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Cancer metastasis is not exclusively regulated by the deregulation of metastasis-
promoting or suppressing genes in cancer cells.  The interaction between cancer cells
and the stromal cells has been shown recently to promote cancer metastasis.  The
macrophages within the tumor, referring to as tumour-associated macrophages
(TAMs), are the pivotal member of stromal cells.  TAMs are derived from peripheral
blood monocytes recruited into the tumor.  Upon activated by cancer cells, the TAMs
can release a vast diversity of growth factors, proteolytic enzymes, cytokines, and in-
flammatory mediators.  Many of these factors are key agents in cancer metastasis.
The presence of extensive TAM infiltration has been shown to correlate with cancer
metastasis and poor prognosis in a variety of human carcinomas.  TAMs promote can-
cer metastasis through several mechanisms including tumor angiogenesis, tumor
growth, and tumor cell migration and invasion.  There are complex paracrine-signaling
networks between TAMs and cancer cells to activate each other.  The colony-
stimulating factor 1/epidermal growth factor paracrine loop is well known in regulation
of breast cancer cells invasion.  TAMs-derived proteases, such as matrix metallopro-
teinases, urokinase-type plasminogen activator, and cathepsin B can promote cancer
cells metastasis.  The roles of TAMs in epidermal-mesenchymal transition of cancer
cells and resistance to cancer treatment are novel fields of study.  On the other hand,
some investigations showed that the TAMs may play an important role in anti-tumor
activity.  The control of TAMs to be pro-metastatic or tumoricidal is an important sub-
ject for cancer therapy.

Journal of Cancer Molecules 2(3): 101-106, 2006.

Keywords:

tumor-associated
macrophage

matrix metalloproteinase

invasion

metastasis

epithelial–mesenchymal
transition

Introduction

Cancer progression is a complex multi-step process that
consists of transformation, tumor growth, invasion and me-
tastasis.  Tumor invasion and metastasis are the critical
steps in determining the aggressive phenotype of human
cancers, the obstacles to the successful treatment and major
causes of cancer deaths [1].  The spread of tumor cells from
a primary tumor to secondary sites within the body is a
complicated process involving the degradation of basement
membrane, invasion of stroma, adhesion, angiogenesis, cell
proliferation,  migration,  and  anti-apoptosis [2].    Numerous
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genetic changes and a variety of positive and negative fac-
tors may be involved in the molecular basis of metastasis [3].
During cancer progression, several rounds of mutation and
selection [4] result in highly invasive ability of some cancer
cells.  In particular, increased expression of metastasis-
promoting genes or decreased expression of metastasis-
suppressor genes can provide cancer cells with a selective
invasive advantage and lead to the clonal outgrowth of a
tumor [5].  Many studies focused on identifying the genes
controlling metastasis.  Studies of differential gene expres-
sion between poorly metastatic cancer cells and highly me-
tastatic cancer cells have really identified genes associated
with metastasis [6-10].  However, cancer metastasis is not
exclusively regulated by the deregulation of intrinsic genes
in cancer cells, but also depends on the stromal compart-
ment to create a more tumor promoting microenvironment.

Solid tumors comprise not only malignant cells, but also
extracellular matrix (ECM2) and many other non-malignant
cell types, including fibroblast, endothelial cells and inflam-
matory cells such as macrophages, neutrophils, mast cells
and lymphocytes.  The presence of inflammatory cells in
tumors was first described in 1863 and this has led to the
concept that inflammatory microenvironment plays a key
role to promote tumor development and progression [11,12].
The macrophage is the pivotal member of inflammatory cells
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within the tumor stroma.  It has now been well understood
that the majority of malignant tumors contain numerous
macrophages as a major component of the host leukocytic
infiltrate.  These macrophages are referred to as tumor-
associated macrophages (TAMs) and most are derived from
peripheral blood monocytes recruited into the tumor mass.
In the past decade, TAMs have been extensively studied and
proposed as a major contributor to tumor progression [13-
16].  Upon activation, the TAMs can release a vast diversity
of growth factors, cytokines, inflammatory mediators, and
proteolytic enzymes.  Many of these factors are key agents
in tumor progression.  There are several comprehensive
reviews about the role of TAMs in cancer progression [17-23].
In this review, we will focus on the role of TAMs in promoting
cancer invasion and metastasis.

TAMs: prognostic factor of human cancer

Clinical studies have shown a correlation between the
numbers of TAMs and poor prognosis for breast, prostate,
ovarian, cervical, endometrial, esophageal, and bladder can-
cers [24-28].  TAMs are also associated with increased angi-
ogenesis or lymph node metastasis in cancer tissues.  These
observations accord with the results of animal studies using
macrophage-depleted mice to investigate the role of macro-
phages in tumor progression [16].

The data for lung cancer, gastric cancer and glioma are
controversial [14].  We found that TAM density correlated
positively with tumoral IL-8 expression and intratumoral
microvessel density in non-small cell lung cancer (NSCLC)
and TAM level was also associated with short patients’ re-
lapse-free survival [29].  But, Toomey et al. found no asso-
ciation between macrophage count and outcome in NSCLC
[30].  Furthermore, Funada et al. reported that peritumoral
infiltration of macrophages in colorectal cancer was associ-
ated with less lymph node metastasis and good prognosis
[31].  These conflicting results may reflect the different
methods of assessment used, and in some cases differences
in the number, grade, and stage of tumors and the small
sample size included in some studies.  However, there is a
fundamental question about these conflicting clinical obser-
vations, i.e. are all TAMs the same?  The cytokine profiles of
microenvironment and localization of TAMs reside may in-
fluence the function of TAMs and thereafter the prognostic
value of TAMs.  Ohno et al. particularly paid attention to
counting macrophages within gastric carcinoma stroma and
islets, and found that tumor islet–infiltrating macrophages
(indicated TAMs which invaded into tumor nest) were asso-
ciated with better survival [32].  Welsh et al. recently evaluat-
ed the relationship of tumor islet macrophage and patients’
survival in NSCLC, and showed that tumor islet macrophage
density and tumor islet/stromal macrophage ratio emerged
as favorable independent prognostic indicators in patients
with NSCLC.  In contrast, increasing stromal macrophage
density was an independent predictor for reduced survival
[33].  The findings indicate that the exact microanatomic
localization of these inflammatory cells is critical in deter-
mining the relationship to prognosis.  There was some ex-
perimental evidence to support this point.  Macrophages
were attractive by colony-stimulating factor 1 (CSF-1) ex-
pressed by cancer cells.  Graft et al. reported that most of
the mice implanted with glioma cells expressing cell surface-
bound CSF-1 survived; in contrast, all mice that were im-
planted with glioma cells expressing soluble form of CSF-1
died [34].

TAMs recruited to tumor and educated by mi-
croenvironment

Macrophages — TAMs — are recruited to tumors by growth
factors and chemokines, which are often produced by the
cancer cells and stroma cells in the tumor.  Macrophages are
an important component of the innate immune system and
are derived from myeloid progenitor cells called the colony-
forming unit granulocyte-macrophage in the bone marrow.
These progenitor cells develop into promonocytes and then
differentiate into monocytes.  Monocytes then migrate into
almost all tissues of the body, where they differentiate into
tissue macrophages.  Examples of tissue macrophage in-
clude Kupfer cells in the liver and alveolar macrophage in
the lung.  It is thought that TAMs are almost derived from
peripheral blood monocytes recruited into the tumor rather
than derived from local tissue macrophages.

A number of monocyte chemoattractants derived from tu-
mors have been shown to correlate with increased TAM
numbers in many human tumors [35].  Such monocyte
chemoattractants include CSF-1, the CC chemokines, CCL2
(formally monocyte chemoattractant protein-1), CCL3, CCL4,
CCL5 and CCL8, vascular endothelial growth factor (VEGF),
macrophage inflammatory protein-1 alpha (MIP-1α) and
macrophage migration inhibition factor (MIF).

Lin et al. [16] used transgenic mouse model to study the
effect of depleting macrophage in a breast cancer.  In this
model, mammary tumors are initiated by the mammary epi-
thelial restricted expression of the polyoma virus middle T
oncoprotein (PyMT) and the mice are homozygous for a null
mutation in the CSF-1.  Depletion of CSF-1 markedly de-
creased the infiltration of macrophages at the tumor site and
macrophage depletion resulted in slower progression of
preinvasive lesions to malignant lesions and reduced forma-
tion of lung metastases.  Similarly, using small interfering
RNA to inhibit CSF-1 expression in MCF-7 xenografts show-
ed that lower numbers of TAMs were accompanied by a
marked reduction in tumor growth and increase of mice sur-
vival [36].

Monocytes were recruited into tumor, differentiated into
TAMs, and accumulated in hypoxic area of tumor.  TAMs
respond to hypoxia through up-regulation of transcriptional
factors such as hypoxia-inducing factors 1 and 2 which acti-
vate many mitogenic, angiogenic, and proinvasive genes.

Interaction of TAMs and cancer cells enhances
invasiveness of cancer cells

TAMs promote cancer metastasis through several mecha-
nisms, including (1) promotion of angiogenesis, (2) induction
of tumor growth, and (3) enhancement of tumor cell migra-
tion and invasion.  The mechanisms of TAMs-promoting
angiogenesis and tumor growth have been well reviewed by
several articles [20, 23,35,37].  It was summarized in Figure 1.
Several studies have demonstrated the association between
increased tumor vascularity and macrophage infiltration in
several human cancers [38-40], suggesting that TAMs en-
hance the angiogenic potential of tumors.  Macrophage infil-
tration has been shown to correlate with vessel density in
endometrial, ovarian, breast and central nervous system
malignancies.  The potential angiogenesis factors secreted
by TAMs have been shown to include chemokines (IL-8, MIF,
etc.), VEGF, tumor-necrosis factor-α (TNF-α), and thymidine
phosphorylase [41-43].  TAMs also produce a wide variety of
growth factors that can stimulate cancer growth.  In this
review, we focus on the mechanisms of TAMs to enhance
cell migration and invasion.

TAMs-derived proteases
In PyMT-induced mammary tumors, macrophages are pre-

sent in areas of invasion and basement membrane break-
down during the development of early-stage cancer [16].  Up-
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Figure 1: Potential pro-tumor effects of
TAMs on cancer cells.  The interaction
between TAMs and cancer cells may
enhance cancer cell growth, invasion,
metastasis and angiogenesis by stimu-
lating cancer cells or TAMs to express
multiple gene products that are involved
in the regulation of tumor-associated
angiogenesis, cell cycle, inflammation,
signal transduction, invasion, and activ-
ities of protease and adhesion mole-
cules. G0S2, G0/G1 switch gene 2; TIMP-1,
matrix metalloproteinase tissue inhibitor-
1; ICAM-1, intercellular adhesion mole-
cule-1; IL-6 ST, interleukin-6 signal
transducer; STC-1, stanniocalcin-1;
PDGF, platelet-derived growth factor [55].

  

regulation of proteolytic enzymes in macrophages present in
these locations indicates that TAMs could be involved in the
invasion of tumor cells into surrounding normal tissue.  It
has been generally assumed that tumor cell-derived matrix
metalloproteinases (MMPs) are important to allow cancer
cells to penetrate the basement membrane and invade the
ECM, and metastasize.  MMPs are a family of matrix-
degrading enzymes including collagenase (MMP-1), ge-
latinase A (MMP-2), stromelysin (MMP-3), matrilysin (MMP-7),
gelatinase B (MMP-9), and other MMPs.  The MMP expres-
sion has been implicated in tumor progression through en-
hancing angiogenesis, tumor invasion and metastasis
[44,45].  TAMs have been reported to correlate with the me-
tastatic potential of a variety of human cancers, and they
have also been shown to be a major source of MMP-9.  In
addition, urokinase-type plasminogen activator is a serine
protease synthesized by TAMs in various human tumor
types [46].  The levels of urokinase-type plasminogen activa-
tor have been shown to correlate with reduced relapse-free
and overall survival in cancer [47].  TAMs can also secrete
cysteine-type lysosomal proteases.  Traditionally, lysosomal
cysteine proteases are considered to execute nonspecific
bulk proteolysis within the lysosomes.  However, there is
growing evidence that lysosomal proteases are secreted
extracellularly in cancer.  Vasiljeva et al. demonstrated that
macrophages increased cathepsin B (one of cysteine-type
lysosomal protease) expression on being recruited to the
tumor and thus promoted tumor growth and lung metastasis
of PyMT-induced breast cancer [48].

Paracrine signaling networks between TAMs and cancer
cells

Hagemann et al. [49] have reported that coculture of
macrophage with breast cancer cells stimulated the macro-
phage and up-regulated production of TNF-α and MMP-2, -3,
-7, and -9 in the macrophages; subsequently enhanced can-
cer cells invasion.  It was shown that coculture of macro-
phages with breast cancer cells led to TNF-α-dependent
activation of c-Jun-NH2-kinase and nuclear factor-κB sig-
naling pathways in cancer cells [50].  Downstream targets in
tumor cells included MIF and extracellular MMP inducer
(EMMPRIN).  These proteins then act in turn to enhance the
local release of MMPs by macrophages [50,51].  Pukrop et al.
further reported that Wnt 5a is up-regulated in macrophages

upon coculture with breast cancer cells and Wnt 5a is ne-
cessary for production of MMP-7 and TNF-α by macrophages
[52].  Wnt 5a is essential for macrophage-induced invasive-
ness, because it regulates tumor cell migration as well as
proteolytic activity of the macrophages.

In other coculture experiments, macrophages and cancer
cells co-migrated and invaded into a collagen matrix.  Inva-
sion of cancer cells was increased by macrophages that
synthesized epidermal growth factor (EGF).  Cancer cells
expressed the EGF receptor and secreted CSF-1, which at-
tracted macrophages and promoted the expression of EGF
by macrophages [53,54].  In addition, EGF promoted the
expression of CSF-1 by cancer cells, thereby generating a
positive feedback loop.  The CSF-1/EGF paracrine loop is
required for breast cancer cells invasion [53,54].

Anti-tumor function of TAMs
 

On the other hand, some investigations showed that the
TAMs might play an important role in anti-tumor activity in
human malignancy [14].  Although most studies have shown
that the TAMs have the pro-tumorigenesis activity, may pro-
mote the invasion activity, and are negatively associated
with patients’ survival in a variety of human cancers, there
are some investigations showing that TAMs was associated
with good patients’ prognosis as mentioned above.  The
possible anti-tumor function of TAMs may be through en-
hancing MIF nuclear translocation, GM-CSF, and IL-12 ex-
pression [14,17,35] and is summaries in Figure 2.  Differen-
tiation of TAMs to cytotoxic macrophge subpopulation (i.e.
macrophages in tumor islet) may also contribute to the anti-
tumor function of TAMs.

Future potentials of TAMs
    

Our understanding of the cellular and molecular events in
the interaction of cancer cells and stromal cells is improving
significantly.  Although many studies have shown TAMs
have a variety of functions, further study is needed to clarify
the interaction network of cancer cells and TAMs.

Genome-wide screening of genes regulated by interaction of
cancer cells and macrophages   
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Figure 2: Potential anti-tumor effects of
TAMs on cancer cells.  Several investiga-
tions have demonstrated that TAMs may
play an important role in inducing tumor
cell lysis.  The interaction between TAMs
and cancer cells may enhance the tumor
cell phagocytosis, tumor cell lysis and
tumoricidal activity of TAMs by inducing
expression or translocation of GM-CSF,
MIF and other cytokines, or other unknown
mechanisms.  The macrophages distribut-
ed in tumor islet may stand for cytotoxic
macrophage subpopulation of TAMs.

To explore the other possible mechanisms by which TAMs
increase tumor progression in NSCLC, we use cDNA mi-
croarray to investigate the tumor invasiveness and gene
expression profiles of several NSCLC cancer cell lines after
coculture with macrophages [55].  We identified about 50
genes that were up-regulated more than 2-fold in cancer
cells after interaction with macrophages.  These up-
regulated genes included genes involved in angiogenesis
and lymphangiogenesis, cytokine and inflammation, adhe-
sion and protease, signal transduction, cell growth and cell
cycle regulation, metabolism and unknown functions.  The
examples of these up-regulated genes were IL-6, IL-7R, IL-8,
NF-κB, ICAM-1, MMP-1, MMP-9, VEGF-A, VEGF-C, etc.

TAMs may promote epithelial-mesenchymal transition of
cancer cells

Epithelial–mesenchymal transition (EMT) is a process that
allows epithelial cells to separate from their neighbors and
migrate to distal regions during embryonic development
[56,57].  The EMT confers migratory and invasive properties
to epithelial cells and has also been suggested to play a
fundamental role during invasion and metastasis of carci-
noma cells.  Loss of E-cadherin, a major phenomenon of
EMT, decreases adhesiveness and releases cancer cells
from the primary locus into distant sites.  Recently, Lin et al.
reported that the conditioned medium of activated macro-
phage altered the morphology of HepG2 cells.  These cells
showed loss of epithelial morphology, became dissociated
from the epithelial clusters, and acquired a mesenchymal
phenotype [58].  Furthermore, both the Src family kinase
inhibitor and the EGFR inhibitor abrogated the activated
macrophage conditioned medium-induced down-regulation
of E-cadherin and β-catenin at the adherens junction,
providing a mechanistic explanation for the TAMs-induced
cancer cell EMT and invasiveness.  This result is in line with
our observation that upon coculture of macrophage and lung
adenocarcinoma cell line, the expression of E-cadherin de-
creased and the expression of Slug increased in cancer cells
(Yuan et al., unpublished data).

TAMs may be the cause of chemoresistance and anti-
hormone resistance of cancer cells

Recently, Paulus et al. provided evidence that TAMs may
be associated with chemoresistance of cancer [59].  Mice
bearing human chemoresistant MCF-7 breast cancer

xenograft were treated with chemotherapy and recombinant
anti-CSF-1 antigen-binding fragment (Fab).  Anti-CSF-1 Fab
reversed chemoresistance of MCF-7 xenograft and down-
regulated expression of chemoresistance genes like breast
cancer-related protein, multiple resistance gene and gluco-
sylceramide synthase, and prolonged mouse survival.  Fur-
thermore, Zhu et al. disclosed that the interaction between
macrophage and prostate cancer cells mediated anti-
androgen resistance [60] and provided another possible
function of TAMs in regulation of cancer cells.

Closing remarks

Cancer metastasis is a complex process.  In addition to
the cancer cell intrinsic factors, the cancer microenviron-
ments, including many tumor-associated stoma cells and the
ECM, influence the behavior of cancer cells.  Substantial
evidence suggests that TAMs can interact with cancer cells,
modify the ECM, and promote cancer cell invasion and me-
tastasis.  McDaniel et al. demonstrated that the ECM from
involuting mammary glands could enhance invasiveness
and metastasis of breast cancer cells [61].  Multiple cellular
components of tumor interact to each other within the ECM,
whereas growth factors, cytokines and chemokines provide
the information required for the formation of complex tumor
tissues.  Therefore, we should treat the tumor as a whole
rather than just try to eliminate the cancer cells.  Further
investigations are needed to elucidate the mechanism for
regulation of ECM and stromal cell function in human malig-
nancies, and this may help for the design of novel adjunctive
cancer therapy in the future.
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