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Abstract

It is now well-established that patient outcome are good if the primary tumor has not

spread; can be surgically removed; treated locally with radiation; or preventive

chemotherapy can be applied. In contrast, when cancer cells have disseminated, the

mortality rates increase significantly and therapeutic treatment strategies are eventually

switched from curative to palliative. Although responsible for the majority of cancer

deaths, knowledge about the emergence of metastatic cells remains scarce. Nevertheless,

in vivo evidence in animal models and humans is accumulating and supportive of the

century-old macrophage-cancer cell fusion theory. The theory implies that the metastatic

cells emerge from a fusion event and express the phenotypes of the migratory

macrophage and the proliferative cancer cell. Although the theory is steadily gaining

approval from cancer researchers, it still lacks essential attention from the broader

research community. We will review the current knowledge surrounding the

macrophage-cancer cell fusion theory. It is our believe that work on the fusion theory and

in the research fields related to it will enhance our understanding of metastasis, and

ultimately lead to the development of novel and effective strategies for the treatment of

metastatic cancers.

Introduction

Cancer is a common disease that represents a major worldwide public health problem.

Cancer is an uncontrolled proliferation of cells in a primary lesion that can spawn

metastatic cells. Those are capable of invading surrounding tissues, spreading

systemically and seeding secondary lesions. The disease is thought to take its cellular

origin in the accumulation of somatic mutations in certain proto-onco- and tumor

suppressor-genes. The mutations are mainly caused by environmental (90 – 95% of

cases), but also hereditary factors (1). The initial mutations together with epigenetic

changes give rise to an uncontrolled proliferating cell that is resistant to apoptosis and

displays intrinsic genomic instability. It has been estimated that about 7-8 oncogenic

mutations are required for a malignant transformation in sporadic colon cancer (182).
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Further gain-of-function mutations award the cell clones with higher and higher

proliferative indices and selective advantages over normal cells.

After unraveling numerous genetic alterations and pathways involved in the process of

oncogenesis, of developing animal models that mimic the human disease phenotypes and

of successfully implementing targeted therapies, the focus lies more than ever on cancer

metastasis research. The importance of studying the genesis of metastatic cells and

defining therapeutic targets of their spread reflects in the clinical fact that of

approximately 7.9 million cancer deaths annually, 90% are due to metastasis (2,3).

Knowledge of the intrinsic processes and microenvironmental interactions involved in

cancer metastasis is accumulating, but in contrast to cancerogenesis however, only

hypothetical models exist, as to what the initiating mechanisms of metastasis are.

The hypothesis that cell fusion underlies the emergence of metastatic cells was first

proposed by Otto Aichel in 1911 and based on observations with the light microscope

(4). Meanwhile, plenty of studies have outlined numerous genotypic and phenotypic

similarities between migratory bone marrow-derived cells (BMDCs), such as

macrophages, and metastatic cells. In vitro, in vivo and clinical data from recent studies is

pointing towards a fusion event between macrophages and cancer cells as the origin of

metastatic cells (4). Coinciding, research on tumor-associated macrophages (TAMs) has

revealed direct roles for TAMs in every single step of the malignant progression (5). The

fusion theory therefore comes closer to a unifying explanation of tumor progression than

any yet proposed model, and we take it as an imperative to examine its clinical relevance,

especially since there is accumulating evidence.

In the following chapters the widely accepted models for the emergence of metastatic

cells (metastatogenesis) and the general macrophage and TAM biology will be discussed.

Thereafter, the current understandings of macrophage and cancer cell fusion mechanisms

are going to be reviewed and the macrophage-cancer cell fusion theory will be

introduced. At last, the most important common traits between macrophages,

macrophage-cancer cell hybrids and metastatic cells will be highlighted and a

hypothetical model of fusion-dependent metastasis is going to be presented.
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Metastasis

Metastasis is a multi-step process that depends on special cancer-cell properties there is

no need for in the primary tumor site, nor in secondary lesions (6). At some point, cancer

cells from the primary lesion manage to disseminate and proliferate in foreign tissues

until they cause the dysfunction of vitally essential organs. The most frequently seeded

metastasis sites of solid tumors are the nearby lymph nodes, the lungs, the bones, the liver

and the brain (7). Malignant cells must succeed in the following cascade of sequential

and interrelated steps to form metastasis: separate from the primary tumor, invade

surrounding tissue stroma, intravasate the blood and lymphatic vasculature, survive and

traffic in the circulation, arrest in distant capillary beds, extravasate and proliferate in

foreign tissues (8). It is important to note that the cascade of events varies between

metastatic cancers of different tissue origins.

One of the cancer cells earliest metastatic phenotypes is characterized by the abilities to

detach from neighboring epithelial cells and to disrupt its actin cyto-skeleton, allowing

the cell to invade through the basement membrane into the extracellular matrix

(ECM;11). This migratory phenotype resembles characteristic features of mesenchymal

progenitor-cells. The acquisition of the metastatic phenotype is referred to as epithelial-

to-mesenchymal transition (EMT;12). EMT is a developmental process during which the

expression of genes involved in cell adhesion, mesenchymal differentiation, cell

migration and invasion are upregulated. E-cadherin downregulation is associated with

cancer progression and poor prognosis in human and mouse cancers and is therefore a

hallmark of EMT (13). The activation of the EMT program requires transforming growth

factor (TGF)-β-, Wnt-, integrin, NFκB or other tyrosine kinase receptor-signaling

(MNNG HOS transforming gene [Met], fibroblast growth factor [FGF], insulin-like

growth factor-binding protein [IGF], epithelial growth factor [EGF] and platelet-derived

growth factor [PDGF]) pathways to activate EMT-inducing transcription factors, such as

SNAIL, SLUG, δ crystalline enhancer binding factor (EF)-1, smad interacting protein

(SIP)1, TWIST1, forkhead box (FOX)-C2, and Goosecoid (12). Gene expression studies

on human tumor samples and experimental animal models delivered numerous

indications for EMT to be essentially involved in the metastatic transformation (14-16).

Even so, the involvement of EMT in metastatic colonization is highly controversial. This
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is in part due to clinical studies that have found the majority of human breast carcinoma

metastases to express E-cadherin and appear to maintain their epithelial rather than

mesenchymal cell morphology (26,27). On this basis, there is no direct clinical evidence

for EMT in tumor dissemination.

Whether the processes underlying the emergence of metastatic cells are based on genetic

selection, reversible adaptation to the microenvironment and/or other mechanisms is still

under debate (181). Nowell was the first to propose the widely accepted “clonal

evolution” model for cancer. In this model tumor cells acquire genetic changes, which are

selected for in a Darwinian process and lead to clonal expansion of the fittest tumor cells.

Metastatic cells are considered to arise from pre-existing cancer cells through a step-wise

accumulation of gain-of function mutations (9) and emerge in the latest phase of the

malignant progression (10). Notably, the common ancestry of primary cancer cell and

metastasis cell clones is evident from comparative gene expression profiles (185).

According to the “clonal evolution” model, research in the cancer metastasis field has

defined major hallmarks for cancer cells to successfully metastasize. Extrinsically and/or

intrinsically caused DNA alterations and a lack of DNA-checkpoint proteins, collectively

causing intrinsic genomic instability, are thought to be the ultimate prerequisites for

metastasis.  They form a heterogeneous cell population within the primary tumor that in

conjunction with metastasis promoting cells of the microenvironment spawns clones with

a metastatic phenotype.

Studies on breast cancer patients and mouse models have demonstrated that disseminated

cancer cells display different and fewer aberrations than their primary tumors and that

subsets of cancer cells disseminate before the onset of chromosomal instability and

microscopic invasion (20-23,184,186). Furthermore, five percent of cancer patients are

diagnosed with metastatic cancers of unknown primary origin. If ever, small, well-

differentiated lesions can be found during autopsy, which according to the “clonal

evolution” model harbor far too less cells to spawn clones with a high metastatic potential

(24). Together with the discovery of cancer gene-expression signatures in early primary

cancers that are predictive of metastases (183) these findings implied that early primary

cancer clones harbor a global metastasis-promoting genetic make-up and evolve

independently (or parallel) of the primary tumor. Moreover, common mutations in
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primary cancers and their metastasis were suggested to be less a product of linear

progression, but to be metastasis-promoting polymorphisms in germline susceptibility

genes (187). Hence, the “clonal evolution” model was in great parts refined by the so-

called “parallel evolution” model, which explained the lack of translational success in

cancer therapy, since treatment was traditionally designed according to primary tumor

diagnosis. Studies in animal models have revealed that an intriguingly low number of

about 0.01% of invasive cancer cells entering the circulation actually develop into

metastases (17,18). In line with the parallel evolution model, this implies a rather

dynamic view of metastasis, wherein metastasis-propagating cells are rare and exist in a

metastatic compartment that would seed metastasis in distant organs as a result of

contextual interactions with the microenvironment. This notion together with findings

that certain cancer cell subpopulations were capable of self-renewal, to propagate a tumor

following serial transplantation and reconstitute the cellular heterogeneity of an initial

tumor mass lead to the discovery of cancer stem cells (CSCs, 188). In support of the

existence of CSCs, gene-signatures specific for CSCs can be detected in the bulk tumor

mass and correlate with poor prognosis in breast cancer patients (189,190). Nevertheless,

with regard to the metastatic competence, considerable heterogeneities in the tumor’s

CSC compartments have been observed in melanoma and pancreatic cancers (191-194).

Thus, the question remains as to what the fundamental mechanisms are that regulate the

inception of metastasis-founding cells.

In summary, it is indeed tempting to point at gene mutation as the major driving force

behind cancer, unifying the processes of cancerogenesis, malignant progression, and

metastatogenesis in a reductionistic disease model that resembles Darwinian selection.

However, in the light of recent evidence, it is reasonable to refine the current models and

propose that additional mechanisms are at work during metastatogenesis, to cause high

metastasis incidence rates, such as 10% for breast cancer patients (19).

Macrophages

Macrophages are leucocytes found in virtually all tissues including bone (osteo-clasts),

brain (microglia), liver (Kupffer cells), kidney (mesangial cells) and lung (alveolar
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macrophages). They directly descend from blood monocytes, which originate from a

mesenchymal myeloid progenitor cell in the bone marrow. The engagement in different

organs and migration throughout the body demands abilities to invade tissue, change

shape and adapt to new environments. Thus, macrophages are amongst the most versatile

cells with respect to their migratory potential.

Along with their broad tissue specificity comes an exceptionally wide array of cellular

functions that are crucial to immune responses, development and tissue homeostasis. To

name a few, macrophages are empowered to engulf and digest cellular debris and

pathogens, to regulate innate and adaptive immune cells via the secretion of cytokines

and chemokines, to fuse homo- or heterotypic for the development of specialized cells, to

trans-differentiate and to degrade the extra-cellular matrix via the secretion of proteases

(28-32).

Depending on the environmental clues, macrophages generally have two distinct

activation states: the classically activated (M1, effector) phenotype and the alternatively

activated (M2) phenotype (33). The M1 phenotype is usually induced by a combination

of a priming inflammatory cytokine, such as interferon-gamma (IF-γ) and a secondary

stimulus, usually provided by toll-like receptor activation (33). Effector macrophages are

instructed to kill microbes and are marked by their production of nitric oxide (NO),

reactive oxygen species, tumor necrosis factor (TNF), interleukin (IL)-6 and other

inflammatory cytokines. In contrast, the M2 phenotype is activated by exposure to anti-

inflammatory cytokines of a helper T-2 cell (TH2) immune response, such as IL-4, IL-13

and IL-10. Alternatively activated macrophages are generally instructed to promote

wound healing or to secrete anti-inflammatory cytokines that regulate and terminate

inflammation (33). They are characterized by their poor antigen presentation, secretion of

immunosuppressive IL-10, their secretion of angiogenic factors, their ability to

phagocytose dead cells and cellular debris, to remodel damaged tissue and to fuse

homotypic to form phagocytic giant cells (34-37).
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Tumor-associated macrophages

Besides being present in tissues under physiologic conditions, macrophage involvement

has been implicated in several pathogenic processes, such as cancer, atherosclerosis and

rheumatoid arthritis. Macrophages are found to reside in the stroma of cancers, and can

constitute up to 80% of the total tumor mass (38). Clinical studies of human cancers

demonstrate a positive correlation between macrophage infiltration and tumor

progression (5,39,40). Furthermore, genes that are associated with macrophage

infiltration have been identified as part of expression signatures that predict poor

prognosis in breast carcinomas (41). Due to these facts, substantial cancer research was

dedicated to understanding the role of TAMs.

TAMs have been characterized as CD11b+F4/80+CSF1R+GR1- cells that have a high

constitutive expression of IL-1 and IL-6, and a low expression of TNF-α (42). They were

found to promote the tumor angiogenic switch, to be essential to cancer cell invasion,

migration and intravasation, to suppress anti-tumor immune responses and appear not

only to set up preferred sites for metastatic cell seeding, but to engage in cancer cell

extravasation and the establishment and growth of metastatic lesions (5). That being the

case, they have a direct role in every critical step of metastasis. Important to note, work

by Mantovani and colleagues has suggested that exposure to IL-4 and IL-10 in the tumor

microenvironment actually generates alternatively activated macrophages, which engage

in wound healing or immune-regulation (35,43).

Macrophage fusion mechanisms

Cell fusion is a common biological process that produces viable cells involved in

mammalian development and differentiation. Among mammalian fusion-competent cell

types, macrophages harbor a special niche, since they do not undergo fusion as an

essential part of their developmental program. Macrophages fuse rather rarely to form

osteoclasts or multinucleated giant cells (MGCs) and pertain their nuclear integrity within

a shared cytoplasm (heterokaryons; 44). The fusion of macrophages increases their size

and allows them to resorb larger targets/foreign bodies that cannot be internalized by a

single cell. Instead of degrading the target in the lysosomes, MGCs acquire the ability to
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degrade it in an extracellular compartment, which has a low pH and contains lysosomal

enzymes (45).

In vitro, macrophages and monocytes form osteoclasts or MGCs in the presence of

macrophage colony stimulating factor (MCSF)-1 and receptor activator of nuclear factor

kappa-B ligand (RANKL) or granulocyte macrophage colony stimulating factor (GM-

CSF), IL-4, IL-13, and monocyte chemoattractant protein (CCL-2/MCP)-1, respectively

(46-48). The capacity to form MGCs depends on the primary macrophage population and

the microenvironmental conditions. Especially thioglycollate-elicited peritoneal

macrophages show the highest induction of fusion competence in response to IL-4 (49).

IL-4 has been suggested to signal through the IL-4 receptor α-chain and the signal

transducer and activator of transcription 6 (STAT6) to upregulate E-cadherin and the

dendritic cell-specific transmembrane protein (DC-STAMP;50,51).

Prior to fusion macrophages are instructed to undergo aggregation, which is most likely

regulated by chemotactic factors, such as CCL2 (48,52,53). It has been hypothesized that

the DNAX activating protein (DAP)-12 and its associated triggering receptor expressed

on myeloid cells (TREM)-2 are activated by homotypic macrophage interactions via an

intrinsically expressed, uncharacterized ligand. This activation leads to the induction of

DC-STAMP, matrix metallo-protease (MMP)-9 and E-cadherin, all of which involved in

macrophage fusion (54).

At least one of the cells designated to fuse is required to enter a “prefusion” state by

signaling through DC-STAMP (55). The seven-transmembrane receptor (TM7) DC-

STAMP is identical to the viral TM7s C-X-C chemokine receptor type (CXCR)-4 and C-

C chemokine receptor (CCR)-5, which are involved in viral membrane fusion, and is

therefore thought to either regulate or mediate fusion via as yet unknown mechanisms

(55).

Subsequently, membrane proteins of the immuno globulin super family (IgSF) form

adhesive interactions between the plasma membranes of the fusion partners and initiate

intracellular signaling (56-58). The myeloid specific macrophage fusion receptor

(MFR/SIRPα) is highly expressed before fusion and binds the ubiquitously expressed

thrombospondin 2 receptor (CD47). The ligation downregulates phagocytosis. It is

therefore assumed that phagozytic macrophages, recognize CD47 as a reciprocal signal of
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self – leading to multinucleation rather than lysosomal degradation of the internalized cell

(59). In addition, the finding that overexpression of CD47 leads to cell death, raised the

hypothesis that CD47 may creates a membrane pore that triggers macrophage fusion once

the opposite cell membranes are apposed and stable, as has been observed during

myoblast fusion (60,61).

The expression of the hyaluron receptor (CD44) is elevated at the onset of fusion. The

cleavage of CD44 by membrane type (MT)-1-MMP is assumed to entertain a closer

interaction of fusing cells and its concomitant nuclear translocation of the intracellular

domain was found to activate nuclear factor kappa B (NF-κB), which is required for

osteoclast differentiation (62,63).

Lamellipodia formation precedes the fusion of macrophages and is induced by the

activation of RAC1 (64). The activation of RAC1 is mediated by the guanine nucleotide

exchange factor (GEF) dedicator of cytokinesis (DOCK)-180 and is essential for

cytoskeletal rearrangements prior to fusion. Interestingly, the cytoplasmic tail of MT1-

MMP was found to be involved in protease-independent RAC1 activation and deficiency

for MT1-MMP attenuated macrophage fusion and giant cell formation in vitro and in vivo

(65). It is known from other studies that the cytoplasmic tail of CD44 interacts with the

actin cytoskeleton and as such directs MT1-MMP to lamellipodia by association with

MT1-MMPs hemopexin-like domain (66). These observations suggest that complex

formation of CD44, MT1-MMP, RAC1 and DOCK-180 is essential to induce

lamellipodia formation and fusion.

E-cadherin depletion lowers the number of IL-4 induced MGC formations, suggesting its

involvement in setting fusion competence in alternatively activated macrophages (67). E-

cadherin/catenin (p120-,α-,β-catenin) protein complexes form at the plasma membrane

and represent in vivo markers of alternatively activated macrophages. Complex formation

is induced by IL-4 and IL-13 via STAT6, the expression of arginase-(Arg)-1 and

production of polyamines. Fluorescence microscopy revealed that IL-4 induced E-

cadherin/catenin complex formation is preferentially located at regions of cell contacts

and is involved in homo- and heterotypic cell interactions with CD103 and killer cell

lectin-like receptor (KLR)-G1 (67). On that account, we hypothesize that E-cadherin is

involved in mediating adhesion prior to homo- and heterotypic fusion.
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Additional cell surface molecules, which are involved in macrophage fusion, are the

mannose receptor and beta- 1 and -2 integrins (68-70).

The lipid composition of fusing cells is important for hybridization. At the contact area of

fusing macrophages phospatidylserine (PtdSer), which is normally confined to the inner

leaflet, integrates into the outer membrane leaflet. During IL-4 induced MGC formation

PtdSer is exposed and then recognized by CD36 for fusion (71). Interestingly, exposure

and recognition of PtdSer are also involved in the phagocytosis of apoptotic cells (72).

Although knowledge of the mechanisms involved in macrophage fusion is accumulating,

a lot of unknowns remain to be elucidated. It seems likely that research on macrophage

fusion will not only lead to an advanced understanding in the field of metastatogenesis,

but will undoubtedly result in new therapeutic targets of metastasis and the metastatic

spread.

Cancer cell fusion

Fusogenic cells have been found in a variety of cancers including melanoma, breast,

renal, liver, gall bladder, lymphoma and brain (73). Cancer cells fuse spontaneously with

several types of somatic cells, including stromal, epithelial, endothelial cells and bone-

marrow derived cells (74-79). The hybrid cells are viable and capable of forming mitotic

figures containing mixed parental cell chromosomes. Initially, fusing cells form tetraploid

binucleated hybrids with synchronous or asynchronous nuclei and a doubled amount of

centrosomes. The nuclei eventually fuse, creating a mononucleated cell. Fused nuclei are

characterized by nuclear subcompartmentation, displaying both parental cells

chromosomes that do not intermingle (80). Nuclear subcompartmentation is a

phenomenon also found in mouse preimplantation embryos and is preserved through

several rounds of cellular division.

The generation of tetraploid cells and supernumerary centrosomes results in aneuploidy

and chromosomal instability (CIN;81). Notably, aneuploidy can lead to cancer, given the

existence of defective tumor suppressor mechanisms (82,83). CIN promotes diversity

among cancer cell populations by causing chromosomal aberrations and through

cascading changes in genome-wide gene expression. However, supernumerary
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centrosomes do not always lead to chromosomal instability. By as yet unknown

mechanisms, extra centrosomes can be coalesced, discarded or orphaned, which restores

a robust chromosomal stability over long-term proliferation in vitro and in vivo (84). It

has even been hypothesized that mechanisms suppressing spindle multipolarity are

inactivated during the early stage of tumorigenesis, which creates heterogeneous

populations of cancer cells and are activated randomly during tumor progression, which

allows the clonal outgrowth and survival of a dominant population (85).

Numerous studies have reported in vivo cancer cell fusion (86-95). Although fusion is a

rather rare and controlled event that takes place under specific conditions, cancer cell

fusion occurs frequently in experimental tumor models (96). Several reasons might

account for the increased fusogenicity of cancer cells. First, deregulation of exogenous

and/or endogenous fusogenic proteins promotes the fusion of cancer and host cells.

Second, an inflammatory wound healing microenvironment, which is frequently found in

primary cancers, has been shown to favor cell fusion between hematopoeitic and various

somatic cells during tissue repair and regeneration (97-101). Third, cell fusion might

represent a by-product of phagocytosed cancer cells by macrophages, which are highly

abundant in the tumor stroma.

Chakraborty and colleagues have delivered the first direct evidence of cancer cell fusion

as an initiating mechanism of metastasis in a mouse model of cancer. Cloudman S91

mouse melanoma cells that are wildtype for the melanogenesis rate-limiting enzyme

tyrosinase (C/C) were implanted s.c. into the tail of Balb/c mice, which are homozygous

for a tyrosinase loss-of-function mutation (c/c; 93). Spontaneous lung metastasis formed

rarely, were fairly small and amelanotic. One of the mice however formed melanin-

producing metastasis in the proximity of the implantation site. In the following weeks a

highly pigmented pulmonary metastasis formed. Interestingly, metastatic cells had a 30-

40% increased DNA content, showed increased in vitro chemotaxis, activation of N-

acetylglucosaminyltransferase V (GnT-V), produced β1,6-branched oligosaccharides,

contained malanosomes (melanin-containing granules), adapted dendritic cell

morphologies and were heterozygous for tyrosinase (C/c), indicating they were hybrids

between cancer and host cells. Since C/c hybrids producing melanosomes were also
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found in the macrophage infiltrated implantation site it was proposed that fusion had

occurred in the original implant, likely with TAMs.

According to the cell fusion theory, BMDC-cancer cell hybrids acquire genetic and

phenotypic features from both mother cells. In support of this notion, in vitro

hybridization of a mouse melanoma cell line with human monocytes resulted in the

expression of human genes in the metastatic hybrids (102). Furthermore, a recent study

by Powell and colleagues revealed that cancer cells primarily fuse with blood-derived

macrophages as a natural course of tumor progression in a parabosis mouse model of

intestinal cancer (101). The hybrids retained a transcriptome identity characteristic of

both, the macrophage and epithelial cell parent, while also expressing a unique subset of

transcripts, distinguishing them from their parental lineages. Thus, metastatic

macrophage-cancer cell hybrids are thought to co-express traits of motility and homing

from the macrophage parent, coupled to the background of deregulated growth and

apoptosis resistance from the cancer cell parent.

In order to develop such phenotypic expression upon fusion, genetic reprogramming of

the nuclei is a critical step during metastatic hybrid formation. Hybrid-reprogramming

activity has been studied in liver regeneration. BMDCs have fused with hepatocytes in

order to regenerate liver parenchyma that lacked the fumarylacetoactetate hydrolase (Fah)

gene. Upon fusion of Fah+/+ bone-marrow derived donor cells with Fah-/- hepatocytes,

genes, including Fah, that were otherwise silenced in the solitary donor cell became

activated and vice versa, to promote the regenerative process (97). This implicates, that a

similar genetic reprogramming activity takes place upon macrophage-cancer cell fusion

and may play a critical role during metastatogenesis. If this assumption holds true,

genetic reprogramming of hybrids likely poses an attractive target for anti-metastatic

therapies.

In contrast to cell cultures and animal models of cancer, which allow for an easy

detection of hybrid cells, the lack of applicable genetic tracking tools makes it difficult to

detect and analyze fusion events in human cancers. The three most striking direct

observations of BMDC-cancer cell fusion in humans were made in patients that received

bone-marrow transplants (BMT) prior to the development of clinical cancers. The first

reported case was found in a child following a BMT from its cancer-free brother.
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Analyses of lymph node metastasis revealed that the metastatic cells contained the donor-

specific A allele of the ABO blood group, indicating that BMDCs might have fused with

renal carcinoma cells (74). In the second case, a woman received a BMT from her son

two years prior to detection of a renal cell carcinoma. Fluorescence in vitro hybridization

(FISH) analyses in formalin-fixed tissue samples revealed that 10% of the cancer

population consisted of Y chromosome-containing cells, indicating that fusion events

occurred between cancer cells and BMDCs (103). However, due to technical reasons both

studies lack definitive proof for BMDC-cancer cell fusion (reviewed in 4). Thus, the as

yet sole confirmation of in vivo cell fusion in humans was observed in multiple myeloma

patients (104). Multiple myeloma is a B-cell neoplasm that is nearly always associated

with bone destruction and an increased numbers of bone-resorbing osteoclasts. The study

revealed that osteoclasts contained nuclei with translocated chromosomes of myeloma B-

cell clone origin, suggesting that fusion events have taken place between myeloma cells

and macrophages/osteoclasts. The nuclei were transcriptionally active and contributed to

more than 30% of the osteoclast population.

Collectively, fusion of cancer cells with somatic cells represents a frequent event during

cancer progression in mouse models and has been observed in human primary cancers

and metastasis. Nevertheless, there is great need for tracking tools, to investigate the

exact impact of fusion events on cancer progression in human patients.

Macrophage-cancer cell fusion

As noted earlier, developing a metastatic phenotype requires cancer cells to become

invasive, adapt a higher motility, intravasate the vasculature, survive in the circulation,

extravasate at distant capillary beds and survive and grow in unfamiliar hypoxic

microenvironments. The discrepancy with the development of such phenotypic abilities,

solely by gain-of-function mutations as suggested by the “clonal evolution” model, hails

from the fact that all of the properties are rarely of selective advantage in the primary

tumor site.

Wound-healing M2 macrophages share significant characteristics with metastatic cells.

Besides their tissue tropism, the resemblance is evident during the following
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inflammatory response. Monocytes are recruited to extravasate the blood circulation and

invade the wounded tissue, where they differentiate into macrophages. Macrophages

survive in necrotic and hypoxic areas to phagozytose dead cells and cellular debris. To

increase their phagocytic capacity they occasionally fuse with each other and become

giant cells. After their wound healing activity, macrophages intravasate into the

lymphatic vasculature and home to the lymph nodes, where they participate in immune

responses (105). Thus, the macrophage-cancer cell fusion theory suggests M2

macrophages to pose the ideal fusion partners of cancer cells, to acquire a metastatic

phenotype without the need for additional mutations.

In several studies fusion between cancer cells and somatic cells of the tumor

microenvironment was induced in vitro and the hybrids were analyzed for their metastatic

potential (4,106,107). When transplanted into mice, hybrids of cancer cells or of cancer

cells with epithelial cells or fibroblasts had a reduced tumorigenicity, compared to the

parental cancer cell. In contrast, macrophage-cancer cell hybrids displayed the most

aggressive metastatic phenotype and in vivo studies revealed that macrophages represent

the primary fusion partner of cancer cells (88,101). Consistently, Rachkovsky and

colleagues found that ∼50% of in vitro-induced macrophage-cancer cell hybrids

displayed an increased metastatic phenotype, when grown in vitro in the absence of any

host-selective pressure (94). The great extent of hybrids developing a metastatic

phenotype is remarkable, considering the chaotropic nature of aneuploidy. Together,

these findings indicate that metastatic cancer cell hybrids that form in vivo are most likely

of myeloid origin.

Several studies have investigated the expression of myeloid specific markers in breast

cancer, rectal cancer and small cell lung carcinoma (SCLC) cells. Amongst the analyzed

markers were CD26, C3bi, CD11b, CD14 and CD163 (108-111). In clinical rectal and

breast cancer studies, between 30 and 50% of the patients had cancers with CD163-

positive cancer cells (110,111). Notably, CD163-positive cancer cell patients had a more

advanced histological grade, a higher occurrence of distant metastasis and reduced patient

survival.
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Below are outlined a few important phenotypic analogies of macrophages, macrophage-

cancer cell hybrids and metastatic cancer cells that are supportive of the macrophage-

cancer cell fusion theory.

Fusogenicity

According to the fusion theory, a rate-limiting step of metastatogenesis is the activation

of fusion-promoting pathways and the subsequent fusion of cancer cells and

macrophages.

As discussed earlier, it is hypothesized that interaction of CD44, MT1-MMP, RAC1 and

DOCK180 induces lamellipodia formation and is essentially involved in macrophage

fusion (64-66). Interestingly, CD44, MT1-MMP and RAC1 play critical roles in tumor

progression. CD44 is highly expressed in various cancer types and overexpression of a

CD44 variant in non-metastasizing rat cancer cell lines is sufficient to establish full

metastatic behavior (112). RAC1 overexpression correlates with testicular, gastric and

breast cancer progression. Knock-down of RAC1 in a xeno-transplanted human

colorectal adenocarcinoma cell line suppresses tumor progression in a mouse model,

whereas over-expression accelerates the tumorigenic process (113-116). Increased MT1-

MMP expression in human primary tumors correlates with advanced tumor stages and

poor outcomes in breast and colorectal cancer patients (117,118). Furthermore, MT1-

MMP localizes to the protruding lamellipodia of migrating cancer cells and degrades the

extracellular matrix. In contrast to the knock-downs of MMP1 and MMP2, which are

secreted by fibrosarcoma and breast cancer cells during migration, silencing of MT1-

MMP virtually blocked all invasive activities (119). On this basis, it appears that the

complexation of CD44, MT1-MMP and RAC1 promotes macrophage-cancer cell fusion

and consequently drives metastatogenesis. Intriguingly, the protease-independent

recruitment of RAC1 by MT1-MMP may serve as an explanation for the failure of

peptidomimetic MMP inhibitors to exert beneficial effects in previously reported clinical

cancer trials (120).

CD44+ bladder cancer cells, which efficiently induce tumorigenesis in xenograft models

and predict poor prognosis in cancer patients, were found to highly express CD47 (121).
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CD47 and SIRPα expressions correlate and are upregulated in the bone marrow of breast

cancer patients with poor prognosis (122). In a mouse model of bone metastasis CD47

deficiency significantly reduced the metastasis burden without affecting the primary

tumor and caused osteoclast defects (180). In vitro blocking of CD47-SIRPα interaction

with an antibody induced phagocytosis of cancer cells by macrophages (121). Moreover,

in vivo blocking of CD47 prior to radiation primes tumor cells more sensitive to

radiotherapy (123). Since CD47 and SIRPα interactions have been implicated in

macrophage fusion, we suggest that CD47 inhibition minimizes the “oncogenic

resistance” (reviewed in the following chapters) of cancer cells and promotes their

phagocytosis, via the suppression of macrophage-cancer cell fusion.

Another putative mediator of macrophage-cancer cell fusion is the chemotactic factor

CCL2. Clinical studies on colorectal cancers have found that CCL2 expression is higher

in primary tumors of patients with hepatic metastasis and can serve as a prognostic

marker for predicting hepatic metastasis (124). Furthermore, CCL2 expression was

shown to indirectly promote prostate tumor growth and metastasis, by recruiting

macrophages to the primary lesion (125).

The upregulation and active involvement of fusion-promoting proteins in different

cancers support a key role for cell fusion in cancer progression. We propose that

macrophage-cancer cell fusion underlies the process of metastatogenesis and therefore

poses an important therapeutic target of cancer metastasis.

Invasion and migration

ECMs represent steric barriers to cell migration. To overcome these heterogeneous

barriers and transmigrate through endothelial walls, basal membranes and interstitial

tissues cells have acquired various modes of cellular migration, such as amoeboid,

mesenchymal and collective cell migration. Amoeboid migration is characterized by a

rounded cell shape and the absence of both, proteolytic matrix degradation and strong

adhesive interactions (focal adhesion). Mesenchymal migration is slow and characterized

by an elongated cell shape, with long membrane protrusions, the presence of strong

integrin-mediated adhesion sites and proteolytic degradation of the ECM (126).
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Collective cell migration requires a group of cells to retain cell-cell contacts by adhesion

junctions, to exhibit group polarization with a defined front-rear asymmetry and the

secretion of proteases by the leading tip cells. Migration results either by adhesion of the

leading edge to the ECM and contractile pulling, or from forward pushing by

proliferation (127).

Leucocyte and especially macrophage migration were commonly associated with

amoeboid migration, whereas invasive cancer cell migration was associated with

amoeboid, mesenchymal and collective migration (128,129). Even so, a recent study on

solitary cell migration through 3D matrices of different rigidity concluded that

macrophages opt their mode of migration in dependence of the environmental

architecture and geometry (32). They perform amoeboid migration in relatively porous

fibrillar collagen 1 matrices, which mimic stromal/interstitial tissues. In contrast, they

switch to mesenchymal migration in the rather densely cross-linked, gel-structured

networks of a collagen 1, which mimic basement membrane matrices beneath epithelia

and endothelia. The mesenchymal migration of macrophages can be grouped into two

distinct movements: a slow, directional movement and a fast, bi-directional movement.

Importantly, the later is very typical for cancer cells and forms persisting tunnels that

have been suggested to facilitate the progression of following cancer cells through

anatomic barriers. In fact, cancer cells migrating in a collective mode, such as in lobular

breast cancer, epithelial prostate cancer, large cell lung cancer, melanoma and most

prominently in squamous cell carcinoma follow a leading cell that generates microtracks

(130,131). Thus, the leading cell of collectively migrating cancer cells likely has a

macrophage-like mesenchymal migration mode. Both, cancer cell invadopodia and

macrophage podosomes were found to have an identical co-localization of F-actin and

β1-integrin and to secrete proteases at the interface to the ECM. Although the data cannot

provide an explanation as to why cancer cells have a mesenchymal migration mode in

porous fibrillar collagen-1, rather than an amoeboid such as macrophages, its certain that

mesenchymal migration has an evolutionary advantage considering the formation of

persisting microtracks for following cancer cells.

Integrins are transmembrane glycoproteins that besides conferring cell migration, are

involved in cell adhesion, growth and survival. Control of cell migration requires the
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redistribution of certain integrin molecules at the cell surface. Directional motility is

achieved in part by integrin internalization at the retracting margins and their

redistribution to the protruding lamellipodia. Interestingly, one of the most frequently

observed macrophage traits in metastatic cancer cells is the elevated expression and/or

activation of motility-associated integrins α2, α3, α5, α6, αv, β1 and β3 (132).

A bone marrow-derived CD11b+ macrophage population, with dendritic cell morphology,

has been found to express lymphatic vessel endothelial hyaluronan receptor (LYVE)-1,

prospero-related homebox (PROX)-1 and podoplanin. Via a collective migration mode,

similar to cancer cells, this macrophage population contributes to the formation of de

novo lymphatic vessels from cell aggregates upon irritation of the cornea (133-135).

Intrinsic podoplanin expression has been shown to mediate collective cancer cell invasion

in vitro and in vivo in the absence of epithelial-to-mesenchymal transition, by inducing

lamellipodia formation (136). Since another in vitro study revealed that the leading cells

of collectively migrating carcinoma cells can be of a distinct cellular lineage (137), we

propose a role for macrophage-cancer cell hybrids as heterotypic tip cells during

collective cancer cell migration.

Furthermore, unpublished data by Kerjaschki and colleagues shows 15-Lipoxygenase

(LOX)-1 expression by metastatic cancer cell lines to mediate cancer cell intravasation

via the formation of circular defects in the lymphatic vasculature. Importantly, 15-LOX1

is strongly upregulated in alternatively activated macrophages that have been stimulated

with the fusion-promoting TH2 cytokines IL-4 and IL-13 (138-140).

Conclusively, metastatic cancer cells and macrophages share identical invasive and

migratory abilities, suggesting that the origin of these features in metastatic cells may

stems from a macrophage-cancer cell fusion event.

Tissue tropism and homing

Another commonality of macrophages and metastatic cancer cells, supportive of the

fusion-theory, is their tissue tropism to lymph nodes (LNs), lung, bone marrow, liver and

brain. LNs represent the first and most frequently seeded sites of metastatic cancer cells

and lymph node metastasis serve as valuable prognostic markers for cancer patients
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(141). Although LN metastases per se are not life threatening, evidence is accumulating

for their active involvement in the systemic spread of cancer cells (142). Typically, 20%

of cells in the lymphatic vasculature are of the mononuclear phagocytic lineage. A great

body of knowledge has already been accumulated of how cells of the immune system

home through the lymphatic vasculature towards the LNs. With regard to the

macrophage-cancer cell fusion theory, LNs pose an ideal model system to answer

whether identical cytokines, chemokines and receptors involved in the homeostatic and

inflammatory emigration of immune cells to the LNs, are critical for seeding metastasis

in the LNs (143).

Recent work has revealed that the CXCR3, CXCR4 and CCR7 play critical roles in LN

metastasis (142). The same chemokine receptors are involved in the homing and

patterning of leukocytes to the LNs, suggesting that cancer cells expressing these

receptors are recruited by their ligands in a similar manner as immune cells. In human

colon cancer specimens CXCR3 was expressed in 33% of patient samples, and its

expression correlated with LN metastasis and marked poor prognosis (144,145). CXCR3

expression is also associated with poor prognosis in breast cancer patients, compared to

CXCR3-negative patients (146). Moreover, knock-down of CXCR3 in transplanted

melanoma cells significantly reduces their metastatic potential to the LNs, without

affecting the hematogenous metastasis route (144,145)

Whereas responsiveness to most chemokines is downregulated in dendritic cells (DCs)

upon activation and maturation, the CCR7 and CXCR4 receptors are upregulated. DAP12

activation, which is also involved in macrophage fusion, has been shown to induce CCR7

expression (143). CCR7 and CXCR4 are essential for DCs and macrophages to migrate

to the LNs. CCR7 and CXCR4 bind C-C motif ligand (CCL)-21-Leu/-Ser, and CCL-19

or stromal-derived factor-1 (SDF-1/CXCL-12), respectively (147-149). CCL-21-Leu is

expressed in lymphatic endothelial cells and CCL-21-Ser in high endothelial venules

(HEV) of the LNs (150). CCL-19 is constitutively expressed by stromal cells scattered

within the T-cell areas of secondary lymphoid tissues (151). Important to note, CCR7 and

CXCR4 are amongst the most widely expressed chemokine receptors in various human

cancers. Elevated expressions of CCR7 and CXCR4 have been shown to correlate with

(LN) metastasis and predict poor prognosis for cancer patients (152-154). Furthermore,
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CXCR4 and CCR7 not only promote metastasis by mediating homing to CXCL-12,

CCL-19 and CCL-21, but by inhibiting detachment-induced cell death in murine cancer

models (anoikiis; 155,156).

Macrophages have a high expression of Sialyl Lewis X (sLex) antigen, which is a

tetrasaccharide that is involved in selectin-mediated adhesion to the vascular

endothelium. Upon capture of sLex by L-, E- and P-selectin leukozytes are brought into

close proximity of the endothelial vessels (157-159). The close apposition leads to rolling

along the vessel wall and permits the engagement of secondary adhesion receptors, such

as β1-, β2-integrins and leukocyte function-associated antigen (LFA)-1 that bind to

intercellular adhesion molecules (ICAMs) expressed on the endothelium. The firm

attachments between integrins and ICAMs are usually initiated via the engagement of

chemokine receptors (CCR7, CXCR4) and result in the cessation of rolling. Notably, the

expression of sLex is significantly elevated in human carcinoma cells and several studies

have shown the association of metastasis and sLex expression (160,161). In this context,

sLex has been used clinically as a prognostic marker in several human cancers (161).

N-Acetylglucosamintransferase (GNTV) is a Golgi complex enzyme that is responsible

for branching asparagine-linked (β1,6-branched) oligosaccharides. It is highly expressed

in metastatic cancer cells and is upregulated in in vitro- and in vivo-formed macrophage-

melanoma and BMDC-cancer cell hybrids (103,74,162). Furthermore, β1,6-branched

oligosaccharides are the direct carriers of sLex. Prominent substrates of GNTV, such as

LAMP1, are also upregulated in macrophages and in macrophage-melanoma hybrids.

The activation of certain integrins has been revealed to control tumor cell arrest in the

vasculature, in a similar manner as leukocytes (163,164). In addition, integrins have been

shown to mediate tissue tropism of melanoma, breast and prostate carcinoma cells to the

bone and lymph nodes (165).

A recent study focused on the role of the macrophage mannose receptor (MR) in the

migration of leukocytes to the draining lymph nodes through the afferent lymphatics. The

MR is expressed by tissue macrophages and its expression on the vasculature is restricted

to the lymphatic endothelia. In the vasculature it supports lymphocyte adherence by

binding to L-selectin. In a mouse tumor model deficient for the MR the primary tumors

grew larger compared to Wt mice. In contrast, adhesion of normal leukocytes and cancer
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cells to lymphatic vessels was significantly decreased and regional lymph node

metastases grew markedly smaller compared to Wt mice (166).

Together, these findings suggest that cancer cells home through the vasculature to distant

sites by adopting abilities of immune cells. We speculate that fusion with macrophages

confers cancer cells with the phenotypic expression of CXCR3, CXCR4, CCR7, GNTV,

sLex, MR and other multi-tropism-conferring factors, which are essential for metastasis.

“Resistance to radiation and chemotherapy”

A major problem during chemotherapeutic and/or radiotherapeutic treatment of clinical

cancers is the malignant cells acquisition of resistance to treatment (107). In vitro fusion

of cancer cells and of cancer cells with stromal cells, such as fibroblasts, leads to

increased drug resistance (81,96). Furthermore, in vitro fusion between breast cancer

cells and breast stem cells gives rise to hybrids with elevated expression levels of ABC

multi-drug transporters and anti-apoptotic proteins, compared to the parental cells (107).

These findings indicate that cancer cell fusion increases drug resistance and that both

parental cells can contribute (107). Paradoxically, by causing tissue destruction in

malignant lesions, cancer therapies potentiate the inflammatory processes in tumor

tissues and lead to an increased recruitment of inflammatory cells. Amongst the

inflammatory infiltrates are M2 macrophages that are recruited to the lesions to engage in

tissue repair and feature a fusogenic phenotype. We hypothesize that macrophage-cancer

cell fusion contributes to the increased drug resistance of metastatic cancer cells and that

current cancer therapies represent two-edged swords, in that they not only kill cancer

cells, but induce the development of more aggressive metastatic phenotypes by setting a

fusion-promoting microenvironment.

Phagocytosis

As discussed earlier, phagocytosis is a special ability of alternatively activated

macrophages and other professional phagocytes. It describes the cellular process of

engulfing and ingesting extracellular material (167). Interestingly, phagocytosis and
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autophagy, which is linked to phagocytosis in macrophages, are characteristic features of

most human cancers (4,168-171,73). The phagocytic behavior is restricted primarily to

invasive and metastatic cells, and Zimmer and colleagues exploited this fact to tag

primary tumor margins for imaging (172). Accordingly, cathepsins D and B that are

enriched in lysosomes facilitate the digestion of proteins following phagocytosis and are

prognostic markers for high malignancy, metastasis and poor patient outcome (172). In

addition, the phagocytic behavior of metastatic melanoma cells has been found to

increase significantly under low glucose conditions or dietary energy restriction (DR),

similar to macrophages (173,174).

These facts indicate that the phagocytic behavior of metastatic cells resembles that of

macrophages. We believe that the phagocytic abilities of metastatic cells are a reflection

from the fusion of cancer cells with macrophages. Furthermore, it has been hypothesized

that the linkage of phagocytosis and autophagy in metastatic cells may actually serve as

an alternative energy source when nutrient supplies are low (4,73). Thus, the phagocytic

pathways of metastatic cells may be essential for dissemination and pose potential targets

for anti-metastatic therapies.

Conclusions

Heterogenic cell fusion represents an evolutionary conserved mechanism of most single-

celled and multi-cellular organisms. In humans life begins with the fusion between a

sperm and an egg cell. During ensuing development more cell fusions occur, including

fusions of cytotrophoblasts to form syncytiotrophoblasts, of myoblasts to form muscle

fibers and of macrophages to form osteoclasts, multinucleated giant cells and liver-

regenerating stem cells (175). Cell fusion in cancer cell populations rapidly produces

complex new genotypes by combining and recombining genomes. In this sense, cell

fusion is a powerful engine for creating and sustaining diverse cell populations, without

the necessity of new mutations. A primary function of somatic cell fusion is to reprogram

the developmental fates of fusing cells via a multi-potent stem cell-like phenotype (176).

Interestingly, a recent study has hypothesized that macrophages, which are capable to

restore degenerated tissue function by fusion, represent the ideal fusion partners of cancer
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Fig. 1a      1b

Macrophage      Lymph EC       TH2-cell               M2 receptor

CD47-SIRPα     sLex Ag       ABC-mutidrug      CD-44/MT1-MMP/
   interaction                             transporter           RAC1 complex

Cancer cell  Podocyte  Macrophage-cancer  IL-4/IL-4R      IL-13/IL13R  CCL2/Chemokine      DAP12
      hybrid                                                                 receptor

Epithelial      Blood EC     Vasculature      Phagocytosed    E-cadherin          Integrins          Chemokine
   cell                                                               material                                                              receptor
Figure 1. (a) Primary tumors form in the epithelial cell layer. In the course of tumor progression blood- and lymph
angiogenesis are induced in the tumor parenchyma and/or stroma. Amongst other cells, macrophages are recruited into
the tumor stroma to interact with cancer cells and the tumor microenvironment. Upon entering a fusion-competent state
macrophages and cancer cells fuse to form hybrids. Some hybrids adopt migratory and proliferative traits from their
parental cells. This metastatic phenotype enables them to invade the surrounding tissue trough the basement membrane
and migrate towards the vasculature. The hybrids will then intravasate the vasculature, and due to their broadened
tissue tropisms home to other tissues, in a similar fashion as macrophages. The macrophage-conferred ability to adapt
to different microenvironments, allows the hybrids to survive in distant organs and seed metastasis. (b) In cooperation
with cancer cells, TH2-cells create a fusogenic microenvironment, via the secretion of CCL2, IL-4 and IL-13. CCL2
further mediates the aggregation of macrophages and tumor cells. Signaling via DAP12, sets the macrophages and
cancer cell s into a fusion-competent state, which is marked by  upregulated E-cadherin, MMP-9 and DC-STAMP
expressions. Association of CD44, MT1-MMP, RAC1 and DOCK180 induces lamellipodia formation at fusion sites.
Interaction of CD-47 on cancer cells and SIRPα on macrophages inhibits the macrophages to phagocytose the cancer
cells and thus is essential to fusion. E-cadherin mediates a closer apposition between the cancer cells and the
macrophages, which eventually leads to fusion. After genetic reprogramming the hybrids are marked by the elevated
expression of the ABC-multidrug transporter, motility-associated integrins, the sLex Ag (antigen), various chemokine
receptors, the mannose 2 receptor, phagocytosis-, proliferation-, and anti-apoptosis-associated genes.   
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cells for the formation of cancer stem cells (107). In fertilization, when cell fusion

reprograms gametes into a totipotent fertilized egg, similar reprogramming could take

place in macrophage-cancer cell hybrids to award them with stem cell-like features.

For cancer cell dissemination, cell fusion is a strategy to home to and proliferate in

tissues whose particular properties they did not possess prior to fusion. Based on the facts

reviewed here and current knowledge surrounding the macrophage-cancer cell fusion

theory, we propose the following hypothetical model for metastatogenesis (Figure 1).

Monocytes home to the primary tumor stroma via chemokine and cytokine gradients

produced by the cancer cells and stromal cells of the tumor microenvironment. A key

player in the recruitment of monocytes and macrophages is CCL-2, but other chemokines

and cytokines, such as CCL-5, CCL-7, CXCL-8 and CXCL-12, VEGF, PDGF and M-

CSF additionally enhance myeloid cell recruitment (177). Due to IL-4 and IL-13

production of TH2 cells in the tumor stroma TAMs adopt the alternative wound-healing

M2 activation status, which primes them for promoting angiogenesis, immune regulation

and most importantly fusion (44,69,175). Signaling via DAP12, DC-STAMP and the IL-

4R dictates one or both fusion partners to enter a prefusion state, which is marked by an

elevated expression of E-cadherin, MMP-9 and DC-STAMP (50,51,54). In combination

with as yet unknown factors CCL-2 promotes the aggregation of macrophages and cancer

cells. The aggregation allows them to establish intercellular interactions via cell adhesion

molecules (CAMs), such as E-cadherin, CD103, KLRG1 (48,52,67). IL-4 induced

signaling via STAT-6, expression of ARG-1 and polyamines triggers E-cadherin/catenin

complex formation and promotes intercellular interaction of the fusion partners (67).

Subsequently, interactions of IgSF members with other plasma-membrane receptors

pertain an even closer association of fusion partners and initiate signaling pathways

involved in cellular fusion. The signaling initiated upon interaction of SIRPα and CD47

specifically promotes cell fusion and inhibits phagocytosis of cancer cells by

macrophages. Furthermore, CD47 is involved in the membrane pore formation for cell

fusion (46-48,55-57,79). Eventually, CD44 in concert with MT1-MMP, RAC1 and

DOCK180 induces lamellipodia formation, which is essential at sites of membrane fusion

(61,68,69). After genetic reprogramming of the nuclei some of the newborn hybrids are

equipped with advantageous metastatic features from both parental cells, allowing them



27

to disseminate from the primary tumor throughout the body and seed metastasis in distant

organs (97,102). Whereas the high, uncontrolled proliferation index and the apoptotic

resistance stem from the parental cancer cell, the abilities to invade and migrate through

tissue, to intravasate, home and survive in the vasculature, to phagozytose and display

increased drug resistance stem from the parental macrophage.

As discussed earlier, a recent study has revealed that fusion of macrophages and foreign

body giant cell formation is preceded by lamellipodia formation in a RAC1 dependent

manner (64).  Another study found that RAC1 inhibition via specific GEF inhibition with

NSC23766, NSC23766 derivatives and RNA knockdown not only inhibited macrophage

fusion and giant cell formation in vitro and in vivo, but also reversed the metastatic

phenotype of breast cancer cells (64,178). The NSC23766 derivatives were not toxic to

normal mammary epithelial cells and reduced cancer cell migration and spreading.

Increased RAC1 activity in breast cancer cells has been found to contribute to drug

resistance towards Trastuzumab by as yet unknown mechanisms (179). With these

findings in mind, we hypothesize that RAC1 promotes fusion between macrophages and

cancer cells and thereby conveys oncogenic resistance and the migratory metastasis

phenotype. Furthermore, we consider macrophage-cancer cell fusion mechanisms to be

ideal targets for the inhibition of metastatic cancer progression.

In my opinion, the macrophage-cancer cell fusion theory poses an elegant and appealing

explanation for the emergence of metastatic cancer cells, unifying the many facets of

cancer metastasis. Yet an overwhelming amount of research needs to be undertaken to

answer the complex questions the theory imposed. We think that a collaborative research

attempt between the clinics and the fields of cell fusion, tumor microenvironment,

metastasis, macrophages and immunology has to be formed to evaluate the impact of

macrophage-cancer cell fusion on metastatic cancer cell dissemination. By focusing

metastasis research on analogies between metastatic cancer cells and macrophages we

may gain the biological insight to therapeutically recreate a suppressive

microenvironment that can fully revert the malignant disease phenotype to a controllable

benign phenotype. Hence, the view of metastatogenesis as a macrophage-cancer cell

fusion event will impact future cancer research and anti-metastatic therapies.
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