myofibroblasts accumulate and produce an excess of collagen that remains deposited, 
thereby causing damage to the tissue architecture and diminishing its function [5-9].
 The other important cell type in wound healing and fibrosis, macrophages, 
exist as resident tissue-specific macrophages, or are derived from circulating blood 
monocytes that undergo diapedesis and subsequently differentiate into macrophages. 
Macrophages display various activation states. The two opposite activation states are 
known as classically activated (M1) and alternatively activated (M2) macrophages 
[10,11]. The M1 macrophage is pro-inflammatory and is often associated with tissue 
injury and inflammation, whereas the M2 macrophage is associated with tissue repair 
and fibrosis [12-15]. Factors that induce the M1 polarization of macrophages are 
interferon gamma (IFNγ), tumor necrosis factor (TNF), and/or lipopolysaccharides (LPS), 
whereas M2 macrophage polarization is induced by interleukin 4 (IL4), 13 (IL13), 10 
(IL10), glucocorticoids and/or transforming growth factor beta 1 (TGF-β1) [11,16,17]. 
 In the inflammatory phase of wound healing, invading macrophages are pro-
inflammatory (M1) and secrete several cytokines and chemokines, like chemokine (C-C 
motif ) ligand 2 (CCL2) (monocyte chemotactic protein-1), CCL7 (monocyte chemotactic 
protein-3) and interleukin 6 (IL6). These cytokines/chemokines play a crucial role in 
wound healing and are involved in fibrogenesis [13,15,18-21]. M2 macrophages are 
associated with the healing process by modulating the inflammatory process and by 
secreting factors like CCL18. CCL18 is able to stimulate fibroblast proliferation and 
collagen production, which are important in the healing process, but an increased CCL18 
expression can also induce fibrosis [22,23]. 
 It has been shown that macrophages show a high dynamic plasticity. 
Macrophages can change, depending on the stimulus in the microenvironment, their 
secretion pattern of cytokines and chemokines several times [24-26]. For example, 
human primary M1 polarized macrophages can be re-polarized by secreted factors 
from their own counterparts, M2 macrophages, and vice versa, in vitro [27]. In vivo, there 
are indications that repolarization of macrophages also occurs, as shown in a mouse 
model for atherosclerosis [28] and in a rodent model for myocardial infarction [29]. 
This macrophage plasticity not only has an effect on the inflammation phase of wound 
healing, but likely also on the proliferation and remodeling phase. 
 Despite the relevance of macrophages and fibroblasts in tissue homeostasis, 
remarkably little is known whether the different types of human primary macrophages 
are able to influence directly the properties of human primary fibroblasts. Most of the 
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data found in literature have generally been generated with cell lines [30-32] or primary 
cells from murine origin [33,34], mostly without paying attention to the M1/M2 activation 
state. Here we investigated the role of paracrine factors secreted by human M1 and 
M2 macrophages on primary adult human dermal fibroblasts (HDFs) with respect to 
proliferation, myofibroblast formation, collagen synthesis and degradation, as well as 
synthesis of various cytokines. Because of the plasticity of macrophages, we also set out 
to investigate the influence of paracrine factors secreted by M1 macrophages followed 
by paracrine factors secreted by M2 macrophages on HDFs.

MATERIALS AND METHODS

ISOLATION OF CD14+ CELLS

Human peripheral blood mononuclear cells (PBMCs) from healthy donors were 
isolated from buffy coats (Sanquin, Groningen, the Netherlands) by density-gradient 
centrifugation using Lymphoprep (Axis-Shield, Oslo, Norway) according to the 
manufacturer’s protocol. Briefly, blood was diluted three times with isolation buffer 
(pH 7.4) consisting of phosphate buffered saline (PBS) with 0.5% Fetal Bovine Serum 
(FBS; Life Technologies Europe BV, Bleiswijk, the Netherlands) and 2 mM EDTA (Merck, 
Darmstadt, Germany). This mixture (30 ml) was layered over 20 ml of Lymphoprep and 
centrifuged at 800 x g for 30 min. Residual erythrocytes were lysed on ice (10 min) in 155 
mM NH4Cl, 10 mM KHCO3, 0.1 mM EDTA (pH7.4) and the suspension was centrifuged at 
300 x g at 4 °C for 10 min after which the supernatant was discarded and the pellet gently 
resuspended in isolation buffer. PBMCs were counted using a Coulter Counter (Beckman 
Coulter, Inc. Brea, USA). 

CD14+ cells were isolated by immunomagnetic bead separation using CD14 
Microbeads (Miltenyi Biotec B.V., Leiden, the Netherlands). Briefly, 1 x 107 PBMCs were 
labeled with 20 μl CD14 Microbeads and incubated on ice in 80 μl isolation buffer for 
30 min. Cells were washed with isolation buffer and the suspension was centrifuged 
at 300 x g at 4 °C for 10 min. The pellet was resuspended in degassed isolation buffer 
and the CD14+ cells were separated with an LS column (Miltenyi Biotec B.V., Leiden, the 
Netherlands) placed on a column adapter in a strong magnetic field. CD14+ cells bind to 
the column and after carefully washing with degassed isolation buffer and removal of the 
LS column from the magnet the CD14+ cells were flushed out from the column using a 
plunger. The CD14+ cells were counted with a Coulter Counter and after centrifugation at 
300 x g for 10 min at 4 °C gently resuspended in culture medium, consisting of X-VIVO-10 
medium (Lonza, Basel, Switzerland) supplemented with 2 mM l-glutamine (Sigma-
Aldrich, St. Louis, USA), 1% penicillin/streptomycin (Sigma-Aldrich, St. Louis, USA) and 10 
ng/ml recombinant human M-CSF (R&D Systems, Minneapolis, USA). 

MACROPHAGE CELL CULTURE, POLARIZATION WITH M1 OR M2 STIMULI AND COLLECTION OF 
CONDITIONED MEDIA

Immediately after isolation and counting, the cell suspension was plated with a density 
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of 100.000 cells/cm2 onto tissue culture polystyrene plates (TCPS; Corning Incorporated, 
NY, USA). Cells were cultured at 37 °C under 5% CO2. Cells were refed at day 3 and non-
attached cells were removed from culture at day 6.

At day 6, the adherent cells (macrophages) were washed and stimulated in culture 
medium (but without M-CSF), with either (1) 1 μg/ml LPS (Sigma-Aldrich, St. Louis, USA) 
+ 10 ng/ml IFNγ (PeproTech, Rocky Hill, USA) (classical stimuli), (2) 2 ng/ml IL4 + 2 ng/ml 
IL13 (both R&D, Minneapolis, USA) (alternative stimuli), or (3) no stimulation (control) at 
37 °C for 48 h. The polarization state of the macrophages was determined by quantitative 
RT-PCR (qRT-PCR). The cells were subsequently washed and cultured in X-VIVO-10 
medium for 4 h (conditioned medium). After 4 h the CM from (1) M1 macrophages, (2) M2 
macrophages and (3) unstimulated macrophages was collected and stored for further 
analyses at -20 °C. The CM of the different conditions were used for stimulation of HDFs, 
the determination of CCL2 and CCL18 levels by means of enzyme-linked immunosorbent 
assays (ELISA) and the determination of cytokines with a multiplex bead immunoassay. 

HDF CELL CULTURE AND STIMULATION WITH CM OF M1, M2 AND UNSTIMULATED 
MACROPHAGES

Primary HDFs (#2320, ScienCell, Carlsbad, USA) were seeded onto TCPS overnight with 
a density of 15.000 cells/cm2 in X-VIVO-10 medium containing 2 mM l-glutamine, 1% 
penicillin/streptomycin and 50 μg/ml l-ascorbic acid 2-phosphate sesquimagnesium salt 
hydrate (Sigma-Aldrich, St. Louis, USA). The next day the X-VIVO medium was replaced 
by CM derived of M1, M2 or unstimulated macrophages, which was supplemented with 
l-ascorbic acid 2-phosphate sesquimagnesium salt hydrate. Passage 5 or 6 of HDFs were 
used for stimulations with CM from macrophages. The CM was refreshed every day and 
the stimulated HDFs were characterized at 24 h, 48 h, 72 h and 144 h by morphology, 
qRT-PCR and after 24 h, 72 h and 144 h by immunofluorescent stainings. The deposition 
of the extracellular matrix proteins collagen type I and type III was determined at 72 
h and 144 h. After 24 h and 48 h, CM of stimulated HDFs was collected and stored for 
further analysis at -20 °C. Prior to collection of the CM, the stimulated HDFs were washed 
and cultured in X-VIVO-10 medium for 4 h. CCL2, CCL7, IL6, MMP1, MMP2 and MMP3 
secretion by HDFs was determined by ELISA. All culture conditions were carried out at 
37 °C under 5% CO2.

STIMULATION OF HDFS BY CM OF M1 MACROPHAGES FOLLOWED BY STIMULATION WITH CM 
OF M2 MACROPHAGES (SWITCH)

HDFs were cultured as described above. After overnight seeding in X-VIVO-10 medium 
the medium was replaced by CM of M1 macrophages for 24 h or 48 h, with refreshment of 
the CM after 24 h. After 24 h or 48 h the medium was replaced by CM of M2 macrophages 
or by X-VIVO-10 medium (non-CM) for another 48 h or 96 h, respectively (total culture 
time now 72 h and 144 h, respectively); the CM or non-CM were refreshed every day. The 
HDFs were characterized by qRT-PCR.
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RNA ISOLATION, CDNA SYNTHESIS AND QRT-PCR

Total RNA was isolated from the cells using the RNeasy Kit (Qiagen Inc., CA, USA) 
in accordance to the manufacturer’s protocol. RNA concentration and purity were 
determined by UV spectrophotometry (NanoDrop Technologies, Wilmington, NC). 
For qRT-PCR analysis, total RNA was reverse transcribed using the First Strand cDNA 
synthesis kit (Fermentas UAB, Lithuania) in accordance to the manufacturer’s protocol. 
Quantification of gene expression was performed using qRT-PCR analysis in a final 
reaction volume of 10 μl, consisting of 1x SYBR Green Supermix (Bio-Rad, Hercules, USA), 
6 μM forward primer, 6 μM reverse primer (Table 1) and 5 ng cDNA. Reactions were 
performed at 95 °C for 15 sec, 60 °C for 30 sec, 72 °C for 30 sec, for 40 cycles in a ViiA™ 7 
Real-Time PCR System (Applied Biosystems, CA, USA). Analysis of the data was performed 
using ViiA 7™ Real-Time PCR System Software v1.1 (Applied Biosystems, CA, USA).

ENZYME-LINKED IMMUNOSORBENT ASSAY (ELISA)

Determination of CCL2, CCL7, CCL18, IL6, MMP1, MMP2 and MMP3 protein levels were 
measured using DuoSet® ELISA Development kit (R&D Systems, Minneapolis, USA) in 
accordance to manufacturer’s protocol.

Briefly, 96 wells plates (#9018, Corning, Amsterdam, The Netherlands) were 
coated with Capture Antibody and incubated overnight at room temperature (RT). 
After incubation the plates were washed with 0.05% Tween-20 (Sigma-Aldrich, St. Louis, 
USA) in PBS and blocked with 1% bovine serum albumin (BSA) (Sanquin, Amsterdam, 
the Netherlands) in PBS for 1 h. After washing, the plates were incubated with diluted 
sample or matched standards for 2 h. The detection was performed using matched 
biotin conjugated antibodies followed by streptavidin-poly-horseradish peroxidase 
(Sanquin, Amsterdam, The Netherlands). The color reaction was performed with 
tetramethylbenzidine (TMB; Sigma-Aldrich, St. Louis, USA) in sodium acetate buffer, pH 
6, containing H2O2 and stopped with 1 M H2SO4. The absorbance was measured using a 
microplate reader (VERSA max, Molecular Devices Inc., CA, USA). The detection limit for 
MMP2, MMP1, MMP3, CCL2, IL6, CCL7 and CCL18 was 312 pg/ml, 78 pg/ml, 15.6 pg/ml, 
7.8 pg/ml, 4.7 pg/ml and 3.9 pg/ml, respectively.

MULTIPLEX BEAD IMMUNOASSAY

Factors that were secreted by M1, M2 and unstimulated macrophages were determined 
by a multiplex bead immunoassay in accordance to manufacturer’s protocol (Invitrogen 
Corporation, Carlsbad, USA). Briefly, beads that have defined spectral properties and are 
conjugated to protein-specific capture antibodies were added to a 96 well filter plate. 
After washing, the plate was incubated with sample or matched standards for 2 h. The 
detection was performed using protein-specific biotinylated detector antibodies and 
streptavidin conjugated R-Phycoerythrin. The beads were analyzed with the Luminex-100 
detection system (Luminex, Austin, USA).
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PROTEOLYTIC ACTIVITY ASSAY

MMP activity was determined in the CM of HDFs after 24 h of stimulation with CM derived 
of M1, M2 or unstimulated macrophages. The CM of the HDFs was mixed, in a black 96 
flat bottom plate, with prewarmed assay buffer containing 0.1 M 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES), 20 mM CaCl2, 0,1% Brij-35, pH 7.0 and 10 μM 
OmniMMP™ fluorogenic substrate (BML-P126, Enzo Life Sciences, Antwerpen, Belgium). 
The fluorescent intensity was measured using a fluorescence plate reader (BIO-TEK 
FL600, BIO-TEK instruments, Inc., Winooski, USA) after 20 h of incubation at 37 °C.

IMMUNOFLUORESCENT STAININGS FOR ACTA2 AND MKI67 ON STIMULATED ADULT HUMAN 
DERMAL FIBROBLASTS

After 24 h and 144 h of culture, HDFs were washed twice with PBS and fixed in 2% 
paraformaldehyde (PFA) at RT for 10 min. Fixed cells were incubated with 0.5% Triton 
X-100 (Merck, Darmstadt, Germany) in PBS for 3 min at RT. After washing with PBS 
the cells were incubated with (1) mouse-anti-human ACTA2 (M0851, Dako, Glosstrup, 
Denmark) (1:100) or (2) rabbit-anti-human MKI67 (MONOSAN®, Uden, The Netherlands) 
(1:500) diluted in PBS containing 1% BSA for 1 h at RT. After three washes with PBS, cells 
were incubated with biotinylated (1) goat-anti-mouse IgG2a-biotin (SouthernBiotech, 
Alabama, USA) (1:100), or (2) goat-anti-rabbit-FITC (SouthernBiotech, Alabama, USA) 
(1:100) diluted in PBS containing 2% normal human serum (NHS) for 30 min at RT. The 
cells were subsequently washed three times with PBS and incubated with streptavidine-
CY3 (Invitrogen, Grand Island, USA) (1:100) in PBS containing 1% BSA, 2% NHS and DAPI 
(1:5000) for 30 min. After three washes with PBS the slides were mounted in Citifluor 
(Agar Scientific, Essex, UK) and examined by immunofluorescent microscopy using 
a Leica DMRA microscope equipped with a Leica DFC350FX digital camera and Leica 
Application Suite (LAS) software (all Leica Microsystems, Wetzlar, Germany).

COLLAGEN TYPE I DEPOSITION BY HDFS AFTER STIMULATION WITH CM OF M1, M2 OR 
UNSTIMULATED MACROPHAGES
 
After 72 h and 144 h of culture, HDFs were washed twice with PBS and fixed in 2% PFA at 
RT for 10 min. Fixed cells were incubated at RT with (1) mouse-anti-human collagen type 
I (COL I) (1:100) (ab90395, Abcam, Cambridge, UK) diluted in PBS containing 1% BSA for 
1 h. The HDFs were washed three times with PBS, followed by incubation with goat-anti-
mouse IgG1-biotin (SouthernBiotech, Alabama, USA) (1:100) diluted in 1% BSA in PBS for 
30 min. The cells were subsequently washed three times with PBS and incubated with 
streptavidine-CY3 (1:100) in PBS containing 1% BSA, 2% NHS and DAPI (1:5000) for 30 
min. After three washes with PBS the slides were mounted in Citifluor and examined by 
immunofluorescent microscopy using a Leica DMRA microscope.
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COLLAGEN GEL CONTRACTION 

Collagen gels were prepared by mixing X-VIVO-10 medium, 1 M NaOH, 10 x PBS, 0.2 M 
HEPES and collagen I (BD Biosciences, Franklin Lakes, NJ USA). The final concentration 
was 5.2 mM NaOH, 1 x PBS, 2 mM HEPES, 2.4 mg/ml of collagen I in X-VIVO-10 medium. 
HDFs were added in a concentration of 200.000 cells/ml and 500 μl of this mixture was 
pipetted into a well of a 24-well culture plate. Polymerization of the solution occurred 
within 1h at 37 °C under 5% CO2. After polymerization CM of M1, M2 or unstimulated 
macrophages was added. As control complete X-VIVO-10 medium supplemented 
with 10 ng/ml TGF-β1 (PeproTech EC Ltd, London, UK) was used. The CM and medium 
supplemented with TGF-β1 was refreshed every day and the cells were cultured at 37 
°C under 5% CO2. After 5 days the gels were gently released and contractile force was 
analyzed by measuring the gel diameter at 8 h after release using a flatbed scanner 
(Hewlett-Packard Company, Palo Alto, USA) Data are expressed as the percentage of area 
compared to the initial gel area.

STATISTICS

All data are represented as means ± standard error of the mean of at least three 
independent experiments and were analyzed by Graph-Pad Prism Version 5 for Macintosh 
(GraphPad Software, Inc., La Jolla, CA, USA) either by one-way ANOVA followed by Tukey’s 
post hoc analysis, or by two-way ANOVA followed by Bonferroni post hoc analysis. Values 
of P < 0.05 were considered to be statistically significant. 
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Table 1  Overview of primers used for qRT-PCR analysis
Target gene Forward sequence Reverse sequence

ACTA2 CTGTTCCAGCCATCCTTCAT TCATGATGCTGTTGTAGGTGGT

CCL18 ATGGCCCTCTGCTCCTGT AATCTGCCAGGAGGTATAGACG

CCL2 AGTCTCTGCCGCCCTTCT GTGACTGGGGCATTGATTG

CCL7 ATGAAAGCCTCTGCAGCACT TCTGTAGCAGCAGGTAGTTGAAGT

CD14 AGCTAAAGCACTTCCAGAGC AGTTGTGGCTGAGGTCTAGG

CD40 GGTCTCACCTCGCTATGGTT CAGTGGGTGGTTCTGGATG 

CD68 GTCCACCTCGACCTGCTCT CACTGGGGCAGGAGAAACT

CLEC10A AGGGTTTCAAGCAGGAACG AGGTGTGCCTTCTGCGTAGT

COL1A1 GCCTCAAGGTATTGCTGGAC ACCTTGTTTGCCAGGTTCAC

COL3A1 CTGGACCCCAGGGTCTTC CATCTGATCCAGGGTTTCCA

GAPDH AGCCACATCGCTCAGACAC GCCCAATACGACCAAATCC

IL1B TACCTGTCCTGCGTGTTGAA TCTTTGGGTAATTTTTGGGATCT

IL1R2 TTTCTGCCTTCACCCTTCAG GGCACCTCAGGGCTACAG

IL6 ACTTGCCTGGTGAAAATCAT CAGGAACTGGATCAGGACTT

MMP1 GCTAACCTTTGATGCTATAACTACGA TTTGTGCGCATGTAGAATCTG

MMP14 TACTTCCCAGGCCCCAAC GCCACCAGGAAGATGTCATT

MMP2 CCCCAAAACGGACAAAGAG CTTCAGCACAAACAGGTTGC

MMP3 CAAAACATATTTCTTTGTAGAGGACAA TTCAGCTATTTGCTTGGGAAA

MRC1 ACACCAAAACCTGAGCCAAC CCACCCATCTTCAGTAACTGGT

TAGLN CTGTTCCAGCCATCCTTCAT TCATGATGCTGTTGTAGGTGGT

TIMP1 GAAGAGCCTGAACCACAGGT CGGGGAGGAGATGTAGCAC

YWHAZ GATCCCCAATGCTTCACAAG TGCTTGTTGTGACTGATCGAC



36

CHAPTER 2

RESULTS

CHARACTERIZATION OF MACROPHAGES AFTER M1 OR M2 POLARIZATION 

Primary human macrophages responded to LPS/IFNγ or IL4/IL13, resulting in M1 or 
M2 polarization, respectively. M1 polarized macrophages adopted a “dendritic”-like 
morphology with large filopodia while M2 polarized macrophages showed a rounded 
and/or spindle shaped morphology, which was comparable with the morphology of 
unstimulated macrophages (Figure 1A). 

The three macrophage subsets showed compared to the reference gene tyrosine 
3-monooxygenase/tryptophan 5-monooxygenase activation protein, zeta polypeptide 
(YWHAZ), a high expression of CD68, which is a general marker for macrophages. 
M1 macrophages had a lower CD68 expression than M2 polarized or unstimulated 
macrophages (Figure 1B). CD14, a co-receptor for toll-like receptor 4 (TLR4), is involved 
in LPS recognition and is upregulated by M1 polarized macrophages compared to M2 or 
unstimulated macrophages (Figure 1B). 

Macrophages stimulated for 48 h with LPS/IFNγ showed an upregulation of the 
inflammatory genes interleukin 1 beta (IL1B), IL6 and CCL2 compared to M2 polarized 
and unstimulated macrophages (Figure 1C). A similar upregulation of CD40, a protein 
involved in the activation of antigen presenting cells, was seen after LPS/IFNγ stimulation 
(Figure 1C). 

Macrophages stimulated with IL4/IL13 showed an upregulated gene expression 
of C-type lectin domain family 10, member A (CLEC10A; also known as macrophage 
galactose N-acetyl-galactosamine specific lectin) and mannose receptor, C type 1 
(MRC1) compared to M1 polarized or unstimulated macrophages. CCL18 tended to 
be upregulated in IL4/IL13 stimulated macrophages while interleukin 1 receptor, type 
II (IL1R2), which acts as a decoy receptor for the type I interleukin 1, showed a higher 
expression in IL4/IL13 and unstimulated macrophages than M1 polarized macrophages 
(Figure 1D). M1 macrophages secreted significantly more CCL2 compared to M2 and 
unstimulated macrophages. M2 and M1 macrophages secreted more CCL18 compared 
to unstimulated macrophages, but no significant differences in secretion were seen 
between M1 and M2 (Figure 1E). 

Figure 1: Characterization of macrophages after M1 or M2 polarization (next page).
After stimulation with LPS/IFNγ, M1 macrophages showed a dendritic morphology while IL4/IL13 (M2) 
stimulated and unstimulated macrophages showed a rounded and/or spindle-shaped morphology (A). The 
three primary macrophages subsets showed, compared to reference gene YWHAZ, a high expression of CD68. 
In M1 polarized macrophages the CD68 gene expression is downregulated while the expression of CD14 is 
upregulated compared to M2 or unstimulated macrophages (B). LPS/IFNγ-stimulated (M1) macrophages 
showed upregulated gene expression of IL1B, IL6, CCL2 and CD40 (C). IL4/IL13-stimulated (M2) macrophages 
upregulated the gene expression of CLEC10A, MRC1 and tended to upregulate CCL18. IL1R2 showed a high 
expression in M2 and unstimulated macrophages and was downregulated in M1 polarized macrophages (D). 
At protein level, more CCL2 was observed in conditioned medium from M1 macrophages. CCL18 protein 
secretion showed, like CCL2, values that correlated with gene expression (E).
* p < 0.05, Difference between LPS/IFNγ and IL4/IL13 stimulated macrophages, ** p < 0.01, *** p < 0.001. # p 
< 0.05, Difference between LPS/IFNγ stimulated and unstimulated macrophages, ### p < 0.001. ^^ p < 0.01, 
Difference between IL4/IL13 stimulated and unstimulated macrophages. Data were analyzed using one-way 
ANOVA followed by Tukey’s post-test. Gene expression analysis n = 4, protein secretion n = 3. 
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M1 macrophages secreted more pro-inflammatory cytokines and chemokines 
compared to M2 and unstimulated macrophages (Table 2). M2 macrophages secreted 
fibroblast growth factor 2 (FGF2), which was significant different compared to M1 and 
unstimulated macrophages (Table 2). 

Overall, our results indicate that M1 polarized macrophages were pro-
inflammatory while M2 polarized macrophages were non-inflammatory and 
unstimulated macrophages adopted a M2 “intermediate” phenotype.  

MORPHOLOGY OF HDFS STIMULATED WITH CONDITIONED MEDIUM (CM) OF M1 POLARIZED, 
M2 POLARIZED, OR UNSTIMULATED MACROPHAGES

Dermal fibroblasts were stimulated with CM of M1 polarized, M2 polarized or 
unstimulated macrophages for 24 h, 48 h, 72 h and 144 h. After 24 h of stimulation, 
the fibroblasts showed a spindle-shaped morphology in all three conditions (Figure 2A, 
B, C). After 24 h of stimulation with CM of M1 macrophages some rounded fibroblasts 
were seen, which were not present in the fibroblast cultures stimulated with CM of 
M2 polarized or unstimulated macrophages (Figure 2A). After 48 h of stimulation, the 
morphology of the fibroblasts was similar to that of 24 h of stimulation (data not shown). 
However, the fibroblast morphology changes in time. CM of M1 macrophages induced 
a rounded morphology, which was clearly seen after 72 h (Figure 2D) and 144 h (Figure 
2G), while fibroblasts stimulated with CM of M2 macrophages adopted an elongated 

Table 2  Overview secreted cytokines, chemokines and growth factors by different polarized macrophages

Protein symbol M1 M2 Unst. M1:M2 M1:Unst. M2:Unst

CCL2 743 ± 123 0 0 743 743 1

CCL3 45 ± 28 0 0 45 45 1

CCL4 192 ± 59 0 0 192 192 1

CCL5 26 ± 9 0 0 26 26 1

CCL18 37 ±19 64 ± 4 0 -2 37 64

CXCL9 183 ± 80 0 0 183 183 1

CXCL10 370 ± 83 7.4 ± 1.9 7.4 ± 1.2 50 50 1

FGF2 1.6 ± 3.2 10 ± 4 0 -6 1 10

IL6 31 ± 7 0 0 31 31 1

IL8 1171 ± 388 52 ± 11 63 ± 19 23 19 1

IL12p40/p70 84 ± 30 0 0 84 84 1

IL15 40 ± 11 0 0 40 40 1

Secreted factors by macrophages (pg/ml) Ratio
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Figure 2: Morphology of HDFs stimulated with CM of M1 polarized, M2 polarized, or unstimulated 
macrophages.
HDFs stimulated with CM of M1 polarized macrophages; 24 h (A), 72 h (D), and 144 h (G). After 24 h, most of 
the fibroblasts showed a spindle-shaped morphology although some rounded fibroblasts were seen. After 
72 h, the fibroblasts adopted a rounded morphology that was most prominent after 144 h. HDFs stimulated 
with CM of M2 polarized macrophages; 24 h (B), 72 h (E) and 144 h (H). After 24 h the cells showed a spindle-
like morphology, which was changed into an elongated spindle-like morphology after 72 h. HDFs stimulated 
with CM from unstimulated macrophages 24 h (C), 72 h (F), and 144 h (I). The fibroblasts showed a spindle-like 
morphology after 24 h, which was not changed in time.

spindle-shaped cell morphology after 72 h and 144 h (Figure 2E, and H). The morphology 
of fibroblasts stimulated with CM of unstimulated macrophages had a spindle-shaped 
morphology after 72 h and 144 h (Figure 2F and I) that was similar to 24 h (Figure 2C). This 
morphology was also seen by fibroblasts cultured in control medium (data not shown).

A B C

D E F

G H I
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CM FROM M1 MACROPHAGES INDUCES A PRO-INFLAMMATORY HDF 

HDFs showed, after stimulation with CM of M1 macrophages, a > 10-fold increase in the 
expression of the pro-inflammatory gene CCL2 compared to fibroblasts stimulated with 
CM of M2 or unstimulated macrophages at all time points (Figure 3A). The expression 
of the pro-inflammatory genes IL6 and CCL7 was > 100-fold upregulated at all time 
points by fibroblasts stimulated with CM of M1 macrophages compared to fibroblasts 
stimulated with CM of M2 or unstimulated macrophages (Figure 3A). 

Secretion of the cytokines CCL2, IL6 and chemokine CCL7 by dermal fibroblasts 
was determined after 24 h and 48h of stimulation. Fibroblasts stimulated with CM of 
M1 macrophages secreted significantly more CCL2 and IL6 compared to fibroblasts 
stimulated with CM of M2 macrophages or unstimulated macrophages after 24 h and 
48 h (Figure 3B). Secretion of CCL7 by M1 CM stimulated fibroblasts was higher after 24 
h and becomes significant after 48 h of stimulation compared to fibroblasts stimulated 
with M2 or unstimulated macrophages CM (Figure 3B).

These results are in accordance with the gene expression patterns of the 
stimulated fibroblasts. The results indicate that M1 macrophages induce, by means of 
paracrine signaling, a pro-inflammatory dermal fibroblast.

Figure 3: CM from M1 macrophages induces a pro-inflammatory HDF.
HDFs upregulated the gene expression of pro-inflammatory genes CCL2, IL6 and CCL7 after stimulation with CM 
of M1 polarized macrophages compared to M2 polarized and unstimulated macrophages (A). HDFs stimulated 
with CM of M1 macrophages secreted significantly more CCL2, IL6 and CCL7 after 24 h and 48 h, whereas 
secretion levels of these proteins by fibroblasts stimulated with CM of M2 macrophages or unstimulated 
macrophages were below the detection limit (B). ** p < 0.01, Difference between HDFs stimulated with CM 
of M1 polarized and CM of M2 polarized macrophages, *** p < 0.001. # p < 0.05, Difference between HDFs 
stimulated with CM of M1 polarized and CM of unstimulated macrophages, ## p < 0.01, ### p < 0.001. Gene 
expression analysis data were analyzed using two-way ANOVA followed by Bonferroni’s post-test, n = 4. Protein 
secretion data were analyzed using one-way ANOVA followed by Tukey’s post-test n = 3.
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CM FROM M1 MACROPHAGES INDUCES THE EXPRESSION OF ECM DEGRADING ENZYMES BY 
HDFS 

Stimulation of dermal fibroblasts with CM of M1 macrophages already showed an 
upregulated gene expression of MMP1, MMP2, MMP3 and MMP14 compared to the 
other conditions after 24 h (Figure 4A). These MMP gene expression profiles were 
consistently upregulated over time, except for MMP2 and MMP14 after 144 h. Tissue 
inhibitor of metalloproteinases −1 (TIMP1) was also upregulated (2–3 fold) in fibroblasts 
stimulated with CM of M1 macrophages, but the total MMP gene expression levels were 
much higher upregulated: MMP1 and MMP3 were > 10 and > 100 fold upregulated, 
respectively (Figure 4A). On protein level, the secretion of MMP1, MMP2 and MMP3 were 
upregulated by fibroblasts after stimulation with CM of M1 macrophages in the same 
order of magnitude as observed by the respective expression data (Figure 4B). Indeed, 
the secreted MMPs showed a higher net proteolytic activity compared to medium 
derived from fibroblasts stimulated with CM of M2 or unstimulated macrophages (Figure 
4C). 

The results indicate that fibroblasts subjected to factors produced by M1 
macrophages show enhanced ECM degradation properties.

CM OF M1 POLARIZED, M2 POLARIZED OR UNSTIMULATED MACROPHAGES DOES NOT 
INDUCE MYOFIBROBLAST DIFFERENTIATION OF HDFS

Alpha-actin-2 (ACTA2; also known as alpha Smooth Muscle Actin), a marker for 
myofibroblast formation, is upregulated at gene expression level by fibroblasts stimulated 
with CM of unstimulated macrophages compared to CM of M1 stimulated macrophages 
after 48 h, 72 h and 144 h. Fibroblasts stimulated with CM of M2 macrophages showed an 
upregulation of ACTA2 compared to fibroblasts stimulated with CM of M1 macrophages 
after 144 h (Figure 5A). No differences were observed in transgelin (TAGLN) (smooth 
muscle protein 22-alpha) gene expression, a calponin that is mainly expressed by 
smooth muscle cells and myofibroblasts (Figure 5A). 

On protein level no ACTA2 was seen in fibroblasts after 144 h of stimulation with 
the three different CM. This was in contrast to transforming growth factor beta1 (TGF-β1) 
stimulated fibroblasts (myofibroblasts), which showed ACTA2 protein expression after 
144 h (Figure 5B). TGF-β1 stimulated fibroblasts showed a higher contractile force 
compared with fibroblasts stimulated with CM of different macrophages in a collagen 
gel contraction assay (Figure 5C). Fibroblasts stimulated with CM of M1 macrophages 
contract the collagen gel slightly more than fibroblasts stimulated with CM of M2 and 
unstimulated fibroblasts. It is reported by Zhu et al. that active MMPs increases collagen 
gel contraction [35,36]. It is likely that the secretion of active MMPs by fibroblasts 
stimulated with M1 CM causes the observed gel contraction. 

Together, these results indicate that CM from M1, M2 or unstimulated macrophages 
did not result in the differentiation of fibroblasts into myofibroblasts.  
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Figure 4: CM from M1 macrophages induces dermal fibroblasts with extracellular matrix degradation 
properties.
HDFs upregulated the gene expression of MMP1, MMP2, MMP3, MMP14 and TIMP1 after stimulation with CM 
of M1 polarized macrophages compared to M2 polarized and unstimulated macrophages (A). HDFs stimulated 
with CM of M1 macrophages secreted significantly more MMP1, MMP2 and MMP3 protein compared to 
fibroblasts stimulated with CM of M2 macrophages or unstimulated macrophages (B). HDFs stimulated with 
M1 CM showed a higher net proteolytic activity compared to HDFs stimulated with CM of M2 and unstimulated 
macrophages (C). ** p < 0.01, Difference between HDFs stimulated with CM of M1 polarized and CM of M2 
polarized macrophages, *** p < 0.001. ## p < 0.01, Difference between HDFs stimulated with CM of M1 
polarized and CM of unstimulated macrophages, ### p < 0.001. Gene expression analysis data were analyzed 
using two-way ANOVA followed by Bonferroni’s post-test, n = 4. MMP secretion was analyzed using one-way 
ANOVA followed by Tukey’s post-test, n = 3. Proteolytic activity was analyzed using one-way ANOVA followed 
by Tukey’s post-test, n = 4
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PROLIFERATION OF HDFS IS INDUCED BY CM OF M2 MACROPHAGES

After 72 h, fibroblast cell numbers were similar in all conditions, but increased exclusively 
after stimulation with CM of M2 macrophages after 144 h (Figure 6A). Nuclear protein 
Ki-67 (MKI67), a cellular marker for proliferation, showed the same amount of positive 
nuclei at 24 h in all conditions. This indicates that a comparable proliferation rate occurs 
at 24 h (Figure 6B). At 144 h, more MKI67 positive nuclei were seen when fibroblasts 
were stimulated with CM of M2 macrophages compared to CM from M1 or unstimulated 
macrophages, although in all three conditions positive nuclei were seen (Figure 6B and 
C).

The results indicate that CM from M2 macrophages induced proliferation of 
fibroblasts.

INFLUENCE OF CM OF M1 POLARIZED, M2 POLARIZED OR UNSTIMULATED MACROPHAGES ON 
EXTRACELLULAR MATRIX DEPOSITION BY HDFS

ECM deposition by fibroblasts is an important process in wound healing and fibrosis. Two 
major collagens produced in these processes are collagen type I (COL1A1) and collagen 
type III (COL3A1). COL1A1 gene expression in fibroblasts was reduced after stimulation 
with CM of M1 macrophages compared to CM of M2 and unstimulated macrophages 
after 144 h (Figure 7A). CM of M1 macrophages reduced COL3A1 gene expression in 
fibroblasts compared to CM of M2 macrophages at 144 h (Figure 7A). No difference in 
COL1A1 and COL3A1 gene expression was seen in fibroblasts stimulated with CM of M2 
or unstimulated macrophages compared to fibroblasts cultured in control medium (data 
not shown).

After 72 h, no difference in collagen type I deposition was seen after the different 
stimulations. However, less collagen type I protein deposition was seen by fibroblasts 
stimulated with CM of M1 macrophages compared to the other conditions after 144 h 
(Figure 7B). 

These results are in accordance with the gene expression patterns of the 
stimulated fibroblasts. The results indicate that CM of M1 macrophages reduce ECM 
deposition by fibroblasts.

HDFS STIMULATED WITH CM OF M1 MACROPHAGES FOLLOWED BY STIMULATION WITH CM 
OF M2 MACROPHAGES OR NON-CM (SWITCH) 

In wound healing, the inflammatory phase is normally followed by the healing phase. 
In both phases macrophages and fibroblasts play an important role. In vitro, it is shown 
that macrophages can be re-polarized from M1 to M2 and vice versa  [26,27]. In vivo, 
there are indications that re-polarization of macrophages also occurs [28,29]. Therefore 
we investigated the influence of CM of M1 macrophages on fibroblasts followed by 
stimulation with CM of M2 macrophages or non-CM at 72 h (24 h CM M1 followed by 48 
h CM M2 or non-CM) and 144 h (48 h CM M1 followed by 96 h CM M2 or non-CM).

As shown in Figure 3, fibroblasts became pro-inflammatory after stimulation 
with CM of M1 macrophages. Figure 8A shows that if this stimulation is followed by CM 
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Figure 5: CM of M1 polarized, M2 polarized or unstimulated macrophages do not induce myofibroblast 
differentiation of HDFs.
HDFs stimulated with CM of unstimulated macrophages showed, compared to fibroblasts stimulated with CM 
of M1 polarized macrophages, an upregulated gene expression of ACTA2 after 48 h, 72 h and 144 h. HDFs 
stimulated with CM of M2 polarized macrophages showed a higher gene expression of ACTA2 compared to 
HDFs stimulated with CM of M1 macrophages after 144 h (A). No differences were observed in TAGLN gene 
expression between the three conditions in all time points (A). No differences in ACTA2 protein expression were 
seen between the three conditions after 144 h. TGF-β1 stimulated fibroblasts were used as positive control (B). 
Fibroblasts stimulated with CM of M1 macrophages contract the collagen 10% more than fibroblasts stimulated 
with CM of M2 and unstimulated fibroblasts. Fibroblasts stimulated with TGF-β1 contract the collagen 50% 
more compared to the other stimulations (C). Continuing legend figure 5 on page 45.
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of M2 macrophages or non-CM, the fibroblasts completely downregulated the gene 
expression of CCL2 and IL6 both after 72 h and 144 h. The gene expression level of CCL2 
and IL6 was similar to fibroblasts stimulated with only CM of M2 macrophages at both 
time points.

As shown in Figure 4, expression levels of MMP1, MMP2 and MMP14 were 
upregulated after stimulation of CM from M1 macrophages. Fibroblasts which were 
stimulated with CM of M1 followed by CM of M2 macrophages or non-CM, showed 
a downregulation in the gene expression of MMP1 after 72 h and 144 h (Figure 8B). 
MMP2 expression by fibroblasts after the CM switch showed a slight decrease after 72 
h. After 144 h, no differences in MMP2 expression levels were seen between fibroblasts 
stimulated with CM of M1 or M2 macrophages nor the switch (data not shown). MMP14 
gene expression was downregulated in fibroblasts that were stimulated with CM of M1 
followed by CM of M2 macrophages or non-CM compared to stimulation with CM of 
M1 macrophages after 72 h. Similar to the gene expression of MMP2, no differences 
in MMP14 expression were seen between the conditions after 144 h (data not shown). 
As shown in Figure 4A, TIMP1 was upregulated in fibroblasts after stimulation with 
CM of M1 macrophages. Fibroblasts, stimulated with CM of M1 followed by CM of M2 
macrophages or non-CM, showed a TIMP1 gene expression that remained high at 72 h 
and 144 h, which was significantly different compared to fibroblasts stimulated with CM 
of M2 macrophages alone (Figure 8B), indicating that CM of M2 macrophages nor non-
CM was not able to suppress the induction of TIMP expression by CM of M1 macrophages.

ACTA2 gene expression was similar between fibroblasts stimulated with CM of 
M1 or M2 macrophages or the switch after 72 h. After 144 h fibroblasts stimulated with 
CM of M2 macrophages or the switch showed higher expression of ACTA2 compared to 
fibroblasts stimulated with only CM of M1 macrophages (data not shown). No differences 
were seen in TAGLN gene expression between the three conditions (data not shown).

COL1A1 gene expression was upregulated after the switch of CM compared 
to fibroblasts stimulated with M1 macrophages CM at 144 h (Figure 8C). This gene 
expression was similar to fibroblasts stimulated with CM of M2 macrophages after 144 
h. No differences in COL3A1 gene expression were seen after the switch compared to 
fibroblasts stimulated with M1 or M2 CM in time.

The results indicate that the effects of factors produced by M1 macrophages on 
HDFs diminish once HFDs are not exposed to these factors anymore (i.e. if HDFs are 
exposed to M2-CM or non-CM).  

Figure 5: legend continuation
 * p < 0.05, Difference between HDFs stimulated with CM of M1 polarized and CM of M2 polarized macrophages, 
*** p < 0.001. # p < 0.05, Difference between HDFs stimulated with CM of M1 polarized and CM of unstimulated 
macrophages, ## p < 0.01, ### p < 0.001. ^ p < 0.05, Difference between HDFs stimulated with CM of M2 
polarized and CM of unstimulated macrophages. ≅≅≅ p < 0.001, Difference between HDFs stimulated with 
TGF-β1 and CM of M1 polarized macrophages. §§§ p < 0.001, Difference between HDFs stimulated with TGF-β1 
and CM of M2 polarized macrophages. ❖❖❖ p < 0.001, Difference between HDFs stimulated with TGF-β1 and 
CM of unstimulated polarized macrophages. Gene expression analysis data were analyzed using two-way 
ANOVA followed by Bonferroni’s post-test, n = 4. ACTA2 protein expression was shown in red and nuclei in 
blue (DAPI), original magnification 200x. Collagen gel contraction analysis data were analyzed using one-way 
ANOVA followed by Tukey’s post-test, n = 3
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Figure 6: Proliferation of HDFs is induced by CM of M2 macrophages.
After 72 h, no differences in cell numbers were seen between HDFs stimulated with CM of M1 polarized, M2 
polarized or unstimulated macrophages. After 144 h, stimulation with CM of M2 macrophages increased the 
dermal fibroblast cell number, exclusively (A). This is due to proliferation of the HDFs as shown by MKI67 protein 
staining (B). More MKI67 positive nuclei (green) were seen in fibroblasts stimulated with CM of M2 macrophages 
compared to fibroblasts stimulated with CM of M1 and unstimulated macrophages after 144 h (C). *** p < 
0.001, Difference between HDFs stimulated with CM of M1 polarized and CM of M2 polarized macrophages. # 
p < 0.05, Difference between HDFs stimulated with CM of M2 polarized and CM of unstimulated macrophages. 
^ p < 0.05, Difference between 72 h and 144 h after stimulation of HDFs with CM of M2 polarized macrophages. 
Cell numbers and MKI67 positive nuclei were analyzed using two-way ANOVA followed by Bonferroni’s post-
test n = 3. MKI67 protein expression was shown in green, nuclei in blue (DAPI) and original magnification was 
200x. 

DISCUSSION 

Macrophages play important roles in wound repair processes. Macrophages 
are phenotypically highly plastic, and their polarization state depends on the 
microenvironment present in the wounded area. The M1 and M2 polarization states are 
opposite activation states of a continuum. Protocols to induce M1 and M2 macrophages 
in vitro are widely used, but it should be realized that the macrophage phenotype in 
wounds likely exhibit a more complex phenotype in (certain stages of ) wound healing 
[37-39]. Nevertheless, since M1 and M2 macrophages are well-defined extremes, they 
offer interesting opportunities to study processes encountered during wound healing. 
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Figure 7: Influence of CM of M1 polarized, M2 polarized or unstimulated macrophages on extracellular 
matrix deposition by fibroblasts. 
After 144 h, HDFs stimulated with CM of M1 macrophages showed reduced COL1A1 and COL3A1 gene 
expression levels compared to stimulation with CM of M2 and unstimulated macrophages (A). No differences 
in collagen type I deposition by fibroblasts were seen after the three different stimulations after 72 h. However, 
less collagen type I protein deposition was seen in fibroblasts stimulated with CM of M1 macrophages 
compared to stimulation with CM of unstimulated macrophages after 144 h (B). ** p < 0.01, Difference between 
HDFs stimulated with CM of M1 polarized and CM of M2 polarized macrophages. ## p < 0.01, Difference 
between HDFs stimulated with CM of M1 polarized and CM of unstimulated macrophages. Gene expression 
analysis data were analyzed using two-way ANOVA followed by Bonferroni’s post-test, n = 4. Collagen type I 
protein expression was shown in red, nuclei in blue (DAPI) and original magnification was 200x.

In this study we investigated the influence of secreted factors (conditioned 
medium) of M1 or M2 macrophages on dermal fibroblasts. Simultaneously, the influence 
of secreted factors of M1 macrophages followed by stimulation with secreted factors 
of M2 macrophages was investigated. In addition, we used conditioned medium 
from unstimulated macrophages. These unstimulated macrophages have a “ M2-like”  
phenotype, which is probably caused by stimulating monocytes with macrophage 
colony-stimulating factor (M-CSF), a step that is necessary to induce differentiation of 
monocytes towards macrophages [40,41]. 
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Figure 8: Fibroblasts stimulated with CM of M1 macrophages followed by stimulation with CM of M2 
macrophage or non-CM (switch).
When stimulation of HDFs with CM of M1 macrophages is followed by CM of M2 macrophages or non-CM 
(switch), the pro-inflammatory genes CCL2 and IL6 were completely downregulated and showed the same 
gene expression as fibroblasts stimulated with only CM of M2 macrophages after 72 h and 144 h (A). MMP1 
gene expression after the CM switch was downregulated at 144 h, whereas TIMP1 expression remained similar 
(B). COL1A1 gene expression was upregulated after the CM switch compared to fibroblasts stimulated with CM 
of M1 macrophages at 144 h. This gene expression level was similar to fibroblasts stimulated with CM of M2 
macrophages (C). After the switch no differences were seen in COL3A1 gene expression compared fibroblasts 
stimulated with CM of M1 or CM of M2 macrophages (C). * p < 0.05, Difference between HDFs stimulated with 
CM of M1 polarized and CM of M2 polarized macrophages, ** p < 0.01, *** p < 0.001. §§ p < 0.01, Difference 
between HDFs stimulated with CM of M1 polarized and the switch to non-CM, §§§ p < 0.001. # p < 0.05, 
Difference between HDFs stimulated with CM of M1 polarized and the CM switch, ### p < 0.001. ≅≅ p < 0.01, 
Difference between HDFs stimulated with CM of M2 polarized and the switch to non-CM, ≅≅≅ p < 0.001. ^ p 
< 0.05, Difference between HDFs stimulated with CM of M2 polarized and the CM switch. Gene expression 
analysis data were analyzed using two-way ANOVA followed by Bonferroni’s post-test, n = 4. 
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Despite this, the obtained macrophages changed their polarization status quickly when 
stimulated with LPS/IFNγ or IL4/IL13 towards M1 or M2 macrophages, respectively. 
Secreted factors of these three types of macrophages influenced fibroblasts morphology 
and phenotype considerably.

In general, macrophages that invade the tissue in the inflammatory phase 
of wound healing adopt a M1 phenotype. In our model, the secreted factors from 
M1 macrophages influences the properties of dermal fibroblasts already within 24 h, 
changing the phenotype into a pro-inflammatory state. This indicates that fibroblasts, 
under the direction of paracrine signals of M1 macrophages, contribute to a pro-
inflammatory environment by secreting cytokines and chemokines (such as CCL2, CCL7 
and IL6) in the inflammatory phase of wound healing. This is in accordance with data 
shown by Holt et al. [34]. These authors showed, in an in vitro model with murine primary 
cells and cell lines, that fibroblasts produce pro-inflammatory cytokines and chemokines 
after stimulation with conditioned medium of LPS-stimulated macrophages and in a co-
culture system with direct cell-cell contact. Other studies [30,32,33] showed that after 
direct contact between macrophages and fibroblasts, without paying attention to the 
M1/M2 status of macrophages, fibroblasts upregulated the inflammatory proteins CCL2 
and CCL3, which is in accordance to our results from fibroblasts stimulated with secreted 
factors from M1 macrophages.

MMPs are capable of regulating chemokine activity and ECM degradation in 
tissue repair [42,43]. MMPs are important as they support cellular influxes, but an excess 
of MMPs will damage the tissue architecture and a high TIMP/MMP ratio is often seen in 
non-healing tissues. In the inflammation phase of tissue repair MMPs are upregulated 
and the moment fibroblasts deposit new ECM the MMPs levels decline. In our model we 
showed that different MMPs (MMP1, MMP2, MMP3 and MMP14) were highly upregulated 
in fibroblasts that were exposed to paracrine factors derived from M1 macrophages. 
Because of the secreted MMPs and the pro-inflammatory state of fibroblasts after M1 
stimulation, it is likely that in vivo the fibroblasts are able to prolong the inflammation 
state in wound healing by itself or by attracting more pro-inflammatory cells. 

Fibroblasts exposed to conditioned medium from M2 macrophages showed little 
response. Only a slight increase was seen in the expression of ACTA2, but this did not 
resulted in myofibroblast formation. Furthermore, an increase in cell proliferation was 
seen, which was in accordance with previous findings [22,23,31,44].

In wound repair it is thought that M2 macrophages are responsible for reversing 
the inflammatory response, thereby initiating the healing process. Interestingly, in 
this study we show that fibroblasts with an inflammatory phenotype (initiated by 
stimulation with secreted factors of M1 macrophages) can be reversed to an anti-
inflammatory phenotype with secreted factors of M2 macrophages or non-CM. In these 
fibroblasts, the previously upregulated pro-inflammatory cytokines, chemokines, and 
MMPs were completely downregulated after stimulation with paracrine signals from 
M2 macrophages or non-CM. Thus, although paracrine factors of M2 macrophages 
have relatively little effect on unstimulated fibroblasts, they can have a major effect on 
fibroblasts with an inflammatory phenotype.
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CONCLUSIONS 

In summary, we have shown that secreted factors from M1 macrophages gives rise to 
fibroblasts with a pro-inflammatory and ECM-degrading profile, while M2 macrophages 
induce fibroblast proliferation. The pro-inflammatory and ECM-degrading fibroblast 
can be reversed completely by secreted factors from M2 macrophages or non-CM. 
Therefore, not only macrophages, but also fibroblasts show a high dynamic plasticity 
in wound healing/tissue repair processes, a plasticity that seems to be regulated by the 
microenvironment. 
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ABSTRACT 

Macrophages are important in inflammation as well as in tissue repair processes. 
They can be activated by various stimuli and classified into two major groups: M1 
(classically activated) or M2 (alternatively activated). Inflammation, angiogenesis and 
matrix remodeling play a major role in tissue repair. Here, we investigate the combined 
influence of a pro-angiogenic microenvironment and specific extracellular matrix (ECM) 
components or tissue culture polystyrene (TCPS) on the dynamics of human macrophage 
polarization. We established that human angiogenically primed macrophages 
cultured on different ECM components exhibit an M2-like polarization. These M2-like 
macrophages polarized to M1 and M2 macrophages with classical (LPS and IFNγ) stimuli 
and alternative (IL4 and IL13) stimuli, respectively. Moreover, these M1 and M2 (primary) 
polarized macrophages rapidly underwent a secondary (re)polarization to M2 and M1 
with conditioned media from M2 and M1 primary polarized macrophages respectively. 
In these initial priming and later (re)polarization processes the soluble factors had a 
dominant and orchestrating role, while the type of ECM (collagen I, fibronectin, versus 
tissue culture polystyrene) did not play a crucial role on the polarization of macrophages.
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INTRODUCTION

Macrophages play a central role in tissue repair and inflammation, for instance after 
myocardial infarction (Mosser and Edwards 2008; Mahdavian Delavary et al. 2011; van 
Amerongen et al. 2007). Macrophages are derived from circulating blood monocytes. 
Before their differentiation to macrophages, monocytes have to transmigrate the 
activated endothelium of blood vessels, which is facilitated by chemotactic stimuli 
from the underlying tissue (Gordon and Taylor 2005; Mosser and Edwards 2008). After 
transmigration, the differentiation of monocytes into macrophages is mediated by 
the microenvironment, in particular by the exposure to the extracellular matrix (ECM) 
and inflammatory cytokines and growth factors (Bauer et al. 2000; Eierman et al. 1989; 
Gordon 2003). Newly formed macrophages may remain resident as tissue macrophages 
or participate in innate immune reactions that range from regulation of inflammation 
to remodeling of the ECM and from phagocytosis of bacteria and cellular debris to 
regulation of angiogenesis (David Dong et al. 2009; Gordon and Taylor 2005; Hellingman 
et al. 2011). Many of these processes involve the secretion of regulatory molecules such 
as cytokines, chemokines, growth factors and proteolytic enzymes. This multiplicity of 
functions requires the macrophages to be versatile and flexible, i.e. they should readily 
adapt to changes in the microenvironment.

Indeed, several macrophage subsets have been described that may explain 
the diversity of biological activities of macrophages (Gordon and Taylor 2005; Mosser 
and Edwards 2008; Murray and Wynn 2011). Macrophage subsets are classified in two 
major groups denoted as M1 (classically activated) and M2 (alternatively activated) 
macrophages. Both types of macrophages participate in tissue repair and remodeling. 
M1 macrophages are pro-inflammatory and secrete a host of pro-inflammatory 
cytokines and chemokines. M2 macrophages modulate inflammation and contribute 
to wound healing, arteriogenesis and angiogenesis, but also to adverse processes like 
atherosclerosis (David Dong et al. 2009; Heilmann et al. 2002; Brochériou et al. 2011). 
Macrophages can be polarized in vitro to M1 macrophages by stimulation with interferon 
gamma (INFγ), tumor necrosis factor-α (TNFα), and/or pathogen-associated molecules 
such as lipopolysaccharides (LPS) or combinations (Popova et al. 2010; Wang et al. 2010). 
Polarization to M2 macrophages is achieved by stimulation with interleukins IL4, IL13, 
IL10, transforming growth factor-β (TGF-β) or glucocorticoids (GC) or combinations of 
these molecules (Gordon 2007; Gratchev et al. 2005; Martinez et al. 2009). 

Interestingly, macrophage polarization shows a high and dynamic plasticity, in 
vitro murine bone marrow derived macrophages and peritoneal macrophages change 
their secretion pattern of cytokines and chemokines several times in responses to 
changes in the cytokine environment (Stout et al. 2005). Human M1 macrophages can 
repolarize in vitro to M2 macrophages and vice versa, using INFγ and LPS or IL4 and IL10 
as a secondary stimulus (Gratchev et al. 2006). In vivo, it has been shown that both tumor-
infiltrating macrophages and tumor-associated macrophages, which seemed chronically 
polarized in function by the tumor environment, could still rapidly adapt their functional 
profile after interleukin-12 treatment (Watkins et al. 2007). 

During transmigration and subsequent migration in the underlying tissue, 
monocytes and macrophages are continuously in contact with the ECM. This contact 
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with the ECM affects macrophage functionality, since macrophages matured on ECM 
components, such as collagens and fibronectin, more efficiently phagocytes bacteria 
than macrophages cultured on tissue culture polystyrene (Esendagli et al. 2009; Hanson 
et al. 2011; Brown 1986; Newman and Tucci 1990). The nature of the ECM, such as the 
amino acid sequence, posttranslational modications, 3D structure and stiffness, will 
influence the differentiation of monocytes to macrophages by as yet largely unknown 
mechanisms (Philippeaux et al. 2009). Similarly, it is unknown whether specific ECM 
components influence the polarization of macrophages towards an M1 or M2 and by 
which mechanisms. 

In this in vitro study we set out to investigate the combined influence of a pro-
angiogenic microenvironment and ECM components on the dynamics of human 
macrophage polarization. We investigated the in vitro response of angiogenically primed 
human macrophages to classical or alternative polarization signals. Such conditions 
mimic, at least in part, the angiogenic microenvironment seen during tissue repair and 
remodeling. Here we describe (1) the polarization state of human primary macrophages 
cultured under angiogenic conditions on tissue culture polystyrene (TCPS), collagen 
I (COL I), and fibronectin (FN), (2) the polarization of macrophages under angiogenic 
conditions to M1 and M2 by means of stimulation with LPS/INFγ or IL4/IL13 and (3) 
the reversal in polarization of M2 to M1 and M1 to M2 by stimulation with conditioned 
medium from M1 or M2 under angiogenic conditions.

MATERIAL AND METHODS

CELL ISOLATION

Human peripheral blood from healthy donors was drawn by venapuncture in 
heparin-coated tubes. The mononuclear cell (MNC) fraction was isolated by density-
gradient centrifugation using Lymphoprep (Axis-Shield, Oslo, Norway) according to 
manufacturer’s protocol. Briefly, blood was diluted three times with phosphate buffered 
saline (PBS), 0.5% Fetal Bovine Serum (FBS; Invitrogen/Gibco) and 2 mM EDTA (Merck, 
Darmstadt, Germany), pH 7.4 (isolation buffer). This mixture (30 ml) was layered over 
20 ml of Lymphoprep and centrifuged at 500 x g for 30 min.  The Residual erythrocytes 
were lysed on ice (10 min) in 155 mM NH4Cl, 10 mM KHCO3, 0.1 mM EDTA (pH 7.4) and 
the suspension was centrifuged at 300 x g at 4 °C for 10 min after which the supernatant 
was discarded and the pellet gently resuspended in isolation buffer. MNCs were counted 
using a Coulter Counter and gently resuspended in angiogenic medium based on RPMI 
medium (Lonza, Basel, Switzerland) containing 2 mM l-glutamine (Sigma-Aldrich, St. 
Louis, USA), 5 U/ml Heparin (Leo Pharma, Denmark), 1% penicillin/streptomycin (Sigma-
Aldrich, St. Louis, USA), 50 µg /ml crude ECGF suspension, 20% FBS, 1 ng/ml VEGFa and 
10 ng/ml bFGF (both Peprotech, NJ, USA).

COATING OF CULTURE PLATES 

Tissue culture polystyrene plates (TCPS; Corning Incorporated, NY, USA) were coated 
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with 1 μg/cm2 of fibronectin (FN; Harbor Bio-products, Norwood, USA), or collagen type 
I (Col I; BD Biosciences, Bedford, USA), incubated at 37 °C for 1 h and washed with PBS. 

MACROPHAGE CELL CULTURE AND STIMULATION

Immediately after isolation and counting, the cell suspension was seeded at a 
concentration of 250.000 cells/cm2 onto FN, Col I precoated plates or on bare TCPS.  Cells 
were cultured at 37 °C with 5% CO2. Cells were refed on day 3 and day 5 and non-attached 
cells were removed by washing at day 7. At day 10, the adherent cells (macrophages) 
were washed and stimulated in the angiogenic culture medium with classical stimuli 
(1) 1 μg/ml LPS (Sigma-Aldrich, St. Louis, USA) and 10 ng/ml IFNγ (Peprotech, Rocky Hill, 
USA) or alternative stimuli (2) 10 ng/ml IL4 and 10 ng/ml IL13 (both Peprotech) or (3) no 
stimulation (control) at 37 °C for 24 h. After 24 h the culture supernatants of the different 
conditions were used for enzyme-linked immunosorbent assays as described below. The 
cells were lysed in RLT buffer and RNA was isolated as described below.

RE-POLARIZATION OF M1 OR M2 MACROPHAGES BY CONDITIONED MEDIUM 

After isolation macrophages were cultured and stimulated as described above. After 
24 h of stimulation the differentially polarized macrophages were washed and cultured 
in angiogenic medium for 4 h in order to create conditioned medium. After 4 h the 
medium conditioned by M1 macrophages was used to stimulate M2 macrophages for 
24 h, and vice versa. Subsequently, the polarization of the stimulated macrophages was 
determined by quantitative RT-PCR (qRT-PCR).

RNA ISOLATION AND CDNA SYNTHESIS

At day 11, i.e. after stimulation of the macrophages, total RNA was isolated from the cells 
using the Rneasy Micro Kit (Qiagen Inc., CA, USA), in accordance to the manufacturer’s 
protocol. In short, a lysate was made in buffer containing 1% 2-mercaptoethanol and 
diluted with an equal volume of 70% ethanol. RNA was collected on an RNA binding 
column by centrifugation. Inadvertent DNA contamination was removed by incubation 
of the column with a DNase I solution at 25 °C for 15 min. Next, the RNA-binding column 
was washed twice and subsequently the RNA was eluted with 14 μl Elution Buffer. 
Concentration and purity of the RNA were determined by UV spectrophotometry 
(NanoDrop Technologies, Wilmington, NC). For quantitative RT-PCR analysis, total RNA 
was reverse transcribed using the First Strand cDNA synthesis kit (Fermentas UAB, 
Lithuania). In summary, 1 μg of total RNA was diluted in a final reaction volume of 20 μl 
containing random hexamer primer (0.5 μg), RiboLock™ Ribonuclease Inhibitor (20 U), 1 
mM dNTP mix, RevertAidTM M-MuLV Reverse Transcriptase (200 U) and incubated at 42 
°C for 1 h. The reverse transcription reaction was terminated by heating the mixture to 
70 °C for 10 min, after which the samples were placed on ice. The samples were stored at 
-80 °C until used for qRT-PCR experiments.
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QUANTITATIVE RT-PCR (QRT-PCR) 

Quantification of gene expression was performed using qRT-PCR analysis. qRT-PCR was 
performed in a final reaction volume of 10 μl, consisting of 1x Sybr green Supermix 
(Bio-Rad, Hercules, USA), 6 μM forward primer, 6 μM reverse primer (Table 1) and 5 ng 
cDNA. Reactions were performed at 95 °C for 15 sec, 60 °C for 30 sec, 72 °C for 30 sec, for 
40 cycles in a TaqMan ABI7900HT cycler (Applied Biosystems, CA, USA). Analysis of the 
data was performed using Science Detection Software 2.2.2.

ENZYME-LINKED IMMUNOSORBENT ASSAY (ELISA)

CCL3 (also known as macrophage inflammatory protein-1α (MIP-1α)) and interleukin 
6 (IL6) content in cell culture supernatant were measured using the DuoSet® ELISA 
Development kit (R&D Systems, Minneapolis, USA) in accordance to the manufacturer’s 
protocol. Briefly, 96 wells plates (#9018, Corning, Amsterdam, The Netherlands) were 
coated with 0.5 μg/ml Capture Antibody and incubated overnight at room temperature. 
After incubation the plates were washed and blocked with 2% bovine serum albumin 
(BSA), 0.05% Tween-20 (Sigma-Aldrich) in PBS for 1 h. After washing the plates were 
incubated with diluted sample or matched standards for 2 h. The detection was 
performed using matched biotin conjugated antibodies followed by streptavidin-poly-
horseradisch peroxidase (Sanquin, Amsterdam, The Netherlands). The color reaction was 
done with tetramethylbenzidine (TMB; Roth, Karlsruhe, Germany) containing H2O2 and 
stopped with 2 N H2SO4. The optical density was measured using a microplate reader 
(VERSA max, Molecular DevicesInc., CA, USA). The detection limit for IL6 and CCL3 was 
7.8 pg/ml. 

IMMUNOHISTOCHEMISTRY 

At day 11 cells were washed twice with PBS and fixed in 2% PFA at room temperature for 
15 minutes. Fixed cells were incubated with mouse-anti-human CD68 (Dako, Glosstrup, 
Denmark) (1:100) diluted in 1% bovine serum albumin (BSA) (Sanquin) /2% normal 
goat serum (NGS)/PBS for 1 h. After three washes with PBS, cells were incubated with 
biotinylated rabbit-anti-mouse F(ab’)2 (Dako) (1:100) diluted in 1% BSA/2% normal 
human serum (NHS)/PBS for 30 min. Then the cells were washed three times with 
PBS and incubated with streptavidine-HRP (Dako) (1:400) in PBS for 30 min. The color 
development was performed with 3-amino-9-ethylcarbazole (AEC, Sigma-Aldrich) 

Table 1 Overview of primers used for qRT-PCR analysis 

Target gene Forward Sequence Reverse Sequence

CD14 5'-AGCTAAAGCACTTCCAGAGC-3' 5'-AGTTGTGGCTGAGGTCTAGG-3'

CD68 5'-GTCCACCTCGACCTGCTC-3' 5'-CACTGGGGCAGGAGAAACT-3'

MCP1 5'-GGCTGAGACTAACCCAGAAA-3' 5'-ATGAAGGTGGCTGCTATGAG-3'

GAPDH 5'-AGCCACATCGCTCAGACAC-3' 5'-GCCAATACGACCAAATCC-3'

IL1B 5'-TACCTGTCCTGCGTGTTGAA-3' 5'-TCTTTGGGTAATTTTTGGGATCT-3'

CCL3 5'-CAGAATCATGCAGGTCTCCAC-3' 5'-GCGTGTCAGCAGCAAGTG-3'

IL6 5'-ACTTGCCTGGTGAAAATCAT-3' 5'-CAGGAACTGGATCAGGACTT-3'

CD163 5'-GCAAGTGGCCTCTGTAATCT-3' 5'-AGCACTTTCTTCTGGAATGG-3'

CD206 5'-CACCATCGAGGAATTGGACT-3' 5'-ACAATTCGTCATTTGGCTCA-3'

MGL1 5'-AGGGTTTCAAGCAGGAACG-3' 5'-AGGTGTGCCTTCTGCGTAGT-3'

General

Classical activation

Alternative activation
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and the cells were counterstained with Mayers haematoxylin (Fluka Chemie, Buchs, 
Switzerland).

TRANSMISSION ELECTRON MICROSCOPY

After 10 days of culture, non-adhered cells were removed by PBS washes. Next, the adhered 
cells were fixed with 2% glutaraldehyde (GA, TAAB Laboratories, Aldermastron, UK) at 4 
°C for 24 h. Then, cells were washed with PBS and 6.8% sucrose (pH 7.4), and postfixed 
at 4 °C in 1% osmiumtetroxide (OsO4) dissolved in 1.5% potassium hexacyanoferrate(II)
trihydrate (Merck, Darmstadt, Germany) in 0.1 M PBS. Thereafter, cells were washed with 
distilled water, dehydrated through a grades series of ethanol, and embedded in EPON 
812 (Serva Feinbiochemica, Heidelberg, Germany). Ultrathin sections of approximately 
80 nm were cut on a Sorvall microtome (Sorvall, Newton, CT) and contrasted with uranyl 
acetate and lead citrate. Sections were evaluated in a Philips 201 TEM (Philips, Eindhoven, 
The Netherlands) operated at 60 kV.

STATISTICAL ANALYSES

All data are represented as means ± standard error of the mean of at least three 
independent experiments and were analyzed by one-way ANOVA followed by Tukey’s 
post hoc analysis using Graph-Pad Prism Version 4 for Macintosh (GraphPad Software, 
Inc., La Jolla, CA, USA). Values of P < 0.05 were considered to be statistically significant. 
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RESULTS

GENERAL FEATURES OF ANGIOGENICALLY-PRIMED MACROPHAGES

The mononuclear cell (MNC) fraction as isolated by density-gradient centrifugation using 
Lymphoprep was seeded onto FN or COL I coated plates and cultured in angiogenic 
medium; noncoated TCPS was used as a control. Cell adherence on FN, COL I and TCPS 
was similar (data not shown). The cell morphology on the different substrata was also 
comparable (Fig. 1A). Irrespective of coating, adhered cells presented as either rounded 
or spindle-shaped cells. Adhered cells were predominantly CD68 positive indicating 
that adhered cells had differentiated to macrophages (Fig. 1B). On an ultrastructural 
level the cells revealed macrophage characteristics such as indented nuclei with less 
condense chromatin, one or more large nucleoli, well-developed mitochondria and cell 
membranes with microvilli (Fig. 1C). 

Expression of relevant genes of angiogenically-primed macrophages cultured on 
FN, COL I or TCPS was done by qRT-PCR after 11 days (Fig. 2). All macrophages showed, 
relative to GAPDH, a low gene expression of the monocyte marker CD14, which indicates 
monocytes to macrophage differentiation (Daigneault, et al. 2010), high expression of 
macrophage marker CD68, as well as monocyte chemotactic protein-1 (MCP1), which 
corroborates their phenotype. Expression levels of the pro-inflammatory mediators IL1B 
and CCL3 were similar in macrophages cultured on FN, COL I or TCPS.  The expression 
of CD163 and CD206, which are known to be upregulated by M2 macrophages, was 
comparable on FN, COL I and TCPS. Although the expression levels of CD14, CD68, CD163 
and CD206 were not statistically different, the expression of these genes all tended to be 
higher on FN and COL I compared to TCPS. The relatively high expression of CD163 and 
CD206 indicates that the angiogenically-primed macrophages had polarized to a M2-
like phenotype.

GENE EXPRESSION PATTERNS AFTER MACROPHAGE STIMULATION

Because macrophages cultured under angiogenic conditions on different substrata did 
not show statistically differences in gene expression, we investigated whether these 
angiogenically-primed macrophages were able to respond to LPS/IFNγ or IL4/IL13, 
which induce M1 (classically activated) or M2 (alternatively activated) macrophage 
polarization, respectively. Irrespective of coating, the classical or alternative stimulations 
did not affect cell adhesion nor altered the morphology of the macrophages (Fig. 1D). 

The expression of CD68 was not affected by classical or alternative stimulation 
on the different substrata (Fig 3). Macrophages stimulated with LPS/IFNγ cultured on 
FN showed a significantly higher MCP1 expression compared to TCPS and IL4/IL13 
stimulated macrophages cultured on FN. In contrast, MCP1 expression of M1 polarized 
macrophages on COL I and TCPS was similar to M2 polarized and unstimulated 
macrophages (Fig. 3).

After stimulation with LPS/IFNγ and on TCPS and ECM coated plates, 
angiogenically-primed macrophages showed an upregulated gene expression of IL1B, 
CCL3 and IL6 compared to IL4/IL13-stimulated and unstimulated macrophages (Fig.3). 
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Figure 1: General features of angiogenically-primed macrophages.
A) Monocytes are cultured under angiogenic conditions on ECM components (FN and COL I and on TCPS 
as control) for 10 days; Adhered cells on FN, COL I and TCPS formed rounded and spindle shaped cells. No 
differences are seen in growth and morphology between the three substrates. B) Monocytes differentiated into 
macrophages as shown by the expression of CD68. C) At ultra structural level these cells show macrophage 
characteristics; indented nucleoli with less condense chromatin and a large nucleolus (representing 
transcriptional activity), cell membranes with microvilli and in their cytoplasm well developed mitrochondria. 
D) 10 days culture of macrophages 24 hours stimulated with LPS/IFNγ or IL4/IL13; No differences in adhesion 
and morphology of cells were observed. Original magnifications: 100x (A, D), 200x (B), 4000x (C) 

This indicates that macrophages cultured under angiogenic conditions were able 
to polarize towards M1 macrophages upon activation with LPS/IFNγ. After classical 
activation macrophages cultured on ECM components showed a higher expression of 
IL1B compared to macrophages cultured on TCPS. CCL3 and IL6 expression was highest 
in macrophages cultured on COL I compared to TCPS. Although on all three substrates 
macrophages polarized towards M1 after LPS/IFNγ stimulation, both FN and COL I 
promoted a more pronounced M1 polarization in terms of marker gene expression. 

After stimulation of angiogenically-primed macrophages with IL4/IL13 the 
gene expression of macrophage galactose N-acetyl-galactosamine specific Lectin-1 
(MGL1) was upregulated compared to unstimulated and M1 macrophages on all three 
substrates. After stimulation with IL4/IL13 the gene expression of CD163 and CD206 
cultured on FN, COL I and TCPS were similar compared to unstimulated macrophages, 
but higher compared to classically stimulated macrophages. As stated before, 
unstimulated angiogenically-primed macrophages had a relatively high expression of 
CD163 and CD206, indicating that macrophages cultured under angiogenic conditions 
had acquired an “intermediate” M2 polarization. 



64

CHAPTER 3

CYTOKINE AND CHEMOKINE PRODUCTION AFTER MACROPHAGE STIMULATION 

Differences in gene expression between angiogenically-primed macrophages cultured 
on FN, COL I and TCPS were only observed after LPS/IFNγ stimulation (Fig. 3). In contrast 
to gene expression levels, similar secretion levels of CCL3 and IL6 were detected between 
LPS/IFNγ-stimulated macrophages cultured on FN, COL I or TCPS (Fig. 4). As was observed 
for gene expression levels, macrophages stimulated with LPS/IFNγ secreted significantly 
more CCL3 protein and IL6 protein compared to IL4/IL13-stimulated and unstimulated 
macrophages (Fig. 4).

RE-POLARIZATION OF MACROPHAGES BY CONDITIONED MEDIA

Macrophages can be re-polarized by secondary classical or alternative stimuli [4]. We              
examined the possibility of re-polarization of angiogenically-primed macrophages by 
conditioned medium (CM). The expression of IL1B, CCL3 and IL6 by M1 macrophages 
was abolished by treatment with CM from M2 macrophages (Fig. 5A). Moreover, this 
treatment induced M2 marker genes, such as MGL1, CD163 and CD206 (Fig. 5A). These 
results indicate that M1 macrophages could be re-polarized by CM from M2 macrophages 
within 24 hours.

Figure 2: Gene expression analysis of angiogenically-primed macrophages cultured on FN, COL I and 
TCPS. 
After 11 days, angiogenically-primed macrophages show low expression of CD14 and high expression of CD68 
and MCP1 compared to housekeeping gene GAPDH. No differences in gene expression are seen between FN, 
COL I and TCPS. M1 cytokine IL1B and chemokine CCL3 and M2 genes CD163 and CD206 show no differences 
between the three substrates (n=5). 
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Figure 3: Gene expression analysis of angiogenically-primed macrophages after M1 or M2 polarization. 
After stimulation with LPS/IFNγ and IL4/IL13 no differences are seen in CD68 expression in macrophages 
cultured on ECM coated and TCPS plates. Macrophages cultured on FN stimulated with LPS/IFNγ show higher 
gene expression of MCP1 compared to TCPS and IL4/IL13 stimulated cells. After stimulation with LPS/IFNγ 
angiogenically-primed macrophages polarized towards M1 macrophages as shown by upregulation of IL1B, 
CCL3 and IL6. Macrophages stimulated with IL4/IL13 upregulate MGL1. No differences in CD163 and CD206 
are found between unstimulated cells and IL4/IL13 stimulated macrophages. After stimulation with LPS/IFNγ, 
CD163 and CD206 are downregulated, which indicates that unstimulated angiogenically-primed macrophages 
are polarized towards a M2-like macrophage (n=5). * p<0.05, Difference between FN, COL I and TCPS in LPS 
and IFNγ stimulated macrophages, ** p< 0.01, ***p<0.001. ‡ p<0.05, Difference between LPS/IFNγ and IL4/
IL13 stimulated macrophages corresponding to the same coating, ‡‡‡ p<0.001. # p<0.05, Difference between 
stimulated and unstimulated macrophages corresponding to the same coating, ## p< 0.01,  ### p<0.001. 
^^^ p<0.001, Difference between IL4/IL13 and LPS/IFNγ stimulated macrophages corresponding to the same 
coating.
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DISCUSSION

The main findings of our study are: firstly, that angiogenically-primed human peripheral 
blood mononuclear cells differentiated into M2-like polarized macrophages. Secondly, 
that these M2 macrophages rapidly polarized to M1 macrophages after stimulation with 
LPS/INFγ overnight. Similarly, their M2 features were further enhanced by stimulation 
with IL4 and IL13 overnight. Thirdly, induced M1 respectively M2 polarization could be 
reversed by treatment with conditioned media from M2 respectively M1 macrophages. 
Finally, the extracellular matrix compounds fibronectin or collagen I did not play a 
primary role in the dynamic switches of macrophage polarization. 

In general, macrophages facilitate the removal of apoptotic and necrotic cells and 
coordinate tissue repair, including angiogenesis and scar formation. These processes 
are well-separated during e.g. myocardial healing: clearance of cellular debris precedes 
tissue remodeling. Our current in vitro results corroborate and help explain our previous 
findings in experimental animal models for tissue repair and remodeling. Previously, 
we showed that macrophages are pivotal in effective myocardial wound healing after 
myocardial infarction in mice (van Amerongen, et al. 2007). 

M2 macrophages significantly upregulated the pro-inflammatory genes IL1B and 
IL6 after treatment with CM from M1 macrophages. CCL3 expression remained similar 
after treatment whereas MGL1 expression was significantly downregulated. Both CD163 
and CD206 tended to be downregulated after treatment of M2 macrophages with CM 
from M1. These results indicate that the M2 macrophages quickly and almost completely 
repolarized to M1 macrophages after stimulation with M1 macrophages CM within 24 h.

Figure 4: Protein analysis of angiogenically-primed macrophages after M1 or M2 polarization. 
Macrophages stimulated with LPS/IFNγ secreted significantly more CCL3 and IL6 compared to IL4/IL13 
stimulated and unstimulated macrophages. No differences in secreted CCL3 and IL6 are seen in LPS/IFNγ 
stimulated macrophages cultured on FN, COL I and TCPS (n=5). ‡‡‡ p<0.001, Difference between LPS/IFNγ and 
IL4/L13 stimulated macrophages corresponding to the same coating. ### p<0.001, Difference between LPS/
IFNγ stimulated and unstimulated macrophages corresponding to the same coating. 
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Figure 5: Gene expression analysis after re-polarization of M1 or M2 polarization of angiogenically-
primed macrophages. 
M1 macrophages that were stimulated with CM from M2 macrophages showed downregulation of M1 genes 
(IL1B, CCL3 and IL6) and upregulation of M2 genes (MGL1 and CD206) (A).
M2 macrophages that were stimulated with CM from M1 show upregulation of M1 genes (IL1B and IL6) and 
downregulation of M2 genes (MGL1, CD163 and CD206) (B) (n=3). * p<0.05, Significant difference between M1 
and re-stimulated M1 macrophages with CM from M2 macrophages, corresponding to the same coating. ** 
p< 0.01, ***p<0.001. # p<0.05, Significant difference between M2 and re-stimulated M2 macrophages with CM 
from M1 macrophages, corresponding to the same coating. ## p<0.01, ### p<0.001
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When macrophage infiltration was prevented, macrophage-depleted hearts 
showed non-resorbed cell debris but also less granulation tissue, along with reduced 
vascularization and scarring. Thus, it would seem likely that infiltrated macrophages in 
the myocardial infarction model first polarized towards M1 macrophages in order to 
start both inflammation and the removal of apoptotic and necrotic cells. After which 
these M1 macrophages may have re-polarized towards a M2 macrophage by functional 
adaptivity, through changes in the microenvironment (Stout, et al. 2004). In our current 
in vitro model we showed that angiogenically-primed human M1 or M2 had a high 
plasticity and could be polarized and re-polarized by conditioned medium from M1 or 
M2 macrophages. 

In vivo, macrophage re-polarization might also occur as was shown in a mouse 
model for atherosclerosis (Khallou-Laschet, et al. 2010). In their model the authors showed 
that early plaques in ApoE knockout mice contained predominantly M2 macrophages. 
Remarkably, during aging the M2 switched to M1 macrophages, which augmented 
plaque growth. This M2 to M1 switch was accomplished by microenvironmental changes, 
which were replicated in vitro. This indicates that macrophages play a central role in 
the development and progression in atherosclerosis. Harel-Adar and colleagues also 
confirmed that macrophages are plastic, in vivo. They showed that an intramyocardial 
injection of phosphatidylserine-presenting liposomes (which mimic apoptotic cells) in 
rodents induces, after myocardial infarction, macrophages to secrete anti-inflammatory 
cytokines one day earlier than without treatment (Harel-Adar, et al. 2011). This suggest 
that re-polarization of M1 macrophages towards M2 macrophages can lead to better 
tissue repair, less scar formation and prevention of heart dilatation in vivo. 

In summary, we have shown that angiogenically-primed human macrophages 
underwent classical and alternative activation in vitro. These M1 and M2 macrophages 
could be re-polarized by conditioned medium from M1 and M2 macrophages as a 
secondary stimulus. The type of substrate (COL I, FN, TCPS) did not play a primary role 
during macrophage polarization. We conclude that primary human macrophages 
cultured in an angiogenic microenvironment harbour a highly dynamic plasticity. This 
in vitro model for macrophage polarization can be further explored in studies that 
investigate the role of human macrophage dynamics in tissue repair. 
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ABSTRACT

Implantation of biomaterials into the body elicits a material-dependent inflammatory 
response called the foreign body reaction (FBR). Macrophages play a pivotal role in the 
FBR by orchestrating the pro-inflammatory microenvironment around the biomaterials 
by secreting cytokines, chemokines and growth factors. When the biomaterial is porous 
or degradable, macrophages can migrate into the material and continue the generation 
of a pro-inflammatory microenvironment inside the materials. They also regulate the 
degradation of biomaterials by secreting proteolytic enzymes and by phagocytosis. We 
hypothesize that macrophages present in the different microenvironments of the FBR 
have different phenotypes. Fundamental knowledge of the phenotypes of macrophages 
and their dynamics during the FBR will contribute to our overall understanding of the 
mechanisms involved in the FBR, and may provide us with additional tools to modulate 
the FBR. To investigate the phenotype of macrophages in the FBR, we validated 
phenotype-specific markers for rat macrophages in vitro by stimulating them with LPS/
IFNγ, IL4/IL13, or IL4/dexamethasone to induce classically activated macrophages (M1φ) 
or alternatively activated macrophages (M2φ). Gene expression analysis, Western blot 
and immunohistochemistry revealed that iNOS and CD206 are specifically expressed by 
M1φ and M2φ, respectively. Using these markers we investigated the distribution of M1φ 
and M2φ in the FBR induced by subcutaneously implanted hexamethylenediisocyanate 
cross-linked dermal sheep collagen disks (HDSC) in AO rats. We found that part of the 
macrophages display an M2 phenotype, whereas the M1phenotype was not detected. 
Our data suggest that many macrophages in the FBR induced by HDSC do not fit into the 
classical M1 or M2 dichotomy. 
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INTRODUCTION

Within the field of tissue engineering, biomaterial scaffolds are often employed at sites 
that require functional restoration in order to provide structural support, to deliver cells, 
and/or to deliver soluble mediators. Introduction of biomaterial scaffolds into the body 
elicits an inflammatory reaction called the foreign body reaction (FBR) (reviewed in [1-
3]). The FBR is commonly subdivided into an onset, progression and resolution phase. 
During the progression phase of the FBR, a transition occurs from acute to chronic 
inflammation. In this phase two separate microenvironments can be distinguished. 
Inside the implanted material macrophages display at least three different functionalities, 
influenced by the size, surface geometry, and physicochemical properties of the material. 
Firstly, the macrophages secrete pro-inflammatory cytokines and chemokines, which 
orchestrate the pro-inflammatory microenvironment which by itself further attracts 
more monocytes and macrophages [4]. Secondly, the macrophages produce proteolytic 
enzymes, such as matrix metalloproteinases (MMPs), that degrade the biomaterial 
[5]. Thirdly, activated macrophages fuse into multinucleated giant cells, which also 
contribute to the maintenance of the pro-inflammatory state through secretion of pro-
inflammatory chemokines, cytokines and MMPs. The secreted MMPs (pre)degrade the 
biomaterial while macrophages and giant cells phagocytose the resultant biomaterial 
particles. 

In general, the microenvironment inside the implanted material is aimed at 
inducing and maintaining inflammation and degradation of the material. Outside of 
the implanted material, a mature fibrous capsule is formed, consisting predominantly 
of fibroblasts and a few macrophages [1-3]. Here, the fibroblasts proliferate, align, and 
secrete extracellular matrix (ECM) which physically shields the host from the implanted 
material. Because of the fundamental differences in these two microenvironments, we 
speculate that the macrophages present inside and outside the implanted material may 
display different phenotypes. Most literature distinguishes two general categories of 
macrophage phenotypes: classically activated macrophages (M1φ) and alternatively 
activated macrophages (M2φ) [6-9]. M1φ play important roles in microbicidal activity, 
cellular immunity and tissue damage, whereas M2φ play important roles in humoral 
immunity, allergic and anti-parasite responses and tissue repair. Because M1φ and M2φ 
are important in tissue damage and tissue repair, respectively, we hypothesize that 
M1φ are predominantly present inside the implanted material, which is aimed at the 
destruction of the material, and that M2φ are predominantly present in the capsule, 
which is aimed at the generation of fibrous tissue. 

In vitro, unstimulated human or murine macrophages adopt a M1 phenotype 
when stimulated with lipopolysaccharides (LPS) and interferon gamma (IFNγ). These 
M1φ have been reported to express increased levels of C-C chemokine receptor type 
7 (CCR7), CD80, CD86, interleukin 1β (IL1b), interleukin 12 (IL12), inducible nitric oxide 
synthase (iNOS, only murine macrophages), and tumor necrosis factor alpha (TNFα) [6-
11]. Similarly, unstimulated human and murine macrophages adopt a M2 phenotype 
when stimulated with interleukin 4 (IL4) and interleukin 13 (IL13), or with IL4 and 
dexamethasone (Dexa). These M2φ have been reported to express increased levels of 
CD163, CD206, C-type lectin domain family 10 member A (Clec10a), E-cadherin (Ecad), 
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macrophage scavenger receptor 1 (MSR1), and stabilin 1 (Stab1) [6-17]. 
Unfortunately, very few studies have been published in which phenotypes of rat 

macrophages have been described or validated. We therefore stimulated macrophages 
from rat bone marrow with LPS/IFNγ, IL4/IL13, or IL4/Dexa to induce M1 and M2 
phenotypes. These phenotypes were confirmed using quantitative real-time polymerase 
chain reaction (qRT-PCR) and the phenotype-specific expression of two markers was 
confirmed on protein level using Western blot and immunohistochemistry (IHC). Using 
these validated phenotype-specific markers, the localization and dynamics of M1φ and 
M2φ were studied in our model for the FBR, namely the subcutaneous implantation of 
hexamethylenediisocyanate-crosslinked dermal sheep collagen (HDSC) disks in AO rats.

MATERIAL AND METHODS

GENERATION AND STIMULATION OF BONE MARROW-DERIVED MACROPHAGES IN VITRO

Femurs of healthy male rats (n=3) were flushed using sterile PBS. The bone marrow cells 
were centrifuged at 300 x g at 4 °C for 10 min. Erythrocytes were lysed for 5 minutes on 
ice in erythrocyte lysis buffer, containing 155 mM NH4Cl, 10 mM KHCO3, 0.1 mM EDTA (pH 
7.4). Afterwards, the remaining leukocytes were washed in PBS, centrifuged at 300 x g at 
4 °C for 10 min, and resuspended in DMEM medium containing 1 g/l glucose, 10% Fetal 
Calf Serum (FCS), 2 mM l-glutamine (Sigma-Aldrich), and 1% penicillin/streptomycin 
(Sigma-Aldrich). The medium was supplemented with 10 ng/ml macrophage colony-
stimulating factor (M-CSF) (Peprotech) to promote the outgrowth of macrophages. 
After 3 and 5 days medium was replenished. After 7 days the medium was replaced with 
medium containing LPS (1 µg/ml) and IFNγ (10 ng/ml), or IL4 (10 ng/ml)/IL13 (10 ng/ml), 
or IL4 (10 ng/ml)/Dexa (100 nM), or with medium without additions. 

RNA ISOLATION, CDNA SYNTHESIS AND QRT-PCR

After 24 h of stimulation the cells were lysed in RLT buffer (Qiagen) and RNA was isolated 
using a RNeasy Micro Kit (Qiagen) according to the instructions of the manufacturer. 
Total RNA was reverse transcribed using a First Strand cDNA synthesis kit (Fermentas). 
Gene expression was quantified using qRT-PCR in a final reaction volume of 10 µl, 
consisting of 1x Sybr green Supermix (Bio-Rad), 6 µM of forward and reverse primer 
(Table 1, developed using Roche assay design center), and 5 ng cDNA. The reactions 
were performed at 95 °C for 15 sec, 60 °C for 30 sec, 72 °C for 30 sec for 40 cycles in 
a TaqMan ABI7900HT cycler (Applied Biosystems). Analysis of the data was performed 
using Science Detection Software 2.2.2. Relative expression was calculated as 2-ΔCT using 
β-actin as a reference gene, as it was the most stable gene out of three reference genes. 

PROTEIN EXPRESSION ANALYSIS ON CULTURED MACROPHAGES

Flow-through of RNA isolations was treated as described by the manufacturer of the RNA 
isolation kits, in order to allow both RNA and protein analysis on the same samples. In 
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short, flow-through (containing mainly proteins and some genomic DNA in RLT buffer) 
was treated with 4 volumes of ice-cold acetone to precipitate the proteins in the sample. 
Precipitated proteins were pelleted by centrifugation and air-dried. Subsequently the 
pellets were redissolved in 2-D buffer [18], consisting of 30 mM Tris-HCl, 7 M urea, 2 M 
thiourea and 4% CHAPS (all from Sigma-Aldrich), and loaded on 10% SDS-PAGE gels. 
Proteins were separated at 200 V for 1 h and transferred onto nitrocellulose membranes 
(Millipore) at 100 V for 1 h. Both procedures were performed under reducing conditions. 
The blots were incubated overnight in 5% milk powder (Campina) in PBS. Next, the 
blots were probed with antibodies detecting iNOS (Abcam, Ab15323, 1:1000), CD206 
(Abcam, Ab64693, 1:1000) and β-actin (Abcam, Ab8227, 1:1000). Primary antibodies 
were detected using HRP-conjugated goat-anti-rabbit secondary antibodies (Abcam, 
1:1000). Detected proteins were visualized using ECL substrate (Promega) according 
to the instructions of the manufacturer. Densitometrical analysis was performed using 
ImageJ software. 

IMMUNOHISTOCHEMISTRY

Immunohistochemistry was performed on isolated bone marrow cells that were 
stimulated in 96-wells plates as described previously. After 24 h of stimulation, cells were 
washed and fixed in 2% paraformaldehyde (PFA). CD68 (Serotec, MCA341R, 1:100), CD86 
(Abcam, Ab53004, 1:100), CD163 (Serotec, MCA342R, 1:100), CD206 (Abcam, Ab64693, 
1:100) and iNOS (Abcam, Ab15323, 1:100) were detected using primary antibodies. 
Bound primary antibodies were visualized using DyLight649-conjugated donkey-anti-
rabbit (Jackson, 711-496-152, 1:100) or Rhodamine Red-X-conjugated donkey-anti-
mouse secondary antibodies (Jackson, 715-296-150, 1:100). Nuclei were visualized using 
4’,6-diamidino-2-phenylindole (DAPI) (Sigma-Aldrich, 1 µg/ml). Spleens of untreated 
Albino Oxford (AO) rats were used as positive controls (Fig. S4).

BIOMATERIAL, ANIMALS AND SURGICAL PROCEDURES

The localization and dynamics of macrophage phenotypes were studied in our standard 
model of the FBR [19-25]. Dermal sheep collagen (DSC, Zuid Nederlandse Zeemleder 
fabriek, Oosterhout, The Netherlands), a porous and degradable material devoid of 

Table 1 Overview of the primers used for qRT-PCR.
Gene Forward primer Reverse Primer

M1 genes iNOS CCTGGTGCAAGGGATCTTGG GAGGGCTTGCCTGAGTGAGC
IL1b TCCAGGATGAGGACCCAAGC TCGTCATCATCCCACGAGTCA
IL12 GGAGGCCCAGCAGCAGAATA TTCTTGGGTGGGTCCGGTTT
TNF TTCCCAAATGGGCTCCCTCT GTGGGCTACGGGCTTGTCAC
CCR7 TGGCTCTCCTGGTCATTTTC GCCGATGTAGTCGTCTGTGA
CD80 TGCTGGTTGGTCTTTTCCA TGACTGCTCTTCAGAACAAAA
CD86 TCCTCCAGCAGTGGGAAACA TTTGTAGGTTTCGGGTATCCTTGC

M2 genes CD206 GGTTCCGGTTTGTGGAGCAG TCCGTTTGCATTGCCCAGTA
CD163 CTCAGCGTCTCTGCTGTCAC GGCCAGTCTCAGTTCCTTCTT
Clec10a GAGAAAAACCAAGAGGCTGGT CTAAGGCCCAGGGAGAACA
IL10 CAAGGCAGTGGAGCAGGTGA CCGGGTGGTTCAATTTTTCATT
Ecad TGGTGTGGGTCTGGAGATCG CAGCCCGAGTGGAAATGACC
Stab1 CCATGGAGAGAAGTCATCATCA GTGACACAGCTCCTGACAACAT
MSR1 CTGGTGTTCCAGGTGCAAG AAGCCAACTGGTCCCTGAT

Reference gene ActB TGGGACGATATGGAGAAGAT TGTTGAAGGTCTCAAACATGA
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immunogenic groups, was cross-linked with hexamethylenediisocyanate to form non-
cytotoxic HDSC [26]. The endotoxin content of the HDSC was found to be <0.05 EU/ml 
as determined by the LAL-method (Cambrex, LAL kinetic-QCL®). All animal experiments 
were approved by the local Animal Care and Use Committee of the University of 
Groningen and were performed according to governmental and international guidelines 
on animal experiments. HSDC disks with a thickness of 1 mm and a diameter of 8 mm  
were implanted in subcutaneous pockets in ten week old male AO rats (AO/OlaHsd, 
Harlan), on the right hand side of the animals (one disk per rat, three time points, three 
rats per time point). The animals were anesthetized by inhalation of 4% isoflurane. 
Anesthesia was maintained by inhalation of 2% isoflurane. The back was shaved and 
disinfected and a subcutaneous pocket was made to the right through incisions. The 
HDSC disks were implanted about 1 cm from the incision site. Buprenorfine (0.01 mg/kg) 
was administered peri-operatively as pain medication. The disks plus surrounding tissue 
were dissected from the subcutaneous pocket at day 5, 10 and 21 after implantation. After 
dissection, the disks were cut in half. One half was fixed with 2% (v/v) glutaraldehyde in 
0.1 mM phosphate buffer (pH 7.4) for histological analysis, the other half was snap-frozen 
for immunohistochemical analysis. Thereafter, the animals were sacrificed by cervical 
dislocation under anesthesia.

HISTOLOGICAL ANALYSIS

The glutaraldehyde-fixed materials were dehydrated in graded alcohol dilution series 
and were embedded in Technovit 7100 (Heraeus Kulzer) according to the manufacturer’s 
protocol. Sections of 2 µm were cut and stained with Toluidine Blue (Fluka Chemie) and 
analyzed by light microscopy. 

IMMUNOHISTOCHEMICAL DETECTION OF PHENOTYPE-SPECIFIC MARKERS IN EXPLANTED 
SAMPLES

Longitudinal sections of 5 µm were cut from the explanted samples using a cryotome, 
and fixed in 2% PFA. Endogeneous autofluorescense was blocked by incubation in 10 
mM CuSO4 in 50 mM CH3COONH4 buffer (pH 5) at 37 °C for 1 h, followed by incubation 
in 0.2% NaBH4 at room temperature for 10 min as previously described [27-29]. Next, 
the sections were pre-incubated in 10% donkey serum for 30 min to block aspecific 
binding of primary antibodies. Subsequently, the sections were incubated with 
primary antibodies against CD68 (Serotec, 1:100), together with iNOS (Abcam, 1:100) 
or CD206 (Abcam, 1:100). Bound primary antibodies were visualized using DyLight649-
conjugated donkey-anti-rabbit (Jackson, 1:100) and Rhodamine Red-X-conjugated 
donkey-anti-mouse secondary antibodies (Jackson, 1:100). Nuclei were visualized using 
DAPI. Microscopical imaging was performed at the UMCG Imaging Center (UMIC), which 
is supported by the Netherlands Organisation for Health Research and Development 
(ZonMW grant 40-00506-98-9021).
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STATISTICAL ANALYSIS

All data represented are expressed as mean ± SEM. The data were analyzed using SPSS 
software. The statistical significance of differences in the findings was evaluated by a one-
way ANOVA followed by a two-sided Dunnett’s post-test. A difference was considered 
statistically significant when P < 0.05.

RESULTS

CULTURING MACROPHAGES AND THE INDUCTION OF PHENOTYPES

Bone marrow cells derived from rat femurs were cultured for 7 days in the presence 
of M-CSF to promote the outgrowth of macrophages. Next, the macrophages were 
stimulated with LPS/IFNγ, IL4/IL13, or IL4/Dexa. As expected, stimulation with LPS/
IFNγ resulted in a M1 phenotype, indicated by increased expression of iNOS, IL1b, IL12 
and TNFα (Fig. 1). Additionally, CCR7 was upregulated and a trend towards increased 
expression of CD80 was observed (Fig. S1). In contrast to our expectation, IL10 was 
upregulated in these macrophages, and CD86 was upregulated in macrophages 
stimulated with IL4/Dexa but not in macrophages stimulated with LPS/IFNγ (Fig. S1). 
Stimulation of the macrophages with IL4/Dexa resulted in a M2 phenotype, as indicated 
by an increased expression of CD206, CD163 and Clec10a (Fig. 1). A similar trend was 
observed using IL4/IL13, but these cytokines were not nearly as effective in inducing 
the expression of M2 genes. Ecad and Stab1 did not show any apparent upregulation 
after stimulation with IL4/IL13 or IL4/Dexa (Fig. S1). In contrast to our expectation, MSR1 
was downregulated in macrophages stimulated with IL4/Dexa, and upregulated in 
macrophages stimulated with LPS/IFNγ. Taking all qRT-PCR data into consideration, we 
conclude that we have successfully induced M1 and M2 phenotypes in these rat bone 
marrow-derived macrophages. Furthermore we conclude that, in the rat, not all of the 
proposed phenotype markers can be used to discriminate between M1φ and M2φ. For 
subsequent experiments we chose iNOS and CD206 as most promising candidates for 
macrophage phenotype-specific immunohistochemical markers.

VALIDATION OF PHENOTYPE-SPECIFIC MARKERS ON PROTEIN LEVEL USING WESTERN BLOT 
AND IMMUNOHISTOCHEMISTRY

Because our aim was to develop phenotype-specific markers suitable for 
immunohistochemical detection, we required markers that are specific for M1φ or 
M2φ on protein level. Therefore, after inducing the M1 and M2 phenotype in cultured 
macrophages, proteins were precipitated from the flow-through after RNA isolation. 
Western blot analysis revealed that iNOS protein was exclusively present in macrophages 
stimulated with LPS/IFNγ (Fig. 2). Small amounts of CD206 were present in unstimulated 
macrophages and in macrophages stimulated with LPS/IFNγ. More CD206 was present in 
macrophages stimulated with IL4/IL13, and even more in macrophages stimulated with 
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Figure 1: Gene expression analysis of macrophages stimulated with LPS/IFNγ, IL4/IL13, IL4/Dexa or 
unstimulated. 
LPS/IFNγ-stimulated (M1) macrophages express increased levels of iNOS, IL1b, IL12 and TNFα. IL4/Dexa-
stimulated (M2) macrophages express increased levels of CD206, CD163 and Clec10a. Data are presented as 
mean ± sem (n=5), relative expression is calculated as 2-ΔCT vs. ActB. *: P<0.05, **: P<0.01, ***: P≤0.001 compared 
to unstimulated as calculated using a one-way ANOVA followed by Dunnett’s post-test (2-sided, α=0.05).
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Figure 2: Western blot analysis of 
macrophages stimulated with LPS/IFNγ, IL4/
IL13, IL4/Dexa or unstimulated. 
Upper panel: representative western blot 
showing that iNOS is exclusively expressed 
by LPS/IFNγ-stimulated (M1) macrophages, 
while CD206 is upregulated in IL4/IL13 and 
IL4/Dexa-stimulated (M2) macrophages. 
Lower panel: densitometric analysis of protein 
expression levels (in arbitrary units (A.U.)). Data 
are presented as mean ± sem (n=3), **: P<0.01, 
***: P≤0.001 compared to unstimulated as 
calculated using a one-way ANOVA followed by 
Dunnett’s post-test (2-sided, α = 0.05).

IL4/Dexa (Fig. 2). Both the M1-specific expression of iNOS and the M2-specific expression 
of CD206 are in good agreement with the qRT-PCR data. 

Next, we analyzed protein expression by these macrophages using 
immunohistochemistry. Although the level of expression varied, over 90% of the 
cultured cells express CD68, indicating that the bone marrow cells had indeed matured 
into macrophages (Fig. S2). Thereafter, we questioned whether the phenotype-specific 
expression of iNOS and CD206 could also be detected using immunohistochemistry. 
Expression of iNOS on macrophages stimulated with LPS/IFNγ was clearly present, while 
it was not present on unstimulated macrophages or macrophages stimulated with IL4/
IL13 or IL4/Dexa (Fig. 3). CD206 was not expressed by unstimulated macrophages or by 
macrophages stimulated by LPS/IFNγ. Only a few cells expressed CD206 after stimulation 
with IL4/IL13, and after stimulation with IL4/Dexa the number of macrophages expressing 
CD206 increased clearly. These data indicate that immunohistochemistry for iNOS and 
CD206 can be used to distinguish M1 and M2 macrophages in vitro, which corroborates 
our Western blot and qRT-PCR data.

DETECTION OF INOS AND CD206 EXPRESSION BY MACROPHAGES DURING THE FBR

Our in vitro experiments indicate that iNOS and CD206 can be used to positively distinguish 
M1 and M2 macrophages. Next, we used these markers to study the localization and 
dynamics of macrophages with a M1 or a M2 phenotype during the FBR. Cross-linked 
dermal sheep collagen disks were implanted in subcutaneous dorsolateral pockets in 
rats. After 5, 10 and 21 days the implanted disks were dissected from the surrounding 
tissue and analyzed using histology and immunohistochemistry. Histological analysis 
revealed that over time, increasing amounts of macrophages migrate into the biomaterial 
(Fig. S3). At day 5, vasculature is only present around the implanted disk, whereas at 
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day 10 and 21 vasculature is also present within the ingrowth inside the disk. The HDSC 
bundles decrease in size over time and at day 21 hardly any HDSC bundles are present. 
These observations are all in line with previous findings [19-20]. Immunohistochemical 
double stainings were performed for iNOS or CD206 (M1 or M2 macrophages), together 
with CD68 (all macrophages), on samples explanted after 5, 10, and 21 days. At day 5, a 
small number of macrophages was present at the rim of the implants (Fig. 4A). At day 
10, more macrophages had invaded the biomaterial (Fig. 4B). At day 21 macrophages 
were present throughout the entire biomaterial; furthermore, the size of the biomaterial 
had decreased subtantially, indicating that degradation of the scaffold had occurred. 
Interestingly, iNOS could not be detected in any of the specimens (Fig. 4D-F), which 
suggests that M1 macrophages are not present during the FBR to HDSC in rats. To rule 
out the possibility that our immunohistochemical assay was not sensitive enough to 
detect iNOS+ macrophages in vivo, and the possibility that iNOS cannot be expressed by 
rat macrophages in vivo, we performed immunohistochemical double-labeling of CD68 
and iNOS on intramuscular sutures. In these samples, iNOS+ macrophages were readily 
detectable in the vicinity of the sutures (Fig. S5), indicating that iNOS can be expressed 
by rat macrophages in vivo, and that our assay is sufficiently sensitive to detect those 
macrophages.

In contrast, CD206 was readily detected at day 5, 10 and 21 (Fig. 5) during the FBR 
to HDSC. At day 5, CD206+ macrophages were present inside the biomaterial (Fig. 5D’) 
and in the capsule surrounding the biomaterial (Fig. 5D’’). At day 10, CD206 expression 
was less prominent in the overview (Fig. 5B). Again, CD206+ macrophages were present 
inside the biomaterial (Fig. 5E’) and in the capsule surrounding the biomaterial (Fig. 5E’’). 
At day 21, CD68 and CD206 appear to be less prominent in the overview (Fig. 5C). Closer 
inspection revealed that the cell-density had increased, and that CD206+ macrophages 
were present inside the biomaterial (Fig. 5F’) and in the capsule surrounding the 

Figure 3: Immunofluorescence micrographs from macrophages stimulated in vitro with LPS/IFNγ, IL4/
IL13, IL4/Dexa or unstimulated. 
Expression of iNOS is not detected in macrophages stimulated with IL4/IL13 or IL4/Dexa or in unstimulated 
macrophages. In contrast, high expression of iNOS was detected in LPS/IFNγ-stimulated macrophages. 
Expression of CD206 is not detected in macrophages stimulated with LPS/IFNγ or in unstimulated macrophages. 
CD206 is only scarcely expressed in macrophages stimulated with IL4/IL13, whereas more CD206 is expressed 
in macrophages stimulated with IL4/Dexa.
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Figure 4: Immunohistochemical double-staining for CD68 and iNOS on explanted HDSC scaffolds at day 
5 (A,D,D’), day 10 (B, E, E’)  and day 21 (C, F, F’). 
(A-C): low-magnification micrographs of explanted HDSC scaffolds, showing increasing numbers of CD68+ 

macrophages in the scaffolds over time, and a decrease in scaffold size at day 21. (D-F): high-magnification 
micrographs taken at the dashed rectangles, showing  increasing numbers of CD68+ macrophages over time 
and the absence of (CD68+) iNOS+ cells. (D’-F’): RGB-images were split into their representative red, green and 
blue channels.
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biomaterial (Fig. 5F’’). Taken together, these data suggest that M2 macrophages are 
present during the FBR both inside the biomaterial and in the capsule. Intriguingly, at 
day 21, many cells inside the biomaterial did not express CD68 or CD206. At all observed 
time points many CD206+ CD68- cells are present in the capsule and in the surrounding 
interstitial cells, indicating that CD206 expression is not restricted to the macrophages 
participating in the FBR.
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Figure 5: Immunohistochemical double-staining for CD68 and CD206 on explanted HDSC scaffolds at 
day 5 (A,D-D’’), day 10 (B, E-E’’)  and day 21 (C, F-F’’). 
(A-C): low-magnification micrographs of explanted HDSC scaffolds, showing high numbers of (CD68+) CD206+ 

cells in and around the HDSC scaffolds. (D-F): high magnification micrographs taken at the dashed rectangles. 
(D’-F’’): details of the ingrowth (D’-F’) and the capsule surrounding the HDSC scaffolds (D’’-F’’), showing CD68+/
CD206+ cells (arrows) in both microenvironments.
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DISCUSSION

Macrophage polarization and the resulting phenotypes have been studied extensively 
in mice and humans, and many phenotype-specific markers have been described at 
the RNA-level. Fewer phenotype-specific markers have been validated at the protein 
level, which enables detection in ex vivo samples using immunohistochemistry. 
Surprisingly little attention has been given to macrophage phenotypes in rats, even 
though considerable differences between species exist in macrophage phenotypes 
and their markers [30-32]. We therefore first studied the properties of rat bone marrow-
derived M1 and M2 macrophages, obtained after stimulation. Indeed, CD86, often 
used as a M1 marker in human and murine systems, was not specifically expressed by 
rat M1 macrophages (Fig. S2). CD163, often used as a M2 marker in human and murine 
systems, was not detected on any of the macrophages cultured in vitro (Fig. S2, positive 
controls stained positive (Fig. S4)), although RNA levels were clearly upregulated (Fig. 1). 
Furthermore, IL10 was upregulated in M1φ, whereas MSR1 was downregulated in M2φ 
and upregulated in M1φ. 

Eventually, phenotype-specific markers for rat macrophages were found and 
validated in vitro at the RNA and protein level using qRT-PCR, Western blot and IHC. We 
found that iNOS and CD206 are markers that can be used to positively identify M1 and 
M2 macrophages, respectively. These markers were used to evaluate the phenotype 
of macrophages participating in the FBR to cross-linked dermal sheep collagen after 
dorsal subcutaneous implantation. Using iNOS and CD206 to distinguish M1 and 
M2 macrophages during the FBR, we found that M1φ do not appear to be present 
during the FBR, and M2φ are present both inside the biomaterial and in the capsule 
surrounding of the biomaterial at all observed time points. Our starting hypothesis was 
that macrophages present in the different microenvironments of the FBR have different 
phenotypes (as reflected by M1φ and M2φ).

We found, in contrast to our hypothesis, that M1φ were not present, that some 
M2φ appear to be present in both the ingrowth and in the capsule (which are functionally 
different microenvironments), and that most macrophages displayed neither an M1 nor 
a M2 marker (iNOS or CD206). Interestingly, in a similar model in mice, an acute influx of 
CD206+ macrophages and absence of iNOS was also reported [33].

Macrophage subtypes in the foreign body reaction of the rat have been 
investigated by Badylak et al. [34]. They used an ECM-derived scaffold of porcine 
small intestinal submucosa and a carbodiimide cross-linked derivative. In the former, 
macrophages mainly showed a M2 polarization stage during the first two weeks, 
whereas the latter showed both M1 and M2 macrophages, indicating that the chemistry 
of the material affects macrophage polarization. Differences were also found in M1 
and M2 ratios between biological scaffolds with and without the presence of cellular 
material [32]. That macrophages show a material-dependent response with respect to 
its polarization state, and that this response can be modulated by the presence of pro-
inflammatory molecules, has been shown in vitro by Lynn and Bryant [35]. Furthermore, 
it has been found that materials exhibiting different microstructures with an identical 
surface chemistry induce highly diverse macrophage responses, showing a relationship 
between macrophage phenotypes and geometrical patterns [36]. Thus, there are several 
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ways to direct the outcome of the foreign body reaction by modulating the polarization 
state of macrophages via the nature of the biomaterial. 

This paper reflects the fact that our knowledge on the role of macrophage 
subtypes in the FBR, especially the spatial distribution of macrophage phenotypes as 
a function of time (and its relation with the type of biomaterial), is still very defective. 
We expected to see differences in the distribution of M1 and M2 macrophages in the 
capsule and inside the biomaterial, but were only able to detect M2 macrophages in 
both compartments, whereas the majority of macrophages did not show the presence 
of M1 or M2 markers. Indeed, in previous studies, a significant amount (typically > 30%) 
of the macrophages could also not be attributed to M1φ or M2φ [32, 34, 37]. To make 
matters even more complicated, the M1φ /M2φ balance may also be affected by the 
strain of the rats that are used. 

Originally, phenotype-specific markers were based on their functionality. iNOS 
plays an important role in inflammation, immunity and bacterial killing and is therefore 
a marker of M1 macrophages. CD206 plays an important role in the recognition of 
bacteria and parasites and is therefore a marker of M2 macrophages. Both iNOS and 
CD206 may not be required for the specific roles that macrophages have during the 
FBR and upregulation of these markers may not be required. Preferably, the phenotype 
of macrophages in vivo should be defined in the context of the physiological process 
being studied (i.e. the microenvironments in the FBR), as previously suggested [38]. We 
speculate that macrophages may adopt a “FBR-specific” phenotype which is required 
for the organization of the inflammatory microenvironment and the degradation of the 
implanted material, or the organization of the fibrous capsule around the implanted 
material. These macrophages would not express typical M1 or M2 markers, but perhaps 
markers that are more functional in the FBR, such as pro-inflammatory cytokines 
and chemokines that orchestrate the inflammatory microenvironment or matrix 
metalloproteinases that are required for the degradation of the biomaterial.  

CONCLUSIONS

In this study we have shown that iNOS and CD206 are selectively upregulated in vitro in 
M1 and M2 macrophages derived from rat bone marrow. Using these markers, we found 
that during the foreign body reaction to HDSC in rats, M1φ are not present, and only a 
few M2φ are present in both the capsule surrounding the implanted HDSC and in the 
inflammatory ingrowth inside the HDSC. Based on these data we speculate that most of 
the macrophages in the foreign body reaction may adopt a phenotype that does not fit 
into the classical M1 or M2 dichotomy.
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Figure S1: Gene expression analysis of macrophages stimulated with LPS/IFNγ, IL4/IL13, IL4/Dexa or 
unstimulated. 
Data are presented as mean ± sem (n=5), relative expression is calculated as 2-ΔCT vs. ActB. *: P<0.05, **: P<0.01, 
***: P≤0.001 compared to unstimulated as calculated using a one-way ANOVA followed by Dunnett’s post-test 
(2-sided, α=0.05).
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Figure S2: Immunohistochemical analysis of CD68, CD86 and CD163 expression by macrophages 
stimulated with LPS/IFNγ, IL4/IL13, IL4/Dexa or unstimulated. 
Almost all macrophages express (varying degrees of ) CD68 and CD86, while CD163 is not expressed after any 
of the stimulations.

Figure S3: Histological analysis of the foreign body reaction to subcutaneously implanted HDSC in rats. 
The dotted rectangle in the upper row indicates the area selected for higher magnifications, depicted in the 
lower row. The dotted line in the lower row indicates the border between ingrowth (left side) and surrounding 
capsule (right side). Blood vessels (V) and HDSC bundles (H) are indicated in the micrographs.
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Figure S4: Immunohistochemical detection of CD68, iNOS, CD206, CD163 and CD86 on positive controls 
(spleens). WP: white pulp.

Figure S5: Immunohistochemical double-staining for CD68 and iNOS on intramuscular sutures. 
(A,B) Low- and high-magnification micrographs, respectively, of explanted intramuscular sutures 
(autofluorescence, white), showing iNOS+ (green) macrophages (CD68+, red) in the vicinity of the sutures. 
Nuclei (blue) were stained with DAPI.
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ABSTRACT

Cells acquire mechanical information from their surrounding and convert this into 
biochemical activity. The concept and mechanism behind this cellular mechanosensing 
and mechanotransduction are often studied by means of two-dimensional hydrogels. 
Polyacrylamide hydrogels (PAAMs) offer chemical, mechanical, and optical advantages 
but due to their inert surface do not allow protein and cell adherence. Several cross-
linkers have been used to functionalize the surface of PAAMs with extracellular matrix 
(ECM) proteins to enable cell culture. However, the most commonly used cross-linkers 
are either unstable, expensive, or laborious and often show heterogeneous coating or 
require PAAM modification. Here, we introduce 3,4-dihydroxy-l-phenylalanine (L-DOPA) 
as a novel cross-linker that can functionalize PAAMs with ECM without the above-
mentioned disadvantages. A homogenous collagen type I and fibronectin coating was 
observed after L-DOPA functionalization. Fibroblasts responded to differences in PAAMs’ 
stiffness; morphology, cell area, and protein localization were all affected as expected, 
in accordance with literature where other cross-linkers were used. In conclusion, 
L-DOPA can be used as a cross-linker between PAAMs and ECM and represents a novel, 
straightforward, nonlaborious, and robust method to functionalize PAAMs for cell culture 
to study cell mechanosensing.
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INTRODUCTION

Cells sense and respond to external mechanical signals from their environment 
and convert this mechanical stimulus into biochemical activity, a process known as 
mechanosensing and mechanotransduction [1]. Indeed, cells actively sense their 
environment by applying forces to the surrounding substrate at the site of adhesion 
[2]. An increase in substrate stiffness directly influences cell morphology as stiffer 
materials lead to more cell spreading [3]. Cells also migrate more easily on and toward 
stiffer materials, a phenomenon called durotaxis [4-5]. Furthermore, cells generally 
proliferate faster on a stiff substrate [6], and substrate stiffness affects stem cell lineage 
differentiation [7-8].

To study the effect of substrate stiffness on cells in vitro, polyacrylamide hydrogels 
(PAAMs) have been used for years as elastomers with a pretunable stiffness [5,9-11]. 
PAAMs offer chemical, optical, and mechanical advantages. PAAMs are translucent and 
nonfluorescent, which enables their use in immunohistochemistry and fluorescence 
microscopy. PAAMs also show linear deformation in response to mechanical load and 
show rapid and complete recovery after release [10]. Furthermore, PAAMs offer linear 
elasticity independent of applied strain [12], enabling the verification of PAAMs elastic 
moduli by fitting force retraction curves obtained with an atomic force microscope 
(AFM) with a linear Hertz model [13,14]. Extremely low moduli mimicking organ stiffness 
in vivo (<5 kPa) [15], can be obtained by varying the ratio between acrylamide and 
bisacrylamide without introducing changes in the surface chemistry.

Despite excellent optical, chemical, and mechanical properties, PAAMs are 
biologically inert and require surface functionalization to facilitate cell adhesion. In 
the past, a variety of cross-linkers have been used to couple protein to the surface of 
PAAMs. Sulfo-SANPAH (sulfosuccinimidyl 6-(4’-azido-2’-nitrophenylamino)hexanoate), 
a chemical cross-linker and golden standard as of today, is used to functionalize 
the surface of PAAMs with extracellular matrix (ECM) proteins or peptides for cell 
adherence. Sulfo-SANPAH couples to PAAMs through a photo-activatable nitrophenyl 
azide and can bind protein through an amine reactive N-hydroxysuccinimide ester. 
Sulfo-SANPAH is an expensive reagent that due to its poor solubility, limited stability, 
and short shelf life can show variations in cross-linking, which leads to heterogeneous 
ECM coating [15,16]. This results in poor, heterogeneous, aberrant, or no adhesion of 
cells. Other used cross-linkers are dependent on polyacrylamide mixture modifications 

[10,16]: 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride can only 
couple protein to PAAMs when acrylic acid is incorporated into the hydrogel because 
it depends on a free carboxylic acid group to form a stable amide bond. Another used 
cross-linker, 6-acrylaminohexylaminohexanoic acid N-succinimidyl ester (N6) needs to 
be incorporated directly into PAAMs and these modifications may influence hydrogel 
stiffness, stability and integrity. The synthesis of N6 is another limitation as it can only 
be formed through a multistep chemical reaction, which is hard to implement for most 
biologically oriented laboratories. Alternatives such as polydimethylsiloxane (PDMS) are 
a less desirable choice for studying cell mechanosensing due to nonlinear mechanical 
behavior [17].
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Clearly, the need for a straightforward protocol to functionalize PAAMs for cell 
culture to study mechanosensing and mechanotransduction in vitro remains. In this 
article, 3,4-dihydroxy-l-phenylalanine (L-DOPA), the dopamine precursor and key 
compound in mussel byssus adhesion [18-20], is proposed to substitute said cross-linkers 
to couple ECM proteins to unmodified PAAMs with different substrate stiffness. L-DOPA 
is a nontoxic compound, which is extensively used in the clinic for the treatment of 
Parkinson’s disease and dopamine-responsive dystonia and is considered biocompatible. 
As shown by Lee et al., L-DOPA can bind to various materials such as steel, titanium, 
polystyrene, and PDMS [21]. L-DOPA has also been used as a cell-adhesion molecule in 
serum-free cell cultures as discussed by Wan-Geun La et al. [22]. L-DOPA is more economic 
in use compared to sulfo-SANPAH and is chemically stable in the supplied powder form. 
We combined the excellent optical, chemical and mechanical properties of PAAMs with 
the remarkable binding properties of L-DOPA to functionalize PAAMs for cell culture and 
briefly compare our functionalization method with sulfo-SANPAH. Using this method, we 
offer a novel, easy, and robust in vitro model to study the effect of substrate stiffness on 
the biology of cells. We validated our model by studying the effect of substrate stiffness 
on human fetal fibroblasts using the following characteristics: cell adherence, cell area, 
the incorporation of alpha smooth muscle actin (αSMA) into stress fibers, the localization 
of vinculin in focal adhesions, and the translocation of Yes-associated protein (YAP) into 
the nucleus.

MATERIAL AND METHODS

PREPARATION OF PAAMS

PAAMs were prepared between a chemically modified glass plate and a glass coverslip, 
a slight modification of a method first described by Pelham and Wang [10]. The glass 
plate was sterilized in an autoclave, followed by immersion in 99.9% ethanol for 15 
min. To prevent PAAM adhesion to the underlying glass plate, it was incubated with 
dichlorodimethylsilane (8034520; Merck, Darmstadt, Germany) for 5 min, wiped clean 
and washed gently with sterile water afterwards. Glass coverslips (Ø 15mm; VWR, 
Amsterdam, The Netherlands) were, to covalently link PAAMs, pretreated for 3 min with 
a freshly prepared solution of 99.1% ethanol containing 0.5% (v/v) 3-(trimethoxysilyl)
propyl methacrylate (M6514; Sigma, St. Louis, MO) and 0.3% (v/v) glacial acetic acid. 
After incubation, the mixture was carefully aspirated and coverslips were washed twice 
with 99.9% ethanol to remove residual reagents.
 PAAMs with mechanical properties mimicking in vivo tissue stiffness were 
prepared by varying the ratio between 40% acrylamide solution (#161-0140; BioRad, 
Veenendaal, The Netherlands) and 2% bisacrylamide solution (#161-0142; Bio-
Rad) in 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid buffer (HEPES, 
H0887; Sigma-Aldrich) as depicted in Table 1. The polymerization catalyst N,N,N’,N’-
tetramethylethylenediamine (#161-0800; BioRad) was added to the mixture in a final 
concentration of 0.15%. This solution was deoxygenated under argon for 30 min. Without 
deoxygenation, large variations in hydrogel stiffness, homogeneity, and polymerization 
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speed were observed. After deoxygenation, the (bis)acrylamide solution was gently 
mixed with ammonium persulfate (APS; A3678, Sigma-Aldrich; Table 1). APS addition 
was quickly followed by pipetting the polymerizing solution onto the glass plate and has 
to be done in rapid succession, placing a coverslip on top. PAAMs covalently linked to 
the glass coverslips were left to polymerize for 15–30 min before carefully flipping them 
with a needle and tweezers and placed into 24-well culture well plates.  To cease the 
polymerization process and remove leftover acrylamide and is-acrylamide monomers, 
the PAAMs were washed twice with phosphate buffered saline (PBS) and stored in PBS 
in the fridge until further use. Hydrogel surface creasing of soft gels was prevented by 
adapting acrylamide and bisacrylamide concentrations as described by Saha et al. [23].

ATOMIC FORCE MICROSCOPY

The mechanical properties of the PAAMs were measured using a Bruker BioScope 
Catalyst AFM (Bruker UK Limited, Coventry, United Kingdom) in contact in fluid mode in 
PBS. Triangular silicon nitride cantilevers (NP10; Bruker UK Limited) with nominal spring 
constants of 0.06 N/m were used. Cantilever spring constants were determined and 
calibrated on glass at the beginning of each experiment. The stiffness of each PAAM was 
measured at three random topographic locations per hydrogel to assure homogeneity 
and assessed by 20 indentations per location. The stiffness was validated by repeated 
measurements per day (triple hydrogels) and by repeated experiments at different days 
(n = 3) to validate reproducibility. The Young’s modulus was obtained retrospectively by 
fitting obtained force retraction curves with a linear Hertzmodel [13,14].

L-DOPA TO FUNCTIONALIZE THE SURFACE OF PAAMS

The catecholamine L-DOPA (D9628; Sigma-Aldrich) was used to functionalize the surface 
of PAAMs. L-DOPA was dissolved in 10 mM Tris buffer (pH 10) at a final concentration 
of 2 mg/ml unless otherwise specified and left to dissolve for 30 min in the dark. After 
dissolving, the L-DOPA solution was sterilized through a 0.20 µm surfactant-free cellulose 
acetate filter, and PAAMs were incubated with 250 μl of L-DOPA for 30 min in the dark, 
followed by two washes with PBS to remove any residual unbound L-DOPA. L-DOPA 
coated hydrogels were functionalized with 250 μl of either a 20 mg/ml fibronectin (F1141; 
Sigma-Aldrich) or a 40 mg/ml rat-tail tendon collagen type I (354249; BD Bioscience, San 
Jose, CA) solution in PBS at 37 °C for 2 h, unless stated otherwise. After incubation, gels 

Measured E  (Young’s modulus, kPa) 2 4 12 26 50 92

40% acrylamide ( l) 75 187.5 187.5 187.5 300 300
2% bisacrylamide ( l) 60 27 58 118 58.5 75,5
10mM HEPES ( l) 763.5 684 653 593 540 523
TEMED ( l) 1.5 1.5 1.5 1.5 1.5 1.5
APS ( l) 100 100 100 100 100 100
Total ( l) 1000 1000 1000 1000 1000 1000

    APS, ammonium persulfate; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid buffer; TEMED, N,N,N',N'-tetramethylethylenediamine

Table 1  Acryl/Bisacrylamide Volumes for 24-Well Plate Coverslips
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were washed with PBS to remove any unbound ECM components. During optimization 
experiments, the time and concentration of both L-DOPA and collagen I were varied 
to determine L-DOPA and collagen I binding dynamics.  A schematic representation of 
L-DOPA as a cross-linker in our PAAM model is depicted in figure 1.

SULFO-SANPAH

To compare our method with sulfo-SANPAH, we coated PAAMs with either sulfo-SANPAH 
or L-DOPA (2 mg/ml L-DOPA in 10 mM Tris buffer and filtered before use, as described in 
previous paragraph) before collagen I functionalization. In brief, PAAMs were overlaid 
with 200 μl  of a 0.5 mg/ml (1 mM) sulfo-SANPAH in 50 mM HEPES solution and incubated 
under a 365 nm UV lamp for 5 min, as described by Pelham and Wang [10,24]. Next, 
PAAMs were washed three times with 50 mM HEPES and incubated with collagen I for 2 
h at 37 °C.

IMMUNOFLUORESCENCE AND QUANTIFICATION OF ECM COATING ON PAAMS

To visualize collagen type I and fibronectin bound to the surface of the PAAMs through 
L-DOPA or sulfo-SANPAH, gels were incubated for 30 min with (1) 10% goat serum or (2) 
10% donkey serum followed by incubation with either (1) mouse monoclonal antibody 
to collagen type I (ab90395; Abcam, Cambridge, United Kingdom; 1:5000 in PBS) or (2) 
rabbit polyclonal antibody to fibronectin (ab2413; Abcam; 1:1000 in PBS) for 2 h. Gels 
were washed with PBS and incubated with (1) goat-anti-mouse IRDye 800 CW (610– 
132-121: Rockland, Limerick, PA) or (2) donkey-anti-rabbit IRDye 680 CW (926-68073; 
Rockland; both 1:500 in PBS) for 1 h followed by three washes with PBS. ECM coating was 
visualized at infrared wavelength (780 nm for collagen I, 680 nm for fibronectin) using 
the Odyssey Infrared Imaging System (LI-COR, Lincoln, NE). Collagen I and fibronectin 
staining were quantified using the supplied LI-COR image studio software for Windows, 
version 4.0.21.

CELL CULTURE

To determine cell adhesion, human dermal fetal fibroblasts (WS1 CRL-1502; ATCC, 
Teddington, United Kingdom) were pretreated with 10 mg/ml mitomycin C (M4287; 
Sigma-Aldrich) for 2 h. Mitomycin C forms cross-links between the DNA strands and 
therefore inhibits DNA synthesis and proliferation. Fibroblasts were seeded on L-DOPA/

Figure 1: Schematic representation of the PAAM–L-DOPA–ECM construct. 
A glass coverslip with covalently attached PAAM is coated with L-DOPA, after which the PAAM is functionalized 
with ECM proteins (collagen I, fibronectin). ECM, extracellular matrix; L-DOPA, 3,4-dihydroxy-l-phenylalanine; 
PAAM, polyacrylamide hydrogel.
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collagen type I-functionalized PAAMs with a density of 1000 cells/cm2 to avoid confluent 
cell–cell contact and cultured in Eagle’s minimum essential medium (Thermo Scientific, 
Waltham, MA) supplemented with 10% filtered heat-inactivated fetal calf serum (SV3016) 
(Thermo Scientific, Waltham, MA), 1% penicillin/streptomycin, and 1% l-glutamine (both 
from Sigma-Aldrich) under 20% O2 and 5% CO2 at 37 °C. For cell adherence, fibroblasts 
were cultured for 24 h on plain PAAMs, PAAMs coated with only collagen type I or PAAMs 
functionalized with L-DOPA and collagen type I. For immunofluorescence detection of 
cell area and protein (trans)location, fibroblasts were cultured on PAAMs functionalized 
with L-DOPA/collagen type I. After either 24 h (cell adhesion) or 48 h (cell area, protein 
(trans)location), fetal fibroblasts were washed twice with PBS and fixated with 2% 
paraformaldehyde (PFA) at 4 °C for 15 min.

CELL ADHESION AND CELL AREA

To assess cell adherence, PFA-fixated cells cultured for 24 h on functionalized gels were 
incubated with 4,6-diamidino-2-phenylindole (DAPI; D9542; Sigma-Aldrich) for nuclear 
staining (1:5000 in PBS). To assess cell area, fibroblasts cultured on either L-DOPA–
collagen I or L-DOPA–fibronectin functionalized PAAMs were fixated after 48 h. Next 
cells were stained with DAPI (1:5000 in PBS) and phalloidin tetramethylrhodamine B 
isothiocyanate (phalloidin-TRITC; P1951; Sigma-Aldrich; 1:1000 in PBS; F-actin staining) 
for 10 min, followed by three washes with PBS supplemented with 0.5% Tween-20. Slides 
were mounted in Citifluor (Agar Scientific, Essex, United Kingdom). 

Images for cell adherence and cell area were obtained with a TissueFAXS 
equipped with a Pixelfly camera and a 10x objective. For cell adherence, 36 field of 
views (FOVs) and for cell area 25 FOVs were acquired per stiffness and these images 
were automatically stitched together by the TissueGnostics TissueFAXS software. Both 
cell adherence and cell area experiments were repeated four times and analyzed using 
the Leica NuanceFX software. To analyze the cell area, stitched images were converted 
to spectral cubes to unmix fluorescence background from phalloidin staining. Using 
the threshold segmentation function, cell area was measured in pixels. Each cell was 
checked and manually corrected using the draw/erase function if necessary. At least 
100 cells were measured per hydrogel. By using the TissueFAXS provided scale bar, the 
measured pixels were subsequently converted to µm2.

IMMUNOFLUORESCENT STAINING FOR F-ACTIN, VINCULIN, AND  YAP IN FETAL FIBROBLASTS 
ON PAAMS

To visualize αSMA, vinculin and YAP, PFA-fixated fibroblast were permeabilized with 0.5% 
Triton X-100 (108643; Merck) for 10 min and incubated with 10% goat serum for 1 h. Next, 
fibroblasts were incubated for 2 h at room temperature (RT) with (1) mouse monoclonal 
to αSMA (Clone 1A4; DAKO, Glosstrup, Denmark; 1:100), (2) mouse monoclonal to 
vinculin (hVIN-1; Sigma-Aldrich; 1:1000), or (3) rabbit polyclonal to YAP (sc-15407; Santa 
Cruz, Dallas, TX; 1:1000) in PBS containing 2.2% bovine serum albumin (BSA). After three 
washes with PBS, fibroblasts were incubated with biotinylated (1) IgG2a-specific goat-
anti-mouse (1080-08; SouthernBiotech, Birmingham, AL; 1:250), (2) IgG1-specific goat-
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anti-mouse–biotin (1070-08; SouthernBiotech; 1:250), or (3) polyclonal goat-anti-rabbit–
biotin (E0432; DAKO, Glosstrup, Denmark; 1:250), diluted in PBS containing 2.2% BSA for 
1 h at RT. Cells were washed three times with PBS and incubated with streptavidin-CY5 
(Invitrogen, Grand Island, NY; 1:250) in PBS containing DAPI (1:5000) for 30 min. After 
three washes with PBS, slides were mounted in Citifluor (Agar Scientific). 
 αSMA, vinculin, and YAP were visualized using a Leica DMI 6000 equipped SP8 
confocal microscope using a 40x oil objective. Overlays of confocal z-stacks were created 
using ImageJ with the FIJI image processing package [25].

STATISTICS

All data are represented as mean ± standard error of the mean. All experiments were 
analyzed using GraphPad Prism, version 6 (GraphPad Software, La Jolla, CA) either by 
one-way or two-way ANOVA, followed by Bonferroni post hoc analysis. Values of p < 0.05 
were considered to be statistically significant.

RESULTS

CHARACTERIZATION OF PAAMS FUNCTIONALIZED WITH L-DOPA 

We obtained PAAMs with mechanical properties that match the physiological stiffness 
of different tissues by varying the ratio between acrylamide and bisacrylamide (Fig. 2). 
A key step to obtain PAAM stability, homogeneity, and reproducibility is deoxygenation: 
we obtained excellent results when we used the inert gas argon to deoxygenize our 

Figure 2: Stiffness of PAAM hydrogels. 
Mechanical properties of PAAMs were 
obtained by atomic force microscopy 
in contact in fluid mode in phosphate 
buffered saline with triangular silicon nitride 
cantilevers. Data shown represent three 
experiments conducted separately, each 
consisting of triple hydrogels. Each hydrogel 
was measured at three different topographic 
locations to validate PAAM homogeneity.
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Figure 3: Polyacrylamide surface functionalization with collagen type I using L-DOPA. 
Collagen I functionalization was visualized using the LI-COR Odyssey infrared imaging system. Computed 
pseudocolored images of collagen I coating of PAAMs are shown left of the quantification graphs. L-DOPA 
shows (A) time- and (B) concentration-dependent functionalization of PAAMs. (C) At the optimal L-DOPA 
concentration (2 mg/ml in 10 mM Tris), collagen I adhered in a time- and (D) concentration-dependent manner 
to the L-DOPA functionalized PAAMs. (E) Without L-DOPA functionalization, collagen I did not adhere to the 
inert PAAMs (grey bars). L-DOPA-collagen I functionalization showed no significant differences between 
hydrogels of different stiffness (black bars). (F) L-DOPA (black bars) shows a significant enhancement in 
collagen I adherence when compared to sulfo-SANPAH (white bars). Statistics were performed by two-way 
ANOVA with Bonferroni post-hoc test. ***Significant difference between hydrogels functionalized with L-DOPA 
and collagen I or collagen I alone, P value < 0.0001.  ### Significant difference between functionalization with 
collagen I using either L-DOPA (black bars) or sulfo-SANPAH (white bars), P value < 0.0001.
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acrylamide/bisacrylamide solutions. Our PAAMs derived from mixtures mimicking the 
in vivo stiffness (Young’s modulus between 2 and 92 kPa) showed a high reproducibility 
with low variation (Fig. 2).
 Next, we functionalized PAAMs with collagen type I using the catecholamine 
L-DOPA. Because directly quantifying L-DOPA adherence to the PAAM surface is difficult, 
we have indirectly measured L-DOPA through collagen I adherence using the highly 
sensitive LI-COR Odyssey Infrared Imaging System. Coating of PAAM with collagen type 
I, using L-DOPA as a cross-linker, is time and concentration dependent (Fig. 3A, B). We 
observed complete and homogenous collagen type I coating of PAAMs after 10 min 
of incubation with L-DOPA at RT (Fig. 3A) at the optimal L-DOPA concentration (2 mg/
ml; Fig. 3B). Collagen I adhered in a fast and efficient manner to L-DOPA; no detectable 
increase in collagen type I adherence at the surface of L-DOPA functionalized hydrogels 
was detected after 30 min of collagen incubation (Fig. 3C). When L-DOPA is used at 
the optimal concentration of 2 mg/ml in 10 mM Tris, collagen is the limiting factor in 
collagen surface density (Fig. 3D). PAAMs coated with L-DOPA and functionalized with 
collagen I showed no significant differences in collagen density between hydrogels with 
different degrees of stiffness (Fig. 3E). Without L-DOPA treatment, collagen type I could 
not bind to the PAAMs (Fig. 3E). Furthermore, we see a marked improvement in collagen 
I functionalization when comparing L-DOPA with sulfo-SANPAH (Fig. 3F). Note that sulfo- 
SANPAH not only shows less collagen I adherence compared to L-DOPA but also shows 
a more heterogeneous collagen I coating. Adhesion of ECM to L-DOPA-functionalized 
PAAMs was also validated with fibronectin (Fig. 4D) where similar results as collagen I 
were obtained (Fig. 3E).

EFFECT OF SUBSTRATE STIFFNESS ON CELL ADHERENCE AND CELL SPREADING

To validate our method, human fetal fibroblasts preincubated with mitomycin C were 
seeded onto plain PAAMs, PAAMs with collagen type I, or PAAMs functionalized with 
L-DOPA and collagen type I and cultured for 24 h. Cells hardly adhered to uncoated or 

Figure 4: Fibroblast cell area and cell adherence on polyacrylamide hydrogels with physiological 
stiffness functionalized with L-DOPA and ECM. 
(A) Fibroblast cell adherence to plain PAAMs, PAAMs functionalized with only collagen type I, or PAAMs with 
functionalized with L-DOPA and collagen I. Cell adherence on plain PAAMs or PAAMs with only collagen I 
showed less than 3% cell adherence when compared to L-DOPA and collagen I functionalized PAAMs. (B) Cell 
area as analyzed after F-actin staining with phalloidin. Cells showed marked differences in cell area, depending 
on PAAM stiffness (n=3 for both experiments). (C) Fluorescence images depicting changes in cell area due 
to substrate stiffness on collagen I functionalized PAAMs, original magnification 100x. (D) Quantification of 
L-DOPA-fibronectin functionalized PAAMs using the LI-COR Odyssey infrared imaging system. Computed 
pseudocolored images of fibronectin coating of PAAMs are shown left of the quantification graph. (E) Cell area 
on L-DOPA-fibronectin functionalized PAAMs. (A) *** Significant differences between PAAM alone and PAAM 
functionalized with L-DOPA and collagen I (P<0.001). ### Significant differences between PAAM coated with 
only collagen I and PAAM functionalized with L-DOPA and collagen I (p<0.001). (B) *** Significant differences in 
cell area between 2 kPa and ≥12 kPa, P value < 0.001. $$$ significant difference in cell area between 4 kPa and 
≥12 kPa. P value < 0.001 (D) *** Significant difference in coating between L-DOPA-FN functionalized and FN 
functionalized hydrogels, P value < 0.001. (E) *** significant difference in cell area between 2 kPa and ≥12kPa, 
P value < 0.001. $$$ significant different between 4 kPa and ≥26kPa, P value < 0.001. ** Significant difference 
between 2 kPa and 4 kPa, P value < 0.01, * Significant difference between 4 kPa and 12 kPa, and between 12 
kPa and 92 kPa, P value < 0.05. FN: fibronectin. Statistics: (A & D) two-way ANOVA and (B & E) one-way ANOVA, 
all with Bonferroni post-hoc analysis.
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collagen-coated PAAMs (without L-DOPA). Compared to L-DOPA/collagen I-functionalized 
hydrogels uncoated and collagen-coated PAAMs showed less than 3% cell adherence. In 
contrast, cells adhered homogenously to PAAMs functionalized with L-DOPA/collagen  
I and no significant differences in cell densities were observed between hydrogels 
of different stiffness (Fig. 4A). Although the quantification of cell densities between 
hydrogels with different stiffness revealed no differences in adhesion, significant 
differences were observed in cell area. Cells cultured for 48 h on PAAMs functionalized 
with either L-DOPA/collagen (Fig. 4B) or L-DOPA/fibronectin (Fig. 4E) showed a substrate 
stiffness-dependent increase in cell area. Figure 4C shows representative fluorescent 
images of fetal fibroblasts cultured on L-DOPA–collagen type I functionalized PAAMs 
with different stiffness, clearly demonstrating substrate stiffness dependent changes in 
cell area.

EFFECT OF SUBSTRATE STIFFNESS ON αSMA

Incorporation of αSMA into stress fibers is a well-known myofibroblast marker and is 
involved in, for example, cell motility, structure, integrity and contraction. Changes in 
cell morphology, directed by substrate stiffness, have a direct effect on αSMA localization 
and organization. The formation of αSMA stress fibers in fibroblasts, directed by substrate 
stiffness, was tested in our L-DOPA/collagen I functionalized PAAMs model. Along with 
changes in cell area, fetal fibroblasts incorporated, as expected, αSMA into stress fibers 
at a stiffness of 12 kPa and higher (Fig. 5). At lower stiffness (2 kPa and 4 kPa), αSMA 
dissociated from the stress fibers and was retained in the cytoplasm (Fig. 5). 

EFFECT OF SUBSTRATE STIFFNESS ON VINCULIN LOCALIZATION

As the substrate stiffness has a direct effect on cellular spreading, we next validated our 
PAAMs with respect to the formation of focal adhesions. Vinculin, a key component in 
focal adhesions, plays an important role in cell–cell and cell–matrix interactions [1,26,27].
Vinculin-containing focal adhesions extend if cells sense higher stiffness and promotes
cell spreading by mechanically coupling integrins to the cytoskeleton [28–30]. Singular 
focal adhesions also act as mechanosensors; the elongation of focal adhesions depends 
on the force generated by the cell on the substrate and substrate rigidity [26,31-34]. 
At lower stiffness values, matching physiological organ stiffness (<12 kPa), a marked 
decrease in focal adhesion size was observed (Fig. 5), which was accompanied by an 
increase in cytoplasmic vinculin staining (4 kPa) or loss of vinculin (2 kPa). In contrast, at 
higher stiffness we observed an increase in vinculin in focal adhesions and an increase 
in focal adhesion size.

Figure 5: Staining of three proteins known to be involved in cellular mechanosensing in fibroblasts. 
(A) αSMA stress fibers dissociated from stress fibers on lower substrate stiffness of 2 and 4 kPa. On substrate 
stiffness of 12 kPa and higher, stress fibers are formed (arrow). (B) Vinculin dissociated from focal adhesions at 
the lower substrate stiffness of 2 and 4 kPa. Mature focal adhesions only formed on substrate stiffness of 12 
kPa and higher (arrow). (C) YAP was sequestered to the cytoplasm at the lowest substrate stiffness (2 kPa), but 
translocated to the nucleus at higher stiffness (4 kPa and higher). Original magnification 400x.
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EFFECT OF SUBSTRATE STIFFNESS ON YAP TRANSLOCATION

Cells can convert physical and mechanical signals obtained from their environment 
into biochemical signals. YAP, one of the main effectors of the Hippo tumor suppressor 
pathway, has been identified as a mechanosensing protein [35,36]. 

When cells encounter a stiff matrix, YAP translocates to the nucleus and regulates 
gene transcription [35,36]. In our model, YAP remained cytoplasmic on 2 kPa gels but 
translocated to the nucleus on 4 kPa gels and stiffer (Fig. 5), which validates our model as 
this has also been shown by Dupont et al. [35].

DISCUSSION

In this article, we propose L-DOPA [18-20] as a novel covalent linker that can functionalize 
the surface of PAAMs with ECM proteins. In the last decade, some researchers have 
shifted away from PAAMs, mainly due to its inert surface properties and problems with 
homogenous ECM coating when using the bifunctional cross-linker sulfo-SANPAH. In 
contrast, alternatives such as PDMS are less favorable for in vitro stiffness-based studies 
as they show nonlinear mechanical behavior [17,37]. Biological alternatives in the form 
of collagen, fibronectin, or Matrigel hydrogels fail to obtain a stiffness higher than 1 kPa 
unless crosslinked [38] and/or do not offer a similar surface chemistry and ECM density 
between gels of different stiffness, thereby convoluting stiffness and surface topography. 
PAAMs, however, offer linear mechanical behavior, and gels with physiological stiffness 
(between 1 and 100 kPa) can easily be prepared by simply varying the acryl–bisacrylamide 
ratio. Polyacrylamide also offers a direct positive correlation between cell spreading and 
bulk substrate stiffness, whereas cell spreading on PDMS is mainly influenced by the 
stiffness (and thickness) of the silica-like layer overlaying the cross-linked or plasma-
treated PDMS surface [39]. Due to their polymer nature, all PAAMs have a homogeneous 
bulk substrate stiffness; all gels prepared in Table 1 were at least 100 µm in thickness, 
keeping in mind that a minimum threshold of 20 µm is necessary to ensure that cells only 
‘‘feel’’ the gel and not the substrate (glass) below [7,40]. Although polyacrylamide gels 
are more suitable for studying the effect of substrate stiffness on cell mechanosensing, 
PDMS or other silicon derivatives might be more useful for wrinkling assays or surface 
modification studies [41].

 One drawback of PAAMs, hydrogel creasing, is a common but poorly defined 
problem in extremely soft PAAM hydrogels attached to stiff substrates (e.g., glass 
coverslips). Creasing can be caused by a combination of too low levels of the bisacrylamide 
cross-linker, osmotic pressure, and swelling [23,42-44]. As cells can enter and elongate 
along creases, creasing can directly influence cell morphology and behavior [23]. It is, 
therefore, of importance to avoid hydrogel creasing at all times when studying the effect 
of substrate stiffness on cellular behavior. Here, we prepared PAAMs based on the article 
by Saha et al.,[23] to ensure that no creases are formed in the gels. In brief, this means 
that bisacrylamide was never lowered below 0.028 wt% as this leads to PAAM instability 
and creases during swelling [23]. 

In this article, we identified L-DOPA, the main molecular component in mussel 
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byssus adhesion, [18,19,45] as a novel covalent linker to functionalize the inert surface 
of PAAMs with ECM, without introducing differences in collagen I or fibronectin density 
between gels with different Young’s moduli. We directly compared L-DOPA with sulfo-
SANPAH functionalization and reveal a significant increase in collagen I adherence to 
L-DOPA-coated PAAMs. L-DOPA has been used to coat a large variety of substrates, both 
organic and inorganic [46]. To our knowledge, this is the first time that L-DOPA is used to 
coat PAAM hydrogels to functionalize them with ECM components for cell culture. The 
exact mechanism of L-DOPA adherence to PAAMs is unknown, although both Schiff base 
reactions and Michaels additions have been proposed [21]. It is also known that L-DOPA 
can autooxidate at alkaline pH forming dopaquinone [19,47-50]. Dopaquinone offers 
reactive electrophilic groups at the quinone group, which can form covalent bonds with 
amine and thiol groups in proteins [19]. Furthermore, dopaquinone can selfpolymerize 
forming poly-dopaquinone sheets that form multiple strong covalent and noncovalent 
bonds with a multitude of different organic and inorganic substrates [19]. Indeed, Lee et 
al. describe covalent interactions of oxidated dopaquinone with organic amine-coated 
surfaces at alkaline pH (pH 10) [19]. Although the exact binding mechanism remains 
elusive, ECM coating on PAAMs was homogeneous, leading to homogeneous cell 
attachment across all functionalized PAAMs.

 Fibroblasts pretreated with mitomycin C (to inhibit proliferation) adhered 
homogeneously on the PAAMs and showed similar cell densities between soft and 
stiff substrates, confirming similarity in surface chemistry and coating between gels 
of different substrate stiffness. Although cells showed no differences in adhesion, 
substrate stiffness induced marked responses in protein localization and cell area, 
indicating that the cells ‘‘sense’’ the stiffness of their underlying substrate below the 
L-DOPA and ECM layer. Solon et al. showed similar results with fibroblasts on PAAMs 
which were functionalized with sulfo-SANPAH [51]. In both, our own results and 
Solon’s article, fibroblasts have a more rounded smaller morphology and lack a clearly 
defined F-actin cytoskeleton on low substrate stiffness (2 and 4 kPa), whereas at higher 
stiffness (12 kPa) cells spread more easily and show a neatly arranged cytoskeleton. When 
comparing focal adhesion sizes to a similar study conducted by Goffin et al. on a PDMS 
substrate (in which the lowest substrate stiffness was 9.6 kPa), we obtained similar but 
more extended results [52]. As observed by Goffin et al., focal adhesion size decreases 
sharply below 12 kPa. We observed no focal adhesions in the lowest substrate stiffness 
(2 kPa) and detected mainly cytoplasmic vinculin at 4 kPa. These results could not be 
obtained with PDMS, as its stiffness cannot be modulated below 5 kPa, thus omitting 
critical physiological stiffness data points [38].

Fibroblasts are known as mechanosensitive cells continuously probing their 
environment for mechanical cues and responding to changes in substrate stiffness by 
adapting their internal stiffness to match the stiffness of the surrounding substrate 
[51]. In fibroblasts, higher substrate stiffness can lead to more internal tension, high 
contraction, and formation of αSMA stress fibers [51,53]. One way to match the internal 
stiffness to the softer surrounding substrate is by remodeling the cytoskeleton, which 
in turn leads to a smaller cell area and less intracellular tension. αSMA stress fibers 
and focal adhesions increase due to enhanced intracellular isometric  tension [54] 
and focal adhesions quickly disassociate after loss of intracellular tension [55-59]. On 
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lower stiffness hydrogels, fibroblasts have less internal tension, are less contractile and 
disassemble aSMA stress fibers [53].  In our experiments, incorporation of aSMA in stress 
fibers and vinculin-positive focal adhesions was only observed at stiffness higher than 4 
kPa, matching results from other groups [3,52]. Last, to validate our system, we studied 
YAP localization. YAP is involved in mechanosensitive translocation to the nucleus and 
is only retained in the cytoplasm if internal tension is low. Similar to results obtained by 
Dupont et al., YAP retained in the cytoplasm only on the lowest substrate stiffness. On 
higher stiffness (4 kPa and higher), YAP translocated to the nucleus, where it can interact 
with transcription factors and modulate differentiation and proliferation [35].

CONCLUSIONS

We conclude that L-DOPA is a nontoxic and biocompatible [22] cross-linker that can be 
used to more easily, more homogeneously, and more efficiently functionalize PAAMs with 
ECM components when compared to sulfo-SANPAH. With this straightforward in vitro 
model, the effect of substrate stiffness on cell mechanosensing and mechanotransduction 
can be studied, without the drawbacks of sulfo-SANPAH and other cross-linkers. 
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ABSTRACT

Cells are able to sense the stiffness of the substrate they are attached to. In tissue repair 
and in fibrotic tissues an accumulation of collagen is seen, resulting in tissue stiffening. 
Macrophages and fibroblasts play important roles in both processes. Although the effect 
of tissue stiffening on fibroblast biology is investigated thoroughly, hardly anything is 
known about the activation status of macrophages as a function of substrate stiffness. 
Therefore, human primary macrophages were cultured on (1) collagen-coated hydrogels 
with a stiffness ranging from 4-92 kPa or (2) collagen-coated glass with a stiffness > 10 
MPa, and subsequently subjected to a combination of lipopolysaccharides/interferon-
gamma or the interleukins IL4/IL13 to polarize macrophages to the M1 or M2 polarization 
state, respectively. We found that the polarization of macrophages was not affected by 
stiffness, as revealed by gene expression levels of M1 and M2 markers, morphology, or 
protein staining of CD40 and CD209. We conclude that the activation and polarization 
status of macrophages is not influenced by tissue stiffness and that there is no negative 
feedback loop, which is in sharp contrast to the situation seen with fibroblasts.
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INTRODUCTION

Macrophages are driving forces in wound healing and fibrosis. These cells, which are 
derived from monocytes, can display different phenotypes, depending on the chemical 
stimuli present in the local microenvironment [1]. Macrophages show a highly dynamic 
plasticity: they exhibit different activation states and can switch from one polarization 
state to another [2,3]. The most well-known are the M1 and M2 polarization states, 
also known as pro-inflammatory and anti-inflammatory macrophages, respectively. 
Macrophages exposed to lipopolysaccharides (LPS) and/or interferon-gamma (IFNγ) 
display a M1 phenotype, whereas macrophages exposed to the interleukins IL4 and/
or IL13 display a M2 phenotype. Although this is a rather simplistic classification of 
macrophage heterogeneity, as these two states are the extremes of a wide spectrum of 
overlapping activation types [4-7], it is still a useful in vitro concept.

During the first onset of wound healing, macrophages become pro-inflammatory 
(M1 phenotype) and are associated with tissue injury and inflammation. These M1 
macrophages are involved in tissue degradation whereas tissue repair is associated with 
anti-inflammatory (M2) macrophages [1,8-10]. M2 macrophages can instruct invading 
fibroblasts to proliferate and to produce extracellular matrix (ECM) [11,12]. During this 
wound healing phase (proliferation phase) fibroblasts become activated, differentiate 
into myofibroblasts and produce new collagenous ECM, which makes the tissue stiffer. 
Therefore, macrophages encounter different tissue stiffness: the physiological normal 
tissue stiffness range varies from 0,5 kPa (blood) to 15 kPa (muscle) in normal tissue and 
is temporary elevated during the wound healing process [13,14]. 

In normal wound healing, newly formed ECM will be remodeled and fibroblasts 
and myofibroblasts leave the wound site or go into apoptosis. In contrast, in fibrosis 
fibroblasts and myofibroblasts stay at the wound site and continue to produce ECM 
that remains deposited. Therefore, one of the hallmarks of fibrosis is the pathological 
accumulation of collagen (mainly collagen type I), resulting in a local stiffening of the 
affected tissue, which can go up to 100 kPa. Detailed knowledge is available about the 
effect of tissue stiffness on fibroblast biology [15-19]. Matrix stiffening even promotes 
the formation of new myofibroblasts, which results in a negative feedback loop (matrix 
stiffening promotes matrix synthesis) [17]. 

Although much is known about the role of macrophages in wound healing and 
fibrosis [8,9,11,20], and the chemical stimuli that induce the different polarization states 
[4,21], remarkably little has been reported with regard to the effect of matrix stiffness 
on macrophage polarization (reviewed in [22]). In fact, the effect of substrate rigidity 
on macrophage activation is still under debate [22]. Since matrix stiffness is enhanced 
in normal wound healing and in fibrosis [13,14,17], we wondered whether these 
biomechanical changes have an influence on the polarization capacity of macrophages.

An elegant system to study the effect of substrate stiffness on cells in vitro is the use 
of polyacrylamide hydrogels (PAAMs) with a pre-tunable stiffness [23]. We have recently 
introduced the use of L-DOPA as a superior covalent linker to functionalize the otherwise 
inert PAAM hydrogel surface with extracellular matrix proteins such as collagen type I 
[24]. In the current paper, we investigated if stiffness, ranging from 4-92 kPa, by itself 
induce polarization of primary human macrophages towards a M1 or M2 phenotype. 
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Furthermore, we investigated whether primary human macrophages are able to polarize 
to M1 and M2 macrophages under the influence of LPS/IFNγ or IL4/IL13 when cultured 
on collagen-coated hydrogels with a stiffness ranging from 4-92 kPa; collagen-coated 
glass (> 10 MPa) was used as control. We found that macrophage polarization does not 
seem to be affected by matrix stiffness. 

MATERIAL AND METHODS

PREPARATION OF POLYACRYLAMIDE HYDROGELS, FUNCTIONALIZATION WITH L-DOPA AND 
COLLAGEN TYPE I 

PAAMs were prepared between a chemically modified glass plate and a glass coverslip 
as described previously [24]. Briefly, the glass plate was sterilized and incubated with 
dichlorodimethylsilane (Merck, Darmstadt, Germany, 8034520) for 5 minutes and 
washed with sterile water. Glass coverslips (VWR, Amsterdam, Netherlands) were pre-
treated for 3 minutes with a freshly prepared solution of 99.1% ethanol containing 0.5% 
(v/v) 3-(trimethoxysilyl)propyl methacrylate (Sigma, St. Louis, USA, M6514) and 0.3% 
(v/v) glacial acetic acid. After incubation, the glass coverslips were washed twice with 
99.9% ethanol.

The different stiffness of the PAAMs were obtained by varying the ratio 40% 
acrylamide solution (BioRad, Veenendaal, Netherlands, #161-0140) and 2% bisacrylamide 
solution (BioRad, Veenendaal, Netherlands, #161-0142) in 10 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid buffer (HEPES, Sigma, St. Louis, USA, H0887) as described 
previously [24]. To catalyze polymerization 0.15% N,N,N’,N’-tetramethylethylenediamine 
(TEMED, BioRad, Veenendaal, Netherlands, #161-0800) was added. The solution was 
deoxygenated under argon for 30 minutes and ammonium persulfate (APS, Sigma, 
St. Louis, USA, A3678) was added to the solution, to initiate polymerization. From this 
solution (1) 10 μl or (2) 40 μl was pipetted onto the glass plate followed by placing (1) 10 
mm Ø or (2) 20 mm Ø coverslip on top. PAAMs were left to polymerize for 15 minutes. 
After polymerization coverslips were turned and placed in a (1) 48 or (2) 12 wells culture 
plate followed by washing with PBS.

L-DOPA (Sigma, St. Louis, USA, D9628) was used to functionalize the surface of 
PAAMs. L-DOPA was dissolved at a final concentration of 2 mg/ml in 10 mM Tris buffer 
(pH10) and left to dissolve in the dark for 30 minutes. After dissolving, the L-DOPA 
solution was sterilized and PAAMs were incubated with 250 µg/cm2 L-DOPA for 30 
minutes in the dark. After incubation with L-DOPA the gels were washed with PBS and 
functionalized with 5 µg/cm2 rat-tail tendon collagen type I (BD BioScience, San Jose, 
USA, 354249) in PBS for 2 hours at 37 °C. After incubation the gels were washed with PBS 
and left overnight in Minimum Essential Medium alpha (MEMα) (ThermoFisher Scientific, 
Waltham, USA) without additives at 37 °C.
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ISOLATION OF CD14+ CELLS

Human peripheral blood mononuclear cells (PBMCs) from healthy donors were 
isolated from buffy coats (Sanquin, Groningen, the Netherlands) by density-gradient 
centrifugation. CD14+ cells were isolated with immunomagnetic bead separation 
using CD14 Microbeads (Miltenyi Biotec B.V., Leiden, the Netherlands) as described 
previously [12]. After isolation, CD14+ cells were counted with a Coulter Counter and 
gently resuspended in culture medium consisting of MEMα supplemented with 1% 
penicillin/streptomycin (Sigma-Aldrich, St. Louis, USA), 10% HyClone FetalClone I Serum 
(FCI) (GE Healthcare, Utah, USA) and 10 ng/ml recombinant human M-CSF (R&D Systems, 
Minneapolis, USA). 

MACROPHAGE CELL CULTURE AND POLARIZATION WITH M1 OR M2 STIMULI 

Immediately after isolation and counting, the cell suspension was plated with a density 
of 300.000 cells/cm2 onto PAAMs with different stiffness coated with L-DOPA and 
functionalized with collagen type I. As control, cells were seeded on glass coverslips 
coated with L-DOPA and collagen type I, which are further treated the same as cells 
cultured on PAAMs. Cells were cultured at 37 °C under 5% CO2 and after 3 days non-
adhered cells were removed by replacing the media supplemented with M-CSF 
with stimulation media. Stimulation media consisted of MEMα with 1% penicillin/
streptomycin and 10% FCI supplemented with either (1) 10 ng/ml LPS (Sigma-Aldrich, 
St. Louis, USA) + 10 ng/ml IFNγ (Peprotech, Rocky Hill, USA) (classical stimuli), (2) 2 ng/ml 
IL4 + 2 ng/ml IL13 (both R&D, Minneapolis, USA) (alternative stimuli), or (3) no additive 
(no stimulation = control) at 37 °C for 24 h.

Macrophages cultured on different PAAMs and controls were characterized by 
means of morphology, qRT-PCR and by immunofluorescence stainings before stimulation 
(pre-stimulation; after 3 days of cell culture with M-CSF) and after 24 h of stimulation. 

RNA ISOLATION, CDNA SYNTHESIS AND QRT-PCR

Total RNA was isolated from the cells using the RNeasy Kit (Qiagen Inc., CA, USA) in 
accordance to manufacturer’s protocol. RNA concentration and purity were determined 
by UV spectrophotometry (NanoDrop Technologies, Wilmington, NC). For qRT-PCR 
analysis, total RNA was reverse transcribed using the First Strand cDNA synthesis kit 
(Fermentas UAB, Lithuania) in accordance to manufacturer’s protocol. Quantification of 
gene expression was performed using qRT-PCR analysis in a final reaction volume of 
10 μl, consisting of 1x SYBR Green Supermix (Roche, Basel, Switserland), 6 μM forward 
primer, 6 μM reverse primer (Table 1) and 5 ng cDNA. Reactions were performed at 95 
°C for 10 min followed by, 95 °C for 15 sec, 60 °C for 60 sec, for 40 cycles in a ViiA™ 7 Real-
Time PCR System (Applied Biosystems, CA, USA). Analysis of the data was performed 
using ViiA 7™ Real-Time PCR System Software v1.2 (Applied Biosystems, CA, USA).
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IMMUNOFLUORESCENCE STAININGS ON PRE- OR STIMULATED MACROPHAGES CULTURED ON 
DIFFERENT STIFFNESS

Pre- and stimulated macrophages (day 3 and 4 of culture) were washed twice with PBS 
and fixed in 2% PFA at room temperature for 10 minutes. Fixed pre-stimulated cells (day 
3) were incubated overnight at 4 °C with monoclonal mouse-anti-human CD68 (M0718, 
Dako, Glosstrup, Denmark) (1:50) diluted in 1% bovine serum albumin (BSA) (Sanquin, 
Amsterdam, the Netherlands)/2% normal goat serum (NGS) (Brunschwig Chemie, 
Amsterdam, the Netherlands)/0,5% Triton-X100 (Merck, Darmstadt, Germany)/PBS. 
After overnight incubation, cells were washed with PBS and incubated with biotinylated 
goat-anti-mouse IgG (H+L) (1031-08, SouthernBiotech, Alabama, USA) (1:100) diluted in 
1% BSA/PBS for 2 h at room temperature (RT). Cells were washed and incubated with 
streptavidin-CY3 (Invitrogen, Grand Island, USA) (1:100) in PBS for 1 h at RT, followed by 
washing with PBS and incubation with DAPI (1:5000) in PBS for 5 minutes at RT. After 
three washes with PBS, slides were mounted in Citifluor (Agar Scientific, Essex, UK).

To visualize M1 or M2 macrophage phenotypes, macrophages were stained with 
either CD40 (M1) or CD209 (M2). Stimulated macrophages, fixed at day 4, were incubated 
with (1) polyclonal rabbit-anti-human CD40 (ab13545, Abcam Cambridge, UK) (1:100) 
or (2) monoclonal mouse-anti-human CD209 (SC-74589, Santa Cruz Biotechnology, Inc., 
Heidelberg, Germany) (1:100) both diluted in PBS containing 1% BSA and 2% NGS for 1 h 
at RT. After three washes with PBS, cells were incubated with biotinylated (1) polyclonal 
goat-anti-rabbit immunoglobulins (E0432, Dako, Glosstrup, Denmark) (1:100) or (2) goat-
anti-mouse IgG (H+L) (1:100) diluted in 1% BSA/PBS for 1 h at RT. The cells were washed 
with PBS and incubated with streptavidine-CY5 (Invitrogen, Grand Island, USA) (1:250) 
in PBS containing DAPI (1:5000) for 1 h at RT. Subsequently, the cells were washed three 
times with PBS, mounted in Citifluor and examined by immunofluorescent microscopy 
using a Leica DMRA microscope equipped with a Leica DFC350FX digital camera and 
Leica Application Suite (LAS) software (all Leica Microsystems, Wetzlar, Germany) and 
quantified with a tissueFAXS.

TGCTTGTTGTGACTGATCGAC  

Target gene  Forward sequence  Reverse sequence  

CCL18  ATGGCCCTCTGCTCCTGT  AATCTGCCAGGAGGTATAGACG  

CCL5  CGCTGTCATCCTCATTGCTA  GCACTTGCCACTGGTGTAGA  

CD14  AGCTAAAGCACTTCCAGAGC  AGTTGTGGCTGAGGTCTAGG  

CD1B  GAAGTTGCATCTCCCAGTGAA  GGTAAAGGACGAGGTCTGGA  

CD209  GCTCGTCGTAATCAAAAGTGC  CCAGGTGAAGCGGTTACTTC  

CD40  GGTCTCACCTCGCTATGGTT  CAGTGGGTGGTTCTGGATG  

CD68  GTCCACCTCGACCTGCTCT  CACTGGGGCAGGAGAAACT  

CLEC10A  AGGGTTTCAAGCAGGAACG  AGGTGTGCCTTCTGCGTAGT  

IL1B  TACCTGTCCTGCGTGTTGAA  TCTTTGGGTAATTTTTGGGATCT  

IL6  ACTTGCCTGGTGAAAATCAT  CAGGAACTGGATCAGGACTT  

MRC1  ACACCAAAACCTGAGCCAAC  CCACCCATCTTCAGTAACTGGT  

YWHAZ  GATCCCCAATGCTTCACAAG  

Table 1  Overview of primers used for qRT-PCR analysis.
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TISSUEFAXS 

For quantification, cells stained for either CD40 (M1) or CD209 (M2) were imaged using 
the TissueGnostics TissueFAXS microscope equipped with a Pixelfly camera. TissueQuest 
was set to analyze fluorescent staining based on single cell nuclear identification via the 
DAPI master marker. 

Next fluorescence of either CD40 or CD209 staining outside the nucleus was 
measured. To correct for differences in background fluorescence between hydrogels of 
different stiffness we calculated the range of intensity. The range of intensity is defined 
as the absolute difference between background fluorescence and staining fluorescence. 
The fluorescent range of intensity was analyzed using the TissueGnostics provided 
TissueQuest software. 

Six fields of view were stitched together and analyzed using the TissueGnostics 
TissueQuest software, this was repeated for a total of six times. Results were visualized 
in a dot plot scattergram and individual gates were placed to differentiate between high 
and low expressing cells. Expression gates were set based on 8 bit RGB values in the 
range from 0 to 255. For CD40, gates were set at 0-60 (low) and 61-255 (high). For CD209, 
gates were set at 0-40 (low) and 41-255 (high).

STATISTICS

All data are represented as means ± standard error of the mean of at least three 
independent experiments and were analyzed by Graph-Pad Prism Version 5 for Macintosh 
(GraphPad Software, Inc., La Jolla, CA, USA) either by one-way ANOVA followed by Tukey’s 
post hoc analysis, or by two-way ANOVA followed by Bonferroni post hoc analysis. Values 
of p < 0.05 were considered to be statistically significant.  
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Figure 1: Morphology and differentiation of monocytes towards macrophages cultured on different 
stiffness.
Monocytes cultured for 3 days with M-CSF showed on low (4 kPa) and high (92 kPa) stiffness a mixture of 
rounded, spindle-shaped and “pancake”-shaped cells (A). Adherent cells are macrophages as shown by a high 
expression of general macrophage marker CD68, a low expression of monocyte marker CD14 (B) and positive 
CD68 protein staining (C). No significant differences in gene expression and protein levels were observed 
between the various substrates. Data were analyzed using one-way ANOVA followed by Tukey’s post-hoc test. 
Gene expression analysis n=4. CD68 protein expression is shown in red and nuclei in blue (DAPI).
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RESULTS

MORPHOLOGY AND DIFFERENTIATION OF MONOCYTES TOWARDS MACROPHAGES CULTURED 
ON DIFFERENT STIFFNESS 

CD14+ monocytes were seeded on 4, 12, 26 and 92 kPa gels functionalized with collagen 
type I. Cells adhered similar on all gels; after three days of incubation with M-CSF (to induce 
differentiation of monocytes into macrophages) cells had a comparable morphology 
irrespective of stiffness. A mixture of rounded, spindle-shaped and “pancake”-shaped 
cells were seen (Fig. 1A), which indicates that, from a morphological point of view, the 
starting point before differentiation into M1 and M2 subtypes was similar. Adhered 
monocytes differentiated towards macrophages irrespective of stiffness, which is shown 
by a high gene expression level of CD68 (general macrophage marker) compared to 
reference gene tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation 
protein, zeta polypeptide (YWHAZ), positive CD68 protein levels (Fig. 1C) and a low gene 
expression of CD14 (commonly used to identify monocytes) (Fig. 1B). 

DIFFERENT STIFFNESS DOES NOT INDUCE POLARIZATION OF PRE-STIMULATED 
MACROPHAGES TOWARDS M1 OR M2 

Macrophages cultured for three days with M-CSF (pre-stimulation) on collagen type 
I-coated PAAMs with different stiffness showed similar levels of the pro-inflammatory 
genes that are typical for M1 macrophages, namely TNF receptor superfamily member 
5 (CD40), interleukin 1 beta (IL1B) and chemokine (C-C motif ) ligand 5 (CCL5) (Fig. 
2A). Comparable gene levels were found in the control situation (macrophages 
cultured on glass coated with collagen type I). As was the case with the M1 markers, 
the M2 macrophage markers Dendritic Cell-Specific ICAM-3-Grabbing Non-Integrin 1 
(CD209), CD1B and mannose receptor C type 1 (MRC1) showed similar gene expression 
levels compared to the control (Fig. 2B). This indicates that different stiffness did not 
spontaneously induce M1 or M2 polarization of macrophages in the absence of LPS/
IFNγ or IL4/IL13.
 
MORPHOLOGY OF MACROPHAGES AFTER M1 OR M2 STIMULATION IS NOT INFLUENCED BY 
DIFFERENT STIFFNESS

Macrophages cultured on 4, 12, 26 and 92 kPa were polarized towards M1 or M2 after 24 
h stimulation with LPS/IFNγ or IL4/IL13, respectively. On all stiffness, M1 macrophages 
showed a dendritic and rounded morphology, while M2 macrophages and unstimulated 
macrophages still showed spindle-shaped and rounded cells. Pictures of macrophage 
morphology cultured on the different stiffness are shown in figure 3. The overall 
morphology pointed towards the direction that stimulation with LPS/IFNγ resulted in M1 
macrophages irrespective of stiffness, whereas no conclusion can be drawn with respect 
to stimulation with IL4/IL13 (as no gross morphological change was seen compared to 
unstimulated macrophages). 
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POLARIZATION OF MACROPHAGES IS NOT INFLUENCED BY DIFFERENT STIFFNESS 

After stimulation with LPS/IFNγ, the M1 marker genes CD40, IL1B, CCL5, IL6 and CD14 
are upregulated on all stiffness compared to IL4/IL13 (M2) stimulated and unstimulated 
macrophages (Fig. 4A). It is of importance to notice that although macrophages indeed 
polarized towards M1 macrophages, no positive or negative (inverse) relationship was 
seen with respect to gene expression as a function of increased stiffness (Fig. 4A). This 
was also the case with respect to the percentage CD40-positive cells (Fig. 4B-C): it is 
shown that on all stiffness M1 macrophages are strong CD40 positive compared to M2 
and unstimulated macrophages.

Upon IL4/IL13 stimulation, macrophages polarized into M2 macrophages on all 
stiffness as shown by a high gene expression of the M2 markers CD209, CD1B, MRC1, 
CLEC10A and CCL18 (Fig. 5A) compared to LPS/IFNγ or unstimulated macrophages. 
Stiffness had no influence on M2 polarization, as shown by the lack of statistical 
differences in gene expression level of the measured M2 genes (Fig. 5A). Also no positive 
or negative correlation with stiffness was seen in the percentage CD209-positive cells 
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Figure 2: Different stiffness does not induce polarization of pre-stimulated macrophages towards M1 
or M2. 
Stiffness alone did not directly skew macrophages towards a M1 or a M2 phenotype. This is shown by similar 
gene levels between different stiffness of M1 markers CD40, IL1B, CCL5 (A) and M2 markers CD209, CD1B, 
MRC1 (B). Data were analyzed using one-way ANOVA followed by Tukey’s post-hoc test. Gene expression 
analysis n=4.
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Figure 3: Morphology of macrophages after M1 or M2 stimulation is not influenced by different stiffness.
After 24 h of stimulation with LPS/IFNγ, M1 macrophages showed a dendritic and rounded morphology on all 
stiffness while IL4/IL13-stimulated (M2) and unstimulated macrophages showed a rounded and/or spindle-
shaped morphology.
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after IL4/IL13 stimulation (Fig. 5B-C). Although M2 macrophages are highly positive for 
CD209 compared to M1 and unstimulated macrophages, no correlation can be seen 
with regard to increased stiffness. 

 Unstimulated macrophages did not show phenotypical differences on PAAMs 
of various stiffness, as no significant differences were seen in all previously mentioned 
markers, either on mRNA level or on protein level (Figs. 4-5). Therefore, stiffness by itself 
did not induce macrophage polarization. Further of interest, the control macrophages, 
which were cultured on collagen type I-coated glass cover slips under the same 
culture conditions, show gene expression levels that were comparable with M1, M2 
or unstimulated macrophages on PAAMs, despite the fact that the stiffness of glass is 
orders of magnitudes higher.

All these data show that stiffness does not seem to influence macrophage 
polarization in a positive or negative way. 

DISCUSSION

Our study is, to the best of our knowledge, the first to investigate the anti- and pro-
inflammatory properties of primary human macrophages on a physiological substrate 
(collagen type I) at a physiological stiffness range (4-92 kPa). We have stimulated the 
macrophages with chemical stimuli that macrophages normally encounter in vivo 
during tissue repair (LPS/IFNγ and IL4/IL13). Under these conditions, we did not observe 
differences in M1 polarization in relation to stiffness when treated with LPS/IFNγ, nor 
did we see differences in M2 polarization when treated with IL4/IL13. Neither did we 
see differences in M1 and M2 markers in unstimulated macrophages. In fact, also gene 
expression of macrophages subjected to a stiffness > 10 MPa that is orders of magnitudes 
higher than seen in vivo showed comparable gene expression levels when compared 
to hydrogels with stiffness < 100 kPa. This was the case irrespective whether the 
macrophages were subjected to LPS/IFNγ and IL4/IL13, or left unstimulated. Evidently, 
substrate stiffness does not seem to have an effect on macrophage polarization. 

The effect of stiffness on the inflammatory behavior of human macrophages 
has been investigated in only two other studies. Irwin et al. [25] used the human THP-1 
monocytic cell line that they activated by means of phorbol myristate acetate (PMA); 
hydrogels with a stiffness of 1.4, 6.0, 9.9 and 348 kPa were used that were coated with a 
peptide containing the Arg-Gly-Asp (RGD) motif. No effect was seen for TNFα secretion, 
whereas IL8 demonstrated a biphasic response (low at 1.4, 6.0 and 348 kPa, a 2 to 3 fold 
increase on 9.9 kPa). Patel et al. [26] cultured PMA-stimulated human U937 macrophages 
cell line on PAAMs with a stiffness range of 0.3 to 76.8 kPa, and found a slight decrease in 
TNFα production as a function of stiffness. But both datasets cannot be compared with 
our data, as we used primary cells (not cell lines), and we used M1 and M2 stimuli (not 
PMA). 

Finally, two studies reported the inflammatory behavior of primary mouse 
macrophages in relation to stiffness. Previtera and Sengupta [27] differentiated mouse 
bone marrow monocytes to macrophages, subjected them to LPS, and cultured them on 
collagen-coated PAAMs with a stiffness ranging from 0.3 to 230 kPa. TNFα, NO, and IL1β 



125

6

POLARIZATION OF MACROPHAGES IS STIFFNESS INDEPENDENT

M1

**
IL1B 

C
TR

L
4 

kP
a 

12
 k

Pa
 

26
 k

Pa
 

92
 k

Pa
 

C
TR

L
4 

kP
a 

12
 k

Pa
 

26
 k

Pa
 

92
 k

Pa
 

C
TR

L
4 

kP
a 

12
 k

Pa
 

26
 k

Pa
 

92
 k

Pa
 0

200

400

600 ***
CCL5

C
TR

L
4 

kP
a 

12
 k

Pa
 

26
 k

Pa
 

92
 k

Pa
 

C
TR

L
4 

kP
a 

12
 k

Pa
 

26
 k

Pa
 

92
 k

Pa
 

C
TR

L
4 

kP
a 

12
 k

Pa
 

26
 k

Pa
 

92
 k

Pa
 0

500

1000

1500***
CD40

C
TR

L
4 

kP
a 

12
 k

Pa
 

26
 k

Pa
 

92
 k

Pa
 

C
TR

L
4 

kP
a 

12
 k

Pa
 

26
 k

Pa
 

92
 k

Pa
 

C
TR

L
4 

kP
a 

12
 k

Pa
 

26
 k

Pa
 

92
 k

Pa
 0

5

10

15

Fo
ld

 c
ha

ng
e 

re
la

tiv
e 

to
 

C
TR

L 
U

ns
t.

B

M1
M2
Unst.

CD14

C
TR

L
4 

kP
a 

12
 k

Pa
 

26
 k

Pa
 

92
 k

Pa
 

C
TR

L
4 

kP
a 

12
 k

Pa
 

26
 k

Pa
 

92
 k

Pa
 

C
TR

L
4 

kP
a 

12
 k

Pa
 

26
 k

Pa
 

92
 k

Pa
 0

5

10

15

IL6

C
TR

L
4 

kP
a 

12
 k

Pa
 

26
 k

Pa
 

92
 k

Pa
 

C
TR

L
4 

kP
a 

12
 k

Pa
 

26
 k

Pa
 

92
 k

Pa
 

C
TR

L
4 

kP
a 

12
 k

Pa
 

26
 k

Pa
 0

50

100

150

200

250 ** ***

A

C
4 kPa

M1 M2
Unst

0

20

40

60

80

100

%
 C

D
40

 h
ig

h 
po

si
tiv

e 
ce

lls

***

12 kPa

M1 M2
Unst

0

20

40

60

80

100 ***

26 kPa

M1 M2
Unst

0

20

40

60

80

100 ***

92 kPa

M1 M2
Unst

0

20

40

60

80

100 ***

100 µm 100 µm 100 µm100 µm

M2

Unst.

4 kPa

12 kPa 26 kPa 92 kPa4 kPa

12 kPa 26 kPa 92 kPa4 kPa

12 kPa 26 kPa 92 kPa4 kPa

Figure 4: Polarization of macrophages towards a M1 phenotype is not influenced by different stiffness. 
All LPS/IFNγ stimulated macrophages differentiated towards M1 macrophages irrespective of stiffness. M1 
macrophages showed significant higher gene levels of pro-inflammatory genes CD40, IL1B, CCL5 and IL6 
compared to M2 and unstimulated macrophages (A). However, no difference in gene expression of CD40, 
IL1B, CCL5, IL6, and CD14 between stiffness (4 kPa to 92 kPa) was seen in M1 polarized macrophages (A). LPS/
IFNγ-stimulated macrophages significantly upregulated CD40 protein levels on all stiffness compared to IL4/
IL13-stimulated (M2) and unstimulated macrophages (B, C). Furthermore, unstimulated macrophages showed 
no polarization towards either M1 or M2 macrophages. ** p< 0.01, Difference between LPS/IFNγ-stimulated 
macrophages (M1) with IL4/IL13-stimulated (M2) and unstimulated macrophages, *** p<0.001. Gene 
expression analysis data were analyzed using two-way ANOVA followed by Bonferroni’s post-hoc test, n=4. 
Protein data were analyzed using TissueFAXS software and one-way ANOVA followed by Tukey’s post-hoc test 
using six fields of view repeated six times. CD40 protein expression is shown in red and nuclei in blue (DAPI).
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Figure 5: Polarization of macrophages towards a M2 phenotype is not influenced by different stiffness.
All IL4/IL13-stimulated macrophages differentiated irrespective of stiffness towards M2 macrophages as 
shown by the significant upregulation of the M2 genes CD209, CD1B, MRC1, CLEC10A and CCL18 compared 
to M1 macrophages and unstimulated macrophages (A). Stiffness has no influence on M2 polarization as 
shown by comparable gene expression levels of all M2 markers between different stiffness (A). IL4/IL13-
stimulated macrophages significantly upregulated CD209 protein levels on all stiffness compared to LPS/
IFNγ (M1) and unstimulated macrophages (B, C). Unstimulated macrophages showed no polarization towards 
M2 macrophages. *p< 0.05, Difference between IL4/IL13-stimulated macrophages (M2) with LPS/IFNγ-
stimulated (M1) and unstimulated macrophages, ** p< 0.01, *** p<0.001. Gene expression analysis data were 
analyzed using two-way ANOVA followed by Bonferroni’s post-hoc test, n=4. Protein data were analyzed using 
TissueFAXS software and one-way ANOVA followed by Tukey’s post-test using six fields of view repeated six 
times. CD209 protein expression is shown in red and nuclei in blue (DAPI).
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production was only increased when cells were cultured on gels with a stiffness higher 
than 120 kPa, whereas IL6 production started to increase at 47 kPa [27]. Blakney et al. [28] 
showed, in a similar experimental setup, an increase of IL1β, IL6 and IL10 expression at 
840 kPa compared to 130 kPa; no such effect was seen for TNFα. These data cannot be 
compared with our data, as mouse macrophages are phenotypically completely different 
from human macrophages [29], and gels with a higher stiffness (> 92 kPa), outside the 
physiological range, were used.

It has been reported that environmental factors influence the polarization state 
of tissue-resident macrophages [30-33]: the tissue determines macrophage identity 
and educates arriving monocytes [34]. Interestingly, all the reported factors are of a 
chemical nature; so far, tissue elasticity has not been mentioned in this context. Our 
data clearly recapitulates that substrate stiffness does not affect the polarization state 
of macrophages, but that soluble factors are the driving force. However, this does not 
mean that macrophages are not mechanosensitive. In fact, stiffness can increase the 
attachment of macrophages [35], the shape of macrophages can change from rounded 
to flattened [36], phagocytosis is enhanced [36, 37], and the motility is increased [38, 39]. 
But our data indicate that macrophages, when present in a collagen-rich environment 
in a stiffness range as observed in normal tissue and fibrotic tissues do not change 
polarization status as a function of stiffness: it are the soluble factors that play a dominant 
role. Indeed, we have previously shown that soluble factors play an orchestrating role in 
the initial priming and later (re)polarization processes of macrophages, while the type 
(chemistry) of ECM molecules (collagen or fibronectin) is of secondary importance. We 
can now add the elastic properties of the ECM to this list as well. This is in strong contrast 
to the situation seen with fibroblasts: here, tissue stiffening is sufficient to generate a 
self-sustaining fibrotic process by virtue of activation of fibroblasts via a feedback loop 
[17]. 
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ABSTRACT

Macrophage fusion and subsequent foreign body giant cell (FBGC) formation, an 
important phenomena in the foreign body reaction towards implanted biomaterials, are 
not well understood. By using fibronectin-coated polyacryalamide hydrogels (PAAMs) 
of different stiffness (4-92 kPa) we investigated for the first time whether stiffness is 
involved in the formation of FBGC. Human CD14+ monocytes pre-stimulated for 3 days 
with M-CSF on 4, 12, 26 and 92 kPa PAAMs showed already small multinucleated cells on 
12 kPa and 26 kPa hydrogels, whereas only mononucleated macrophages were observed 
at lower (4 kPa) and higher (92 kPa) stiffness. Macrophages that were subsequently left 
unstimulated or stimulated with IL4/IL13 for 24 h, showed large FBGC on 12 kPa and 26 
kPa hydrogels, whereas only small multinucleated cells were seen on 92 kPa hydrogels 
and no multinucleated cells on 4 kPa hydrogels. IL4/IL13 had only a promoting role: at 
12 kPa gels FBGC with more nuclei were observed, whereas similar amounts of FBGC and 
nuclei per giant cell were observed at 26 kPa gels. In addition, we have measured some 
of the mediators that have been reported to be important in macrophage fusion: CD36, 
CD44, dendritic cell-specific transmembrane protein, lymphocyte co-stimulator B7H1, 
E-cadherin, P2X7 receptor, DNAX activation protein 12, and the matrix metalloproteinases 
9 and 14. No relationship was found between FBGC frequencies and the level of these 
mediators. In conclusion, the data show that stiffness plays an important role in the 
formation of FBGC, and that our knowledge on fusion-mediators is still fragmentary. 
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INTRODUCTION

Implantation of a biomaterial provokes an inflammatory reaction called the foreign 
body reaction (FBR) [1-4]. Implantation initiates a wound healing response, and proteins 
such as albumin, fibrinogen, vitronectin and fibronectin attach to the biomaterial and 
form a provisional matrix [5,6]. Macrophages migrate towards the implantation site, 
interact with the provisional matrix and try to invade and degrade the biomaterial by 
phagocytosis and/or the secretion of proteinases [2,7,8]. In the FBR, M2 macrophages (the 
wound healing macrophage phenotype induced by the cytokines IL4/IL13 produced by 
T helper 2 lymphocytes) stimulate (myo)fibroblast proliferation and extracellular matrix 
deposition, which in the end leads to fibrosis or a fibrotic capsule around the biomaterial 
[6,9-11].

A distinctive feature of the FBR is the formation of foreign body giant cells 
(FBGC), which occurs through fusion of macrophages. FBGC can contain over one 
hundred randomly distributed nuclei embedded in a plethora of cytoplasm [2,12,13]. 
Before macrophages are able to fuse and form FBGC, the cells have to become fusion-
competent. Adhesion to a substratum, chemotaxis and soluble stimuli are crucial for 
macrophage fusion [14]. During the formation of FBGC, macrophages express specific 
adhesion molecules that interact with the provisional matrix and/or extracellular matrix 
(ECM) proteins. It has been shown that β1 and β2 integrins are required to mediate IL4-
induced macrophage adhesion and fusion [15], and that the classic fibronectin receptor, 
α5β1 integrin, is strongly expressed during this process [16]. Additionally, biomaterial 
characteristics such as chemical composition and surface roughness may affect the 
formation and function of FBGC [17-22]. 

 It has been shown that IL4/IL13 induces, besides M2 macrophage polarization, 
macrophage fusion and FBGC formation both in vitro and in vivo [20,23,24]. Much effort 
has been directed to unravel the role of cytokines, the composition of the provisional 
matrix and the biomaterial properties with regard to macrophage fusion and FBGC 
formation. However, so far no studies determined the effect of stiffness of the substratum 
on FBGC formation. All studies carried out so far have used materials that are much (often 
magnitudes) stiffer than normal tissues. Hence, in the current paper we investigated the 
role of stiffness on the formation of FBGC. We used hydrogels with a stiffness of 4, 12, 
26 and 92 kPa coated with plasma-derived fibronectin. We used fibronectin, as this is 
one of the major components of the provisional matrix [5,6]. Experiments were carried 
out with blood-derived human monocytes that were differentiated into macrophages 
by means of macrophage colony-stimulating factor (M-CSF). These macrophages were 
subsequently treated with or without the combination IL4/IL13. Much to our surprise, 
already after 72 hours of pre-stimulation with M-CSF we observed macrophage fusion 
and small multinucleated cells on 12 kPa and 26 kPa hydrogels, while only mononuclear 
cells were seen on 4 kPa and 92 kPa hydrogels. An increase in FBGC was observed after 
IL4/IL13 stimulation that was also substrate stiffness-dependent, starting at 12 kPa, with 
an optimum at 26 kPa, and much less FBGC at 92 kPa hydrogels. Lower (4 kPa) stiffness 
showed no FBGC formation. This indicates a crucial role for stiffness in macrophage 
fusion and the formation of FBGC.
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MATERIAL AND METHODS

PREPARATION OF POLYACRYLAMIDE HYDROGELS (PAAMS)

PAAMs were prepared between a chemically modified glass coverslip and glass plate 
as described in our recent publication [25]. In brief, glass coverslips (VWR, Amsterdam, 
Netherlands) were pre-treated for 3 minutes with a freshly prepared solution consisting 
of 99.1% (v/v) ethanol, 0.5% (v/v) 3-(trimethoxysilyl)propyl methacrylate (Sigma-Aldrich, 
St. Louis, USA, M6514) and 0.3% (v/v) glacial acetic acid to facilitate covalent adhesion 
of the polymerizing PAAM solutions. After incubation, the glass coverslips were washed 
twice with 99.9% ethanol. The glass plate was sterilized by immersion in 99.9% ethanol 
followed by chemical modification with dichlorodimethylsilane (Merck, Darmstadt, 
Germany, 8034520) on top during 5 minutes. Subsequently the glass plate was washed 
with sterile water. 

The varying degrees of stiffness of the PAAMs were obtained by varying the 
ratio between 40% acrylamide (BioRad, Veenendaal, Netherlands,  #161-0140) and 2% 
bisacrylamide (BioRad, Veenendaal, Netherlands, #161-0142) as described previously 
[25]. Solutions were diluted in 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
buffer (HEPES Sigma-Aldrich, St. Louis, USA, H0887). To catalyze PAAM polymerization 
0.15%  N,N,N’,N’-tetramethylethylenediamine (TEMED, BioRad, Veenendaal, Netherlands, 
#161-0800) was added. The solution was deoxygenated under argon for 30 minutes and 
10% ammonium persulfate (Sigma-Aldrich, St. Louis, USA, A3678) was added to initiate 
polymerization. The polymerizing solution was pipetted onto the modified glass plate 
followed by placing a modified coverslip on top. PAAMs were left to polymerize for 15 
minutes. Coverslips with adherent PAAMs were flipped with tweezers, placed in either a 
12 or 48 wells culture plate and washed twice with PBS.

PAAM FUNCTIONALIZATION WITH L-DOPA AND FIBRONECTIN

In order to functionalize the surface of the PAAMs, 3,4-dihydroxy-l-phenylalanine 
(L-DOPA; Sigma-Aldrich, St. Louis, USA, D9628) was used as described in our previous 
paper [25]. In brief, L-DOPA was reconstituted in 10 mM Tris buffer (pH 10) to a final 
concentration of 2 mg/ml and left to dissolve for 30 minutes in the dark in continuous 
motion. The L-DOPA solution was filter sterilized (0.20 µm) and PAAMs were incubated 
with 250 µg/cm2 L-DOPA for 30 minutes in the dark. Subsequently, PAAMs were washed 
twice with PBS and functionalized with 2.5 µg/cm2 plasma-derived fibronectin (Sigma-
Aldrich, St. Louis, USA, F1141) in PBS for 2 hours at 37 °C. After incubation, gels were 
washed with PBS and left overnight in Minimum Essential Medium Alpha Modification 
(MEMα) (ThermoFisher Scientific, Waltham, USA) without additives at 37 °C until the 
isolated CD14+ cell could be seeded.

ISOLATION OF CD14+ CELLS

To obtain a >99% pure CD14+ cell population, CD14+ cells were isolated by immuno-
magnetic bead separation using CD14 Microbeads (Miltenyi Biotec, Leiden, Netherlands) 
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as described previously [26]. In brief, human peripheral blood mononuclear cells (PBMCs) 
were isolated from buffy coats (Sanquin, Groningen, Netherlands) from four healthy 
donors by LymphoPrep based density-gradient centrifugation. Isolated PBMCs were 
counted with a Coulter Counter (Beckman Coulter, Brea, USA) before immuno-magnetic 
bead separation; 20 μl of CD14 Microbeads and 80 μl isolation buffer, consisting of 
phosphate buffered saline (PBS) with 0.5% fetal bovine serum (FBS; Life Technologies 
Europe, Bleiswijk, Netherlands) and 2 mM EDTA (Merck, Darmstadt, Germany), were 
added per 1 × 107 PBMCs and cells were incubated on ice for 30 min. Cells were washed 
with isolation buffer and the suspension containing CD14 labeled cells was centrifuged 
at 300 × g at 4 °C for 10 min to remove any unbound CD14 beads. The cell pellet was 
resuspended in degassed isolation buffer and the CD14+ cells were separated with a LS 
column (Miltenyi Biotec, Leiden, Netherlands) placed on a column adapter in a magnetic 
field. After carefully washing with degassed isolation buffer the LS column was removed 
from the magnetic field and the CD14+ cells were quickly flushed from the column using 
a plunger.

The obtained CD14+ cells were counted using a Coulter Counter and gently 
resuspended in culture medium consisting of MEMα (ThermoFisher Scientific, Waltham, 
USA) supplemented with 1% penicillin/streptomycin (Sigma-Aldrich, St. Louis, USA) and 
10% HyClone FetalClone I Serum (FCI) (GE Healthcare, Utah, USA).

MACROPHAGE CELL-ON-GEL CULTURE AND INDUCTION OF GIANT CELL FORMATION

CD14+ positive cells isolated in the previous paragraph were plated at a density of 
300.000 cells/cm2 onto PAAMs with varying degrees of stiffness functionalized with 
fibronectin. Cells were cultured in culture medium (see above) supplemented with 10 
ng/ml recombinant human M-CSF (R&D Systems, Minneapolis, USA) at 37 °C under 5% 
CO2. After 3 days of M-CSF treatment all non-adherent cells were removed by gently 
replacing the media with culture medium without M-CSF. This culture medium was either 
supplemented with 2 ng/ml IL4 + 2 ng/ml IL13 (both R&D, Minneapolis, USA) to induce 
giant cell formation, or without IL4/IL13 (no stimulation) to study the effect of substrate 
stiffness on giant cell formation for 24 hours. Macrophages, macrophage fusion and the 
formation of FBGC on the different PAAMs were characterized by morphology, qRT-PCR 
and by immunofluorescent stainings/quantification.

RNA ISOLATION, CDNA SYNTHESIS AND QRT-PCR

To obtain total RNA the RNeasy Micro Kit (Qiagen, Hilden, Germany) was used in 
accordance to the manufacturer’s protocol. After isolation RNA concentration and purity 
were determined by UV spectrophotometry (NanoDrop Technologies, Wilmington, NC, 
USA). For gene expression analysis, total RNA was reverse transcribed using the First 
Strand cDNA synthesis kit (Fermentas UAB, Lithuania) using random hexamer primers 
in accordance to the manufacturer’s protocol. Gene expression quantification was 
performed using qRT-PCR analysis in a final reaction volume of 10 μl, consisting of 1x 
SYBR Green Supermix (Roche, Basel, Switzerland), 6 μM forward primer, 6 μM reverse 
primer (Table 1) and 5 ng cDNA. Reactions were performed at 95 °C for 10 min followed 
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by, 95 °C for 15 sec, 60 °C for 60 sec, total of 40 cycles in a ViiA™ 7 Real-Time PCR System 
(Applied Biosystems, CA, USA). Analysis of the data was performed using ViiA 7™ Real-
Time PCR System Software v1.2 (Applied Biosystems, CA, USA).

IMMUNOFLUORESCENT STAINING FOR PHALLOIDIN ON MACROPHAGES AND FBGC

Pre-stimulated and stimulated macrophages (day 3 and 4 of culture) were washed twice 
with PBS and fixed in 2% PFA at room temperature for 10 min. To visualize the outer 
rim of both single nuclei and giant cells, cells were stained with the F-actin binding 
toxic phalloidin and counterstained with DAPI to visualize the nuclei. Phalloidin was 
pre-labeled with a TRITC fluorescent label (P1951, Sigma-Aldrich, St. Louis, USA; 1:500). 
Whole wells were imaged using the TissueGnostics TissueFAXS equipped with a Plan-
Neofluar 10x lens and a pixelfly camera. 

FBGC formation was quantified by counting the amount of nuclei per FBGC in 4 
FOVs, this was repeated for 5 times (20 FOV's in total). Fusion index was grouped into 3-5, 
6-10, 11-25, 26-50 and 50+ nuclei/FBGC. 

Table 1 Overview of primers used for qRT-PCR analysis

Target gene Forward sequence Reverse sequence

B7H1 CCATACAGCTGAATTGGTCATC CAGAATTACCAAGTGAGTCCTTTCA

CD1B GAAGTTGCATCTCCCAGTGAA GGTAAAGGACGAGGTCTGGA

CD209 GCTCGTCGTAATCAAAAGTGC CCAGGTGAAGCGGTTACTTC

CD36 TGGAACAGAGGCTGACAACTT TTGATTTTGATAGATATGGGATGC

CD44 CAACAACACAAATGGCTGGT CTGAGGTGTCTGTCTCTTTCATCT

CD68 GTCCACCTCGACCTGCTCT CACTGGGGCAGGAGAAACT

CDH1 CCCCCTGTTGGTGTCTTTATT GGATGACACAGCGTGAGAGA

DAP12 GAGACCGAGTCGCCTTATCA CTGTGTGTTGAGGTCGCTGT

DCSTAMP TGCATGCAAAGCTGCTTAAA AGGACTGGAAGCCAGAAATG

IL1R2 TTTCTGCCTTCACCCTTCAG GGCACCTCAGGGCTACAG

MMP14 TACTTCCCAGGCCCCAAC GCCACCAGGAAGATGTCATT

MMP9 GAACCAATCTCACCGACAGG GCCACCCGAGTGTAACCATA

MRC1 ACACCAAAACCTGAGCCAAC CCACCCATCTTCAGTAACTGGT

P2RX7 ATGTCAAGGGCCAAGAAGTC AGGAATCGGGGGTGTGTC

YWHAZ GATCCCCAATGCTTCACAAG TGCTTGTTGTGACTGATCGAC
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IMMUNOFLUORESCENT STAINING OF CD44 AND DC-STAMP ON MACROPHAGES AND FBGC

To visualize the membrane markers CD44 and DC-STAMP, PFA-fixated macrophages/
FBGC cultured on hydrogels were incubated with 10% goat serum for 1 h.  Cells were 
incubated overnight at 4 °C with either (1) mouse monoclonal to CD44 (M7082, DAKO, 
Glosstrup, Denmark; 1:100) or (2) mouse monoclonal to DC-STAMP (MAB7824, R&D 
Systems, Minneapolis, USA, 1:1000) in PBS containing 2.2% bovine serum albumin (BSA). 
The next day cells were washed three times with PBS and incubated with biotinylated 
goat-anti-mouse IgG (H+L) (1031-08, SouthernBiotech, Birmingham, USA, 1:250) 
diluted in PBS containing 2.2% BSA for 1 h at RT. In the last step, cells were washed 
three times with PBS and incubated with streptavidin-Alexa647 (S32357, ThermoFisher 
Scientific, Waltham, USA 1:1000) in DAPI/PBS (1:5000) for 30 min. After three washes 
with PBS, slides were mounted in Citifluor (Agar Scientific, Essex, UK). Both CD44 and 
DC-STAMP were visualized using a Leica DM4000b fluorescence microscope equipped 
with a Leica DFC3000 G digital camera and Leica Application Suite (LAS) software (Leica 
Microsystems, Wetzlar, Germany) using a 20x objective. Overlays were made using the 
FIJI ImageJ software.

STATISTICS

All data are represented as means ± standard error of the mean of at least three 
independent experiments and were analyzed by Graph-Pad Prism Version 7 for Macintosh 
(GraphPadSoftware, Inc., La Jolla, CA, USA) either by one-way ANOVA followed by Tukey’s 
post hoc analysis, or by two-way ANOVA followed by Bonferroni post hoc analysis. Values 
of p < 0.05 were considered to be statistically significant. 
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RESULTS

MACROPHAGE DIFFERENTIATION AND MORPHOLOGY AFTER PRE-STIMULATION WITH M-CSF

To assess the effect of stiffness on macrophage morphology and differentiation, human 
CD14+ monocytes isolated from buffy coats from four healthy donors were seeded on 4, 
12, 26 and 92 kPa PAAMs functionalized with fibronectin and pre-stimulated with M-CSF 
for 3 days to induce macrophage differentiation. On all stiffness a mixture of rounded, 
“pan-cake” and spindle-shaped macrophages were observed by bright-field microscopy, 
and by visualizing F-actin filaments with TRITC-labeled phalloidin (Fig. 1A). As expected, 
stimulation with M-CSF differentiated monocytes into macrophages irrespective of 
stiffness, which is shown by a high gene expression level of CD68 relative to the reference 
gene tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, zeta 
polypeptide (YWHAZ) (Fig. 1B).

To our surprise, small multinucleated cells (maximum 3 nuclei) were already 
formed after 72 hours of pre-stimulation with M-CSF on 12 kPa and 26 kPa hydrogels 
(Fig. 1A). In contrast, no multinucleated cells were observed on 4 kPa or 92 kPa PAAMs. 
This indicates that a stiffness value as observed in fibrotic tissues and fibrotic capsules 
can induce macrophage fusion in the absence of cytokines such as IL4 or IL13.
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Figure 1: Morphology of differentiated macrophages.
Macrophages pre-stimulated with M-CSF for 3 days show on 4 kPa, 12 kPa, 26 kPa and 92 kPa stiffness a mixture 
of rounded, “pancake”- and spindle-shaped cells as shown in bright-field pictures and by visualization of F-actin 
filaments with phalloidin (A). Small-nucleated cells were observed at 12 kPa and 26 kPa gels (arrowheads). 
Adherent monocytes differentiated towards macrophages as shown by a high expression of the general 
macrophage marker CD68 relative to the control gene YWHAZ (B). F-actin filaments are shown in red and 
nuclei in blue (DAPI).
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M2 POLARIZATION AND FBGC FORMATION

M2 macrophage polarization and FBGC formation can both be induced by stimulating the 
cells with IL4/IL13 [23,24]. Therefore, CD68+ macrophages formed after pre-stimulation 
with M-CSF were subjected to IL4/IL13; culture medium without IL4/IL13 was used as 
control to investigate the role of stiffness alone on FBGC formation. 

After 24 h of stimulation with IL4/IL13 the macrophages adopted, as expected, a M2 
phenotype, as reflected by an upregulated gene expression of the M2 markers mannose 
receptor C type 1(MRC1), CD209 and CD1B compared to non-treated macrophages (Fig. 
2A). It should be stressed that pre-stimulation with M-CSF already induced, as reported 
previously [26,27], on all stiffness a more or less “M2-like” phenotype, as shown by a 
comparably high gene expression level of interleukin 1 receptor, type II (IL1R2) in non-
treated macrophages (Fig. 2A).

The direct influence of stiffness on FBGC formation is shown by macrophages that 
were left unstimulated (i.e. cultured without IL4/IL13). We already showed that during 
pre-stimulation, small multinucleated cells were formed on 12 kPa and 26 kPa gels 
(Fig. 1A). When the macrophages were subsequently left unstimulated for 24 hours, we 
observed a marked increase in both the number of FBGC, as well as the size of the FBGC 
(containing >5 to 50+ random distributed nuclei and extensively spread cytoplasm) on 
12 and 26 kPa gels (Fig. 2B). In contrast, only small multinucleated cells (maximum 3/5 
nuclei) were seen on 92 kPa gels (Fig. 2B), whereas no FBGC were seen on 4 kPa gels. 
Similar observations were made with macrophages stimulated with IL4/IL13: on 12 and 
26 kPa gels large FBGC were seen, which was in contrast to small multinucleated cells on 
92 kPa gels (Fig. 2B) and no FBGC on 4 kPa gels. IL4/IL13 stimulation induced FBGC with 
more nuclei on 12 kPa gels compared to FBGC formed by non-treated macrophages (Fig. 
2C), whereas similar amounts of giant cells and nuclei were observed on 26 kPa (Fig. 2C).

These results show that stiffness has an important role in inducing macrophage 
fusion and FBGC formation and that IL4/IL13 has a facilitating role. 

FUSION MEDIATORS INVOLVED IN STIFFNESS AND/OR IL4/IL13 INDUCED FBGC FORMATION 

Mediators reported to be important in IL4/IL13-induced macrophage fusion are CD44, 
dendritic cell-specific transmembrane protein (DCSTAMP), CD36, lymphocyte co-
stimulator B7H1, E-cadherin (CDH1), P2X7 receptor (P2RX7), DNAX activation protein 12 
(DAP12), matrix metalloproteinase 9 (MMP9), and MMP14 [28-38]. We have measured 
the mRNA levels of the respective genes in macrophages exposed to IL4/IL13, as well as 
control macrophages (not exposed to IL4/IL13). No differences were observed in CD44, 
DCSTAMP, CD36, CDH1, P2RX7, MMP9 and MMP14 mRNA levels in IL4/IL13-stimulated 
macrophages cultured on 4, 12, 26 and 92 kPa hydrogels. B7H1 and DAP12 showed 
higher expression levels on 4 kPa compared to 26 and 92 kPa (both for B7H1 and DAP12) 
and 12 kPa (for DAP12 only). Since many more (and larger) FBGC were formed on 12 and 
26 kPa, none of the genes show a correlation with FBGC formation. The same can be said 
for macrophages that were not exposed to IL4/IL13: mRNA levels of CD44, DCSTAMP, 
B7H1, CDH1 and MMP9 were not different between cells cultured on 4, 12, 26 and 92 kPa 
hydrogels. In fact, CD36, P2RX7, DAP12 and MMP14 show a higher expression on 4 kPa 
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Figure 2: M2 polarization and foreign body giant cell formation. 
IL4/IL13-stimulated macrophages differentiated, irrespective of stiffness, towards M2 macrophages as 
shown by the significant upregulation of the M2 genes MRC1, CD209, and CD1B compared to unstimulated 
macrophages (A). Pre-stimulation with M-CSF induced a M2-”like” macrophage phenotype as shown by the 
comparable high gene expression of IL1R2 in all macrophages (A). Large FBGC (arrows) were observed on 12 
kPa and 26 kPa in unstimulated macrophages (stiffness-induced fusion) and IL4/IL13-stimulated macrophages 
(B). Only small FBGC (arrowheads) were observed at 92 kPa, whereas no fusion occurs on 4 kPa gels (B). 
Quantification of FBGC (fusion index) on the different stiffness and stimulations is depicted in C. * p< 0.05, 
Difference between unstimulated macrophages and IL4/IL13-stimulated (M2) macrophages, ** p<0.01, *** 
p<0.001. Gene expression analysis data were analyzed using two-way ANOVA followed by Bonferroni’s post-
hoc test, n=4. F-actin filaments are shown in red and nuclei in blue (DAPI). 
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hydrogels compared to 12 kPa and 26 kPa gels, but no multinucleated cells are seen on 
4 kPa gels, compared to an abundance of large FBGC on 12 and 26 kPa gels. Although 
IL4/IL13 induced higher expression levels of B7H1 on 12 kPa gels compared to non-
stimulated macrophages (and can thus be correlated to the increased FBGC formation 
of IL4/IL13 stimulated macrophages on 12 kPa), the same was seen for 4 and 92 kPa (i.e. 
in conditions were FBGC formation was absent and minor, respectively) or 26 kPa (i.e. in 
a condition were FBGC formation was equally abundant between non-stimulated or IL4/
IL13 stimulated macrophages). 

Finally, we stained for the membrane proteins CD44 and DC-STAMP to further 
validate that these proteins cannot be considered as specific fusion-related markers 
(Fig. 4 and 5). Indeed, CD44 was present on all non-stimulated and IL4/IL13-stimulated 
macrophages and FBGC, irrespective of gel stiffness (Fig. 4). Even a high protein 
expression of CD44 is observed at a stiffness of 4 kPa, a stiffness that prohibits fusion 
of macrophages. Similarly, single macrophages and FBGC were highly positive for DC-
STAMP protein on all stiffness and stimulations (Fig. 5): no obvious differences were 
observed between non-treated macrophages and IL4/IL13-stimulated macrophages.

Figure 3: Fusion mediators involved in stiffness and/or IL4/IL13-induced FBGC formation.
Gene expression levels of known fusion mediators CD44, DCSTAMP, CD36, B7H1, CDH1, P2RX7, DAP12, MMP9 
and MMP14 in unstimulated (stiffness-induced fusion) macrophages and IL4/IL13-stimulated macrophage 
fusion.  ** p< 0.01, Difference between unstimulated macrophages and IL4/IL13-stimulated macrophages. 
# p<0.05, Difference in gene expression between the different stiffness in unstimulated macrophages or in 
IL4/IL13-stimulated macrophages, ### p< 0.001. Gene expression analysis data were analyzed using two-way 
ANOVA followed by Bonferroni’s post-hoc test, n=4. 
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Figure 4: Protein expression of CD44 in macrophages and FBGC. 
Unstimulated macrophages and IL4/IL13-stimulated macrophages on all stiffness showed high protein 
expression of CD44, as well as stiffness-induced and IL4/IL13-induced FBGC. CD44 protein expression is shown 
in green and nuclei in blue (DAPI). Separate channels for CD44 and DAPI are shown.
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DISCUSSION

Biomaterials display a wide variety of different characteristics such as stiffness, chemical 
composition, or surface roughness, which all can influence the course and nature of the 
FBR. The FBR can generally be divided into three phases: the onset phase, the progression 
phase and the resolution phase. The onset phase starts directly after implantation of the 
biomaterial were proteins (such as fibronectin) adsorb to the biomaterial and an acute 
inflammation reaction occurs, consisting of infiltrating leukocytes and macrophages. In 
the progression phase a transition from acute to chronic inflammation can be observed, 
which include macrophages and the formation of FBGC. These cells secrete factors that 
attract and activate fibroblasts, which in their turn secrete extracellular matrix proteins 
for the formation of a fibrotic capsule around the biomaterial. In the resolution phase, 
which is still hardly understood, macrophages and FBGC often persist during the entire 
life-time of an implant. 

 In this study we investigated the role of stiffness in the range 4-92 kPa on the 
fusion of macrophages and the formation of FBGC in a fibronectin-rich environment. 
To the best of our knowledge this is the first time that stiffness is used as a parameter 
to study macrophage fusion. We used freshly isolated CD14+ human monocytes and 
differentiated the cells towards macrophages by M-CSF stimulation on fibronectin-
coated 4, 12, 26 and 92 kPa PAAMs. We observed small multinucleated cells on 12 kPa 
and 26 kPa hydrogels, whereas only mononucleated macrophages were observed at 
lower (4 kPa) and higher (92 kPa) stiffness. This already shows that certain stiffness values 
can induce macrophage fusion.

Macrophages were subsequently left unstimulated or were stimulated with IL4/
IL13, cytokines that are known to induce the formation of FBGC [23,24,39-41]. After 24 
hours, in both cultures, large FBGC are observed on 12 kPa and 26 kPa hydrogels, whereas 
only small multinucleated cells were seen on 92 kPa hydrogels and no multinucleated 
cells on 4 kPa hydrogels. At 12 kPa gels IL4/IL13 stimulation induced FBGC with more 
nuclei compared to the unstimulated macrophages. However, similar amounts of 
FBGC and nuclei per giant cell were observed at 26 kPa gels between stimulated and 
unstimulated cultures. This demonstrates that stiffness plays an important role in the 
formation of FBGC with only a facilitating role for IL4/IL13. 

 Several studies identified crucial fusion mediators during the formation of 
FBGC. Here we investigated several of these known fusion-mediators and explored their 
involvement in stiffness-induced FBGC formation. The cell-surface glycoprotein CD44 
has been reported to be involved in the onset of macrophage fusion [42]. CD44 enables 
cell-cell adhesion/fusion of macrophages by binding to a yet unknown ligand; blocking 
this binding prevents the formation of multinucleated cells [42]. Our results show that 
CD44 gene expression was equal in macrophages in all conditions and stiffness. CD44 
protein expression was present on all macrophages, even on macrophages cultured at 
4 kPa where no fusion occurs. We conclude that the cells cultured on 4 kPa gels fail to 
express the putative binding partner of CD44, whereas it is expressed on macrophages 
cultured on 12, 26 and 92 kPa gels.  

DC-STAMP is shown to be crucial for macrophage fusion and FBGC formation. 
DC-STAMP deficient macrophages are not able to fuse or become multinucleated cells, 
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Figure 5: Protein expression of DC-STAMP in macrophages and FBGC.
All macrophages (unstimulated or IL4/IL13-stimulated) on all stiffness show a high protein expression of DC-
STAMP, as well as stiffness-induced and IL4/IL13-induced FBGC. DC-STAMP protein expression is shown in 
green and nuclei in blue (DAPI). Seperate channels for DC-STAMP and DAPI are shown.
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both in vivo and in vitro [29,31,34]. Here we show that gene expression levels and protein 
expression of DC-STAMP is prominently present in all different conditions (Fig. 3 and 5). In 
fact, single macrophages and FBGC were both highly positive for DC-STAMP protein on 
all stiffness and treatments (Fig. 5). Gene expression levels of DCSTAMP were upregulated 
in macrophages stimulated with IL4/IL13 compared to non-treated macrophages at all 
stiffness. However, the higher levels of DCSTAMP do not seem to be associated with 
the generally increased FBGC formation of IL4/IL13 treated cells, as no differences in 
gene expression were observed between non-fusing macrophages at 4 kPa and fusing 
macrophages at 12-92 kPa gels. It is known that DC-STAMP must interact with a ligand in 
order to fulfill its fusogenic role [43], but thus far the identity of this ligand is unknown. 
We hypothesize that this ligand is not present on macrophages cultured on 4 kPa gels.

DAP12 is considered to be required for FBGC formation in an indirect way: it is 
not directly involved in fusion but rather necessary for the upregulation of the fusion 
mediators CDH1, DCSTAMP and MMP9, and therefore crucial in the fusion process [14,30]. 
Here we show that a high DAP12 gene expression is observed in all stimulated and non-
stimulated macrophages, although DAP12 is upregulated in macrophages cultured on 4 
kPa hydrogels compared to macrophages cultured on 12, 26 and 92 kPa. We did not find 
a relationship between mRNA levels of DAP12 with CDH1, DCSTAMP and MMP9.

It has been reported that CDH1 has a role in cell-cell adhesion by macrophage 
fusion and that it is upregulated within hours after stimulation with IL4 and IL13 [14,32]. 
However, we observed only low mRNA levels, even after 24 hours of stimulation, and 
these levels did not correlate with fusion frequencies. In our experimental setting fusion 
of macrophages seems to be E-cadherin independent. 

MMP9 and MMP14 are proteases involved in migration. It has been described 
that blocking MMP9 reduces the formation of FBGC [36]. On the other hand, Jones et 
al. reported that addition of IL4 to macrophage cultures decreased MMP9 levels on the 
majority of their tested surfaces [44]. MMP14 acts in an indirect manner in the fusion 
process: it forms a complex with CD44, co-localizes with the actin cytoskeleton and 
activates Rac1 in the lamellipodia, which in turn is crucial for macrophage migration 
and fusion [45-47]. In our results both MMP9 and MMP14 show a high expression 
in macrophages on all stiffness and this was independent of IL4/IL13 stimulation. 
Furthermore, no relationship was found between MMP9 and MMP14 mRNA levels and 
fusion frequencies.

CD36 is localized within the lamellipodia and participates in fusion in a 
heterotypic manner after initial cell-cell contact has been made [38]. Although CD36 
seems to be important in FBGC formation, it is not upregulated after IL4 stimulation, 
which suggest that fusion-competent macrophages only increase a part of the required 
fusion mediators [14]. Indeed, we observed no differences in gene expression of CD36 in 
unstimulated and IL4/IL13 stimulated macrophages and FBGC on all stiffness.

McNally et al. [35] showed a strong upregulation of B7H1 only in fusion-competent 
macrophages and FBGC, and consider it an important FBGC marker. We observed an up-
regulated gene expression after IL4/IL13 stimulation, however this upregulation is also 
highly present in macrophages cultured on 4 kPa hydrogels were no macrophage fusion 
occurs. These macrophages even show a significant upregulation of B7H1 compared to 
macrophages cultured on 12, 26 and 92 kPa were FBGC formation did occur. In contrast, 
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unstimulated macrophages showed no upregulation of B7H1 on all stiffness, whereas on 
12, 26 and 92 kPa FBGC were observed. In our experimental setting, B7H1 does not seem 
to be restricted to fusion-competent cells. 

P2X7 receptor, a member of the family of P2X purinergic receptors, triggers the 
formation of membrane pores after activation by extracellular ATP [14,33,37]. Activation 
of P2X7 receptor is associated with increased macrophage fusion and the formation of 
FBGC, however the P2X7 receptor is not a requirement for fusion [37]. Here, no differences 
in gene expression levels were seen between unstimulated and IL4/IL13-induced FBGC, 
with the exception for unstimulated macrophages on 4 kPa hydrogels that show an 
upregulated P2X7 receptor. Since unstimulated macrophages on 4 kPa do not show 
FBGC formation, the presence of P2X7 alone is not sufficient to stimulate fusion.

Overall, our results show that stiffness has a major impact on the fusion of 
macrophages, and that stiffness-induced fusion can occur in the absence of IL4/IL13. 
Fibrotic capsules surrounding biomaterials exhibit a stiffness in the range in which we 
observed enhanced fusion rates, it is therefore not a surprise that FBGC are often present 
in such capsules. Lower stiffness, seen in normal tissues, did not induce macrophage 
fusion. The role of FBGC in the foreign body reaction is still insufficiently known, but 
it is likely that their reactions at the surface of a biomaterial play an important role in 
directing biological responses. Specific modulation of certain aspects of the foreign body 
reaction will be required to achieve the desired performance of biomaterials [5]. The 
stiffness of the biomaterial and its surroundings should be taken into consideration in 
such interventions. It is also obvious that our knowledge on the molecules that facilitate 
the fusion process of macrophages is still fragmentary, as we did not found a relationship 
between the extent of FBGC formation and the presence of molecules reported to be 
important in the fusion process. 
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CHAPTER 8

GENERAL DISCUSSION

Macrophages and fibroblasts are key regulators in wound healing, fibrosis and 
the foreign body reaction (FBR). After injury monocytes transmigrate, differentiate 
into macrophages and migrate through the extracellular matrix (ECM) towards the 
wounded area. These macrophages can adopt diverse phenotypes, which are directed 
by the microenvironment the cells encounter [1-4]. Macrophage activation statuses or 
phenotypes can roughly be divided into two major groups, M1 (classically activated) 
macrophages, or M2 (alternatively activated) macrophages [1,2]. Nevertheless, it should 
be realized that macrophages in wound healing, fibrosis and the FBR likely exhibit a range 
of phenotypical properties in all stages of the three processes (Chapter 4) [5-11]. M1 
macrophages are associated with tissue injury and inflammation, are pro-inflammatory 
and secrete several inflammatory cytokines, chemokines and matrix metalloproteinases 
(MMPs). On the other hand, M2 macrophages are often associated with tissue repair 
and remodeling [1,12]. M2 macrophages are able to induce angiogenesis, fibroblast 
proliferation, and stimulate ECM deposition by fibroblasts and myofibroblasts [1,2,12,13].  

Fibroblasts and/or myofibroblasts are the main producers of ECM in wound 
healing, fibrosis and the FBR. In the final phase of wound healing there is a tight balance 
between ECM synthesis and degradation, which leads to a structure that is similar to 
healthy tissue. However, in fibrosis this balance is shifted towards synthesis and deposition 
of ECM followed by increased collagen cross-linking, ultimately leading to organ failure 
[9, 14-16]. In the FBR (myo)fibroblasts are responsible for the fibrous capsule formation. 
Here the thickness and stiffness of the fibrous capsule is of considerable importance, as 
it can lead to failure of the implant [17]. Before the activation of fibroblasts, as described 
in the proliferation phase and remodeling phase of wound healing, in fibrosis, or in the 
progression phase and the resolution phase of the FBR, inflammation and an influx of 
macrophages are present in all processes. Despite the relevance of macrophages and 
fibroblasts in wound healing, fibrosis and the FBR, remarkably little is known about 
macrophage polarization/activation, macrophage ECM interactions and macrophage 
cross-talk with fibroblasts in these processes. In this thesis we provide some insights into 
these topics, in order to elucidate the role of these cells in wound healing, fibrosis and 
the course of the FBR.

MACROPHAGE AND FIBROBLAST ACTIVATION IN WOUND HEALING AND FIBROSIS

In Chapter 2 we investigated the direct influence of paracrine signals secreted from 
human M1 or M2 macrophages on human dermal fibroblast activation, fibroblast 
differentiation towards myofibroblasts, ECM deposition and contraction. Polarization 
of macrophages towards a M1 or M2 phenotype was obtained by the stimulation of 
macrophages with a combination of interferon gamma (INFγ) and lipopolysaccharides 
(LPS), or interleukin 4 (IL4) and interleukin 13 (IL13), respectively. The secreted factors 
from M1 macrophages induced a pro-inflammatory and ECM degrading dermal 
fibroblast. These fibroblasts secreted CCL2, CCL7, IL6, matrix metalloproteinase 1 
(MMP1), MMP2 and MMP3 and can therefore contribute, by attracting other pro-
inflammatory cells, to the inflammatory phase of wound healing, fibrosis and the 
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FBR. M2 macrophages induced fibroblast proliferation, but the secreted factors were 
not able to induce myofibroblast differentiation. Although normal fibroblasts hardly 
respond to the secreted factors from M2 macrophages, M2 macrophages have a major 
impact on the pro-inflammatory fibroblasts as induced by M1 macrophages: the pro-
inflammatory fibroblasts were reversed towards an anti-inflammatory phenotype. Thus, 
M2 macrophages are able to reverse the inflammatory response. In Chapter 3 we show 
that macrophages can be re-polarized: M2 macrophages can be repolarized to M1 
macrophages by means of conditioned medium derived from M1 macrophages, and 
vice versa. This implies that secreted factors from polarized macrophages can maintain 
or change their own phenotype. Together our studies show that both macrophages and 
fibroblasts are highly dynamic cells and that the cells themselves regulate this plasticity 
at least partly by regulating their own microenviroment.

Since we only investigated the influence of secreted factors of macrophages on 
fibroblast behavior and dynamics, it is important to notice here that the opposite is 
also possible. Fibroblasts and myofibroblasts are able to direct M1 or M2 macrophage 
polarization via secreted factors or by cell-cell contact [18-21]. Humeres et al. showed 
that cardiac fibroblasts stimulated with either LPS (pro-inflammatory) or TGF-β (pro-
fibrotic) induces M1 or M2 macrophage polarization by the secretion of CCL2 and 
TNFα or IL5 and IL10, respectively [22]. A potential crucial homeostatic feedback loop 
between myofibroblasts and M2 macrophages is described by Fernando et al. [23]. 
Here, myofibroblasts induced a M2 phenotype that elevated their M2 gene expression 
compared to IL4/IL13 stimulation alone. Interestingly, these obtained M2 macrophages 
are less able to re-polarize towards M1 macrophages and suppressed myofibroblasts 
activity, which indicates a bi-directional communication between M2 macrophages and 
myofibroblasts. This suggest that M2 macrophages, induced by myofibroblasts, suppress 
inflammation and initiate repair, which in turn inhibit myofibroblasts activity thereby 
avoiding fibrosis [23]. In contrast, adventitial fibroblasts derived from hypertensive 
pulmonary arteries direct macrophages towards a pro-inflammatory/pro-fibrotic 
macrophage, which is associated with a chronic non-resolving tissue responses and 
fibrosis [18]. The above, as well as our data, imply that macrophages and fibroblasts are 
highly responsive to the microenvironment and that the balance between these cells, 
paracrine or via cell-cell contact, is important to direct them towards healing or fibrosis.

MACROPHAGE INTERACTION WITH THE EXTRACELLULAR MATRIX

After injury, macrophages are constantly in contact with the ECM while migrating 
towards the wounded area. In Chapter 3, we showed that macrophages adhere well to 
collagen type I and fibronectin, which are both major ECM components. These adhered 
macrophages polarized towards M1 or M2 macrophages after stimulation with INFγ/
LPS, or IL4/IL13, respectively. This polarization can quickly be reversed by secreted 
factors of their counterparts (M1 conditioned medium added to M2 macrophages 
induced M1 re-polarization and vica versa). Collagen type I and fibronectin had no 
effect on the polarization and re-polarization of macrophages and therefore these ECM 
components did not play a pivotal role in macrophage dynamics. However, in vivo the 
ECM is complex and contains different types of collagen, elastin, fibronectin, laminin, 
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glycoaminoglycans, proteoglycans and growth factors. This composition can even differ 
within tissues, making it extremely difficult to investigate in humans the exact role of 
the complete ECM on macrophage polarization. Very recently, Dziki et al. showed that 
ECM bioscaffolds derived from several decellularized tissues, determine the respons of 
macrophages [24]. Most ECM scaffolds induced a M2-like macrophage phenotype, which 
is similar to our results culturing human macrophages on collagen type I and fibronectin. 
Interestingly, some ECM-derived bioscaffolds (skeletal, dermal and liver) showed 
macrophage polarization towards M1-like macrophages [24]. Unfortunately, only mouse 
bone marrow-derived macrophages were used for phenotypic characterization. It is 
known that macrophages derived from mice show different up- and down-regulated 
M1 and M2 genes with respect to human macrophage polarization [25-27]. Therefore, 
further research is needed to explore the role of ECM in human macrophage polarization.

MACROPHAGE PHENOTYPES IN THE FOREIGN BODY REACTION

Despite the role of macrophages in the FBR it is unclear which macrophage phenotypes 
are present in the course of the FBR. After implantation of hexamethylenediisocyanate 
cross-linked dermal sheep collagen (HDSC) disks in rats, enormous amounts of 
macrophages were observed, as described in Chapter 4. These macrophages were 
present in both the fibrous capsule and in the biomaterial. Surprisingly, M1 (iNOS+) 
macrophages were not present while M2 (CD206+) macrophages were seen in both 
environments. However, most of the macrophages did not exhibit iNOS or CD206, which 
indicates that these macrophages display a more complex phenotype, and that M1 
and M2 classification based on iNOS and CD206 is oversimplified in this context. Lately, 
more reports have been published about macrophage phenotypes in the FBR, which 
all showed or noticed that determining macrophage polarization in vivo is much more 
complex than the M1, M2 classification [11,28]. Wolf et al. showed that non-degradable 
polypropylene mesh biomaterials, either non-coated or coated with ECM, evokes in its 
surrounding M1 polarization for the first days after implantation [11]. Although the first 
days showed similar amounts of M1 macrophages, after 14 till 35 days the ECM-coated 
materials showed a decrease in M1 macrophages while the amount of M2 macrophages 
remained similar. This indicates a shift in the M1/M2 macrophage balance caused by the 
ECM coating, in favor of M2 macrophages, which can be beneficial for the course of the 
FBR as described by Hachim et al. [28]. They showed that IL4-coated meshes promote 
M2 macrophage phenotypes in early stages, which is associated with minimized fibrotic 
capsule formation and improved implant integration. Compared to our data, carried 
out with a degradable biomaterial, the response of M1 macrophages is completely the 
opposite. At early and late time points we did not observe iNOS+ macrophages, which 
can be due to the characteristics of the implanted material, or that the observed influx 
of macrophages did not fit in the M1/M2 classification, based on iNOS and CD206 
expression. Important to notice, the in vivo FBR research that is conducted in rats or 
mice, can be completely different from the FBR response in humans. In humans, silicone 
(polydimethylsiloxane) is widely used in medical applications, such as shunts, catheters 
and breast implants. Although silicone implants will evoke a FBR, it has been observed 
that this reaction varies from patient to patient. Therefore, Bhaskar et al. investigated 



155

8

GENERAL DISCUSSION AND FUTURE PERSPECTIVES

the influence of silicone on human macrophage activation and polarization [29]. They 
found that all macrophage subsets were activated towards a pro-inflammatory state 
and that indeed some donors responded stronger in activating macrophages compared 
to others, which can indicate a worse prognosis after implantation. More research is 
required into the human FBR and macrophage polarization in order to be able to predict 
the fate of implanted (bio)materials.

TISSUE STIFFENING, SEEN IN FIBROSIS AND THE FBR, DOES NOT INFLUENCE MACROPHAGE 
POLARIZATION BUT INDUCES THE FORMATION OF FOREIGN BODY GIANT CELLS

In fibrosis and during the formation of a fibrotic capsule in the FBR, fibroblasts and 
myofibroblasts produce ECM, which accumulates and becomes cross-linked, eventually 
leading to stiffening of the tissue. Although detailed knowledge is available about the 
effect of stiffness on fibroblasts [30-34] surprisingly little is known about matrix stiffness 
affecting macrophage biology. Therefore, in Chapter 5, we setup a straightforward in 
vitro model where we can combine physiological stiffness (as seen in normal and fibrotic 
tissues) with diverse ECM components, to investigate the role of stiffness in macrophage 
polarization (Chapters 6 and 7). Macrophages present in a collagen- or fibronectin-rich 
environment with a stiffness that is seen in normal and in fibrotic tissue (4 kPa and 92 
kPa, respectively) did not influence M1 or M2 polarization of macrophages (Chapter 6). 
It seems that macrophage activation and polarization is mostly driven by soluble factors 
independent of ECM components and stiffness, which is in sharp contrast as seen in 
fibroblasts. Here, an increased tissue stiffness and decreased elasticity acts as a negative 
feedback loop in favor of fibrosis by maintaining the activation status of myofibroblasts 
or by activating fibroblasts into myofibroblasts [9, 14-16,35,36]. Similar to our results, Yu 
et al. showed in a FBR mice model that cross-linked hydrogels with increasing stiffness did 
not induce different patterns of macrophage activation or polarization. In all materials 
similar amounts of M1 and M2 macrophages were observed; besides this they showed 
that in time M1 macrophages declined and M2 macrophages go up in number, shifting 
the balance between the two types of macrophages [11]. 

One hallmark of the FBR is the formation of foreign body giant cells (FBGC), which 
occurs through the fusion of macrophages [37-39]. Although stiffness in combination 
with collagen type I and fibronectin did not affect macrophage polarization, stiffness 
is important for macrophage fusion. In Chapter 7 we showed that high physiological 
stiffness, as seen in fibrotic capsules (12-26 kPa), is important for macrophage fusion 
while normal tissue stiffness (4 kPa) did not induce FBGC formation. We even showed 
that stiffness-induced macrophage fusion is independent of IL4/IL13, the known 
inducers of FBGC. Currently, several fusion mediators are described, (nicely reviewed 
in [40]), like dendritic cell-specific transmembrane protein (DC-STAMP), E-cadherin and 
CD44, however it seems that stiffness-induced macrophage fusion is (partly) mediated 
via still unknown fusion mediators compared to IL4/IL13-induced fusion. Clearly, more 
detailed analysis of macrophage fusion and FBGC formation is needed, which we are 
currently investigating, as discussed in the future perspectives. 
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Overall, in this thesis we showed that macrophage polarization is mainly driven by 
soluble factors irrespective of stiffness and ECM components. Fibroblast behavior is 
notably influenced by secreted factors of macrophages, which is of major importance 
in the different phases of wound healing, fibrosis and the FBR. Moreover, macrophage 
phenotypes in the FBR are much more complex than the M1, M2 dichotomy described 
in vitro. Besides this, macrophages and fibroblasts are highly dynamic cells, which 
can change their phenotype within hours thereby influencing the microenvironment 
(pro-inflammatory, remodeling or pro-fibrotic) in the different processes. Physiological 
stiffness of 12-26 kPa induces macrophage fusion independent of IL4/IL13, which should 
be taken into consideration in the development of biomaterials and the course of the 
FBR.

Although some questions regarding macrophage and fibroblast interaction 
are answered in this thesis, still a lot of questions remained unanswered, hampering a 
thorough understanding of the role of macrophages in fibrosis and the FBR. To start with, 
macrophage phenotypes and FBGC in humans during the FBR needs to be determined. 
Although difficult to achieve, a start can be made with biomaterials that are removed 
from a patient after rejecting or malfunctioning of the biomaterial. For example, leakage 
or contraction of breast implants leads to malfunctioning and failure of the implants. 
Therefore, the material needs to be removed from the body [17]. After removal, the 
capsule and surrounding tissue can be stained for different phenotypes of macrophages 
and FBGC, giving an indication of the involved macrophage phenotypes and whether 
FBGC are involved in the FBR to silicone . 

Secondly, we showed in Chapter 7 that stiffness-induced macrophage fusion is 
independent of IL4/IL13 stimulation, and that giant cell formation is (partly) mediated 
by unknown fusion proteins. Various studies showed that IL4/IL13 stimulation is needed 
for the formation or FBGC, although in some in vivo studies FBGC were observed in a 
pro-inflammatory environment, e.g. in a macrophage balance that it shifted towards 
M1 macrophages [10]. Currently, we are investigating which macrophage phenotypes 
are capable of fusion and what mediators are involved in the formation of FBGC, via 
microarray analysis. These extensive data sets can give us an indication which mediators 
are involved in stiffness-induced macrophage fusion. 

Thirdly, macrophages are known to produce, next to e.g. cytokines and 
chemokines, also collagens, notably collagen type VI [41].  It is shown by Naugle et al. that 
collagen type VI induces cardiac fibroblasts to become myofibroblasts [42]. Spencer et al. 
showed that macrophages are correlated with collagen type VI in fibrosis [43]. Therefore, 
the question rises whether macrophages can induce fibroblast to myofibroblast 
differentiation by secreting collagen VI or by displaying collagen type VI to fibroblasts 
during cell-cell contact. This possibility is currently under investigation in our research 
group.
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INTRODUCTIE

Wondgenezing, fibrose en de vreemdlichaamsreactie hebben twee belangrijke celtypen 
gemeen, macrofagen en fibroblasten. Alle drie processen starten met schade aan het 
weefsel gevolgd door ontsteking (inflammatie) en vervolgens weefselherstel.

MACROFAAG POLARISATIE EN ACTIVATIE 

Macrofagen komen voor in de meeste weefsels in het lichaam, hetzij als weefsel-
macrofagen of als monocyt-gedifferentieerde macrofagen verkregen na infiltratie in 
het weefsel na schade. Monocyten zijn afkomstig van myeloïde voorlopercellen uit het 
beenmerg en worden uitgescheiden in het perifere bloed. Wanneer er schade ontstaat 
zullen deze monocyten migreren door het endotheel van een bloedvat, differentiëren 
naar macrofagen, en verder migreren naar het aangedane weefsel. Hier hebben 
macrofagen verschillende functies zoals fagocytose van bacteriën en/of cel resten, het 
regelen van de ontstekingsreactie, het opnieuw opbouwen van de extracellulaire matrix 
(ECM) en het bijdragen aan doorbloeding door angiogenese en neovascularisatie. 
 Macrofagen zijn zeer dynamische cellen, ze nemen een bepaald fenotype aan 
wat gestuurd wordt door de omgeving waar ze zich in bevinden. Het is zelfs zo dat 
macrofagen binnen enkele uren hun activatie en polarisatie status kunnen veranderen, 
hetgeen macrofaag typering erg bemoeilijkt. Er zijn verschillende macrofaag 
activatie- of fenotypes beschreven welke worden verdeeld in twee grote groepen, 
M1 en M2 macrofagen. M1 macrofagen zijn betrokken bij het ontstekingsproces, 
ze zijn inflammatoir, scheiden verschillende inflammatoire signaalstoffen uit en zijn 
verantwoordelijk, door het uitscheiden van enzymen, voor het afbreken van de ECM. In 
tegenstelling tot M1 macrofagen zijn M2 macrofagen betrokken bij het helingsproces 
na schade. Ze stimuleren angiogenese, proliferatie van fibroblasten, en aanmaak van 
ECM door fibroblasten en myofibroblasten, waardoor ze bijdragen aan het sluiten van 
de wond.

WONDGENEZING

Wondgenezing kan worden onderverdeeld in vier overlappende fasen, namelijk: 
bloedstolling (hemostase), ontsteking (inflammatie), proliferatie en uitrijping (maturatie).

Direct na weefselschade wordt het bloeden tegengegaan (hemostase) door 
vaatvernauwing en het vormen van een bloedstolsel welke grotendeels bestaat uit 
trombocyten, erytrocyten, fibrine en fibronectine. Geactiveerde trombocyten scheiden 
signaalstoffen uit welke neutrofielen, monocyten en fibroblasten aantrekken naar het 
aangedane weefsel. 

Na het stoppen van de bloeding infiltreren neutrofielen binnen enkele minuten 
de wond, dit is de start van de inflammatiefase. Deze neutrofielen zorgen voor het 
opruimen van cel resten, vreemdlichaamsmateriaal en bacteriën door middel van 
degranulatie en fagocytose. Tevens scheiden neutrofielen inflammatoire signaalstoffen 
uit welke monocyten aantrekken. Deze monocyten migreren door het endotheel en 
differentiëren in het weefsel naar hoofdzakelijk M1 macrofagen, wat na 2 tot 5 dagen 
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het meest overheersende celtype is. De belangrijkste functie van M1 macrofagen in 
wondgenezing is het verwijderen van cel resten, bacterie-gevulde neutrofielen en 
overgebleven bacteriën.  Tevens scheiden M1 macrofagen inflammatoire signaalstoffen 
en enzymen (welke nodig zijn voor het veranderen/knippen van de ECM) uit waardoor 
meer macrofagen en fibroblasten worden aangetrokken/infiltreren naar het wondbed. 
Wanneer de wond schoon en gestabiliseerd is begint de proliferatiefase. Hier gaan de 
M1 macrofagen in apoptose of veranderen hun activatie status naar M2 macrofagen. 
Deze M2 macrofagen zorgen ervoor dat het inflammatoire milieu veranderd naar een 
regeneratief milieu, waarbij ze fibroblast infiltratie en proliferatie, ECM degradatie 
en angiogenese reguleren en stimuleren. De aangetrokken fibroblasten delen 
en differentiëren mede door de uitgescheiden factoren van M2 macrofagen naar 
myofibroblasten. Myofibroblasten produceren nieuw ECM, granulatieweefsel genoemd 
(welke grotendeels bestaat uit collageen type I en III). Dit granulatieweefsel is nodig voor 
cel ingroei en het vormen van nieuwe bloedvaten.

De laatste fase in wondgenezing is de maturatiefase en kan weken tot jaren 
duren. Hier wordt het eerder gevormde granulatieweefsel omgezet in rijpe ECM of 
litteken weefsel. Deze fase bestaat voornamelijk uit het afbreken van collageen type III 
en synthese van collageen type I door fibroblasten en myofibroblasten. Het afbreken van 
collageen type III gebeurd door enzymen welke uitgescheiden worden door macrofagen 
en fibroblasten. Uiteindelijk wordt er een weefsel gevormd dat vergelijkbaar is met 
gezond weefsel hoewel een normale weefselsterkte niet wordt bereikt. 

FIBROSE

Een verminderde of pathologische genezingsreactie leidt tot excessieve depositie 
en een slecht gevormde ECM, fibrose genaamd. Bij het ontstaan van fibrose speelt 
de inflammatiefase van het genezingsproces een belangrijke rol. Normaliter gaan M1 
macrofagen in apoptose nadat ze het wondbed hebben schoongemaakt van cel resten 
en bacteriën, of de cellen veranderen hun activatie status naar M2 macrofagen. Echter 
wanneer de inflammatie chronisch wordt (door nieuwe schade en/of langdurige infectie) 
treedt weefselvernietiging en weefselherstel simultaan op. M1 macrofagen zorgen 
ervoor dat nieuwe macrofagen migreren naar het aangedane weefsel en scheiden 
enzymen uit welke de ECM degraderen. Aanwezige M2 macrofagen zorgen er juist voor 
dat fibroblasten en myofibroblasten worden aangezet tot ECM productie en depositie. 
Hierdoor ontstaat er een abnormale verschuiving in de balans van ECM degradatie en 
depositie, in het voordeel van depositie. Het teveel aan ECM wordt gecross-linked door 
(myo)fibroblasten waardoor het niet meer afbreekbaar is en het weefsel stijver wordt. Dit 
zorgt voor het behouden van geactiveerde fibroblasten en myofibroblasten waardoor er 
nog meer ECM geproduceerd wordt. Uiteindelijk kan dit proces leiden tot orgaan falen. 
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DE VREEMDLICHAAMSREACTIE

Implanteren van een biomateriaal of medische hulpmiddel zorgt altijd voor een 
reactie van het immuunsysteem, de zogenaamde vreemdlichaamsreactie. Hoe de 
vreemdlichaamsreactie verloopt is afhankelijk van het geïmplanteerde materiaal, maar 
in het algemeen kunnen er drie overlappende fasen worden waargenomen, namelijk de 
beginfase, de progressiefase en de resolutiefase. 

Het begin van de vreemdlichaamsreactie is het introduceren van een 
biomateriaal in het lichaam. Na injecteren of implantatie van het materiaal begint 
er een genezingsreactie zoals beschreven in de sectie wondgenezing (hemostase 
en inflammatie).  Direct na implantatie adsorberen verscheidene eiwitten aan het 
biomateriaal, wat uiteindelijk leidt tot een voorlopige (tijdelijke) matrix. Neutrofielen 
migreren naar het gebied van implantatie, worden geactiveerd, interacteren met 
de genoemde matrix en scheiden inflammatoire stoffen uit welke zorgen voor een 
influx van macrofagen. De macrofagen zorgen voor het verwijderen van cel resten en 
bacteriën en het aantrekken van andere macrofagen en fibroblasten zoals gezien wordt 
in het wondgenezingproces. Echter door het geïmplanteerde biomateriaal vindt er in 
de vreemdlichaamsreactie een transitie plaats van acute inflammatie naar chronische 
inflammatie. De geïnfiltreerde macrofagen scheiden inflammatoire stoffen uit waardoor 
er nog meer macrofagen worden aangetrokken naar het biomateriaal. Deze macrofagen 
proberen het geïmplanteerde materiaal te infiltreren en te degraderen, door middel van 
fagocytose en het uitscheiden van enzymen. Tijdens dit proces kunnen macrofagen 
gaan fuseren waardoor meerkernige reuscellen worden gevormd. Deze meerkernige 
reuscellen leveren op hun beurt ook weer een bijdrage aan het degraderen van het 
biomateriaal. Voor succesvolle degradatie of integratie van het biomateriaal met het 
omliggende weefsel zijn zowel M1 en M2 macrofagen van belang. Is het materiaal 
niet afbreekbaar dan worden fibroblasten geactiveerd en zullen deze cellen zorgen 
voor het vormen van een kapsel rond het biomateriaal. Hierdoor wordt het materiaal 
afgeschermd van het lichaam. Dit kapsel is van cruciaal belang voor het functioneren 
van het biomateriaal, wanneer het gevormde kapsel te dik is kan het materiaal niet meer 
interacteren met het omliggende weefsel. Dit kan leiden tot deformatie, mechanische 
stress en uiteindelijk tot falen van het implantaat. Wanneer het biomateriaal afbreekbaar 
blijkt zal er na verloop van tijd een normale wondgenezing optreden.
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DIT PROEFSCHRIFT   

Macrofagen en fibroblasten zijn uitermate belangrijk in wondgenezing, fibrose en 
de vreemdlichaamsreactie. Na schade migreren macrofagen door de ECM naar het 
aangedane gebied, eenmaal daar aangekomen kunnen ze verschillende fenotypes 
aannemen (M1 of M2). M1 macrofagen worden geassocieerd met inflammatie en M2 
macrofagen met weefselherstel en regeneratie. Echter moet wel gerealiseerd worden dat 
macrofagen in al deze processen een reeks van fenotypes kunnen aannemen (hoofdstuk 
4). Fibroblasten en myofibroblasten maken nieuwe ECM tijdens wondgenezing, fibrose en 
de vreemdlichaamsreactie. In laatstgenoemde zijn (myo)fibroblasten verantwoordelijk 
voor kapsel formatie om een biomateriaal. Voordat fibroblasten geactiveerd worden, 
zoals beschreven in de secties wondgenezing, fibrose en de vreemdlichaamsreactie, zijn 
er vele macrofagen aanwezig in deze processen. Ondanks dit gegeven is er zeer weinig 
bekend over macrofaag polarisatie/activatie, macrofaag ECM interactie en de invloed 
van macrofagen op fibroblasten in wondgenezing, fibrose en in het verloop van de 
vreemdlichaamsreactie. Daarom hebben we in dit proefschrift inzicht gegenereerd in 
deze verschillende onderwerpen. 

M1 (pro-inflammatoire) en M2 (regeneratieve) macrofagen scheiden verschillende 
signaalstoffen uit. In hoofdstuk 2 hebben we onderzocht hoe de uitgescheiden 
signaalstoffen van M1 en M2 macrofagen de activatie, differentiatie, ECM depositie 
en contractie van fibroblasten beïnvloeden. We laten zien dat door M2 macrofagen 
uitgescheiden signaalstoffen celdeling van fibroblasten stimuleert. Tevens laten we 
zien dat deze signaalstoffen fibroblasten niet aanzetten tot myofibroblast differentiatie. 
Nog interessanter is dat uitgescheiden signaalstoffen van M1 macrofagen zorgen voor 
pro-inflammatoire fibroblasten welke naast inflammatoire signaalstoffen ook enzymen 
uitscheiden die ervoor zorgen dat de ECM wordt afgebroken. Hierdoor kunnen we 
aannemen dat ook fibroblasten bijdragen aan het ontstekingsmilieu. De signaalstoffen 
van M2 macrofagen zorgen er juist voor dat een pro-inflammatoire fibroblast omgezet 
wordt naar zijn initiële fenotype waardoor de fibroblast zijn inflammatoire status verliest. 
We kunnen aannemen dat M2 macrofagen in staat zijn om een ontstekingsproces 
snel om te zetten naar een regeneratief proces tijdens wondgenezing en fibrose. In 
hoofdstuk 3 laten we zien dat macrofagen in staat zijn om hun eigen fenotype binnen 
enkele uren te veranderen wanneer ze in contact komen met andere uitgescheiden 
signaalstoffen, met andere woorden een M1 macrofaag wordt een M2 macrofaag 
wanneer de M1 macrofaag in contact komt met signaalstoffen van de M2 macrofaag 
en vice versa.  Dit fenomeen geldt ook voor pro-inflammatoire fibroblasten. Daarom 
concluderen we dat zowel macrofagen als fibroblasten zeer dynamische cellen zijn 
en dat hun activatie wordt beïnvloed door het micro-milieu. Dit micro-milieu is zeer 
belangrijk, het kan ervoor zorgen dat macrofagen en fibroblasten aangestuurd worden 
richting een normaal genezingsproces of juist richting fibrose.

Na schade of het implanteren van een biomateriaal in het lichaam, migreren 
macrofagen naar het beschadigde weefsel, waardoor de cellen constant in aanraking 
zijn met de ECM. In hoofdstuk 3 laten we zien dat verschillende ECM componenten 
(fibronectine en collageen type I) geen invloed hebben op macrofaag aanhechting, 
polarisatie naar M1 en M2 macrofagen en re-polarisatie (van een M1 naar een M2 
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macrofaag en vice versa).  Wij concluderen dat de ECM geen grote rol speelt in macrofaag 
dynamiek hoewel we moeten realiseren dat in het lichaam de ECM niet alleen bestaat 
uit fibronectine en collageen type I. De ECM in het lichaam is vele malen complexer en 
kan zelfs verschillen per orgaan. Hierdoor is het extreem moeilijk om de exacte rol van 
complete ECM te bepalen op macrofaag activatie en polarisatie.

In hoofdstuk 4 hebben we in ratten onderzocht welke types macrofagen 
voorkomen na het implanteren van een biomateriaal. Hiervoor hebben we verschillende 
immunohistochemische kleuringen gevalideerd en gebruikt. Tot onze verrassing zien we 
geen M1 macrofagen rond of in het biomateriaal in het verloop van de tijd. Wel zijn er, 
zowel in het biomateriaal als in de directe omgeving, een aantal M2 macrofagen te zien. 
Echter een meerderheid aan macrofagen (> 70%), welke te zien zijn in het biomateriaal 
en in de directe omgeving, brengen geen M1 of M2 markers tot expressie. Het is zeer 
waarschijnlijk dat deze macrofagen een tussenliggend (tussen M1 en M2), of zelfs een 
geheel ander, fenotype hebben. Meer onderzoek is nodig om de verschillende fenotypes 
van macrofagen tijdens de vreemdlichaamsreactie in kaart te brengen. 

Tijdens fibrose en kapselformatie om een biomateriaal wordt de ECM gecross-
linked met als gevolg een verstijving van het weefsel. Het is reeds bekend dat dit een 
groot effect heeft op de activatie van (myo)fibroblasten. Echter tot op heden was er 
niets bekend over het effect van verschillende ECM stijfheden op macrofaag activatie en 
polarisatie, ondanks dat dit cruciaal kan zijn in fibrose en de vreemdlichaamsreactie. In 
hoofdstuk 5 hebben we daarom een in vitro model ontwikkeld waarin we gemakkelijk 
en efficiënt verschillende stijfheden kunnen combineren met ECM componenten. 
In hoofdstuk 6 en 7 laten we zien dat stijfheden, welke worden gezien in normale 
wondgenezing en in fibrose, in combinatie met de ECM componenten collageen type 
I en fibronectine, geen invloed hebben op macrofaag polarisatie. Hierdoor kunnen we 
concluderen dat de verschillende weefselstijfheden geen invloed hebben op macrofaag 
polarisatie en dat deze polarisatie voornamelijk tot stand komt door uitgescheiden 
signaalstoffen. Echter in hoofdstuk 7 laten we zien dat macrofaag fusie (meerkernige 
reuscel formatie), één van de kenmerken van de vreemdlichaamsreactie, afhankelijk is 
van verschillende stijfheden (namelijk 12 kPa en 26 kPa). Ondanks dat de verschillende 
stijfheden geen invloed hebben op macrofaag polarisatie zet het wel aan tot meerkernige 
reuscel formatie, wat impliceert dat de stijfheid van een biomateriaal en/of het gevormde 
kapsel kan aanzetten tot macrofaag fusie wat uiteindelijk belangrijk is voor het verloop 
van de vreemdlichaamsreactie . 
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TOEKOMST PERSPECTIEVEN 

Hoewel sommige vragen betreffende macrofaag en fibroblast interactie beantwoordt 
zijn in dit proefschrift, zijn er nog vele vragen onbeantwoord gebleven, vooral met 
betrekking tot macrofaag polarisatie en fusie in de vreemdlichaamsreactie.  Er zal meer 
onderzoek verricht moeten worden naar de aanwezigheid van verschillende macrofaag 
fenotypen en meerkernige reuscellen tijdens de humane vreemdlichaamsreactie. 
Uiteraard is dit lastig maar wanneer biomaterialen niet functioneren en verwijderd 
moeten worden uit het lichaam (bijvoorbeeld lekkende borstimplantaten) kan het kapsel 
en omliggende weefsel meer inzicht geven in welke macrofaag fenotypen aanwezig zijn. 
Tevens kan worden gekeken of er reuscellen gevormd zijn. Dit geeft een indicatie welke 
macrofaag fenotypes en/of reuscellen betrokken zijn bij de vreemdlichaamsreactie 
tegen bijvoorbeeld siliconen in mensen. 

In hoofdstuk 7 hebben we laten zien dat twee stijfheden aanzetten tot macrofaag 
fusie (respectievelijk 12 kPa en 26 kPa). Hoe en waarom deze stijfheid-geïnduceerde 
macrofaag fusie tot stand komt en welke markers/eiwitten belangrijk zijn voor fusie 
wordt momenteel onderzocht in onze onderzoeksgroep met behulp van microarrays. 
Met behulp van deze techniek kunnen duizenden genen worden vergeleken, wat 
uiteindelijk zal leiden tot een selectie van genen (en dus eiwitten) die specifiek betrokken 
zijn bij macrofaag fusie. 
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ACTA2  Alpha Actin 2 (alpha Smooth Muscle Actin)
AEC  3-Amino-9-ethylcarbazole
AFM  Atomic Force Microscopy
ANOVA  Analysis of Variance
AO rats  Albino Oxford rats
APS  Ammonium persulfate
bFGF/ FGF2 basic Fibroblast Growth Factor / Fibroblast Growth Factor 2
BSA  Bovine Serum Albumin
CCL2 (MCP1) Chemokine (C-C motif ) ligand 2 (Monocyte Chemoattractant Protein 1)
CCL3 (MIP-1α) Chemokine (C-C motif ) ligand 3 (Macrophage Inflammatory Protein-1α)
CCL7 (MCP3) Chemokine (C-C motif ) ligand 2 (Monocyte Chemotactic Protein-3)
CCR7  C-C Chemokine Receptor Type 7
CD  Cluster of Differentiation
CLEC10A (MGL1) C-type Lectin Domain Family 10 member A (Macrophage Galactose   
  N-acetylgalactosamine specific Lectin-1)
CM  Conditioned Medium
COL I  Collagen type I
COL III  Collagen type III
Col1A1  Collagen type 1A1
Col1A3  Collagen type 1A3
DAP12  DNAX activation protein 12
DAPI  4’,6-Diamidino-2-phenylindole
DC-STAMP  Dendritic Cell-Specific Transmembrane Protein
Dexa  Dexamethasone
Ecad (CDH1) E-cadherin 
ECM  Extracellular Matrix
ELISA  Enzyme Linked Immunosorbent Assay
FBGC   Foreign Body Giant Cell
FBR  Foreign Body Reaction
FBS  Fetal Bovine Serum
FCI   FetalClone I Serum
FN  Fibronectin 
FOVs  Field of Views
GA  Glutaraldehyde
GAPDH  Glyceraldehyde 3-phosphate dehydrogenase
GC  Glucocorticoids
HDFs  Human Dermal Fibroblasts
(H)DSC  (hexamethylenediisocyanate cross-linked) Dermal Sheep Collagen
HEPES  4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid buffer
IFNγ  Interferon gamma
IHC  Immunohistochemistry
IL  Interleukin  
IL1R2  Interleukin 1 receptor, type II
iNOS  inducible Nitric Oxide Synthase
kPa  kilopascal 
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L-DOPA  3,4-Dihydroxy-L-phenylalanine
LPS  Lipopolysaccharides
M-CSF  Macrophage Colony Stimulating Factor
M1(φ)  Classically activated macrophages
M2(φ)  Alternatively activated macrophages
MEMα   Minimum Essential Medium alpha
MKI67  Marker of Proliferation Ki-67
MMPs  Matrix metalloproteinases
MNC  Mononuclear cells
MRC1  Mannose Receptor, C type 1
MSR1  Macrophage Scavenger Receptor 1
NGS  Normal Goat Serum
NHS  Normal Human Serum
P2RX7  P2X7 receptor
PAAMs  Polyacrylamide hydrogels
PBMCs  Human Peripheral Blood Mononuclear Cells
PBS  Phosphate-Buffered Saline
PDMS  Polydimethylsiloxane
PMA  Phorbol Myristate Acetate
PFA  Paraformaldehyde
qPCR  Quantitative Polymerase Chain Reaction
Stab1  Stabilin 1 
Sulfo-SANPAH Sulfosuccinimidyl 6-(4’-azido-2’-nitrophenylamino)hexanoate
TAGLN  Transgelin (smooth muscle protein 22-alpha)
TCPS  Tissue Culture Polystyrene
TGF-β1  Transforming Growth Factor beta 1
TIMP1  Tissue Inhibitor of Metalloproteinases-1
TLR4  Toll-like receptor 4
TMB  Tetramethylbenzidine
TNF  Tumor Necrosis Factor
TNFα  Tumor Necrosis Factor alpha
VEGFa  Vascular Endothelial Growth Factor A
VIN  Vinculin 
YAP  Yes-associated protein
YWHAZ  Tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation  
  protein, zeta polypeptide
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