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The foreign body reaction (FBR) develops in response
to the implantation of almost all biomaterials and can
be detrimental to their function. The formation of
foreign body giant cells (FBGC), which damage the
surface of biomaterials, is considered a hallmark of
this reaction. FBGC derive from blood-borne mono-
cytes that enter the implantation site after surgery in
response to the release of chemotactic signals. In this
study, we implanted biomaterials subcutaneous (s.c.)
in mice that lack the monocyte chemoattractant CC
chemokine ligand 2 (CCL2) and found that biomate-
rials were encapsulated despite reduced FBGC forma-
tion. The latter was due to compromised macrophage
fusion rather than migration. Consistent with the re-
duction in FBGC formation, biodegradable biomateri-
als sustained reduced damage in CCL2-null mice. Fur-
thermore, blockade of CCL2 function by localized
gene delivery in wild-type mice hindered FBGC for-
mation, despite normal monocyte recruitment. The
requirement for CCL2 in fusion was confirmed by the
ability of both a CCL2 inhibitory peptide and an anti-
CCL2 Ab to reduce FBGC formation from peripheral
blood monocytes in an in vitro assay. Our findings
demonstrate a previously unreported involvement of
CCL2 in FBGC formation, and suggest that FBGC are
not the primary determinants of capsule formation in
the FBR. (Am J Pathol 2004, 165:2157–2166)

Implantation of biomaterials and tissue-engineered de-
vices into tissues leads to the development of a foreign

body reaction (FBR) that can cause implant failure.1,2 The
FBR has been implicated in the malfunction and failure of
numerous devices and implants.3–6 This is due to the
unavoidable remodeling of the implant and the implanta-
tion site. However, to date the molecular signals that
regulate the development of the FBR have not been
defined. At the cellular level we know that, shortly after
implantation, phagocytic neutrophils are recruited to the
site and serve as the initial line of defense. The second
wave of defense is dominated by monocytes that extrav-
asate into the implantation site and differentiate into mac-
rophages. In normal wound healing the accumulation of
neutrophils and activated macrophages is transient and
gives way to the proliferation and remodeling phases that
complete wound repair.7 On the contrary, in the foreign
body response, macrophages persist at the site of im-
plantation and frequently undergo fusion to generate
multinucleated giant cells.8 These cells, known as foreign
body giant cells (FBGC), are unique to the FBR and are
present exclusively at the tissue-implant interface. FBGC
are believed to be key mediators of the inflammatory
response. In addition, due to the large surface area of the
biomaterial they can occupy, FBGC can create high con-
centrations of enzymes that can cause extensive surface
damage.9 Furthermore, due to their phagocytic activity,
FBGC can generate particulate debris that can contribute
to the persistence of inflammation. Eventually, due to the
FBR, implanted biomaterials become encapsulated by a
collagenous, largely avascular, capsule within 2 to 4
weeks following implantation.

Macrophages are recruited to the site of implantation
as blood-borne monocytes in response to signals from
other inflammatory cells such as neutrophils, and be-
come activated in situ. The exact nature of such signals
has not been elucidated, but reports indicate that they
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are propagated by chemokines such as CCL2, previ-
ously known as monocyte chemoattractant protein MCP-
1.10 CCL2 belongs to a small family of CC-type chemo-
kines that can be synthesized by almost every cell type.
Its specificity is limited to the distribution of its sole re-
ceptor, CCR2, which is restricted mainly to monocytes/
macrophages, memory T lymphocytes, and natural killer
cells. Binding of CCL2 to CCR2 triggers a number of
responses including intracellular calcium mobilization,
cytoskeletal rearrangement, and activation of MAP ki-
nase, and CCL2 has been shown to be critical for the
migratory responses of monocytes both in vitro and in
vivo.10,11 In addition, CCR2-null mice are deficient in
recruiting monocytes to sites of inflammation in several
models, suggesting that the CCL2-CCR2 interaction is
critical for this process and cannot be compensated by
another CCL-CCR interaction.12 Evidence for a possible
dual role of CCL2 can be found in studies of CCL2-null
mice. These mice display a significant reduction in mono-
cyte infiltration following IP injection of thioglycollate,13

but have a normal macrophage content in cutaneous
wounds.14 In the latter model, CCL2-null mice display a
delayed healing response, characterized by delayed
wound closure that appears to be associated with re-
duced neovascularization. This observation prompted
the investigators to conclude that CCL2 was not essential
for monocyte recruitment to wound sites, but that it
played a role in proper monocyte/macrophage function.

We asked whether CCL2 was critical for the recruit-
ment of monocytes to sites of biomaterial implantation.
Previously, CCL2 was shown to be expressed on mono-
cytes recruited to biomaterial implantation sites at early
time points, ie, day 2.15 We have also found CCL2 to be
present on FBGC at 2 and 4 weeks following implantation,
suggesting that it can influence the activities of monocytes,
macrophages, and FBGC throughout the progression of the
FBR. More importantly, implantation studies in CCL2-null
mice demonstrated a requirement for this chemokine in
the formation of FBGC, but not in the recruitment and
migration of macrophages. These findings were sup-
ported by studies of monocyte fusion in vitro.

Materials and Methods

Materials

Rat anti-mouse Mac 3 Ab was obtained from BD Pharm-
ingen (San Diego, CA), rat anti-mouse F4/80 Ab from
Serotec (Raleigh, NC), anti-mouse MCP-1/CCL2 from
Santa Cruz Biotech (Santa Cruz, CA), and anti-human
CCL2/MCP-1, clone 24822.111 from R&D Systems (Min-
neapolis, MN). A Vectastain ABC kit for immunohisto-
chemistry was purchased from Vector Laboratories (Bur-
lingame, CA). A Limulus amebocyte endotoxin assay was
purchased from Associates of Cape Cod Inc. (East Fal-
mouth, MA, USA). ECL Western detection was purchased
from Amersham (Piscataway, NJ) and a bicinchoninic
acid (BCA) protein detection kit from Bio-Rad (Hercules,
CA). Polyvinyl alcohol (PVA) sponges (Clinicel, Grade 3)
were purchased from M-PACT (Eudora, KS, USA). Filters

(0.45-�m pore size, mixed cellulose ester) were pur-
chased from Millipore. TGF-�1 ELISA kits and human
recombinant IL-4 were purchased from R&D systems,
and GM-CSF was a kind gift from Immunex (Seattle, WA).
Soluble collagen (Vitrogen) was purchased from Cohe-
sive Sciences (Palo Alto, CA).

Preparation of Biomaterials

Twenty-five-mm2 Millipore filters and 6-mm-diameter
sponges were soaked in 95% ethanol for 24 hours, rinsed
extensively with phosphate-buffered saline (PBS), and
stored in endotoxin-free PBS until implantation. Biode-
gradable alginate (5%)-based scaffolds with pore size of
20 �m (Kyriakides TR, Nair PD, Meznarich NAK, Born-
stein P, Donaldson E, Hauch KD, Nerem RD, Ratner BD,
manuscript in preparation) were prepared and gas-ster-
ilized in ethylene oxide. Some scaffolds were placed in
endotoxin-free PBS for analysis. The endotoxin content of
the PBS storage solution, for filters, sponges, and scaf-
folds, was determined with the Limulus amebocyte endo-
toxin assay according to the supplier’s instructions. En-
dotoxin concentration was found to be below 2 endotoxin
units (EU)/ml in all samples.

Preparation of Gene-Activated Matrix-Coated
Biomaterials

pMT-7ND is a mammalian expression vector containing
DNA-encoding human MCP-1 lacking amino acids 2–8
and a FLAG tag, driven by the SV40 promoter. This
construct was included in a gene-activated matrix (GAM)
on filters, as described previously.16 Filters were steril-
ized by overnight incubation in 95% ethanol, followed by
two 12-hour washes in endotoxin-free sterile water. Ster-
ilized biomaterials were immersed in a collagen/pMT-
7ND or a collagen/pcDNA3 (DNA control) solution for 30
minutes at 4°C with continuous rotation. All biomaterials
were then frozen (�70°C) for 15 minutes and lyophilized.
For preparation of the collagen/plasmid GAM, soluble
collagen was neutralized by addition of Dulbecco’s Min-
imal Essential Media (DMEM) and endotoxin-free 0.1
mol/L NaOH, and then mixed with the plasmid DNA (1.5
mg collagen/mg DNA). All GAM preparations were ana-
lyzed for endotoxin content, as described above, and
found to contain less than 1 EU/ml.

Implantation of Biomaterials

All procedures were performed in accordance with the
regulations adopted by the National Institutes of Health
and approved by the Animal Care and Use Committee of
the University of Washington. S.C. implantations were
performed essentially as described previously.17,18 A to-
tal of 16 CCL2-null and 24 control mice were used for
implantations. Each mouse received two implants, pro-
viding for eight implants per group, per material, per time
point. The genetic background of CCL2-null mice is 93%
C57BL/6 and 7% SJL, and of control mice, C57BL/6.

2158 Kyriakides et al
AJP December 2004, Vol. 165, No. 6



Previous examination of the FBR in wild-type mice of
several genetic backgrounds, ie, 129SvJ, C57BL6, mixed
129SvJ/C57BL6 has shown it to be essentially identical
(unpublished observations). Mice were sex- and age-
matched (3 to 4 months of age). Implants were excised
en bloc, at 2 or 4 weeks following implantation, as de-
scribed previously.18 For the in vivo blockade of CCL2,
eight mice were used, each receiving a pMT-7ND GAM-
coated filter and a control GAM-coated filter.

Preparation and Analysis of Sponge Fluid

PVA sponges were excised 14 days following implanta-
tion and dissected cleanly of surrounding tissue. Sponge
fluid was recovered by centrifugation as described pre-
viously.18 The protein content of fluids was determined by
the BCA method and equal amounts of protein per sam-
ple were analyzed by ELISA, as described previously.19

Histology and Immunohistochemistry

Explanted biomaterials were excised and fixed in 10%
zinc-buffered formalin for 24 hours. Following processing
and embedding, 6-�m sections (eight per sample) were
stained with hematoxylin and eosin (H&E) and Masson’s
trichrome. Capsule thickness was measured at 10 differ-
ent locations (five per side) with the aid of an ocular
micrometer. Immunolocation of Mac3 (1:500), F4/80 (1:
3000), and CCL2 (1:400) was performed according to the
supplier’s instructions. All secondary peroxidase-conju-
gated Ab were used at 1:200 dilution. Controls included
sections treated with pre-immune sera. Sections from
CCL2-null mice served as a negative control for the immu-
nodetection of CCL2. The number of FBGC was estimated
from H&E- and Mac3-stained sections (eight per sample).
The number of nuclei per FBGC was estimated from the
analysis of over 200 cells for control and over 100 cells for
CCL2-null mice.

Monocyte Isolation and in Vitro Fusion

Blood was collected from healthy volunteers (200 ml per
volunteer) who had not taken any anti-inflammatory drugs
for at least 24 hours, according to University of Washing-
ton guidelines. Monocytes were isolated and induced to
fuse as described previously.20 Briefly, 1 � 106 leuko-
cytes were added to each well of 24-well plates (non-
tissue culture-treated polystyrene) in 1 ml of RPMI culture
medium, supplemented with 25% autologous serum, and
allowed to attach for 2 hours at 37°C, 5% CO2. Non-
adherent cells were removed by washing to leave only
monocytes. To induce fusion, media containing 25% au-
tologous serum (heat-treated at 56°C for 1 hour), GM-
CSF (10 ng/ml), and IL-4 (10 ng/ml) were added on days
3 and 7. Under these conditions, within 10 days approx-
imately 60 to 70% of the cells became part of multinucle-
ated cells (containing three or more nuclei). Selected
wells received 200 ng/ml of MCP-1 (9–76) peptide, an
inactive control peptide MCP-1 (9–76-4A), 5 �g anti-
human MCP-1/CCL2 function-blocking Ab, or 5 �g iso-

type control Ab. The peptide MCP-1 (9–76-4A) contains
four alanines in place of four cysteines. On day 10, cells
were fixed with methanol and monocyte fusion was as-
sessed by analyzing May-Grünwald/Giemsa-stained
cells.21 In addition, the number of nuclei per giant cell
was determined. For each condition, a total of three wells
were analyzed and each experiment was repeated twice.

Results

Effect of CCL2 Deficiency on Biomaterial
Encapsulation, Sponge Granuloma, and FBGC
Formation

Implantation of filters and sponges in CCL2-null mice did
not elicit any adverse reactions. Overall, the mice toler-
ated the implants as well as their wild-type counterparts,
and all mice survived the surgical procedure and implan-
tation period. Examination of sections from filters stained
with H&E revealed that the formation of FBGC was re-
duced in CCL2-null mice (Figure 1, B and D). Specifi-
cally, we observed a 75% reduction in the number of
FBGC surrounding filters and a 90% reduction in the
number of FBGC within sponges implanted in CCL2-null
mice (Figure 1E). The difference in FGBC formation be-
tween the two implants may be due to the different im-
plantation periods, 2 weeks for sponges and 4 weeks for
filters. We examined sponges at the 2-week time point
because at this time porous biomaterials are not fully
encapsulated. Alternatively, the differences may be due
to the unique properties of the two materials, including
the increased surface area of the porous sponge. Anal-
ysis of longer-term, 2- month implants showed FBGC
formation and encapsulation similar to 4-week implants
(data not shown), suggesting that the increased implan-
tation time was not associated with an additional reduc-
tion in the number of FBGC. To exclude the possibility
that the reduction of FBGC formation in CCL2-null mice
was due to a greater number of cells fusing to form one
FBGC, we determined the number of nuclei per giant cell.
We found that this number was significantly reduced
rather than increased in CCL2-null FBGC (Figure 1F).

Lack of Effect of FBGC Depletion on
Encapsulation

Despite the reduced formation of FBGC in the CCL2-null
mice, the encapsulation of filter implants was not com-
promised. Masson’s trichrome stain revealed that the
deposition of collagen in the capsule proceeded normally
between 2 and 4 weeks. At 4 weeks, capsule thickness
was equivalent between CCL2-null (77 � 50 �m) and
control mice (63 � 25 �m). Similar observations have
been made by analysis of polyvinyl alcohol sponges.
Specifically, encapsulation (172 � 78 versus 158 � 43
�m) and invasion (162 � 29 versus 151 � 44 �m) of
sponges did not differ between CCL2-null and control
mice. Because FBGC have been shown to secrete pro-
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fibrotic TGF-�1,22 we examined the levels of this growth
factor in sponges implanted for 2 weeks. Analysis of
sponge fluids by ELISA indicated that the level of TGF-�1

in CCL2-null samples (225 � 11 pg/ml) was similar to
control levels (214 � 27 pg/ml).

Lack of an Effect of CCL2 Deficiency on
Monocyte Recruitment

To distinguish between reduced monocyte recruitment
and reduced macrophage fusion as an explanation for
the reduced FBGC formation, we performed an immuno-
histological analysis of sections with two Ab specific for
surface receptors of cells of the monocyte-FBGC lineage.
First, we used anti-F4/80 Ab that recognizes a 160-kd
surface glycoprotein expressed by most murine macro-
phages. Second, we used anti-Mac3 Ab that recognizes
a 110-kd surface glycoprotein whose expression in-
creases during the differentiation of monocytes to acti-
vated macrophages. As shown in Figure 2, both Ab
showed the presence of abundant macrophages in
CCL2-null mice (B and D). On the contrary, FBGC immu-
noreactive for Mac3 were absent (D). In wild-type mice
the presence of F4/80-positive macrophages was re-
duced (A) whereas the presence of Mac3-positive FBGC
was prominent (C). Immunohistochemical analysis of
sections with the anti-macrophage Ab, BM-8, produced
results identical to those obtained with the F4/80 Ab (data
not shown). To quantify macrophages we analyzed sec-
tions from PVA sponges because we could obtain entire
high-power fields for analysis. We were unable to do so
from capsules surrounding filters. CCL2-null mice had
slightly more F4/80-positive cells (84.5 � 38.3) and
Mac3-positive cells (55.8 � 24.4) than wild-type mice
(51.4 � 28.4 for F4/80; 52.3 � 32.1 for Mac-3). However,
none of the differences was significant (p � 0.5). These
observations indicate that the recruitment of monocytes
to the implant site is not compromised in CCL2-null mice.

Effect of CCL2 Deficiency on Biomaterial
Degradation

To examine whether biomaterials sustain reduced dam-
age in CCL2-null mice as a result of reduced numbers of

Figure 1. CCL2-null mice display reduced FBGC formation. Sponges and
filters were implanted s.c. in mice for a period of 2 and 4 weeks, respectively.
Representative images are shown of sections stained with H&E from filters
(F), (A and B) and sponges (S), (C and D), implanted in wild-type (A and C)
and CCL2-null mice (B and D). Arrows indicate the presence of FBGC.
Magnification, �400 (A and B), �200 (C and D). E: The number of FBGC
(cells with three or more nuclei) per high-power field was estimated by
examination of H&E- and Mac-3-stained sections (n � 50). The number of
FBGC per unit length surrounding filters was also estimated because capsules
did not occupy an entire high-power microscopic field (see A and B). (F)
Reduced number of nuclei in CCL2-null FBGC. The number of nuclei per
FBGC (from sponges and filters) was determined by microscopic examina-
tion of over 100 FBGC per genotype. The location of nuclei within FBGC was
similar between the two groups. The data represent mean � SEM. *, n � 8;
statistical significance, P � 0.05, when compared with wild-type using Stu-
dent’s t-test.

Figure 2. Increased presence of cells of the monocyte lineage in CCL2-null
capsules. Representative sections of capsules, implanted s.c. for 4 weeks and
stained with anti-F4/80 (A and B) and anti-Mac3 (C and D) Ab from wild-type
(A and C) and CCL2-null (B and D) mice are shown. Ab stains were visualized
with the peroxidase reaction (brown color). Arrows indicate the presence of
FBGC (A and C) and macrophages (B and D). FBGC are not immunoreactive
with F4/80 (A) but can be detected with Mac3 (C). The abundance of
mononuclear macrophages in CCL2-null sections is evident. Nuclei are visu-
alized with methyl green counterstain. Original magnification, �400.
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FBGC, we implanted a hydrolysis-resistant, biodegrad-
able, alginate-based scaffold and examined the FBR 4
weeks following implantation. Scaffolds in CCL2-null
mice were invaded predominantly by mononuclear in-
flammatory cells, failed to induce FBGC formation, and
lacked fibrovascular invasion (Figure 3A). In contrast, scaf-
folds implanted in wild-type mice displayed significant
FBGC and blood vessel formation, and deposition of mature
extracellular matrix (Figure 3B). Scaffolds in CCL2-null
mice were also subjected to reduced damage, as ap-
proximately 50% more of the scaffold remained intact in
these mice in comparison to wild-type (Figure 3C).

FBGC Cells Are Immunoreactive for CCL2

The inferred participation of CCL2 in fusion prompted us
to investigate its presence in FBGC. By using a commer-
cially available anti-CCL2 Ab, we were able to detect
CCL2 in macrophages and on the surface of FBGC sur-
rounding filters and sponges implanted s.c. in control
mice (Figure 4, A and B). No immunoreactivity could be
detected in the rare FBGC in CCL2-null mice (Figure 4C)
or in wild-type mice stained with an isotype control Ab
(Figure 4D)

Effect of Blockade of CCL2 in Vivo on FBGC
Formation

To limit FBGC formation in vivo we used an established
method for localized gene delivery.23 Specifically, GAM-
coated filters were implanted s.c. in wild-type mice. Ad-
ministration of DNA containing a shortened version of
CCL2 (pMT-7ND), lacking seven amino acids from the
amino terminus, has previously been shown to block the
activity of endogenous CCL2.24,25 After a 4-week implan-
tation period, filters coated with a pMT-7ND GAM elicited
an FBR that was similar to that of MCP-1-null mice in
regard to encapsulation, macrophage content, and
FBGC formation (Figure 5, B and D; see Figures 1 and 2).
Control GAM (vector DNA)-coated filters elicited macro-
phage recruitment and induced FBGC formation in a
manner similar to that in wild-type mice (Figure 5, C and
D). FBGC formation around pMT-7ND-coated filters was
reduced by over 50%, whereas control filters induced
normal FBGC formation (Figure 5D). Furthermore, FBGC
on the surface of pMT-7ND GAM-coated filters were
small, and contained a limited number of nuclei (see
arrowheads in Figure 5A) in comparison to FBGC on DNA
control-treated filters (see arrowhead in Figure 5C) and
untreated filters (see arrows in Figure 1A). To confirm the
expression of plasmid genes, we stained sections with an
anti-FLAG FITC-conjugated Ab. FLAG expression was
detected in cells surrounding pMT-7ND-treated filters
(see arrows in Figure 5F), but not pcNDA3-treated filters
(Figure 5E).

Effect of CCL2 Inhibition on Monocyte Fusion

Human monocytes can be induced to form multinucle-
ated giant cells by fusion following the addition of IL-4

and GM-CSF to the culture medium. In this in vitro system,
addition of a CCL2-inhibitory peptide (MCP1 9–76), but
not an inactive control peptide (MCP1 9–76-4A), resulted
in a significant reduction in fusion (Figure 6). The utility of
MCP1 9–76 in blocking the activity of CCL2 has been
demonstrated both in vitro26,27 and in vivo.28 The promi-
nent appearance of fused cells (Figure 6A) was not ob-
served in MCP1 9–76-treated wells (Figure 6B). Overall,
both the number of nuclei (Figure 6C) and percentage
fusion (Figure 6D) were reduced in the MCP1 9–76 treat-
ment group. In contrast, the addition of the control pep-
tide did not influence these two parameters. Addition of
the peptides did not appear to influence cell survival
negatively, since the cell number per well at the end of
the treatments (2193 � 165 for MCP1 9–76 and 2373 �
177 for MCP1 9–76-4A) were similar to those of controls
(2436 � 243) (n � 5, P � 0.1). In addition, MCP1 9–76-
treated cells displayed normal morphology (Figure 6B).

Similar results were obtained by the addition of an
anti-human MCP1/CCL2 Ab (Figure 7). However, the re-
duction in fusion following the addition of Ab (65%) was
more pronounced than the addition of MCP1 9–76 pep-
tide (50%). Addition of an isotype control Ab did not have
an effect on fusion.

Discussion

FBGC formation, a hallmark of the FBR, is harmful to
implanted biomaterials because it contributes to the deg-
radation of the biomaterial surface, and leads to “stress
cracking”, tissue fibrosis, and a chronic inflammatory
response.8 FBGC are thought to be a source of chemo-
kines that mediate the recruitment of neutrophils and
lymphocytes.8,15 The latter, by interacting with adherent
macrophages and FBGC, cause an increase in the local
concentration of cytokines and growth factors, and mod-
ulate the function of surrounding cells, such as fibro-
blasts, that are primarily responsible for the deposition of
the collagenous matrix within the capsule. FBGC have
also been shown to secrete pro-fibrotic latent transform-
ing growth factor-�1 during the late chronic inflammatory
response in an in vivo experimental model.22 Thus, inhi-
bition or limitation of FBGC formation is expected to en-
hance biocompatibility by limiting biomaterial-induced in-
flammation and subsequent undesirable events.

Because FBGC are formed by the fusion of macro-
phages at the implant site, we hypothesized that CCL2, a
chemotactic mediator for monocytes, might play a critical
role in the FBR. In the present study we report that CCL2
is not required for monocyte recruitment and the devel-
opment of the FBR when biomaterials are implanted in
the subcutaneous space. The presence of numerous
macrophages within the foreign body capsules and
sponge granulomas, formed s.c. in CCL2-null mice, is
surprising but consistent with the observations of Low et
al14 during the healing of cutaneous wounds in these
mice. Thus, despite the well-documented inability of
CCL2-null mice to recruit monocytes in models of inflam-
mation, such as acute peritonitis, they appear to be able
recruit monocytes to the subcutaneous space. Consis-
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tent with these observations, preliminary studies in our
laboratory have demonstrated reduced monocyte recruit-
ment following implantation of biomaterials in the perito-
neal cavity of CCL2-null mice (Kyriakides TR, Rollins BJ,
Bornstein P, unpublished observation). The biological ex-

planation for this distinction in CCL2-null mice is unclear.
Perhaps monocyte recruitment into the peritoneal cavity
depends solely on CCL2, whereas other chemokines can
perform the same function in the subcutaneous space. In
addition, the recruitment of monocytes and the activation of
macrophages may depend on the function of resident mac-
rophages. It is possible that the resident macrophage pop-
ulation in skin differs functionally from that in the peritoneum.
Differences in macrophage function based on the tissue
distribution have been described.29,30

CCL2 appears to have multiple roles in macrophage
function, including one in post-recruitment events. Our
results in CCL2-null mice indicate that it is required for
macrophage fusion. To verify this requirement we inhib-
ited the function of CCL2 in wild-type mice during the
FBR. Since the biological effects of CCL2 are mediated
by binding to the chemokine receptor CCR2, found pri-
marily on monocytes, we designed an experiment to
target this interaction. Several investigators have shown
that the NH2-terminus of CCL2 is required for biological
activity. Thus, recombinant and synthetic versions of
CCL2 that lack amino acids from the NH2-terminus are
deficient in eliciting monocyte chemotaxis.31,32 In this
study we show that the localized expression of an NH2-

Figure 4. CCL2 is present in FBGC. Sections of a filter (A) and sponges
(B–D) implanted s.c. in wild-type mice for 4 and 2 weeks, respectively, were
stained with anti-CCL2 Ab (A–C) or control Ab (D) and visualized with the
peroxidase reaction (brown color). Arrows indicate the presence of FBGC in
wild-type mice (A–B, D) and CCL2-null mice (C). F and S denote areas
occupied by filter and sponge, respectively. The FBGC in A and B are
positive for CCL2, whereas those in C and D are negative. Nuclei are
visualized with methyl green counterstain. Original magnification, �400.

Figure 3. Reduced biomaterial degradation in CCL2-null mice. Representa-
tive sections are shown of scaffold implanted s.c. for 4 weeks in CCL2-null
(A) and wild-type (B) mice and stained with Masson’s trichrome. In CCL2-
null mice, scaffolds underwent minimal degradation and collagen deposi-
tion. The majority of the cells present within the scaffold were mononuclear
inflammatory cells (arrows), and the scaffold was not subjected to fibrovas-
cular invasion. In wild-type mice (B), scaffolds were invaded by a fibrovas-
cular response, evident by the presence of collagen (bright blue color) and
blood vessels (yellow arrows). In addition, numerous FBGC were ob-
served. Scaffold remnants have a grayish blue color appearance. Images
were taken from the center area of the scaffolds. Original magnification,
�200. C: The average percentage of a high-power field (0.04 �m2) occupied
by scaffold 4 weeks following implantation was estimated with the aid of
imaging software. A total of three scaffolds per genotype were used to obtain
images and a total of 24 images per scaffold were analyzed. The data
represent mean � SEM. *, Statistical significance, P � 0.05, when compared
with wild-type using Student’s t-test.
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terminally truncated CCL2 during the foreign body re-
sponse in wild-type mice resulted in reduced FBGC for-
mation without a concomitant decrease in macrophage
recruitment. Furthermore, qualitative analysis of the lim-
ited number of FBGC that formed in the presence of
pMT-7ND revealed that they were smaller in size and
involved a limited number of nuclei. Therefore, we con-
clude that CCL2 is required for normal macrophage fu-

sion. Because reagents that can distinguish between
truncated and endogenous CCL2 are not available, we
examined the duration of pMT-7ND expression by the
immunolocation of a FLAG tag, and found it to be
present. This observation is consistent with a previous
study, in the same in vivo setting, where we reported
expression of other exogenous genes for at least 4
weeks.16

Figure 5. Reduced FBGC formation in vivo by localized blockade of CCL2. Representative sections are shown of pMT-7ND GAM- (A and B) and pcDNA3 GAM-
(C) coated filters implanted s.c. for 4 weeks in wild-type mice and stained with H&E (A) or the macrophage marker Mac3 and visualized with the peroxidase
reaction (B and C). In A–C, arrows indicate individual macrophages, and arrowheads indicate FBGC. Magnification, �400 (A–C). (D) The number of FBGC
(cells with three or more nuclei) per unit length of filter was estimated by the examination of Mac3-stained sections. The data represent mean � SEM, n � 75;
*, statistical significance, P � 0.05. Representative sections are shown of pMT-7ND GAM- (F) and pcDNA3 GAM- (E) coated filters stained with an anti-FLAG
FITC-conjugated Ab. Arrows in F indicate FLAG-expressing cells in the capsule. Magnification, �200 (E–F).
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The existence of a role for CCL2 in macrophage fusion
is also supported by experiments in vitro with human
peripheral blood monocytes that are favored by investi-

gators who study FBGC formation. This model takes ad-
vantage of the isolation of a large number of monocytes
that can be induced to fuse in a manner and time frame
that mirrors FBGC formation in vivo. Previous studies us-
ing this in vitro system have identified fusion-related
monocyte surface proteins, such as the receptors for
mannose and �1 integrin,21,33 and in our studies addition
of a CCL2-blocking peptide or Ab in this model caused a
significant reduction in macrophage fusion. Specifically,
both overall fusion and the number of nuclei per FBGC
were decreased, without a concomitant decrease in the
number of cells. Thus, the reduction of FBGC formation in
CCL2-null mice can be attributed directly to the defi-
ciency in CCL2.

A fusion receptor, SHPS-1, has been identified in a
different in vitro fusion system that utilizes alveolar mac-
rophages.34 We were also able to detect this receptor on
FBGC in vivo (not shown). Recently, it has been sug-
gested that SHPS-1 might act as a negative regulator in
the phagocytosis of platelets by macrophages.35 It is
intriguing to speculate that induction of SHPS-1 expres-
sion is associated with frustrated phagocytosis, a term
coined to explain the propensity of macrophages to fuse
when they encounter large foreign objects. The expres-
sion of a number of other surface-associated molecules
might also be altered. For example, it was recently shown

Figure 6. Reduced fusion following treatment of monocytes with a CCL2
inhibitory peptide. Monocytes were induced to fuse in the presence of an
inactive, control peptide MCP-1 (9–76-4A) (A) or active, inhibitory peptide
MCP-1 (9–76) (B). A total of 10 fields per well and five wells per group were
analyzed. Cells with three or more nuclei were classified as FBGC (examples
denoted by arrows in A and B). Magnification, �200. The average number of
nuclei per giant cell is shown (C). Percentage fusion was determined by
estimating the number of nuclei in FBGC in relation to the total number of
nuclei (D). The data represent mean � SEM. *, Statistical significance, P �
0.05, when compared with control peptide treatment using Student’s t-test.

Figure 7. Reduced fusion following treatment of monocytes with a function-
blocking anti-MCP-1 Ab. Monocytes were treated as described in the text and
a total of 10 fields per well and five wells per group were analyzed. Cells with
three or more nuclei were classified as FBGC (A). Percentage fusion was
determined by estimating the number of nuclei in FBGC in relation to the
total number of nuclei (B). The data represent mean � SEM. *, Statistical
significance, P � 0.05, when compared with isotype control IgG treatment
using Student’s t-test.
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that CD47/integrin-associated protein is a ligand for
SHPS-1, and that their interaction is critical for fusion in
vitro.36,37 Furthermore, the participation of CD44, an in-
tegral membrane glycoprotein, in alveolar macrophage
fusion has been documented.38 The presence of CD44
on FBGC in vivo has also been demonstrated.39 However,
its role, if any, in FBGC formation in vivo has not been
defined.

The reduction of FBGC formation in CCL2-null mice
provides us with a unique opportunity to study the role of
these cells in the FBR. To our knowledge, experiments
describing a nearly complete inhibition of FBGC forma-
tion have not been reported. van Luyn et al40 examined
the role of rat macrophages in the degradation of im-
planted sheep dermal collagen following chemical deple-
tion of these cells. The results of this study showed that
degradation was delayed and FBGC formation was
somewhat reduced. However, an examination of the con-
tribution of FBGC to the FBR was not pursued. Iizuka et
al41 showed that colony-stimulating factor-1-deficient
mice form smaller FBGC with a reduced number of nuclei
in a subcutaneous implant model. No differences in the
fibrotic response were reported.

Numerous reports indicate that encapsulation is influ-
enced by several factors, including site of implantation,
wettable properties of the biomaterial, biomaterial poros-
ity, and surface texture (reviewed in2). More recently,
Brodbeck et al42 showed that hydrophilic and anionic
substrates increase macrophage apoptosis in the in vivo
rat cage implant model. No effects on additional param-
eters of the FBR were examined. Our results show that
FBGC are not critical for progression of the encapsulation
process. Rather, they indicate that macrophages may be
the key cell type in the development of the FBR and,
especially, fibrosis. We have found that the levels of
TGF-�1 are not altered as a result of the reduction in
FBGC formation. Thus, it is possible that macrophages
can provide pro-fibrotic signals to fibroblasts. This sug-
gestion is supported by our observation of the events
following intraperitoneal (i.p.) implantation of filters,
where compromised macrophage recruitment was asso-
ciated with the lack of a fibrotic response (Kyriakides TR,
Rollins BJ, Bornstein P, unpublished observation).

The present study leads us to the conclusion that the
FBR is a host-driven response that can be altered by the
modulation of key molecular players. For example, we
have previously shown that neovascularization of the for-
eign body capsule can be increased following the inhi-
bition of the potent matricellular angiogenesis inhibitor,
thrombospondin-2.16 Here we have expanded our stud-
ies to the analysis of the FBR in CCL2-null mice, a mouse
model with a previously described deficient inflammatory
response. We have described the existence of a previ-
ously unknown role for CCL2 in macrophage fusion, and
demonstrated that FBGC formation is not essential for
encapsulation. In addition, our results support a pro-
posed role for FBGC in the causation of surface damage
as evidenced by the alterations in biomaterials in these
mice. Thus, strategies to limit FBGC formation, in addition
to preventing surface damage, may provide for biological
control of the degradation rate of biodegradable bioma-

terials. Detailed investigation of this model should lead to
the development of strategies that can improve the per-
formance and longevity of implanted biomaterials.
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