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Abstract
The formation of surface-damaging foreign body giant cells (FBGC) from the fusion of
macrophages is considered a hallmark of the foreign body response. Experimental evidence
indicates that when macrophages are unable to internalize foreign bodies via phagocytosis due to
their large size, they acquire a fusogenic phenotype. The mechanism behind this transformation is
unclear, and questions, such as which phenotype takes precedence for co-stimulated macrophages
engaged in the foreign body response and whether or not such phenotypic alteration is graded,
remain unanswered. By recapitulating fusion in vitro using cell lines and primary mouse bone
marrow-derived macrophages, we investigated whether concurrent exposure of macrophages to
phagocytic and fusogenic stimuli would limit fusion. Induction of phagocytosis by addition of 3.0
μm-diameter polystyrene microspheres to cells under fusogenic conditions, at ratios of 1:10, 1:1,
and 10:1 did not prevent fusion. To determine the effect of microsphere phagocytosis on fusion in
vivo, we first determined the kinetics of monocyte recruitment, surface adhesion, and fusion
following intraperitoneal implantation of a foreign body in a mouse model. Concomitant or
subsequent injection of microspheres resulted in their significant accumulation at the biomaterial
surface at 2 weeks, but FBGC were still detected. Our findings indicate that despite increasing the
abundance of a phagocytic stimulus (microspheres), significant FBGC formation occurs.
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INTRODUCTION
Implanted biomaterials are subject to a significant reaction from the host organism, known
as the foreign body response (FBR). During this process, implants are surrounded by
macrophages that fuse to form foreign body giant cells (FBGC), as well as a collagenous
and largely avascular fibrotic capsule 1,2. The presence of FBGC at the surface of an
implanted material is considered a hallmark of the FBR, and the damaging effects of these
cells can lead to reduced functionality or failure in implants 3–5. Furthermore, FBGC are
believed to contribute to the persistence of pro-inflammatory stimuli integral to the FBR 6.
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Despite their significant role in the host response to implanted devices, the cause and
mechanism of FBGC formation in this context are not fully understood 1,6,7.
Phenomenological observations suggest that when macrophages adhere to a surface that is
too large to be degraded effectively via phagocytosis, they become fusogenic 6,7. This
behavior implies a direct and perhaps linear determination of macrophage functional fate
between phagocytosis and fusion. However, this phenomenon has yet to be systematically
evaluated, leaving questions, such as whether the functional change from a phagocytic state
to a fusogenic one is graded or the result of a physiologic switch, unanswered.

Although the mechanism remains unclear, a relationship between fusion and phagocytosis
has been established. Anderson and colleagues showed that macrophage fusion induced by
interleukin-4 (IL-4) is dependant on activity of the mannose receptor, a classical phagocytic
mediator 8, though it should be noted that phagocytosis in macrophages can be mediated by
a number of different mechanisms 9,10. Furthermore, this group has established extensive
homology between phagocytosis and fusion in endoplasmic reticulum function 11 response
to vitronectin expression 12, and downstream kinase signaling activity 13. Others have
shown that FBGC can engulf large foreign bodies in a phagocytic-like manner 14 and that
macrophages that have phagocytosed particles are capable of fusion in the context of
osteoclastic differentiation 15. However, despite these many similarities, phagocytosis and
fusion are distinct processes. In fact, we have shown that fusion and phagocytosis could be
partially decoupled based on their differential susceptibility to Rac1 inhibition 16.
Specifically, unlike fusion, phagocytosis, induced by polystyrene microspheres, was shown
to be unaffected by blockade of Rac1 activation 16. In other words, in this model, inhibition
of fusion does not necessitate inhibition of phagocytosis.

In order to further understand the decoupling of these processes in the FBR, we sought to
develop a correlative model whereby in vitro observations could be compared to a clinically
relevant in vivo biomaterial implant model. A number of in vitro fusion assays that utilize
monocytes/macrophages from various sources have been developed 17–19. Recently, we
described a system for FBGC formation in vitro from mouse bone marrow-derived
macrophages using an IL-4 mediated process 16. In this study, we investigated the potential
of using immortalized cell lines in this model, owing to their relatively low cost, ease of
procurement, length of maintenance in culture, and prevention of animal sacrifice or need
for human donors. For in vivo studies, we utilized an established murine model with a
cellulose filter serving as a model biomaterial 3,20. We quantified the kinetics of
macrophage recruitment in this model to better understand when fusion might occur in vivo
so that we could establish correlation with our in vitro system.

With a correlative model, this study examined the potential decoupling of phagocytosis and
fusion in macrophages during the FBR. We hypothesized that concurrent, profuse induction
of phagocytosis by microspheres and fusion via IL-4 would force a determination of cellular
fate that might provide further information about the distinguishing features of these two
processes. In a mouse bone marrow derived-macrophage model (BMM) in vitro, we show
that the functional change between microsphere-induced phagocytosis and IL-4 induced-
fusion for macrophages is graded in response to increasing phagocytic challenge. However,
even with abundant presence of microsperes, substantial FBGC formation still occurs. This
effect was also observed in vivo in a mouse model, suggesting that, in the FBR, these
processes may be more functionally independent than previously thought.
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MATERIALS AND METHODS
In vitro fusion assay and phagocytosis

Murine macrophage cell lines RAW264.7 and J7746b, graciously provided by Dr. Agnes
Vignery, and human monocyte cell lines THP-1 and U937, generously donated by Dr. Ira
Mellman, were cultured in RPMI + 10% FBS with penicillin/streptomycin and l-glutamine.
BMM were obtained from the bone marrow of C57Bl/6 mice and expanded as described
previously 16. To recapitulate fusion in vitro, various macrophage cell lines (1×105 cells/
well) and BMM (1×106 cells/well) were plated on 24-well non-tissue culture treated
polystyrene plates (Corning, Corning, NY) in expansion media containing 10 ng/ml
recombinant human or mouse granulocyte/macrophage-colony stimulating factor (GM-CSF)
(R&D Systems, Minneapolis, MN) and 10 ng/ml human or IL-4 (mouse recombinant, R&D
Systems, Minneapolis, MN), as described previously 16. Phagocytosis was stimulated via
addition of 3.0 μm-diameter Fluoresbrite YG polystyrene microspheres (Polysciences,
Warrington, PA) at microsphere to cell ratios of 1:10, 1:1, and 10:1, as noted. These ratios
were chosen to stimulate a small percentage of cells to phagocytose (1:10), provide enough
stimulation for most cells to engage in phagocytosis (1:1) and to saturate the phagocytic
capacity of the macrophages (10:1) based on studies that indicate that a single macrophage
in culture can maximally phagocytose ~4 3.0 μm-diameter beads 21. Similarly, 3.0 μm-
diameter microparticles were chosen based on previous studies indicating that 3.0 μm is an
ideal diameter to maximize uptake by macrophages both in vitro and in vivo 22,23. To
inhibit Rac1 activation, cultures containing fusogenic stimuli and/or microspheres were
treated with 25μM NSC23766 (Calbiochem, La Jolla, CA) and phagocytosis and fusion
were measured as described previously 24. Experiments involving cell lines were performed
in triplicate wells and performed three times. For each experiment with BMM, monocytes
were isolated from 6 femurs (three mice), expanded and pooled and triplicate wells were
prepared for each condition and time point. Experiments were repeated five times.

Cell staining and fluorescence microscopy
Cells were double stained with May-Grunwald stain (Sigma, St. Louis, MO) and Wright-
Giemsa stain (Sigma, St. Louis, MO) using standard methods. Experiments were performed
in triplicate and 25 to 50 randomly selected high power fields per group were used for
quantification. For visualization of cells by fluorescence microscopy, cells were fixed in 4%
paraformaldehyde (JT Baker, Phillipsburg, NJ) and the actin cytoskeleton and nuclei were
stained with rhodamine-phalloidin and DAPI, respectively, as described previously 16.
Wells were mounted with Vectashield (Vector Laboratories, Burlingame, CA) and examined
under an Axiovert 200M fluorescent microscope (Carl Zeiss, Thornwood, NY).

Biomaterial implantation and microsphere injection in vivo
All procedures were performedin accordance with the regulations adopted by the NIH and
approvedby the Animal Care and Use Committee of Yale University. S.C. implantations
were performed essentially as described previously 20. A total of 30 mice (C57Bl/6), age 3–
4 months, were used for implantations. Each mouse received one implant (1.5 × 0.5 cm) in
the peritoneum through a 0.7 cm incision of the skin and peritoneum. The peritoneal incision
was closed with sterile sutures (silk, size 4.0), and the skin with sterile clips. To monitor
macrophage accumulation, implants (3 per time point) were recovered at 1, 2, 8 and 14 days
post-implantation and fixed in formalin, processed for histological analysis and stained with
hematoxylin and eosin. In addition, sections were stained with Mac3 antibody to identify
macrophages and FBGC as described previously 20. Flow cytometry analysis of peritoneal
lavage fluid stained with F4/80 antibody was performed to evaluate macrophage recruitment
into the peritoneal cavity. Approximately 5×106 macrophages were detected at 48 hours post
implantation. Based on the parameters of macrophage recruitment, adhesion and fusion, we
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proceeded to examine the effect of phagocytosis on fusion in vivo. Mice were implanted
with filters and divided into three groups. Two groups were injected with 5×107

microspheres (0.5 ml) at 0 or 48 hours following implantation. A third group received
injection of vehicle (0.5 ml PBS) as a control. All mice were sacrificed at 14 days post-
implantation and the implants (six per group) were cut in three segments. One set of
segments was stained with DAPI and examined with the aid of an inverted microscope
equipped with fluorescent optics. The remaining segments were either fixed in formalin for
histological processing or embedded in OCT and used to generate cryosections in order to
prevent the loss of microsphere fluorescence. Sections were viewed under an Axiovert
200M fluorescent microscope (Carl Zeiss, Thornwood, NY). Paraffin embedded sections
were stained with hematoxylin and eosin and FBGC formation was quantified as described
previously 20.

Statistical Analysis
All experiments were performed in triplicate (n=3) unless otherwise noted. To determine
significance, Student’s t-test and a Bonferroni post-hoc test were run with a 95% confidence
interval.

RESULTS
IL-4 mediated fusion in monocyte/macrophage cell lines

Murine macrophage and human monocyte cell lines were grown under fusogenic conditions
induced by addition of IL-4 and GM-CSF. Human monocyte cell line U937 displayed a
morphological change highlighted by significant enlargement of approximately 50% of the
cells, however no FBGC formation was observed (data not shown). Cell line THP-1 - also
derived from human monocytes - did not display morphological change, even when exposed
to the fusogenic cocktail for 15 days (not shown). Murine macrophage cell line J7746b
displayed a more active response, with evident enlargement of most cells and some FBGC
formation (arrows, Fig. 1C) compared to control (Fig. 1A). Similarly, RAW264.7 cells in a
fusogenic environment (arrows, Fig. 1D) appeared larger than the same cells in control
conditions (shown in Fig. 1B) and formed a higher number of FBGC in comparison to
J7746b cells (not shown). However, overall fusion levels in these cells did not exceed 30%
(Fig. 2E) and no multinucleated cells with more than 5 nuclei were observed; therefore,
although these cells clearly initiated fusion, they were considered unable to undergo
physiologically relevant FBGC formation.

Based on our previous observation of the dependence of primary macrophages on Rac1
activation for FBGC formation, we examined whether the same susceptibility occurred in
RAW264.7 cells 25. Inclusion of the Rac1 inhibitor NSC23766 induced a reduction in
fusion (Fig. 2B) compared to control (Fig. 2A, E). We also tested the ability of RAW264.7
cells to phagocytose during fusion and found it to be similar to that of BMM (Fig. 2C).
Furthermore, uptake of microspheres applied at a 10:1 sphere:cell ratio was observed
concurrent with Rac1 inhibition (Fig. 2D). Enumeration of phagocytosis and fusion revealed
a significant reduction in the latter in the presence of Rac inhibitor (Fig. 2E, F). In addition,
exposure of RAW264.7 cells to spheres caused a reduction in overall fusion (Fig. 2E)

Phagocytic challenge via microspheres does not prevent IL-4 induced fusion in vitro
The reduction in fusion caused by microspheres prompted us to examine a possible effect of
phagocytosis on fusion in BMM instead of RAW264.7 cells, since the latter did not display
robust FBGC formation. Microspheres were added to BMM in the presence of IL-4 and
GM-CSF at microsphere:cell ratios of 1:10, 1:1, and 10:1. Examination of cells during the
early treatment period (1–3 days) revealed changes in cell shape, efficient uptake of spheres,
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and normal fusion (not shown). At the completion of fusion (day 7), FBGC formation was
evident in all wells treated with IL-4 and GM-CSF (Fig. 3B–E). The extent of fusion in
cultures exposed to microspheres at 1:10 and 1:1 sphere to cell ratios appeared similar to
that in cultures without spheres (Fig. 3F). Cultures exposed to microspheres at a 10:1 sphere
to cell ratio displayed a trend for reduced fusion, evidenced by the presence of more single
cells (Fig. 3E). However, this effect was found to be statistically insignificant (Fig. 3F).

Previously, we quantified the uptake of microspheres by BMM during fusion in the presence
or absence of NSC23766 25. Specifically, we found that when exposed to microspheres at a
ratio of 1:1, 70% of the BMM contained spheres at an approximate average of 3.5 spheres
per cell. To expand on this finding and to distinguish possible effects of fusion on
phagocytosis we quantified the number of spheres per nucleus in single BMM and FBGC.
When exposed to 1:1 microsphere to cell ratio, BMM and FBGC contained 3.31 ± 1.12 and
2.98 ± 1.18 spheres/nucleus, respectively. At a ratio of 10:1, BMM and FBGC contained
7.23 ± 2.43 and 7.11 ± 4.02 spheres/nucleus, respectively. In both cases the overall uptake of
spheres, expressed as average ± S.D., was similar. It should be noted however, that the
number of spheres in FBGC was highly variable.

To examine the temporal specificity of the effect of phagocytosis on fusion, we repeated the
experiment with BMM at a 10:1 microsphere:cell ratio and measured fusion at 3, 5, and 7
days. Enumeration of fusion, measured as the percentage of nuclei in FBGC in relation to
the total number of nuclei and average number of nuclei per FBGC, revealed no significant
differences at any measured time point (Fig. 3G). At day 7, percent fusion was slightly
reduced, but the average number of nuclei per giant cell was similar in cultures with and
without microspheres (Fig. 3H). TUNEL staining confirmed that little to no apoptosis was
associated with addition of microparticles, consistent with previous reports (not shown)
26,27.

In vivo monocyte/macrophage recruitment following biomaterial implantation
In order to evaluate whether a reducing effect of phagocytosis on fusion could also be
observed in vivo, we performed a detailed analysis of monocyte/macrophage recruitment to
implantation sites and adhesion to biomaterial surfaces. We opted to utilize intra-peritoneal
implantation because it allows for monitoring of cell recruitment by collection of lavage
fluid. Millipore filters made of mixed cellulose ester were implanted in the peritoneal cavity
of mice and the recruitment of monocytes was detected by flow cytometry with a F4/80
antibody. Analysis of samples recovered at 12 hours and at 1, 2, and 8 days following
implantation revealed the progressive accumulation of monocytes (Fig. 4A). Based on the
total number of cells and the estimated percent of monocytes, we concluded that there were
approximately 1×107 monocytes in the peritoneal cavity at 48 hours. To examine the rate of
adhesion of macrophages to the biomaterial surface we enumerated the number of
macrophages in implant sections stained with the Mac3 antibody. Similar to the kinetics of
cell recruitment revealed by flow cytometry analysis, macrophages accumulated on the
surface of biomaterials in a progressive manner (Fig. 4B). In addition, examination of
stained sections revealed the formation of a cell monolayer between 12 and 48 hours
following implantation (Fig. 4C–E). Furthermore, FBGC formation was not detected at this
time point, but was evident in day 8 implants. (Fig. 4F).

Phagocytic challenge via microspheres during the FBR does not inhibit IL-4 induced
fusion in vivo

Based on our prior results, mice that received implants were injected with 5×107

microspheres into the peritoneal cavity either at the time of implantation or 48 hours later.
The approximate ratio of spheres to macrophages was 10:1, matching our in vitro studies. At
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14 days post-implantation, lavage fluid and the implants were retrieved for examination.
Implants stained with DAPI revealed the presence of clusters of nuclei, indicative of FBGC
formation (Fig. 5A). Examination of the same microscopic fields with the aid of a FITC
filter showed extensive microsphere accumulation (Fig. 5B), which co-localized with the
nuclear clusters (Fig. 5C). Lavage fluid was examined under phase contrast and revealed the
presence of cells containing spheres, suggesting that phagocytosis was still ongoing (Fig.
6A, B). No FBGC were detected in lavage fluids, and the presence of free spheres was rare.
Histological examination of filters indicated a FBR characterized by accumulation of cells
and deposition of a collagenous capsule (Fig. 6C). FBGC formation was evident in all
treatment groups. To confirm the presence of spheres at sites of high cell density, we
analyzed cryosections by fluorescence. Sections were stained with DAPI to visualize nuclei
and rhodamine-phalloidin to detect cytoskeletal actin. The injected microspheres contained
fluorescein and were easily detected in association with the implant (Fig. 6D, E).
Enumeration of FBGC per implant revealed a trend towards reduced formation in mice that
received injections of spheres (Fig. 6F). However, the difference in the number of FBGC/
implant was not significant.

DISCUSSION
In the present study, we examined the effect of profuse phagocytic stimulation via
microspheres on the participation of macrophage cell lines and BMM in FBGC formation
via IL-4-mediated fusion. While we did observe a trend of reduced fusion correlating to
increased phagocytic stimulation, it was also clear that macrophages are still capable of
robust fusion even when stimulated to engage in phagocytosis in this model system. This is
a potential important finding for the clinical application of implantable biomaterial devices,
as this study suggests that prevention of FBGC formation in vivo is unlikely to be achieved
by an intervention designed to invoke a phagocytic phenotype in macrophages recruited to
the implant site. Rather, it appears that inhibition of the fusogenic activity of macrophages,
while not impairing their phagocytic capacity, is a more promising approach. Thus, the
decoupling of these two processes is critical for design of new strategies to improve implant
biocompatibility, consistent with our previous findings 16.

Both fusion and phagocytosis have been shown to depend on a variety of common
molecules, however, it should be noted that there are many different mechanisms by which
phagocytosis occurs, depending greatly on the characteristics of the entity to be
phagocytosed 9. Similarly, macrophage fusion can be stimulated by a variety of fusogens
17–19. We chose to utilize an IL-4 mediated fusion assay for our in vitro studies because of
its common use in assays of FBGC in vitro and its previously characterized association with
phagocytosis 8. Polystyrene microspheres without surface functionalization were selected as
a stimulus for phagocytosis for these studies because of their monodispersity, relative
inertness, and reported uniform uptake by macrophages 21, all of which enable similar
stimulation to each cell in a large population. Furthermore, phagocytosis of these particles in
not necessarily associated with a particular receptor 21, leading to more generalizable
results. Despite these careful selections, extrapolation of these results to other fusion
systems and phagocytic mechanisms should be made with caution owing to the documented
differences between different macrophage fusion systems 19.

Numerous studies have described both phagocytosis and fusion in monocyte and
macrophage cell lines 11,18–20. We performed a detailed examination of IL-4 mediated
fusion in several cell lines and found them to be sub-optimal in comparison to BMM. In our
hands, only RAW264.7 cells displayed fusion that was sensitive to a Rac1 inhibitor. This
finding is consistent with our previous observations in BMM 16 and suggests that IL-4
mediated fusion is similar in primary cells and cell lines. Despite this similarity, we opted to
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perform the remainder of our in vitro experiments with BMM due to the low overall fusion
observed in RAW264.7 cell cultures. This decision was supported by recent findings of
Chamberlain et al demonstrating phenotypic inequities between several murine monocyte/
macrophage cells lines and primary mouse bone marrow-derived cells 19. Specifically, this
study described significant differences in the expression of cell adhesion and activation
receptors among cell lines and primary cells. In addition, the study demonstrated that cell
lines displayed suboptimal cytokine expression in response to lipopolysaccharide, prompting
the investigators to raise caution regarding the use of macrophage cell lines in
biocompatibility studies. Our findings of reduced fusogenic capacity of several macrophage
cell lines are consistent with the limited suitability of these cells in the analysis of
macrophage-biomaterial interactions.

To our knowledge, this is the first study designed to rigorously evaluate the potential of a
dose-dependant effect of phagocytic stimulation by microspheres on macrophage fusion. As
a concept, it is intriguing to presume that macrophages that come in contact with biomaterial
surfaces become frustrated by their inability to engage in phagocytosis and subsequently
activate fusion-specific pathways 6. We hypothesized that if such a mechanism existed,
macrophages engaged in phagocytosis might be compelled to ignore a fusogenic stimulus.
We did observe a substantial trend towards reduction in IL-4 induced fusion associated with
profuse phagocytic stimulation by microspheres. The finding that BMM multinucleation is
unaffected by intense phagocytic stimulation of this type indicates that the observed
reduction is likely due to fewer macrophages participating in the fusion process. However,
the overall findings of the present study suggest that, under normal conditions, macrophages
are fully capable of fusing while engaged in phagocytosis, consistent with observations in
osteoclast cultures 15. In addition, these observations are in harmony with the notion that
phagocytosis and fusion are controlled by pathways that can function independently 16.
Furthermore, we show that even in the presence of an abundant phagocytic stimulus in
culture, BMM fusion still occurs at levels similar to that in conditions without a stimulus.

To confirm the relevance of our in vitro findings, we examined fusion in the presence of a
phagocytic stimulus in vivo. An intraperitoneal implant model was chosen based on its
extensive use in examination of macrophage function 22,28,29. First, we determined the
kinetics of macrophage adhesion and FBGC formation on the surface of a cellulose filter, a
commonly used implant model for the study of FBGC formation and the FBR 20,30,31.
Additionally, to determine the number of microspheres needed to achieve a 10:1 sphere:cell
ratio in vivo, we quantified the maximum level of macrophage recruitment following
implantation. Consistent with other models of inflammation, such as peritonitis, we detected
increased macrophage recruitment from 12 to 48 hours 32. In order for the in vivo model to
provide a concurrent phagocytic and fusogenic stimulus, it was critical to evaluate the
kinetics of macrophage adhesion and fusion at the implanted biomaterial surface so that a
time point at which injected microspheres would be expected to be present and acting as
phagocytic stimuli to cells at the biomaterial surface prior to FBGC formation could be
selected. Analysis of peritoneal lavage fluid at day 14 indicated the presence of cells
containing spheres, suggesting that our injections presented a persistent phagocytic stimulus.
Thus, we believe an environment was created that presented mouse peritoneal macrophages
with both phagocytic and fusogenic stimuli in vivo. Consistent with our in vitro studies, we
observed a trend towards reduction in fusion associated with abundant phagocytic
stimulation but, overall, fusion was robust. Microspheres were also detected in the capsules
surrounding implanted filters, suggesting the participation of phagocytic cells in the FBR.
Thus, our in vitro and in vivo findings point towards independent, non-sequential activation
of fusion and phagocytosis in macrophages participating in the FBR.
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It is still not known why and how FBGC form at the surface of biomaterials. Macrophages
have been shown to be extremely versatile, able to undergo phenotypic changes based on the
context of their microenvironment. For example, they have been shown to differentiate into
a variety of cell types including dendritic cells 33, foam cells 34, and osteoclasts 35. The
latter are the closest relative to FBGC, and their formation has not been linked to
phagocytosis 36. Based on our findings in this study, we conclude that BMM fusion is
largely independent of phagocytosis induced by microspheres in the situation of FBGC
formation at the surface of an implanted biomaterial. Supporting evidence for this assertion
can be found in several elegant studies that have shown an association between FBGC
formation, the surface properties of biomaterials and the presence of various proteins 37–39.
Thus, macrophages are capable of detecting chemical and molecular cues with precision and
reacting accordingly. Because of this impressive capacity, we conclude that exploring the
decoupling of phagocytosis and fusion will yield important targets for more effective
therapeutic interventions for improving biomaterial implant biocompatibility.
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Figure 1.
Monocyte/macrophage cell lines exhibit low fusogenic potential. Representative images of
Wright-Giemsa stained mouse macrophage cell lines J7746b (A) and RAW264.7 (B) under
normal culture conditions. IL-4/GM-CSF treatment resulted in morphological changes in
both J7746b (C) and RAW264.7 (D), however overall fusion levels were significantly lower
than observed in macrophages and multinucleated cells contained, on average, 5 or less
nuclei (arrows, C, D). Images are representative fields from three independent experiments.
Bar = 50 μm (A–D).
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Figure 2.
Inhibition of Rac1 activation limits fusion in RAW264.7 cells. RAW264.7 cells, visualized
by staining of the actin cytoskeleton with rhodamine-phalloidin (red) and nuclei with DAPI
(blue) were cultured in the presence of IL-4/GM-CSF and the absence (A, C) or presence (B,
D) of 25μM Rac1 inhibitor (NSC23766) for 4 days. (A) Fusion was evident at day 4, with a
reduction (B) associated with Rac1 inhibition. When 3.0μm- diameter fluorescent
microspheres (green) were added at a 10:1 sphere:cell ratio, phagocytosis was evident in
both the absence (C) and presence (D) of NSC23766. Images are representative fields from
3 independent experiments. (E–F) Fusion and phagocytosis in RAW264.7 cells were
assessed in the presence of NSC23766 and the former showed a significant reduction in
fusion. Triplicate wells were prepared in 3 distinct experiments and values represent mean +
S.E.M., n=3. Bar = 25 μm (A-D).
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Figure 3.
Phagocytic stimulation by microspheres does not prevent fusion in vitro in BMM. IL-4/GM-
CSF treatment (Fusion) induced significant fusion in BMM (B) compared to control (No
Fusion) (A). Introduction of 3.0 μm-diameter polystyrene microspheres as phagocytic
stimuli at microsphere:cell ratio of 1:10 ratio (+ 1:10), 1:1 ratio (+ 1:1), and 10:1 ratio (+
10:1) did not cause a significant reduction in fusion (E). (G) Fusion was assessed in BMM
without (white bars) or with 10:1 microspheres:cells (black bars) at 3,5, and 7 days and was
not significantly reduced at any time point. (H) The average number of nuclei per giant cell
was not significantly lower between the same two groups at any time point. Analysis was
performed in 30 randomly selected fields per condition. Triplicate wells were prepared in 5
distinct experiments and values represent mean + S.E.M., n=5. Bar = 50 μm (A–E).

Jay et al. Page 13

J Biomed Mater Res A. Author manuscript; available in PMC 2011 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Monocyte/macrophage recruitment and adhesion following biomaterial implantation. (A)
Lavage fluid from the peritoneal cavity of mice implanted with Millipore filters for 12 h,
and 1, 2, and 8 d was isolated and analyzed by flow cytometry for the presence of
macrophages with the F4/80 antibody. (B) Sections of filters were also stained with the
macrophage-specific antibody Mac 3 and the number of adherent cells was quantified (B).
(C–F) Representative images of Mac-3-stained filters (*) recovered at 12 h (C), 24 h (D), 48
h (E), and 8 d (F). Immunoreactivity was detected with the peroxidase reaction (brown
color) and sections were counter-stained with methyl green. Arrows in C–F, indicate
adherent macrophages and arrowhead in F indicates a FBGC. n = 5. Bar = 50 μm (C–F).
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Figure 5.
Microspheres co-localize with FBGC in vivo. Representative images of filters retrieved
from mice 14 d following implantation and injection of 5×107 microspheres are shown. (A)
Image of filter stained with DAPI shows accumulation of nuclei on the filter surface,
including clusters indicative of FBGC formation (arrows). (B) Image of the same field
showing the presence of FITC-coated microspheres. (C) Merge of A and B showing co-
localization of FBGC and microspheres (arrows), n = 6. Scale bar = 100 μm (A–B).
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Figure 6.
Introduction of polystyrene microspheres during the FBR does not inhibit fusion of mouse
peritoneal macrophages in vivo. (A, B) Representative images of unfused cells from lavage
fluids obtained from mice injected with microspheres at time 0 (A) and 48 h (B) are shown;
arrows indicate cells with internalized spheres. (C) Representative image of H&E-stained
sections from experimental (+ microspheres) implant (*) groups shows FBGC formation
(arrows). (D, E) Stained cryosections (DAPI (blue nuclei), phalloidin (red, cytoskeleton)
show the presence of microspheres (arrows indicate green fluorescence) near the filter
surface (*). (F) The numbers of FBGC per implant after 14 days were quantified from
histological images from control mice (black bar), and mice injected with spheres at time 0
(white bar) and 48 h post-implantation (hatched bar). Data was gathered from 20 randomly
selected fields per implant per group and represents mean + SD; n=6. Bar = 50 μm (A–E).
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