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ABSTRACT 

Macrophage fusion resulting multinucleated giant cells (MGCs) formation is associated with 

numerous chronic inflammatory diseases including the foreign body reaction to implanted 

biomaterials. Despite long-standing predictions, there have been attempts to use live-cell 

imaging to investigate the morphological features initiating macrophage fusion because 

macrophages do not fuse on clean glass required for most imaging techniques. Consequently, 

the mechanisms of macrophage fusion remain poorly understood. The goal of this research 

project was to characterize the early and late stages of macrophage multinucleation using 

fusogenic optical quality substrate. Live-cell imaging with phase-contrast and lattice-light 

sheet microscopy revealed that an actin-based protrusion initiates macrophage fusion. WASp-

deficient macrophages and macrophages isolated from myeloid cell-specific Cdc42-/- mice 

fused at very low rates. In addition, inhibiting the Arp2/3 complex impaired both the formation 

of podosomes and macrophage fusion. 

Analyses of the late stages of macrophage multinucleation on biomaterials implanted into 

mice revealed novel actin-based zipper-like structures (ZLSs) formed at contact sites between 

MGCs. The model system that was developed for the induction of ZLSs in vitro allowed for 

the characterization of protein composition using confocal and super-resolution microscopy. 

Live-cell imaging demonstrated that ZLSs are dynamic formations undergoing continuous 

assembly and disassembly and that podosomes are precursors of these structures. It was further 

found that E-cadherin and nectin-2 are involved in ZLS formation by bridging the plasma 

membranes together.  
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Macrophage fusion on implanted biomaterials inherently involves their adhesion to the 

implant surface. While biomaterials rapidly acquire a layer of host proteins, a biological 

substrate that is required for macrophage fusion is unknown. It was shown that mice with 

fibrinogen deficiency as well as mice expressing fibrinogen incapable of fibrin polymerization 

displayed a dramatic reduction of macrophage fusion on biomaterials. Furthermore, these mice 

were protected from the formation of the dense collagenous capsule enveloping the implant. It 

was also found that the main cell type responsible for the deposition of collagen in the capsule 

were mononuclear macrophages but not myofibroblasts. Together, these findings reveal a 

critical role of the actin cytoskeleton in macrophage fusion and identify potential targets to 

reduce the drawbacks of macrophage fusion on implanted biomaterials.  
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                                                             CHAPTER 1 

INTRODUCTION 

1.1 The role of cell-cell fusion in biology of eukaryotic organism 

Cell-cell fusion is the process of physical merging of phospholipid bilayers of two 

adjacent cells, followed by mixing the cytoplasmic content. The process of cell-cell fusion 

is essential for variety of eukaryotic organisms because the fusion process is at least 

involved in the life cycle of many eukaryotes (Radzvilavicius et al., 2016). The difference 

in the fusion events is based on the composition of the membrane, the proteins involved in 

regulation, and the condition under they proceed. Although the mechanisms of fusion 

events have not been elucidated yet, the presence of fusion proteins must present on both 

or either one of the membranes.  The essential feature of fusion proteins is their necessity 

and sufficiency for the fusion events. In other words, the presence of these fusion proteins 

is required for the fusion and incorporation of them into non-fusing membranes is sufficient 

for the progression of fusion. Both features characterize the essence of the fusion proteins 

(Weber et al., 1998).   

1.1.1 Types of cell-cell fusion 

 In general, cell-cell fusion diverges into sexual and asexual subtypes.  For instance, 

the mating of the unicellular yeast Saccharomyces cerevisiae, the fusion of the egg and 

sperm in all vertebrates, or the process of fertilization in plants, protists, and invertebrates 

is a result of the fusion of two cells (Hartwell et al., 1980). Asexual type of fusion events 

is mechanistically and functionally diverse compared to sexual. This type of fusion is 
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widely observed among somatic cells. Various physiological aspects of human body rely 

on the fusion of somatic cells. For example, osteoclast fusion occurs during bone 

reabsorption, the fusion of myoblasts is required to form muscle tissue, or the fusion of 

trophoblast cells is essential for the formation of the placenta. Even though the fusion of 

cells is part of human physiology, they are also a part of some pathological conditions and 

associated with diseases like tuberculosis, rheumatoid arthritis, and cancer (Anderson et 

al., 2000).  

Cell-cell fusion is additionally classified into homo and heterotypic subdivisions. 

Sexual cell-cell fusion belongs to heterotypic cell-cell fusion due to differences in fusing 

cells' phenotypes, whereas asexual cell-cell fusion belonging to somatic cells is mainly 

homotypic and includes with occasional exceptions when fusing cells are different.  

1.1.2 Cellular and molecular mediators of cell-cell fusion 

Intracellular cell-cell fusion is highly regulated to avoid spontaneous fusion that 

otherwise would lead to randomized fusion events. Fusion is mediated by fusion proteins 

situated on the plasma membrane of fusion competent cells. Although many fusion proteins 

have been identified the precise mechanisms of cell-cell fusion remain unknown. Fusion 

proteins vary depending on the type of cells that undergo fusion. However, the basic steps 

preceding the cell-cell fusion, adhesion on a substrate, the contact of fusion competent 

cells, and fusion of two phospholipid bilayers are similar for many fusion types. 

Hemaglutinin HA2 protein subunit of influenza envelope and SNARE protein on 

intracellular membranes are the best described models of fusion proteins. (Stein, 2009). 
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HA2 on a viral envelope assembles into a six helical bundle and that is inserted into the 

host membrane bilayer whereas SNARE form four-helical bundle because of the assembly 

of proteins from two interacting membranes. Upon integration into the endosomes, the viral 

fusogens undergo proteolytic cleavage enabling them to be inserted into the host 

membrane. Further, the inserted viral fusogen undergoes a pH-dependent conformational 

change that facilitates folding, bringing two membranes close together (Eckert et al., 2001; 

Hernandez et al., 1996). The canonical SNARE proteins that catalyze the reaction of 

membrane fusion in vesicles transport is an intracellular example of fusion proteins. They 

act in complementary manner involving v-SNAREs and t-SNAREs consisting of one and 

three polypeptide chains correspondingly. The interaction of v-SNAREs and t-SNAREs 

resulting in pulling the membranes close to each other and squeezing the water molecules 

mediates the fusion of two membranes (McNew et al., 2000) (Figure 1.1).  

 

Figure 1.1 Models of membrane fusion (Chen et al., 2005).  

The fusion of two cell membranes was hypothesized to proceed similarly, using a 

fusion protein(s). However, it has been shown that most of the fusion proteins do not share 
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structural similarities with well-studied fusion proteins discovered in viral envelopes and 

intracellular compartments. Hence, the fusion proteins utilized by different variety of 

fusing cells might involve distinct ways of fusion. The evolution of fusion proteins might 

have proceeded parallel to the evolution of organisms and further diverged giving rise to 

many subtypes, hypothetically resulting in the discrete versions of fusion mechanisms. A 

brief classification of fusing cells along with potent fusion proteins is provided below.  

1. Yeast cell mating is an excellent example of the sexual subtype of fusion. It has 

been shown that the pheromone-regulated membrane proteins (Prms) display significant 

importance in the cell-cell fusion process. The structure of Prms lacks hydrophobic fusion 

peptides and does not resemble any of the viral fusion proteins (Mackay et al., 1974; 

Bardwell et al., 2005). Presumably, the yeast cell fusion mechanism utilizes different types 

of mechanisms that are distinct from viral envelope membrane fusion (Figure 1.2).  

2. About 30 percent of nematode cells undergo cell-cell fusion and form 44 

multinucleated syncytia. This process plays a vital role in the developmental process, 

where some of the organs are formed due to cell-cell fusion events.  Among several 

candidates for the fusogens responsible for the fusion events, eff-1 (epithelial fusion failure 

gene) has been identified as the most potent, demonstrating its ability to mediate the fusion 

events in epithelial cells. Compared to viral fusion proteins, eff-1 contains a different 

extracellular domain that does not act to penetrate the membrane but only facilitates the 

proper positioning of the eff-1. Thus, the fusion mechanism is thought to be distinct from 
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the fusion mechanism utilized by viruses and intracellular vesicles (Podbilewicz et al., 

2006) (Figure 1.2).  

3. The muscle differentiation, growth and regeneration in Drosophila requires 

myoblast fusion to form multinucleated muscle fibers. The myoblast fusion in Drosophila 

belongs to heterotypic cell-cell fusion, where a founder cell attracts fusion-competent 

feeder cells for the fusion event. There are two main classes of potent fusion proteins 

involved in the fusion of myoblasts. The first class corresponds to the Ig-domain containing 

proteins facing the extracellular side of the cell. Duff and Rst are essential for founder cells, 

and Sns and Hbs proteins are mostly encoded in fusion-competent cells. The second type 

of proteins that are involved in myoblast fusion is categorized as intracellular. Specifically, 

these proteins are involved in signal transduction and are thought to regulate the 

cytoskeletal rearrangement that facilitates bringing the cell membranes close to each other 

(Haralalka et al., 2010; Lee et al., 2019). On the contrary, the myoblast fusion in vertebrates 

occurs with no differentiation to founder and fusion competent cells. Vertebrate myoblasts 

utilize the Myomaker and Myomerger transmembrane proteins to facilitate the fusion, 

distinct from what was identified in Drosophila (Abmayr et al., 2003; Horsley et al., 2004). 

It has been shown that the presence of both Myomaker and Myomerger on fibroblast 

plasma membranes results in fusion (Leikina et al., 2018).   

4. Fertilization is the most common and unique type of cell-cell fusion within 

vertebrates. Before the actual membrane fusion event, the sperm cell penetrated the egg's 

outer layer to reach the egg cell membrane. Although many potential genes involved in 
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fertilization have been discovered, only CD9 directly contributes to sperm and egg 

membrane fusion events. Interestingly, CD9 lacks both hydrophobic and coiled-coiled 

extracellular domains used by viral fusogens. Hence, it was believed that CD9 is solely 

essential for organizing multiprotein fusion complex facilitating the fusion process (Kaji 

et al., 2002) However, further studies demonstrated the role of CD9 to be more associated 

with microvilli organization (Runge et al., 2007) (Figure 1.2). Another transmembrane 

protein, Izumol, residing on the sperm acrosomal membrane has been shown to be 

important for egg and sperm fusion event even though its presence is insufficient for 

membrane fusion (Inoue et al., 2005).  

5. Although the placenta in mammals is only a transient organ formed during fetal 

development, the trophoblast fusion is essential to formation of placental villi. (Cross et 

al., 1994). Specifically, trophoblast cells fuse to form the syncytiotrophoblast, a layer of 

cells that can exceed 10 m2 surface area and includes ~10 billion nuclei. The cell layer 

formed as a result of the fusion events separates fetal and maternal blood vessels. Even 

though trophoblast fusion is observed in almost all placental mammals, not many proteins 

are identified as fusogens. Syncytin, an endogenous retroviral protein has been identified 

to have a key role in the fusion. It is a single-pass transmembrane protein that is 

hypothesized to have evolved from HERV-W envelope due to its highly identical structure. 

Human and mouse placental cells express homologous syncytin proteins classified as 

syncytins (1 and 2) and syncytins (A and B), respectively (Blond et al., 1999; Dupressoir 

et al., 2005). Recently, it has been reported that the fusion of trophoblasts mediated by 

syncytins occurs by the formation of membrane protrusions morphologically like 
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podosomes (Wang et al., 2014). The correlation of syncytin location at a specific 

membrane spots and the growth of membrane protrusions as well as the mechanistic 

machinery governing the fusion remains unknown (Figure 1.2).  

6. Macrophages are another model of cells capable of fusion. There are two distinct 

types of multinucleated cells originating from the fusion of macrophages: osteoclasts and 

multinucleated giant cells. Osteoclasts are involved in bone reabsorption during the 

development and maintenance of the bone tissues. The formation of giant osteoclasts takes 

place in the presence of macrophage colony stimulating factor and RANKL by the fusion 

of preosteoclasts derived from the monocyte/macrophage lineage. As for trophoblasts, 

preosteoclast fusion is mediated by the membrane protrusions. In addition, the fusion of 

preosteoclasts is facilitated by CD9, dynamin 2, clathrin, AP-2 and Syn1. Cell-cell contact 

is one of the prerequisites for macrophage fusion and thus several transmembrane proteins 

have been identified to be involved in the fusion events, such as SIRPα (MFR), CD47, 

CD44, E-cadherin and others. Recently, we have shown that integrin Mac-1 highly 

expressed in macrophages was important for the fusion in IL-4 added in vitro model. 

Importantly, we have further shown that SIRPα is a ligand for Mac-1 and may be involved 

in macrophage fusion. (Anderson et al., 2000; Vignery et al., 2000; Podolnikova et al., 

2019) (Figure 1.2). Nevertheless, the fusion machinery complex mediating the macrophage 

fusion is poorly understood.  

1.2 Macrophage fusion and the formation of macrophage-derived multinucleated 

giant cells 
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Multinucleated giant cells are unique type of cell that derive from monocyte or 

macrophage fusion. They are actively involved in bone remodeling and in foreign body 

reaction. The different subtypes of multinucleated giant cells arise from 

monocyte/macrophages activated by distinct sets of chemical stimuli. Hence, the 

physiological role of macrophages and macrophage derived giant cells are interconnected 

and will be addressed in the next section.  

      

      

 

 

 

 

 

 

  Figure 1.2. Simplified versions of various types of cell-cell fusion events (Chen et al., 2005). 

1.2.1 Physiological roles of macrophages 

Macrophages, monocytes, and dendritic cells belong to the mononuclear phagocyte 

system (MPS) that is the part of the immune cells with phagocytic ability (Strauss et al., 

2015). Upon being derived from bone marrow monoblasts, monocytes enter the 

bloodstream and circulate up to three days and consequently infiltrate into the surrounding 



  
 
 

 

9 
 
 

 

tissue. Once they reach tissue, monocytes differentiate into macrophages (Hamilton et al., 

2008). Even though it was believed that macrophages differentiate only from blood 

monocytes, new studies have shown differentiation of liver and spleen macrophages from 

embryonic precursors (Yona et al., 2013).  

           Macrophages are the immune system's effector cells that both participate in the 

initial defense by phagocytosis of microorganisms and trigger the adaptive immune system. 

In addition, macrophages are essential for tissue repair and tissue remodeling processes 

(Mosser et al., 2008). Depending on the location macrophages reside, they differentiate 

into peritoneal macrophages, microglial cells in the central nervous system, alveolar 

macrophages in lungs, histiocytes in connective tissue, and Kupffer cells in liver and 

osteoclasts in bones. Thus, the anatomical location defines the heterogeneity of 

macrophage function. The heterogeneity of macrophage function is based on chemical 

stimuli in the area they reside. 

Macrophages possess a distinctive role during inflammation where they may act 

both as pro-inflammatory and anti-inflammatory cells. It has been demonstrated that type-

1 helper T-cell cytokines induce macrophages to become classically activated M1 

macrophages promoting inflammation. In contrast, cytokines secreted by type-2 helper T-

cell promote alternatively activated M2 macrophages suppressing inflammation by 

switching to repair and tissue remodeling mode. IFN-gamma and TNF-alpha (tumor 

necrosis factor-alpha) are the main cytokines in converting macrophages to the M1 

phenotype, whereas macrophages differentiate into the M2 phenotype via IL-4 and IL-10 
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activation (Gordon et al., 2003 and 2005; Yang et al., 2013). Upon differentiation into M1 

or M2 phenotypes, macrophages change the gene expression profile and thus start to 

encode M1 or M2 specific markers. iNOS, SOCS3 and TLR4 are the main markers of M1 

whereas Arg-1, Fizz1, MMR and others belong to M2 phenotype markers. In addition, M1 

and M2 have distinctive cytokine and chemokine secretion profile (Duluc et al., 2007).  

Classifying inflammatory macrophages into M1 and M2 phenotypes has been 

widely accepted, however, Mosser and Edwards have proposed an alternative strategy to 

classify macrophages. They proposed to classify macrophages based on their functions 

rather than markers, such as wound healing, immune regulation, and host defense (Mosser 

et al., 2008).  

           Another unique feature of macrophages is the plasticity and ability to polarize. In 

response to different environmental conditions, macrophages may switch their phenotypic 

and functional properties. It has been proposed that M1 and M2 macrophages possess the 

ability to change their phenotypes. Specifically, it has been demonstrated that the same 

population of pro-inflammatory macrophages (M1) may acquire an anti-inflammatory 

phenotype at the end of the inflammatory response. It has also been suggested that M2 

macrophages may switch to M1 phenotype in the presence of LPS (lipopolysaccharide).  

These findings demonstrate that M1 and M2 phenotypes are interchangeable (Porcheray et 

al., 2005; Zheng et al., 2013).  

1.2.2 Multinucleated Giant Cells/Foreign Body Giant Cells 
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     Multinucleated giant cells (MGCs) are extensively large cells formed due to 

monocytes/macrophages' fusion. The number of nuclei within a giant cell can reach over 

200, depending on the conditions under which it was formed. Despite the existence of 

different nomenclature for giant cells, such as multinucleated giant cells, foreign body giant 

cell (FBGC), multinucleated cells, or even "foam" cell, all of them are derived from the 

same precursor cells. Giant cells vary morphologically and functionally depending on the 

chemical environment and thus share features like macrophage plasticity. For instance, 

osteoclasts are derived from monocytes/macrophages in the presence of CSF-1 (Colony-

stimulating factor-1) and RANKL (Receptor activator of nuclear factor kappa-B ligand). 

In contrast, other multinucleated giant cells can be formed from monocytes, M1, and M2 

phenotype macrophages under another set of cytokine combinations (Vignery et al., 2000; 

Gordon et al., 2005). 

1.3 The role of the actin cytoskeleton in cell-cell fusion 

Most if not all prerequisite steps preceding macrophage fusion require substantial 

reorganization of actin microfilaments (Helming and Gordon et al., 2009). Well established 

actin inhibitors such that cytochalasin B and D have been shown to inhibit cell-cell fusion 

rate, indicating am essential role of actin in fusion (DeFife et al., 1999). The actin network's 

importance in macrophage fusion was additionally demonstrated by inhibiting the activity 

of Rac-1, a small GTP ase involved actin reorganization. Inhibiting Rac-1 resulted in a 

significant drop in cell-cell fusion events and a drop in the number of nuclei within MGCs. 

(Jay et al., 2007). It was also shown that the loss of function of main actin regulatory 
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proteins blocked the pore formation during myoblast fusion in Drosophila (Brugnera et al., 

2002). It has been hypothesized that actin cytoskeleton contributes to cell-cell fusion by 

transporting proteins to the site of fusion or being involved in the membrane's stability, 

forming a scaffold enhancing the membrane interactions between the fusion competent 

cells (Chen et al., 2005). On the other hand, osteoclast formation from monocytes and 

myoblast fusion in Drosophila was facilitated by forming actin-based membrane 

protrusions (Shin et al., 2014). Thereby, actin's role is more than transporting the material 

to the site of fusion or mechanical support as a scaffold at the cell-cell contact sites, but 

rather the direct protruding force applied to a neighboring cell.  

              To evaluate the importance of actin cytoskeleton in macrophage fusion, 

distinguishing between different types of membrane protrusions in actively migrating cells 

is essential. Several known types of membrane protrusions have been identified in crawling 

cells, such as lamellipodia, filopodia, and invadopodia.  Interestingly, several types of 

membrane protrusions may coexist at the leading edge of the cell.  Most migrative cell 

types utilize these membrane protrusions since the cell's movement on any substrate 

requires the plasma membrane's extension to create the leading edge. All three types of 

membrane protrusions are actively involved in cell migration depending on the cells' 

environment (Ridley et al., 2011).  

            The leading edge of migrating cells forms a thin sheet-like structure, the 

lamellipodium. Previous studies by Abercrombie et al. showed that lamellipodia are made 

of actin filaments and lack microtubules (Abercrombie et al., 1971). Since then, it has been 
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established that actin polymerization drives the lamellipodia's growth pushing the 

membrane forward, thus, creating a protrusion at the plasma membrane. Lamellipodia can 

extend an extensive distance and can be used for tracking the cell through the extracellular 

matrix. These structures are highly dynamic and have a short turnover time. Lamellipodia 

structures are backed up by lamella, more stable structures that have strong adhesive force 

to a substratum due to presence of adhesive structures on the ventral membrane. Thus, 

lamella and lamellipodia formation play a key role in the process of cell migration.  

The initiation of lamellipodia formation is initiated upon Rac-1 activation and 

subsequent activation of the WAVE complex. Consequently, the WAVE complex acts as 

an activator of the Arp2/3 complex responsible for the generation of branched actin 

filaments. Further extension of branched F-actin is mediated by formins which are 

activated by Cdc42, another regulatory protein. However, formins can initiate the 

nucleation of unbranched actin and do not depend on the Arp2/3 complex (Ridley et al., 

2011) (Figure 1.3.1).  
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                                           Figure 1.3.1. Lamellipodia structure (Ridley et al., 2011) 

 

 The second type of membrane protrusions often seen at the leading edge of 

migrating cells are filopodia extensions. These extensions are used for exploratory 

purposes to guide the cells where to grow and elongate. The filopodial structure's size is 

smaller than that of lamellipodia and invadopodia and utilizes a different combination of 

actin regulatory proteins. The initial step in filopodia formation is primed by IRSp53 (I-

BAR) protein that bends the membrane. Cdc42 and downstream targets mDia2 and 

WASP/N-WASP further result in F-actin growth (Machesky and Li et al., 2010). The actin 

bundles' stability is supported by fascin, another distinct feature of filopodia compared to 

lamellipodia. Additionally, filopodia and lamellipodia can coexist close to each other, 

where the core of actin filaments is provided directly from lamellipodia (Gupton and 

Gertler et al., 2007) (Figure 1.3.2).  
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      Figure 1.3.2. Filopodia structure (Ridley et al.,, 2011).  

     The third type of membrane protrusion, invadopodia, is an actin-based 

protrusion located at the cell's ventral side and involved in matrix degradation. They were 

first observed in Rous sarcoma virus-transformed fibroblasts (Chen et al., 1989). The key 

distinctive feature of invadopodia is the secretion of matrix-degrading metalloproteases 

and might require microtubules for vesicle delivery (Schoumacher et al., 2010). 

Additionally, invadopodia share similar actin-regulatory proteins found in aforementioned 

membrane protrusion types. The dependence of invadopodia on actin polymerization is 

unarguable since the extensions formed by invadopodia grow three-dimensionally and 

require force to invade the tissue. The assembly of invadopodia starts from the activation 

of N-WASP/WASP (in hematopoietic cells) by Cdc42. Upon activation, N-WASP/WASP 

activates the Arp2/3 complex downstream of the pathway, which initiates the actin 

nucleation. The elongation of F-actin in invadopodia requires the active involvement of 

formins and profilin bound G-actin monomers. As in filopodia, F-actin filaments are 
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bundled by fascin to stabilize the actin core of the protrusion (Machesky and Li et al., 2010) 

(Figure 1.3.3).   

 

 

 

 

 

  

                                             Figure 1.3.3. Invadopodia structure (Ridley et al., 2011). 

The podosome is a subtype of invadopodia and situated at the ventral side of 

specific cells derived from monocytes. It consists of the actin core surrounded by proteins 

such as vinculin, talin, and integrins that form ring structures around the core (Linder et 

al., 2000; Kaverina et al., 2003). The role of podosomes is to adhere, migrate and secrete 

different proteases and reactive oxygen species to degrade the extracellular matrix (Linder 

et al., 2000). During foreign body reactions, the podosome secretions can severely damage 

the implanted biomaterial (Anderson et al., 2000). It has also been discovered that 

metastatic cancer cells may acquire podosome-like structures named invadosomes that 

facilitate the migration through the extracellular matrix to facilitate the metastasis through 

surrounding tissue (Linder et al., 2000). 
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Interestingly, the essential regulatory proteins involved in lamellipodia and 

filopodia formation also participate in podosome formation. All three types of membrane 

protrusions are scaffolded by nucleation and branching of the actin cytoskeleton at the 

plasma membrane site. Thereby, the participation of podosome structure in macrophage 

fusion might be essential (Figure 1.3.4).  

 

 

 

 

 

 

 

                                        Figure 1.3.4 Podosome structure (Linder et al., 2000) 

 

The involvement of actin-based protrusions in cell-cell fusion has been shown in 

osteoclastogenesis and myoblast fusion in Drosophila (Shilagardi et al., 2013; Oikawa et 

al., 2012). Oikawa and his colleagues have demonstrated that the fusion of macrophages 

during osteoclast formation is mostly driven by membrane protrusions that emerge from 

the sealing belt formed by podosome clusters circumventing the cell near the plasma 
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membrane. In rare events, finger-like extensions facilitated the fusion of RAW264.7 cells 

and later were named fusopods (Wang et al., 2015). Another actin-based protrusion was 

revealed during myoblast fusion in Drosophila. One or several finger-like protrusions were 

found at cell-cell contact sites of a founder cell and a fusion-competent myoblast (Abmayr 

and Pavlath et al., 2012; Aguilar et al., 2013).   

1.4 Macrophage fusion in diseases.  

Multinucleated giant cells are often observed as osteoclasts in bone tissues and play 

important role in reabsorption of bone. However, giant cells are also associated with several 

distinct pathological conditions.  

Multinucleated giant cells in mycobacterium induced granulomas.  

The multinucleated giant cells have always been associated with tuberculous 

granulomas. In vitro model of human tuberculous granuloma showed that mycobacterium 

virulence strength correlated with the extend of multinucleation of giant cells. Interestingly, 

although mycobacterium's highly virulent subtype, M. tuberculosis, resulted in MGC 

formation they lacked phagocytic activity and kept high antigen-presenting capability 

levels. The formation of MGCs with more than 15 nuclei demonstrated the terminal stage 

of MGC differentiation, thus identifying the stage of granulomatous structures (Lay et al., 

2007). The glycolipid content of the mycobacterial cell wall was necessary for the 

progression of granulomatous infection. Particularly, pro-inflammatory glycolipids were 

able to induce giant cell formation from granuloma macrophages. Such multinucleation 

process was driven through Toll-Like Receptor-2, ADAM9, and integrins. Lastly, similar 
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pathways were upregulated during foreign body giant cell formation on biomaterials 

(Anderson and Brodbeck et al., 2009).  

Multinucleated giant cells in atherosclerosis 

Atherosclerosis is a pathological condition when the arteries become narrow due to 

the accumulation of plaque on the walls. The plaque content is heterogeneous and may 

contain cholesterol, fat, and calcium, which harden over time. Additionally, the 

development of calcifying arteries during atherosclerosis involves the macrophages. 

Specifically, the inner layer of arteries accumulates monocytes that further differentiate 

into alternatively activated M1 macrophages (Tintut et al., 2002; Shioi et al., 2002). 

Consequently, M1 macrophages upon ingestion of modified lipoproteins give rise to lipid-

rich macrophages or "foam cells" as a result of fusion and further facilitate the lipid core 

accumulation. It was also shown that M1 macrophages differentiate into M2 macrophages 

that cause calcification of arteries. It is not clear why M1 macrophages shift into the M2 

on artery walls, although suggestions to repolarize M2 to M1 macrophages have already 

been proposed to prevent the calcification process (Oh et al., 2012) 

Multinucleated giant cells and cancer 

Cancer progression is driven by many factors where chromosomal instability and 

genetic mutation accumulation are only a part of them (Yokota et al., 2003). The existence 

of cancer-cancer cell fusion and the fusion of cancer cells with non-cancer cells have 

previously been shown. As a result of such fusion events, cancer cells give rise to polyploid 

giant cancer cells (PGCCs) that acquire additional characteristics with a higher potential 
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threat to the human body. The fact that cancer cells can gain the potential to fuse with a 

variety of cell types makes them even more heterogeneous. This heterogeneity facilitates 

them to become genetically unstable, gain metastatic potential and acquire drug resistance 

(Lu et al., 2009; Seyfried et al., 2013).  Possibly, gaining metastatic ability due to cancer-

macrophage fusion may be the worst scenario compared to other additional acquired 

characteristics. The records show that ~90% of cancer death was due to metastatic 

consequences (Chaffer et al., 2011). Thus, there are several hypotheses as to how cancer 

cells gain metastatic phenotype. The first first hypothesis suggests that epithelial type cells 

into mesenchymal, thus acquiring enhanced migration capabilities and reduced apoptosis 

(Kalluri et al., 2003). The second scenario suggests the involvement of macrophages in the 

transition of non-metastatic cancer cells into metastatic. For instance, tumor-associated 

macrophages (TAM) significantly contribute to metastasis by creating a pre-metastatic, 

inflammatory, and angiogenic environment (Hanahan et al., 2012). 

Lastly, like TAMs, M1 macrophages trigger tumorigenesis by initiation of 

inflammatory environment around the tumor. On the other hand, M2 macrophages 

involved in angiogenesis can fuse with cancer cells (Seyfried et al., 2013). The fusion of 

M2 macrophages with tumor cells can proceed both by direct fusion and by engulfing the 

cell, followed by subsequent abortion of cellular digestion, giving rise to a new hybrid 

polyploid cell (Pawelek et al., 2008).    

1.5 The foreign body reaction to biomaterials 

The fundamental concept of the foreign body reaction. 
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Chronic inflammation is well known to be associated with the formation of 

multinucleated giant cells. In fact, MGCs have been an indicator of chronic inflammation. 

The triggers of chronic inflammation may be a persistent presence of bacterial, viral, or 

parasitic infections. Nevertheless, giant cells can also occur even when the exact trigger is 

unknown, as in rheumatoid arthritis and sarcoidosis (Anderson, 2008). When the immune 

system detects a non-phagocytosed foreign body, the giant cells are formed on the foreign 

body's surface from invading macrophages. The foreign body reaction is often observed 

when an implant is placed into the body. The foreign body giant cells formed on the 

implants' surface can remain for prolonged periods. Even though foreign body giant cells 

are often not able to phagocyte the implants, they can severely damage the surface of some 

types of biomedical polymers (Sheikh et al., 2015).  

Provisional matrix formation on biomaterial.  

The foreign body reaction is initiated upon the insertion of an implant into the host 

tissue, proceeded by the influx of blood proteins on the implant's surface.  Not all, but most 

of the blood proteins are adsorbed to the surface and act as a substrate for monocyte and 

neutrophil attachment (Figure 1.5). Less adhesive blood proteins are replaced by more 

adhesive within the first period of FBR initiation (Williams et al., 2009). The initial 

provisional matrix formed due to the adsorption of blood-derived proteins to the implant 

surface has a thickness of ~ 5 nm (Zhang et al., 2013). Subsequently, most fibrinogen 

molecules are converted into fibrin and create fibrin-dominated provisional matrix (Rivera-

Chacon et al., 2013). The cells attached to the provisional matrix interact with the protein 
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surface, not the biomaterial itself. However, it does not lessen the importance of the 

biomaterial surface characteristics. Indeed, the surface chemistry of biomaterials dictates 

the level and constitution of the proteins to be adsorbed. Not all blood proteins share the 

same level of affinity to a substrate. Albumin is the first abundant protein to be attached to 

the biomaterial surface but is quickly replaced by fibrinogen, fibronectin, and vitronectin 

with comparably higher affinity (Vroman et al., 1980). If the amount of albumin and 

fibrinogen absorbed on the biomaterial surface is relatively the same as their blood 

concentration, the adsorption of fibronectin and vitronectin proceeds in an accumulative 

manner. It has been shown that both vitronectin and fibronectin share great importance in 

mediating monocyte adhesion to biomaterials via integrins. In addition to these proteins, 

the monocytes and neutrophils of the provisional matrix releases cytokines and growth 

factors leading to the attraction of macrophages and other immune cells that directly 

contribute to FBR progression (Anderson et al., 2001).  

The ability of proteins to adsorb on the biomaterial depends on the physicochemical 

properties of the implant. Several factors can affect the adsorption of proteins. 

Hydrophobicity of the surface is an essential aspect of protein adsorption. It was shown 

that a hydrophilic surface adsorbs less protein than a hydrophobic because water molecules 

quickly form a layer on the polar surfaces, decreasing the proteins' affinity to the implant's 

surface (Wilson et al., 2005). On the contrary, other studies have shown the importance of 

surface charge and the protein conformation in addition to the wettability of the implant 

surface (Vogler et al., 1998; Chinn et al., 2013). Besides, the acidity and the ionic strength 

of the implant environment influence the protein adsorption level (Ward et al., 1974). 
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Furthermore, the surface topography and roughness may contribute to protein 

adsorption. Proteins with the dimensions smaller or larger than the implant surface 

roughness undergo conformational changes (Hunter et al., 1995; Kyriakides et al., 2004). 

Lastly, mechanical stress applied to the biomaterial can trigger enhanced FBR. It turns out 

that stiffer biomaterials with a high elastic modulus compared to surrounding tissue exert 

stress at the biomaterial-tissue interface that results in enhanced inflammation and fibrous 

capsule formation (Griendling et al., 2003).  

Acute inflammation step. 

The recruitment of monocytes and macrophages to implantation sites occurs upon 

secretion of cytokines such as TGF-β, PDGF, and IL-1 by platelets and degranulated mast 

cells (Anderson et al., 2008). Subsequently, successfully attached macrophages secrete 

other cytokines recruiting even larger numbers of macrophages to the site of injury.   It is 

essential to mention that monocytes and neutrophils express different integrin family 

receptors, enabling them to interact with different blood proteins to form a proper 

attachment. The fibrinogen component of the provisional matrix undergoing 

conformational change appears to expose αMβ2 integrin-binding sites for PMN and 

macrophage adhesion (Sheng et al., 2000; Ugarova et al., 1998). During cell attachment 

the surface material dictates the signaling pathway to be turned on. Often these changes in 

signaling trigger the cytoskeletal rearrangements and formation of the main adhesion 

structure, podosomes. The primary factor impacting acute inflammation is the binding of 



  
 
 

 

24 
 
 

 

PMN (polymorphonuclear leukocytes) and macrophages to the provisional matrix 

(Williams et al., 2009). 

Chronic inflammation step. 

Macrophages play an enormous role in triggering FBR. Upon adhesion of 

monocytes to the implant surface triggered by TGF-β, PDGF, platelet Factor 4 (PF4), 

macrophage chemoattractant protein 1-4 (MCP -1,2,3,4), and macrophage inflammatory 

proteins, monocytes and macrophages differentiate into pro-inflammatory macrophages. 

Β-1, β-2, and β-3-integrin receptors mediate macrophage adhesion to provisional matrix 

proteins, fibrinogen, vitronectin, and fibronectin. Hence, during the acute inflammatory 

period, we observe the prevalence of M1 macrophages on the surface of the bioimplant. 

Alternatively, activated M1 macrophages secrete various other cytokines, such as IL-1, IL-

6, IL-8, and TNF-α. Further, M1 macrophages play a critical role in inflammation by 

releasing ROS and enzymes and actively attempting to phagocytose the implant material. 

As inflammation progresses, M1 macrophages differentiate into M2 macrophages 

triggered by secretion of IL-4 and IL-13 from mast cells and Th2-lymphocytes. M2 

macrophages are further activated to become fusion competent and consequently form 

foreign body giant cells (FBGCs) as a result of repetitive fusion events. Macrophages 

together with FBGCs, may damage the surface of the material by releasing reactive species, 

proteases, and acids (Martinez et al., 2014; Tarique et al., 2015) (Figure 1.5). The speed 

and extend of damage depend on the type of material the implant is made. 
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Foreign body giant cell formation. 

The formation of FBGCs is a distinctive feature of the foreign body reaction that 

distinguishes it from regular chronic inflammation. FBGCs are characterized as 

macrophage-derived giant cells consisting of dozens of nuclei and results from the fusion 

of cells that have been in contact with the implant surface for extended periods of time. 

FGBCs are also formed due to "frustrated phagocytosis" when macrophages fail to engulf 

the extensive material and become fusion-competent under the direction of IL-4 and IL-

13, thereby avoiding apoptosis 

Fibrous capsule formation step 

Implanted biomaterials, upon placement into a host are expected to integrate into 

surrounding tissue, followed by complete regeneration. We observe an alternative scenario 

when biomaterial implantation is accompanied by chronic inflammation and formation of 

FBGCs. This scenario often results in formation of collagenous capsule that surrounds the 

implants from all sides. During the chronic stage of FBR, M2 macrophages and fibroblasts 

are critical for formation of the capsule due to their release of growth factors necessary for 

this process (Kanagaraja et al., 1996; Sun et al., 2014). These released factors act as an 

additional signal to attract more fibroblasts and endothelial cells on the site implantation to 

secrete more collagen to enhance the granulation tissue formation (Koh et al., 2011). 
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       Figure 1.5. A general concept of the foreign body response to biomaterials (Rahmati et al., 2020). 

Drawbacks of Foreign Body Reaction. 

Commonly, wound healing processes conclude with a resolution phase when 

myofibroblasts are cleared away by apoptosis, the process of neovascularization 

significantly is slowed down, and the deposited collagen mass is gradually removed by the 

proteolytic effect of fibrinolytic macrophages (Klopfleisch et al., 2017). However, the 

foreign body reaction lacks a resolution phase due to the presense of biomaterials, FBGCs, 
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and chronic inflammation at the injury site. Thus, the persistent presence of FBGCs, a pro-

fibrotic condition, and a surrounding collagen capsule can significantly damage the 

biomaterial and its functionality. Depending on the biomaterial's chemical nature, FBGCs 

and macrophages in contact with their surface can gradually change the surface topography 

by secreting ROS, RNS and acids. Furthermore, collagen capsules formed around the 

biomaterial due to the pro-fibrotic response can block the implant's direct interaction with 

surrounding tissue, leading to the implant's functional failure in the case of implanted 

sensors such as to constantly measure the blood glucose level. Finally, fibroblasts 

differentiated into myofibroblasts by presence of TGF-β within the capsule may contract 

and deform the capsule by applying mechanical stress (Jun et al., 2010; Ramachandran et 

al., 2012).  

1.6 Key unanswered questions about the mechanisms of macrophage fusion that have 

been investigated in this thesis.   

Technical limitations of studying macrophage fusion. 

     Although multinucleated giant cells were discovered a long time ago, details of 

the macrophage fusion mechanism are still unknown. Despite there being candidate fusion 

proteins for mediating MGC formation, the complete fusion machinery remains elusive. 

One roadblock in determining the macrophage fusion mechanism has been the difficulty 

in high resolution imaging of the process in real time. Most of the studies have been 

performed on fixed samples, and only a few publications have observed the macrophage 

fusion using live specimens. For example, changes in macrophage morphology and cellular 
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machinery controlling the fusion in vitro have not been observed to date. The hurdle of 

studying macrophage fusion in vitro arises from the lack of a glass surface that can support 

the fusion. Conventional glass surfaces used for live-cell imaging are not suitable for 

studying macrophage fusion due to the cells' low fusion index. A well-established 

Permanox plastic surface used for studying macrophage fusion in vitro in the presence of 

IL-4 can only be used for phase-contrast live-cell imaging (Faust et al., 2017). These lenses 

were required to obtain sufficient numbers of fusion events for analysis. To visualize the 

actual macrophage fusion event, low magnification objectives were used since it was 

difficult to capture the fusion events by high magnification objective lenses. Thereby, the 

data acquisition from the imaging of live macrophage on permanox surface slides using 

low numerical aperture objectives became highly limited. In addition, the thickness of 

permanox plastic slides was not suitable for the use of high numerical aperture objectives. 

Hence, fusion supporting glass surface was needed for a more detailed study of 

macrophage fusion.  

In this dissertation, I describe the preparation of new glass surface coatings which 

make possible to image live specimens using confocal and super-resolution microscopy 

equipped with high numerical aperture objectives, thus providing increased spatial 

resolution in imaging the fusion event. Recently, we have discovered the way to make the 

glass surface highly fusogenic. We have revealed that coating the glass surface with a long-

chain hydrocarbon layer of organic material that facilitates a five-fold increase in the 

incidence of macrophage fusion making these events capable of being analyzed. This glass 

surface coating method enabled us to observe macrophage fusion for the first time with 
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high spatiotemporal resolution. Indeed, the discovery of the fusogenic glass surface has 

enabled us to study the distribution of critical regulatory proteins, rearrangement of 

cytoskeletal elements, and other vital elements involved in macrophage fusion using live-

cell imaging as well as imaging of fixed samples.  

Do cellular protrusions initiate macrophage fusion? 

Cell-cell fusion machinery depends not solely on single or multiple fusogenic 

proteins located on plasma membrane but also on active participation of actin filaments. 

Macrophage fusion being a multistage process that start from adhesion to a permissive 

substrate followed by cytoskeletal rearrangements, cell motility and cell-cell interaction 

depend on actin cytoskeleton. However, little is known regarding the participation of actin 

in the fusion machinery in macrophage fusion. Two decades ago, it was shown that 

cytochalasin B and D, common actin inhibitors, negatively affect the macrophage fusion 

(DeFife et al., 1999). Moreover, the role of Rac-1, a key regulatory protein in lamellipodia 

formation, in the attenuation of macrophage fusion, has already been described (Ridley et 

al., 2011). These studies suggest that the involvement of the actin cytoskeleton in 

macrophage fusion but prior to the studies reported here, there had been no direct evidence 

for cytoskeletal reorganization as a contributor to macrophage fusion. In contrast, recent 

studies on invertebrate and vertebrate myoblasts showed the presence of actin-based 

“podosome-like structures” membrane protrusions situated at the site of the cell-cell fusion 

(Sens et al., 2010; Chen et al., 2011). Yet other studies have revealed that most of the fusion 

events during osteoclastogenesis appear to be facilitated by extensive membrane 
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protrusions originating from the sealing belt circumventing the cell boundaries (Oikawa et 

al., 2012; Soe et al., 2015; Wang et al., 2015). However, there has not been any similar 

membrane protrusion identified during macrophage fusion yet.  

In this research project we have identified direct involvement of actin-based 

membrane protrusions initiating macrophage fusion in the presence of IL-4. Firstly, live-

cell imaging analysis by phase-contrast video microscopy showed that ~90% of all fusion 

events were accompanied by short membrane protrusions. More advanced imaging of live 

GFP- and RFP-LifeAct macrophages using lattice light-sheet microscopy demonstrated the 

actin-based composition of the membrane protrusions facilitating the fusion. Inhibition of 

Arp2/3 complex, a key regulatory protein involved in actin polymerization abrogated the 

fusion. In vivo studies on Cdc42 and WASp-deficient mice also resulted in the decrease of 

the FBGC formation on implanted biomaterials. Thus, we have discovered that most 

macrophage fusion events depend on actin-based protrusions, similar to structures 

identified during myoblast fusion and osteoclastogenesis.  

What morphological changes do macrophages undergo during the late stages of 

multinucleation? 

There have always been numerous unanswered questions regarding the 

morphological changes that macrophages undergo during the late stages of FBR and during 

in vitro studies in the presence of IL-4. It has been stated that FBGCs live on biomaterial 

surface for a prolonged time avoiding apoptosis (Anderson et al., 2000). Yet the 

morphological changes that macrophages undergo during prlonged presence of IL-4 in 
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vitro has not been observed before. However, recent studies on osteoclastogenesis using 

RAW 264.7 cells activated by RANKL examined the changes podosomal structures 

undergo during the first 4 days culture in vitro. During these studies, podosomes formed 

ring structures and further arranged into sealing belts circumscribing the plasma 

membrane. Furthermore, additional actin-based zipper-like structures were identified in 

late-stage osteoclasts in vitro originating from podosome-like structures (Takito et al., 2012 

and 2017). Given the involvement of podosome based structures in osteoclast formation, 

their possible involvement in macrophage fusion became an urgent question for which 

there was not yet an answer.  

Indeed, in this dissertation I document a novel actin-based zipper-like structures (ZLS) 

originating at the late stage MGC-MGC contact sites on the bioimplant surface. 

Consequently, zipper-like structures appeared at late stage MGCs formed in the presence 

of IL-4 in vitro. Immunostaining analysis showed the presence of the major podosomal 

markers whereas live-cell imaging of GFP-LifeAct macrophages further demonstrated 

high dynamicity of the zipper-like structures assembling and disassembling from the fusion 

and fission of podosomes. We have also determined the dependence of zippering of the 

structures on E-cadherin, an adherens junction protein.  

What is the role of the adhesive proteins deposited on the surface of biomaterials in 

vivo in driving the FBR? 

Upon insertion of bioimplants into the host tissue the surface of the implant is 

adsorbed by the blood proteins. Among others, fibrinogen, vitronectin and fibrinectin are 
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the most adhesive blood proteins to be determined on the bioimplant surface. In vivo 

experiments have shown the role of fibrinogen in the adhesion of neutrophils and 

macrophages to the surface of implanted material. Moreover, several other in vitro studies 

have shown the effect of vitonectin and fibronectin in the fusion of macrophages. 

Nonetheless, there are no studies that have demonstrated the direct involvement of any of 

blood proteins in trigerring the foreign body reaction.  

Finally, we have discovered that lack of fibrinogen in the provisional matrix at the 

initial stage of FBR abrogates macrophage fusion and prevents granulation tissue 

formation, a precursor for encapsulation of the biomaterial. Unexpectedly, the fibrinogen 

gene mutation failed fibrin formation showed decreased FBGC formation but did not stop 

granulation tissue formation around implanted biomaterial. Granulation tissue was formed 

even when fibrin formation was abrogated. Nevertheless, the granulation tissue's physical 

characteristics were different due to less collagen deposited around the biomaterial. 

Intriguingly, mononuclear macrophages within granulation tissue turned out to be 

expressing collagen and fibroblast cells, which was supposed to be the only cell type 

expressing it. Thus, we revealed a novel role of fibrin polymer within the provisional 

matrix responsible for MGC formation and fibrous capsule formation during FBR. 
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                CHAPTER 2 

AN ACTIN-BASED PROTRUSION ORIGINATING FROM A PODOSOME-

ENRICHED REGION INITIATES MACROPHAGE FUSION 

2.1 Abstract 

Macrophage fusion resulting in the formation of multinucleated giant cells occurs 

in a variety of chronic inflammatory diseases, yet the mechanism responsible for initiating 

this process is unknown. Here, we used live cell imaging to show that actin-based 

protrusions at the leading-edge initiate macrophage fusion. Phase-contrast video 

microscopy demonstrated that in the majority of events, short protrusions (∼3 µm) between 

two closely apposed cells initiated fusion, but occasionally we observed long protrusions 

(∼12 µm). Using macrophages isolated from LifeAct mice and imaging with lattice light 

sheet microscopy, we further found that fusion-competent protrusions formed at sites 

enriched in podosomes. Inducing fusion in mixed populations of GFP- and mRFP-LifeAct 

macrophages showed rapid spatial overlap between GFP and RFP signal at the site of 

fusion. Cytochalasin B strongly reduced fusion and when rare fusion events occurred, 

protrusions were not observed. Fusion of macrophages deficient in Wiskott-Aldrich 

syndrome protein and Cdc42, key molecules involved in the formation of actin-based 

protrusions and podosomes, was also impaired both in vitro and in vivo. Finally, inhibiting 

the activity of the Arp2/3 complex decreased fusion and podosome formation. Together 

these data suggest that an actin-based protrusion formed at the leading edge initiates 

macrophage fusion. 
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2.2 Introduction 

Cell to cell fusion is an essential event in several biological processes such as 

fertilization, embryonic development, skeletal muscle and placenta formation, bone 

remodeling, and stem cell differentiation (Aguilar et al., 2013; Podbilewicz, 2014). 

Furthermore, cell–cell fusion has been observed in a number of pathological conditions. In 

particular, macrophage fusion resulting in the formation of multinucleated giant cells 

(MGCs) is associated with numerous chronic inflammatory diseases including 

granulomatous infection, the foreign body reaction to implanted biomaterials, 

atherosclerosis, amyotrophic lateral sclerosis, cancer, and others (Anderson et al., 2008; 

Helming and Gordon, 2008, 2009). MGCs are formed from blood monocytes recruited 

from the circulation to sites of inflammation where they differentiate into macrophages that 

undergo fusion as inflammation progresses to the chronic state. The T-helper 2 cytokine 

interleukin-4 (IL-4) promotes macrophages fusion in vivo (Kao et al., 1995) and when 

applied in cell culture can be used to study this process (McInnes and Rennick, 1988; 

McNally and Anderson, 1995). Although this in vitro cell system has proven invaluable to 

our understanding of the molecular mediators that orchestrate macrophage fusion 

(McNally and Anderson, 2002; Helming and Gordon, 2007; Jay et al., 2007; Milde et al., 

2015), there is little information regarding the morphological changes that macrophages 

undergo to initiate fusion as well as the cellular mechanisms that govern this process.  

MGC formation is thought to be a multistage process involving adhesion of cells to 

the substrate, the induction of a fusion-competent state, cellular motility, cell–cell 
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interaction, cytoskeletal rearrangements, and subsequent membrane fusion (Helming and 

Gordon, 2009). Most, if not all, of the steps involved in macrophage fusion appear to rely 

on contractile networks formed by the actin cytoskeleton. It has been shown that the fungal 

toxins cytochalasin B and D, which both prevent actin polymerization, inhibit MGC 

formation in a concentration-dependent manner (DeFife et al., 1999). The importance of 

the actin cytoskeleton has been further corroborated by studies indicating that IL-4 

activated the Rac-1 signaling pathway (Jay et al., 2007). Rac-1 is known to reorganize actin 

networks resulting in the formation of membrane ruffles and extension of lamellipodia. 

Abrogation of Rac-1 activation by chemical and genetic approaches inhibited lamellipodia 

formation and attenuated MGC formation (Jay et al., 2007). 

Several types of plasma membrane protrusions, including lamellipodia, filopodia, 

and invadosomes can form and coexist at the leading edge of migrating cells (for a review, 

see Ridley, 2011). The formation of these protrusions is a result of actin polymerization 

mediated by actin nucleation-promoting factors. The primary mediators of actin 

polymerization that induce the formation of branched networks in lamellipodia are the 

members of the Wiscott-Aldrich syndrome protein (WASp) family that activate the Arp2/3 

complex (for a review, see Takenawa and Suetsugu, 2007). The Arp2/3 complex and 

WASp have also been implicated in filopodia formation (Takenawa and Suetsugu, 2007; 

Lee et al., 2010; Yang and Svitkina, 2011). Recent studies in myoblasts, cells that undergo 

fusion in arthropods and vertebrates, have revealed many proteins that participate in 

Arp2/3-mediated actin polymerization and are required for fusion (Chen, 2011; Aguilar et 

al., 2013). In these cells, Arp2/3-mediated actin polymerization is responsible for the 
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formation of F-actin-enriched structures protruding from one cell into another cell at the 

site of fusion (Sens et al., 2010; Haralalka et al., 2011; Shilagardi et al., 2013). The size 

and the molecular composition of these protrusions (Sens et al., 2010; Chen, 2011) clearly 

distinguish them from filopodia and lamellipodia (Mattila and Lappalainen, 2008). Based 

on the presence of an actin core with a surrounding ring of adhesive proteins and their 

protrusive nature, the protrusions in fusing myoblasts have been called “podosome-like 

structures” (PLS) (Onel and Renkawitz-Pohl, 2009; Sens et al., 2010). Podosomes and 

related structures invadopodia, collectively known as invadosomes, are ventral protrusions 

that form contacts with the extracellular matrix that have been identified in a variety of cell 

types (Linder et al., 2011; Murphy and Courtneidge, 2011). Podosomes are especially 

prominent in cells of the monocytic lineage, including macrophages and dendritic cells, 

where they have been associated with cell adhesion, migration, and matrix degradation. A 

defining feature of podosomes is a core of actin filaments nucleated by Arp2/3 complex 

(Linder et al., 2000; Kaverina et al., 2003) surrounded by adhesive plaque proteins such as 

talin, vinculin, integrins, and others (Zambonin-Zallone et al., 1989; Pfaff and Jurdic, 

2001). In addition to activators of Arp2/3 complex, the endocytic protein dynamin plays 

an essential role in regulating actin polymerization in podosomes (Ochoa et al., 2000; 

Destaing et al., 2013) and has been shown to be involved in osteoclast fusion (Shin et al., 

2014). Despite a requirement for actin polymerization in macrophage fusion, little is known 

about the role of actin-based protrusions during macrophage fusion. 

In the present study, we reveal the existence of an actin-based protrusion that 

initiates IL-4–mediated macrophage fusion. Phase-contrast video microscopy 
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demonstrated that short phase-dense protrusions originating at the leading edge initiated 

∼90% of the fusion events with the remaining events having been initiated by long 

protrusions. Using macrophages isolated from LifeAct mice and imaging with lattice light 

sheet microscopy (LLSM), we observed short actin-based protrusions originating from 

regions enriched in podosomes prior to macrophage fusion. Inducing fusion in mixed 

populations of GFP- and mRFP-LifeAct macrophages showed rapid spatial overlap 

between GFP and RFP signals. Inhibiting actin polymerization with cytochalasin B 

impaired fusion, and when rare fusion events occurred, we observed no protrusions. 

Furthermore, Cdc42- and WASp-deficient macrophages fused at very low rates both in 

vitro and in vivo, and video analysis of fusion with these cells showed no clear evidence 

of protrusions. Finally, inhibiting the Arp2/3 complex not only reduced fusion but also rare 

fusion events did not appear to be dependent on protrusions. 

2.3 Results 

1, Phase-dense protrusions at the leading edge precede macrophage fusion 

We recently developed optical-quality glass surfaces that enabled the first time-

resolved views of IL-4–induced macrophage fusion and MGC formation (Faust et al., 

2017, 2018). Using these surfaces, we showed that macrophage fusion occurred between 

the intercellular margins of macrophages. Furthermore, we observed a founder population 

of mononuclear macrophages that initiates fusion with neighboring mononuclear 

macrophages (type 1 fusion). Early multinucleated cells then fuse with neighboring 

mononuclear macrophages (type 2 fusion), the most abundant event leading to MGC 

https://www.molbiolcell.org/doi/10.1091/mbc.E19-01-0009#B11
https://www.molbiolcell.org/doi/10.1091/mbc.E19-01-0009#B11
https://www.molbiolcell.org/doi/10.1091/mbc.E19-01-0009#B11
https://www.molbiolcell.org/doi/10.1091/mbc.E19-01-0009#B11
https://www.molbiolcell.org/doi/10.1091/mbc.E19-01-0009#B10
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formation. Finally, MGCs fuse with surrounding MGCs to form syncytia (type 3 fusion). 

However, due to the low-magnification views required to visualize the formation of large 

MGCs, the mechanism underlying this process remained obscure. 

To visualize structures between the intercellular margins of fusing macrophages in 

detail, we initially used phase-contrast video microscopy with intermediate magnification 

objectives. In this series of experiments, we used primary macrophages isolated from the 

inflamed mouse peritoneum (Helming and Gordon, 2007; Podolnikova et al., 2016) in 

order to avoid robust cell division observed in cultures of macrophage cell lines. Analyses 

of type 1 (n = 33), type 2 (n = 93), and type 3 (n = 36) fusion events revealed the existence 

of phase-dense protrusions immediately preceding macrophage fusion. For the majority of 

events (n = 148), short protrusions (2.8 ± 0.8 µm) initiated fusion (Supplemental Figure S1 

for type 1 fusion and Figures 1A and 2A, and Supplemental Video S1 for type 2 fusion). 

However, we rarely observed long protrusions (11.6 ± 6 µm; n = 14) (Figures 1B and 2A 

and Supplemental Video S2). No association of long protrusions with a specific type of 

fusion was found. Similar to short protrusions, long protrusions were observed in all three 

types of fusion. In a given cell, either a short or a long protrusion initiated fusion; the 

coexistence of protrusions was not observed. Within each type of fusion, the lengths of 

protrusions, both short and long, were similar (Table 1). Furthermore, as shown in Figure 

2A, there was no overlap between the distribution of lengths of short and long protrusions, 

further pointing to the existence of two populations of protrusions. Analyses of type 1 and 

type 2 of fusion showed no significant difference between spreading of mononuclear cells 

that fused via short (n = 116) and long (n = 10) protrusions (Figure 2B). Moreover, since 

https://www.molbiolcell.org/doi/10.1091/mbc.E19-01-0009#B15
https://www.molbiolcell.org/doi/10.1091/mbc.E19-01-0009#B43
https://www.molbiolcell.org/doi/10.1091/mbc.E19-01-0009#B43
https://www.molbiolcell.org/doi/10.1091/mbc.E19-01-0009#B43
https://www.molbiolcell.org/doi/10.1091/mbc.E19-01-0009#F1
https://www.molbiolcell.org/doi/10.1091/mbc.E19-01-0009#F2
https://www.molbiolcell.org/doi/10.1091/mbc.E19-01-0009#F1
https://www.molbiolcell.org/doi/10.1091/mbc.E19-01-0009#F2
https://www.molbiolcell.org/doi/10.1091/mbc.E19-01-0009#T1
https://www.molbiolcell.org/doi/10.1091/mbc.E19-01-0009#F2
https://www.molbiolcell.org/doi/10.1091/mbc.E19-01-0009#F2
https://www.molbiolcell.org/doi/10.1091/mbc.E19-01-0009#F2
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type 1 fusion occurs between mononuclear cells, which are poorly spread round cells, 

whereas type 2 and type 3 fusion events involve multinucleated cells, which are large well-

spread cells (Table 1), spreading does not seem to influence the length of protrusion. 

Although a percentage of long protrusions slightly increased in the population of type 3 

fusion, short protrusions remained the dominant structures (Table 1). As shown in Figure 

2C, the time required from first intercellular contact until full nuclear integration between 

two macrophages that was mediated by short protrusions was similar for all three types of 

fusion (59 ± 31 min, 48 ± 22 min, and 68 ± 48 for type 1, type 2, and type 3, respectively), 

although the time for type 2 fusion tended to be shorter. The fusion times mediated by long 

protrusions were significantly shorter for type 2 and tended to be shorter for type 1 and 

type 3 fusion events than those mediated by short protrusions (Table 1). 

 

https://www.molbiolcell.org/doi/10.1091/mbc.E19-01-0009#T1
https://www.molbiolcell.org/doi/10.1091/mbc.E19-01-0009#T1
https://www.molbiolcell.org/doi/10.1091/mbc.E19-01-0009#F2
https://www.molbiolcell.org/doi/10.1091/mbc.E19-01-0009#F2
https://www.molbiolcell.org/doi/10.1091/mbc.E19-01-0009#T1
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Figure 1: Phase-dense protrusions initiate macrophage fusion. (A) Live imaging of macrophages 

undergoing type 2 fusion. Macrophages were isolated from the mouse peritoneum 3 days after TG injection, 

plated on a 35-mm Fluorodish and fusion was induced by IL-4. Mononuclear macrophage (Cell 1) extends a 

short phase-dense protrusion (white arrow) toward MGC (Cell 2) immediately before fusion. The lower panel 

is a diagram of frames at 1:30, 3:30 and 7:30 min illustrating morphological aspects of the fusion process. In 

each micrograph, time is shown in minutes:seconds. The scale bar is 10 μm. See also Video 1. (B) 

Macrophage undergoing type 2 fusion extends a long protrusion (white arrow) to initiate fusion. The lower 

panels show diagrams of frames at 11:00, 15:30 and 17:00 min. The scale bar is 10 μm. 

 

 



  
 
 

 

41 
 
 

 

 

 

 

 

 

 

 

 

Figure 2: Quantification of the length of fusion-competent protrusions, fusion time and spreading of 

fusing macrophages. (A) Length distribution in the populations of short and long protrusions. Type 1, 2 and 

3 fusion events were pooled. (B) Spreading of mononuclear macrophages mediating fusion through short and 

long protrusions in the population of cells undergoing type 1 and type 2 fusion. (C) The time required from 

first intercellular contact until full nuclear integration between two macrophages during fusion mediated by 

short protrusions. 

 

2, An actin-based protrusion initiates macrophage fusion  

Membrane protrusions at the leading edge are actin-based structures. Furthermore, 

F-actin is known to be important for the formation of MGCs (DeFife et al., 1999; Jay et 

al., 2007). To determine if the protrusions we observed in phase-contrast micrographs were 

actin-based structures, we examined macrophages isolated from the inflamed peritoneum 

of LifeAct mice using LLSM (Chen et al., 2014). We first confirmed that LifeAct faithfully 

reported the distribution of F-actin in macrophages by comparing the distribution of eGFP-
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LifeAct and Alexa 568– conjugated phalloidin (Supplemental Figure S2). Using LLSM, 

we reveal waves of eGFPLifeAct puncta emanating from the center of the cell to the cell 

periphery prior to fusion (Supplemental Video S6). At the time of apparent fusion, one 

wave of LifeAct puncta advanced into a neighboring cell (Figure 3A and Supplemental 

Video S6). In fixed specimens, actin puncta at cellular margins contained rings of vinculin 

and talin circumscribing a central actin core in both mononuclear macrophages and MGCs 

(Supplemental Figure S3), suggesting that structures we observed in living cells were 

podosomes. Furthermore, the size of individual podosomes determined in fixed samples 

(both GFP-LifeAct and phalloidin-labeled) and in living cells (Supplemental Figure S4) 

were similar. When we analyzed the site of fusion (Figure 3B, 42:14–42:41 min; boxed 

areas in Figure 3A) with the maximum temporal resolution achievable with LLSM under 

the conditions of our experiments (∼1.5 s per image for several hours), we observed a 

finger-like enrichment of LifeAct that extended into the neighboring cell during fusion 

(Figure 3B, 42:14–42:24 min; yellow arrowhead). This protrusive structure fanned from 

the initial point of contact as fusion proceeded (Figure 3B, 42:41 min; yellow arrowheads). 

To visualize the dynamics of the actin cytoskeleton prior to fusion and observe the interface 

between fusing cells, we used a maximum intensity isosurface render of eGPF-LifeAct 

applied to the area shown in Figure 3A (Supplemental Video S7). We observed numerous 

thin protrusions between two interacting cells after initial contact (Figure 3C, 22:20 and 

25:07 min). The protrusions appeared to contact apposing cells by rounds of extension and 

retraction, which continued until seconds before the cells fused (Figure 3C, 42:14– 42:55 

min, individual protrusions are outlined; and Supplemental Video S7). Close apposition 
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ofthese cells in diffraction-limited space precluded visualizing the role of protrusions 

during the fusion process. Analysis of another area also revealed the presence of 

protrusions extending and retracting between two cells (Figure 3D, white outline; and 

Supplemental Video S8). In this case, however, the separation between the cells made it 

possible to observe an actin-based protrusion that initiated fusion (Figure 3D, 37:27–37:51 

min; white arrowheads). The gradual expansion of the actin network that followed at this 

site could potentially be attributed to the local expansion of the protrusion, the formation 

of a fusion pore, or both (Figure 3D, 37:54–37:58 min; arrowheads). 
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Figure 3: An actin-based protrusion precedes macrophage fusion. (A) Lattice light sheet microscopy of 

IL-4-induced fusion of macrophages expressing eGFP-LifeAct. All images shown are maximum-intensity 

projections. The scale bar is 10 μm. See also Video 6. (B) Enlarged images of events occurring between 

42:14 and 42:41 min (boxed regions in A). Yellow arrowheads point to the site of fusion. The scale bar is 10 

μm. (C) En face isosurface renders of LLSM data from A. The boxed region at 25:07 min corresponds to the 

subsequent micrographs showing the fusion progress (42:14-42:41 min). Note numerous protrusions 

(outlined by white dashes) formed between apposing cells. The scale bar is 10 µm. See also Video 7. (D) 

Surface renders of LLSM data from another area of fusing macrophages showing contact of a fusion-

competent protrusion (a single white arrowhead; 37:27-37:51 min) followed by its apparent expansion (two 

white arrowheads; 37:54-37:58 min). The scale bar is 5 µm. The boxed area at 36:16 min (scale bar, 10 µm) 

corresponds to the subsequent micrographs (37:24-37:58 min). Time in each micrograph is shown as 

minutes:seconds. 

 

3, F-actin incorporation is asymmetric during macrophage fusion 

To determine how actin is integrated during the fusion process, we mixed equal 

numbers of eGFP-LifeAct and mRFP-LifeAct macrophages, induced fusion, and imaged 

the process with LLSM (Supplemental Video S9). When we visualized cells in this mixing 

assay at early time points, we observed no overlap of GFP and RFP emission in diffraction 

limited space (Figure 4A, 5:57 min; two adjacent mononuclear cells in the right bottom 

quadrant are outlined). However, at the time of apparent fusion (Figure 4A, 06:14 min), we 
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observed overlap of GFP and RFP in overlays at the cell margins, which became more 

apparent as fusion proceeded (Figure 4A, 6:31–7:22 min). Further, we observed 

reorganization of actin in cells undergoing fusion that first clearly appeared at 11:20 min 

and was completed by 23:48 min, suggesting mixing of the cytoplasm. Separating GFP and 

RFP emission and analyzing fusion in the two cells outlined in green and red revealed an 

asymmetry in the fusion process (Figure 4B and Supplemental Video S10). Prior to fusion 

(5:57 min), we observed no GFP signal in the cell outlined in red and vice versa. However, 

at 6:14 min, the signal from RFP appeared in the green outline traversing the entire length 

of the cell (Figure 4B; magnified inset shows the outline of the eGFP-LifeAct 

macrophage). At the same time, we were unable to detect a green signal within the outline 

of the red cell. Only after an additional 17 s (6:31 min) did we begin to see low levels of 

GFP signal spatially overlapping boundaries of the cell outlined in red, which appeared to 

enrich as time progressed (6:48 min). Thus, it appears that one of the two cells more 

actively integrates cytoplasm than the other does. 
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Figure 4: Mixing macrophages expressing eGFP-LifeAct and mRFP-LifeAct shows asymmetric actin 

integration. (A) Macrophage fusion in a mixed population of eGFP/mRFP-LifeAct macrophages. Two 

mononuclear cells expressing eGFP-LifeAct and mRFP-LifeAct undergoing fusion are outlined in the image 

taken at 5:57 min. A site of eGFP- and mRFP-LifeAct integration is indicated by white arrowheads at 6:14 

and6:48 min. (B) Split-channel view of the fusion event shown in A. The boxes outlined in white dashed 

lines in the images taken at 6:14-6:48 min correspond to the areas where integration of mRFP-LifeAct into 

the eGFP-LifeAct-containing cells is observed. The enlarged images of the same areas are shown as insets. 

The scale bars are 5 μm. 

 

4, Organizers of actin-based protrusions are critical for macrophage fusion in vitro  

Since protrusions precede macrophage fusion, we sought to determine whether 

these actin-based structures are causal mediators of macrophage fusion. As a first step, we 

examined the role of F-actin, the cytoskeleton underlying membrane protrusions, in 



  
 
 

 

47 
 
 

 

macrophage fusion. Consistent with previous data (DeFife et al., 1999), treatment of cells 

with cytochalasin B reduced MGC formation. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Cytochalasin B treatment reduces macrophage fusion. (A) Confocal micrographs of control 

(untreated and DMSO-treated) as well as cytochalasin B-treated (2.5 µM) macrophages 24 hours after 

incubation in the presence of IL-4. The cells were labeled with Alexa Fluor 488-conjugated phalloidin (white) 

and DAPI (teal). The bottom panels show the x-z sections of control untreated (left), control DMSO-treated 

(middle) and cytochalasin B-treated (right) MGCs. The scale bars are 50 µm and 10 µm in the upper and 

lower panels, respectively. (B) Quantification of the fusion index in the population of untreated and 

cytochalasin B-treated macrophages. DMSO was used as vehicle control for cytochalasin B treatment. Three 

to five random 20x fields per sample were used to count nuclei (100-150 nuclei/field; total ~1500 nuclei). 

Results shown are mean ± SD from three independent experiments. *p<0.01. (C) Single cytochalasin B-

treated macrophages that undergo fusion do not form protrusions. The cells that fuse are outlined. The scale 

bars are 10 μm. 
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Quantification of the fusion index indicated that at a concentration as low as 2.5 

µM, cytochalasin B decreased fusion by approximately threefold from 29 ± 10% to 10 ± 

5% for untreated versus treated cells, respectively (Figure 5, A and B). Furthermore, the 

majority of treated cells had a bulbous shape compared with a flattened shape of untreated 

cells (Figure 5A, bottom panels). Importantly, when we recorded fusion in the presence of 

cytochalasin B using phase-contrast video microscopy, we were unable to observe phase-

dense protrusions preceding fusion. Rather, some cells in close apposition appeared to 

passively undergo fusion (Figure 5C). It is well known that Cdc42 orchestrates filopodia 

formation. In addition, Cdc42 and PIP2 activate WASp to trigger downstream Arp2/3-

mediated actin polymerization to form lamellipodia, podosomes, and other protrusions 

(Mattila and Lappalainen, 2008; Campellone and Welch, 2010; Linder et al., 2011). If 

actin-based protrusions are involved in macrophage fusion, then perturbing the function of 

these upstream regulatory proteins should inhibit macrophage fusion. To test this 

prediction, we isolated macrophages from a WASp-/- mouse and examined IL-4–induced 

macrophage fusion at various time points. Figure 6, A and B, shows that fusion of 

WASpdeficient macrophages was strongly impaired. Compared to wildtype (WT) 

macrophages, the degree of fusion of WASp-deficient macrophages at every time point 

tested (24, 48, and 72 h) was approximately sixfold less. WASp deficiency also inhibited 

the formation of podosomes in fusing macrophages (Figure 6C). Gross morphology and 

the degree of macrophage adhesion after 2.5 h in culture did not appear to be significantly 

different from WT macrophages (Figure 6A; t = 0). Using phase-contrast video microscopy 

performed during the first 24 h after IL-4 addition, we were able to observe rare fusion 



  
 
 

 

49 
 
 

 

events, which appear to have occurred by a protrusion-independent mechanism (Figure 

6D).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: WASp is required for macrophage fusion in vitro. (A) Fusion of wild-type and WASp-deficient 

macrophages at various time points after the addition of IL-4. After 24, 48 and 72 hours, cells were fixed and 

labeled with Alexa 488-conjugated phalloidin (white) and DAPI (teal). The scale bars are 50 μm. (B) The 

time-dependent fusion indices for wild-type and WASp-deficient macrophages. Results shown are mean ± 

SD from three independent experiments. Three to five random 20x fields per sample were used to count 

nuclei (100-150 nuclei/field; total 1500 nuclei). ***p<0.001. (C) The time-dependent podosome formation 

in fusing macrophages. The fraction of cells with >10 podosomes for each time point was calculated. Four 

random 20x fields each containing ~200-300 cells were used to count podosomes. **p<0.01, ***p<0.001. 

(D) Live imaging of IL-4-treated WASp-deficient macrophages. In each micrograph, time is shown in 

hours:minutes. A rare fusion event detected in the population consisting of ~1200 macrophages is shown. 
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We next examined whether Cdc42 is required for macrophage fusion using 

macrophages isolated from myeloid cell-specific Cdc42-/- mice (Figure 7, A and B). As 

shown in Figure 7, C and D, at 24–72 h, we observed an approximately twofold decrease 

in fusion of Cdc42-deficient macrophages compared with control Cdc42loxP/loxP 

counterparts. Similar to WASp, Cdc42 deficiency also strongly reduced the formation of 

podosomes (Figure 7E). We next determined whether inhibition of Arp2/3 results in 

impaired macrophage fusion. As shown in Figure 8, A and C, the Arp2/3-specific inhibitors 

CK-636 and CK-548 (Nolen et al., 2009) blocked macrophage fusion in a dose-dependent 

manner. The IC50 values for CK-636 and CK-548 inhibition were 13 ± 0.5 and 15 ± 0.7 

µM, respectively, for 72-h cultures. In addition, consistent with previous reports (Nolen et 

al., 2009), inhibition of Arp2/3 decreased the number of podosomes with both inhibitors 

exerting similar effects (IC50 = 9.5 ± 0.5 µM for CK548 and 12 ± 0.5 µM for CK636; 

Figure 8, B and C). Although ∼40% fusion was observed in the presence of 15 µM CK-

636, MGCs did not account for the majority of fusion events. Rather, binucleated cells 

were the predominant cell type, which formed by a protrusion-independent mechanism 

(Figure 8D). WASp- and conditional Cdc42-deficient mice do not initiate a robust foreign 

body response to implanted materials. Further evidence for the involvement of WASp and 

Cdc42 in macrophage fusion was obtained by in vivo experiments. Macrophage fusion 

leading to the formation of MGCs is a hallmark of the foreign body reaction that follows 

the implantation of vascular grafts and other engineered devices (Anderson et al., 2008; 

McNally and Anderson, 2011). To confirm that WASp and Cdc42 are important for the 
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formation of MGCs in vivo, we implanted polychlorotrifluoroethylene (PCTFE) into the 

peritoneum of WT, WASp-/-, and conditional Cdc42-deficient mice and retrieved the  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: Loss of Cdc42 in macrophages results in impaired fusion in vitro. (A) Schematic diagram of 

the generation of a myeloid cell-specific Cdc42-/- mouse. Conditional gene-targeted mice with exon 2 of 

Cdc42 gene flanked by a pair of loxP sequences (Yang et al., 2007) were cross-bred with LysMcre mice to 

allow Cdc42 gene excision in myeloid cells. (B) Cdc42 deletion in isolated macrophages was examined by 

SDS-PAGE (11% gel) followed by Western blotting using anti-Cdc42 rabbit monoclonal antibody 

(ab187643; Abcam). (C) Fusion of wild-type and Cdc42-deficient macrophages at various time points after 

the addition of IL-4. Cells were fixed after 24, 48 and 72 hours and labeled with Alexa 488-conjugated 

phalloidin (white) and DAPI (teal). The scale bars are 50 μm. (D) Time-dependent fusion indices of wild-

type and Cdc42-deficient macrophages. Results shown are mean ± SD from three independent experiments. 

Four to five random 20x fields per sample were used to count nuclei (300 nuclei/field; total ~4050 nuclei). 
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*p < 0.05, ***p < 0.001. (E) The time-dependent podosome formation in fusing macrophages. The fraction 

of cells with >10 podosomes for each time point was calculated. Four random 20x fields each containing 

~200-300 cells were used to count podosomes. ***p < 0.001. 

 

 

 

 

 

 

 

 

 

 

 

Figure 8: Inhibition of actin assembly by CK-636 and CK-548 decreases macrophage fusion and 

podosome formation. (A) Different concentrations of the Arp2/3 inhibitors CK-636 and CK-548 were added 

to macrophages at the onset of fusion induction with IL-4. Control cells were treated with DMSO. The fusion 

rates were determined after 72 hours from confocal images of samples labeled with Alexa 488-conjugated 

phalloidin and DAPI. Results shown are mean ± SD from three independent experiments. Three to five 

random 20x fields per sample were used to count nuclei (250-300 nuclei/field; total ~3600 nuclei). Fusion of 

control (DMSO-treated) cells was assigned a value of 100%. (B) Effect of inhibitors (each at 15 µM) on 

podosome formation. The fraction of cells with >10 podosomes was calculated and normalized to DMSO 

control. Results shown are mean ± SD from three independent experiments with three to five random 20x 

fields used per sample to count cells (100-150 cells/field). (C) Representative confocal micrographs of 

control (DMSO-treated) and CK 548-treated (15-60 µM) macrophages 72 hours after incubation in the 

presence of IL-4. The cells were labeled with Alexa Fluor 488-conjugated phalloidin (white) and DAPI (teal). 

(D) Live imaging of macrophages treated with 15 µM Arp2/3 inhibitor CK-548. In each micrograph, time is 

shown in minutes:seconds. A single fusion event detected is shown. 
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implants 14 d later. Visualization of cells covering the surface of explants revealed a large 

number of MGCs on materials implanted into WT, but not WASp-/- mice (Figure 9, A and 

B). We found an approximately fivefold difference in the fusion index between WT and 

WASp-deficient macrophages (36 ± 6% vs. 7 ± 4% for WT and WASp-deficient cells, 

respectively) (Figure 9B). No significant difference in the number of cells recruited into 

the peritoneum of WT and WASp-/- mice (Figure 9C) as well as in the number of cells 

attached to the retrieved implants was found (Figure 9D). Conditional deletion of Cdc42 

also strongly impaired multinucleation with an approximately sixfold difference between 

Cdc42loxP/loxP and Cdc42-/- cells (33% ± 12 vs. 5.9% ± 4.0) (Figure 9, E and F). The 

number of cells in the peritoneum 14 d after implantation (Figure 9G) and the number of 

cells on explants (Figure 9H) were not significantly different between the two strains of 

mice. Together, these data indicate that WASp and Cdc42 are essential in vivo for a robust 

foreign body reaction. 
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Figure 9: Fusion of WASp- and Cdc42-deficient macrophages is severely impaired in vivo. (A) 

Micrographs of macrophages on PCTFE surfaces retrieved 14 days after implantation in wild-type and 

WASp-/- mice. Three MGCs in the left panel are outlined. The scale bars are 7.5 μm. (B) Quantification of 

the fusion index of macrophages on PCTFE surfaces retrieved from wild-type and WASp-/- mice. Results 

shown are mean ± SD from three independent experiments. Six to eight random 20x fields per sample were 

used to count nuclei (250-300 nuclei/field; total 6000 nuclei). ****p < 0.0001. (C) A number of cells 

collected from the peritoneum of wild-type and WASp-/- mice before implants were retrieved. Results shown 

are mean ± SD from three independent experiments. No significant difference was observed. (D) A number 

of cells on the surface of explants retrieved from wild-type and WASp-/- mice. Results shown are mean ± SD 

from three independent experiments. No significant difference was observed. (E) Micrographs of 

macrophages on PCTFE surfaces retrieved 14 days after implantation in Cdc42loxP/loxP mice and mice with 

Cdc42-deficiency in myeloid cells. A single MGC in the left panel is outlined. The scale bars are 7.5 µm. (F) 

Quantification of the fusion index of macrophages on surfaces implanted into Cdc42-/- mice. Results shown 

are mean ± SD from three independent experiments. Six to eight random 20x fields per sample were used to 

count nuclei (300 nuclei/field; total 6600 nuclei). ****p< 0.0001. (G) A number of cells collected from the 

peritoneum of wild-type and Cdc42-/- mice before implants were retrieved. Results shown are mean ± SD 

from three independent experiments. Three to five random 20x fields were used per sample to count cells. 

No significant difference was observed. (H) A number of cells on the surface of explants retrieved from 

Cdc42loxP/loxP mice and mice with Cdc42-deficient macrophages. Results shown are mean ± SD from three 

independent experiments. No significant difference was observed 

2.4 Discussion  

Despite the long history of research on MGCs highlighted by the fact that these 

cells are often observed in many diseases, the molecular and cellular mechanisms of 

macrophage fusion remain poorly understood. While previous studies focused mainly on 

the identification of fusion effector molecules in macrophages (Helming and Gordon, 

2009; Vignery, 2011), little effort has been expended to elucidate the involvement of the 

actin cytoskeleton, which has been shown to be a driving force in other types of cells 

undergoing fusion (Aguilar et al., 2013; Podbilewicz, 2014). Here, we used live cell 

imaging of macrophages to visualize actin-based structures formed at the site of contact 

between two fusing cells. We show for the first time that IL-4–induced macrophage fusion 

is initiated by a single protrusion that more often (∼90% events) extends from the leading 

edge of one cell in contact with another cell. The majority (∼90%) of fusion-competent 
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protrusions are short although long structures were also observed. Recently, a number of 

studies have reported the involvement of membrane extensions during osteoclastogenesis 

(Oikawa et al., 2012; Soe et al., 2015; Wang et al., 2015). Using RAW264.7 macrophages 

differentiated into osteoclasts by M-CSF and RANKL, Oikawa et al demonstrated that the 

majority of fusion events was mediated by membrane protrusions referred to as 

“podosome-related” that emerged from the sealing belt, a structure formed in large 

multinucleated osteoclasts from a ring of “circumferential” podosomes (Oikawa et al., 

2012). Less frequently, “filopodia-like” protrusions that formed after a transient expansion 

of podosome-like protrusions and “long” protrusions were observed. Wang et al. (2015) 

have also observed finger-like extensions (∼2.5 µm) in RAW264.7 cultures, which they 

termed fusopods (Wang et al., 2015). In that investigation, fusopods were the predominant 

structures, although some cells reportedly fused at contacts between broad surfaces. Thus, 

both IL-4– mediated fusion of natural mouse macrophages and RANKL-mediated 

osteoclastogenesis in RAW264.7 cultures are initiated by a protrusion. We demonstrated 

that macrophage fusion depends on F-actin and regulators of actin polymerization Cdc42 

and its downstream effector WASp, inasmuch as the ability of macrophages to fuse was 

strongly impaired in the presence of cytochalasin B and in macrophages derived from 

WASp- and conditional Cdc42-deficient mice (Figures 5–7). In addition, inhibiting Arp2/3 

activity also inhibited macrophage fusion (Figure 8). The decrease in fusion observed in 

cytochalasin B– and Arp2/3- treated as well as WASp- and Cdc42-deficient macrophages 

correlated with a lack of visible protrusions. Interestingly, a small portion of macrophages 

continued to fuse through a seemingly protrusion-independent way, the mechanism of 
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which remains to be determined. Importantly, fusion of WASp- and Cdc42-deficient 

macrophages was reduced not only in vitro but also in vivo, suggesting that protrusion-

mediated fusion is not an artifact observed exclusively in cultured cells. It is known that 

macrophages derived from Wiskott-Aldrich syndrome patients are defective in chemotaxis 

and phagocytosis (Thrasher, 2002). The finding that WASp is also essential for fusion 

extends its known roles in macrophages. Our finding that the majority of fusion events in 

macrophages involved the leading edge of at least one cell (Table 2) and the observation 

of numerous thin protrusions at the site of contact between apposed cells (Supplemental 

Videos S7 and S8) are consistent with filopodia formation at this location. Indeed, thin 

finger-like filopodia are found at the leading edge of migrating cells and are an extension 

of the branched lamellipodia network (Svitkina et al., 2003). However, these protrusions 

did not seem to initiate fusion. Although extension and retraction of filopodia persisted for 

a prolonged period, fusion occurred only after podosomes concentrated at the leading edge. 

At that point one protrusion initiated fusion. Therefore, it may be possible to distinguish 

two types of protrusions during macrophage fusion: bona fide filopodia as prefusion 

protrusions and a fusion-competent protrusion that assembles in a region enriched in 

podosomes. Fusion-competent protrusions appear to have a different morphology being 

wider and shorter than filopodia (Figure 3D). Although the molecular composition and 

organization of the F-actin network within the two types of protrusions remain to be 

defined, our data suggest that several types of actin-based protrusions that have different 

functions may be involved in macrophage fusion. Fusion-competent short protrusions 

appear to originate from cells that become enriched in peripheral podosomes. In these cells, 



  
 
 

 

57 
 
 

 

podosomes emanate from the interior and move in a wave-like manner to the periphery 

where they accumulate at the site destined for fusion (Figure 3, A and B, and Supplemental 

Video S6). Before the arrival of podosomes, the interface between two apposing cells is 

filled with thin protrusions that undergo rounds of extension and retraction (Figure 3, C 

and D; Supplemental Video S7; and schematically shown in Figure 10A). This activity 

continues for some time until podosomes in the cell that initiates fusion align along the 

plasma membrane (Figure 10B). Shortly after, one of the protrusions initiates fusion 

(Figure 10, C and D). The association of podosomes with long protrusions is presently 

unclear.  

 

Figure 10: Model for macrophage fusion initiated by an actin-based protrusion. (A) The interface 

between two closely apposing macrophages contains numerous thin actin-based protrusions. A wave of 

podosomes moves from the interior of the cell that initiates fusion to the site of cell-cell contact. (B) Once 

podosomes arrive and align at the site of contact with the acceptor macrophage, membrane fusion is initiated 

by a single protrusion and podosomes from the donor macrophage advance into the acceptor macrophage. 

(C) The actin network at the site of fusion rapidly reorganizes to expand the initial pore. (D) The actin 

cytoskeleton and nuclei undergo directional integration.  

 

Because of their paucity, we were unable to detect long protrusions in our LLSM 

experiments using LifeAct-containing macrophages. Nonetheless, although still 

constituting a small portion, long connections between two distant macrophages were 
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detected by phase-contrast video microscopy, which revealed that the pattern of fusion was 

rather different from cells that fuse through short protrusions. Interestingly, the long 

connections seemed to form by merging the tips of two protrusions arising from two 

macrophages (Supplemental Video S2). A similar mode of joining of two protrusions was 

observed in RAW264.7-derived osteoclasts (Oikawa et al., 2012). After establishing the 

long connection, fusion was accompanied by shortening and widening of this bridge, 

followed by fusion (Supplemental Video S2). At present, the differences between short and 

long protrusions and their origin remain to be defined. Previous studies have shown that 

Cdc42, WASp, and Arp2/3 have an important role in the formation of podosomes in 

macrophages (Linder et al., 1999, 2011; Dovas et al., 2009). In line with these 

investigations, our results demonstrated fewer podosomes in macrophages derived from 

WASp-/- and conditional Cdc42-/- mice (Figures 6 and 7). In addition, the number of 

podosomes was significantly decreased in macrophages treated with Arp2/3 inhibitors 

(Figure 8). Although podosomes were enriched at the site of fusion and abolishing the 

activity of critical podosomal proteins impaired fusion, the mechanistic link between 

fusion-competent protrusions and podosomes remains to be established. Podosomes are 

formed at the ventral side of the cell and typically protrude vertically into the substrate 

(Labernadie et al., 2010, 2014; Proag et al., 2015; Linder and Wiesner, 2016). Our current 

data suggest that the force driving the formation of fusioncompetent protrusions may be 

delivered laterally toward the apposing cell in order to initiate fusion. It is possible that 

podosomes may directly or indirectly generate protrusive force during the fusion process. 

We speculate that when podosomes arrive at the leading edge, they anchor the ventral actin 
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network while allowing the lateral actin network to continue extending forward. Under 

these conditions, the cell would be unable to protrude along the entire leading edge and 

thus may focus the protrusive force to a limited region. Since the apposing macrophage 

presents an obstacle for the elongation of the protrusion, the protrusion may generate a 

pushing force and penetrate into the adjacent cell. It is presently unclear why only certain 

macrophages display the directional movement of podosomes and how it is associated with 

the formation of a fusion-competent protrusion. Long fusion-competent protrusions that 

we occasionally observed in our experiments (Figure 1 and Supplemental Figure S1) are 

visually reminiscent of tunneling nanotubes (TNTs). TNTs are long, thin membranous 

tubes with diameters of 50–800 nm connecting two cells that have been reported in 

numerous cell types, including macrophages (Rustom et al., 2004; Onfelt et al., 2006; 

Kimura et al., 2012; Hanna et al., 2017). Formation of TNTs requires F-actin and, as 

recently shown in macrophages, depends on the activity of Rac1, Cdc42, and WASp 

(Hanna et al., 2017). Despite the general requirement for F-actin and the activators of actin 

polymerization, there seem to be clear distinctions between TNTs and fusion-competent 

protrusions. In particular, we observed that contact initiated by a long protrusion with a 

neighboring macrophage was invariably followed by fusion. In contrast, TNTs that also 

form by extending long protrusions remain stable structures that connect two cells. 

Furthermore, while TNTs have been reported to form in short 4-h cultures of RAW/LR5 

macrophages (Hanna et al., 2017), fusion of peritoneal macrophages begins 9 h after the 

addition of IL-4 (Faust et al., 2017). Finally, as revealed in our studies, short rather than 

long protrusions predominantly initiate macrophage fusion. Nevertheless, the requirement 
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for F-actin and actin nucleation promoting factors of both TNTs and long fusion-competent 

protrusions is intriguing and suggests that two phenomena may be connected by a general 

mechanism. The requirement for actin-based protrusions as initiators of cell– cell fusion 

seems to emerge as a unifying principle in several model systems, including fusion in 

osteoclasts (Oikawa et al., 2012; Shin et al., 2014; Wang et al., 2015) and fusion of muscle 

cells in flies, zebrafish, and mice (Chen, 2011; Abmayr and Pavlath, 2012; Gruenbaum-

Cohen et al., 2012; Aguilar et al., 2013). In Drosophila, muscle fibers are formed through 

rounds of fusion between a myotube (founder cell) and a fusion-competent myoblast 

(FCM). The fusion interface between these cells was found to contain an F-actin 

enrichment referred to as a “focus,” which develops in FCM and then invades the myoblast 

with one or several finger-like protrusions (Abmayr and Pavlath, 2012; Aguilar et al., 

2013). Numerous actin regulatory proteins, including WASp, WIP, SCAR/WAVE, and 

others have been found at the fusion site (Chen, 2011; Abmayr and Pavlath, 2012; Aguilar 

et al., 2013). Based on their invasiveness, size and the presence of the actin core with a 

surrounding ring of adhesive proteins, these structures were called PLS (Sens et al., 2010). 

While the molecular composition of the fusion-competent protrusions in macrophages and 

myoblasts may differ, their formation nevertheless requires Cdc42, WASp, and Arp2/3. 

Furthermore, although we did not observe stable F-actin foci in macrophages, fusion was 

initiated from sites where podosome clustered in large numbers (Figure 2, A and B). Recent 

studies have shown that actin-based protrusions, reconstituted together with adhesion 

molecules in Drosophila cells that normally do not undergo fusion, failed to recapitulate 

cell–cell fusion (Shilagardi et al., 2013). Expression of authentic fusion proteins, in 
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addition to cell–cell and cell-matrix adhesion molecules, was necessary to induce fusion. 

These findings suggest that actin-based protrusions are insufficient on their own to promote 

cell–cell fusion. Whether force production alone is sufficient or the presence of fusion 

proteins is required for macrophage fusion is currently unknown. Further studies of actin 

dynamics may help define a link between actinbased protrusions and podosomes in 

macrophage fusion. 

2.5 Materials and methods 

1, Mice  

C57BL/6J, WASp-/-(B6.129S6-Wastm1Sbs/J), and Cdc42loxP/loxP mice were 

purchased from The Jackson Laboratory (Bar Harbor, ME). LysMcre mice were a gift from 

James Lee. LifeAct mice (Riedl et al., 2010) were a gift from Janice Burkhardt and used 

with permission from Roland Wedlich-Söldner. The conditional Cdc42loxP/loxP mice 

were generated by crossing Cdc42loxP/loxP mice with LysMcre mice and screening for 

Cdc42 excision in myeloid leukocytes. All animals were given ad libitum access to food 

and water and maintained at 22°C on a 12-h light/dark cycle. Experiments were performed 

according to animal protocols approved by the Institutional Animal Care and Use 

Committees at Arizona State University and the Mayo Clinic, Arizona, and the HHMI 

Janelia Reseach Campus. 

2, Macrophage isolation  

Age- and sex-matched mice were injected with 0.5 ml of a sterile 4% solution of 

Brewer’s thioglycollate (TG) (Sigma Aldrich, St. Louis, MO). All animals were humanely 
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killed 72 h later and macrophages were isolated by lavage with an ice-cold solution of 

phosphate-buffered saline (PBS, pH 7.4) supplemented with 5 mM EDTA. The cells were 

collected into tubes precoated with bovine serum albumin (BSA). Macrophages were 

counted with a Neubauer hemocytometer immediately thereafter. 

3, IL-4–induced macrophage fusion  

Macrophage fusion was induced as previously described (Faust et al., 2017, 2018). 

Briefly, cells were applied to various surfaces at a concentration of 5 × 106 cells/ml in 

DMEM/F12 supplemented with 15 mM HEPES (Cellgro, Manassas, VA), 10% fetal 

bovine serum (Atlanta Biological, Flowery Branch, GA), and 1% antibiotics (Cellgro, 

Manassas, VA) and incubated in 5% CO2 at 37°C for 30 min. Nonadherent cells were 

removed by washing the culture 3–5× with Hank’s balanced salt solution (HBSS; Cellgro, 

Manassas, VA) supplemented with 0.1% BSA. HBSS was removed and the cells were 

incubated in culture medium for 2 h. IL-4 (10 ng/ml; Genscript, Piscataway, NJ) was 

applied to cultures until the respective time points. The fusion index (McNally and 

Anderson, 1995) was used to determine the extent of macrophage fusion. The fusion index 

is defined as a fraction of nuclei within MGCs expressed as a percentage of total nuclei 

counted.  

4, Phase-contrast videomicroscopy  

Macrophages were cultured on Permanox plastic (Thermo Scientific, Waltham, 

MA), Fluorodishes (World Precision Instruments, Sarasota, FL), or surfaces adsorbed with 

long-chain hydrocarbons as described previously (Faust et al., 2017). Dishes were 
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transferred from the cell culture incubator to a stage-top incubator calibrated to maintain a 

humidified atmosphere of 5% CO2 in air at 37°C. Phasecontrast images were collected 

with a 20× or 40× objective every 30 s with an EVOS FL Auto (Thermo Scientific, 

Waltham, MA) and transferred to ImageJ to create movies. 

5, LLSM  

The LLSM used in these experiments is housed in the Advanced Imaging Center at 

the Howard Hughes Medical Institute Janelia research campus. The system was configured 

and operated as previously described (Chen et al., 2014). Briefly, eGFP-LifeAct and/or 

mRFP-LifeAct peritoneal macrophages were applied to 5-mm cover glass surfaces 

adsorbed with long-chain hydrocarbons (Faust et al., 2017, 2018). IL-4 (10 ng/ml) was 

added and LLSM was conducted 8–10 h thereafter. Samples were illuminated by LLSM 

using 488- or 560-nm diode lasers (MPB Communications) through an excitation objective 

(Special Optics, 0.65 NA, and 3.74-mm WD). Fluorescent emission was collected by a 

detection objective (Nikon, CFI Apo LWD 25XW, 1.1 NA) and detected by an sCMOS 

camera (Hamamatsu Orca Flash 4.0 v2). Acquired data were deskewed as previously 

described (Chen et al., 2014) and deconvolved using an iterative Richardson-Lucy 

algorithm. Point-spread functions for deconvolution were experimentally measured using 

200-nm TetraSpeck beads (Invitrogen) adhered to 5-mm glass coverslips for each 

excitation wavelength. 
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6, Biomaterial implantation  

Animal surgery was conducted according to AVMA Guidelines by protocols 

approved by both the Mayo Clinic and Arizona State University. Segments (1.5 × 0.5 cm) 

of sterile PCTFE were implanted into the peritoneum of age- and sex-matched mice as 

described (Jay et al., 2007). Animals were humanely killed 14 d later and explants were 

analyzed for the presence of MGCs. Prior to explantation, 2 ml of PBS containing 5 mM 

EDTA was aseptically injected into the peritoneum and cells in the peritoneum were 

collected by lavage. The number of cells in the peritoneum at the time of explantation was 

determined by counting with a Neubauer hemocytometer. Experiments were conducted in 

duplicate on three independent days (i.e., total six mice per experiment).  

7, Immunofluorescence  

At the indicated time point, specimens were fixed with 2% formaldehyde in PBS 

for 30 min at room temperature. Samples were permeabilized with 2% formaldehyde, 0.1% 

Triton X-100 in PBS for 30 min, and then washed 3× with PBS containing 1% BSA (PBS-

BSA). Samples were incubated overnight at 4°C with primary antibodies directed against 

vinculin and talin (V9131 and T3287 for anti-vinculin and anti-talin, respectively; Sigma 

Aldrich) and 15 nM Alexa Fluor 488–conjugated phalloidin (Thermo Scientific). The 

specimens were washed 3× with PBS-BSA and incubated with Alexa Fluor–conjugated 

secondary antibodies (Thermo Scientific) overnight at 4°C. Nuclei were labeled with DAPI 

according to the manufacturer’s recommendation (Thermo Scientific). Samples were 

mounted in Prolong Diamond (Thermo Scientific) and imaged with a Leica SP5 and Leica 
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SP8 laser scanning confocal microscopes. The effect of CK-636 and CK-548 on podosome 

formation in macrophages labeled with Alexa Fluor 488–conjugated phalloidin was 

assessed by counting a fraction of cells with >10 podosomes normalized to DMSO control, 

as previously described (Nolen et al., 2009).  

8, Statistical analyses  

Unless indicated otherwise results are shown as the mean ± SD from three 

independent experiments. Multiple comparisons were made via ANOVA followed by 

Tukey’s or Dunn’s posttest using GraphPad Instat software. Samples that passed the 

normal distribution test were analyzed by t test. The remaining samples were analyzed by 

the Mann-Whitney test. Data were considered significantly different if p < 0.05. 
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   CHAPTER 3 

 

TRANSITION OF PODOSOMES INTO ZIPPER-LIKE STRUCTURES IN 

MACROPHAGE-DERIVED MULTINUCLEATED GIANT CELLS 

 

3.1 Abstract  

Macrophage fusion resulting in the formation of multinucleated giant cells (MGCs) 

is a multistage process that requires many adhesion-dependent steps and involves the 

rearrangement of the actin cytoskeleton. The diversity of actin-based structures and their 

role in macrophage fusion is poorly understood. In this study, we revealed hitherto 

unrecognized actin-based zipper-like structures (ZLSs) that arise between MGCs formed 

on the surface of implanted biomaterials. We established an in vitro model for the induction 

of these structures in mouse macrophages undergoing IL-4–mediated fusion. Using this 

model, we show that over time MGCs develop cell-cell contacts containing ZLSs. Live-

cell imaging using macrophages isolated from mRFP- or GFP-Lifeact mice demonstrated 

that ZLSs are dynamic formations undergoing continuous assembly and disassembly and 

that podosomes are precursors of these structures. Immunostaining experiments showed 

that vinculin, talin, integrin αMβ2, and other components of podosomes are present in 

ZLSs. Macrophages deficient in WASp or Cdc42, two key molecules involved in actin core 

organization in podosomes, as well as cells treated with the inhibitors of the Arp2/3 

complex failed to form ZLSs. Furthermore, E-cadherin and nectin-2 were found between 
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adjoining membranes, suggesting that the transition of podosomes into ZLSs is induced by 

bridging plasma membranes by junctional proteins. 

3.2 Introduction  

Cell-cell fusion is a fundamental property of multicellular organisms and occurs in many 

physiological processes, such as fertilization, bone remodeling, skeletal muscle and placenta 

formation, and stem cell differentiation (Chen et al., 2007; Aguilar et al., 2013; Podbilewicz, 

2014). In addition, cellular fusion has been observed in numerous pathological conditions. 

In particular, the homotypic fusion of macrophages, leading to the formation of 

multinucleated giant cells (MGCs), occurs in tissues affected by chronic inflammation, 

including infectious and non-infectious granulomas (Helming and Gordon, 2007b). 

Furthermore, MGCs are a prominent component of the foreign body reaction of the host to 

implanted biomaterials, and their accumulation at the tissue-material interface may persist 

throughout the lifetime of the implant (Anderson et al., 2008). MGCs adherent to 

biomaterials is known to produce potent cellular products that have been proposed to degrade 

the biomaterial, eventually leading to device failure (Zhao et al., 1991; Anderson et al., 2008; 

Sheikh and Nash, 1996). MGCs are formed from blood monocytes recruited from the 

circulation to implant surface, where they differentiate into macrophages that undergo fusion. 

The T-helper 2 cytokine interleukin-4 (IL-4) participates in macrophage fusion in vivo (Kao 

et al., 1995) and is broadly used to study monocyte/macrophage fusion in cell cultures 

(McInnes and Rennick, 1988; McNally and Anderson, 1995; Moreno et al., 2007; Skokos et 

al., 2011; Milde et al., 2015).  
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Cellular fusion is a multistage process, which starts with the cytokine induction of 

intracellular signaling that programs cells into a fusion-competent state. Adhesion of fusion-

competent cells to a permissive substrate, cytoskeletal rearrangements, cell motility, and cell-

cell interactions are all important determinants of macrophage fusion (Helming and Gordon, 

2009).  Most, if not all, of the steps involved in macrophage fusion, appear to rely on the 

actin cytoskeleton. It has long been known that cytochalasins B and D that prevent actin 

polymerization also inhibit macrophage fusion (DeFife et al., 1999; Faust et al., 2019). The 

polymerization of actin filaments is known to be involved in the formation of diverse cellular 

protrusions, including lamellipodia, filopodia, and podosomes (for review see Ridley, 2011 

and Svitkina, 2013). However, the precise targets of actin-disrupting agents that inhibit 

macrophage fusion have not been identified. Recently, we have characterized the early steps 

of IL-4–mediated macrophage fusion and showed that an actin-based protrusion at the 

leading edge initiates macrophage fusion (Faust et al., 2019). Furthermore, we have found 

that fusion-competent protrusions form at the sites enriched in podosomes.  

Podosomes are dot-shaped adhesion complexes formed at cell-matrix contact sites that 

have been identified in many cell types. Podosomes are especially prominent in cells of the 

monocytic lineage, including macrophages and dendritic cells, where they are associated 

with cell adhesion, migration, and matrix degradation (for review see Linder et al., 2011; 

Murphy and Courtneidge, 2011). Structurally, podosomes consist of a core of Arp2/3-

mediated branched actin filaments and actin-regulatory proteins, including WASp and 

cortactin. The actin core is surrounded by a ring of cytoskeletal adaptor proteins, such as 

talin, vinculin, and paxillin. Moreover, integrin receptors have been localized in the ring 
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(Zambonin-Zallone et al., 1989; Pfaff and Jurdic, 2001), with integrin αMβ2 being the 

predominant integrin in macrophages (van den Dries et al., 2013b) and dendritic cells (Burns 

et al., 2004). The core and ring are linked by a myosin-IIA–containing network of 

unbranched actin filaments (Luxenburg et al., 2007; Akisaka et al., 2008; van den Dries et 

al., 2013b). An additional subset of unbranched actin filaments connects individual 

podosomes into groups (Bhuwania et al., 2012). Furthermore, a cap at the tip of the actin 

core consists of formins, fascin, and other proteins (Mersich et al., 2010; Van Audenhove et 

al., 2015; Panzer et al., 2016; Bhuwania et al., 2012). Podosomes are dynamic structures that 

give rise to different morphologies in diverse cells (for review see Linder et al., 2011). In v-

Src–transformed fibroblasts, podosomes form rosettes in cell extensions. In macrophage-

derived osteoclasts, initial clusters of podosomes reorganize into rings, which then fuse and 

finally stabilize as a continuous sealing belt. Recent studies of murine macrophages 

undergoing osteoclastogenesis in the presence of RANKL and osteoclasts induced in mouse 

bone marrow cells by RANKL/M-CSF have demonstrated podosome-related actin-based 

zipper-like structures (Takito et al., 2012; Takito et al., 2017) that form at the site of cell-cell 

contact. Podosomes are especially dynamic in macrophages where they undergo continuous 

turnover. Studies on the reorganization of podosomes in mononuclear mouse and human 

macrophages under nonfusogenic conditions have shown that individual podosomes can fuse 

into larger structures and then disassemble into smaller clusters (Evans et al., 2003; Kopp et 

al., 2006; Poincloux et al., 2006). However, little is known about the fate of podosomes in 

MGCs as these cells undergo maturation in vitro and in vivo.  

In this study, we revealed actin-based zipper-like structures (ZLSs) that form over time 
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between MGCs undergoing fusion on the surface of biomaterials implanted into mice. We 

established an in vitro model for the induction of these structures in MGCs formed by the 

IL-4–mediated fusion of mouse macrophages. Using this model, we found that podosomes 

were the precursors of ZLSs. Moreover, in addition to actin, ZLSs contained other proteins 

typically found in podosomes. The transition of podosomes into ZLSs appeared to be 

induced upon the bridging of two plasma membranes by the junctional proteins E-cadherin 

and nectin-2. Thus, a novel actin-based structure was identified in macrophages undergoing 

fusion on implanted biomaterials, which may provide a potential target for blocking MGC 

formation. 

3.3 Results  

1, Zipper-like actin structures formed in MGCs following biomaterial implantation  

While studying the foreign body reaction to implanted biomaterials in mice, we 

observed heretofore unrecognized actin-based structures formed at the contact sites 

between MGCs. In these experiments, polychlorotrifluoroethylene (PCTFE) sections were 

implanted into the peritoneal cavity of C57BL/6J mice, and the formation of MGCs was 

monitored after 3, 7, and 14 days by labeling recovered explants with Alexa Fluor 568-

conjugated phalloidin and DAPI. Analyses of the samples revealed a progressive 

accumulation of MGCs on the biomaterial surface (Figure 1A). Furthermore, many MGC-

MGC contact sites in the samples retrieved after 7 or 14 days of implantation contained 

areas with a seemingly symmetric and periodic actin distribution that visually resembled a 

zipper (Figures 1B). Based on this appearance, we hereafter call this actin pattern the 

zipper-like structure (ZLS). The ZLSs were first observed on day 7 as assessed by the 
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measurements of the total ZLS length per high-power field (0.15 mm2), and their numbers 

increased by day 14 (Figure 1C). The majority of ZLSs were observed between MGCs, 

although they were infrequently seen at the contact sites of MGCs with mononuclear 

macrophages.  

2, Formation of ZLSs in vitro  

To investigate the mechanism of ZLS formation, we established an in vitro system 

that allowed us to generate ZLSs reproducibly. Since PCTFE plastic is not amenable to 

most imaging techniques, we took advantage of recently developed optical-quality glass 

surfaces prepared by adsorption of  

long-chain hydrocarbons such as paraffin that promote high levels of macrophage fusion 

(Faust et al, 2017; Faust et al., 2018). In this series of experiments, rather than macrophage 

cell lines, we used primary macrophages isolated from the inflamed mouse peritoneum 

(Helming and Gordon, 2007a; Podolnikova et al., 2016; Faust et al., 2019) to avoid the 

robust proliferation observed in the cultures of macrophage cell lines. Using phase-contrast 

video microscopy, we determined that the kinetics of IL-4–induced macrophage fusion on 

paraffin-coated glass (P-surface) were similar to that on PCTFE (Figure 2A and B). The 

cell fusion began 8–9 h on both surfaces after the addition of IL-4, and the maximum 

number of fusion events occurred after 16–20 h and then gradually declined. Furthermore, 

as determined by the measurements of the fusion index, the period between hours 9 and 24 

was the most active period of fusion on both surfaces (Figure 2C). 
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Figure 1. Formation of zipper-like structures (ZLSs) in MGCs following biomaterial implantation. (A) 

Sections of the PCTFE implanted into the peritoneal cavity of mice were recovered 3, 7, and 14 days after 

surgery. Explants were fixed and labeled with Alexa Fluor 546-conjugated phalloidin (white) and DAPI 

(teal). Macrophage fusion was assessed as a fusion index, which determines the percent of cells with three or 

more nuclei. Results shown are mean ± S.D. of three independent experiments. Three-to-five random 20× 

fields were used per sample to count nuclei. ***p < .0001. (B) Upper panel, a representative image of MGCs 

formed on the surfaces of the implants recovered at day 14 post-surgery. The scale bar is 20 µm. Bottom 

panels, high magnification views of the boxed areas 1 and 2 shown in B. The scale bars are 10 µm and 15 

µm for images 1 and 2, respectively. (C) The time-dependent formation of ZLSs on the PCTFE sections 

explanted at days 7 and 14 post-surgery. The formation of ZLSs was assessed as the total length of ZLSs per 

high-power field (0.15 mm2), and the determination was made using ImageJ. Results shown are mean ± SD 

of three independent experiments. ***p < .001. 
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Figure 2. Kinetics of macrophage fusion and ZLS formation in vitro. (A, B) Macrophages were isolated 

from the mouse peritoneum 3 days after TG injection and plated on PCTFE sections (20 × 20 mm) or paraffin-

coated cover glasses (P-surface) at 5000 cells/mm2 in DMEM/F12 supplemented with 10% FBS, and fusion 

was induced by the addition of IL-4 (10 ng/ml). The number of fusion events at different times was 

determined using phase-contrast video microscopy. Results shown are mean ± SD of three-four independent 

experiments. (C) The fusion indices of macrophages plated on PCTFE or P-surface determined at different 

time points. Results shown are mean ± SD of three independent experiments. Three-to-five random 20× fields 

were used per sample to count nuclei (total ~6000 nuclei). (D, E) TG-elicited peritoneal macrophages were 

seeded at 5000 cells/mm2 on paraffin-coated (D) or acid-cleaned (E) cover glasses and fusion was induced 

by the addition of IL-4 (10 ng/ml). Representative images of fusing macrophages taken at different time 

points are shown. The scale bars are 50 μm. (F) A representative image of an MGC formed in the 5-day 

culture of fusing macrophages on the P-surface. The scale bar is 30 μm. (Fʹ) High magnification view of a 

boxed area in F. The scale bar is 5 µm. (G) The time-dependent fusion of IL-4–induced macrophages on the 

P-surface or acid-cleaned glass. Results shown are mean ± SD of three independent experiments. (H) The 

total lengths of ZLSs in MGCs formed on the P-surface or acid-cleaned glass for 5 days. Results shown are 
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mean ± SD of three independent experiments. Three-to-five random 20× fields were used per sample to 

determine the ZLS length by Image J. (I) The frequency distribution of the total ZLS lengths/high power 

field in MGCs formed in the 5-day culture (n = 48). (J) The frequency distribution of individual ZLS lengths 

(n = 280). (K) The total lengths of ZLSs formed in the 5-day cultures of macrophages plated at different 

densities. Results shown are mean ± SD of three independent experiments. Three-to-five random 20× fields 

were used per sample to determine the length. ***p < .001; ns, nonsignificant. 

 

Based on this similarity, we used P-surfaces in subsequent experiments. Since we were 

unable to detect ZLSs after 48 h, the duration of incubation was extended to 5 days. 

Although the size of MGCs did not significantly change after 2 days (Supplemental Figure 

1), they acquired a more round morphology by day 4 relative to the irregularly shaped 

MGCs formed at earlier times (Figure 2D). In addition, contacts between apposing MGCs 

became more frequent, with many regions displaying ZLSs (Figure 2D and F, Fʹ). ZLS 

formation appeared to have correlated with the fusion index inasmuch as only the limited 

number of ZLSs was detected on poorly fusogenic acid-cleaned glasses (Fig. 2E, G and 

H). The total length of ZLSs at day 5 ranged between a minimum of ~50 μm and a 

maximum of ~1460 μm/high power field (Figure 2I), and the average length of individual 

ZLSs was 35 ± 25 μm and varied between 6 μm and ~150 μm (Figure 2J). Furthermore, 

increasing the seeding cell density increased the total ZLS length (Figure 2K), suggesting 

that contact between cells is essential for ZLS formation. After 5 days, the MGCs and 

mononuclear macrophages attached to P-surface remained viable as determined by the 

trypan blue exclusion test (Supplemental Table 1). Based on the examination of confocal 

images (Figures 1B and 2, D and F), the pattern of actin distribution within ZLSs formed 

in vitro and in vivo appeared to be indistinguishable. In subsequent experiments, the 5-day 

time point was chosen to allow for sufficient ZLS formation. 
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3, The three-dimensional pattern of the actin distribution in ZLS  

To examine whether ZLSs had a specific pattern, we determined their dimensional 

parameters using samples from 5-day MGC cultures labeled with Alexa Fluor 568-

conjugated phalloidin. The periodicity of the actin distribution in ZLSs was determined 

from the x-y planes (Figure 3, A and B), and the height and width from the scans of 

fluorescence intensity of the x-z sections (Figure 3C). Actin was organized into large and 

small globules that formed two closely spaced “humps” originating from each MGC 

(Figure 3C). The average maximum height of the humps was 2.9 ± 0.5 µm (n = 64; 40 

cells), and the average width was 4.8 ± 0.9 µm (n = 196; 30 cells). The distribution of the 

height and width values of the actin humps is shown in Supplemental Figure 2. The humps 

were closely abutting at the site of cell-cell contact. (Figure 3C). The average height of the 

region of close apposition was 1.2 ± 0.3 µm (n = 40; 20 cells). The average periodicity of 

the main actin foci seen in ZLSs was 2.1 ± 0.4 µm (n = 71; 30 cells) (Figure 3B, 

arrowheads, and Figure 3F). By fitting the diameter value distribution of the bottommost 

region of the large globules with a bimodal Gaussian formula, two populations were 

identified (Figure 3G) with average diameters of 1.2 ± 0.2 µm and 2.0 ± 0.3 µm (n = 100). 

Another feature observed in the x-y plane was the areas of actin organization that appeared 

as closely spaced small globules lying along the plasma membrane of two apposing MGCs 

(Figure 3B, arrows). The images acquired by structured illumination microscopy (SIM) 

showed additional details of this area (Figure 3, D and E). The space between the plasma 

membranes was clearly seen with small actin globules (0.24 ± 0.06 µm in diameter) 

positioned at seemingly regular intervals (0.2 ± 0.1 µm) at the cytosolic face of the 
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membrane (Figure 3H). In the x-y plane, it appeared that large foci were connected to small 

foci by thin filaments, although such filaments were not clearly seen in some locations. 

Together, these analyses suggest that the actin distribution pattern in ZLS is relatively 

uniform.  

4, ZLSs are transient actin-based arrangements formed from podosomes  

Upon close examination of adjoining cells (Figures 4), we noticed that the regions 

of the plasma membranes just preceding the ZLSs contained actin puncta (Figure 4, 

enlarged boxes 1 and 2, arrows). Furthermore, actin puncta were seen in the vicinity of 

ZLSs (Figure 4, enlarged boxes 1 and 2, arrowheads). The actin puncta contained rings of 

vinculin and talin circumscribing a central actin core (Supplemental Figure 3), suggesting 

that these structures were podosomes, a characteristic feature of macrophages. Podosomes 

were often assembled into clusters of two or three podosomes which were also surrounded 

by vinculin and talin. The size of individual podosomes (~0.7 µm), as well as those in 

clusters, was in agreement with that determined previously in living MGCs and in fixed 

samples (Faust et al, 2019). Mononuclear macrophages that were observed close to MGCs 

also contained numerous circumferential podosomes (Figure 4, left bottom quadrant). 

While mononuclear macrophages occasionally formed short ZLSs with MGCs (Figure 4, 

enlarged box 3), they did not form ZLSs with each other. The presence of podosomes in 

close proximity to the site of the MGC-MGC apposition suggested that podosomes might 

be precursors of ZLSs. To examine whether ZLSs originate from podosomes, we 

performed live-cell imaging using mRFP- or eGFP-LifeAct macrophages, which were 

fused by IL-4 induction for 5 days. Surprisingly, ZLSs were not as stable as appeared in 
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the fixed specimens 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Three-dimensional pattern of actin distribution in ZLS. (A) MGCs formed in a 5-day culture 

were labeled with Alexa Fluor 568-conjugated phalloidin, and confocal images were used to analyze actin 

distribution in ZLSs. A representative deconvolved x-y confocal plane of a ZLS close to the substrate is 

shown. The scale bar is 5 m. (B) High magnification image of the boxed area in A. The arrowheads point 

to the main actin foci, and arrows point to small actin globules adjacent to the plasma membranes. The scale 

bar is 2.5 m. (C) The z-scan through line 1 in B demonstrates a cross-section through the ZLS and illustrates 

the localization of actin in two adjacent humps. Numbers indicate the averaged dimensional parameters of 
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the ZLS. (D) Imaging of MGCs labeled with Alexa Fluor 568-conjugated phalloidin using SIM. The scale 

bar is 5 m. (E) A high magnification image of the boxed area in D. Arrowheads indicate membrane-adjacent 

actin globules. The scale bar is 2.5 m. (F) The scan of fluorescence intensity (in arbitrary units) along dotted 

line 2 indicated in B. (G) The size distribution of the large actin globules. (H) The scan of the fluorescence 

intensity (in arbitrary units) along a dotted line shown in E. 

 

analyzed by immunofluorescence but were rather dynamic. The ZLSs formed from actin 

puncta, remained seemingly stable for some time and then disassembled into actin puncta. 

As shown in Figure 5A and Video 1, a nascent ZLS (00:00 min; yellow and white arrows 

show the top and bottom borders of the ZLS, respectively) was undergoing further 

organization and elongation (2:00–06:00 min). The subsequent growth of this ZLS 

downward from a pool of adjacent podosomes was concomitant with its disassembly 

upstream (Figure 5A, 10:00–22:00 min). A cloud of actin puncta emerging from the 

disassembled ZLS remained near the plasma membrane. Another area of the ZLS assembly 

and disassembly is shown in Figure 5B and Video 2. The dismantlement of the ZLS, in this 

case, resulted in the separation of the two MGCs (Figure 5B; 35:00 min). The amount of 

time during which the membranes between different MGCs remained joined by ZLSs was 

12.8 ± 3.5 min (n = 20). No correlation between the length of the ZLSs and time was found 

(Supplemental Figure 4). To determine whether podosomes give rise to large actin globules 

in the ZLS we conducted a series of live-cell imaging experiments performed with a better 

temporal resolution (~7-s per image for 15-20 min). Tracking individual podosomes 

showed a single actin punctum moving toward the ZLS and then fusing with a nascent 

large globule, suggesting that large globules grow by sequential addition of actin from 

podosomes (Figure 6A and Video 3). The large globules could also grow by accumulating 

small clusters consisting of two or three podosomes (Supplemental Figure 5). We 
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Figure 4. Podosomes as potential precursors of ZLSs. A representative image of MGCs formed in the 5-

day culture of fusing macrophages. Cells were labeled with Alexa Fluor 488-conjugated phalloidin (white) 

and DAPI (teal). Many areas of contact between MGCs and MGC-mononuclear cells contain ZLSs, which 

are observed at the sites where two plasma membranes decorated with podosomes adjoin. The scale bar is 50 

μm. High magnification images of the boxed areas (1-3) illustrate the possible formation of ZLSs from 

podosomes. The scale bars are 5 μm. 

 

also observed that large globules can be fragmented into actin puncta. As shown in Figure 

6B and Video 4, a large globule began to fragment into two smaller globules that were still 

associated with the ZLS. This behavior suggests that ZLSs are highly dynamic with large 

globules undergoing continuous turnover.  
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Figure 5. Live-cell imaging of ZLS formation. (A) Frames from a representative live-cell imaging 

experiment showing the formation of a ZLS between two MGCs formed in a 5-day culture of IL-4–induced 

macrophages isolated from mice expressing mRFP-LifeAct. Yellow and white arrows indicate the initial 

upper and bottom boundaries of the nascent ZLS, respectively (00:00 min). After the period of maturation 

and elongation (02:00-10:00 min), the upper part of the ZLS disassembles (10:00-22:00 min). The scale bar 

is 20 μm. See also Video 1. (B)  Frames from a movie showing the formation and disassembly of another 

ZLS between MGCs derived from EGFP-LifeAct macrophages. The scale bar is 5 μm. 



  
 
 

 

82 
 
 

 

 

Figure 6. Large globules in the ZLS grow by the addition of podosomes. (A) Frames from a representative 

live-cell imaging experiment (n=9) showing fusion of a single podosome with a nascent large globule in the 

ZLS (upper panel). Botton panels: high magnification images of the boxed areas. Arrows indicate two fusing 

actin puncta. The scale bars in the upper panels are 5 µm and 1 µm in the lower panels. (B) Frames from a 

representative live-cell imaging experiment (n=10) showing fragmentation of a large globule (upper panels). 

Botton panels: high magnification images of the boxed areas. Arrowheads indicate an initial large globule 

which is fragmented giving rise to a smaller daughter globule (arrows). The scale bars in the upper panels 

are 5 µm and 1 µm in the lower panels. 

 

 

 



  
 
 

 

83 
 
 

 

5, ZLSs contain proteins found in podosomes  

Further evidence for the podosome origin of ZLSs was obtained by 

immunofluorescence experiments using antibodies that recognize proteins usually found 

in podosomes. The defining feature of podosomes is the presence of the core of actin 

filaments (Linder et al., 2000; Kaverina et al., 2003) surrounded by adhesive plaque 

proteins, such as talin, vinculin, and integrins (Zambonin-Zallone et al., 1989; Pfaff and 

Jurdic, 2001). As shown in Figure 7, vinculin, talin, paxillin, cortactin, and integrin αMβ2 

were detected in ZLSs. Furthermore, actin and podosome proteins were enriched on both 

sides of the plasma membranes. Among the podosome proteins, vinculin and talin localized 

in the humps, and both proteins encircled the large actin globules (Figure 7, A-F). No 

colocalization of vinculin or talin with actin was observed in the small globules (Figure 7, 

B and E). Paxillin was also found to surround the large globules (Figure 7, G and Gʹ). 

Cortactin colocalized with actin in the large globules and was present in the small globules 

near the midline between the two MGC membranes (Figure 7, H and Hʹ; arrow in the z 

section). The area between the humps corresponding to the site of close apposition between 

the plasma membranes appeared to be void of podosome-associated proteins, except for 

αMβ2 (Figure 7I and Iʹ). The integrin αMβ2 was present in the midline and also decorated 

the plasma membrane above the humps. Myosin II, which has been shown to localize in 

the area surrounding the actin core (Labernadie et al., 2010; van den Dries et al., 2013a) 

and to enrich in the regions of high podosome turnover (Kopp et al., 2006), was also found 

in ZLSs (Supplemental Figure 6A). It is known that the Arp2/3 complex and its activators 

Cdc42 and WASp nucleate the core of actin filaments in podosomes (Linder et al., 2000). 
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We previously demonstrated that deficiency of WASp or Cdc42, or inhibition of Arp2/3 

strongly reduces macrophage fusion and podosome formation (Faust et al., 2019). To 

examine the importance of these actin regulators in ZLS formation, we isolated 

macrophages from WASP-/- and myeloid-cell–specific Cdc42-/- mice and tested their 

ability to assemble ZLSs. We observed that WASp- (Figure 8, A, B, E, and F) or Cdc42-

deficient macrophages (Figure 8, C, G, and H) lost their capacities to form ZLSs in 

correlation with their reduced fusion capacities. In addition, the treatment of wild-type 

macrophages with wiskostatin, a  
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Figure 7. Localization of podosome-specific proteins in ZLSs. Representative SIM images of MGCs in 

the 5-day culture induced by the addition of IL-4 (10 ng/ml) and incubated with anti-vinculin (A), anti-talin 

(D), anti-paxillin (G), anti-cortactin (H) and anti-αMβ2 (I) antibodies followed by corresponding secondary 

antibodies conjugated to Alexa Fluor 488. Actin was labeled with Alexa Fluor 568-conjugated phalloidin. 

Confocal x-y planes close to the substrate-attached cell surface show the distribution of actin and podosome-

specific proteins. (B, E, Gʹ, Hʹ, Iʹ) The z-scans across the horizontal dotted lines in the merged images shown 

in A, D, G, H, and I illustrate the distribution of actin and podosome-specific proteins in the humps. The 

midline, which defines the position of adjoining plasma membranes, is indicated by arrowheads. (C, F) Scans 

of fluorescence intensity of actin/vinculin and actin/talin, respectively, across the vertical dotted lines (x-y 

plane) shown in A and D. The scale bars are 5 m in all x-y sections and 2 µm in all x-z sections. 

 

specific inhibitor of WASp, decreased the fusion and total length of the ZLSs (Figure 8D 

and E, F). Next, we examined whether inhibition of Arp2/3 impaired the ability of wild-

type macrophages to form ZLS. As shown in Figure 8I, the Arp 2/3-specific inhibitor CK-

636 or CK-548 blocked ZLS formation in a dose-dependent manner. Together with live-

cell video microscopy results, these data suggest that ZLSs originate from podosomes. 
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6, Analyses of the junctional proteins within ZLS  

Analyses of actin distribution shown in Figure 3 revealed a narrow space between 

adjoined MGCs, suggesting a very close apposition between the plasma membranes within 

ZLSs. To examine the interface between the membranes at a higher resolution, we 

performed transmission electron microscopy (TEM) to examine MGCs formed in the 5-

day culture. Analyses of the sections taken parallel the site of the cell attachment to 

substrate revealed segments of closely apposed plasma membranes with a spacing of 7.7 ± 

1.3 nm (n= 30) (Figure 9A). Interestingly, the space between two membranes was not 

empty but filled with a material, which displayed striation in some areas (Figure 9A, inset 

in the left panel). To determine the nature of these electron-dense “ladders”, we performed 

confocal microscopy using antibodies against selected proteins, including E-cadherin, 

nectin-2, JAM-A, and connexin43, which are known to mediate homophilic cell-cell 

interactions (Figure 9, C-F). The presence of these proteins has previously been reported 

in activated macrophages (Liu et al., 2000; Eugenin et al., 2003; Pende et al., 2006; Moreno 

et al., 2007; Van den Bossche et al., 2009). We also labeled cells with the lipophilic 

membrane stain DiD to mark the midline, which separates the two halves of the ZLS 

(Figure 9B, arrowhead in the right panel). Labeling with a mAb against the ectodomain of 

E-cadherin revealed this protein in the ZLSs (Figure 9C). E-cadherin was detected in the 

midline (x-y plane) and at the apposition site between the humps (x-z section). E-cadherin 

was also present at the ventral sides of the humps but was mainly excluded from the bodies 

of the humps. Both nectin-2 (Figure 9D) and JAM-A (Figure 9E) were detected in ZLSs. 

However, only nectin-2 was found in both the midline and at the apposition site, whereas 
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JAM-A appeared to have colocalized with actin in the humps. Labeling for afadin, a 

cytosolic adaptor protein which associates with nectin-2 (Takai et al., 2008), showed its 

colocalization with actin in the humps (Figure 9F). Connexin43 was not detected in ZLSs. 

Since the tight junction protein ZO-1 has also been found in macrophages, we labeled ZLSs 

with antiZO-1 antibody; however, we were unable to detect this protein. 

Investigations of E-cadherin and nectin-2 expression during macrophage fusion 

showed that E-cadherin (Figure 10A) and nectin-2 mRNAs (Supplemental Figure 7) were 

barely expressed in freshly isolated macrophages. E-cadherin transcript was detected 3 

hours after incubation of macrophages in the presence of IL-4. A ~10-fold increase was 

observed after 12 hours, and this level did not change after 5 days (Figure 10B). Likewise, 

E-cadherin was poorly expressed on the surface of macrophages before their treatment with 

IL-4 but gradually increased after the addition of IL-4 (Figure 10, C and D). To investigate 

the contribution of E-cadherin to the adjoining of the plasma membranes within the ZLS, 

we treated the cells in a 5-day culture with 1 mM EGTA. As shown in Figures 10, E and 

F, the treatment of cells with 1 mM EGTA for 5 min resulted in almost complete 

dissociation of ZLSs. The effect of EGTA was dose-dependent with the concentration of 

EGTA as low as 0.06 mM reducing the formation of ZLSs by ~90% (Figure 10G). As 

expected, anti-E-cadherin mAb DECMA-1 strongly inhibited the ZLS formation while 

isotype control IgG was ineffective (Fig. 10H). These data indicate that E-cadherin is 

required for generating ZLSs and suggest that this junctional molecule is the chief mediator 

of ZLS formation.  
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Figure 8. The role of organizers of actin polymerization in ZLS formation. Formation of ZLS in the 5-

day cultures of wild-type (A), WASp-deficient, (B), or Cdc42-deficient (C) macrophages induced by the 

addition of IL-4 (10 ng/ml). The right panels in A and B show high magnification images of the boxed areas 

in the left panels. The scale bars are 50 m and 5 m for the original and high magnification images, 
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respectively. (D) Effect of wiskostatin (1 µM) on the formation of ZLS. Wiskostatin was added 

simultaneously with IL-4. (E-H) Fusion index and the lengths of ZLSs in MGCs derived from WASp- or 

Cdc42-deficient macrophages or in macrophages treated with wiskostatin. Results shown are mean ± SD of 

three independent experiments. *p < .05, **p < .05, ***p < .001 (I) Effect of the Arp2/3 inhibitor CK-548 

or CK-636 on ZLS formation. The total lengths of ZLSs per high power field (0.15 mm2) were determined 

in MGCs formed in the 5-day cell culture. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  
 
 

 

90 
 
 

 

Figure 9. Analyses of junctional proteins within ZLS. (A) Ultrastructural details of the intercellular 

junctions formed in a 5-day MGC examined by TEM. Representative TEM micrographs of the sections 

prepared by cutting the specimen parallel to the substratum. The scale bar is 100 nm. Inset in the left panel 

is a higher magnification view of the boxed area. The scale bar is 20 nm. (B-F) MGCs in the 5-day culture 

were labeled with DiD (B) or incubated with anti-E-cadherin (C), anti-nectin-2 (D), JAM-A (E), or anti-

afadin (F) antibody followed by corresponding secondary antibodies conjugated to Alexa Fluor 488. Actin 

was labeled with Alexa Fluor 568-conjugated phalloidin. The x-y confocal planes close to the cell-substratum 

attachment side (200 nm; left panels) and the x-z sections of the z stack (right panels) are shown. The scale 

bars are 5 µm and 2.5 m for the x-y and x-z planes, respectively. 
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Figure 10. Analyses of E-cadherin expression in fusing macrophages and its role in ZLS formation. (A, 

B) A time course of E-cadherin mRNA expression in macrophages undergoing fusion in the presence of IL-

4, as determined by RT-PCR. Signal intensities were normalized to that of α-tubulin mRNA, and fold change 

was determined relative to the control mRNA levels in freshly isolated TG-elicited macrophages (0). 0*, 
unstimulated macrophages adherent for 2 h before the addition of IL-4. Results shown are mean ± SD of 

three independent experiments. (C) Time-dependent expression of E-cadherin in fusing macrophages was 

quantified using immunofluorescence with anti-E-cadherin mAb followed by a secondary Alexa Fluor 546-

conjugated goat anti-mouse antibody. Nuclei are stained with DAPI (teal). Representative images of E-

cadherin expression for each time point are shown. The scale bar is 50 µm. (D) Quantification of fluorescence 

intensities of images of E-cadherin expression shown in C. Data shown are mean ± SD of three independent 

experiments. (E) Effect of EGTA on ZLS formation. Cells in the 5-day culture of IL-4–induced macrophages 

were treated with 1 mM EGTA for various periods (5–30 min). Vehicle buffer (0 min) was added to the 

control cells. Upper panel: After washing, samples were fixed and labeled with Alexa Fluor 546-conjugated 

phalloidin (white) and DAPI (teal). Bottom panel: High magnification views of the boxed areas shown in the 

upper panel. (F) The total lengths of ZLSs in the control (0 min) and EGTA-treated cells. Results shown are 

mean ± SD of three independent experiments. (G) Dose-dependent effect of EGTA on ZLS formation. Cells 

in the 5-day culture of IL-4–induced macrophages were treated with different concentrations of EGTA (0-

0.5 mM) for 5 min, and the total lengths of ZLSs were determined. Results shown are mean ± SD of three 

independent experiments. (H) Effect of the anti-E-cadherin mAb DECMA-1 on ZLS formation. DECMA-1 

(10 µg/ml) or isotype control IgG (10 µg/ml) were added to MGCs in the 5-day culture for 1 hour before 

fixing the cells. Results shown are mean ± SD of three independent experiments. ***p < .001 

3.4 Discussion 

In this study, using an in vivo biomaterial implantation model we revealed actin-

based zipper-like structures that arise at the sites of contact between large macrophage-

derived MGCs. We reproduced the process of the formation of these structures in vitro and 

characterized their composition. Several lines of evidence indicate that ZLSs are transient 

dynamic structures that are formed from podosomes and disassembled into podosomes. 

First, the plasma membranes of two cells immediately preceding the ZLS are arrayed with 

podosomes. Second, podosome-specific proteins talin, vinculin, paxillin, cortactin, and 

integrin αMβ2 are the components of ZLSs. Third, live-cell imaging using macrophages 

isolated from eGFP- or mRFP-LifeAct mice enabled direct visualization of the origin of 

ZLS from podosomes. Lastly, the organization of ZLSs requires the Arp2/3 nucleation-

promoting factors WASp and Cdc42, and the Arp2/3 complex, three proteins that are also 

involved in podosome formation. The intercellular space between the apposing plasma 
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membranes within ZLSs is filled with the junctional proteins E-cadherin and nectin-2, 

suggesting that homophilic interactions between these molecules induce ZLS assembly. In 

three dimensions, ZLSs show a characteristic pattern of actin distribution. Actin is mainly 

concentrated in large globules that are distributed with a regular spacing of ~2.1 µm on 

each side of the plasma membrane of two abutting cells (Figure 3 and schematically shown 

in Figure 11). In addition, actin forms the second array consisting of small globules 

positioned in the immediate proximity to the plasma membrane. Video recordings revealed 

that large actin globules are assembled from podosomes or small podosome clusters that 

concentrate in the vicinity of nascent ZLSs (Figures 5 and 6, and Videos 1-3). Dynamic 

clusters of podosomes have previously been reported in LPS- and INF-stimulated IC-21 

mouse macrophages in which podosomes fuse to form transient actin-containing clusters 

that vary in size (Evans et al., 2003). Likewise, LPS/IFN treatment of human monocyte-

derived macrophages causes podosomes to cluster (Poincloux et al., 2006). The size 

heterogeneity of the actin core has also been observed in dendritic cells, in which a 

population of podosomes undergoes fusion or fission (van den Dries et al., 2013a). 

Therefore, it appears that large actin globules in ZLSs arise by acquiring new podosomes. 

As determined from the fluorescence micrographs of fixed specimens (Figure 3G), two 

populations of large globules were identified with average diameters of 1.2 ± 0.2 µm and 

2.0 ± 0.3 µm. These diameters are greater than that of individual podosomes (0.7 ± 0.2 

µm), suggesting that at the cell-substrate surface, large globules may contain 2–3 individual 

podosomes. However, since the height of large globules is ~2.9 µm and the reported height 

of podosomes is 0.4–0.6 µm (Linder, 2007; Labernadie et al., 2010), the calculated volume 
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of large globules and podosomes is ~1.2 µm 3 and ~0.17 µm3 , respectively, based on the 

assumption of their shape as a circular, slightly truncated cone (Linder, 2007). These values 

imply that large globules can theoretically accumulate actin from ~7 individual podosomes. 

However, while podosome clusterization at the cell-substrate surface can be readily 

envisioned, how large globules grow in the z dimension is unclear. Nonetheless, the 

relatively uniform dimensions of ZLSs suggest that only a limited number of podosomes 

can supply actin to large globules, indicating that their size is regulated. A striking feature 

of ZLSs is that actin foci, large or small, are correctly aligned against each other on both 

sides of the cell-cell interface and equidistant from the plasma membrane, implicating 

undefined scaffold proteins in ZLS formation. It is worth noting that a distinctive pattern 

of actin distribution is clearly seen only in the x-y plane and cannot be easily discerned in 

the z-direction, especially in the region adjacent to the plasma membrane (Figure 3 and 

schematically shown in Figure 11). The z scans show that actin within large globules is 

connected with actin in small globules, although its nature, as well as that of small globules, 

is not clear. The humps formed of large and small actin globules also contain proteins 

typically found in podosomes, including talin, vinculin, paxillin, cortactin, and integrin 

αMβ2 (Figures 7 and 11). Among these proteins, talin and vinculin encircle actin cores in 

large foci (Figure 7, A-F). The distribution of cortactin and αMβ2 differs from that of other 

proteins (Figure 7). Interestingly, both cortactin and αMβ2 were observed in the midline, 

suggesting that these proteins are positioned close to the membrane. However, since αMβ2 

was detected using mAb M1/70 directed against the ligandbinding domain of integrin, 

these data indicate that αMβ2 is present in the intercellular space. In the scheme shown in 
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Figure 11, we take this distribution of actin and ZLS-associated vinculin and talin into 

account, although further studies are required to determine the complex organization of a 

ZLS. The ZLSs formed only after a prolonged period of adhesion of MGCs to the surface 

of biomaterials in vivo and after several days of incubation with IL-4 in a culture medium 

in vitro. By this time, the majority of MGCs appear as large spread cells that form extensive 

contacts with each other, apparently facilitating ZLS formation. Our live-cell is apparently 

enacted by E-cadherin and nectin-2, which are detected in the intercellular space of ZLSs. 

In agreement with previous data (Moreno et al., 2007; Van den Bossche et al., 2009), E-

cadherin mRNA was poorly detected in freshly isolated macrophages but was gradually 

expressed. The life-cell imaging analyses revealed that ZLSs are dynamic structures with 

an average lifespan of ~13 min. Notably, the assembly of ZLSs seems to occur in a 

sequential manner, visually resembling a fastener that moves in one direction, “zippering 

up” plasma membranes. The zippering mechanism and peaked within 12 hours of IL-4 

addition and remained stable after 5 days. Moreover, while the protein was weakly 

expressed on the surface of freshly plated macrophages, its expression was readily 

detectable by 24 h and gradually upregulated over 5 days (Figure 10). Since ZLSs were 

first detected at day 4, either the critical level of E-cadherin or the required level of cell 

spreading or both may be an essential requisite of ZLS formation. 
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Figure 11. Schematic drawing of the organization of actin and associated proteins in a ZLS. (A) The 

3D reconstruction of actin distribution in a ZLS formed by two abutting cells, based on confocal and 

structured illumination microscopy using cell labeling with Alexa-Fluor-conjugated phalloidin. Left panel: 

top view. Right panel: bottom view. The representation of data as a heat map is shown on the right (µm). (B) 

The distribution of actin (red) within the large and small membrane-proximal globules in a ZLS. Based on 

live-cell video microscopy, large globules form from a pool of individual podosomes present in the vicinity 

of the plasma membranes. The podosome proteins vinculin (green) and talin (blue) surround the actin cores 

in large globules and individual podosomes. E-cadherin (orange) holds the two plasma membranes (black 

lines). Afadin (not shown) and other unknown scaffold proteins may organize actin and its associated proteins 

into highly symmetrical ZLS structures. (C) A vertical section across two large actin globules in a ZLS.  
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Similar to E-cadherin, nectin-2 mRNA was not detected in freshly isolated macrophages 

but expressed several hours after incubation in the presence of IL-4. Nonetheless, E-

cadherin appears to play a dominant role in ZLS formation inasmuch as sequestration of 

Ca2+ by EGTA or blocking E-cadherin with an anti-E-cadherin antibody effectively 

disrupted ZLSs (Figure 10). E-cadherin and nectin-2 are typical components of adherens 

junctions (AJ) in epithelial and other cells (Takai et al., 2008; Harris and Tepass, 2010; 

Takeichi, 2014). In AJs, Ca2+ -dependent cadherin molecules associate with the actin 

cytoskeleton, strengthening intercellular adhesions. Moreover, another intercellular 

adhesion system consisting of the Ca2+ -independent nectin molecules and nectin-binding 

adaptor protein afadin, which connects nectin to actin, plays a role in the organization of 

AJs, either cooperatively with or independently of cadherin (Takai et al., 2008). E-cadherin 

and nectin-2 have previously been identified in monocytes/macrophages (Pende et al., 

2006; Moreno et al., 2007; Van den Bossche et al., 2009). The surprising finding of the 

present study is that these molecules, together with afadin, were found in ZLSs suggesting 

that they can form adherens junction-like structures in mature MGCs. Epithelial AJs have 

traditionally been classified into two major groups based on their dynamics and on how 

they associate with actin filaments (Franke, 2009; Takeichi, 2014). The linear adherens 

junctions (lAJ) that connect mature epithelial cells link with a bundle of linear actin 

filaments that runs parallel to the cell borders and are relatively stable. The punctate 

adherens junctions (pAJ) that are found at the edges of epithelial colonies and in other cell 

types, associate with radial actin bundles and are mobile, morphologically unstable 

structures (Takai et al., 2008; Takeichi, 2014; Indra et al., 2018). Ecadherin is also observed 
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at lateral cell-cell contacts below lAJ, where it associates with an amorphous actin network 

(Takeichi, 2014). There are several notable differences between the ZLStype junctions in 

MGCs and AJs in epithelial cells. First, in contrast to AJs, the transient nature of the ZLS-

type junctions suggests that they are held by weak interactions. Although pAJs have been 

described as mobile structures, this behavior is referred to as the ability of cadherin 

molecules to be released and then reassemble within cadherin clusters (Indra et al., 2018). 

Hence, the dynamic behavior of pAJ is related to the continuous turnover of cadherin 

molecules while still maintaining their overall stability. In contrast, an entire ZLS can form 

and disassemble in one location while a new ZLS appears in another location. Second, the 

distribution of actin in ZLSs is distinct from that observed in AJs. Neither parallel actin 

filaments similar to those in lAJ nor pAJ-associated long filaments that perpendicularly 

terminate at the plasma membrane have been detected in ZLSs. Rather, actin is organized 

within regular foci that resemble large podosome clusters observed in nonfusing mouse 

macrophages (Evans et al., 2003). Third, in contrast to lAJs that may encircle cells, ZLSs 

form discontinuous segments at the sites where MGCs contact each other. In this regard, 

ZLSs are reminiscent of cell-cell junctions formed in fibroblasts and other motile cells, in 

which they are observed as punctate and streak-like structures (Yonemura et al., 1995; 

Takeichi, 2014). Fourth, the inter-membrane space in a ZLS determined by TEM was 7.7 

± 1.3 nm, significantly narrower than ~15–25 nm in epithelial AJs (Farquhar and Palade, 

1963; Miyaguchi, 2000). Thus, despite the presence of some typical AJ proteins and actin, 

many features of the ZLStype junctions in MGCs distinguish them from AJs and other cell-

cell junctions, suggesting that these adhesive structures may represent a novel type of AJ. 
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Recently, a report has shown that mononuclear macrophages in the granuloma of zebrafish 

infected with mycobacteria can form adherens junctions (Cronan et al., 2016). Since MGCs 

are the characteristic feature of granulomas in tuberculosis and E-cadherin expression has 

been detected in macrophages from human and mouse samples (Cronan et al., 2016), it will 

be interesting to examine whether MGCs in granulomas also form ZLSs. In addition to E-

cadherin and nectin-2, integrin αMβ2, which is known to associate with podosomes in 

macrophages (Duong and Rodan, 2010; van den Dries et al., 2013a), was found in the 

intercellular space of ZLSs. Integrin αMβ2 is a multi-ligand receptor that can engage 

several counter-receptors, including members of the ICAM and JAM protein families 

(Diamond et al., 1990; Santoso et al., 2002). This receptor may contribute to heterophilic 

interactions that hold two membranes in the ZLS together. We have recently demonstrated 

that αMβ2 can interact with SIRPα (also known as the macrophage fusion receptor, MFR) 

which, similarly as ICAMs and JAMs, belongs to the Ig superfamily (Podolnikova et al., 

2019). However, while SIRPα was strongly expressed in ZLSs (Supplemental Figure 6B), 

it was not present in the midline, suggesting that SIRPα and αMβ2 do not colocalize. At 

present, the counter-receptor of αMβ2 and its contribution to ZLS formation remain to be 

determined. We have recently demonstrated that in vitro macrophage fusion occurs in three 

overlapping steps (Faust et al., 2017). Several hours after IL-4 induction, a founder 

population of mononuclear macrophages initiates fusion with neighboring mononuclear 

macrophages. These early multinucleated cells then fuse with neighboring mononuclear 

macrophages and, finally, MGCs fuse with surrounding MGCs to form syncytia. Our 

current studies suggest that the formation of ZLSs is a late-stage event in multinucleation. 
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Since similar structures form in late MGCs on the surfaces of implanted biomaterials, these 

data indicate that ZLSs are not in vitro artifacts. However, the role of these enigmatic 

structures is unclear. It is well-known that when motile cells establish cell-cell junctions 

they cease movement and proliferation, a phenomenon referred to as contact inhibition of 

cell movement and proliferation (Fisher and Yeh, 1967; Bell, 1978). Since peritoneal 

macrophages do not divide, it is unlikely that ZLSs function in blocking cell proliferation 

signals. Therefore, the role of ZLSs in suppressing migration of MGCs as well as 

mononuclear cells that occasionally form ZLSs with MGCs can be theoretically 

envisioned. Our studies demonstrate that MGCs remain viable after establishing ZLSs. 

This observation is consistent with a well-known fact that cells that establish cell-cell 

junctions and stop moving continue to survive. Another possibility is that ZLSs may be 

involved in proteolysis. Podosomes have been associated in vitro with ECM degradation 

in many cell types, including macrophages (Linder et al., 2011). This is achieved by the 

recruitment and localized release of MMPs as well as serine and cathepsin proteinases. 

Among MMPs, MT1-MMP has been shown to degrade ECM in primary macrophages 

(Wiesner et al., 2010; Wiesner et al., 2014). However, although we observed MT1-MMP 

in mononuclear macrophages and early MGCs, we were not able to detect this protease in 

ZLSs (Supplemental Figure 6C). At present, the involvement of other proteases that can be 

recruited with podosomes to ZLSs remains to be defined. Recent studies have demonstrated 

zipper-like structures in cultures of the murine macrophage cell line RAW267.4 

undergoing osteoclastogenesis in the presence of RANKL and in osteoclasts induced in 

mouse bone marrow cells by RANKL/M-CSF (Takito et al., 2012; Takito et al., 2017). 
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Although osteoclast ZLSs and the ZLSs observed in the current study share similar 

features, such as overall visual appearance, transient nature, and association with 

podosomal proteins, there are clear differences between these two structures. First, two 

types of ZLSs have been found in osteoclasts. The first type has been observed at the 

ventral membrane of a single multinucleated osteoclast that formed as a result of fusion of 

mononuclear cells and was interpreted as the structure joining actin rings of individual cells 

remaining after fusion. Such compartmentalization of the ventral membrane was not 

observed in IL-4–induced MGCs. We invariably observed ZLSs only between the plasma 

membranes of two large apposing MGCs (and rarely between an MGC and mono/binuclear 

cell). The ZLS structures in our experiments seem to resemble another type of ZLS that 

was observed in mature osteoclasts (Takito et al., 2017). Second, in contrast to MGCs, the 

ZLSs in osteoclasts were negative for E-cadherin, β-catenin, and nectin-2 staining (Takito 

et al., 2012). Third, the dimensional parameters of ZLSs in mature osteoclasts are different 

from those in MGCs, with the average width of the ZLSs in osteoclasts being almost twice 

larger than that in MGCs (~8.4 µm vs. ~4.8 µm, respectively). Fourth, perhaps the most 

striking difference between the ZLSs in MGCs and those in osteoclasts is the mechanisms 

of their formation. Although both structures are highly dynamic, the ZLSs in MGCs are 

formed from podosomes or podosome clusters and disassemble into podosomes, whereas 

the ZLSs in osteoclasts result from continuous retrograde actin flow and are independent 

of the dissolution and reformation of podosomes (Takito et al., 2017). It has been proposed 

that this actin flow generates forces that push the plasma membranes of neighboring 

osteoclasts at cell-cell contact sites to generate the ZLSs. While this is an attractive 
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possibility, our results also suggest the formation of ZLSs in MGCs is triggered by the 

interaction of E-cadherin molecules through the zippering mechanism. Finally, the ZLSs 

in osteoclasts have been proposed to be involved in cell-cell fusion (Takito et al., 2012). 

This scenario differs from our findings. Since the ZLSs in MGCs materialize only in 

extended IL-4–induced cultures by the time the cell fusion largely ceases (Figure 2, G and 

H), it is unlikely that they are involved in fusion. Indeed, among the twenty ZLSs analyzed 

by live-cell imaging, we were able to detect only one fusion event that occurred at the site 

of the ZLS. Thus, the kinetics and morphological differences between ZLSs in osteoclast 

and MGCs indicate that the definitive description of ZLSs during osteoclastogenesis and 

MGC formation and their functional roles may require further analysis. In conclusion, our 

in vivo and in vitro studies demonstrate the formation of highly ordered actin-based zipper-

like structures that originate from podosomes and link the plasma membranes of two large 

MGCs. Given the fact that macrophage-derived MGCs and their secreted products may 

modulate the foreign body reaction to implanted biomaterials and ultimately wound healing 

(Anderson et al., 2008; Jones et al., 2008), the mechanisms underlying the assembly of 

podosomederived ZLSs and their role in the foreign body reaction merit further analyses.  

3.5 Materials and methods  

1, Reagents 

The rat mAb M1/70, which recognizes the mouse αM integrin subunit, was purified 

from the conditioned media of hybridoma cells (obtained from The American Tissue 

Culture Collection, Manassas, VA) using protein A agarose. The mouse anti-talin (catalog 

#T3287), anti-vinculin (catalog #V9131) mAbs, and rabbit anti-I/S-afadin polyclonal 



  
 
 

 

102 
 
 

 

antibody (catalog #A0224) were from Sigma (St. Louis, MO). The rabbit anti-paxillin 

(catalog #32084) and anti-JAM-A (catalog #180821) polyclonal antibodies and rabbit anti-

cortactin mAb conjugated to Alexa Fluor 555 were from Abcam (Cambridge, MA). The 

rat anti-nectin-2 (catalog #sc-502-57) mAb and the rat anti-E-cadherin mAb DECMA-1 

(catalog #sc-59778) were from Santa Cruz Biotechnology (Dallas, TX). The mouse anti-

E-cadherin mAb (catalog #3195T), rabbit anti-Myosin IIa polyclonal antibody (catalog 

#34035), and the mouse IgG1 isotype control (catalog #5415) were from Cell Signaling 

(Danvers, MA). The rat anti-SIRPα/CD172a polyclonal antibody (catalog #552371) was 

from BD Bioscience (San Jose, CA). The rabbit anti-MT1-MMP-14 polyclonal antibody 

(catalog #14552-1-AP) was from Proteintech (Rosemont, IL). The rabbit anti-ZO-1 

polyclonal antibody (catalog #61-7300) and secondary antibodies Alexa Fluor 488-

conjugated goat anti-rabbit IgG and Alexa Fluor 633-conjugated goat anti-rat IgG were 

from Invitrogen (Carlsbad, CA). Vibrant DiD membrane-labeling reagent was from 

Thermo Fisher (Waltham, MA). Brewer’s thioglycollate (TG), wiskostatin, and the Arp2/3 

inhibitors CK-548 and CK-636 were from Sigma (St. Louis, MO). IL-4 was from Genscript 

(Piscataway, NJ).  

2, Mice  

C57BL/6J and WASp-/- (B6.129S6-Wastm1Sbs/J) mice were purchased from The 

Jackson Laboratory (Bar Harbor, MA). EGFP- and mRFP-LifeAct mice (Riedl et al., 2010) 

were gifts from Dr. Janice Burkhardt and were used with permission from Dr. Roland 

Wedlich-Söldner. Myeloid cell-specific Cdc42-/- mice were generated by crossing 

Cdc42loxP/loxP mice with LysMcre mice, followed by screening the progeny for Cdc42 
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excision in myeloid leukocytes as previously described (Faust et al., 2019). All animals 

were given ad libitum access to food and water and maintained at 22 °C on a 12-hour 

light/dark cycle. Experiments were performed according to animal protocols approved by 

the Institutional Animal Care and Use Committees at Arizona State University. 

3, Biomaterial implantation  

Segments (1.5 × 0.5 cm) of sterile polychlorotrifluoroethylene (PCTFE) were 

implanted into the peritoneum of age- and sex-matched mice. Animals were humanely 

sacrificed 3, 7 and 14 days later, and explants were analyzed for the presence of MGC as 

previously described (Faust et al., 2019). Prior to explantation, 2 ml of PBS containing 5 

mM EDTA was aseptically injected into the peritoneum, and cells in the peritoneum were 

collected by lavage. The number of cells in the peritoneum at the time of explantation was 

determined by counting with a Neubauer hemocytometer. Experiments were conducted in 

triplicate on three independent days. 

4, Macrophage isolation  

Macrophages were isolated from 8-12-week-old male and female age- and sex-

matched mice injected (I.P.) with 0.5 mL of a sterile 4% Brewer’s thioglycollate (TG) 

solution. All animals were humanely sacrificed 72 h later, and macrophages were isolated 

by lavage with ice-cold phosphatebuffered saline (PBS, pH 7.4) containing 5 mM EDTA. 

Macrophages were counted with a hemocytometer immediately thereafter. 

5, IL-4–induced macrophage fusion  

Macrophage fusion was induced as previously described (Faust et al., 2019). 

Briefly, peritoneal cells (5 × 106 cells/ml) in Hank’s Balanced Salt Solution (HBSS; 
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Cellgro, Manassas, VA) supplemented with 0.1% bovine serum albumin (BSA) were 

applied to acid-cleaned or paraffin- 24 coated glass coverslips [prepared as described by 

Faust et al. (2017 and 2018)]. Cells were incubated in 5% CO2 at 37 °C for 30 min. Non-

adherent cells were removed by washing the culture three times with HBSS, and then the 

adherent cells were cultured with DMEM/F12 containing 15 mM HEPES (Cellgro, 

Manassas, VA), 10% FBS (Atlanta Biological, Flowery Branch, GA) and 1% antibiotics 

(Cellgro, Manassas, VA). After 2 h, 10 ng/ml IL-4 was added to the cultures until the 

indicated time points. For the 5-day cultures, media were changed on day 3. The fusion 

indices were determined from the images of cells labeled with Alexa Fluor 568- conjugated 

phalloidin and DAPI as previously described (Faust et al., 2019). The fusion index is 

defined as the fraction of nuclei within MGCs and expressed as the percentage out of the 

total nuclei counted. A total of 18–20 images (40×) that contained approximately 100–200 

cells were analyzed for each experimental condition. The lengths of ZLSs were determined 

with ImageJ software (National Institutes of Health). Photomicrographs of representative 

fields were obtained with a Leica SP8 microscope (Leica Microsystems Inc. Buffalo 

Grove, IL).  

6, Phase-Contrast Video-Microscopy  

Wild-type, WASp-deficient, and Cdc42-deficient macrophages (5 × 106 /ml) 

isolated from the peritoneum of mice 3 days after TG injection were plated on the surface 

of paraffin-coated coverslips or a section of polychlorotrifluoroethylene (PCTFE), and cell 

fusion was induced by adding 10 ng/ml IL-4. Dishes were transferred from the cell culture 

incubator to a stage-top incubator calibrated to maintain a humidified atmosphere of 5% 
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CO2 in air at 37 °C. Phasecontrast images were collected with a 20× objective every 30 s 

using an EVOS FL Auto (Thermo Scientific, Waltham, MA) and transferred to ImageJ to 

generate movies.  

7, Live-cell fluorescence microscopy 

 EGFP- or mRFP-LifeAct macrophages were isolated from the peritoneum of TG-induced 

mice. Macrophages (106 /0.5 ml) were plated on the surface of coverslips adsorbed with 

paraffin and 25 incubated in the presence of 10 ng/ml IL-4. After 3 days, half of the 

DMEM/F12 medium was replaced with fresh medium without IL-4, and the cell culture 

was incubated for an additional 2 days. The dish was placed into a live-cell imaging 

chamber supplied with 5% CO2 at 37 °C, and live-imaging was conducted for 6 h. Images 

were acquired by Leica SP8 using a 40×/1.3 NA oil objective every minute using a HyD 

hybrid detector. The acquired images were processed and converted into movies using 

ImageJ software.  

8, Immunofluorescence  

At the indicated time points, cells cultured on clean glass or paraffin-coated 

coverslips were fixed with 2% paraformaldehyde in PBS for 30 minutes, permeabilized 

with 0.2% Tween-20 in PBS for 15 min at 22 °C, and then washed with PBS. The 

permeabilization step was omitted for the staining of transmembrane proteins. The cells 

were incubated overnight at 4 °C with the primary antibodies using the dilutions 

recommended by the manufacturers. Incubations with Alexa Fluor (488, 568, or 647)-

conjugated secondary antibodies were performed at room temperature for 4 h. Cells were 

also stained with 15 nM Alexa Fluor 568-conjugated phalloidin (Thermo Scientific, 
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Waltham, MA) for 30 min at 22 °C to detect F-actin. Cells were washed twice with PBS 

and incubated with DAPI. ProLong Diamond Antifade Mountant was used to mount the 

cells on a glass slide (Thermo Scientific, Waltham, MA). Images were acquired by using 

Leica SP8 and Zeiss LSM800 confocal microscopes (Carl Zeiss Vision Inc., San Diego, 

CA) with 40×/1.3 NA and 60x/1.4 oil immersion objectives, respectively. Super-resolution 

images were acquired using a Nikon SIM (Nikon Instruments Inc., Melville, NY) with an 

SR Apo TIRF 100x/1.49 NA oil immersion objective.  

9, RT-PCR analysis of E-cadherin and Nectin-2 expression  

Macrophages were induced to fuse by IL-4 for the indicated periods. Total RNA 

was extracted using TRIzol reagent (Invitrogen) and resuspended in 20 l of RNase-free 

water supplemented 26 with 0.1 mM EDTA. 1 g of total RNA was used to generate cDNA 

using SuperScript III Reverse Transcriptase (Invitrogen). PCR was performed with the 

generated cDNA and premixed 2× Taq polymerase solution (Promega) in an MJ Mini 

Thermal Cycler (BioRad). The levels of target mRNAs were normalized by the Tuba1b 

mRNA level. The primer sets for PCR analyses were purchased from Integrated DNA 

Technologies (Iowa, USA) and included those for Tuba1b, 

5ʹCAGGTCTCCAGGGCTTCTTG-3ʹ (forward) and 5ʹ-

GAAGCATCAGTGCCTGCAAC-3ʹ (reverse); for Cdh1 5ʹ-

CGGGACTCCAGTCATAGGGA-3ʹ (forward) and 5ʹACTGCTGGTCAGGATCGTTG-

3ʹ (reverse); and for Nectin2 5ʹGTTCAGCAAGGACCGTCTGTC-3ʹ (forward) and 5ʹ-

ATCGTAGGATCCTCTGTCGC-3ʹ (reverse). The semi-quantitative digital analysis was 

performed using ImageJ software. Pixel density for each band was calculated in arbitrary 
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units and expressed as a fold change relative to the target mRNA level in macrophages in 

suspension (denoted 0).  

10, TEM  

TG-elicited peritoneal macrophages were seeded on a PCTFE section (Welch 

Fluorocarbon, Dover, NH) and cultured in DMEM/F12 supplemented with 15 mM HEPES, 

10% FBS, and 1% antibiotics. After 2 h, 10 ng/ml IL-4 was added to cultures, and cells 

were incubated for 5 days. Cells were fixed with 2.5% glutaraldehyde in 0.1 M PBS (pH 

7.4) at 4 °C overnight and then treated with 1% OsO4 in 0.1 M PBS for 1 h. Subsequently, 

cells were washed with 0.1 M PBS and then dehydrated using acetone. Finally, cells were 

flat-embedded into Spur’s EPOXY Resin, and 70-nm sections were obtained by slicing 

parallel to the site of the cell attachment to substrate. Sections were post-stained with uranyl 

acetate and Sato’s lead citrate. Micrographs were taken using a Philips CM 12 TEM with 

a Gatan model 791 camera. 

11, Statistical Analyses 

Unless otherwise indicated, results are shown as mean ± SD of three independent 

experiments. Multiple comparisons were made by using ANOVA followed by Tukey’s or 

Dunn’s post-test using GraphPad Instat software. Where applicable, means were compared 

with each other by using Student’s t-test. Data were considered significantly different if p 

< .05. 

 

 

 



  
 
 

 

108 
 
 

 

3.6 ACKNOWLEDGMENT  

We thank James Faust for helpful advice on performing phase-contrast live-cell 

video experiments and Page Baluch for anti-ZO-1 antibodies. We acknowledge the use of 

facilities within the Eyring Materials Center at Arizona State University supported in part 

by NNCI-ECCS-1542160. Image data were collected using a Leica TCS SP5 LSCM (the 

National Institutes of Health SIG award S10 RR027154) and Leica TCS SP8 LSCM (the 

NIH SIG award S10 OD023691) housed in the W.M. Keck Bioimaging Facility at Arizona 

State University. 

 

 

 

 

 

 

 

 

 

 

 

 

 



  
 
 

 

109 
 
 

 

CHAPTER 4 

FIBRIN POLYMER ON THE SURFACE OF BIOMATERIAL IMPLANTS DRIVES 

THE FOREIGN BODY REACTION 

4.1 Abstract 

Implantation of biomaterials and medical devices in the body triggers the foreign 

body reaction (FBR) which is characterized by macrophage fusion at the implant surface 

leading to the formation of foreign body giant cells and the development of the fibrous 

capsule enveloping the implant. While precedent adsorption of fibrin(ogen) on the surface of 

implants is required for macrophage adhesion, it is unknown whether fibrin(ogen) is involved 

in the development of FBR. Here we show that mice with genetically-imposed fibrinogen 

deficiency display a dramatic reduction of macrophage fusion on implanted biomaterials and 

are protected from the formation of fibrin-containing granulation tissue, a precursor of the 

fibrous capsule. Furthermore, macrophage fusion on biomaterials implanted in FibAEK mice 

that express a mutated form of fibrinogen incapable of thrombin-mediated polymerization 

was strongly reduced. Surprisingly, despite the lack of fibrin, the capsule was formed in 

FibAEK mice, although it had a different composition and distinct mechanical properties than 

that in wild-type mice. Specifically, while mononuclear αSMA+/CD68+/CD11b+ cells 

embedded in the capsule of both strains of mice secreted collagen, the amount of collagen 

and its density in the tissue of FibAEK mice was reduced. These data identify fibrin polymer 

as a key biological substrate driving the development of the FBR.   
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4.2 Introduction 

Implantation of biomaterials and medical devices in the body triggers the foreign body 

reaction (FBR) which represents an end-stage of the inflammatory and wound healing 

responses following injury (Anderson et al., 2008; Anderson and Cramer, 2015; Ratner, 

2015). The FBR is characterized by macrophage fusion at the implant surface leading to the 

formation of foreign body giant cells (FBGCs) and the development of the fibrous capsule 

enveloping the implant. FBGC-mediated damage of the biomaterial surface and the 

formation of a dense fibrous capsule that isolates the implant from the host is the common 

underlying cause of implant failure.  

The very early events following tissue injury caused by implantation include the 

interaction of blood with the biomaterial surface resulting in adsorption of plasma proteins 

and the formation of a provisional matrix (Anderson et al., 2008). This matrix serves as an 

adhesive substrate for neutrophils and monocytes that are recruited out of the vasculature to 

the implant site with latter cells undergoing differentiation into macrophages. Subsequently, 

as the acute inflammatory response progresses to chronic inflammation, macrophages at the 

biomaterial interface fuse to form multinucleated giant cells, also known as foreign body 

giant cells (FBGCs). Macrophage fusion requires both the presence of large foreign surfaces 

and a microenvironment generated in proximity to the implanted biomaterial. In particular, 

cytokines IL-4 and IL-13 have been shown to program macrophages into a fusion-competent 

state in vitro (McInnes and Rennick, 1988; McNally and Anderson, 1995; Skokos et al., 

2011), and IL-4 and IL-13 were identified at the implant site (Kao et al., 1995; Higgins et 
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al., 2009) (Ward et al., 2008). In addition, the chemokine MCP-1 which participates in 

macrophage fusion in vitro and in vivo (Kyriakides et al., 2004) is secreted by biomaterial-

adherent macrophages (Jones et al., 2007).  

The formation of macrophage-derived giant cells is concomitant with the growth and 

remodeling of granulation tissue around the implant which is gradually populated by 

fibroblasts that transform into myofibroblasts (Kenneth Ward, 2008; Anderson and Cramer, 

2015). Fibroblasts are thought to be attracted by potent soluble mediators released from 

activated biomaterial-adherent mononuclear macrophages and FBGCs. Both macrophages 

and FBGCs also secrete pro-fibrogenic factors that enhance fibrogenesis by myofibroblasts 

(Hernandez-Pando et al., 2000; Song et al., 2000; Barron and Wynn, 2011). According to 

current dogma, the secretion of collagen and other matrix proteins by myofibroblasts results 

in the production of a fibrous capsule that envelops the implanted device. The capsule 

containing a dense, avascular layer of collagen is considered an adverse factor of the 

bioimplant performance because it is impermeable to most molecules in the surrounding 

environment, thus isolating the implant from the local tissue environment and preventing full 

healing and incorporation of the implant (Ratner, 2002; Langer, 2009; Jones, 2015; 

Anderson, 2016; Scatena et al., 2017). Furthermore, FBGCs themselves are viewed as a 

significant negative factor contributing to long-term failures in implanted medical devices. 

FBGCs may cause biomaterial surface damage by releasing potent degradative cellular 

products such as reactive oxygen intermediates, enzymes, and acid (Zhao et al., 1991; 

Matheson et al., 2004; Santerre et al., 2005; Ratner, 2011). Thus, strategies that limit FBGC 

formation and development of the fibrous capsule are highly desirable.   
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It is well known that immediately after implantation, biomaterials spontaneously acquire 

a layer of host proteins that provide an adhesive substrate for arriving inflammatory cells 

(Wilson et al., 2005; Horbett, 2012). Among them, fibrin(ogen), a principal adsorbed protein, 

triggers an early arrival and adhesion of phagocytic cells (Tang and Eaton, 1993; Tang et al., 

1996; Hu et al., 2001). Using the intraperitoneal implantation model, Eaton and colleagues 

have shown that mice made severely hypofibrinogenemic by injection of ancrod do no mount 

an acute inflammatory response to the implanted biomaterial unless the material is coated 

with fibrinogen or animals are injected with fibrinogen before implantation (Tang and Eaton, 

1993). Although it has not been determined whether adsorbed fibrinogen or fibrin was 

responsible for phagocyte recruitment, both proteins can support integrin αMβ2 (Mac-1)- and 

α5β1-mediated adhesion of neutrophils and monocyte/macrophages (Altieri et al., 1988; Tang 

et al., 1996; Lu et al., 1997; Loike et al., 1999; Flick et al., 2004). Whether fibrinogen or 

fibrin are also required for macrophage fusion and formation of the fibrous capsule during 

the FBR is unclear.  

In this study, we have shown that macrophage fusion on biomaterials implanted in 

fibrinogen-deficient (Fg-/-) mice was almost completely abrogated and no granulation tissue, 

a precursor of the fibrous capsule was found around the biomaterials. We further found that 

FibAEK mice that express mutated fibrinogen that is incapable of thrombin-mediated 

polymerization (Prasad et al., 2015) also exhibit a defect in macrophage fusion. Furthermore, 

although the thickness of granulation tissue in FibAEK mice was comparable to that in WT 

mice, both matrices had a different composition and mechanical properties. In particular, 

fibrin-containing capsules formed in WT mice contained greater amounts of collagen than 
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those formed in FibAEK mice. The cells producing collagen and other extracellular matrix 

proteins during the early FBR were mononuclear macrophages embedded in granulation 

tissue. These data indicate that fibrin polymer deposited on the surface of implants is 

responsible for macrophage fusion and implicate fibrin matrix in organizing a dense fibrous 

capsule.  

4.3 Results 

1, Formation of FBGCs on implanted biomaterials is abrogated in Fg-/- mice  

To assess how fibrinogen might affect macrophage fusion, we used an intraperitoneal 

implantation model to induce the FBR in Fg-/- mice. In these experiments, sterile 

polychlorotrifluoroethylene (PCTFE) sections were implanted into the peritoneal cavity of 

WT and Fg-/- mice and the formation of FBGCs was determined after 3, 7, and 14 days. At 

the time of retrieval, the implanted biomaterial segments were coated by a fibrinous material 

that appeared as a white film that formed on both sides of the implant in WT mice. 

Macrophage fusion on the surface of PCTFE implants was determined after the removal of 

the fibrinous capsule and labeling cells with Alexa Fluor 568-conjugated phalloidin and 

DAPI. Macrophage fusion in Fg-/- mice was strongly reduced at all time points compared to 

WT mice (Fig. 1, A and B). On all days, a ~5-6-fold difference between fusion indices of 

FBGCs formed in WT and Fg-/- was found. As shown in Fig. 1B, the fusion index in WT 

mice was increased from 17 ± 8% to 57.0 ± 5% from day 3 to day 14 whereas macrophage 

fusion in Fg-/- increased from 3.3 ± 2.5% to 9.4 ± 3.9%. The defect in macrophage fusion in 

Fg-/- mice was not due to the number of macrophages adherent to the implant as even greater 
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numbers of cells (determined as the total number of nuclei) were found on the implants 

retrieved from Fg-/- mice at days 3 and 7, and equal numbers of cells were found at day 14 

(Fig. 1C). Macrophage adhesion and spreading are known to be required for macrophage 

fusion (Helming and Gordon, 2009). The degree of mononuclear macrophage spreading to 

materials implanted into WT mice for 3 days was ~2-fold greater than in Fg-/- (187 ±  57 vs. 

84 ± 37 µm2), although it was not significantly different after 7 and 14 days (Fig. 1D). In 

addition, the migration of leukocytes in Fg-/- mice in response to implantation was not 

compromised. A trend toward a higher number of cells in the lavage obtained from the 

peritoneum of Fg-/- mice was noted, but the difference was not significant (Fig. 1E). To 

examine whether fibrinogen deficiency affects leukocyte migration in another model of 

inflammation, the leukocyte flux into the peritoneum was induced by the thioglycolate 

injection. A similar trend was observed, i.e. the total number of monocytes in the peritoneum 

of Fg-/- mice on day 3 was slightly higher than that in WT mice (Fig. S1). This result is 

consistent with an increased monocyte/macrophage recruitment into the peritoneum 3 days 

after thioglycollate injection reported recently by other investigators(Silva et al., 2019). 

Histological analyses showed that the thickness of the fibrinous capsule formed around 

PCTFE material implanted in WT mice gradually increased (Fig. 2, A and B). The capsule 

was composed of a layer of adherent FBGCs and numerous mononuclear cells embedded 

into granulation tissue. 
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Figure 1. Fg-/- mice display reduced FBGC formation. PCTFE sections were implanted in the peritoneum of 

wild type and Fg-/- mice for 3, 7, and 14 days and analyzed by immunocytochemistry. (A) Explants were 

separated from the surrounding fibrinous capsule, fixed, and incubated with Alexa Fluor 546-conjugated 

phalloidin (white) and DAPI (teal). Representative confocal images are shown. FBGCs are outlined (yellow). 

The scale bar is 20 µm. (B) Macrophage fusion was assessed as a fusion index, which determines the fraction 

of nuclei within FBGCs expressed as the percentage of the total nuclei counted. Five to six random 20× fields 

were used per sample to count nuclei. (C) The number of cells on the surface of explants retrieved at various 

time points was determined by counting nuclei in mononuclear cells and FBGCs. (D) Spreading of mononuclear 

macrophages on the surface of explants. Six to eight random 20x fields per sample were used to determine the 

cell area (5-6 cells/field). (E) The number of cells in lavage recovered from the mouse peritoneum before 

explantation. Results shown are mean ± S.D. of four independent experiments. ns, not significant, **p < .01, 

***p < .001 when compared with WT mice. 
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The capsule was absent around the implants retrieved from Fg-/- mice (Fig. 2, A and 

B). Even 14 days after implantation, the surface of the implant in Fg-/- mice was only coated 

with adherent macrophages. Similar results were obtained with polytetrafluoroethylene 

(PTFE), a biomaterial commonly used for the manufacturing of vascular grafts (Fig. S2). 

Since PTFE, as compared to PCTFE, is a non-transparent material that precludes direct 

visualization of macrophages, we used PCTFE in subsequent experiments. Together, these 

results indicate that macrophage fusion on the surface of the implant and the formation of 

the granulation tissue, a precursor of the collagenous fibrous capsule, require fibrin(ogen).  

It is generally believed that recruitment and adhesion of leukocytes to the surface of 

biomaterials implanted into the peritoneum during acute inflammation depends on adsorbed 

fibrinogen (Tang and Eaton, 1993). It is possible though that adsorbed fibrinogen is 

converted into fibrin by thrombin generated at sites of implantation. Therefore, it is not clear 

whether fibrinogen or the fibrin polymer initiates the foreign body reaction. 

2, Analyses of fibrinogen and fibrin deposited on the surface of implants and in 

granulation tissue surrounding the implants deposited on the surface of implants 

mediate macrophage fusion.  

Furthermore, the fibrinous capsule formed above adherent macrophages in WT mice, 

which was conspicuously absent in Fg-/- mice, may contribute to macrophage fusion. To 
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Figure 2. The lack of granulation tissue around the implants in Fg-/- mice. (A) PCTFE sections were 

implanted in the peritoneum of wild type and Fg-/- mice for 3, 7, and 14 days and analyzed by histochemistry. 

Explants were fixed, paraffin-embedded, sectioned, and stained according to a standard H&E method. 

Representative images of stained cross-sections are shown. The scale bar is 50 µm. (B) The thickness of 

granulation tissue around the implants retrieved from WT and Fg-/- mice was determined using ImageJ software. 

Ten random fields were used per sample to measure the thickness of cross-sections. Results shown are mean ± 

SD from four independent experiments.  ***p < .001 

 

investigate these questions, we first examined the presence of fibrinogen and fibrin on the 

surface of implants and in the capsule (schematically shown in Fig. 3A) using Western 

blotting with antibodies that recognize the fibrinopeptide A in intact fibrinogen (anti-FpA) 

and fibrin (anti-Fibrin; mAb 59D8) (Fig. 3B). As expected, the total fibrin(ogen) antigen 

with a molecular weight of 340 kDa corresponding to intact fibrinogen was detected on the 
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surface of implants (Fig. 3C, left panel). The lack of reactivity with anti-FpA antibodies 

indicated that fibrinogen was converted into fibrin  (Fig. 3C, the second panel from the left). 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Western blot analysis of proteins deposited on the surface and in the fibrinous capsule of 

materials implanted in WT mice. (A) Schematic representation of the explant components used for analyses. 

The implants were retrieved after various days and the fibrinous capsule was removed from the explants. The 

exposed sections and the capsule were analyzed separately. (B) The specificity of antibodies recognizing total 

fibrinogen (anti-total Fg; 1: 50,000 dilution), fibrinopeptide A in intact fibrinogen (anti-FpA; 1:2000 dilution), 

and the N-terminus of the β-chain in fibrin after the cleavage of fibrinopeptide B (anti-Fibrin; 1 µg/ml). Purified 

mouse fibrinogen and fibrin-monomer were electrophoresed on 7.5% polyacrylamide gel followed by Western 

blotting using fibrinogen- and fibrin-specific antibodies. (C) Analysis of the implant surfaces retrieved 3, 7, and 

14 days after surgery. The sections were placed into PBS containing protease inhibitors followed by the addition 

of SDS-PAGE loading buffer. The samples were analyzed by Western blotting using anti-fibrinogen (anti-total 

Fg), anti-FpA, and anti-fibrin antibodies. The right panel shows the analysis of the material obtained from the 

surface of the 14-day implant probed with anti-fibrin antibody followed by the secondary antibody or secondary 

goat anti-mouse IgG only. The arrowhead indicates a band corresponding to a ~150-180 kDa product reactive 
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with a secondary goat-anti mouse IgG. The data shown are representative of samples obtained from four mice. 

(D) Analysis of proteins present in the fibrinous capsule formed at different time points. The right panel shows 

the analysis of the material obtained from the capsule of the 14-day implant probed with anti-fibrin followed 

by the secondary antibody or secondary anti-total IgG only. The IgG-reactive product is indicated by the 

arrowhead. M, molecular weight markers. 

 

However, the reactivity with fibrin-specific mAb 59D8, which recognizes the N-terminal end 

of the β-chain in fibrin after cleavage of the fibrinopeptide B (FpB) by thrombin was also not 

observed (Fig. 3C, the third panel from the left). This finding suggests that fibrin molecules 

on the surface of implants lost the epitope for mAb 59D8 due to proteolysis or the epitope is 

not exposed in the surface-deposited fibrin. A protein band with a molecular weight of ~150-

180 kDa was detected in blots incubated with mAb 59D8 (Fig. 3C, right panel, indicated by 

an arrowhead). In the absence of the primary antibody, this product interacted with a 

secondary rabbit anti-mouse antibody, suggesting that this protein is IgG. In line with this 

finding, previous studies showed that IgG is readily adsorbed from serum on the surface of 

various materials (Jenney and Anderson, 2000).  

Analyses of the material deposited in the fibrinous capsule (Fig. 3D) revealed fibrin as 

evidenced by the presence of the protein with the molecular weight of ~340 kDa which 

interacted with mAb 59D8, but not anti-FpA. The IgG-immunoreactive 150-180 kDa protein 

was also detected in the capsule (Fig. 3D, right panel). 

3, Coating the implant with fibrinogen derivatives rescues the fusion defect in Fg-/- mice  

To substantiate the role of fibrin(ogen) in macrophage fusion and determine whether 

fibrinogen or fibrin was required for this process, materials were coated with purified mouse 

fibrinogen or fibrin-monomer and implanted in Fg-/- mice for 7 days. Also, to determine 



  
 
 

 

120 
 
 

 

whether fibrin-monomer vs. fibrin polymer was responsible for macrophage fusion, a layer 

of polymerized fibrin gel was deposited on the surface of the material by applying a solution 

of fibrinogen and thrombin. As shown in Fig.4, A and C, implantation of either fibrinogen- 

or fibrin-monomer-coated materials in Fg-/- mice rescued macrophage fusion by ~65% of the 

level observed in WT mice. However, the extent of multinucleation determined as the 

number of nuclei accumulated in FBGCs, although tended to be higher, was not significantly 

different from that observed on uncoated surfaces (Fig. 4D). Implantation of sections coated 

with the fibrin polymer fully restored macrophage fusion (Fig. 4, A and C) and, interestingly, 

the extent of multinucleation was higher than that in WT mice (Fig. 4D). In addition, pre-

coating PCFTE sections with plasma obtained from WT mice and implanted them in Fg-/- 

mice for 3 days restored macrophage fusion to the level comparable to that in WT mice (15.2 

± 4.6 vs. 18.5 ± 5.7 we can change the places: WT (18.5) vs Plasma coated (15.2)) (Fig. S3, 

A and C), although the extent of multinucleation was ~2-fold lower (Fig. S3D). Since all of 

the explanted surfaces contained a similar number of cells as determined by the number of 

nuclei, the difference in the rescue effect appears to be due to the form of the fibrin(ogen) 

substrate and/or its physical properties. Of note, despite the lack of host fibrinogen in Fg-/- 

mice, a small fibrinous capsule was formed around materials coated with fibrinogen, fibrin-

monomer, and fibrin polymer (Fig. 4B and E) with the capsule around sections coated with 

fibrin-monomer and fibrin polymer being larger. A small capsule was also formed around 

the implant coated with plasma (Fig. S3, B and E). To test whether inhibition of fibrin 

polymer formation could reduce the FBR, we examined the effect of the thrombin inhibitor 

argatroban on macrophage fusion and the fibrin capsule formation in WT mice. Two 
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concentrations of argatroban (9 and 18 mg/kg/day) were injected for 5 days before 

implantation of biomaterials and then daily for 7 days post-surgery, after which materials 

were explanted and analyzed. 
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Figure 4. Precoating the implants with fibrinogen and various fibrin(ogen) species rescues macrophage 

fusion on materials implanted in Fg-/- mice.  PCFTE sections were precoated with mouse fibrinogen (1 

mg/ml), fibrin-monomer (1 mg/ml), or fibrin polymer and implanted into Fg-/- mice for 7 days after which time 

the implants were removed and analyzed for the presence of FBGCs (A) and granulation tissue formation (B). 

Uncoated material implanted in WT mice served as a control. (C) Fusion indices were determined as described 

in Materials and Methods. (D) The extent of multinucleation was determined by counting the number of nuclei 

per FBGC. ~70-140 FBGCs were analyzed from 10-15 random fields. (E) The thickness of granulation tissue 

formed around the plasma-precoated implants was determined using ImageJ software. Ten random fields were 

used per sample to measure the thickness of cross-sections. Results shown are mean ± SD from 3 independent 

experiments. The scale bar is 30 µm in A and 50 µm in B. ns, not significant, *p< .05, **p < .01, ***p < .001. 

In a pattern analogous to that observed for implants in Fg-/- mice, treatment of WT mice with 

argatroban significantly reduced macrophage fusion compared to untreated controls (~1.8- 

and 2-fold for 9 and 18 mg/kg, respectively; Fig, 5A and 5C), even though a slightly larger 

number of cells was present on the surface of materials implanted in treated mice (Fig. S4). 

FBGCs on the surface of implants in argatroban-treated mice contained fewer nuclei (Fig. 5, 

D and E) and were smaller (Fig. 5F and G). However, the thickness of the capsule formed 

around materials in treated and untreated mice was similar (Fig. 5, B and H). Together, these 

data suggest that fibrin-polymer deposited on the surface of implants is required for 

macrophage fusion but is dispensable for the capsule formation. 

 4, Macrophage fusion on materials implanted in FibAEK mice carrying a mutation in 

the thrombin-cleavage site in the Aα chain of fibrinogen  

 To directly determine the role of fibrin polymer in mediating macrophage fusion, 

PCTFE sections were implanted in FibAEK mice and various parameters of the FBR were 
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Figure 5. Thrombin inhibitor reduces macrophage fusion but does not affect the capsule formation. (A) 

Representative confocal images showing that treatment with argatroban, as compared with the untreated 

control, reduces FBGC formation. Argatroban (9 mg/kg and 18 mg/kg; termed argatroban 1 and 2, respectively) 

was injected i.p. for 5 days before implantation of materials for 7 days post-surgery. Control mice were injected 

with PBS. (B) Granulation tissue argatroban-treated mice was determined using ImageJ software. Ten random 

fields were used per sample to measure the thickness of cross-sections. Results shown are mean ± SD from 

three independent experiments (6 mice per each group). ns, not significant, **p < .01, ***p < .001 

determined. In these mice, the six Aα chain amino acid residues upstream of the thrombin 

cleavage site (GluP6-Gly-Gly-Gly-Val-ArgP1) were mutated to prevent the removal of FpA 
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thus incapacitating the ability of fibrinogen to polymerize (Prasad et al., 2015). Similar to 

the FBR observed in Fg-/- mice, macrophage fusion was impaired (Fig. 6A and 6C) with the 

fusion index being ~6-fold lower at day 14 in FibAEK mice compared to WT mice. 

Furthermore, similar to Fg-/- mice, the reduced fusion in FibAEK mice was not due to a 

difference in the number of macrophages adherent to the surface of implants (Fig. 6D). 

However, in contrast to Fg-/- mice, where a difference between mononuclear macrophage 

spreading on implanted surfaces was observed only at day 3, cell spreading on surfaces 

retrieved from FibAEK mice was significantly reduced at all times (Fig. 6E). No significant 

difference between the number of leukocytes in the lavage of WT and FibAEK mice was found 

(Fig. S5).  

Western blot analyses of fibrinogen species deposited on the surface of implants 

demonstrated the availability of total fibrinogen antigen with a molecular weight of 340 kDa 

(Fig. S6B). No reactivity with anti-FpA was detected (Fig. S6B, middle panel). The lack of 

reactivity with anti-FpA mAb can potentially arise from the substitution of six amino acid 

residues in the FpA rather than the cleavage of the peptide. Indeed, fibrinogen isolated from 

FibAEK mice failed to interact with the anti-FpA antibody (Fig. S6A, right panel). Moreover, 

consistent with failed fibrin polymerization, we were unable to produce fibrin from 

fibrinogen isolated from FibAEK mice and consequently detect the interaction of anti-fibrin 

mAb 59D8 with this protein. Hence, no interaction of mAb 59D8 with proteins deposited on 

the surface of implants was found (Fig. S6B). Similar to WT mice, the presence of a product 

with a molecular weight of ~150-180 kDa reactive with a secondary antibody was observed.  
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Figure 6. The formation of FBGCs and not the production of granulation tissue is compromised in FibAEK 

mice. PCTFE sections were implanted in WT and FigAEK mice for 3, 7, and 14 days. (A) Explants retrieved 

after selected time points were separated from the surrounding fibrinous capsule, fixed, and incubated with 

Alexa Fluor 546-conjugated phalloidin (white) and DAPI (teal). Representative confocal images are shown. 

The scale bar is 20 µm. (B) Representative images of the H&E stained cross-sections of implants retrieved from 

the peritoneum of WT and FibAEK mice The scale bar is 20 µm. (C) Fusion indices of macrophages formed on 

the surface of implants that have been retrieved at different time points from WT and FibAEK mice. (D) The 

density of cells on the surface of explants retrieved at various time points as determined by counting the number 

of nuclei. (E) Spreading of the mononuclear cells on the surface of implants. (F) The thickness of granulation 

tissue formed on the surface of implants retrieved from WT and FibAEK mice. Results shown are mean ± S.D. 

of four independent experiments. ns, not significant, *p < .05, **p < .01, ***p < .001. (G) Mechanical 

properties of the 14-day capsules formed around implants retrieved from WT and FibAEK mice were determined 
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by measuring the elastic moduli (expressed in Pa) using AFM as described in Materials and Methods. Results 

are mean and S.E. of 300 force-indentation curves on each sample. 

 

Surprisingly, although less robust on day 3, granulation tissue-like material was formed 

around PCTFE sections implanted in FibAEK mice and its thickness was comparable to that 

in WT mice at days 7 and 14 (Fig. 6, B and F). Western blotting showed that the material 

present in the capsule contained fibrinogen as evidenced by the interaction with an antibody 

directed against the total protein and an IgG-immunoreactive 150-180 kDa product (Fig. 

S6C).  

Grossly, the capsules retrieved from WT and FibAEK mice were indistinguishable but 

FibAEK-derived material was softer and more fragile, indicating that the mechanical 

properties of these matrices were different. To quantitatively assess the difference, we 

determined the stiffness of each tissue using AFM. The analysis showed that the elastic 

modulus of granulation tissue isolated from WT mice was 2.3-times greater than that of tissue 

retrieved from FibAEK mice (37.0 ± 2.2 kPa vs. 16.2 ± 0.6 kPa; Fig. 6G). 

5, Analysis of the fibrinous capsule formed around implants in WT and FibAEK mice  

Since granulation tissue-like material was formed around implants in FibAEK mice in the 

absence of fibrin polymerization we sought to determine its composition. Because fibrinogen 

was detected by Western blotting, we first examined its spatial distribution within the capsule 

and compared it with the capsule retrieved from WT mice using immunohistochemistry. As 

shown in Fig. 7A and 7B, the extensive deposition of fibrinogen and fibrin were detected in 

the capsule retrieved from WT mice. Examination of granulation tissue in FibAEK mice 
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revealed the presence of total fibrinogen antigen that increased by day 14 (Fig. 7C). 

Consistent with the results of Western blotting, no fibrin was detected (Fig. 7D).  

Next, we determined whether other proteins may organize granulation tissue-like 

material in FibAEK mice. Since granulation tissue is a precursor of the fibrous collagenous 

capsule, we examined the time-dependent deposition of collagen in both WT and FibAEK 

mice using a mAb directed to Type 1α collagen. The collagen density in the capsule was 

quantified by measuring the green-pixel coverage per 400 µm2 area. While no collagen was 

detected in the 3-day capsule formed in both strains of mice, it was detectable on day 7 and 

its amount strongly increased on day 14 in WT mice (Fig. 8, A and C). In comparison, the 

amount of collagen was significantly less in the capsule from FibAEK mice (Fig. 8, B and C). 

Additional investigations of the capsule organization using transmission electron microscopy 

(TEM) confirmed the presence of abundant collagen fibrils in WT mice that were organized 

into fibers that ran approximately at right angles to one another (Fig. 8D, shown for day 14). 

Collagen fibrils were also observed in the capsule of FibAEK mice (Fig. 8D); however, fibrils 

were significantly shorter than in WT mice (590±343 nm vs. 1515±697 nm) (Fig. 8E). 

Moreover, the density of fibrils determined as the distance between individual fibrils was 

significantly greater in WT- than in FibAEK-derived tissue (18.2±3.9 nm vs. 27.2±4.5 nm) 

(Fig. 8F). We also found that material retrieved from the WT and FibAEK capsules contained 
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Figure 7. Distribution of fibrinogen and fibrin in the capsule formed on the surface of implants in WT 

and FibAEK mice. Representative confocal images of granulation tissue formed on the surface of implants 3, 7, 

and 14 days after surgery. The samples were incubated with antibodies that recognize total fibrinogen (A, C) 

and fibrin (B, D). The scale bar is 50 µm.  

fibrillin and elastin, typical components of the extracellular matrix of connective tissue (Fig. 

S7, A-D). These proteins were first detected as early as day 3 and their amounts increased by 

day 14. The density of fibrillin and elastin in the capsule from WT mice was greater than in 

FibAEK mice on day 3 and was not significantly different at later time points (Fig. S7, E and 

F).  

It is generally believed that mononuclear macrophages and FBGCs recruit fibroblasts 

that begin to invade granulation tissue after 2-3 weeks after implantation, differentiate into 

myofibroblasts, and initiate collagen deposition (Anderson, 2001; Ratner, 2002). The 
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absence of cells with morphological features of fibroblasts/myofibroblasts in the TEM 

images and rather an early deposition of collagen in the capsule from WT and FibAEK mice 

suggested that other cells may secrete collagen. To identify these cells, we labeled 

granulation tissue retrieved from WT and FibAEK mice with a mAb recognizing α smooth 

muscle actin (αSMA), a myofibroblast marker, and CD68, a macrophage marker. Many cells 

in the capsules retrieved at 3-14 days appeared to show the presence of both proteins (Fig. 9, 

A-D). However, the tight packing of cells in the capsule precluded the quantification of cells 

that expressed only αSMA, only CD68, or both proteins.  
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Figure 8. Deposition of collagen in the capsule formed on the surface of implants in WT and FibAEK 

mice. PCTFE sections were implanted in WT and FigAEK mice for 3, 7, and 14 days and the capsules formed 

were analyzed for the presence of collagen. (A, B) Representative immunofluorescence images of the 

samples incubated with antibodies that recognize collagen 1a. The scale bars are 50 µm. (C) Quantification 

of fluorescence intensities of images of collagen deposition shown in A and B. CTCF (correlated total cell 

fluorescence) values were determined by ImageJ software using the following formula: Integrated Density-
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(Area of selected region x Mean fluorescence of background readings). Collagen expression in the 14-day 

capsule was assigned a value of 100%. Results shown are mean ± SD of 3 independent experiments. (D) The 

ultrastructural details of the capsule were examined by TEM. Representative TEM micrographs of the 

sections prepared by cutting the specimen parallel (longitudinal) and vertical (cross) to the substratum are 

shown. The scale bar is 500 nm. (E) The frequency distribution of the collagen fiber lengths in the capsule 

from WT and FibAEK mice. (F) The frequency distribution of the collagen fiber densities in the capsule from 

WT and FibAEK mice. 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Macrophages within the fibrous capsule express αSMA and CD68. PCTFE sections were 

implanted in WT (A, B) and FigAEK (C, D) mice for 3, 7, and 14 days. Representative images of the capsule 

samples incubated with anti-CD68 (green) and anti-αSMA (red) antibodies are shown. High magnification 

views of boxed areas in A and C are shown in B and D. The scale bars are 50 µm (A and C) and 20 µm (B and 

D).  

Therefore, we isolated cells from the 14-day capsules and analyzed them by 

immunocytochemistry using mAbs directed to αSMA and CD68. The analyses showed that 

a small population of isolated cells (~6%) expressed αSMA and were negative for CD68 
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(Fig. 10, A and B; shown for cells isolated from a 14-day WT capsule). Based on these 

features and the presence of actin stress fibers, these cells were identified as myofibroblasts 

(Fig. 10 A, upper panel). The main population of cells (~ 93%) isolated from the WT and 

FibAEK capsules expressed αSMA and CD68, displayed podosomes, and were thus identified 

as monocyte/macrophages (Fig. 10, A and B). MAb M1/70 which recognizes myeloid-

specific CD11b/CD18 (integrin Mac-1) also labeled these cells (Fig. 10C, bottom panel).  

 

Figure 10. Macrophages within the fibrous capsule express collagen. PCTFE sections were implanted in 

WT and FibAEK mice for 14 days and the cells accumulated within the capsules were isolated as described in 

the Materials and Methods. (A) The cells were allowed to adhere to the surface of a FluoroDish, fixed, and 

incubated with Alexa Fluor 568-conjugated phalloidin, anti-αSMA, and anti-CD68 antibodies. Representative 

confocal images of myofibroblasts and macrophages isolated from the capsule retrieved from WT mice are 

shown. Arrowheads point to podosomes seen in macrophages incubated with phalloidin-Alexa Fluor 568. The 

scale bar is 10 µm. (B) Quantification of cells expressing αSMA, CD68, or both. (C) The cells isolated from 

the capsule obtained from WT mice were incubated with mAb M1/70 and anti-collagen I antibodies. The scale 
bar is 20 µm. (D) The frequency distribution of fluorescence intensities for collagen I in macrophages isolated 

from the capsules retrieved from WT and FibAEK mice was expressed as CTCF arbitrary units (A.U). 
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Both fibroblasts and monocyte/macrophages were stained for collagen I (Fig. 10C). 

Interestingly, collagen expression in WT macrophages was ~2.4-fold greater than in their 

FibAEK counterparts (Fig. 10D). Macrophages also expressed fibrillin and elastin; however, 

expression of these proteins did not differ between WT and FibAEK capsules (Fig. S8). 

Together, these results suggest that cells of monocyte origin present in the capsule are the 

main cell type responsible for collagen production and that WT monocytes secrete more 

collagen than cells accumulated in the FibAEK capsule. 

4.4 Discussion 

The foreign body reaction (FBR) to implanted biomaterials begins with the spontaneous 

adsorption of host proteins within seconds after contact with body fluids (Anderson et al., 

2008). This process initiates the recruitment and accumulation of phagocytes on the surface 

of implants. Among adsorbed proteins, fibrin(ogen) is chiefly responsible for this early 

inflammatory response (Tang and Eaton, 1993). In the present study, we have examined the 

role of fibrino(gen) in mediating the later stages of FBR, including macrophage fusion and 

the fibrous capsule formation. Several lines of evidence indicate that fibrin polymer 

deposited on the surface of implants is required for macrophage fusion. First, the presence of 

fibrinogen, a fibrin precursor, is indispensable for the formation of macrophage-derived 

FBGCs since the implantation of materials into the peritoneum of Fg-/- mice resulted in the 

almost complete lack of macrophage fusion. However, despite the presence of intact 

fibrinogen in FibAEK mice that express a mutated form of fibrinogen incapable of thrombin-

mediated polymerization, macrophage fusion was also strongly reduced. Second, 
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implantation in Fg-/- mice of materials coated with fibrin polymer fully rescued the fusion 

defect whereas coating with fibrinogen or fibrin-monomer partially normalized macrophage 

fusion. Third, inhibition of thrombin with argatroban reduced macrophage fusion. These 

findings indicate that fibrin polymer is a major determinant of FBGCs formation.    

Previous studies conducted in mice made hypofibrinogenemic by injections of ancrod, a 

thrombin-like protease from the venom of Malayan pit viper showed almost no phagocyte 

accumulation on materials implanted for 16 hours in the mouse peritoneum and this defect 

could be normalized by coating materials with fibrinogen or by injection of purified 

fibrinogen (Tang and Eaton, 1993). In addition, studies conducted in Fg-/- mice showed a ~ 

two-fold decrease in the number of phagocytes adherent to implanted biomaterial 18 hours 

after implant (Busuttil et al., 2004). Our data showed that 3 days after implantation, when 

macrophage fusion begins, the surfaces implanted in WT and Fg-/- mice contain similar 

numbers of mononuclear cells (Fig. 1C), suggesting that at later times, adsorption of other 

plasma proteins can support phagocyte adhesion. However, only the absence of fibrin(ogen) 

in Fg-/- mice resulted in the dramatic defect in macrophage fusion. Moreover, analyses of the 

surfaces explanted from WT mice showed that adsorbed fibrinogen converted into fibrin as 

was evidenced by the presence of the product with the molecular weight of ~340 kDa that 

lacked FpA (Fig. 3B). Fibrin deposited on the surface was not intact though but was missing 

the epitope for mAb 59D9 which recognizes the N-terminal portion of the β-chain of 

fibrinogen after cleavage of FpB. This finding can be explained by the propensity of the β-

chain to undergo rapid degradation by various proteases releasing the β15-41 and β42-53 

fragments (Takagi and Doolittle, 1975; Etscheid et al., 2018).  
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Consistent with the requirement for fibrin, coating of materials with fibrin polymer 

normalized macrophage fusion in Fg-/- mice. Importantly, since the coating of implants with 

purified fibrinogen or fibrin-monomer only partially restored macrophage fusion, the 

polymeric state of fibrin seems to be essential for effective fusion. The requirement for fibrin 

polymer rather than adsorbed fibrinogen in mediating macrophage fusion is puzzling since it 

is generally believed that adsorbed fibrinogen, due to its partial unfolding, has altered 

conformation and shares many properties with fibrin, including expression of the binding 

sites for integrins, monoclonal antibodies, and other molecules (Zamarron et al., 1991; 

Lishko et al., 2002). The fusion-promoting effect of the fibrin network deposited on the 

surface of implants may be indirect and involve trapping of specific cytokines and 

chemokines involved in the induction of the fusion program. Alternatively, the physical 

properties of the fibrin matrix versus adsorbed fibrinogen can potentially influence 

macrophage fusion by initiating a specific mechanotransduction response. In this regard, 

numerous studies demonstrated that the physical properties of extracellular matrices, 

including those made of fibrin(ogen) influence intracellular signaling and cell responses 

(Wang et al., 1993; Parsons et al., 2010; Podolnikova et al., 2010; Cantini et al., 2020). 

Indeed, we have observed that mononuclear cell spreading, a sign of integrin-mediated 

signaling, and the ensuing actin cytoskeleton rearrangement was lower on the surfaces 

implanted in FibAEK mice compared to WT mice (Fig. 6E). The actin cytoskeleton is known 

to be actively involved in macrophage fusion (DeFife et al., 1999; Jay et al., 2007; Faust et 

al., 2019) and thus the interaction of macrophage integrins with fibrin matrices may initiate 

alterations of the actin cytoskeleton conducive to fusion. Yet another possibility is that fibrin 
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polymerization results in the exposure of sequences that are not present in the soluble and 

adsorbed forms of fibrinogen and which may serve as binding sites for cellular structures 

involved in macrophage fusion. This proposal is based on a precedent established by studies 

showing that binding of t-PA and VE-cadherin is mediated by fibrin-specific sequences, not 

accessible in fibrinogen (Nieuwenhuizen et al., 1990; Chalupowicz et al., 1995; Yakovlev et 

al., 2000). At this juncture, the basis for the differential effect of fibrinogen and fibrin 

remains speculative and further studies may help to define the mechanisms underlying the 

fusion-promoting activity of fibrin polymer. 

Our data show that fibrinogen is required for the formation of granulation tissue and, 

ultimately, the fibrous capsule surrounding the implant. Only a layer of adherent cells but a 

complete lack of the capsule was detected around materials implanted in Fg-/- mice (Fig. 2). 

At the same time, although fibrin polymerization was compromised, the formation of the 

capsule in FibAEK mice was not impaired, suggesting that fibrinogen was required for the 

capsule formation (Fig. 6F). Furthermore, a small capsule was formed around the materials 

coated with fibrinogen, fibrin-monomer, and fibrin polymer that were implanted into Fg-/- 

mice (Fig. 4). In agreement with these data, biomaterials coated with polyethylene oxide-like 

compounds that are known to be ultra-low fouling and inhibit fibrinogen adsorption (Shen et 

al., 2001) reduced the fibrous capsule thickness (Ward et al., 2002). Analogously, 

zwitterionic materials with ultralow-fouling properties (Jiang and Cao, 2010) resisted the 

capsule formation for several months after subcutaneous implantation (Zhang et al., 2013). 

Therefore, the deposition of fibrin(ogen) on the surface of implants seems to nucleate the 

fibrous capsule formation.  
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Analyses of the capsule formed in WT and FibAEK mice showed that in addition to 

fibrinogen it contains collagen and other proteins typically present in the extracellular matrix 

of connective tissue, including fibrillin and elastin. However, the amount of collagen in the 

capsule from WT mice was significantly higher and collagen fibers were longer and packed 

into denser bundles than in the capsule from FibAEK mice. These morphological features were 

reflected in the different mechanical properties of both matrices. Based upon the 

measurement of the elastic modulus, the matrices formed in WT mice were about 2.3-fold 

stiffer than those in FibAEK mice. These findings suggest that fibrin polymer abundantly 

deposited in the capsule of WT mice may organize collagen and other proteins into a dense 

matrix. This is, to the best of our knowledge, the first evidence for a critical role of fibrin 

polymer in the organization of the fibrous capsule.  

It is generally believed that cells responsible for collagen production and deposition in 

the fibrous capsule are αSMA-expressing myofibroblasts. Our data show that cells producing 

collagen I and other connective tissue proteins indeed express αSMA. However, these cells 

also express CD68 and integrin Mac-1 (CD11b/CD18), suggesting that these cells are of 

monocyte/macrophage origin. This finding is corroborated by the fact that collagen I was 

deposited in the capsule between 3-7 days and fibrillin and elastin were detected as early as 

3 days after implantation, i.e. much faster than would be expected for the secretion of these 

proteins by recruited fibroblast/myofibroblasts. Indeed, myofibroblasts were identified only 

in a 14-day capsule and their proportion was small (~6%) (Fig. 10B). Given this small 

number, it seems unlikely that the staining of capsule-derived cells for collagen I was due to 

the uptake of collagen secreted by myofibroblasts. 
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 Recent murine and human studies provided evidence that monocyte-derived cells at sites 

of injury express αSMA and secrete collagen I (Keeley et al., 2010; Reilkoff et al., 2011; 

Duffield et al., 2013). These cells originate from a subset of circulating monocytes that 

express collagen I, a mesenchymal marker, and CD45 and CD11b/CD18, hematopoietic 

markers (Bucala et al., 1994; Quan et al., 2004; Suga et al., 2014). Cells that combine a gene 

expression profile of macrophages with that found in fibroblasts and have both the 

inflammatory features of macrophages and the tissue remodeling properties of fibroblasts 

have been termed fibrocytes (Bucala et al., 1994; Keeley et al., 2010; Reilkoff et al., 2011). 

Fibrocytes participate in both physiological wound healing and pathological fibrosis (Keeley 

et al., 2010; Reilkoff et al., 2011). Furthermore, fibrocyte-like cells have been detected in 

the vicinity of biomaterials (Mooney et al., 2010; Thevenot et al., 2011). Mooney at al 

showed that cells within the capsule formed in response to implantation of a foreign object 

in the peritoneal cavity express αSMA protein (Mooney et al., 2010) and also express genes 

typically found in macrophages (Mooney et al., 2014). It is presently unclear whether 

αSMA+/CD68+/CD11b+/Col+ cells infiltrating the capsule in our implant model are recruited 

from blood or originate from other sources. Although further studies are needed to elucidate 

the phenotype of these cells and their origin, this is the first demonstration that cells 

expressing both hematopoietic and stromal markers are involved in the deposition of collagen 

and other extracellular matrix proteins in the capsule during the FBR. 

Previous studies revealed many aspects of macrophage fusion, including the requirement 

for adhesion, the induction of specific intracellular signaling, and the role of specific 

molecules (Helming and Gordon, 2009). The majority of this information was generated in 
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vitro experiments using macrophages cultured on various surfaces, including biomaterials, 

with only a few studies performed in vivo models of implantation (Takeda et al., 2003; 

Kyriakides et al., 2004; Tsai et al., 2005; Yagi et al., 2005; MacLauchlan et al., 2009; Doloff 

et al., 2017). Moreover, with the exception of plasma fibronectin (pFN), little consideration 

has been given to proteins that may serve as adhesive substrates for fusing macrophages in 

vivo. Using pFN conditional knock-out mice, Keselowsky et al demonstrated that the number 

of FBGCs on biomaterials implanted subcutaneously was three times higher than in WT mice 

(Keselowsky et al., 2007). The mechanism by which pFN exerts this effect remains elusive 

and the role of cellular fibronectin which was not depleted needs to be investigated. McNally 

et al showed that among several plasma proteins that might adsorb on the surface of implants, 

vitronectin mediated the greatest IL-4-induced fusion of cultured monocyte/macrophages 

(McNally et al., 2008). While vitronectin can serve as important adhesive ligands mediating 

initial macrophage adhesion to the surface of implants, its role in macrophage fusion has not 

been corroborated in the present study as the deficiency of a single protein, fibrinogen, 

completely abrogated macrophage fusion. More importantly, studies conducted in a unique 

FibAEK mouse model allowed us to conclude that it is fibrin rather than intact fibrinogen per 

se that drives the FBR. 

It is well established that the physical and chemical properties of materials modulate 

their ability to acquire a protein coat (Latour, 2008; Horbett, 2012) and this, in turn, can alter 

the extent of macrophage fusion and macrophage/FBGC phenotype (Anderson et al., 1999) 

(Brodbeck et al., 2002a; Brodbeck et al., 2002b; Shen et al., 2004; Jones et al., 2007). This 

concept has been mainly explored in vitro studies; however, implantation in mammals of 
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materials with diverse surface properties elicits a very similar FBR and results in an 

essentially identical healing response (Ratner, 2002, 2015). It is possible that almost 

unavoidable adsorption of fibrinogen on the surface of all implanted materials and its rapid 

conversion into fibrin polymer would largely negate the unique surface properties of 

materials. Hence, macrophages will likely interact with fibrin-coated material rather than 

directly with the material. The physical and adhesive properties of fibrin matrices deposited 

on the surface of various materials implanted in different locations and their ability to support 

FBGC formation remain to be elucidated. Nonetheless, given the role of fibrin polymer in 

promoting macrophage fusion, inhibition of thrombin may be a useful strategy to control the 

adverse effects of FBGCs. Furthermore, inhibition of fibrin formation leading to the reduced 

density of collagen in the fibrous capsule may be especially beneficial for certain medical 

devices, including biosensors and controlled drug delivery systems that often fail due to the 

formation of a diffusion barrier.   

4.5 Materials and methods 

1, Reagents 

The hybridoma producing mouse mAb 59D8, which recognizes the N-terminal end 

of the β-chain of human and mouse fibrin was previously described (Hui et al., 1983). The 

mAb was purified using Protein A agarose and characterized by ELISA as previously 

described (Owaynat et al., 2015). The rat mAb M1/70 which recognizes mouse 

CD11b/CD18 (integrin Mac-1) was purified from conditioned media of hybridoma cells 

obtained from the American Tissue Culture Collection (Manassas, VA) and then conjugated 
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to Alexa Fluor 488 (catalog number A20181) according to the manufacturer’s instructions 

(Thermo Fisher Scientific, Walther, MA). The rabbit polyclonal antibody (catalog number 

PA5-29734), which recognizes mouse fibrinogen was purchased from Thermo Fisher 

Scientific (Waltham, MA) and the rabbit polyclonal antibody directed against the mouse 

fibrinopeptide A (catalog number ab103648) was from Abcam (Cambridge, MA). The 

mouse anti-collagen 1α (catalog number sc-293182) and anti-elastin (catalog number sc-

58756) mAbs were from Santa Cruz Biotechnology (Dallas, TX). The mouse anti-αSMA 

mAb (catalog number MAB1420-SP) was from R&D systems and the rat anti-CD68 mAb 

(catalog number 14-0681-82) was from Invitrogen (Carlsbad, CA). The mouse anti-fibrillin-

1 mAb (catalog number MAB2502) was purchased from Millipore (Temecula, CA). The 

secondary antibodies, Alexa Fluor 647-conjugated goat anti-rabbit IgG and Alexa Fluor 488-

conjugated goat anti-mouse IgG, were obtained from Invitrogen (Carlsbad, CA). Thrombin 

inhibitor argatroban monohydrate (catalog number A0487) was from Sigma Aldrich (St. 

Louis, MO). The protease inhibitor cocktail was purchased from Thermo Fisher Scientific 

(Walther, MA). Mouse fibrinogen (catalog number ab92791) was obtained from Abcam 

(Cambridge, MA) or purified from freshly isolated mouse blood. Fibrin-monomer was 

prepared by dissolving the fibrin clot in 20 mM acetic acid as previously described (Belitser 

et al., 1980). 

 

2, Mice  
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Wild type (WT) C57BL/6J mice were purchased from The Jackson Laboratory (Bar 

Harbor, ME). Fibrinogen-deficient (Fg-/-) and fibrin-deficient (FibAEK) mice were previously 

described (Suh et al., 1995; Prasad et al., 2015). All animals were given ad libitum access to 

food and water and maintained at 22 °C on a 12-h light/dark cycle. Experiments were 

performed according to animal protocols approved by the Institutional Animal Care and Use 

Committees at Arizona State University. 

3, Thioglycollate-induced peritonitis 

Eight- to twelve-week-old male and female mice were used in all experiments with 

age-and sex-matched WT and Fg-/- animals selected for side-by-side comparison. Peritonitis 

in mice was induced by the intraperitoneal injection of 0.5 ml of a 4% Brewer thioglycollate 

(TG) solution (Sigma-Aldrich, St. Louis, MO) as described (Podolnikova et al., 2016). Cells 

were collected 3 days after TG injection by peritoneal lavage with 5 ml ice-cold PBS with 5 

mM EDTA. The total number of cells in the lavage fluid was counted using a hemocytometer.   

4, Biomaterial implantation and analyses of the retrieved explants  

As an in vivo model for assessing the FBR to biomaterials, a well-characterized 

(Freyria et al., 1991; Tang and Eaton, 1993) intraperitoneal implantation model was used. 

The peritoneal cavity provides a good site for studying the cell reactions caused by 

implantation because of the minimal contact with the interstitium of the normal tissue. 

Sections (1.5×0.5 cm) of sterile polychlorotrifluoroethylene (PCTFE) or 

polytetrafluoroethylene (PTFE) were implanted into the peritoneum of mice as previously 

described (Faust et al., 2019). Ten- to twelve-week old male and female mice were used in 
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all experiments with age- and sex-matched wild-type and deficient animals selected for side-

by-side comparison. Animals were humanely sacrificed 3, 7, and 14 days later, and retrieved 

explants were divided into two parts. One part was used for calculating the fusion index by 

immunofluorescence and the other part was used for histological analyses. The fibrinous 

material that covered the explant (capsule) retrieved from WT and FibAEK mice was carefully 

removed to expose the surface and saved for analyses of the protein composition by Western 

blotting. Before explantation, 2 ml of ice-cold PBS containing 5 mM EDTA was aseptically 

injected into the peritoneum, cells in the peritoneum were collected by lavage and counted. 

The percentage of macrophages in the lavage was determined by differential analysis of 

cytospin preparations dyed with Wright stain. The material deposited around the implant in 

the form of a fibrinous capsule was collected for Western blot, histological, ultrastructural, 

and AFM analyses. 

5, Preparation of plasma- and protein-coated PCTFE surfaces 

The plasma for coating of PCTFE surfaces and isolation of fibrinogen was prepared 

from blood isolated from WT and Fg-/- mice by cardiac puncture. Blood (0.3-0.6 ml) was 

drawn from each mouse using a 23G needle and insulin syringe. Anticoagulant 

citrate/dextrose solution was added to the blood at a 1:7 ratio. The blood was centrifuged at 

3000 g for 15 min and the plasma was purified from the potential endotoxin contamination 

using high capacity endotoxin removal spin columns (ThermoFisher Scientific, Waltham, 

MA; 88274). The isolated plasma, purified mouse fibrinogen, and fibrin-monomer used in 

the “rescue” experiments were tested for endotoxin using Pierce™ Chromogenic Endotoxin 
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Quant kit (ThermoFisher Scientific; A39552S) and the results showed that proteins contained 

< 0.7 EU/ml.  

6, Histological analyses 

Retrieved implants with a surrounding capsule were fixed in 10% formalin for 24 h 

at 22 °C. After fixation, the materials were embedded in paraffin, sectioned, and stained 

according to a standard histological H&E procedure. The sections were mounted on a cover 

glass and imaged using the EVOS FL Auto (Thermo Scientific, Waltham, MA) wide-field 

microscope and a 40x objective.    

7, Isolation of cells from the capsule 

On days 7 and 14 after surgery, the PCTFE sections were explanted from the mouse 

peritoneum. The capsule was removed and placed into a 35-mm dish (FluoroDish™; World 

Precision Instruments, Sarasota, FL) filled with the warm DMEM/F-12 medium for 24 

hours in a cell culture incubator. During this time the majority of the cells migrated out of 

the cap. The remaining cells in the cap were removed by incubating the cap in a collagenase 

D solution (1 mg/ml) for 2 hours at 37 ºC followed by collecting the cells by centrifugation 

at 300 x g for 3 minutes. The cells were resuspended in DMEM/F-12 and added to the 

initial pool of cells in a Fluorodish. Adherent cells were fixed with 2% formaldehyde in 

PBS for 30 minutes, permeabilized with 0.1% Triton X-100 for 30 minutes, blocked with 

1% BSA for 1 hour at 22 °C, and used for immunofluorescence.  
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8, Immunofluorescence  

To determine the fusion index, retrieved PCTFE sections were fixed with 2% 

formaldehyde in PBS for 30 min at 22 °C. Adherent cells were permeabilized with 0.1% 

Triton X-100 in PBS for 30 min and then washed three times with PBS containing 1% BSA. 

Nuclei were labeled with DAPI and actin was labeled with Alexa Fluor 488/568-conjugated 

phalloidin according to the manufacturer’s recommendation (Thermo Scientific, Waltham, 

MA). Samples were mounted in Prolong Diamond (Thermo Scientific, Waltham, MA) and 

imaged with a Leica SP5 or Leica SP8 laser scanning confocal microscopes using 40x/1.3 

NA oil objective. The fusion index was determined as previously described (Faust et al., 

2018) and is defined as the fraction of nuclei within FBGCs expressed as the percentage of 

the total nuclei counted. Five to six fields imaged by a 40×objective that contained ~100–

200 cells were analyzed for each experimental condition. The macrophage spreading was 

assessed using NIH ImageJ software by quantitating the surface area (µm2) of adherent 

macrophages.  

To examine the presence of various extracellular matrix proteins in the capsule, paraffin 

blocks were cut and the sections deparaffinized followed by dehydration in ethanol. After 

incubation in PBS+1% BSA, the sections were incubated with primary antibodies (anti-

fibrinogen, anti-fibrin, anti-αSMA, anti-CD68, anti-collagen 1α, anti-fibrillin, and anti-

elastin) for 1 h at 22 ºC followed by secondary antibodies conjugated to Alexa Fluor 647. In 

addition to the above-mentioned primary antibodies, cells isolated from the capsule were 

incubated with mAb M1/70 directed to a mouse integrin Mac-1. Samples were mounted in 
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Prolong Diamond mounting solution (Thermo Scientific) and imaged with a 40x oil objective 

using an SP5 confocal microscope. 

9, Western blotting 

The implants inserted into WT, Fg-/- and FibAEK mice were explanted after 3, 7 and 

14 days and the fibrinous capsule was removed from the surface (it is easily detachable with 

no adhesive resistance). The retrieved material sections and fibrinous capsules were placed 

in PBS containing protease inhibitors and then the loading buffer containing SDS (1% final 

concentration), 8 M urea, and 10 mM N-ethylmaleimide was added. Samples were 

electrophoresed on 7.5% SDS-polyacrylamide gels and proteins were transferred onto the 

Immobilon-P membrane (Millipore, New Bedford, MA). Blots were probed with anti-

fibrinogen polyclonal antibody (1:100,000 dilution), anti-fibrinopeptide A polyclonal 

antibody (1:1000 dilution) and fibrin-specific mAb 59D8 (1 µg/ml) followed by goat anti-

rabbit and rabbit anti-mouse secondary antibodies conjugated with horseradish peroxidase 

(1:10,000 dilution). Bound antibodies were detected by reaction with a SuperSignal West 

Pico Chemiluminescent Substrate (Thermo Scientific, Grand Island, NY; Cat. No 34577).  

10, TEM analysis of the capsule  

1.5 cm x 0.5 cm PCTFE pieces implanted into mouse peritoneum were explanted 

after 14 days, fixed with 2.5% glutaraldehyde in 0.1 M PBS (pH 7.4) at 4 °C overnight, and 

then treated with 1% OsO4 in 0.1 M PBS for 1 h. Subsequently, cells were washed with 0.1 

M PBS and then dehydrated using acetone. Finally, the implants with the surrounding capsule 

were flat-embedded into Spurr’s epoxy Resin, and 70-nm sections were obtained by 
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longitudinal or vertical sectioning of the sample. Sections were post-stained with uranyl 

acetate and Sato’s lead citrate. Micrographs were taken using a Philips CM 12 TEM with a 

Gatan Model 791 camera. 

11, Atomic Force Microscopy (AFM) 

An Asylum Research MFP-3D-BIO AFM was used to conduct the force-indentation 

measurements. AFM probes with sphere-cone geometry were used (LRCH-750 Team 

NanoTec, Villingen-Schwenningen, Germany). The spring constants (nominal k~0.2 N.m-1) 

were determined using the thermal energy dissipation method built-in the Asylum Research 

image acquisition software. Samples were measured at room temperature in DPBS. Quasi-

static measurements with cantilever approach and retraction speed 2 µm s-1 were conducted 

to collect elastic modulus data. In areas in the center of the samples, 15 grids of 5×4 

indentations were acquired by applying a trigger force of 45 nN which resulted in 10-15µm 

of indentation. The force-indentation curves were fitted to a quasi-static contact model for a 

sphero-conical indenter (Staunton et al., 2016; Saini et al., 2020). 

12, Statistical analyses  

Unless indicated otherwise results are shown as the mean ± SD from three 

independent experiments. Multiple comparisons were made via ANOVA followed by 

Tukey’s or Dunn’s post hoc test using GraphPad Instat software. Samples that passed the 

normal distribution test were analyzed by t-test. The remaining samples were analyzed by 

the Mann-Whitney test. Data were considered significantly different if p < 0.05. 
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  CHAPTER 5 

CONCLUSION AND OUTLOOK 

This dissertation has provided several discoveries crucial to the cellular 

mechanisms of macrophage fusion. Novel actin-based structures were, for the first time, 

observed during the Foreign Body Response, and the role of fibrin polymers in the 

progression of FBR at later stages was determined. The studies presented in chapter 2 

demonstrate that macrophage fusion is facilitated by actin-based protrusions emerging 

from a podosome-enriched region while the studies in chapter 3 established that 

macrophage fusion on implanted biomaterials depends on novel actin-based zipper-like 

structures which appear at the contact sites between closely apposed MGCs just prior to 

fusion. Further study of macrophage fusion during FBR on biomaterials (chapter 4) 

determined that the fibrin polymer formed on the provisional matrix played a dominant and 

necessary role in facilitating macrophage fusion and modulating the collagen deposition 

within surrounding granulation tissue.  

The ability to study the cellular mechanisms of macrophage fusion on fusion-

friendly, high-optical quality glass surfaces significantly impacted the study's outcome. For 

the first time, we could study macrophage fusion using live-cell imaging by phase-contrast 

and fluorescent microscopy with high spatiotemporal resolution. Live-cell imaging 

techniques addressed two different pieces of the picture. Using phase-contrast imaging, we 

determined that most of the fusion events between macrophages proceed by forming short 
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membrane protrusions. Further studies using the recently innovated technique of lattice 

light-sheet microscopy (LLSM) showed that these protrusions are driven by actin filaments 

and correlated with the podosome-enriched region. Most exciting, imaging of the fusion 

event at high speed by LLSM captured the moment at which the actin-based protrusive 

machinery created a pore between two fusing macrophages - details that have never been 

observed before. Revealing the fact that actin-based membrane protrusion was 

mechanistically linked to macrophage fusion provided us with the idea that the regulatory 

mechanisms of actin growth in this particular type of membrane protrusion might be similar 

to those in other types of membrane protrusions occurring at the leading edge of motile 

cells. As a result, we postulated and subsequently identified an integral role of Cdc42, 

WASp, and Arp2/3 complex proteins in regulating the actin-based protrusions involved in 

macrophage fusion. As a result, the correlation of such actin-based protrusions in 

macrophages with the growth of podosomes in motile cells is clear, but the mechanisms 

that govern this correlation are yet to be identified. Comparative study of lamellipodia, 

filopodia, podosomes, and the macrophage fusion facilitating protrusions could shed light 

on discovering specific regulatory proteins associated only with the macrophage fusion 

machinery. Hence, this particular specificity would provide a novel method to regulate the 

MGC formation in vitro and in vivo.  

Furthermore, discovery of zipper like structures, another actin-based structure at 

the MGC-MGC contact sites seen in later stages of FBR, was intriguing since, based on 

our best knowledge, these structures are novel and have not been previously reported. 
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These structures demonstrate the importance of initiating future study of how localized 

remodeling of the actin cytoskeleton, in distinct steps. may underlie regulation of 

macrophage fusion and MGC formation on biomaterial implants. 

Our use of Il-4 induced peritoneal macrophages plated on highly fusogenic 

paraffin-coated glass surfaces enabled us for the first time to establish the time course of 

macrophage fusion. As a result, we showed that the peak of fusion events takes place 24 

hours after the addition of IL-4 into the media, and dramatically drops at the later stages. 

Starting from day 4 of incubation with IL-4, we noticed morphological changes in MGCs 

and macrophages. Prior to day four, MGCs and macrophages appeared to have long spike-

like "arms", while on day 4 and afterwards, their morphology shifted to a more rounded 

shape. Starting from day four, we also noticed the formation of zipper-like actin structures 

between MGCs and on rare occasions at MGC-macrophage contact sites. During in 

vivo studies, these structures started to appear on day seven after implantation, wherein the 

morphology of MGCs and macrophages was similar to what we observed in vitro. In vitro, 

zipper-like actin structures were highly dynamic, assembling from podosomes and 

disassembling into podosomes, as shown by immunofluorescent staining of podosome 

markers and live-cell imaging at high spatiotemporal resolution by confocal microscopy. 

Although similar structures were identified in osteoclasts before, zipper-like actin 

structures discovered on biomaterials differ in structure, pattern of formation, and location. 

Most importantly, and despite the fact that formation of these zippering structures was 

mediated by the adherens junctional proteins, E-cadherin and Nectin-2, the adherens-like 
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junctions formed between MGCs were found to be different from conventional adherens 

junctions in structure and dynamics (Nagafuchi et al., 2001).  

Even though we have elucidated the structure and composition of these novel 

zipper-like actin structures, there is still much to know regarding the functional role during 

FBR. For example, we speculate that the zipper-like actin structures transiently forming at 

MGC-MGC contact sites may contribute to the overall stability of MGCs, creating yet 

another mechanism by which the cells stay attached to the surface of the bioimplant. This 

might account for the observation that the MGCs/FBGCs formed during IL-4 and IL-13 

induced fusion of M2 macrophages, live on bioimplants' surfaces for a prolonged amount 

of time, thereby avoiding apoptosis and provoking long term degradation of implant 

surfaces (Sun et al., 2014). It would be of further interest to know if these novel actin-based 

structures only assemble on biomaterials during FBR or if they are of more widespread 

occurrence and can also be found in other pathological conditions such as granulomatous 

infection during tuberculosis, in which the formation of MGCs is integral to the progression 

of the disease.  

The discovery of the cellular mechanism of macrophage fusion through actin-based 

protrusion, along with the unidentified role of podosomes and discovery of novel zipper-

like actin structures formed at the later stages of FBR may contribute to the development 

of additional approaches by which to regulate FBR. A case in point is that we revealed a 

critical role of fibrin(ogen) in FBR progression and fibrous capsule formation. Although 

previous studies have demonstrated the importance of vitronectin and fibronectin in MGC 
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formation on biomaterials in vivo. (Anderson et al., 2008), the possible role of fibrin(ogen) 

in these processes was entirely unknown. Using Fg-/- and FibAEK mice, we demonstrated 

that the formation of FBGC, the hallmark of FBR, depended on the presence of the fibrin 

network that forms a provisional matrix upon biomaterial implantation. For the first time, 

it was shown that absence of a single host protein could dramatically inhibit FBR 

progression. Although, the drop in FBGC formation due to failure of fibrin polymer 

formation was not enough to entirely stop fibrous capsule formation, the resulting capsule 

was thinner, less stiff and had a markedly reduced amount of collagen compared to wis 

type controls. 

Even though the fibrin deficiency did not stop bioimplant encapsulation, it would 

potentially benefit bioimplant longevity at least in two ways. Firstly, the drop in the number 

and size of FBGCs would positively affect the bioimplant surface integrity. For vascular 

grafts widely used in cardiovascular issues, the damage arising from FBGCs is tremendous. 

Thus, inhibition of macrophage fusion during FBR is critical for some classes of 

biomedical implants. Secondly, decreased density of collagen due to the absence of fibrin 

polymers within granulation tissue would prolong the life of specific biomedical sensors 

implanted within the body. For instance, subcutaneously implanted glucose sensors have 

started to be widely used for patients with diabetes. The average life of glucose sensor 

implants is around two weeks. The number of studies trying to increase the life of glucose 

sensors is exponentially increasing. Increasing the functionality of glucose sensors up to 

three months would be considered a considerable advancement in the biomaterial industry. 
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Thus, decreasing the density of collagen within the capsule and making it more permeable 

for small molecules would potentially prolong such sensors' functionality. We have also 

demonstrated the effect of thrombin inhibiting drugs on the progression of FBR. 

Administering the thrombin inhibitor argatroban directly into the mouse peritoneum 

resulted in a two-fold decrease in multinucleation level. Further study of the effect of 

thrombin inhibitors on fibrous capsule formation is yet another promising direction for 

future biomaterial research.  
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Supplemental Figure 1. Phase-dense protrusions initiating Type 1 fusion. Live imaging of mononuclear 

macrophages undergoing fusion. Macrophages were isolated from the mouse peritoneum 3 days after TG 

injection, plated on a 35-mm Fluorodish and fusion was induced by IL-4. (A) A mononuclear macrophage 

extends a short phase-dense protrusion (white arrow) toward another macrophage before fusion. The lower panel 

is a diagram of frames at 24:00, 27:00 and 35:00 min illustrating morphological aspects of the fusion process. 

(B) Macrophage fusion mediated by a long protrusion (white arrows at 17:30-20:00 min). The lower panels show 

diagrams of frames at 20:00, 23:30 and 34:00 min. In each micrograph, time is shown in minutes:seconds. The 

scale bars are 10 μm. 
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Supplemental Figure 2: eGFP-LifeAct faithfully reports the distribution of F-actin in TG-elicited 

macrophages.. (A) The distribution of eGFP-LifeAct in a fixed and permeabilized macrophage 24 h after 

plating. (B) Alexa 568-conjugated phalloidin labeled structures. (C) The panel is an overlay of eGFP-LifeAct 

(green) and Alexa 568-Phalloidin (red). The majority of phalloidin-labeled structures appear to contain 

eGFP-LifeAct in fixed specimens. The scale bar is 10 μm. 

 

Supplemental Figure 3. eGFP-LifeAct puncta in macrophages are podosomes. (A) eGFP-LifeAct 

macrophage 48 h after the application of IL-4. Punctate eGFP-LifeAct structures (green) at the leading edge 

of a mononuclear macrophage contain vinculin (red). The scale bar is 7.5 μm. (B) High magnification view 

of eGFP-LifeAct puncta shows the typical interconnected network with a core of eGFP-LifeAct and fine 

fibrils radiating from a central point. The scale bar is 2.5 μm. (C) High magnification view of vinculin 

enriched around a core devoid of vinculin signal. The scale bar is 2.5 μm. (D) Low magnification view of a 

MGC shows similar podosomes at the cell periphery. Nuclei are stained with DAPI (blue). The scale bar is 

25 μm. The scale bar for the zoomed box region is 2 μm. (E) Punctuate eGFP-LifeAct structures (green) at 

the leading edge of a mononuclear macrophage contain talin (red). The scale bar is 7.5 μm. (F) High 
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magnification view of eGFP-LifeAct puncta. The scale bar is 2.5 μm. (G) High magnification of view of talin 

enriched around a core devoid of talin signal. The scale bar is 2.5 μm. 

 
 
 
 

Supplemental Figure 4. Distribution of the podosome size in samples of live and fixed macrophages. 

Gaussian distribution of the podosome size obtained from live cell imaging using LLSM (A), from images 

of fixed eGFP-LifeActexpressing macrophages (B) and samples of fixed cells stained with Alexa Fluor 488-

conjugated phalloidin (C). Only individual podosomes (red arrowheads) situated at some distance from the 

front of actin in the LLSM movies and away from the cell periphery in fixed samples were included in 

analyses. The scale bar is 10 μm. Nuclei were stained with DAPI (blue). 
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                                                                 Table 1 

Parameters of fusion-competent protrusions 

 

a, b, c p=0.057, p= 0.001 and p=0.056 (long vs. short protrusions, respectively) 

                                                                Table 2 

Patterns of macrophage fusion 

Number of analyzed protrusions Type 1 fusion Type 2 fusion Type 3 fusion 

Short 31 (94%) 85 (91%) 32 (89%) 

Long 2 (6%) 8 (9%)  4 (11%) 

    

Length of protrusions, µm Type 1 fusion Type 2 fusion Type 3 fusion 

Short  2.6 ± 0.7 2.8 ± 1.2  2.6 ± 0.7 

Long 10.8 ± 3.3    11.9 ± 7.9 11.2 ± 4.1 

    

Total fusion time from the first cell-

cell contact to full integration, min 

Type 1 fusion Type 2 fusion Type 3 fusion 

Short 59 ± 31 48 ± 22 68 ± 48 

Long  23 ± 0.7a  22 ± 11b 37 ± 24c 

    

Cell spreading, µm2  Type 1 fusion Type 2 fusion Type 3 fusion 

Mononuclear 262 ± 114 252 ± 83 − 

Multinuclear − 1400 ± 910 1760 ± 1280 

Pattern mediated by short 

protrusions* 

 

Schematic showing 

cell polarity 

Type 1 fusion Type 2 fusion 

 

Leading edge to the cell 

body 

 

 

 

34% 

 

31% 

 

Leading edge to rear edge 

  

23% 

 

18% 

 

Leading edge to leading 

edge 

  

20% 

 

45% 

 

Other 

  

23% 

 

6% 
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Supplementa Table 1 

Viability of macrophages cultured under different conditionsa  

 

 

a Macrophages were isolated from the mouse peritoneum 3 days after TG injection, plated 

on paraffin-coated cover glass (P-surface) at 5000 cells/mm2 in DMEM/F12 

supplemented with 10% FBS and fusion was induced by the addition of IL-4 (10 ng/ml). 

Fusion indices and the length of ZLSs were determined after 5 days. The number of 

viable cells was determined by the trypan blue exclusion test performed on cells that 

remained attached to the surfaces after 5 days.  

  

Culturing conditions Dead cells,  

% 

Fusion 

index (%) 

ZLS length/ 

0.15 mm2 

  Number of   

  nuclei / 0.15  

  mm2 

 

Media change every 2 days 

(no additional IL-4 added) 

 

28 ± 11 

 

29 ± 7 

 

43 ± 33 

 

289 ± 35 

 

Media change every 2 days 

(additional IL-4  added with 

fresh media) 

 

20 ± 1 

 

27 ± 5 

 

68 ± 76 

 

243 ± 58 

 

Media change (1:1) after 3 

days (no additional IL-4 added 

with fresh media) 

 

11 ± 6 

 

25 ± 11 

 

436 ± 391 

 

322 ± 39 

 

No media change  

 

7 ± 0.5 

 

18 ± 4 

 

177 ± 124 

 

315 ± 56  
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Supplemental Figure 1. Determination of the MGC surface area. TG-elicited peritoneal macrophages 

were plated on P-surface. After the addition of IL-4, the cells were fixed at different time points and incubated 

with Alexa 488-conjugated phalloidin and DAPI. The samples were imaged by confocal microscopy. Results 

shown are mean ± SD of three independent experiments. Three-to-five random 20× fields were used per 

sample to measure the MGC area using ImageJ software. 

 

 

 

 

 

 

 

 

 

 

Supplemental Figure 2. Dimensional parameters of ZLSs. The histograms showing the normal 

distribution of ZLS width (A) and height (B) were generated based on confocal images and produced using 

GraphPad Prism Software. 
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Supplemental Figure 3. Actin puncta in the vicinity of ZLSs are podosomes. (A) A representative 

confocal image of the ZLS formed in the 5-day culture of MGCs induced by IL-4 and incubated with an anti-

vinculin antibody. The scale bar is 2 µm. (A-1) A high magnification view of the boxed areas in A near the 

ZLS shows single podosomes (arrowheads) and a podosome cluster (a double arrowhead) containing several 

podosomes. Actin puncta (red) are surrounded by a ring of vinculin (green). A large actin globule in the ZLS 

is marked by an arrow. The scale bar is 1 μm. (A-2) and (A-3) High magnification views of actin puncta and 

vinculin, respectively. Vinculin forms a ring around the actin core devoid of the vinculin signal. The scale 

bars are 1 µm. (B) Actin puncta in the vicinity of ZLS are encircled by talin. The scale bar is 2 µm. (B-1) A 

high magnification view of the boxed area in B shows single podosomes (arrowheads) and a podosome 

cluster containing two podosomes (a double arrowhead). Actin puncta (red) are surrounded by a ring of talin 

(green). A large actin globule in the ZLS is marked by an arrow. The scale bar is 1 μm. (B-2) and (B-3) High 

magnification views of actin puncta and talin, respectively. Talin forms a ring around the actin core devoid 

of the talin signal. The scale bars are 1 µm. 
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Supplemental Figure 4. Correlation between the ZLS turnover time and ZLS length. Live-cell video 

microscopy images were analyzed to determine the correlation between the ZLS turnover time (the time 

required for the full assembly and disassembly of a ZLS) and the ZLS length (µm). No significant correlation 

was found.  
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Supplemental Figure 5. Large globules in the ZLS grow by the addition of podosomes.  (A, B) Frames 

from two representative live-cell imaging experiments showing fusion of podosomes with a nascent large 

globule in the ZLS (upper panel). Botton panels: high magnification images of the boxed areas. Arrows 

indicate fusing actin puncta. The scale bars in the upper panels are 5 µm and 1 µm in the lower panels. 
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Supplemental Figure 6. Distribution of Myosin II (A) and SIRPα (B) within the ZLS structures. 

Representative confocal images of MGCs in the 5-day culture induced by the addition of IL-4 and incubated 

with anti-Myosin II (A) or SIRPα (B) mAbs. The x-z projections are shown in the right panels. The scale 

bars for x-y and x-z projections are 5 µm and 2.5 µm, respectively. The images were acquired using a 63× 

oil objective. (C) The kinetics of MT1-MMP-14 distribution in mononuclear macrophages and MGCs. TG-

induced peritoneal macrophages were cultured in the presence of IL-4 for 1-5 days, fixed and incubated with 

antibodies against MT1-MMP-14. The images were obtained by confocal microscopy using a 40× oil 

objective. The scale bar is 50 µm. 
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Supplemental Figure 7. The kinetics of nectin-2 mRNA expression in fusing macrophages. (A) Time 

course of E-cadherin mRNA expression in macrophages undergoing fusion in the presence of IL-4, as 

determined by RT-PCR. Signal intensities were normalized to that of α-actin. (B) Fold change was 

determined relative to the control mRNA levels in freshly isolated TG-elicited macrophages before adhesion 

(0). 0* denotes unstimulated macrophages adherent for 2 h before the addition of IL-4. Results shown are 

mean ± SD of two independent experiments. 
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Supplemental figure 1. The number of cells in the inflamed peritoneum of WT and Fg-/- mice. 

Thioglycollate solution was injected into the mouse peritoneum and peritoneum lavage was collected 

after 72 hours. Results shown are mean ± SD from three independent experiments (n=3 WT and n=3 

Fg-/- mice). ns, not significant 
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Supplemental figure 2. The FBR to implant ed PTFE biom aterials. (A) PTFE sections were implanted 

in the peritoneum of wild type and Fg-/- mice for 7 days and explants were separated from the surrounding 

fibrinous capsule. Since PTFE plastic is nontransparent and consequently unamenable to 

immunocytochemistry, firmly adherent cells were removed from the surface using a cell scraper, centrifuged, 

and resuspended in DMEM/F-12, Cells were allowed to adhere to polylysine-coated coverslips and incubated 

with Alexa Fluor 546-conjugated phalloidin (white) and DAPI (teal). Representative confocal images are 

shown. FBGCs are outlined (yellow). The scale bar is 50 μm. (B) Macrophage fusion was assessed as a fusion 

index. Five to six random 20× fields were used per sample to count nuclei. (C) Explants were fixed, paraffin-

embedded, sectioned, and stained according to a standard H&E method. Representative images of stained 

cross-sections are shown. The scale bar is 50 μm. (D) The thickness of granulation tissue around the implants 

retrieved from WT and Fg-/- mice was determined using ImageJ software. Ten random fields were used per 

sample to measure the thickness of cross-sections. Results shown are mean ± SD from two independent 

experiments (n=2 WT and n=2 Fg-/- mice). Mann-Whitney U test was used to calculate significance ***p < 

.001 
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Supplemental figure 3. Analyses of multinucleation and the granulation tissue formation of implants 

precoated with plasma. PCFTE sections pre-coated with mouse plasma were implanted into Fg-/- mice for 

3 days. Uncoated sections implanted in WT and Fg-/- mice served as controls. (A) Explants were separated 

from the surrounding fibrous capsule, fixed, and incubated with Alexa Fluor 546-conjugated phalloidin 

(white) and DAPI (teal). FBGCs are outlined (yellow). Representative confocal images are shown. (B) 

Representative images of the granulation tissue formed around different implants. (C) Fusion indices were 

determined as described in Materials and Methods. (D) The number of nuclei per FBGC was analyzed to 
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assess the extent of multinucleation. 30 FBGCs were analyzed from 6-8 fields. (E) The thickness of the 

granulation tissue formed around uncoated and precoated implants shown in B. The scale bar is 50 μm. 

Results shown are mean ± S.D. of four independent experiments (n=4 WT and n=4 Fg-/- mice). Two-tailed t-

test and Mann-Whitney U test were used to calculate significance. ns, not significant, p< .05, **p < .01, ***p 

< .001 

 

 

 

 

 

 

Supplemental figure 4. Effect of argatroban on the total number of cells adherent to the surface of 

PCTFE biomaterials implanted in WT mice. Argatroban (9 mg/kg and 18 mg/kg) was injected i.p. for 5 

days before implantation of materials and subsequently for 7 days post-surgery. Control mice were injected 

with PBS. The number of cells on the surface of PCTFE explants retrieved from control and argatroban-

treated mice was determined by counting nuclei. Results shown are mean ± SD from three independent 

experiments (6 mice per group). Mann-Whitney U test was used to calculate significance. ns, not significant, 

**p < .01 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplemental figure 5. The number of cells in lavage obtained from WT and FibAEK mice. The 

peritoneal cells were collected from WT and FibAEK mice before the explantation of the PCTFE implants 

at various time points. Results shown are mean ± S.D. of four independent experiments. n=5-6 (WT) and n=5 

(FibAEK) mice. Mann-Whitney U test was used to calculate significance. ns, not significant, **p < .01 
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Supplemental figure 6. Western blot analysis of fibrin(ogen) species deposited on the surface and in 

the capsule formed around PCTFE sections implanted into FibAEK mice. The specificity of antibodies 

recognizing total fibrinogen (anti-total Fg; 1: 50,000 dilution) and fibrinopeptide A (anti-FpA; 1:2000 

dilution). (A) Purified mouse fibrinogen from WT and FibAEK mice were electrophoresed on 7.5% 

polyacrylamide gel followed by Western blotting using fibrinogen- and FpA-specific antibodies. (B) 

Analysis of surfaces retrieved 3, 7, and 14 days after implantation. The fibrinous capsule was removed from 

the explanted material and exposed sections were placed into PBS containing protease inhibitors followed 

by the SDS-PAGE loading buffer and Western blotting using anti-total Fg, anti-FpA, and anti-fibrin 

antibodies. The arrowhead in the right panel shows the IgG-reactive product. The data shown are 

representative of samples obtained from four mice. (C) Analysis of fibrinogen species present in the capsule 

formed at different time points 
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Supplemental figure 7. Deposition of fibrillin and elastin in the capsule formed around the implants in 

WT and FibAEK mice. PCTFE sections were implanted in WT and FibAEK mice for 3, 7, and 14 days and the 

capsules formed were analyzed for the presence of fibrillin and elastin. (A and C) Representative 

immunofluorescence images of the samples incubated with antibodies that recognize fibrillin. (B and D) 

Representative immunofluorescence images of the samples incubated with antibodies that recognize elastin 

are shown. The scale bars are 50 μm. (E and F) Quantification of fluorescence intensities of images of fibrillin 

and elastin deposition. Results shown are mean ± S.D. from the areas of 0.2 mm2; n=100 for each sample. 

Two-tailed t-test was used to calculate significance. ns, not significant, **p < .01 
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Supplemental figure 8. Detection of collagen expression in macrophages isolated from the fibrous 

capsule. (A) PCTFE sections were implanted in WT mice for 7 days and the cells in the capsule were isolated 

as described in Materials and Methods. The cells were allowed to adhere to the surface of a FluoroDish, fixed 

and incubated with anti-CD11b mAb M1/70 and anti-collagen polyclonal antibodies followed by Alexa Fluor 

488- and Alexa Fluor 647-conjugated secondary antibodies. Cells also were stained with Alexa Fluor 568-

conjugated phalloidin and DAPI. The scale bar is 15 μm. (B) Detection of mRNA for collagen I in 

macrophages isolated from the capsule using RT-PCR. PCTFE sections were implanted in WT mice for 14 

days and the cells in the capsule were isolated as described in Materials and Methods. Macrophages were 

separated from fibroblasts using magnetic beads. The PCR analysis was performed as described in Materials 

and Methods. WI-38 fibroblasts served as a control 
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Supplemental figure 9. Macrophages express fibrillin (A) and elastin (B) .Cells isolated from a 14-day 

capsule formed in WT mice were allowed to adhere to the surface of a FluoroDish, fixed, and incubated with 

primary antibodies (anti-CD11b mAb M1/70, anti-fibrillin, and anti-elastin) followed by a secondary 

antibody. The scale bar is 15 μm. 

 

 

 


