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Abstract

Subcutaneously implanted disks of hexamethyl-
enediisocyanate or glutaraldehyde cross-linked sheep
collagen (referred to as HDSC and GDSC, respectively) in
mice show large differences in degradation rate. Although
comparable numbers of macrophages are seen in HDSC
and GDSC, phagocytosis of collagen by macrophages
occurred only in GDSC. The molecular mechanisms
involved in the phagocytosis of collagen by macrophages
are essentially unknown. Immunofluorescence and RT-PCR
showed that Endo180 was expressed in GDSC only.
TissueFaxs showed that Endo180 co-localized with MT1-
MMP on F4/80 positive cells, which is likely responsible
for the phagocytosis in GDSC. RT-PCR further showed
that Endo180 expression correlated with high levels of IFN-
vy mRNA. In vitro, IFN-y induced the expression Endo180
and MT1-MMP in murine macrophages cultured on
collagen type I (although too high levels of IFN-ydampened
the expression of Endo180 and MT1-MMP). Moreover,
the expression of Endo180 and MT1-MMP induced by IFN-
v can be inhibited through IL-10. The differences in
microenvironment between GDSC and HDSC (high IFN-
v and low IL-10 levels in GDSC, low IFN-y and high IL-
10 levels in HDSC) provide an explanation why
phagocytosis of collagen by macrophages is only seen in
GDSC. In summary, we show for the first time that the
IFN-y dependent co-expression of Endo180 and MT1-
MMP on macrophages coincides with collagen
phagocytosis, thus providing evidence that the mechanism
of collagen phagocytosis operating in the foreign body
reaction by macrophages is comparable with the mechanism
of intracellular collagen degradation by fibroblasts seen
under physiological conditions.
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Introduction

The interaction of tissues with biomaterials is a field of
crucial importance to all kinds of medical technologies,
including tissue engineering (Sachlos et al., 2006; Tai et
al., 2007; Munirah et al., 2008). The tissue response
towards implanted biomaterials, also called the foreign
body reaction, is influenced to a large degree by the
morphology and composition of the biomaterial, and the
location where the biomaterial is implanted (Luttikhuizen
etal., 2006a; Anderson and Jones, 2007; Yeghiazaryan et
al., 2007; Anderson et al., 2008; Dinnes et al., 2008). By
changing certain biochemical or biophysical
characteristics (Khouw et al., 1998; Van Putten et al.,
2009), the tissue response will alter, for example by
attracting more or specific cells to the scaffold. The
microenvironment of the implant further changes due to
the secretion of proteins by the attracted cells as they
secrete cytokines and/or chemokines. The
microenvironment by itself also has a major impact on
the phenotypic properties of macrophages (Luttikhuizen
et al., 2006b; Luttikhuizen et al., 2007), a cell type that
plays a central role in the outcome of the foreign body
reaction (Brown et al., 2009; Valentin et al., 2009).
Macrophage activation gives rise to different populations
of cells with distinct functions (Mosser and Edwards,
2008), and it has been shown that the phenotype of the
macrophages participating in the foreign body reaction is
a determinant of biological scaffold remodelling (Badylak
et al., 2008; Brown et al., 2009).

Collagen scaffolds are often used in tissue engineering.
We have recently observed that there are marked
differences in the degradation rate of two differently cross-
linked dermal sheep collagen scaffolds (hexamethylene-
diisocyanate and glutaraldehyde cross-linked, referred to
as HDSC and GDSC, respectively) in mice implanted in
one anatomical location, namely subcutaneously (Ye et
al., submitted). GDSC disks were almost completely
degraded after four weeks, whereas HDSC disks did not
degrade after four weeks. Phagocytosis was seen in GDSC
disks at certain time points (day 2 and day 21);
furthermore, increased matrix metalloproteinase (MMP)
activities were seen. In HDSC disks, no phagocytic
activity was seen, and collagenolytic activity was
effectively inhibited by increased levels of the tissue
inhibitor of matrix metalloproteinase TIMP-1.
Phagocytosis of GDSC coincided with high levels of
interferon-gamma (IFN-y) in the microenvironment; in
HDSC disks less IFN-y is seen in combination with
increased levels of interleukin-10 (IL-10). The high levels
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of IFN-y were attributed to the infiltration of neutrophils
in GDSC, whereas the increased levels of IL-10 was
attributed to the presence of giant cells in HDSC (Ye et
al., submitted).

Although phagocytosis of the collagen by macrophages
has repeatedly been reported (Parakkal, 1969; Knapp et
al., 1974; Deporter, 1979; Svoboda and Deporter, 1980;
Inouye et al., 1983; Ciapetti et al., 1996; Lucattelli et al.,
2003), and it is intuitive and logical that phagocytic cells
such as macrophages are involved in phagocytosis of
collagen bundles, essentially nothing is known about this
phenomenon in the foreign body reaction and the mediators
of this process. In fibroblasts, phagocytosis and
intracellular digestion of collagen is intensively studied
(Everts et al., 1996). The membrane-bound matrix
metalloproteinase MT1-MMP plays an essential role in
collagen phagocytosis of fibroblasts (Beertsen et al., 2002;
Lee et al., 2006; Lee et al., 2007). It has recently been
postulated that the urokinase plasminogen activator
receptor-associated protein (also known as uPARAP or
Endo180) is, in combination with the membrane-bound
matrix metalloproteinase MT1-MMP, responsible for the
phagocytic uptake of collagen by fibroblasts (Engelholm
et al., 2003b; Madsen et al., 2007). Endo180 is a
membrane-bound receptor that is able to bind collagen and
is involved in the subsequent endocytic collagen uptake
(East et al., 2003; Behrent and Bugge (2003); Wienke et
al., 2003; Kjolleretal., 2004; Curino et al., 2005; Mousavi
et al., 2005; Thomas et al., 2005). Although Endo180 has
been reported to be present on macrophages (Sheikh et
al., 2000; Honardoust et al., 2006), nothing is known about
its role in collagen phagocytosis by macrophages. In this
paper we have investigated whether there is a relationship
between the expression of Endo180 and MT1-MMP and
the presence/absence of collagen phagocytosis by
macrophages in GDSC and HDSC, respectively.
Furthermore, we investigated whether IFN-y and IL-10
are involved in the regulation of Endo180 and MT1-MMP
expression.

Materials and Methods

Biomaterial processing

Non-crosslinked dermal sheep collagen (DSC), processed
from sheep skin, was obtained from the Zuid-Nederlandse
Zeemlederfabriek (Oosterhout, the Netherlands). DSC was
crosslinked with either glutaraldehyde (henceforth referred
to as GDSC) or hexamethylenediisocyanate (henceforth
referred to as HDSC), according to the protocols described
previously (Van Wachem et al., 1994; Olde Damink et al.,
1995). Disks (6 mm in diameter, 0.75 mm in thickness)
were punched from pieces of HDSC and GDSC from the
same batch, and sterilized with ethylene oxide. Endotoxin
content of surface-associated endotoxin levels of Col-I
disks were below 0.25 EU/ml, as determined by the LAL-
method (LAL kinetic-QCL®; Cambrex, East Rutherford,
NJ, USA).
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Animals and operating procedures

All procedures performed on animals were approved by
the local committee for care and use of laboratory animals
of the University of Groningen and were performed
according to international and governmental guidelines on
animal experimentation. Male C57BL/6 mice (10 weeks
old, Harlan, Horst, The Netherlands) were housed
individually in a conventional condition with food and
water ad libitum. Mice were anaesthetized with 4%
isoflurane and maintained by 2% isoflurane inhalation in
combination with a mixture of equal volumes of N,O and
O,. The back was shaved and disinfected with
chlorhexidine, two incisions were made and subcutaneous
pockets were created on both sides. The HDSC or GDSC
scaffolds were implanted about one centimetre away from
the incision site, thus minimising the effect of wound
healing on the foreign body reaction itself. The incisions
were closed with 6-0 non-absorbable Prolene sutures.
Finally, mice received pure oxygen until awakening. The
Col-I disks (HDSC or GDSC) were removed at the
following time points after implantation (related to the
different phases of the FBR in mice): 2 days (onset), 7
days (early progression), 14 and 21 days (intermediate
progression), and 28 days (late progression), n=6 per time
point. The disks were snap-frozen in liquid nitrogen
immediately after explantation.

Cell culture and interventions

The murine monocytic macrophage cell line RAW 264.7
(American Type Culture Collection, ATCC, Manassas, VA,
USA) was cultured in RPMI-1640 (BioWhittaker, Verviers,
Belgium) with 10% foetal bovine serum (FBS),
supplemented with 2 mM glutamine, 100 pg/ml
streptomycin and 100 IU/ml penicillin.

The 6-well cell culture plates (BD Falcon™, Franklin
Lakes, NJ, USA) and 6-well diagnostic slides (Menzel-
Glaser, Braunschweig, Germany) were coated overnight
at 37°C in a humidified 5% CO, atmosphere using 300
ng/ml rat tail type I collagen (BD Bioscience) in 1 mM
NaOH/PBS (1 ml/well for culture plates and 100 pl/well
for diagnostic slides). RAW 264.7 cells (1.2 x 10* cells/
cm?) were seeded into 6-well cell culture plates and 6-
well diagnostic slides with or without collagen coating.
After a preincubation of 24 hours, the cells were treated
with different concentrations of inflammatory mediators:
recombinant human IFN-y (PeproTech, London, UK) from
0 to 25 ng/ml, recombinant human IL-1f (PeproTech) from
0 to 25 ng/ml, recombinant murine TNF-o (BioVision,
Mountain View, CA, USA) from 0 to 25 ng/ml, and
recombinant murine IL-10 (R&D Systems Inc.,
Minneapolis, MN, USA) from 0 to 25 ng/ml together with
2.5 ng/ml human IFN-y. All cells were subsequently
incubated at 37°C in a humidified 5% CO, atmosphere for
48 h. The cells in the culture plates were then harvested
for gene expression analysis by Reverse Transcription
Polymerase Chain Reaction (RT-PCR), and cells on the
slides were used for in situ detection of Endo 180 and
MT1-MMP proteins by immunofluorescence staining. N=5
for all in vitro experiments.
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Gene expression analysis

One pg of total RNA (either extracted from snap frozen
explants or RAW 267.4 cells) was used to generate the
first strand cDNA synthesis using M-MuLV reverse
transcriptase (MBI Fermentas, St. Leon-Rot, Germany) and
random hexamer primers, according to the manufacturer’s
protocol. Ten ng of cDNA were used for each PCR reaction.
PCR for Endo180, IFN-y and the housekeeping gene [3-
actin was performed in a final reaction volume of 25 pul
containing 1.5 mM MgCl,, 0.25 mM dNTP mix, 1 uM
primer Mix and 1 U Tag DNA polymerase.

Primer sequences

Endo180

GGCATCACTGTAGATCACTTGG (forward)
ATCCGAGCACAGCGCTAGGG (reverse)

IFN-y

TGGAGGAACTGGCAAAAGGATGGT (forward)
TTGGGACAATCTCTTCCCCAC (reverse)
B-actin

GTGAAAAGATGACCCAGATCAT (forward)
GCTTCTCTTTGATGTCACGCACGAT (reverse)

Amplification was performed on a MyCycler (Bio-Rad,
Hercules, CA, USA) for 35 cycles at annealing temperature
of 66°C, 56°C and 60°C for Endo180, IFN-y and -actin,
respectively. The amplimers were separated in a 2%
agarose gel.

Immunofluorescence microscopy

Expression of Endo180 and MT1-MMP in vivo and in vitro
was verified by means of in situ immunofluorescent
staining on explants of two materials at all time points and
on cells cultured on the diagnostic slides. Tissue sections
(5 wum) were mounted on silane-coated slides. Both
cryosections and cell cultured slides were fixed with 2%
paraformaldehyde (PFA)/PBS at room temperature (RT)
for 10 min, then washed in 0.1% Triton X-100 in PBS (5
min) for 3 times. After that, samples were incubated with
1:100 goat anti-mouse Endo180 antibody (Santa Cruz
Biotechnology, Santa Cruz, CA, USA ) and 1:200 rabbit
anti-mouse MTI1-MMP antibody (Epitomics Inc.,
Burlingame, CA, USA) in PBS with 0.5% Triton X-100
and 2% normal goat serum for 2.5 h in the dark at RT.
After incubation, samples were washed in 0.1% Triton X-
100 in PBS (5 min) for 3 times. The secondary antibody
for MT1-MMP, namely swine anti-rabbit FITC (1:100,
Dako, Carpinteria, CA, USA) in PBS with 4',6-diamidino-
2-phenylindole (DAPI, 1:5000, Sigma-Aldrich,
Zwijndrecht, The Netherlands), was incubated for 30 min.
Samples were then washed in 0.1% Triton X-100 in PBS
(5 min) for 4 times to wash off non-bound secondary
antibodies (FITC). The secondary antibody for Endo180,
namely rabbit anti-goat Cy3 (1:100, Zymed Laboratories
Inc., San Francisco, CA, USA) in PBS with DAPI (1:5000)
was incubated for 30 min. Next, samples were washed 4
times in 0.1% Triton X-100 in 1x PBS (5 min) to wash off
the secondary antibodies (Cy3). Samples were mounted
with Citifluor (London, UK) followed by examination
under the immunofluorescence microscope.
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To unravel the identity of the Endo180 expressing cells,
a double staining was performed as described above using
the previously mentioned Endo180 antibodies (in
combination with rabbit anti-goat Cy3) together with a
murine macrophage marker, rat anti-mouse F4/80
antibodies (1:100, Serotec Ltd. Oxford, UK). After
incubation in combination with .with primary antibodies
for 2.5 h, The secondary antibody for Endo180 (1:100,
rabbit anti-goat Cy3) in PBS with DAPI (1:5000) was
added and incubated for 30 min. Samples were then
washed in 0.1% Triton X-100 in PBS (5 min) for 4 times
to wash off non-bound secondary antibodies (Cy 3). The
secondary antibody for F4/80, namely goat anti rat FITC
(1:100; Southern Biotech, Birmingham, AL, USA) was
incubated for 30 min. thereafter, samples were washed 4
times in 0.1% Triton X-100 in 1x PBS (5 min) to wash off
the secondary antibodies (FITC). Finally, samples were
mounted with Citifluor followed by examination under
the immunofluorescence microscope.

For the negative controls, samples were stained as
described above, except that the primary antibodies were
replaced with the same dilution of serum from the same
species as used for the specific first antibodies, namely,
normal goat serum (1:100, Sanquin Pharmaceutical
Services, Amsterdam, Netherlands), normal rabbit serum
(1:200, Dako, Carpinteria, USA) and normal rat serum
(1:100, Invitrogen, Carlsbad, CA, USA) for Endo180,
MT1-MMP and F4/80, respectively.

Each section was viewed using a Leica DMRXA
Immumofluorescence microscope (Leica Microsystems,
Rijswijk, The Netherlands) with FITC and Cy3 filter, fitted
with a Leica DC350 FX high resolution fluorescence
digital camera and Leica Qwin Pro image analysis
software. A compensation procedure was performed to
prevent the influence of the overlap between FITC and
Cy3.

Quantification of Endo180 and MT1-MMP
immunostaining

To further quantify the number of cells with Endo180,
MT1-MMP and F4/80 immunostaining, three
representative images (magnification: 40x) of each tissue
section were analyzed with TissueFaxs®, Zeiss Axiolmager
Z1 Microscope System (Tissue-Gnostics GmbH, Vienna,
Austria). Single cells were identified by their nuclei (DAPI
staining). This identification mask was then applied to
determine gray values in the two corresponding channels
FITC (MT1-MMP or F4/80) and Cy3 (Endo180) of each
object in all images. The percentage of MT1-MMP or F4/
80 and Endo180 positive cells was determined and
depicted as scattergrams. Each scattergram represents
average values calculated from analysis of all three images
of one entire tissue section. Based on the degree of
fluorescence intensity in the negative controls, appropriate
threshold values for positive immunofluorescence staining
were defined. Pictures were digitised, analysed, and protein
expression was quantified. To quantify the fraction of
MT1-MMP and Endo180 positive cells cultured on 6-well
diagnostic slides, four representative fields (20x) were
taken in each well. Percentages of MT1-MMP or Endo180
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Fig. 1. Gene transcript and/or protein expression analysis of IFN-y, MT1-MMP and Endo180 in HDSC and GDSC
scaffolds during the foreign body reaction in mice. Gene transcript was performed for IFN-y and Endo180 in both
collagen scaffolds at all time points (A). Protein expression analysis of MT1-MMP and Endo180 in HDSC and
GDSC scaffolds at day 14 (B1-B4, D1-D4) and day 21(C1-C4, E1-E4): MT1-MMP protein (FITC, green) was
expressed in both biomaterials (B2, C2, D2, E2). In contrast, the expression of Endo180 (Cy3, red) was mainly
observed in GDSC at day 21 (C3) and low at day 14 (B3). In HDSC, Endo180 expression was not observed (D3,
E3). Cell nuclei were stained with DAPI (blue). Scale bar = 20 um. Quantification of MT1-MMP and Endo180
expression in GDSC and HDSC using TissueFaxs® 2.2 (F-I): Scattergrams (n=3) show the percentages of cells that
co-expressed MT1-MMP and Endo180 proteins in GDSC (F,G) and HDSC (H,]) at day 14 and day 21, respectively.
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positive cells were determined through counting the total
cell number and the number of MT1-MMP or Endo180
positive cells in each micrograph. The experiments were
repeated 4 times. Data from these experiments (N=5) were
presented as average percentage of positive cells.

Statistical analyses

All quantitative data are indicated as mean + standard
deviation (SD). The data were analyzed using statistical
software (GraphPad Prism, GraphPad Software, La Jolla,
CA, USA). Differences were analyzed by two-way
ANOVA followed by post hoc Tukey’s test. A difference
of p<0.05 was considered statistically significant.

Results

Phagocytosis of collagen bundles is correlated with
the co-expression of the membrane proteins MT1-
MMP and Endo180
We have shown previously that phagocytosis of implanted
collagen by macrophages was observed in GDSC at day 2
and day 21 (and not at day 7, 14 and 28). Mononuclear
cells closely aligned to the biomaterial were considered
phagocytic macrophages, especially when the cells show
an accumulation of vacuoles or when the biomaterial has
amore irregular shape opposite the cell (Fig. 2E). In HDSC,
phagocytosis was never observed. Since nothing is known
about the molecular mechanisms how macrophages
phagocytose collagen, here we continue our previous study
regarding GDSC and HDSC disks to further investigate
the expression of Endo180 and MT1-MMP, membrane-
bound proteins that are known to be involved in the
phagocytosis of collagen in fibroblasts. In GDSC the
Endo180 gene was expressed at days 2, 7 and day 21, but
its expression was absent in HDSC at all time points (Fig.
1A). In GDSC, immunohistochemistry revealed that
although MT1-MMP was expressed throughout the whole
course of the FBR (Fig. 1, B2 and C2), but the expression
of Endo180 was mainly observed at day 2 (data not shown)
and day 21 (Fig. 1, C3). As phagocytosis of collagen by
macrophages was observed only at day 2 and day 21, it
seems likely that co-expression of Endo180 with MT1-
MMP is needed to phagocytose collagen. Double
immunofluorescence staining revealed that Endo180 and
MT1-MMP co-localized on the cells (Fig. 1, B4 and C4);
this was further substantiated by TissueFaxs (Fig. 1, F and
G). In HDSC, MT1-MMP was expressed at all time points
(Fig. 1, D3 and E3), yet Endo180 protein was never
expressed throughout the whole course of the foreign body
reaction (Fig. 1, D3, E3, H and I). As in HDSC no
phagocytosis of collagen is seen, the HDSC data provide
additional evidence that expression of Endo180 seems to
be a prerequisite for the phagocytosis of collagen by
macrophages.

Double immunofluorescence staining of GDSC at day
21 (Fig. 2, A1-D1) revealed that Endo180 was exclusively
expressed on macrophages, as all Endo180 positive cells
are positive for F4/80, a monoclonal antibody that
specifically recognizes mouse macrophages (Austyn and
Gordon, 1981). This shows that the phagocytic activity
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seen in GDSC should be attributed to the macrophages,
and not to e.g. fibroblasts. Interestingly, over 90% of the
detected macrophages present in the scaffold showed a
co-staining with Endo180 (Fig. 2, A2 to D2). At day 2,
also high numbers of Endo1807F4/80" cells are seen, but
at this time point also many macrophages are seen that do
not show Endo180 expression (data not shown), indicating
the presence of various macrophage populations.

IFN-y induces the expression of Endo180 but not
MT1-MMP in RAW 264.7 cells cultured without
collagen coating

The microenvironment of GDSC and HDSC disks is
governed by the cytokines that are present. At present, the
regulation of Endo180 by cytokines has not been
investigated. In GDSC disks a high expression of IFN-y
was seen at day 2 and 21 with lower levels at other time
points, while in HDSC disks low levels of IFN-y is seen
during the FBR (Fig. 1A). As the high expression of [FN-
vatday 2 and 21 coincides with the expression as observed
for Endo180 (Fig. 1A and C3), we surmised that [FN-y
induces the expression of Endo180. This was tested in vitro
with the murine macrophage cell line RAW 264.7.
Endo180 expression was tested in RAW 264.7 cells
stimulated for 48 hours with a concentration series of [IFN-
v. Expression of Endo180 was induced with 1 ng/ml IFN-
Y, showed maximum levels at 2.5 and 5 ng/ml and,
decreased at 10 ng/ml, and was near absent at 25 ng/ml
(Fig. 2, B2-E2 and F). IFN-y stimulation did not induce
the expression of MT1-MMP in the absence of collagen
coating (Fig. 3, BI-E1 and F). The expression of Endo180
after [FN-y stimulation in macrophages was confirmed by
RT-PCR (Fig. 3A).

IFN-y induces the expression of Endo180 and MT1-
MMP in RAW 264.7 cells cultured on collagen type |
The responses of cells depend on the extracellular matrix
proteins that are contacted. Therefore, we repeated the
experiments with RAW 264.7 cells cultured on collagen,
because collagen is the substrate that macrophages
encounter when they invade the collagen disks in vivo.
Expression of Endo180 was high with 1 and 2.5 ng/ml,
but the expression of Endo180 decreased at higher levels
of IFN-y (5, 10 and 25 ng/ml) (Fig. 4, B2-E2 and F). Thus
as with the non-coated substrate, Endo180 is firstly up-
regulated and then down-regulated, although the sensitivity
differed. However, a remarkable difference was seen with
regard to the expression of MT1-MMP: on collagen, the
expression pattern of MT1-MMP was comparable to the
expression of Endo180 (Fig. 4, B1-El and F). Double
immunofluorescence staining showed that the Endo180-
expressing cells co-expressed MT1-MMP (Fig. 4, C3-E3).
The expression of Endo180 under IFN-y stimulation in
macrophages with collagen coating was confirmed by RT-
PCR (Fig. 4A).

Expression of Endo180 and MT1-MMP in RAW
264.7 cells was not induced by TNF-a or IL-1

To determine whether the expression of Endo180 and/or
MTI1-MMP can be induced by other pro-inflammatory
cytokines, RAW 264.7 cells were cultured with collagen
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Fig. 2. Endo180 (Cy3, red) is expressed (day 21) on cells that are positive for the macrophage marker F4/80 (FITC,
green) (A1-D1). Quantification of Endo180 and F4/80 expression on day 21 using TissueFaxs® (A2-D2): the
scattergrams show that the percentage of F4/80 positive cells that co-expressed Endo180 is >90%. Scale bar = 50
um. In figure E macrophages are shown (marked with m) that phagocytose the biomaterial (marked with b). Scale
bar = 15 um. Representative micrographs of the negative controls for immunostaining of Endo180 (1:100 normal
goat serum + rabbit anti-goat Cy3), MT1-MMP (1:200 normal rabbit serum + swine anti-rabbit FITC) and F4/ 80
(1:100 normal rat serum + goat anti-rat FITC) are shown in figures F, G, H, respectively. Scale bar = 50 um.

coating and stimulated with different concentrations of
either TNF-o. or IL-1J3 for 48 hours. Our data showed that
neither the expression of Endo180 nor MT1-MMP could
be induced (Fig. 5). The absence of Endo180 expression
under TNF-a or IL-1P stimulation in macrophages was
confirmed by RT-PCR (data not shown).

The expression of Endo180 and/or MT1-MMP
induced by IFN-y s blocked by IL-10

To determine whether the expression of Endo180 induced
by IFN-ycan be affected by the anti-inflammatory cytokine
IL-10, we stimulated RAW 264.7 cells with a concentration
series of IL-10, in the presence of 2.5 ng/ml IFN-y. Our
data showed that, regardless with collagen coating or not,
the expression of IFN-y induced Endo180 was 50%
blocked by the exposure of the cells to 1 ng/ml IL-10, and
was totally blocked at concentrations of 25 ng/ml IL-10
and above (Fig. 6, B-1, J and K). The expression of MT1-
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MMP was also blocked by IL-10 in accordance with
Endo180 in RAW 264.7 cultured on collagen type I (Fig.
6, F-I and K). The inhibition of IFN-y induced Endo180
expression by IL-10 was further confirmed at mRNA levels
by RT-PCR (Fig. 6A).

Discussion

In the current study, we investigate the molecular
mechanisms of collagen phagocytosis by macrophages in
the foreign body reaction. We show for the first time that
the interplay between Endo180 and MT1-MMP correlated
with collagen phagocytosis by macrophages, thus
providing evidence that the mechanism of collagen
phagocytosis operating in the FBR by macrophages is
comparable with the mechanism of intracellular collagen
degradation by fibroblasts seen under physiological
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collagen coating as determined by gene transcript and protein expression analyses. Cells were treated with 0-1-2.5-
5-10-25 ng/ml of IFN-y for 48 h. After that, cells on 6-well cell culture plates and 6-well diagnostic slides were used
for RT-PCR and immunofluorescent staining, respectively. mRNA levels of Endo180 was induced with 1 ng/ml
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Fig. 4. TFN-yinduces the expression of Endo180 and MT1-MMP in RAW 264.7 cultured with collagen coating as
determined by gene transcript and protein expression analyses. Cells were treated with 0-1-2.5-5-10-25 ng/ml of
IFN-y for 48 h, with the presence of collagen. Thereafter, cells on 6-well cell culture plates and 6-well diagnostic
slides were used for RT-PCR and immunofluorescent staining, respectively. mRNA levels of Endo180 was induced
with 1 ng/ml IFN-y, showed maximum levels at 2.5, and decreased dramatically at 5 ng/ml or above (A). In
consistent with the gene expression, the protein expression of Endo180 (red) also exhibited a bell-shape response
to the different concentrations of IFN-y (B2-E2 and F). Interestingly, the expression pattern of MT1-MMP (green)
was comparable to the expression of Endo180 (BI1-El and F). The Endo180 and MT1-MMP were co-localized
(C3, D3). Cell nuclei were stained with DAPI (blue). Values are depicted as mean + S.D. (n=5). * = P<(.05; **
=P<0.01 (comparison within group); # = P<0.05 (Endo180 versus MT1-MMP). Scale bar = 50 pum.
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Fig. 5. TNF-o and IL-1f do not induce the expression
of Endo180 and MT1-MMP in RAW 264.7 cultured with
collagen coating as determined by protein expression
analyses with immunofluorescent staining. Neither
Endo180 (red) or MT1-MMP (green) was detected on
protein level, as shown in the merged picture of double
staining of Endo180 and MT1-MMP (A-H). Cell nuclei
were stained with DAPI (blue). Scale bar = 50um

conditions. Furthermore, our data showed that the
expression of Endo180 and MT1-MMP is regulated by
IFN-y with the presence of collagen scaffolds.

We have previously shown that subcutaneously
implanted glutaraldehyde or hexamethylenediisocyanate
cross-linked dermal sheep collagen disks (GDSC and
HDSC) in mice show a high and low degradation rate,
respectively (Ye et al., submitted). GDSC provoked the
attraction of PMNs at day 2 and 21 after implantation. At
both time points, increased levels of IFN-y were seen, as
well as phagocytic activity against the GDSC disks (Ye et
al., submitted). Although phagocytosis of collagen by
macrophages has been repeatedly mentioned, no such
reports are available for the foreign body reaction, and
surprisingly little is known about the molecular mechanism
that is involved in this phagocytosis. A main finding of
our current study is that the endocytic transmembrane
glycoprotein Endo180, a receptor that is able to bind to
collagen and that is essential for cellular uptake of collagen,
is highly expressed at day 2 and 21 in GDSC. In addition,
we here show that MT1-MMP, a membrane-bound matrix
metalloproteinase that is able to cleave collagen fibrils, is
also highly expressed at day 2 and 21. Furthermore, we
also show that the Endo180 receptor is localized on cells
that stain positive for F4/80, i.e. the cells in question are
macrophages.

Fibroblasts that lack Endo180 fail to internalize
collagen; the same is observed with fibroblasts that have
normal Endo180 levels but lack MT1-MMP (Engelholm
et al., 2003a; Madsen et al., 2007). This shows that the
intracellular uptake of collagen by Endo180 depends on
the liberation of collagen from the ECM by limited

o gunm
CELLR matEziaL

205

extracellular proteolysis, i.e. the cleavage of collagen fibrils
located near the cell membrane by MT1-MMP. It is likely
that this mechanism is also involved in the phagocytic
degradation of GDSC disks by macrophages. In this respect
it is of interest that macrophages in the HDSC disks only
show expression of MT1-MMP but not of Endo180, the
latter being the reason why phagocytosis is not observed
in HDSC.

A limitation of our study is, that we have not provided
direct evidence that the Endo180'MT1-MMPF4/80" cells
indeed phagocytosed collagen, as we have not shown
ingested collagen in the cells themselves by means of
electron microscopy, or carried out any functional or
knock-down studies. In addition, we cannot exclude the
possibility that in addition to Endo180 other receptors are
involved in the uptake of collagen, such as macrophage
scavenger receptors (Greaves and Gordon, 2009).
However, giant foreign body cells (that are formed as a
result of macrophage fusion) do show pieces of collagen
biomaterials intracellularly (Khouw et al., 2000), and
collagen has so far not been reported as a ligand for
scavenger receptors. It is therefore likely, that the reported
correlations in this study are indicative of a mechanistic
relationship between macrophage activation by IFN-yand
collagen degradation and that involved mechanisms are
comparable to those of fibroblast-mediated collagen
degradation under physiological conditions.

Mechanisms on how the expression of Endo180 is
regulated are not known. Another main finding of this study
is that the pro-inflammatory cytokine IFN-y stimulates the
expression of Endo180 in murine macrophages (RAW
264.7 cells), providing an explanation why phagocytosis

www.ecmjournal.org
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Fig. 6. IL-10 inhibits the expression of Endo180
and/or MT1-MMP induced by IFN-y in RAW
264.7 cultured with/without collagen coating as
determined by gene transcript and protein
expression analyses. Cells were treated with 0-1-
10-25-50 ng/ml of IL-10, with the presence of
2.5 ng/ml IFN-y, for 48 h. Next, cells on 6-well
cell culture plates and 6-well diagnostic slides
were used for RTPCR and immunofluorescent
staining, respectively. Regardless with collagen
coating or not, the mRNA levels of Endo180
induced IFN-y was decreased rapidly at 1 ng/ml
IL-10 and almost absent at 10 ng/ml or above (A).
The protein expression was consistent with the
gene expression: expression of IFN-y induced
Endo180 was 50% blocked by the exposure of
the cells to 1 ng/ml IL-10, and was totally blocked
at concentrations of 25 ng/ml IL-10, as shown in
the merged picture of double staining of Endo180
and MT1-MMP (B-I) and quantification of the
positive cells without collagen coating (J) or with
collagen coating (K). Cell nuclei were stained with
DAPI (blue). Values are depicted as mean + S.D.
(n=5). * = P<0.05 ; ** =P<0.01. Scale bar = 50
pm.
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is seen only at day 2 and 21: only at these time points a
high expression of IFN-y is seen in GDSC disks.
Interestingly, IFN-y also induced the expression of MT1-
MMP in RAW 264.7 cells, but only when the cells were
plated on a collagen coating. This shows the importance
of choosing the correct substrate when studying the
response of macrophages towards cytokines.

Interestingly, we have found in the current study that
the anti-inflammatory cytokine IL-10 is able to counteract
the expression of Endo180 as induced by IFN-y. The
microenvironment between the GDSC and HDSC disks
differs with respect to IL-10 levels: a higher level of IL-
10 is seen in HDSC disks compared to GDSC disks (Ye et
al., submitted). The presence of lower levels of IFN-y in
HDSC disks in combination with higher levels of IL-10
provides an explanation why phagocytosis of collagen by
macrophages did not occur within HDSC disks.

In summary, we conclude that MT1-MMP and
Endo180 seem to be involved in the phagocytic processing
of collagenous biomaterials by macrophages through the
ability of macrophages to cleave collagen fibrils near the
cell membrane by MT1-MMP followed by the lysosomal
delivery of cleaved collagen aggregates via binding to
Endol180. In addition, the expression of Endo180 and
MTI1-MMP is induced by IFN-y in the presence of
collagen. Based on these results, regulation of phagocytosis
of collagen by macrophage may be feasible through
modulation of the expression level of IFN-y, or through
the addition of anti-inflammatory factors that counteract
with [FN-y, e.g. IL-10.
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Discussion with Reviewer

Reviewer I: A crucial point is the question whether
macrophages do indeed phagocytose fibrillar collagen.
There are, as far as I am aware, no data available that
demonstrate such a capacity by these cells. In the study of
Lucattelli et al. (2003) (text reference) the macrophages
have ingested a very peculiar form of collagen. These
crystalloid structures were shown to contain collagen but
this collagen is quite different from fibrillar collagen.
Please comment.

Authors: Although it is intuitive and logical that
phagocytic cells such as macrophages would play an
important role in the clearance of collagen scaffolds by
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means of phagocytosis, we have to admit, after consulting
the literature, that there is indeed remarkable little data to
support this. After an extensive search, we found only a
few (old) papers that show without reasonable doubt the
presence of intracellular aggregated collagen material in
macrophages (Parakkal, 1969; Knapp et al., 1974;
Deporter, 1979; Svoboda and Deporter, 1980; Inouye et
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al., 1983; Ciapetti et al., 1996; text references). Luccatelli
etal. (2003) showed that the crystalloid structures are of a
collagenous nature. They do differ from fibrillar collagen,
but in the context of our study this is of less relevance:
collagen scaffolds are treated extensively, and part of the
collagen in the scaffold does not show its normal structure
anymore (such as the typically banded structure).
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