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Chapter 11
Giant Macrophages: Characteristics
and Clinical Relevance

Julie Earl and Bruno Sainz Jr.

11.1 Introduction

The role of macrophages in tumor development and dissemination has been known
for several years [1-3] and was more recently reviewed by Yang and Zhang in 2017
[4]. Herein, we discuss in depth the role of macrophages and specifically that of
tumor-associated macrophages (TAMs) in these various processes, as well as their
potential role as clinical biomarkers and therapeutic targets. The following terms
describe the different macrophage phenotypes mainly associated with these
processes [5].

Inflammatory monocytes are recruited to inflammatory sites and are character-
ized as follows: CD14+(high), CD16—, CCR2+(high), CSF1R+(high), and LY6G-.

Tumor-associated macrophages (TAMs) are present in the tumor microenviron-
ment and promote tumor development and progression. Human TAMs have the fol-
lowing marker profile: CDI11b+, CDI14+, CD23+, CD34—, CD45+, CD68+,
CDI117—, CD133—, CD146—, CD163+ (h), CD204+, CD206+, CCR2+, CSFI1R+,
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CXCR4+, MHC class II+, VEGFR 1+, and VEGFR2—. However, different markers
are expressed by TAMs with specific tumor-associated functions.
Metastasis-associated macrophages (MAMs) are a subset of inflammatory
monocytes that promote tumor dissemination and invasion and the formation of the
metastatic niche. Studies in mice have shown that MAMs originate from inflamma-
tory monocytes and have the following marker profile: CD11b+, CD31—, CD45+,
CCR2+, CXCR4—, F4/80+, LY6C—, LY6G—, TIE2—, VEGFR 1+, and VEGFR2-.

11.2 The Interplay Between Circulating Tumor Cells
(CTCs) and Macrophages

The tumor microenvironment (TME) is composed of fibroblasts, immune cells, and
vascular endothelial cells. Monocyte-derived macrophages are immune cells that
originate from bone marrow-derived blood monocytes. Tumor-associated macro-
phages (TAMs) are involved in cancer-related inflammation, form part of the tumor
microenvironment, and facilitate the dissemination of circulating tumor cell (CTC)
and their subsequent seeding in metastatic niches [6, 7]. TAMs are either tissue resi-
dent or derived from peripheral sources such as monocytes of bone marrow and
spleen [8], although their exact origin and the mechanisms underlying their pro-
metastatic function in human tumors is unknown.

Macrophages are extremely plastic and can fluctuate between two states of polar-
ization: “M1” or “M2” state. Classically activated macrophages are known as
MI-polarized macrophages, whereas TAMs more closely resemble M2-polarized
macrophages, which express higher levels of anti-inflammatory cytokines and
angiogenic factors compared to their M1-type counterparts [4]. It is important to
note that while TAMs do resemble M2-polarized macrophages, there exist several
subpopulations of TAMs that share features of both M1 and M2 macrophages. Thus,
the traditional M1 or M2 classification of TAMs may not accurately reflect the dif-
ferentiated or biological state of these cells, and therefore, researchers have pro-
posed functionally classifying TAMs (e.g., metastasis-promoting macrophage or
immunosuppressive macrophage) in lieu of using the traditional M1 and M2 nomen-
clature [9-12].

Until a consensus is established, however, the use of binary M1/M2 classification
continues to be widely used [13]. Based on this system, it is believed that macro-
phage polarization toward a pro-inflammatory, classically activated or “M1” pheno-
type is mediated by activation of Toll-like receptors upon engagement with bacterial
components (e.g., lipopolysaccharides) or via type I helper T (Thl)-secreted cyto-
kines [e.g., interferon (IFN)-y]. In general, it is assumed that M1 macrophages are
involved in Thl responses to microorganisms, are involved in clearance of dead/
apoptotic cells, have enhanced cell killing activity, and are characterized by secre-
tion of a battery of pro-inflammatory cytokines that include IL-12, IL-1p, IL-6, and
tumor necrosis factor o« (TNFa) and generation of reactive oxygen and nitrogen
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intermediates [14]. Alternatively and in response to different stimuli or signals,
macrophages can polarize toward an alternatively activated “M?2” phenotype par-
ticipating in Th2-type immunity, wound healing, and tissue remodeling [10]. These
alternate stimuli can include, but are not limited to IL-4, IL-10, and IL-13 [10].
While M1 macrophages are characterized by secretion of pro-inflammatory cyto-
kines, M2 macrophages are characterized by high expression of scavenging mole-
cules, mannose and galactose receptors, activation of the arginase pathway,
production of IL-10, vascular endothelial growth factor (VEGF), matrix metallo-
proteinases (MMPs), and efficient phagocytic activity [10, 14].

Cells of the myeloid lineage constitute one of the dominant immune cell popula-
tions present within tumors. While their initial infiltration into a tumor is dependent
on the release of macrophage chemoattractants from tumor cells, such as colony
stimulating factor 1 (CSF-1), the chemokines, CCL 2, 3, 4, and 8, vascular endothe-
lial growth factor (VEGF), macrophage inflammatory protein-1 alpha (MIP-1a),
and macrophage migration inhibition factor (MIF) [6, 7], once within the tumor,
tumor cells promote the differentiation of monocytes (or M1 macrophages) into
tumor-conditioned macrophages, also known as TAMs [11]. As mentioned above,
while TAMs resemble M2 macrophages and express many of the same cell surface
markers as M2 macrophages, to date no single panel of cell surface markers can
accurately discriminate TAMs from non-TAMs. In the murine setting, the absence
of Grl (Ly6G) and the expression of the canonical markers CD11b, F4/80, and
CSF-1R in combination with mRNA analysis of additional markers are routinely
used to classify macrophage subtypes [9]. In the human setting, antibodies to the
glycoprotein CD68, the LPS-co receptor CD14, CD312, CD115, HLA-DR, or
FcyRIII (CD16) have been used to identify macrophages, but with mixed and often
times contradictory results [15]. Thus, combinations of these markers provide
higher specificity and should be used when possible. To more specifically identify
M2-like TAMs and subsets, the hemoglobin-scavenger receptor CD163 [16, 17], the
macrophage scavenger receptor 1 CD204 [11, 18, 19], the mannose receptor CD206
[20], and more recently the T-cell immunoglobulin and mucin-domain containing
protein-3 (Tim-3) [21] have been used with great success.

TAMs directly participate in tumor initiation, progression, and metastasis via
numerous mechanisms including the following: (1) the secretion of proteolytic mol-
ecules such as MMPs to facilitate ECM remodeling [22-25]; (2) the expression of
non-proteolytic proteins like chemokines [26, 27], TGF-p1 [28, 29], ISG15 [30],
and hCAP/LL-37 [31, 32] to facilitate tumor cell proliferation, migration, and inva-
siveness; (3) the expression of angiogenic mediators such as TGF-f, VEGF-A,
VEGEF-C, platelet-derived growth factor (PDGF), and MMP-9 to sustain the growth
of the tumor stroma and promote de novo tumor blood vessel formation [9, 26, 33,
34]; or (4) the expression of immunosuppressive factors including TGF-p, inducible
nitric oxide synthase (iNOS), arginase-1, IDO (indoleamine 2,3-dioxygenase), and
IL-10 to facilitate T-cell proliferation and activity [35, 36]. While the mechanisms
underlying the pro-tumor effects of TAM-secreted factors on bulk tumors has been
extensively studied, there is now growing evidence to support that TAMs also
enhance tumor cell migration via physical interactions with tumor cells.
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11.2.1 Pro-Tumorigenic Function of TAMs

It is well accepted that high TAM content in the tumor microenvironment is associ-
ated with a poor prognosis due to their pro-tumor and pro-angiogenesis role [37],
and macrophages are found in large numbers at the leading invasion edge of many
primary tumors where they degrade the basement membrane to promote tumor pro-
gression [1]. Thus, they play an important role in the primary tumor, and at the same
time are essential for CTC intravasation. Regarding the latter, previous studies have
hypothesized that CTCs intravasate into the circulatory system with TAMs via tran-
sendothelial migration [1]. Disseminated tumor cells need to survive in the hostile
environment of the blood stream in order to develop metastatic foci at distant sites.
Immune cells including macrophages, platelets, and T cells are thought to protect
CTCs from the immune system and the environment within the blood vessels [5].
CTCs migrate through the blood stream as single cells or microemboli cell clusters,
which consist of cells from the TME such as leukocytes, endothelial cells, or fibro-
blasts. This hinders the detection and destruction of CTCs by the immune system
and also provides a physical protective barrier against damage and destruction in the
harsh environment of the blood stream. Thus, the role of TAMs in CTC intravasa-
tion may be more complex and dynamic than previously recognized.

11.2.2 TAMs Enhance the Invasive Nature of Tumor Cells

Clinical and experimental evidence both in vivo and in vitro show that macrophages
play an important role in tumor progression and dissemination and are therefore,
potential targets for therapy. The relationship between poor disease prognosis and
the presence of TAMs has been shown in tumor types such as breast, lung, and pan-
creas [38—40].

Macrophages are associated with chronic inflammation, and Balkwill et al.
showed in 2005 that treatment with anti-inflammatory agents reduced cancer risk
[41]. NF-xB appears to be important in the inflammatory response. In fact, it has
been shown in vivo that NF-kB activation leads to the upregulation of anti-apoptotic
genes, such as BCL-XL, BFL1, and GADD45p and therefore prevents apoptosis of
tumorigenic cells [42]. Inhibition of NF-kB could be a potential therapeutic strategy
to target macrophages, as this would not only restore apoptosis of malignant cells
but also inhibit the expression of growth and survival factors in macrophages.

Furthermore, Lin et al. in 2001 showed that a homozygous null breast cancer
mouse model for the colony-stimulating factor-1 (CSF-1) gene had reduced tumor
progression with almost no metastasis. Whereas, overexpression of CSF-1 acceler-
ated tumor progression and metastasis [43]. Furthermore, blocking the expression
of CSF-1 in a human xenograft mouse model reduced tumor growth and metastatic
capacity [44], thus supporting the notion of macrophages as enhancers of tumor
progression. Tumors cells appear to “educate” macrophages in order to promote
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tumor invasion and intravasation into the blood vessels and the circulation to form
secondary metastatic lesions [5]. In 2010, Wu et al. showed using co-cultures of
macrophages or macrophage-conditioned medium with tumor cells an enhanced
invasive phenotype, which appears to be dependent on NF-kB and SNAIL [45].
Thus, the tumor-macrophage interaction is fundamental for tumor invasion and dis-
semination. Grivennikov et al. showed in 2012 that TAMs secrete inflammatory
cytokines such as IL-23 and IL-17 that promote cancer progression [46]. IL-23 was
mainly produced by tumor-associated myeloid cells in response to tumor-elicited
inflammation by microbial products in colon tumors. A recent study by Krug et al.
in pancreatic neuroendocrine tumors (PNET) showed that TAMs play a critical role
in the malignant phenotype of PNET. The number of infiltrating TAMs correlated
with tumor invasiveness and metastatic potential. Specifically, in vivo and in vitro
experiments of myeloid cell inhibition with liposomal clodronate showed a reduced
malignant transformation of insulinomas with an associated reduction in angiogen-
esis and the number of infiltrating TAMs [47]. Similarly, Michl and colleagues
showed in a genetic model of pancreatic cancer that clodronate-mediated depletion
of macrophages markedly reduced metastasis formation and was associated with
reduced CD4+CD25+ T cell levels and impaired angiogenesis. Interestingly, tumor
incidence was only slightly reduced, suggesting that TAMs likely are more impor-
tant in dissemination rather than tumorigenesis, at least for pancreatic cancer [48].

TAMs also produce proteases, such as Cathepsin B, matrix metallopeptidase
(MMP) 2, MMP7, and MMP9 that destroy the components of the extracellular
matrix (ECM), and therefore facilitate the invasion and migration of tumor cells [4].
In fact, Finkernagel et al. recently demonstrated in ovarian tumors that the transcrip-
tional profile of TAMs was similar to that of resident macrophages. This included
functions such as bacteria phagocytosis and antigen presentation. However, there
was a subset of genes that were specifically upregulated in TAMs that were associ-
ated with the re-organization of the extracellular matrix [49].

TAMs are also involved in angiogenesis and promote the formation of intra-
tumoral blood vessels that provide essential nutrition to the growing tumor. They
also secrete pro-angiogenesis factors including colony stimulating factor-1 (CSF-1),
various chemokines such as IL-8 and IL-1p, CCL2, CCL3, CCL4, CCLS5, and
CCLS, as well as macrophage migration inhibition factor (MIF), vascular endothe-
lial growth factor (VEGF), platelet-derived growth factor (PDGF), basic fibroblast
growth factor (bFGF), tumor-necrosis factor-a (TNF-a), and thymidine phosphory-
lase [6]. Specifically, macrophage infiltration of the tumor site was significantly
reduced in a CSF-1-null mouse model of breast cancer, with a consequent impaired
development of the vasculature of the tumor and reduced vessel density due to
VEGF depletion in the surrounding stroma [33]. Furthermore, human breast cancer
spheroids had an increased angiogenic response and more pronounced vasculariza-
tion when implanted into nude mice if they were infiltrated with macrophages. This
was likely due to the release of VEGF by the spheroid cultures [6].
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11.2.3 TAMs, Inflammation, and the Inmune Response

The role of inflammation in cancer development is clear, and TAMs connect inflam-
mation and cancer. The recruitment of macrophages to the primary tumor is crucial
to establish and maintain an inflammatory TME. Epithelial-mesenchymal transition
(EMT) increases the motility and invasiveness of tumor cells and is a key mecha-
nism in the metastatic process. The transcription factor, Snail, induces EMT via the
repression of the cell adhesion protein E-cadherin and is a crucial factor for
inflammation-initiated invasion and metastasis. The inflammatory cytokine, TNFa,
stabilizes Snail via the activation of the NF-xB pathway [45].

Metastatic tumor cells are immunogenic and should be recognized and neutral-
ized by immune cells such CD8+ T cells natural killer (NK) cells. However, these
metastatic tumor cells develop several strategies to overcome detection and destruc-
tion by the immune system, such as the recruitment of immunosuppressive cells [5].
TAMs are involved in immune suppression in the TME via the inhibition of the
cytotoxic T lymphocyte (CTL) response via IL-10 and the induction of the expres-
sion PD-L1 in monocytes [4]. The anti-inflammatory cytokines produced by M2
TAMs reprogram the immunosuppressive microenvironment to promote tumor
progression.

11.2.4 TAMs Play an Important Role in Metastasis

TAMs are important players in the development of a premalignant niche for the
establishment of metastatic lesions [4] and also play a crucial role in the regulation
of EMT, which enhances the metastatic capabilities of tumor cells [4]. TAM-derived
TNF-a, VEGF, and TGF-f induce macrophages to produce S100A8 (aka SMA1)
and serum amyloid A3, which recruit macrophages and tumor cells to the metastatic
site [4]. Metastasis-associated macrophages (MAMSs) are characterized by the
expression of the markers CD11b, VEGF receptor 1 (VEGFR1), CXC-chemokine
receptor 3 (CXCR3), and CC-chemokine receptor 2 (CCR2) and do not express
GR1, angiopoietin 1 receptor (TIE2), and CD11c [5].

In pancreatic cancer, IFNf produced by primary human PDAC cells can induce
TAMs to secrete IFN-stimulated gene 15 (ISG15), a protein with both anti-viral and
pro-tumorigenic properties. TAM-derived ISG15 can then stimulate pancreatic can-
cer stem cell (CSC) self-renewal and tumor-initiating properties, for example
increased EMT [30]. Sainz et al. demonstrated that PDAC CSCs secrete the TGF-f§
superfamily members Nodal/Activin A and TGF-f1, which promote macrophage
polarization to an M2 phenotype. As a consequence, polarized TAMs secrete a num-
ber of pro-tumoral proteins, including the antimicrobial peptide hCAP-18/LL-37.
This antibacterial peptide binds to its receptors, including formyl peptide receptor 2
(FPR2) and P2X purinoceptor 7 receptor (P2X7R) and enhances the metastatic
potential of pancreatic tumor cells. Specifically, the authors show that tumor cells
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pre-treated with LL-37 have significantly higher metastatic capacity than those
treated with a scrambled peptide control [32].

11.3 Macrophages as a Therapeutic Target

The targeting of TAMs represents a novel strategy in cancer treatment and may be
achieved in various ways such as blocking the recruitment of macrophages to tumors
and re-educating the TME to a more anti-tumor phenotype and macrophage cytore-
ductive strategies. In mouse models, the CCL2-blocking agent (carlumab, CNTOS88)
was shown to inhibit tumor growth in a phase 2 study in metastatic castration-
resistant prostate cancer in 2013 [50].

Furthermore, Sanford et al. showed in 2013 in a pancreatic cancer mouse model
that the CCR2 antagonist (PF-04136309) blocks the mobilization of CCR2+ mono-
cytes, which leads to a depletion of TAMsS, reducing the metastatic potential [51].
Inflammatory macrophages were increased in the blood compared to the bone mar-
row in pancreatic cancer patients, which was a predictor of poorer survival in
patients that had undergone a surgical resection. Pancreatic tumors with high CCL2
expression and low CD8 T-cell infiltrate have significantly decreased survival rates
as tumor cells secrete CCL2, which recruits immunosuppressive CCR2+ macro-
phages to the primary tumor [51]. In a recent dose-finding study by Nywening et al.,
researchers were able to translate these findings directly to patients, by showing that
the addition of an inhibitor of monocyte recruitment, specifically a small molecule
CCR?2 inhibitor PF-04136309 to FOLFIRINOX resulted in tumor shrinkage in 48%
of patients with pancreatic cancer [13], double the historical response rate of
FOLFIRINOX alone.

Re-education of TAMs to an M 1-like phenotype using bioconjugated manganese
dioxide nanoparticles or Pseudomonas aeruginosa mannose-sensitive hemaggluti-
nin have been shown to enhance chemotherapy [39, 52]. In this way, antitumor
macrophages scavenge and destroy phagocytosed tumor cells [53]. The CSF1/CSF1
receptor (CSFIR) is critical for monocyte progenitor generation and TAM polariza-
tion and is therefore a potential cytoreductive treatment target [4]. Furthermore,
macrophage-specific surface markers are potential therapeutic targets, such as the
mannose receptor CD206, the scavenger receptor A, and CD52 [4]. Several phase I
clinical trials have been performed with antibodies against CSF1, which leads to a
reduction in the number of TAMs (ClinicalTrials.gov identifier: NCT01316822,
NCT01444404 and NCT01004861). However, there are currently no phase II or III
clinical trials that specifically target macrophages or TAMs [5]. TAMs appear to
modulate the cytotoxic effects of chemotherapy in animal models via various mech-
anisms. The M2 subtype of TAMs has been shown to be involved in revasculariza-
tion of the tumor after chemotherapy, resulting in tumor relapse that is partly
regulated by VEGF-A. In fact, the number of M2 TAMs around the blood vessels
reduced after pharmacological inhibition of CXCR4, which subsequently dimin-
ished tumor revascularization and regrowth [54].
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More recently, in vitro experiments with sorafenib, an oral multikinase, was
shown to inhibit polarized macrophage-induced epithelial mesenchymal transition
(EMT) in hepatocellular carcinoma cell lines [55]. Specifically, secretion of the
EMT stimulation factor, hepatocyte growth factor (HGF), was decreased in macro-
phages after sorafenib treatment. Consequently, HGF-Met signaling activation by
polarized macrophage-conditioned medium was reduced. These effects were not
observed in normal hepatocytes. Furthermore, pre-treatment of polarized macro-
phages with sorafenib reduced the migration of hepatocellular carcinoma cells.

In humans, histological examination of hepatocellular carcinoma tumors treated
with sorafenib showed a reduced number of tumor-infiltrating CD68+ macrophages
and a reduced expression of the EMT markers, fibronectin and vimentin.
Furthermore, the plasma levels of the EMT stimulation factor, hepatocyte growth
factor (HGF), were significantly reduced after 24 weeks of therapy with sorafenib
in patients with hepatocellular carcinoma, thus, suggesting that sorafenib inhibits
HGEF secretion.

11.4 TAMs as a Biomarker in Oncology

A high number of infiltrating TAMs in the primary tumor are associated with an
aggressive behavior and poor prognosis [4]. The cell surface markers CD163, CD14,
CD204, and CD206 may be used to identify TAMs, although they are not tumor-site
specific [4, 56]. Serum CD163 levels may also be used as a prognostic marker in
some tumor types [4]. Cell-surface vimentin—positive macrophage-like circulating
tumor cells were identified in blood from patients with gastrointestinal stromal
tumors (GISTs). These cells express the macrophage markers CD68 and CD14,
tumor cell markers DOG-1, C-kit and are negative for CD45 [57].

11.4.1 Circulating Tumor Microemboli (CTM)

Circulating tumor clusters or microemboli (CTMs) have been reported in various
tumor types including lung, breast, colon, prostate, and pancreas. CTMs have been
identified via a variety of approaches including cell microscopy, immunocapture,
and microfluidic chips [58—61]. As with the detection of CTCs, higher numbers of
CTMs per ml of blood correlates with a poorer progression-free and overall sur-
vival. CTMs are thought to provide a survival advantage for CTCs in the harsh
environment of the bloodstream and protect them from anoikis [62]. CTMs are
thought to be cell clusters that have collectively shed from the primary tumor and
consist of cells with both epithelial and mesenchymal phenotypes [63].
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11.4.2 CTC-Macrophage Fusions

Cell fusion occurs when two or more cells become merged via the plasma mem-
branes, and the progeny are known as hybrids. The tumor-leucocyte cell fusion
theory of metastatic potential was proposed many years ago, whereby a tumor cell
fuses with a migratory blood cell in order to promote tumor cell dissemination
around the body [64—66]. Many tumor cell types have fusogenic properties and this
was proposed as a mechanism to promote their malignant potential, resistance to
drugs, and apoptosis [67]. In fact, malignant plasma cells in multiple myeloma
(MM) are highly fusogenic and form multinucleated osteoclasts that express CSC
markers with a high metastatic potential [68]. This concept of leukocyte-tumor cell
fusion as a driver of cancer progression has been recently reviewed by Sutton
et al. [69].

Giant circulating cancer-associated macrophage-like cells (CAMLs) were iden-
tified in 2013 [70] and are thought to be exclusively found in cancer patients. These
cells range from 25 to 300 pm in size, with enlarged nuclei and express the pro-
angiogenic markers CD14 and CD11c as well as CD45, cytokeratin, and epithelial
markers CK 8, 18, and 19, and EpCAM [70] (Fig. 11.1). CAMLs are disseminated
TAMs with the ability to seed, proliferate, and neovascularize the metastatic niche
and are also involved in the phagocytosis of neoplastic cells within the primary
tumor. In fact, higher CAML counts were found after chemotherapy treatment com-
pared to untreated or hormone-based therapy. CAMLs or tumor cell-macrophage
hybrids have been found in various tumor types such as breast, prostate, esophageal,
colorectal, and pancreas, and the majority (over 83%) of patients with early and
advanced stage disease are positive for CAMLs [69]. However, healthy controls and
patients with benign disease were negative [70]. Here below we summarize the
most relevant studies of tumor cell-macrophage fusions in various tumor types
(Figs. 11.2 and 11.3).
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A recent study in breast cancer cells by Zhang et al. showed that tumor-
macrophage hybrid cells had enhanced tumorigenic and metastatic capacities such
as increased proliferation, colony formation, migration, and invasion capacity with
resistance to apoptosis. These effects appeared to be induced by EMT and Wnt/f--
catenin signaling, with an associated downregulation of E-cadherin and an increased
expression of N-cadherin, vimentin, Snail, as well as MMP-2, MMP-9, and S100A4
[71]. Another study showed that MCF-7 breast tumor cells and macrophage hybrids
occurred by spontaneous fusions at a rate of around 2%. These fusions showed phe-
notypic and genetic traits from both maternal cells such as CD163 and CD45
expression and short tandem repeat (STR) genetic markers [72]. Another recent
study described the isolation, cultivation, and characterization of macrophage-
tumor cell fusions (MTFs) from the blood of pancreatic ductal adenocarcinoma
(PDAC) patients. The MTFs consisted of M2-polarized macrophages, and the cells
were generally aneuploid with characteristics associated with epithelial, macro-
phage, and stem cells and also expressed markers associated with tumor progression
and metastasis. Furthermore, when transplanted orthotopically into a murine
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pancreas, MTFs grew as well-differentiated cell colonies in many different organs,
without forming an established tumor. Thus, suggesting that these structures dis-
seminate from the primary tumor and form a metastatic niche [73]. Furthermore, a
study in melanoma showed that 2 circulating tumor cell (CTC) populations were
detectable, one cytokeratin positive only and a second that was also positive for
CD45 and the monocyte differentiation marker CD 14, thus, suggesting the presence
of leukocyte/macrophage-tumor cell fusion hybrids in these patients [74]. In fact,
these macrophage-CTC fusions enter into the blood stream and generate metastatic
lesions due to their ability to secrete cytokines to prepare the metastatic niche and
colonize the secondary organ [75]. A recent study by Lindstrom et al. in breast can-
cer showed that cell fusions of MCF-7 cells with macrophages resulted in an
increased radio resistance and enhanced DNA-repair capacity after exposure to Gy
y-radiation [76]. Another study in breast cancer, regarding the tumor-initiating and
metastatic capacities of M2 macrophages and MCF-7 or MDA-MB-231 cell line
hybrids in NOD/SCID mice showed that the hybrids had a more aggressive pheno-
type, including increased migration, invasion, and tumorigenicity. However, their
proliferative ability was reduced and the hybrid phenotype was CD44+CD242/low
with overexpression of EMT associated genes, indicative of stem-like properties
[77]. Although, a study in a murine model of spontaneous neu+ breast cancer dem-
onstrated that even though macrophages are most commonly fused with tumor cells,
they were present at low levels in the primary tumor and undetectable in metastasis
[78]. These studies suggest that TAMs may promote the metastatic potential of
breast cancer cells via cell fusion, and the hybrids may gain a BCSC phenotype,
compared with the parental lines (Fig. 11.4).

Several studies have addressed the specific mechanism by which macrophages
promote the metastatic potential of tumor cells via cell-cell fusion. In fact, acute
myeloid leukemia (AML) cells spontaneously fused with macrophages, dendritic
and endothelial cells in a murine in vivo model. The hybrid cells gave rise to leuke-
mia with 100% penetrance when implanted into mice, and data suggest that tumor
cell-macrophage fusion may be a mechanism of gene transfer to promote tumor
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dissemination [79]. Furthermore, a study by Powell et al. in 2011 suggested that the
cellular properties of macrophages, such as migration and immune evasion, are
transferred to tumor cells via cell fusion as a mechanism of the metastatic conver-
sion of cancer cells [80].

These cell fusions could provide new diagnostic, prognostic, and treatment
response biomarkers in oncology as their presence seems to correlate with many
clinical criteria. However, this presents a challenge due to their low prevalence in
blood and the difficulty to isolate these cells in sufficient quantities in order to per-
form profiling studies. Likewise, the concept and existence of giant macrophages or
CTC-macrophage fusions is still under scrutiny, and the true biological relevance of
these cells has yet to be definitely determined. Without a doubt, the challenges asso-
ciated with identifying and isolating these cells are many and include the scarcity of
these cells, and the methodologies available to isolate them. Regarding the latter,
many systems that have been developed to isolate CTCs include an immune cell
elimination step. Thus, giant macrophages or CTC-macrophage fusions would be
eliminated based on the expression of immune cell markers. Such systems include
the CellSearch® platform (Menarini Silicon Biosystems, Inc. 2019). Thus, for the
detection of these cell hybrids, other methodologies based on cell size would likely
prove more beneficial. For example, the OncoQuick® system represents a simple-to-
use, rapid, and efficient system for the enrichment of CTCs. OncoQuick® tubes
consists of 50 ml polypropylene tube with a porous barrier which is inserted above
a specially developed separation medium, which allows for density gradient cen-
trifugation of cells from up to 30 ml of anticoagulated whole blood. Disseminated
CTCs are enriched in the interphase, and following centrifugation, cells can be vali-
dated via various techniques, including immunofluorescence, RTqPCR, WB, or
in vitro cell culture. This technique was used by Clawson GA et al. to identify and
culture macrophage-tumor cell fusions from blood of patients with pancreatic duc-
tal adenocarcinoma [81]. Indeed, other systems exists, but more research is needed
to determine the best method for isolating these cells. Until then, we can only specu-
late that these cells play an important role in tumor cell dissemination.
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