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Abstract

An in vitro system of interleukin (IL)-4-induced foreign body giant cell (FBGC) formation was
utilized to define the adhesion protein substrate(s) that promotes this aspect of the foreign body
reaction on biomedical polymers. Human monocytes were cultured on cell culture polystyrene
surfaces that had been pre-adsorbed with a synthetic arginine-glycine-aspartate (RGD) peptide
previously found to support optimal FBGC formation, or with various concentrations of potential
physiological protein substrates, i.e. complement C3bi, collagen types | or 1V, fibrinogen, plasma
fibronectin, fibroblast fibronectin, laminin, thrombospondin, vitronectin, or von Willebrand factor.
Cultures were evaluated on days 0 (1.5 hr), 3, and 7 by May-Grinwald/Giemsa staining. Initial
monocyte adhesion occurred on all adsorbed proteins. However, by day 7 of culture, only
vitronectin was striking in its ability to support significant macrophage adhesion, development,
and fusion leading to FBGC formation. Vitronectin supported high degrees of FBGC formation at
an absorption concentration between 5 and 25 pg per ml. These findings suggest that adsorbed
vitronectin is critical in the collective events that support and promote FBGC formation on
biomedical polymers, and that the propensity for vitronectin adsorption may underlie the material
surface chemistry dependency of FBGC formation.
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Introduction

Inflammatory cell interactions are known to significantly impact the function of medical
devices, prostheses, and biomaterials and can contribute to their clinical failure (1-4).
Adherent monocyte-derived macrophages and foreign body giant cells (FBGC) are
prominent features of the chronic inflammatory cellular response and are believed to control
biocompatible outcomes for both host tissue and implanted biomaterial via multiple
mechanisms. These include the secretion of reactive oxygen intermediates and the
production of chemokines and cytokines that promote cellular accumulation and
proliferation.
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Material surface property-dependent blood protein adsorption occurs immediately upon
surgical implantation of a biomedical device (5), and it is therefore the blood protein-
modified material surface that all inflammatory leukocytes encounter as a potential adhesion
substrate (1,6). However, the specific blood protein and cell adhesion receptor interactions
that mediate inflammatory cell adhesion to biomaterials have not yet been clearly
demonstrated.

In previous studies, we identified the B1 and 32 integrin families as necessary and sufficient
mediators of adhesion during monocyte-to-macrophage development and interleukin (IL)-4-
induced FBGC formation (7). Integrins comprise a large group of heterodimeric
transmembrane molecules that mediate both cell-extracellular matrix and cell-cell
interactions (8). These receptors are well known as important mediators of adhesion
signaling between the extracellular and intracellular environments (9). Further identification
of specific a partners to these B integrins led to the following integrin expression profile for
IL-4-induced FBGC: aMP2, aXp2, a5p1 > aVp1 > a3p1 and a2pl (10). Therefore,
monocytes/macrophages and FBGC express a select group of adhesion receptors with
potential for binding to specific blood proteins that may adsorb to biomaterials and to
extracellular matrix proteins (11-13).

Through the RGD (arginine-glycine-aspartate) cell attachment sequence in protein ligands,
members of the B1 integrin family can bind collagens (CNs), fibronectin (FN), laminin (LN),
or vitronectin (VN); the interaction between FN and a5B1 is a classic example (14,15).
Consistent with this, we have demonstrated that RGD-modified surfaces are an optimum
substrate for macrophage development and IL-4-induced FBGC formation (7,16). In
addition to their roles in leukocyte extravasation to inflammatory sites (17), aMp2 and aXf2
are capable of interactions with multiple ligands to mediate cell-particle or cell-substrate
interactions and the induction of B1 integrin expression (18,19). These include blood
proteins, i.e. C3bi and fibrin(ogen) (FG), adsorbed to material surfaces (11-13). Notably,
VN has also been identified as an adhesion ligand for aMp2 (20).

Based on our collective experiences with FBGC, adhesion success is required for
macrophage fusion leading to FBGC formation, which is highly material surface property-
dependent (21-26). Materials that do not support adhesion and macrophage morphological
development, i.e. cytoplasmic spreading, are poor substrates for IL-4-induced macrophage
fusion and FBGC formation. Apparently, the appropriate adsorbed protein ligands are
required to engage particular integrins that initiate activation of specific adhesion signals in
what is termed “outside-in signaling” (9). In phagocytic cells, integrin activation leads to
integrin clustering, adhesion kinase activation, cytoskeletal responses, and the formation of
podosome adhesion structures (27,28). Macrophages and FBGC, in particular, exhibit
distinct peripheral rings of podosomes (29). These, in turn, support cell mobility, survival,
and synthetic abilities (9).

The alternative to adhesion success is anoikis, or apoptosis specifically due to adhesion
failure. Anoikis is a normal biological mechanism for the control and regulation of cell
proliferation and tissue development (30,31). Cell death signaling by this mechanism is
believed to be regulated by the cytoskeleton. Our in vitro observations have been that
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monocytes initially adhere quite well to most surfaces. However, those that fail to maintain
adhesion and support cytoplasmic spreading apparently do not survive and/or cannot form
FBGC. Related to this, we have also discovered that monocyte/macrophage anoikis/
apoptosis is a material surface-dependent phenomenon (32-35). Thus, whether adhesion
signals that promote integrin activation, cytoskeletal responses, and podosome formation are
engaged such that macrophage development can proceed is evidently determined by
material-dependent protein adsorption.

In this study, we sought to further illuminate specific adhesive interactions that support
macrophage development and promote IL-4-induced FBGC formation. Our approach was to
adsorb cell culture polystyrene with potential blood and extracellular matrix protein ligands
for the identified f1 and B2 integrins on fusing macrophages and FBGC. Utilizing our in
vitro system of macrophage culture and fusion, we then asked whether monocyte-to-
macrophage development and IL-4-induced macrophage fusion leading to FBGC formation
could proceed on these adsorbed protein substrates.

Materials and Methods

All purified human proteins were from Calbiochem-EMD Biosciences (La Jolla, CA),
except LN, which was from Sigma-Aldrich (St. Louis, MO). The RGD (arginine-
glycineaspartate) peptide was also from Sigma-Aldrich and was reconstituted according to
manufacturer's instructions to a 1 mg per ml stock solution and stored at room temperature.

Adsorption of Cell Culture Polystyrene with Blood Proteins or RGD peptide

All proteins were reconstituted as directed by the manufacturer and diluted to working
concentrations in PBS containing Ca** and Mg** (PBS**). Adsorption was carried out at
the indicated concentrations (Figure legends) for 1 hr at 37°C in 0.1 ml volumes in 96-well
Falcon culture plates (Becton Dickinson, Franklin Lakes, NJ). Unadsorbed proteins were
then removed by vacuum aspiration and the wells were each washed two times with 0.2 ml
PBS** just prior to the addition of monocytes. Solutions of RGD peptide were similarly
adsorbed for 20 min at room temperature, aspirated, and washed twice before adding
monocytes. A protein assay (BCA, biscinchoninic acid, Pierce, Rockford, IL) was
performed in separate wells according to assay instructions to confirm adsorption of proteins
to cell culture polystyrene.

Monocyte/macrophage Culture and Induction of Macrophage Fusion/FBGC Formation

Human monocytes were isolated and cultured as previously described (7,12). Briefly, 2 x
10° monocytes per well were added to 96-well RGD- or protein-adsorbed culture plates in
0.1 ml of serum free medium for macrophages (SFM, Invitrogen, Grand Island, NY)
supplemented with 20% autologous serum. After 1.5 h at 37°C, non adherent cells were
removed by washing with PBS** at 37°C, and either fixed with methanol or recovered with
0.2 ml of unsupplemented SFM, and incubated for 3 days at 37°C in a humidified
atmosphere of 95% air and 5% CO,. On day 3, the monocytes/macrophages were either
fixed with methanol or the medium was replaced with 0.2 ml of SFM with 5% heat-treated
autologous serum (1 hr at 56°C) and 15 ng/ml recombinant human IL-4 (R&D Systems,
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Minneapolis, MN). The macrophages were then incubated until day 7, when the plates were
washed twice with PBS** at 37°C, and fixed with methanol. All fixed cultures were stained
with May-Griinwald/Giemsa for evaluation of cellular morphology, adhesion, and %
macrophage fusion. This is an established culture system in which 15 ng per ml of IL-4
induces high degrees of human monocyte-derived macrophage fusion over a period of 7-10
days on RGD-modified surfaces (7,36 and see Figure 1).

Determination of Adhesion and FBGC Formation (Percent Fusion)

Results

Macrophage adhesion and fusion were simultaneously evaluated by counting the average
number of adherent cells in representative low power (20X) microscopic fields (~250 cells)
and recording the number of cells per unit area and the percentage of nuclei within
multinucleated cells (cells with > 2 nuclei). Results represent the mean + SEM of data from
at least three different monocyte donors. Statistical significance was assigned at the 95%
confidence level using the unpaired Student's t-test. Photomicrograph images were obtained
using a Nikon DXM-1200 digital camera (Nikon, Melville, NY) with ACT-1 software in
single image acquisition mode and are representative of results from at least three different
donors.

Monocyte-to-Macrophage Development and FBGC Formation on Adsorbed RGD

We previously demonstrated that IL-4-induced macrophage fusion and FBGC formation
occurs optimally on culture surfaces modified with the RGD integrin cell attachment
sequence as a synthetic RGD peptide (7,16). Therefore, we included RGD peptide as a
positive control substrate in these studies. A representative photomicrograph of monocyte-
to-macrophage development and FBGC formation on adsorbed RGD peptide is shown in
Figure 1, in which it can be seen that there is a high degree of initial monocyte adhesion
(day 0) followed by macrophage development (day 3) and excellent IL-4-induced FBGC
formation (day 7). Note the extensive cytoplasmic spreading on this material which begins
around day 3 and is remarkable following macrophage fusion on day 7.

Monocyte/Macrophage/FBGC Adhesion on Adsorbed Blood or Matrix Proteins

In order to discover a physiologic protein substrate for FBGC formation, we targeted various
purified blood and extracellular matrix proteins that are known ligands for the integrins
previously determined to be expressed on fusing macrophages and FBGC (7,10). These
proteins and their potential integrin receptors are shown in Table 1. In addition, because we
previously found no role for $3 integrins in adhesion during macrophage development and
fusion (7,10), we also included human plasma von Willebrand Factor (VWF), which is
reported to bind to both a3 and allbp3 (13), as a negative control protein in these studies.

Proteins were adsorbed to standard cell culture polystyrene as described in Methods.
Monocytes were added and the cultures continued until day 7, with IL-4 added to induce
macrophage fusion on day 3. At each time point (day 0, 3, or 7), cells were washed and
fixed for evaluation of adhesion. The results are shown in Figure 2, in which it can be seen
that monocyte (day 0) adhesion occurs on adsorbed CN I, C3bi, FG, FN, VN, and RGD but
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is highest on RGD and VVN. Adsorbed CN 1V, fibroblast FN, LN, TSP, and vVWF also
support monocyte adhesion (not shown). By days 3 and 7, however, significant numbers of
adherent macrophages remain only on adsorbed and VN and RGD.

Monocyte-to-Macrophage Development and FBGC Formation on Adsorbed Blood or Matrix

Proteins

Monocyte-to-macrophage development and FBGC formation were also evaluated by
morphology on days 0, 3, and 7. Representative results are depicted in Figure 3, which, as
adherent cell numbers indicate in Figure 2, demonstrate considerable monocyte adhesion on
day 0, with a greater degree of adhesion on adsorbed VN than on CN I, C3bi, FG, or FN. On
day 3, although some adherent cells still remain on the latter proteins, essentially no
macrophage morphologic development occurs on these substrates. In contrast, the many
adherent cells on adsorbed VN clearly exhibit macrophage development in terms of
cytoplasmic spreading at this time point. Consistent with this, adsorbed VN is the only blood
or matrix protein substrate that supports IL-4-induced FBGC formation on day 7. The
morphology of FBGC on adsorbed VN (Fig. 3) is not distinguishable from that on adsorbed
RGD peptide (Fig. 1). In addition, at adsorption concentrations of 25 pg per ml, VN supports
high degrees of macrophage fusion that are comparable to those supported by the RGD
peptide-adsorbed substrate (Fig. 4).

We then asked whether relative amounts of proteins adsorbed to polystyrene culture wells
could account for the observed differences in macrophage adhesion, development, and
fusion. In Table 2, protein assay data are shown, which demonstrate that following
adsorption and washing to remove unadsorbed proteins, all tested proteins are readily
detectable. The highest relative adsorption occurs with FG, plasma FN, and vVWF. Therefore,
the striking differences between VN and other proteins in supporting macrophage adhesion,
development, and fusion are not due to marked differences in their abilities to adsorb to the
culture material.

Macrophage Fusion and FBGC Formation on Adsorbed VN are Concentration-Dependent

Further experiments to determine the optimum adsorption concentration of VN for FBGC
formation reveal that VN supported FBGC formation is concentration-dependent and occurs
well below the 200-400 pg per ml normal concentration of VN in blood plasma (37). Figures
5 and 6 demonstrate FBGC morphologies and degrees of macrophage fusion, respectively,
on different concentrations of adsorbed VN. If no VN is adsorbed, there is poor macrophage
adhesion and development and essentially no FBGC formation. In contrast, adsorption from
only 2.5 pg per ml of VN results in extensive macrophage adhesion and cytoplasmic
spreading with moderate FBGC formation. Greater extents of FBGC formation occur when
culture surfaces have been exposed to a solution of 5 pg per ml VN. Increasing VN
concentrations beyond 5 pg per ml does not significantly increase macrophage fusion at this
day 7 time point (Fig. 6). We do note, however, apparent increases in FBGC cytoplasmic
spreading with VN concentrations up to 25 ug per ml (Fig. 5), and we find that lengthening
the culture period to 10 days with an additional dose of 1L-4 added on day 7 also increases
overall FBGC formation (A.K. McNally and J.M. Anderson, unpublished data).

J Biomed Mater Res A. Author manuscript; available in PMC 2014 November 11.
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Discussion

In summary, these studies identify the blood protein VN as a critical adhesion substrate for
IL-4-induced FBGC formation. By targeting integrin adhesion receptors with potential
adsorbed protein ligands, we find that 1L-4-induced FBGC formation does not proceed in
vitro on material adsorbed with complement C3bi, FG, plasma FN, cell-derived (fibroblast)
FN, CN types | or IV, or LN. In striking contrast, FBGC formation readily occurs on
adsorbed VN, and this effect of VN is comparable in degrees of macrophage fusion and in
FBGC morphology to FBGC formation on adsorbed synthetic RGD peptide. Therefore,
although fusing macrophages/FBGC express several B1 and 32 integrins and thereby possess
broad ligand binding potential, they appear to selectively utilize VN to support macrophage
adhesion and fusion leading to FBGC formation. Although FG, FN, CNs, and LN are well
known as adhesion substrates for multiple other cell types, they do not support I1L-4-induced
FBGC. Therefore, these findings further suggest that a material-dependent propensity for
VN adsorption may be a mechanism for the material surface dependency of FBGC
formation on biomaterials (21-26).

The VN adsorption concentration that supports optimal FBGC formation in our culture
system (between 5 and 25 pg per ml) is physiologically relevant, i.e. it is well below that of
normal blood plasma, which is 200-400 pg per ml (37). The FBGC morphology obtained on
adsorbed VN is similar to that observed on RGD-modified polystyrene material in our
culture system (7,38) and on retrieved biomaterials (39) and is consistent with known
utilization of the RGD motif during VN-mediated cell adhesion (40). These results do not
rule out roles for other serum components in FBGC formation. However, they do point to a
selective requirement for macrophage adhesive interactions with adsorbed VN in
macrophage development leading to FBGC.

In addition, the present results are consistent with both our 3 and a integrin findings (7,10)
and further suggest that VN interacts with aMpB2 (20) throughout the culture period and with
aVP1 following macrophage development and fusion. Since aXp2 mimics multiple other
aMp2 binding characteristics (C3bi, fibrinogen), the present findings also raise the question
of whether aXp2, which is strongly expressed in fusing macrophages/FBGC (10), is able to
bind VN.

The inabilities of other tested proteins to support IL-4 induced FBGC formation in vitro
does not appear to stem from decreased degrees of initial monocyte adhesion to these
adsorbed components. Rather, it appears be related to comparatively poor macrophage
adhesion and development, which is observable on days 3 and 7 of the culture period. This
suggests that successful monocyte/macrophage adhesion signaling and adhesion structure
formation does not occur on these apparently unfavorable protein substrates, and apoptosis/
anoikis is the outcome (30,31). Further studies of the mechanisms of adhesion failure on
these adsorbed proteins are necessary to determine whether or not this is the case.

VN is known to outcompete FN for adsorption to cell culture polystyrene from fetal bovine
serum (41,42). However, when allowed to adsorb to culture surfaces in the absence of other
competing proteins, FN nevertheless does not support IL-4-induced FBGC formation. In

J Biomed Mater Res A. Author manuscript; available in PMC 2014 November 11.
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addition, other potentially relevant blood proteins, e.g. C3bi and FG, or extracellular matrix
components, e.g. CNs and LN, do not support FBGC formation when adsorbed alone.
Therefore, in spite of the subsequent presence of serum VN during initial monocyte
adhesion and during the induction of macrophage fusion, the prior adsorption of these
particular proteins restricts macrophage development and FBGC formation. This raises the
possibility that they may be exploited to modulate FBGC formation on biomedical materials.

In this regard, material surface chemistry likely plays a key role in the adsorption of VN
from a complex mixture of blood proteins, such that material-dependent competitive
adsorption of other components, e.g. FN or FG, actually undermines VN-supported FBGC
formation. The present discovery that VN is a critical protein adhesion substrate for 1L-4-
induced FBGC formation provokes speculation that material surface chemistry-dependent
VN adsorption may underlie the mechanism for the material surface dependency of FBGC
formation (21-26). This is also supported by our earlier report in which, based on its
adsorption strength to surfaces that supported high degrees of IL-4-induced FBGC
formation, VN was postulated to play a role in FBGC formation (43).

The present study targeted selected proteins and matrix components which are potential
ligands for integrins that have been demonstrated to mediate adhesion during IL-4-induced
FBGC formation (7,10). It did not address roles for additional blood proteins or components,
such as (heterologous) 1gG, which has been reported to support macrophage adhesion in
vitro (44), but does not promote FBGC formation (A.K. McNally and J.M. Anderson,
unpublished data) and is not known to be an integrin ligand.

We note that these findings prompt further comparisons between the I1L-4-induced FBGC
and the bone-resorbing osteoclast, another type of multinucleated macrophage that also
utilizes VN as an adhesion substrate. However, osteoclasts are not induced by IL-4 or IL-13
and are reported to interact with VN via aV3 and aVVB5 integrins (45). Although we cannot
rule out participation of a V5, we do not detect p3 integrins on fusing macrophages/FBGC
(7,10). In addition, functional blockade of 1 and 2 integrins with neutralizing antibodies is
sufficient to inhibit 90% of macrophage/FBGC adhesion to RGD-modified surfaces (7).

Predictably, surface modifications that inhibit, attenuate, or alter the progression of the
chronic inflammatory cell response will ultimately enhance the function of biomedical
devices. These studies provide support for the concept that material-dependent adhesion
mechanisms lead either to adhesion success or adhesion failure (anoikis) of inflammatory
cells, and, once understood, these mechanisms may potentially be targeted for control.
Further investigation of material-dependent VN adsorption and its role in the macrophage/
FBGC-mediated foreign body reaction in vitro and in vivo will advance our understanding of
these mechanisms.
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Fig. 2.
Adhesion to protein- or RGD-adsorbed polystyrene. Proteins or RGD peptide were adsorbed

at a concentration of 25 pg per ml. Following removal of unadsorbed proteins by washing,
monocytes were plated and cultured for 1.5 hr (day 0), or until days 3 or 7 and stained with
May-Grlnwald/Giemsa. FBGC formation was induced with 1L-4 on day 3. Adhesion was
determined as described in Methods. Results represent mean adherent cell number £ SEM, n
= 3 different monocyte donors. *Significantly different from other adsorbed proteins
(P<0.05).
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plated and cultured for 1.5 hr (day 0), or until days 3 or 7, and stained with May-Grunwald/

C3bi, FG, FN, or VN were adsorbed at a concentration of 25 pg per ml. Monocytes were
Giemsa. FBGC formation was induced with IL-4 on day 3. 20X

Monocyte-to-macrophage development and FBGC formation on adsorbed proteins. CN I,

Fig. 3.
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VN

RGD

Macrophage fusion protein- or RGD-adsorbed polystyrene. Proteins or RGD peptide were
adsorbed at a concentration of 25 pg per ml. Monocytes were plated and cultured for 7 days
as described in Methods with the IL-4-induction of macrophage fusion on day 3. Following

May-Grlnwald/Giemsa staining, percent macrophage fusion was determined. Results

represent mean % fusion £ SEM, n = 3 different monocyte donors. *Significantly different

from other adsorbed proteins (P<0.05).
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Fig. 5.
VN-supported IL-4-induced FBGC formation: Concentration dependence. VN was not

adsorbed or adsorbed at 2.5, 5, or 25 ug per ml, and monocytes were plated and cultured for
7 days as described in Methods with the IL-4-induction of macrophage fusion on day 3.
May-Grinwald/Giemsa. 20X
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Fig. 6.

Vlgl—supported IL-4-induced macrophage fusion: Concentration dependence. VN was not
adsorbed or adsorbed at the indicated concentrations, and monocytes were plated and
cultured for 7 days as described in Methods with the IL-4-induction of macrophage fusion
on day 3. Following May-Griinwald/Giemsa staining, percent macrophage fusion was
determined. Results represent mean % fusion + SEM, n = 3 different monocyte donors.
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Adsorbed proteins to target identified macrophage/FBGC integrins (7,10,13,15,20).

Table 1

Adsorbed Protein

Abbreviation  Source

Integrin

Complement C3bi
Fibrino(gen)
Collagen type |
Collagen type IV
Fibronectin, cellular
Fibronectin, plasma
Laminin
Thrombospondin

Vitronectin

C3bi Human plasma
FG Human plasma
CNI Human placenta
CN IV Human placenta
FNc Human fibroblast
FN Human plasma
LN Human placenta
TSP Human platelet
VN Human plasma

aMB2, aXp2
aMB2, aXp2, a5p1
a2pl, a3pl

a2pl

a3pl, a5pl, aVpl
a3pl, a5pl, aVpl
a2pl, a3pl

a3pl

a3pl, aVpl, aMp2
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Table 2

Relative adsorption of proteins to cell culture polystyrene.

Adsorbed Protein Abbreviation  pg per ml
Complement C3bi C3bi 15.8+0.8
Collagen type | CN 1 13.1+1.0
Fibrinogen FG 24.9+0.5
Fibronectin, cellular FNc 21.0+1.0
Fibronectin, plasma FN 30.1+1.2
Thrombospondin TSP 17.440.9
Vitronectin VN 16.5+0.6
Von Willebrand Factor  vVWF 32.2+¢0.7

Page 18

Proteins were adsorbed from solutions of 50 pg per ml for 1 hr at 37°C. The Pierce BCA assay was performed in each well after aspirating and
washing twice to remove unadsorbed proteins. Relative ug per ml were obtained using a bovine serum albumin standard curve. Values represent

the means + SEM, n = 3.
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