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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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