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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 
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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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