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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.






