Chapter 7
Macrophage Fusion and Multinucleated Giant Cells
of Inflammation

Amy K. McNally and James M. Anderson

Abstract Macrophages undergo fusion with other macrophages to form the hallmark multinucleated
giant cells of chronic inflammation. However, neither the existence of distinct morphological types
of giant cells, the signaling pathways that induce their formation, the molecular mechanism(s) of
macrophage fusion, nor the significance of macrophage multinucleation at chronic inflammatory sites
are well understood. Our efforts have been focused on these unknowns, particularly as they relate
to the foreign body-type giant cells that form on implanted biomaterials and biomedical devices.
We have pursued the discoveries of human macrophage fusion factors (interleukin-4, interleukin-13,
a-tocopherol) with emphasis on foreign body giant cells, and identified adhesion receptors and sig-
naling intermediates, as well as an adhesion protein substrate (vitronectin) that supports macrophage
fusion. Studies on the molecular mechanism of macrophage fusion have revealed it to be a mannose
receptor-mediated phagocytic process with participation of the endoplasmic reticulum. Further phe-
notypic and functional investigations will foster new perspectives on these remarkable multinucleated
cells and their physiological significances in multiple inflammatory processes.

7.1 Introduction

Multinucleated giant cells have long been regarded as hallmark indicators of chronic inflammatory
processes. As early as 1868, Langhans reported unusual giant cells containing multiple peripherally-
arranged nuclei in the granulomas of tuberculosis [1]. Other than this long-standing link with chronic
inflammation, however, we know relatively little about these intriguing cells and even less about why
they appear where and when they do.

In many cases where giant cells are observed, there is a definable pathological agent, such as in
tuberculosis, in which the causative organism is a mycoplasma. Additional examples of known causes
are persistent bacterial, viral, parasitic, or fungal infections. In other cases, giant cells arise where the
chronic inflammatory cause is not precisely known, for example, in sarcoidosis, rheumatoid arthritis,
and certain neoplasias [2]. Of particular interest for our research, giant cells appear where there is a
non-phagocytosable foreign body in the form of an implanted biomedical device or biomaterial [3]. In
fact, so-called foreign body giant cells have been observed to interface with vascular, cardiovascular,
orthopedic, and breast prostheses for periods extending to 15 years [4] and to occupy as much as 25%
of implant surface area [5]. Therefore, they are a prominent cell type on biomaterials and have been
widely linked to the biodegradation of certain biomedical polymers in vivo.
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From a cell biological perspective, the most interesting and striking feature of giant cells is that
they are actually multinucleated macrophages, formed by macrophage fusion with other macrophages
[6, 7]. Other well known examples of cell—cell fusion, such as myoblast fusion, sperm/ovum fusion,
or osteoclast formation, are clearly function-driven aspects of normal physiology. In contrast, and
because macrophages in their mononuclear form appear to be effective in other immune and inflam-
matory scenarios, the biological basis of macrophage multinucleation at various sites of chronic
inflammation remains only speculative. For example, “frustrated phagocytosis” has been suggested
as a driving force for multinucleation [8], which could potentially serve to combine phagocytic
forces that are otherwise ineffective. An alternative possibility is that macrophage multinucleation
might function to sequester a nonphagocytosable foreign body in order to protect host tissues from
the adverse consequences of an on-going chronic inflammatory response. In a polarized cell type,
as has been proposed by Vignery [9], both of these situations could be the case. Nevertheless, the
single common denominator in these otherwise pathologically distinguishable scenarios appears to
be the persistent, i.e. unresolvable by phagocytosis, presence of foreign microorganisms or materials.
Beyond this, the precise molecular mechanism of macrophage fusion has not been elucidated, and the
potential physiological significance of multinucleation itself, so key to understanding these cells, is as
yet unclear.

7.2 Morphological Types of Multinucleated Giant Cells

A further dimension to these unknowns stems from the existence of morphological “variants” of
multinucleated giant cells, of which there are two major recognized types. These have also long
been observed, and yet their potential differences have been largely, and even surprisingly, over-
looked. However, in order to advance our understanding of multinucleated macrophage biology, we
must begin to view distinct morphological types as more than vague “variants” of the same thing. In
keeping with structure/function relationships in biological systems, our in vitro findings with human
macrophage fusion support this view and raise new questions on the potential significances of types
of multinucleation.

The type of giant cell originally observed by Langhans is consistently circular or ovoid in shape
with a limited number of nuclei, often arranged in a characteristic circular or semi-circular “horse-
shoe” pattern (Fig. 7.1a). These multinucleated cells vary somewhat in diameter but seldom exceed

Fig. 7.1 Micrographic images of (a) LGC or (b) FBGC giant cell morphological types induced with IFN-y + IL-3
or IL-4, respectively. The inset at lower left in (a) is an enlargement of the multinucleated cell seen at the top right
corner of the same image. It demonstrates a random nuclear arrangement under LGC-inducing conditions, illustrating
how classification of giant cells by morphology alone has generated confusion in the literature
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50 microns, nor do they normally contain more than about 10-20 nuclei, which indicates a limited
potential for macrophage fusion. Langhans-type giant cells (LGC) are commonly seen in association
with granulomas due to chronic microbial infections [10].

Quite unmistakably distinct from LGC are the foreign body-type giant cells (FBGC) which are
found interfacing with foreign materials such as surgical sutures or implanted biomedical devices
(Fig. 7.1b). These exhibit an irregularly-shaped cytoplasm which is highly variable in size. Numbers
of nuclei in FBGC are also widely variable and range from ten to many tens to even hundreds within
a cytoplasm that may exceed one millimeter in diameter [5, 11]. This suggests that, unlike LGC,
a mechanism to restrict degrees of fusion does not operate in FBGC. In further contrast to LGC,
FBGC exhibit no definable patterns of nuclear arrangments, with multiple nuclei randomly scattered
throughout the extensive cytoplasm of these irregularly-shaped cells.

There also exists a gray area between these two readily identifiable giant cell types, which is occu-
pied by multinucleated cells with relatively few nuclei (usually around 3—10) and no particular pattern
of nuclear arrangement (for example, the multinucleated cell in the top right corner of Fig. 7.1a, which
is enlarged in the inset at lower left). This is the cell type that is responsible for apparent confusion
in the literature because: (1) the classification of giant cells is as yet insufficiently based almost com-
pletely on morphology, and (2) macrophage fusion leading to giant cell formation is a morphological
continuum, of which we can glimpse only part. Although their random nuclear arrangements usually
place these cells in the foreign body giant cell category, this may, in fact, be misleading. Obviously,
they could be precursors to larger and more highly multinucleated FBGC. However, they may actu-
ally be LGC precursors, i.e in the early stages of formation, post several fusion events but prior to the
circular or semi-circular arrangement of nuclei. Finally, they could represent a non-Langhans-, non-
foreign body-type giant cell. Further studies focused on the phenotypes and functions of morphologic
types of giant cells are rquired to illuminate these unknowns.

7.3 Differential Signaling Pathways for Macrophage Multinucleation

In our in vitro studies with human monocyte-derived macrophages, we were able to demonstrate that
the FBGC and LGC morphologies clearly arise under the influences of very different cytokines. As
depicted in Fig. 7.2, FBGC can be induced by interleukin (IL)-4 [11] or IL-13 [12], or, as we later
discovered, by a non-cytokine moiety, a-tocopherol [13]. Alternatively, LGC generation is mediated
by interferon (IFN)-y plus a macrophage maturation factor [11, 14]. The FBGC or LGC generated
in our parallel in vitro systems were morphologically indistinguishable from those observed adher-
ent to implanted biomaterials or in association with infectious granulomas, respectively. Both IL-4
and IFN-y had been previously linked to macrophage fusion [14-17]. It was difficult to compare
these investigations, however, because of considerable variations in cell sources and culture condi-
tions. We demonstrated that, under otherwise identical culture conditions, these two distinct cytokines
induced two morphologically distinguishable types of giant cells from human blood monocyte-derived
macrophages [11]. This indicated, for the first time, that the occurrence of distinct types of giant cells
at chronic inflammatory sites may represent different host responses to diverse inflammatory stimuli.

7.3.1 Interleukin-4 and Interleukin-13

Our early efforts to establish an in vitro system of human macrophage fusion that would dupli-
cate FBGC morphology were aided by a study from Mclnnis and Rennick [15], who, working
with IL-4-treated mouse bone marrow macrophages, were able to achieve a fusion rate of approxi-
mately 10%. However few, the FBGC that they generated were morphologically very similar to the
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Fig. 7.2 Morphologically distinct types of giant cells are induced by differential cytokine signals from human
blood monocyte-derived macrophages in vitro. IL-4, IL-13, or a-tocopherol promotes the formation of foreign body-
type giant cells (FBGC) on implanted biomaterials. FBGC vary greatly in cytoplasmic areas and numbers of randomly-
arranged nuclei. In contrast, Langhans-type giant cells (LGC) are induced by IFN-y in the presence of a macrophage
maturation factor such as GM-CSF, M-CSF, or IL-3. LGC are relatively much smaller and are characterized by a circular
or semi-circular arrangement of nuclei within an ovoid cytoplasm. At longer culture times, LGC develop pyknotic
nuclei, indicating apoptosis, whereas pyknotic nuclei are not observed in FBGC

FBGC observed on retrieved biomedical materials. Other investigators had, up to that point, also
reported varying degrees of human macrophage fusion using INF-y [14, 16] or supernatant from
lectin-stimulated mononuclear leukocytes [17-19], but these cultures mainly appeared to produce
“polykaryons” which bore no resemblance to giant cells observed in vivo [16] or Langhans-type
multinucleated cells [14, 17], which are not oberved interfacing with implanted biomaterials [3]. In
two of these studies, each attempted to extend the finding of McInnis and Rennick from mouse to
human monocytes/macrophages. They were each unsuccessful, concluding that IL-4 was not a human
macrophage fusion factor and that the effect observed by McInnis and Rennick was a species-specific
one [14, 17]. However, these investigators had added IL-4 directly to human monocytes in culture,
which actually inhibits monocyte adhesion [20]. Instead, our approach provided a period of monocyte-
to-macrophage development prior to the addition of IL-4. Thus, we were able to demonstrate that
IL-4 is indeed a potent human macrophage fusion factor [11], and that the process of IL-4-induced
FBGC formation requires a degree of macrophage development prior to the induction of fusion. We
initially found that this could be achieved by the inclusion of macrophage maturation factors, such as
granulocyte-macrophage colony-stimulating factor (GM-CSF), macrophage (M)-CSF, or IL-3 in the
cultures [11]. However, mauration factors do not, by themselves, induce fusion and are not required for
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IL-4-induced fusion per se. We later learned that if monocytes/macrophages were cultured on chemi-
cally supportive surfaces, such as arginine-glycine-aspartate (RGD)-modified cell culture polystyrene,
the addition of IL-4 only was sufficient to induce FBGC formation [21]. At the time, IL-13 was also
emerging as alternative macrophage activation cytokine with multiple activities that were similar to
IL-4. Therefore, we tested IL-13 under the same culture conditions that had been established for 1L-4
and discovered that it, too, was a potent human macrophage fusion factor that, by itself, could induce
the formation of FBGC in a manner indistinguishable from that of IL-4 [22]. In vivo studies confirmed
arole for IL-4 in FBGC formation on biomaterials [23]. Our more recent in vivo efforts with athymic
(nude) mice suggest that Th2 lymphocytes are not the source of IL-4/IL-13 [24]. Other possibilities
include mast cells, eosinophils, basophils, natural killer (NK) lymphocytes, and NKT lymphocytes
[25, 26]. These avenues remain to be addressed.

7.3.2 Interferon-y

In parallel cultures and under identical conditions, we tested IFN-y as a fusion factor compared
to IL-4. We found that IFN-y induced fusion leading to the formation of LGC only [11]. Unlike
FBGC formation, IFN-y-mediated fusion does require the cocommitant presence of a macrophage
maturation factor, which can be either granulocyte-macrophage colony-stimulating factor (GM-CSF),
macrophage-CSF, or IL-3 [11]. As illustrated in Fig. 7.2, LGC appear to have a limited lifespan,
as nuclear pyknosis occurs with continued culture times, whereas FBGC cultures do not develop
pyknotic nuclei (our unpublished observations). In the presence of IL-4, apoptosis does not occur
[27], and the resultant FBGC exhibit morphologically normal nuclei.

7.3.3 a-Tocopherol

It was also intriguing that vitamin E incorporated in a poly(etherurethane) biomaterial induced
increases in FBGC formation yet decreases in biomaterial degradation in vivo ( [28] and unpublished
data). This was the first evidence to disconnect IL-4-induced macrophage fusion from biomed-
ical polymer degradation. In vitro studies to directly pursue this revealed that vitamin E (90%
a-tocopherol) moderately induced macrophage fusion and increased IL-4-induced FBGC forma-
tion. However, the purified a-tocopherol isomer alone most remarkably induced macrophage fusion,
leading to cultures of confluent FBGC below normal plasma tocopherol concentrations [13]. This
was not the case with the structurally similar antioxidants probucol or Trolox, suggesting that the
a-tocopherol effects on FBGC formation were independent of its antioxidant activity. In this regard,
multiple activities of a-tocopherol have been described that are independent of its antioxidant prop-
erties, including effects on phospholipase Ay, protein kinase C (PKC), adhesion, and diacylglycerol
kinase activity ([29] and see below). This study revealed that a-tocopherol is yet a third as well as
the most potent human macrophage fusion factor, inducing striking multinucleated giant cells of the
foreign body-type.

7.4 Mechanisms of Adhesion that Support FBCG Formation

Based on our collective experiences, monocyte-derived macrophage fusion leading to FBGC or LGC
formation requires adhesion success. This is highly dependent on culture material surface chem-
istry and/or adsorbed blood proteins [21, 30]. Culture materials that do not support initial monocyte
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adhesion and its ensuing macrophage morphological development (cytoplasmic expansion) beyond
monocyte adhesion cannot support giant cell formation. Apparently, this requires the engagement
of select integrins with appropriate adsorbed protein ligands to initiate activation of specific adhe-
sion signals. Our investigations on adhesion mechanisms that support FBGC formation have focused
on specific components of adhesion success. These include the adsorption of appropriate blood
proteins or the provision of a supportive culture material surface, the identification of relevant adhesion
receptors (integrins), integrin-mediated signaling (adhesion kinases), cytoskeletal responses (microfil-
aments and microtubules), and the assembly of focal adhesion structures (podosomes). In addition, we
have pursued mechanisms of material-dependent adhesion failure, or anoikis (apoptosis) as a means
of intervention in the process of FBGC formation on biomaterials.

7.4.1 Adhesion Receptors (Integrins)

Initial efforts to identify adhesion receptors that support FBGC formation revealed that both $1 and
B2 integrins mediated adhesion during IL-4-induced FBGC formation [31]. Initial monocyte adhe-
sion required functional B2 integrins, whereas, during the IL-4 induction of macrophage fusion, an
additional dependence on functional B1 integrins was acquired. Of note, we did not find a functional
role for B3 integrins in FBGC formation, nor did we detect 3 integrin in our culture system. This
indicated that FBGC adhesion differs from that of osteoclasts, which utilize « VB3 integrins for adhe-
sion to bone [32]. Subsequent studies focused on the identities of the a integrin partners to these
heterodimeric adhesion receptors [33]. Immunoprecipitation of fusing macrophage/FBGC lysates
with anti-f1 integrin and immunoblotting revealed the presence of a5 and aV, as well as a2 and
a3. As expected, aM and aX immunoprecipitated with f2 but not with 1. We did not detect a4 or
several other 8 integrin partners. Immunocytochemistry coupled with confocal microscopy indicated
that a5 and aX are poorly expressed on day 0. However, following the induction of macrophage fusion
by IL-4 on day 3, they were each readily detectable in fusing macrophages/FBGC on day 7. In con-
trast, aM and 'V were present throughout the culture period, with very strong aM and aX expression
on day 7. We also demonstrated expression and co-localization of a3, a5, or aV with 81 on fusing
macrophages/FBGC at this time point as well as strong co-localization of aM and aX with B2 at
cell—cell fusion interfaces. Therefore, IL-4-induced FBGC are characterized by the expression of
aMB2 and aXp2 > a5P1 and aVP1 > a3p1 and a2B1. Thus, 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, including complement C3, fib-
rin(ogen), fibronectin, Factor X, vitronectin, certain collagens, laminin, and perhaps others as new
ligands for these receptors become known.

7.4.2 RGD and Vitronectin

Initially, we discovered that arginine-glycine-aspartate (RGD)-modified culture polystyrene supported
optimal monocyte-to-macrophage development in the absence of any other macrophage matura-
tion factors [21], suggesting that an adhesion protein(s) containing this prototypical cell attachment
sequence [34] is critical for this morphological progression. Combined with our later integrin recep-
tor findings, we directly addressed the identification of relevant ligand(s) for these adhesion receptors.
The approach was to adsorb potential integrin protein ligands to polystyrene culture surfaces. We
thereby found that IL-4-induced FBGC formation did not proceed in vitro on material adsorbed
with complement C3bi, fibrinogen, plasma fibronectin, cell-derived (fibroblast) fibronectin, collagen
types I or IV, or laminin [30]. Surprisingly, these proteins also completely restricted macrophage
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adhesion and development and FBGC formation on RGD-modified surfaces, our optimal FBGC sub-
strate material. In striking contrast, FBGC formation readily occurred on adsorbed vitronectin, which
contains the RGD cell attachment sequence, and this effect of vitronectin was comparable to FBGC
formation on adsorbed RGD peptide. Therefore, although fusing macrophages/FBGC express several
B1 and B2 integrins and thereby would appear to possess broad ligand binding potential, they selec-
tively utilize specific adhesive proteins to support macrophage adhesion and fusion leading to FBGC
formation. Although fibrinogen, fibronectin, collagens, and laminin are well known to support the
adhesion of multiple other cell types, they do not support macrophage development leading to FBGC
formation. These findings indicate that the optimal cell binding RGD adhesive sequence for FBGC
formation is presented in the blood-derived protein vitronectin, and that the propensity for vitronectin
adsorption may be one mechanism for the material surface chemistry dependency of FBGC formation
on biomaterials.

7.4.3 Adhesion Kinases

Integrin activation is a process in which conformational changes that increase integrin ligand bind-
ing affinity occur [35]. In phagocytic cells, activation leads to integrin clustering, which promotes
intracellular signaling pathways that collectively control cytoskeletal rearrangements and formation
of adhesion structures. These, in turn, support cell mobility, survival, and synthetic abilities. The
integrin signaling proline-rich tyrosine kinase-2 (PYK2) is a member of the focal adhesion kinase
(FAK) family and is highly expressed in macrophages [36]. PYK2 is co-localized with paxillin, talin,
vinculin, and aMB2 integrin in cell adhesion structures termed podosomes (see below). PYK?2 is tyro-
sine phosphorylated upon macrophage adhesion and has been functionally linked to integrin-mediated
regulation of cell spreading and migration [36]. We have demonstrated strong signals for FAK and
PYK2 in whole cell lysates of IL-4-induced fusing macrophages/FBGC, the expression of which
each increases during macrophage development and FBGC formation [37]. Further, FBGC adhesion
was abrogated by the tyrosine kinase inhibitor genistein and by the phosphatidylinositol-3-kinase
inhibitors wortmannin and LY294002 [31].

7.4.4 Microfilaments and Microtubules

Our early inhibitor studies demonstrated that F-actin was necessary for IL-4- or IL-13-induced FBGC
formation because cytochalasins, which disrupt actin microfilaments, inhibited macrophage fusionin a
concentration-dependent manner [38]. Importantly, the concentrations of cytochalasins that interfered
with fusion did not decrease macrophage adhesion, cytoplasmic spreading, or motility but did prevent
internalization of yeast via mannose receptor-mediated phagocytosis. This indicated that the mecha-
nism of fusion is related to phagocytosis (see below, Molecular Mechanism of Macrophage Fusion).
Furthermore, nocodazole restricted macrophage fusion in a concentration-dependent manner, pointing
to an additional role for microtubules in this phenomenon [39].

7.4.5 Podosomes

Podosomes are specialized macrophage adhesion structures located at the cell/substrate interface
where actin microfilaments terminate at the cell membrane [40]. We have noted that podosomes are
a striking feature of FBGC, which display dense peripheral rings of these adhesion structures [12].
Surrounding the actin microfilament core, podosomes are specifically associated with B2 integrins
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in the membrane and are composed of gelsolin, paxillin, talin, vinculin, and other proteins, such as
the actin-bundling protein, fascin-1 [41]. Beta integrin subunit binding by talin is the last common
step in integrin activation and is believed to represent the center of converging integrin activation sig-
nals leading to formation of adhesion structures [35]. Adhesive structural proteins (gelsolin, paxillin,
talin, fascin-1) are detectable during macrophage development and strongly up-regulated in fusing
macrophages/FBGC on RGD-modified surfaces in vitro [37].

7.4.6 Adhesion Failure (Anoikis)

The alternative to adhesion success is anoikis, which is defined as apoptosis specifically due to adhe-
sion failure [42]. Anoikis is a normal biological mechanism for the control and regulation of cell
proliferation and tissue development. Cell death signaling by this mechanism is believed to be regu-
lated by the cytoskeleton. Our in vitro observations have been that monocytes initially adhere quite
well to most surfaces. However, those that fail to maintain adhesion and undergo macrophage mor-
phological development, i.e. cytoplasmic spreading, apparently do not survive and/or cannot form
FBGC. Thus, whether adhesion signals that promote integrin clustering, adhesion kinase activation,
cytoplasmic spreading, and adhesion structure (podosome) formation are initiated and maintained
is evidently determined by the material adherence substrate. Exploiting this natural cellular phe-
nomenon to better understand the material surface chemistry dependence of macrophage survival
and FBGC formation on biomaterials, we have evaluated apoptosis on several types of modified
materials by measuring early and late events in apoptosis. As initial studies with differentially-
modified polystyrenes had indicated, macrophage development and FBGC formation are highly
material surface-dependent [43]. We found that a mechanism for this phenomenon is the biomate-
rial surface chemistry-dependent induction of apoptosis [44—46]. In addition, we found that activation
of caspase-3, an intermediate indicator of apoptosis signaling, in inflammatory cells under shear stress
leads to cell detachment [47]. It is of particular interest that caspases are known to cleave gelsolin, an
important component of podosomes, and thereby disrupt adhesive interactions, leading to apoptosis/
anoikis [42].

7.5 Molecular Mechanism of Macrophage Fusion

7.5.1 A Role for Mannose Receptors (MR)

Upon the establishment of our in vitro system of IL-4-induced FBGC formation, we could begin to
address the moleular mechanism of macrophage-macrophage fusion. Inasmuch as IL-4 was reported
to most stongly induce MR on macrophages, a finding which fostered the concept of “alternative
activation” [48], we tested the effects of previously described inhibitors of MR activity on IL-4-
induced FBGC formation [49]. Patterns of inhibition were consistent with participation of MR in
the mechanism of fusion, and MR were found to be specifically up-regulated by IL-4 in our culture
system and concentrated at fusion interfaces [49]. The formation of LGC, induced by a cytokine-
enriched supernatant from lectin-stimulated mononuclear leukocytes, was also inhibited by a-mannan
[43], indicating that similar mechanisms of fusion may operate to induce both types of giant cells.
At that time, the MR was already well known for its key role in innate immunity via the clearance
of microorganisms bearing terminal mannose oligosaccharides from mammalian tissues. Our data
revealed a novel function for this endocytic/phagocytic receptor in the formation of multinucleated
macrophages.
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7.5.2 A Phagocytic Mechanism for Fusion with Participation
of the Endoplasmic Reticulum

We extended these findings as well as our previously demonstrated requirements for F-actin in
macrophage fusion with similarities to phagocytosis [38] and found that macrophage fusion leading
to FBGC formation exhibits multiple additional features of phagocytosis [39]. Exploiting multi-
ple pharmacological inhibitors, we discovered critical roles for vacuolar-type ATPase, microtubules
(see above) and the endoplasmic reticulum (ER) in macrophage fusion. Further, we found a spe-
cific requirement for the calcium-independent phospholipase A, (iPLAj), but not calcium-dependent
PLA, (cPLAj), secretory PLA, (sPLAj), cyclooxygenase, or lipoxygenase in the mechanism of
fusion. Immunocytochemistry confirmed iPLA, expression and absence of cPLA, or sPLA; expres-
sion in macrophages/FBGCs. As markers of ER-mediated phagocytosis, calnexin and calregulin
were detectable on non-permeabilized fusing macrophages and also concentrated at fusion interfaces
where they co-localized with actin in permeabilized macrophages/FBGCs. Furthermore, ER markers
co-localized with concanavalin A reactivity, which is a marker of potential MR ligand, on non-
permeabilized fusing macrophages, suggesting that the ER may present relevant MR ligand at fusion
interfaces. These data demonstrated for the first time that the mechanism of macrophage fusion lead-
ing to formation of multinucleated giant cells occurs by ER-mediated phagocytosis. We believe that
these findings reveal a mechanism by which such extensive degrees of cell—cell fusion and cytoplasmic
spreading, characteristic features of these remarkable multinucleated cells, can take place.

7.5.3 Diacyl Glycerol (DG)-Dependent and -Independent PKCs

To further investigate the macrophage fusion signaling pathways that promote and support FBGC
formation, we investigated the participation of PKC in the IL-4-induced fusion of human monocyte-
derived macrophage in vitro [50]. The PKC inhibitors H-7, calphostin C, and GF109203X attenuated
macrophage fusion, whereas H-8, which is more selective for PKA and PKG, did not. Macrophage
fusion was also prevented by the phospholipase C inhibitor, Et-18-OCH3, the PKC isoform inhibitors
GO6983 or rottlerin and by peptide inhibitors for PKC (20-28), PKCp, or PKC¢ but not by HBDDE
or peptide inhibitors for PKCe or PKA. In cultures of fusing macrophages/FBGCs, we detected only
PKCa, B, 3, and ¢ by immunoprecipitation and immunoblotting, and we also observed strong expres-
sion of these isoforms by immunocytochemistry. Our collective results suggest that the vy, €, n, i, 6,
or L PKC isoforms are not required in the mechanism of IL-4-induced macrophage fusion; whether
PKCua is required is unclear. However, new evidence is provided that FBGC formation is specifi-
cally supported by PKCB, PKC3, and PKCt in combined diacylglycerol-dependent (PKCp and PKC38)
and -independent (PKCt) signaling pathways. Importantly, inhibition of PKCP and PKC3 do not affect
macrophage development or cytoplasmic spreading during monocyte-to-macrophage differentiation
but interfere with FBGC formation at the point of macrophage fusion. In contrast, inhibition of PKCg
has more drastic effects on the morphological progression by restricting early events that must support
macrophage development and cytoplasmic spreading. Whether PKCt is also required for macrophage
fusion itself cannot be determined from the present studies. The collective data from studies of PKCp,
d, and ¢ suggest that these isoforms play prominent roles in phagocytosis signaling as well as in
migration and macrophage differentiation [51-54].

7.5.4 Diacylglycerol Kinase

Consistent with the reported activation of diacylglycerol kinase by a-tocopherol, we found that
the diacylglycerol kinase inhibitor R59022 completely abrogates FBGC formation [13]. R59022
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inhibition of IL-4-induced FBGC formation is reversed by a-tocopherol, suggesting that FBGC
formation induced by both fusion factors requires diacylglycerol kinase activation. This study sug-
gests a novel role for diacylglycerol kinase in the mechanism of macrophage fusion/FBGC formation
at sites of chronic inflammation. Diacylglycerol kinase converts diacylglycerol to phosphatidic acid,
which may act as a fusogenic lipid in membranes [55]. Consistent with this, we discovered that propra-
nolol, which also promotes phosphatidate formation, greatly enhances IL-4-induced FBGC formation
(unpublished data).

7.5.5 Matrix Metalloproteinase (MMP)-13

A role for MMPs in IL-4-induced macrophage fusion was indicated by pharmacological inhibition
with actinonin, which inhibits aminopeptidases such as collagenase MMPs and blocks approxi-
mately 60% of macrophage fusion at 50 uM [56]. In addition, CL-82198, reported to be a selective
inhibitor of MMP-13 that does not affect MMP-1 or MMP-9, strongly inhibits fusion by approxi-
mately 60% between 1 and 5 WM. Epigallocatechin gallate, which inhibits MMP-2, MMP-9, and
MMP-12, and NNGH, which inhibits MMP-3 and MMP-12 do not restrict macrophage fusion at the
relevant concentrations [56]. Finally, we confirmed that MMP-13 is detectable in lysates of fusing
macrophages/FBGC (unpublished finding).

7.6 Phenotypic and Functional Profiles of Multinucleated Giant Cells

New perspectives continue to emerge on “classical” versus “alternative” macrophage activation, phe-
notype acquisition, and switching [57-60]. The concept of alternative macrophage activation was
introduced to distinguish Th2 lymphokine (IL-4)-activated from Th1 lymphokine (IFN-y)- or classi-
cally activated macrophages [48, 61]. IL-4 (as well as its relative IL-13) has evolved as a prototypical
alternative macrophage activation signal, as its effects on monocytes/macrophages are largely antag-
onistic to those of IFN-y. Therefore, IL-4 promotes a macrophage phenotypic profile that is distinct
from the classically activated macrophage generated by the pro-inflammatory cytokine IFN-y.

For example, MR-mediated phagocytosis is strongly induced by IL-4 and inhibited by IFN-y,
which instead supports IgG-mediated phagocytosis. The production of pro-inflammatory cytokines
(IL-1, IL-6, tumor necrosis factor-a) is induced by IFN-y but inhibited by IL-4, which instead induces
anti-inflammatory cytokines (IL-1 receptor antagonist and IL-10), thereby promoting wound healing
and matrix deposition. Reactive oxygen and nitrogen species are induced by IFN-y, but IL-4 inhibits
these activities and instead induces arginase-1 (in the mouse), which mediates collagen deposition and
tissue repair.

Collectively, the classically activated macrophage exhibits capacities for cellular immunity, micro-
bicide, and tissue damage, whereas alternatively activated macrophages exhibit enhanced capacities
for humoral immunity, allergic responses, and repair processes such as fibrosis, matrix remodel-
ing, phagocytosis, and, notably, down-modulation of inflammation [62—65]. Thus, it is reasonable
to predict, in keeping with current views of structure/function relationships in biological systems,
that morphologically distinct types of giant cells induced by IL-4 (or IL-13) and IFN-y will prove to
exhibit distinguishable phenotypes and possess distinct functional capacities.

The FBGC that form on implanted materials have been widely believed to directly bring
about the degradation of certain implanted biomaterials, negatively impacting their efficacy and
biocompatibility. This perspective stems from early scanning electron micrographic analyses, which
revealed pitting and cracking on poly(etherurethane) biomaterial surfaces in FBGC “footprints”,
i.e. areas from which adherent FBGC had been removed [66]. This seemed to indicate, and it was
thus was inferred, that polymer degradation resulted from concentration of phagocytic oxidative and
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microbicidal activities within an acidic closed compartment or microenvironment at the
FBGC/biomaterial interface.

Paradoxically, this perspective appears to be incompatible with our subsequent findings on FBGC
formation. Of three discovered human macrophage fusion factors, IL-4, IL-13, and a-tocopherol
[11, 13, 22], each is well and widely known, not to promote, but to down-modulate so-called ““pro-
inflammatory” and oxidative activities of macrophages. IL-4 and IL-13 are cytokines which each
exert inhibitory effects on respiratory burst activity, the expression and secretion of pro-inflammatory
cytokines, monocyte adhesion to endothelium, cytotoxic activities, and chronic destructive experimen-
tal arthritis [62, 67]. Instead, they induce mannose receptor expression, wound healing, angiogenesis,
and tissue remodeling [61, 63, 65, 68].

Our findings with a-tocopherol, which is not a cytokine but the major component of vitamin E,
further oppose the view that FBGC are the perpetraters of oxidative damage to biomedical poly-
mers. In addition to its well known antioxidant properties and host tissue protective effects [69],
a-tocopherol exerts non-antioxidant effects on macrophages, including the activation of diacylglyc-
erol kinase related to production of phosphatidic and lysophosphatidic acids, actin polymerization,
chemotaxis, cellular migration, and cell survival [29, 70-73]. Interestingly, a-tocopherol induces con-
nective tissue growth factor (CTGF), which may promote connective tissue fibrosis at sites of chronic
tissue injury and wound healing [74]. Accordingly, we have identified CTGF in cultures of fusing
macrophages/FBGC (unpublished data). This may indicate that CTGF is synthesized and secreted by
macrophages/FBGC at sites of biomaterial implantation.

Resolution of this apparent paradox is possible, however, if one supposes that biomaterial-adherent
monocyte-derived macrophages initially exhibit a pro-inflammatory and oxidative phenotype with
capacities for biomaterial surface degradation. Subsequently, this phenotype could undergo down-
modulation by IL-4- and/or IL-13 signaling in a process of alternative macrophage activation that
is accompanied by fusion of the adherent macrophages. The resultant biomaterial-adherent FBGC
would exhibit capacities for wound healing, angiogenesis, and/or tissue remodeling, and yet the “foot-
prints” of pro-inflammatory and oxidative activities would remain on the biomaterial surface and
appear to have been mediated by the FBGC. If so, and if one could accelerate IL-4-induced alterna-
tive macrophage activation and FBGC formation, biomaterial degradation should be reduced. This is
consistent with our observed decreased biomaterial degradation coupled with increased FBGC for-
mation on vitamin E-modified poly(etherurethane) in vivo (unpublished data). Whether decreased
biomaterial degradation resulted from the antioxidant activity of vitamin E and/or to vitamin E
(a-tocopherol)-mediated increases in FBGC formation remains an intriguing question.

Accordingly, our in vitro studies on cytokine production by biomaterial-adherent monocytes,
macrophages, and IL-4-induced FBGC support the concept of a time-dependent phenotypic switch.
Initially, we found a cytokine switch from a pro-inflammatory to an alternative macrophage activation
phenotype and a dissociation between pro-inflammatory cytokine production and FBGC formation
[75]. In additional cytokine array studies aimed at determining the direct influences of lymphocytes
in co-culture with monocytes/macrophages, we discovered that temporal patterns of cytokine produc-
tion switch from an initial pro-inflammatory phenotype with IFN-y production [76]. Further, when
acute inflammatory cells (polymorphonuclear leukocytes) are included in initial co-culture with mono-
cytes/macrophages (from day 0 to day 3), they exert a negative influence on subsequent IL-4-induced
FBGC formation [77].

7.6.1 FBGC Versus Osteoclasts

Regarding the above-mentioned functional differences between giant cell types, it is now clear that
osteoclasts differ from FBGC by several significant criteria. Most obviously, although both cell types
are multinucleated and of monocyte-derived macrophage origin, osteoclasts are a feature of normal,
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non-inflammatory physiology [32]. FBGC, on the other hand, arise only under conditions of chronic
inflammation [2, 3]. In addition and as discussed, FBGC are induced by IL-4 both in vitro and in vivo,
but osteoclast formation and mature osteoclast function are inhibited by IL-4 [78]. Conversely, osteo-
clasts are formed under the influences of receptor activator of nuclear factor-kB ligand (RANKL)
and tumor necrosis factor-a, the latter of which does not support FBGC formation [11]. In terms
of adhesion, osteoclasts adhere to bone via aVB3 and aVP5 integrin interactions with osteopontin
and bone sialoprotein [32]. Adhesion mechanisms that operate in FBGC do not include 3 inte-
grins but, as outlined above, appear to involve aMB2, aXp2, aVP1, perhaps additional B1 integrins,
and adsorbed vitronectin [30, 31, 33]. The role of B5 integrins in FBGC adhesion has not yet been
addressed. Phenotypic studies to probe for the expression of recognized osteoclast markers in IL-
4-induced FBGC indicate that these multinucleated giant cells do not express tartrate-resistant acid
phosphatase or calcitonin receptors (manuscript in preparation), further differentiating FBGC from
osteoclasts.

7.7 Summary

Our perspectives on giant multinucleated cells of inflammation have evolved considerably in the last
two decades. Significant progress has been made in determining macrophage fusion factors, signaling
pathways, adhesion receptors/proteins, and fusion mechanisms for FBGC formation. Importantly and
based on their generation from clearly opposing signaling pathways, the long-observed morphological
distinctions between FBGC and LGC now extend to potential phenotype and function. Macrophage
multinucleation is apparently a much more complex phenomenon than the coincidental existence of
giant cell “variants”. Further studies on these intriguing cells, directed at establishing new phenotypic
classifications between types of giant cells, will broaden our perspectives of chronic inflammatory
processes and perhaps reveal additional complexities therein. Ongoing investigations will ultimately
reveal the physiological significances and roles played by these remarkable cells in inflammation.
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