
1. INTRODUCTION
With millions of new cases worldwide per annum, 

cancer is by far the most common disease in human. With 
the present rate of incidences of cancer globally, in coming 
years the burden of cancer is estimated to be around 23.6 
million new cases each year1,2 by 2030. Breast cancer 
rates highest in the world in the United States among all 
the countries. Despite such high prevalence, not much is 
known as to what triggers initiation and progression of 
breast cancer. 

Metastatic breast cancer cells intermittently alter 
from the preceding primary breast cancer in properties 
like receptor status and usually develop resistance to many 
lines of previous treatment. These cancer cells acquired 
special properties to metastasise to distant sites, making 
them especially dangerous3. Onset of metastasis is one of 
the biggest barriers to the successful treatment of cancer.  
Breast cancer mainly metastasises to the bone, lungs, 
regional lymph nodes, liver and brain. Bone is the most 
common site of metastasis in breast cancer. Metastatic 
lesions are rarely feasible in clinical practice as they 
are often too widespread or too large to be removed by 
surgery and frequently exhibit increased resistance to 
chemotherapy. 

The potential of a tumor cell to metastasise depends 
on its microenvironment, or ‘niche’ communications 
with local factors promoting tumor-cell growth, survival, 
angiogenesis, invasion and metastasis4. In order to 
progress, tumors of epithelial origin need to acquire 
features which enable them to,  (i) loosen cell-cell contact, 
rupture the basal membrane and detach from the tumor 
mass, (ii) invade neighbouring tissue, intravasate into 
blood or lymph vessels and (iii) extravasate from vessels 
in distinct organs to create secondary tumor(s). Epithelial 
tumor cells achieve invasiveness and migratory potential 
in the process of epithelial-mesenchymal transition (EMT), 
which is essential for successful metastatic spread5.

The presence of inflammatory cells in tumors was 
first described in 1863 and this gave the concept that 
inflammatory microenvironment plays a key role to promote 
tumor development and progression. It has now been well 
understood that the majority of malignant tumors contain 
numerous macrophages as a main component of the host 
leukocytic infiltrate6. Macrophages are important tumor-
infiltrating cells and play pivotal roles in tumor growth and 
metastasis. However, it is not yet clear how TAMs induce 
tumor invasion.  Macrophages engage in immune responses 
to tumors in a polarised manner. These macrophages are 
referred to as tumor associated macrophages (TAMs) and 
mostly derived from peripheral blood monocytes recruited 

Breast Cancer Metastasis: Role of Tumor Microenvironment and  
Resident Macropahges

Khemraj Singh Baghel and Smrati Bhadauria*

Division of Toxicology, Central Drug Research Institute, Lucknow – 226 031, India 
*E-mail: smraticdri@gmail.com

ABSTRACT

Metastatic breast cancer is a stage of breast cancer wherever the disease has spread to distant parts 
of the body. Onset of metastasis is one of the biggest obstacles to the successful treatment of cancer. The 
potential of a tumor cell to metastasise profoundly depends on its microenvironment, or “niche” interactions 
with local components. Macrophages provide tropic support to tumors. Resident macrophages contribute a 
set of common functions, including their capability to defend against microbial infections, to maintain normal 
cell turnover and tissue remodelling, and to help repair sites of injury. Macrophages are recruited into the 
tumor microenvironment where they differentiate to become Tumor-associated-macrophages (TAMs). TAMs 
are the most abundant subpopulation of tumor-stroma and actively drive cancer cell invasion and metastasis. 
Cancer metastasis is not solely regulated by the deregulation of metastasis promoting or suppressing genes 
in cancer cells. Recently the interaction between the stromal cells and cancer cells has been demonstrated 
to promote cancer metastasis. TAMs can advocate epithelial-mesenchymal transition of cancer cells. Loss of 
e-cadherin, a major phenomenon of epithelial to mesenchymal transition, reduces adhesiveness and releases 
cancer cells to distant (secondary) sites. A positive correlation between tumor progression and the expression 
of matrix metallo proteinases in tumor tissues has been demonstrated in numerous human and animal studies. 
The dynamic interactions of cancer-cells with TAMs actively promote invasion-metastasis cascade through 
intercellular-signaling-networks that need better elucidation. 

Keywords,  Macrophages, matrix metallo proteinases, extra cellular matrix, tumor microenvironment, 
cytokine

Received 13 December 2015, Revised 02 April 2016  
Accepted 12 April 2016

REvIEw ARTICLE

48

Defence Life Science Journal, Vol. 1, No. 1, June 2016, pp. 48-56, DOI : 10.14429/dlsj.1.10058
 2016, DESIDOC



49

Baghel, et al.: Def. LIfe SCI. J., VOL. 1, NO. 1, JuNe 2016, DOI : 10.14429/dlsj.1.10058

into the tumor mass. In the past decade, TAMs have been 
broadly studied and proposed as a main contributor to 
tumor progression. Upon activation, the TAMs may secrete 
a many types of growth factors, cytokines, inflammatory 
mediators, and proteolytic enzymes those can assist tumor 
cell metastasis7. TAMs are a type of cell belonging to the 
macrophage lineage. While several types of inflammatory 
cell participate in cancer development, macrophages 
specifically play an important key role in breast cancer, 
where they emerge to be chunk of the pathogenesis of 
high-grade tumors. They are found in close proximity or 
within tumor masses. The function of TAMs is controversial 
as there is growing evidence for their involvement in both 
pro-tumor (e.g. promoting growth and metastasis by 
tumor angiogenesis) as well as anti-tumor (tumoricidal 
and tumorostatic) processes. TAMs interact with a wide 
range of growth factors, cytokines and chemokines in the 
tumor microenvironment which educate the TAMs and 
determine their specific phenotype. In many tumor types 
TAMs. infiltration level has been shown to be of important 
prognostic value8. TAMs produce factors that promote 
angiogenesis, tissue remodelling, and bedew the immune 
response to tumors9. Macrophages display a spectrum of 
phenotypic character, with the tumor microenvironment 
altering TAMs towards a ‘nonclassical’ activation state, 
known as the M2, or wound healing/regulatory state. 
In high-risk breast cancers these TAMs are present in a 
good number, making them a crucial therapeutic target to 
explore10. 

 Macrophage secretes cytokines that are small protein 
molecule which allow cells of the immune system to interact 
with one another via cytokine receptors expressed at the 
cell surface. Macrophages secrete the different cytokines 
under different conditions,  TNf-α, IL-1β, If-α/β, IL-6, IL-
10, IL-12, IL-18, MIP-1α, and MIP-1β, eNA-7811. They are 
very important for immune responses towards infection 
and inflammation. They trigger human granulocytes 
(neutrophils, eosinophils and basophils) which may lead 
to acute neutrophilic inflammation12. They also potentiate 
the synthesis and release of other pro-inflammatory 
cytokines such as IL-1, IL-6 and TNf-α from fibroblasts and 
macrophages13.

Owing to the poor knowledge of the biology of 
metastasis the clinical intervention becomes extremely 
challenging making metastatic cancer largely untreatable. 
A better understanding of biology of metastasis becomes 
well warranted. Knowledge about the molecular pathways 
that regulate onset and progression of metastasis may lead 
to identification of not only new prognostic markers but 
also development of targeted therapeutic regimen against 
metastatic cancer. So far the majority of the research 
towards developing an insight about cancer metastasis has 
remained focused on malignant epithelial cells. However, 
the more recent studies demonstrate that the surrounding 
stromal cells can modify primary oncogenic events in 
tumor cells. Tumor stromal cells have been found to 
elicit instructive, permissive and inductive effects on the 
transformed epithelium. Prevailing new rational in the 

field of drug development is aimed for the development of 
target selective drugs. Development of such target specific 
drugs requires molecular understanding of normal and 
pathologically aberrant molecular pathways.  

2. BREAST CANCER METASTASIS
The term “breas” refers to a malignant tumor that is 

developed by cells in the breast14. Metastasis is a multistep 
process that needs enhanced motility of the tumor cells 
inside the primary tumor and invasion into surrounding 
tissues and blood vessels. The tumor microenvironment 
is crucial for promoting these steps of motility and 
invasion in tumor cells, either by secretion of chemotactic 
factors or direct interactions with stromal cells. In rat and 
mouse mammary tumors, tumor-associated macrophages 
(TAMs) are necessary for advocating matrix remodelling, 
angiogenesis, and chemotactic motility of the tumor cells.10 
TAMs derive from circulating blood monocyte, and are 
directed into the tumor by chemoattractant cytokines 
called chemokines. Divers tumour cells also produce 
cytokines called colony-stimulating factors that prolong 
survival of TAMs. When appropriately activated, TAMs 
can kill tumor cells or elicit tissue destructive reactions 
centred on the vascular endothelium. However, TAMs also 
produce growth and angiogenic factors as well as protease 
enzymes which degrade the ECM. Thus, TAMs can promote 
angiogenesis, tumor-cell proliferation, and favour invasion 
and metastasis15. Direct evidence for the importance of 
protease production by TAMs, neutrophils, and mast cells 
during experimental carcinogenesis has recently been 
reported16. This dual potential of TAMs. is expressed in the 
‘macrophage balance’ hypothesis17.       

Breast cancer can spread to any secondary site in 
the body but metastases appear preferentially in bone, 
brain, lung and liver18. Presumably these sites provide 
a microenvironment favourable for the growth and 
development of breast cancer cells19. Metastasis is the 
ultimate step in the multistage process of tumor progression 
in which tumor cells disperse from the primary tumor and 
colonize distant organs. Subsets of neoplastic cells are able 
to form distinct tumor colonies from the primary tumor. Not 
all cells within a tumor are able to metastasise. Metastatic 
cells are a subset within a heterogeneous tumorigenic 
population that are endowed with additional capabilities 
to those required for uncontrolled growth20. 

Development of metastasis requires tumor cells to 
complete a complex cascade of events.  first, malignant 
cells invade adjacent tissues and penetrate into the 
lymphatic and/or circulatory systems21. Cells then detach 
from the primary tumor mass and disseminate to different 
organs of the body. Dissemination is a complex cell motility 
anomaly that requires the molecular coordination of the 
chemotaxis, contractilile activities, protrusion, and invasion 
of tumor cells to achieve directed cell migration. Invasive 
carcinoma cells acquire a migratory phenotype correlated 
with enhanced expression of several genes involved in cell 
motility22.  This allows carcinoma cells to counter to hints 
from the microenvironment that trigger tumor invasion5. 
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Therefore, molecules involved in cancer cell migration 
might be promising targets for anti-metastasis therapy.

During transport, tumor cells can travel alone or as 
emboli composed of tumor cells (homotypic) or tumor cells 
and host cells (heterotypic). At the secondary site, tumor 
cells or emboli either arrest due to physical limitations (e.g. 
too large to traverse a capillary lumen) or bind to specific 
molecules in particular organs or tissues3. Once there, 
tumor cells must then proliferate in the vasculature or 
extravasate into surrounding tissue. To form macroscopic 
metastasis, cells must then recruit a vascular supply. Less 
than 0.1 per cent of cells that enter the vasculature survive 
to form clinically detectable macroscopic metastasis.

2.1 Key Molecules Involved in Metastasis
The completion of all of the steps of metastasis does 

not always occur and the process of metastasis is highly 
inefficient, with colonization being the least efficient. In 
order for the tumor cell to become metastatic, several 
changes are needed to allow intra and extra-vasation 
as well as colonisation23. These cancer cells activate 
a cell differentiation circuit called eMT (epithelial to 
Mesenchymal Transition) by inducing expression of 
several EMT-permissive transcription factors. The interplay 
between stromal cells and the epithelium is altered in 
cancer, with the stroma playing an important chunk in 
cancer progression by stimulation of proliferation, invasion 
and angiogenesis24-26. fibroblasts are a major cellular part 
of the stroma and in so many types of tumours they are 
able to promote the proliferation and malignant growth 
of epithelial cells, due to change in expression of growth 
and survival factors, extracellular matrix proteins and 
proteases24,27,28  . This allows the cancer cell to acquire 
characteristics of mesenchymal cells such as invasiveness 
and motility.

These changes in characteristics involve several 
proteins responsible for tissue invasion and spread, and 
some of the key players are Cell-cell adhesion molecules 
(CAMs), Integrins. Another strategy in successful 
colonisation is enhancing the expression of extracellular 
proteases (such as matrix metallo proteinases (MMPs)) 
while diminishing levels of protease inhibitors. Cells in 
the stroma close to cancer cells secrete active proteases, 
which facilitate invasion by degrading ingredient of the 
extracellular matrix29.  

2.2 Macrophage with Two Faces,  M1/M2 
Polarisation
Macrophages exist in most of the tissues and play very 

important roles in the maintenance of tissue homeostasis. 
In mature adults, peripheral blood monocytes differentiate 
into macrophages, Heterogeneity and plasticity are 
important features of macrophages30. Two specific 
states of polarised activation for macrophages have been 
proposed,  (a) classically activated (M1) macrophage and 
(b) the alternatively activated (M2) macrophage subsets31.  
Differential cytokine production is a key feature of polarised 
macrophages18 (fig. 1).                         

 
3.  TUMOR MICROENVIRONMENT 

Resident macrophages contribute a set of common 
functions, including their capability to defend against 
microbial infections, to regulate normal cell turnover and 
tissue remodelling, and to help repair sites of injury33. The 
classically activated M1-macrophages composed of immune 
effect or cells with a subtle inflammatory phenotype. These 
are eminently aggressive against bacteria and produce large 
amounts of lymphokines34. The alternatively activated, anti-
inflammatory M2-macrophages can be separated into at 
least three subgroups. These subtypes have many different 
functions such as regulation of immunity, maintenance of 
tolerance and tissue repair34,35. This difference (M1/M2) is 
reflected in their metabolism, where macrophages have the 
exclusive capability to metabolize one amino acid, arginine, 
to either a ‘killer’ molecule (nitric oxide) or a ‘repair’ 
molecule (ornithine).

 Macrophages provide tropic support to tumors and 
the genetic experiments showed that if you abolish this 
support, malignancy is restrain strongly and contend that 
these cells or their particular signaling pathways are potent 
therapeutic targets. Macrophages have been shown to 
infiltrate a number of tumors. Poor prognosis is correlated 
with their number in some cancers including cancers of 
breast, cervix, bladder and brain (36). Macrophages also 
form an important component of the inflammatory infiltrate 
seen in both primary and secondary tumors36. where they 
also exhibit a distinct phenotype and are termed tumor-
associated macrophages (TAM). Unlike tumor cells, the 
genomes of macrophages are substantial, suggesting that 
they may not as readily become drug resistant. Significant 
progress has been made in determining the molecular 

Figure 1. Macrophage polarised activation. Immune and tissue-derived signals view inducing classical (M1) and alternative (M2) 
macrophage polarised activation. The important functional effects on macrophage functions, molecular markers and effector 
molecules are schematically represented in both of the cases. RNI,  reactive nitrogen intermediate, ROI,  reactive oxygen 
intermediate32.
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basis for both macrophage phenotypes and their actions in 
promoting specific aspects of tumor behaviour37.                               

Macrophages in the tumor microenvironment, 
referred to as TAMs, can influence tumor behaviour. Simply 
the presence of TAMs is correlated with poor prognosis 
in cancer survivors38. Clinical studies showed that 
macrophages promote tumorigenesis and also reported 
that over 80 per cent of studies show a correlation between 
macrophage density and poor patient prognosis (36). The 
transcriptome of TAMs analysed in mouse models of breast 
cancer has also furnished evidence that an enhancement in 
macrophage transcripts is predictive of poor prognosis and 
decreased survival in human breast cancer39,40.

Tumor-Associated Macrophages (TAMs) represents 
the major inflammatory component of the stroma of many 
tumors, and are able to affect different aspects of the 
neoplastic tissue. TAMs enhance tumor cancer metastasis 
by several mechanisms that include promotion of 
angiogenesis, induction of tumor growth, and enhancement 
of tumor cell migration and invasion. TAMs infiltration 
has been shown to correlate with cancer metastasis. 
Consequently TAMs have been suggested as potential 
targets for novel therapeutic interventions. TAMs are 
short lived and do not proliferate in situ, therefore, their 
repertoire should be regularly replenished throughout the 
cancer progression38,41-44. Macrophage infiltration is thus 
a critical event for TAMs assisted tumor progression and 
targeting this critical event might retard tumor progression. 
In accordance with this, hindering macrophage infiltration 
into tumors of colony stimulating factor 1 knockout mice 
bearing the polyoma middle T oncoprotein considerably 
decreased the progression to malignancy45. 

Most studies have targeted upon events going on in the 
primary tumor, generally with metastasis as an end point. 
Metastasis requires not only the clemency of cells from 
the primary site but also their transit by the circulation or 
lymphatic to arrive at a distant site where the cells demand 
to extravasate, survive, and prosper. This process of 
metastasis is very ineffective. In humans, there are so many 
of circulating cells released by tumors every day, but only 
a few make metastases. In fact, the most likely destiny for 
these cells is death, with extravasations and establishment 
of micrometastases being major rate-limiting events30. 
Although it is already known that macrophages inhabitate 
metastatic lesions30 only recently has their role in metastasis 
been appreciated. for tumors to progress and become 
malignant they must shape their microenvironment that 
is at least permissive if not promoting. It is possibly due 
to selection of oncogenic mutations which promote the 
secretion of molecules that change the cellular composition 
and behaviour of the microenvironment. Among these 
changes, one is the recruitment of bone marrow-derived 
cells, of which macrophages are particularly abundant. 
Macrophages in primary and secondary tumors 
brainstorm many properties that increase progression and 
metastasis45. 

Cancer metastasis is not particularly regulated by 
the deregulation of metastasis promoting or suppressing 

genes in cancer cells. Recently the interaction between the 
stromal cells and cancer cells has been demonstrated to 
promote cancer metastasis. Solid tumors are composed not 
only of malignant cells, but also extracellular matrix and 
many other non-malignant cell types, including endothelial 
cells, fibroblast and inflammatory cells like macrophages, 
mast cells, neutrophils, and lymphocytes8. 

Monocytes basically derive from CD34+ myeloid 
progenitor cells in bone marrow, circulate in the 
bloodstream, and enter peripheral tissues where they 
mature into many types of resident macrophages, 
characterised by low protein synthesis rate, low oxygen 
consumption and cytokine production. Inflammation due to 
tissue damage or infection results in resident macrophage 
turn on, which enhances the production of cytokines, 
chemokines, and other inflammatory mediators, likewise 
monocyte recruitment46. (fig. 2).      

HSCs bring about common myeloid precursors (CMPs), 
which afterwards originate at least three subsets of cells 
circulating in tumor-bearing hosts. It can be found out 
by specific markers,  monocytes (CD11b+Gr-1+f4/80+), 
granulocytes (CD11b+Gr-1highf4/80–IL-4Rα–), and 
MDSCs (CD11b+Gr-1medf4/80low/–IL-4Rα+). Circulating 
monocytes are recruited by tumors and differentiate into 
TAMs, gaining protumoral functions. In the process of 
tumor progression, MDSCs accumulating in blood and in 
lymphoid organs such as the spleen may also be recruited to 
the tumor microenvironment, where they become f4/80+  
(fig. 2). This latter pathway of MDSC-TAm. phenotype 
transition (dashed arrow) was recently proposed. finally, it 
has been hypothesised that immature forms of granulocytes 
might differentiate into MDSCs or condition their function 
and/or further differentiation (red arrows), as proposed by 
some studies.

The macrophages within the tumor, referred to 
as tumor-associated macrophages (TAMs), are major 
component of the host leukocytic infiltrate in majority of 
malignant tumors47. These highly versatile cells respond 
to the presence of stimuli in different parts of tumors 

Figure 2.  Current view of TAMs. and MDSC differentiation.
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with the release of a distinct repertoire of growth factors, 
inflammatory mediators, cytokines, chemokines, and 
enzymes. Many of these factors are key agents in cancer 
metastasis (Table 1). There are complex paracrine-
signaling networks between TAMs and cancer cells to 
activate each other. TAMs-derived proteases, such as matrix 
metalloproteinase, urokinase-type plasminogen activator, 
and cathepsin B can promote cancer cells metastasis48. 

3.1 Tams may Promote Epithelial-mesenchymal 
Transition of Cancer Cells
epithelial–mesenchymal transition (eMT) is a 

process that allows epithelial cells to separate from 
their neighbours and migrate to distal regions during 
embryonic development. 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 carcinoma cells49. Loss of E-cadherin, a 
major phenomenon of EMT, decreases adhesiveness and 
releases cancer cells from the primary locus into distant 
sites. Some of the Cellular Changes Associated with the 
Epithelial-Mesenchymal Transition are loss of cytokeratin 
(intermediate filament) expression, epithelial adherens 
junction protein (E-cadherin), Epithelial cell polarity and 
acquisition of fibroblast-like shape, motility, invasiveness, 
mesenchymal gene expression program, mesenchymal 
adherens junction protein (N-cadherin), protease 
secretion (MMP-2, MMP-9), Vimentin (intermediate 
filament) expression, fibronectin secretion, PDGf receptor 
expression, ɑνβ6 integrin expression.

3.2  The Role of Tams in Tumor Progression:  
Tams are Recruited to Tumor and Re-
educated by Microenvironment
Solid tumors recruit an abundance of immune cells into 

their microenvironment and macrophages can account for 
up to 50 per cent of the tumor mass50.  Tumor and stromal 
cells secrete a number of diverse chemo attractants that 
recruit blood circulating monocytes48.  Once in tumors, 
monocytes differentiate to macrophages primarily because 
of the presence of macrophage colony-stimulating factor 
(M-CSf), produced by tumor cells. 

Conditioned by the tumor milieu, monocytes 
differentiate as tumor-educated macrophages and acquire 
properties of immune-suppressive and pro-tumoural 
effectors47. A number of monocyte chemoattractant derived 

from tumors have been shown to correlate with increased 
TAMs. numbers in many human tumors. Such monocyte 
chemoattractant include CSf-1, the CC chemokines, CCL2 
(formally monocyte chemoattractant protein-1), CCL3, 
CCL4, CCL5 and CCL8, macrophage inflammatory protein-1 
alpha (MIP-1α) and macrophage migration inhibition 
factor (MIf), vascular endothelial growth factor (VeGf)50. 
Chemokine recruited TAMs. also produce a rich milieu of 
cytokines/ chemokines. In addition, there is confirmation 
that chemokines direct endothelial progenitor cells in to 
tumor vasculature8. 

3.3  Paracrine Signaling Networks Between 
Cancer Cells and Tams 
Interaction of TAMs and cancer cells enhances 

invasiveness of cancer cells and metastasis through several 
mechanisms, including (i) promotion of angiogenesis, (ii) 
induction of tumor growth, and (iii) enhancement of tumor 
cell migration and invasion (31).  TAMs can promote solid 
tumor development by providing factors that enhance 
invasion of malignant cells into ectopic tissue. This 
activity centres on a paracrine interaction loop involving 
macrophage expressed epidermal growth factor (eGf) 
and epithelial cell-expressed colony-stimulating factor 
(CSf) 1. Increased expression of CSf-1 is a significant 
mechanism underlying macrophage recruitment into 
tissues after CSf-1 binding to its high affinity receptor 
(CSf-1R) expressed on resident macrophages and some 
macrophage precursors (fig. 3). This interaction advocate 
macrophage proliferation, survival, and tissue recruitment 
all along development (e.g., branching morphogenesis in 
the mammary gland), homeostasis, and pathological tissue 

Figure 3.  Paracrine signaling networks between TAMs and 
cancer Cells51.

Table 1.  Summary of the functions and factors secreted by activated and suppressed innate immune cells found within the tumor

Cell Type Secreted Factors Function
Classically Activated macrophages 
(M1)

IL-12, IL-15, TNf-α, IL-1β, IL-6, ROI Immune activation, tumor destruction 

Tumor Associated macrophages(TAM) IL-10, TGf-β, arginase, PGe2, IDO Immune suppression, tumor promotion
Activated NK cell High IfN-γ, perforin, granzyme Shape immune response towards Th1 (DC maturation) 

Cytotoxicity, tumor destruction
Tumor Associated NK cell Low IfN-γ, IL-10?,VeGf Shape immune response towards Th2 (Low IfN-γ, im-

mature DC, immature NK cell), tumor promotion
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remodelling processes such as those associated with acute 
tissue injury and during solid tumor development47.

Although TAMs are important components of tumor 
stroma, and have an established role in promoting 
metastasis52, the intercellular paracrine signals that 
mediate direct crosstalk between TAMs and tumor cells 
during metastasis need better elucidation. furthermore 
the ensuing molecular events with in tumor cells that 
eventually impart them ability to invade surrounding tissue 
and disseminate from primary site during metastasis are 
poorly understood. 

3.4 The Role of MMPS in Cancer Dissemination
MMPs appear to have an important role in cancer 

as well as in numerous other disease states53. A positive 
correlation between tumor progression and the expression 
of multiple MMP family members (MMP-1, MMP-2, MMP-7, 
MMP-9, MMP-11 and MT1-MMP) in tumor tissues has 
been demonstrated in numerous human and animal 
studies54,55. The ratio of activated to total MMP-2 levels 
has also been correlated with tumor aggressiveness56. The 
MMP expression has been implicated in tumor progression 
through enhancing angiogenesis, tumor invasion and 
metastasis (Table 2). MMPs act primarily to alter the 
extracellular environment to allow sustained cancer cell 
growth in an ectopic site, as opposed to having a specific 
role of allowing the cells to extravasate from the blood 
stream57-59. 

The 72 kDa MMP-2 (gelatinase A) is the most widely 
distributed of the MMPs and is expressed constitutively by 
most cells including endothelial and epithelial cells60. The 
92 kDa MMP-9 (gelatinase B) is produced by inflammatory 
cells, including blood neutrophils and tissue macrophages, 
as well as by stimulated connective tissue cells61-63. Cleavage 
of matrix components by MMPs releases polypeptide 
fragments with new biological characteristics and signaling 
components embedded within the matrix. for example, 
eCM component laminin-5 is cleaved by MT1-MMP and 
MMP-2 promotes migration of cells64-65. Several soluble 
growth factors are secreted and stored in an inactive form 

bound to extracellular matrix molecules. In the time of 
enhanced proteolysis, these factors are then released to act 
on their target receptors53. 

In addition, urokinase-type plasminogen activator 
is a serine protease which is synthesised by TAMs in 
many human tumor types. The levels of urokinase-type 
plasminogen activator have been exhibited to associate 
with reduced relapse-free and overall survival in cancer66. 
TAMs can also release cysteine-type lysosomal proteases. 
Generally, lysosomal cysteine proteases are considered to 
execute nonspecific bulk proteolysis within the lysosomes. 

4.  CONCLUSION
The composition of tumor microenvironment is 

extremely complex; wherein apart from expanding 
population of transformed cells, a variety of other non-
cancer cells are also present such as smooth muscle cells, 
fibroblasts and macrophages. Collectively these cells 
are termed as stromal cells and they act as prominent 
modifiers of tumor growth and progression. The dynamic 
interaction between tumor cells and the surrounding 
stromal cells actively govern tumor progression as well as 
response to therapy. The most prominent subpopulation 
of these non-cancer cells are macrophages, which are 
often called tumor-associated macrophages (TAMs). 
Cytotoxicity of macrophages during the early immune 
response contributes to tumor killing, however in most 
solid tumors, macrophages inversely affect prognosis 
by potentiating cancer progression. In agreement with 
this, numerous clinical studies showed that macrophages 
promote tumorigenesis and also reported that over 80 per 
cent of studies show a correlation between macrophage 
density and poor patient prognosis. for example, there is 
a firm correlation between poor survival and increased 
macrophage quantity in thyroid, lung, and hepatocellular 
cancers. An equitable transcriptome analysis of follicular 
lymphoma shows that a macrophage transcriptional mark 
is a predictor of a poor prognosis.

The resident macrophages of tumor stroma exhibiting 
pro-tumor functions are often termed as tumor associated 
macrophages (TAMs). It is documented that TAMs are 
instrumental in moderating inflammatory responses, 
promoting angiogenesis and contributing to tissue 
remodelling, all of which apparently tend to promote tumor 
progression. The transcriptome of TAMs analysed in mouse 
models of breast cancer has also provided evidence that 
enrichment in macrophage transcripts is predictive of poor 
prognosis and decreased survival in human breast cancer.

Most studies have targeted upon events occurring in 
the primary tumor, often with metastasis as an end point. 
Metastasis requires not only the clemency of cells from 
the primary site but also their transit by the circulation 
or lymphatic to arrive at a distant site where the cells 
need to extravasate, survive, and prosper. This process of 
metastasis is very ineffective. In humans, there are so many 
of circulating cells released by tumors every day, but only 
a few make metastases. In fact, the most likely destiny for 
these cells is death, with extravasations and establishment 

Name of 
MMP

Alternative 
name of MMP

ECM substrates

MMP-1 Collagenase-1 Various collagens, gelatin, entac-
tin, aggrecan, tenascin

MMP-2 Gelatinase A elastin, fibronectin, various 
collagens, laminin, aggrecan, 
vitronectin

MMP-3 Stromelysin-1 Proteoglycans, laminin, fibronec-
tin, gelatin, variouscollagens, 
fibrinogen, entactin, tenascin, 
vitronectin

MMP-7 Matrilysin Same as MMP-3
MMP-9 Galatinase B Same as MMP-2
MMP-11 Stromelysine-3 Inactive serpin

Table 2.  Some matrix metalloproteinase and their extracellular 
matrix substrates67
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of micrometastases being major rate-limiting events. 
Although it is already known that macrophages inhabitate 
metastatic lesions, only recently has their role in metastasis 
been appreciated. for tumors to progress and become 
malignant they must shape their microenvironment to one 
that is at least permissive if not promoting. This is possibly 
due to selection of oncogenic mutations that edge to 
secretion of molecules that change the cellular composition 
and behaviour of the microenvironment. Among these 
changes, one is the recruitment of bone marrow-derived 
cells, of which macrophages are particularly abundant. 
Macrophages in primary and secondary tumors posses 
specific functional attributes that enable them to promote 
cancer progression and metastasis.

Macrophages provide tropic support to tumors and 
the genetic experiments that show that if you remove this 
support malignancy is suppressed strongly and contend 
that these cells or their particular signaling pathways are 
therapeutic targets. Unlike tumor cells, the genomes of 
macrophages are substantial, suggesting that they may 
not as readily become drug resistant. Significant progress 
has been made in identifying the molecular basis for both 
macrophage phenotypes and their actions in promoting 
specific aspects of tumor behaviour. Macrophages are 
important tumor-infiltrating cells and play pivotal roles 
in tumor growth and metastasis. Macrophages participate 
in immune responses to tumors in a polarised manner. 
However, it is not yet clear how TAMs induce tumor 
invasion. Prevailing new rational in the field of drug 
development is aimed at the development of target selective 
drugs. Development of such target specific drugs requires 
molecular understanding of normal and pathologically 
aberrant molecular pathways. In light of this the present 
study will provide valuable mechanistic information about 
hitherto obscure paracrine signaling networks emanating 
from TAMs that may impart invasive potential to cancer 
cells.  In the quest of anti-metastatic agents we aim to target 
these pathways using specific inhibitors/neutralizing 
antibodies and thereby evaluate their suitability/efficacy 
as potent anti-metastatic agent. 

Conflict of Interest :  None

REFERENCES
1.  ferlay, J.; Soerjomataram, I.; ervik, M.; Dikshit, R.; eser, 

S.; Mathers, C.; Rebelo, M.; Parkin, D. M.; forman, D. 
& Bray, f. GLOBOCAN 2012 v1. 0, Cancer Incidence 
and Mortality Worldwide,  IARC CancerBase No. 11 
[Internet]. Lyon (france),  International Agency for 
Research on Cancer; c2013 [updated 2014; cited 2014 
feb 4]. globocan. iarc. fr/Default. aspx. Accessed.

 2.  Bray, f.; Jemal, A.; Grey, N.; ferlay, J. & forman, D. 
Global cancer transitions according to the Human 
Development Index (2008â€”2030),  a population-
based study. Lancet Oncology, 13, 790-801. 
doi,  10.1016/S1470-2045(12)70211-5

3.  Weigelt, B.; Peterse, J. L. & Van’t Veer, L. J. Breast cancer 
metastasis,  markers and models. Nature reviews 

cancer, 2005, 5,  591-602, doi,  10.1038/nrc1670
4.  Shaffrey, M. e.; Mut, M.; Asher, A. L.; Burri, S. H.; 

Chahlavi, A.; Chang, S. M.; farace, e.; fiveash, 
J. B.; Lang, f. f.; Lopes, M. B.; Markert, J. M.; 
Schiff, D.; Siomin, V.; Tatter, S. B. & Vogelbaum, 
M. A. Brain metastases. Curr. Probl. Surg., 2004, 
41,  665-741, doi,  10.1067/j.cpsurg.2004.06.001

5. Chambers, A. f.; Groom, A. C. & MacDonald, I. 
C. Dissemination and growth of cancer cells in 
metastatic sites. Nat. Rev. Cancer, 2002, 2,  563-572. 
doi,  10.1038/nrc865

6.  Gao, J. Q.; Okada, N.; Mayumi, T. & Nakagawa, S. 
Immune cell recruitment and cell-based system for 
cancer therapy. Pharm. Res., 2008, 25,  752-768, . 
doi,  10.1007/s11095-007-9443-9

7. Place, A. e.; Jin Huh, S. & Polyak, K. The microenvironment 
in breast cancer progression,  biology and implications 
for treatment. Breast Cancer Res.., 13,  227. 
doi,  10.1186/bcr2912

8.  Green, C. e.; Liu, T.; Montel, V.; Hsiao, G.; Lester, R. 
D.; Subramaniam, S.; Gonias, S. L. & Klemke, R. L. 
Chemoattractant signaling between tumor cells and 
macrophages regulates cancer cell migration, metastasis 
and neovascularization. PLoS One, 4,  e6713, 2009. 
doi,  10.1371/journal.pone.0006713

9.  Martinez, f. O.; Helming, L. & Gordon, S. Alternative 
activation of macrophages,  an immunologic functional 
perspective. Ann. Rev. Immunol, 2009, 27, 451-483. 
doi,  10.1146/annurev.immunol.021908.132532

10. Condeelis, J. & Pollard, J. W. Macrophages,  obligate 
partners for tumor cell migration, invasion, 
and metastasis. Cell, 2006, 124,  263-266. 
doi,  10.1016/j.cell.2006.01.007

11. Kakinuma, T. & Hwang, S. T. Chemokines, 
chemokine receptors, and cancer metastasis. 
J. Leukoc Biol., 79,  639-651, 2006. 
doi,  10.1189/jlb.1105633

12.  Amedei, A.; Prisco, D. & MM, D. e. The use of cytokines 
and chemokines in the cancer immunotherapy. Recent 
Pat Anticancer Drug Discov., 8,  126-142.

13.  Maurer, M. & Von Stebut, e. Macrophage inflammatory 
protein-1. Int. J. Biochem.  Cell Bio., 2004 , 36,  1882-1886 . 
doi,  10.1016/j.biocel.2003.10.019

14.  Hanahan, D. & Weinberg, R. A. Hallmarks of cancer,  the 
next generation. Cell, 144,  646-674.

15.  Mantovani, A.; Bussolino, f. & Dejana, e. Cytokine 
regulation of endothelial cell function. Faseb. J., 1992, 
6,  2591-2599.

16. Coussens, L. M.; Tinkle, C. L.; Hanahan, D. & Werb, Z. MMP-9 
supplied by bone marrow-derived cells contributes 
to skin carcinogenesis. Cell, 2000, 103, 481-490. 
doi,  10.1016/S0092-8674(00)00139-2

17. Mantovani, A.; Bottazzi, B.; Colotta, f.; Sozzani, 
S. & Ruco, L. The origin and function of tumor-
associated macrophages. Immunol Today, 1992, 
13,  265-270. doi,  10.1016/0167-5699(92)90008-U

18.  Scotton, C. J.; Wilson, J. L.; Milliken, D.; Stamp, G. & 
Balkwill, f. R. epithelial cancer cell migration,  a role 



55

Baghel, et al.: Def. LIfe SCI. J., VOL. 1, NO. 1, JuNe 2016, DOI : 10.14429/dlsj.1.10058

for chemokine receptors? Cancer Res., 2001, 61,  4961-
4965. 

19. Khanna, C. & Hunter, K. Modeling metastasis 
in vivo. Carcinogenesis, 2005, 26, 513-523. 
doi,  10.1093/carcin/bgh261

20. Yamaguchi, H.; Wyckoff, J. & Condeelis, J. Cell migration 
in tumors. Current Opinion Cell Bio., 2005, 17,  559-564. 
doi,  10.1016/j.ceb.2005.08.002

21. Menen, R. S.; Pinney, e.; Kolostova, K.; Bobek, V.; 
Suetsugu, A.; Zhang, N.; Bouvet, M. & Hoffman, R. M. A 
rapid imageable in vivo metastasis assay for circulating 
tumor cells. AntiCancer Res.., 31,  3125-3128.

22. DiPietro, L. A.; Burdick, M.; Low, Q. e.; Kunkel, 
S. L. & Strieter, R. M. MIP-1alpha as a critical 
macrophage chemoattractant in murine wound 
repair. J. Clin. Invest., 1998, 101,  1693-1698. 
doi,  10.1172/JCI1020

23.  Pass, H. I. & Temeck, B. A. Biology of metastatic disease. 
Chest surgery clinics of North America, 1998, 8,  1-11. 

24. Bhowmick, N. A.; Chytil, A.; Plieth, D.; Gorska, A. 
E.; Dumont, N.; Shappell, S.; Washington, M. K.; 
Neilson, e. G. & Moses, H. L. TGf-beta signaling in 
fibroblasts modulates the oncogenic potential of 
adjacent epithelia. Science, 2004, 303,  848-851. 
doi,  10.1126/science.1090922

25. Littlepage, L. E.; Egeblad, M. & Werb, Z. 
Coevolution of cancer and stromal cellular 
responses. Cancer Cell, 2005, 7,  499-500. 
doi,  10.1016/j.ccr.2005.05.019

26. Ostman, A. & Augsten, M. Cancer-associated fibroblasts 
and tumor growth--bystanders turning into key 
players. Curr. Opin. Genet. Dev., 2009, 19,  67-73. 
doi,  10.1016/j.gde.2009.01.003

27. Kalluri, R. & Zeisberg, M. fibroblasts in 
cancer. Nat. Rev. Cancer, 2006, 6,  392-401. 
doi,  10.1038/nrc1877

28. Orimo, A. & Weinberg, R. A. Stromal fibroblasts 
in cancer,  a novel tumor-promoting cell 
type. Cell Cycle, 2006, 5,  1597-1601. 
doi,  10.4161/cc.5.15.3112

29.  Woodhouse, e. C.; Chuaqui, R. f. & Liotta, L. A. General 
mechanisms of metastasis. Cancer, 1997, 80,  1529-1537. 
doi,  10.1002/(SICI)1097-0142(19971015)80, 8+ 
<1529, , AID-CNCR2>3.0.CO;2-f

30.  Joyce, J. A. & Pollard, J. W. Microenvironmental regulation 
of metastasis. Nat Rev Cancer, 2009, 9,  239-252. 
doi,  10.1038/nrc2618

31. Mantovani, A.; Sozzani, S.; Locati, M.; Allavena, 
P. & Sica, A. Macrophage polarization,  tumor-
associated macrophages as a paradigm for 
polarized M2 mononuclear phagocytes. 
Trends Immunol, 2002, 23,  549-555. 
doi,  10.1016/S1471-4906(02)02302-5

32. Mantovani, A.; Sica, A. & Locati, M. New 
vistas on macrophage differentiation and 
activation. Eur J Immunol, 2007, 37,  14-16. 
doi,  10.1002/eji.200636910

33.  Ross, J. A.; Auger, M. J.; Burke, B. & Lewis, C. E. The 

biology of the macrophage. The Macrophage, 2002, 2,  
16-23.

34. Murray, P. J. & Wynn, T. A. Obstacles and 
opportunities for understanding macrophage 
polarization. J. Leukoc. Biol., 89,  557-563. 
doi,  10.1189/jlb.0710409

35. Murray, P. J. & Wynn, T. A. Protective and 
pathogenic functions of macrophage 
subsets. Nat. Rev. Immunol., 11,  723-737. 
doi,  10.1038/nri3073

36. Bingle, L.; Brown, N. J. & Lewis, C. E. The role of 
tumour-associated macrophages in tumour 
progression,  implications for new anticancer 
therapies. J. Pathol., 196,  254-265, 2002. 
doi,  10.1002/path.1027

37.  Qian, B. Z. & Pollard, J. W. Macrophage diversity enhances 
tumor progression and metastasis. Cell, 141,  39-51. 
doi,  10.1016/j.cell.2010.03.014

38.  Smyth, D. C.; Kerr, C.; Li, Y.; Tang, D. & Richards, C. D. 
Oncostatin M induction of eotaxin-1 expression requires 
the convergence of PI3’K and eRK1/2 MAPK signal 
transduction pathways. Cell Signal, 20,  1142-1150, 2008. 
doi,  10.1016/j.cellsig.2008.02.001

39. Ojalvo, L. S.; King, W.; Cox, D. & Pollard, J. W. High-
density gene expression analysis of tumor-
associated macrophages from mouse mammary 
tumors. Am. J. Pathol., 174,  1048-1064, 2009. 
doi,  10.2353/ajpath.2009.080676

40. Zabuawala, T.; Taffany, D. A.; Sharma, S. M.; 
Merchant, A.; Adair, B.; Srinivasan, R.; Rosol, T. J.; 
fernandez, S.; Huang, K.; Leone, G. & Ostrowski, 
M. C. An ets2-driven transcriptional progrAm. 
in tumor-associated macrophages promotes 
tumor metastasis. Cancer Res., 70,  1323-1333. 
doi,  10.1158/0008-5472.CAN-09-147441. Zhang, B. C.; 
Gao, J.; Wang, J.; Rao, Z. G.; Wang, B. C. & Gao, J. f. Tumor-
associated macrophages infiltration is associated with 
peritumoral lymphangiogenesis and poor prognosis 
in lung adenocarcinoma. Med. Oncol., 28,  1447-1452. 
doi,  10.1007/s12032-010-9638-5

42. Helmlinger, G.; Netti, P. A.; Lichtenbeld, H. C.; Melder, R. J. & 
Jain, R. K. Solid stress inhibits the growth of multicellular 
tumor spheroids. Nat. Biotechnol., 15,  778-783, 1997. 
doi,  10.1038/nbt0897-778

43. Welford, A. f.; Biziato, D.; Coffelt, S. B.; Nucera, S.; 
fisher, M.; Pucci, f.; Di Serio, C.; Naldini, L.; De 
Palma, M.; Tozer, G. M. & Lewis, C. e. TIe2-expressing 
macrophages limit the therapeutic efficacy of 
the vascular-disrupting agent combretastatin A4 
phosphate in mice. J. Clin. Invest., 121,  1969-1973. 
doi,  10.1172/JCI44562

44. Sica, A.; Schioppa, T.; Mantovani, A. & Allavena, P. 
Tumour-associated macrophages are a distinct 
M2 polarised population promoting tumour 
progression,  potential targets of anti-cancer 
therapy. Eur. J. Cancer, 42,  717-727, 2006. 
doi,  10.1016/j.ejca.2006.01.003

45.  Pollard, J. W. Trophic macrophages in development 



56

Baghel, et al.: Def. LIfe SCI. J., VOL. 1, NO. 1, JuNe 2016, DOI : 10.14429/dlsj.1.10058

and disease. Nat. Rev. Immunol., 2009, 9,  259-270. 
doi,  10.1038/nri2528

46. Sica, A. & Bronte, V. Altered macrophage 
differentiation and immune dysfunction in tumor 
development. J. Clin. Invest., 2007, 117, 1155-1166. 
doi,  10.1172/JCI31422

47. Shih, J.-Y.; Yuan, A.; Chen, J. J. W. & Yang, P.-C. Tumor-
associated macrophage,  its role in cancer invasion and 
metastasis. J. Cancer Mol., 2006, 2, 101-106.

48.  Solinas, G.; Germano, G.; Mantovani, A. & Allavena, 
P. Tumor-associated macrophages (TAM) as major 
players of the cancer-related inflammation. J. Leukoc 
Biol., 2009, 86, 1065-1073.

49. KsiÄ…Å¼kiewicz, M.; Markiewicz, A. & Å»aczek, A. 
J. Epithelial-mesenchymal transition,  a hallmark in 
metastasis formation linking circulating tumor cells 
and cancer stem cells. Pathobiology, 79,  195-208.

50. Homey, B.; MÃ¼ller, A. & Zlotnik, A. Chemokines,  
agents for the immunotherapy of cancer? Nature Rev.
Immunology, 2002, 2, 175-184.

51.  Chen, J. J.; Lin, Y. C.; Yao, P. L.; Yuan, A.; Chen, H. Y.; 
Shun, C. T.; Tsai, M. f.; Chen, C. H. & Yang, P. C. Tumor-
associated macrophages,  the double-edged sword in 
cancer progression. J. Clin. Oncol., 2005, 23, 953-964. 
doi,  10.1200/JCO.2005.12.172

52. Quail, D. f. & Joyce, J. A. Microenvironmental 
regulation of tumor progression and 
metastasis. Nat. Med., 19,  1423-1437. 
doi,  10.1038/nm.3394

53.  foda, H. D. & Zucker, S. Matrix metalloproteinases 
in cancer invasion, metastasis and angiogenesis. 
Drug Discov. Today, 2001, 6,  478-482. 
doi,  10.1016/S1359-6446(01)01752-4

54. Ellerbroek, S. M. & Stack, M. S. Membrane 
associated matrix metalloproteinases in 
metastasis. Bioessays, 1999, 21,  940-949. 
doi,  10.1002/(SICI)1521-1878(199911)21, 11<940, ,  
AID-BIeS6>3.3.CO;2-A

55. Stetler-Stevenson, W. G.; Hewitt, R. & Corcoran, M. 
Matrix metalloproteinases and tumor invasion,  
from correlation and causality to the clinic. In  
Seminars in cancer biology, 1996, pp. 147-154. 
doi,  10.1006/scbi.1996.0020

56.  Davies, B.; Miles, D. W.; Happerfield, L. C.; Naylor, M. 
S.; Bobrow, L. G.; Rubens, R. D. & Balkwill, f. R. Activity 
of type IV collagenases in benign and malignant 
breast disease. British J. Cancer, 67,  1126, 1993. 
doi,  10.1038/bjc.1993.207

57.  Cameron, M. D.; Schmidt, E. E.; Kerkvliet, N.; Nadkarni, 
K. V.; Morris, V. L.; Groom, A. C.; Chambers, A. f. & 
MacDonald, I. C. Temporal progression of metastasis in 
lung,  cell survival, dormancy, and location dependence 
of metastatic inefficiency. Cancer Res., 2000, 60,  2541-
2546.

58.  Chambers, A. f. & Matrisian, L. M. Changing views of 
the role of matrix metalloproteinases in metastasis. 
J. National Cancer Institute, 1997, 89, 1260-1270. 
doi,  10.1093/jnci/89.17.1260

59. Nelson, A. R.; fingleton, B.; Rothenberg, M. L. & Matrisian, 
L. M. Matrix metalloproteinases,  biologic activity and 
clinical implications. J. Clinical Onco., 2000, 18,  1135-
1135.

60.  Birkedal-Hansen, H.; Moore, W. G. I.; Bodden, M. K.; 
Windsor, L. J.; Birkedal-Hansen, B.; DeCarlo, A. & Engler, 
J. A. Matrix metalloproteinases : A review. Critical Rev. 
Oral Bio. Med., 1993, 4, 197-250.

61. Murphy, G.; Willenbrock, f.; Ward, R. V.; Cockett, 
M. I.; Eaton, D. & Docherty, A. J. The C-terminal 
domain of 72 kDa gelatinase A is not required for 
catalysis, but is essential for membrane activation 
and modulates interactions with tissue inhibitors of 
metalloproteinases. Biochem. J., 1992, 283, 637-641. 
doi,  10.1042/bj2830637

62. Ward, R. V.; Atkinson, S. J.; Reynolds, J. J. & Murphy, G. 
Cell surface-mediated activation of progelatinase A,  
demonstration of the involvement of the C-terminal 
domain of progelatinase A in cell surface binding 
and activation of progelatinase A by primary 
fibroblasts. Biochem. J., 1994, 304,  263-269. 
doi,  10.1042/bj3040263

63.  Overall, C. M. & Sodek, J. Concanavalin A produces a 
matrix-degradative phenotype in human fibroblasts. 
Induction and endogenous activation of collagenase, 
72-kDa gelatinase, and Pump-1 is accompanied by 
the suppression of the tissue inhibitor of matrix 
metalloproteinases. J. Bio. Chem., 1990, 265,  21141-
21151.

64. Giannelli, G.; falk-Marzillier, J.; Schiraldi, O.; Stetler-
Stevenson, W. G. & Quaranta, V. Induction of cell 
migration by matrix metalloprotease-2 cleavage 
of laminin-5. Science, 1997, 277, 225-228. 
doi,  10.1126/science.277.5323.225

65. Koshikawa, N.; Giannelli, G.; Cirulli, V.; Miyazaki, K. 
& Quaranta, V. Role of cell surface metalloprotease 
MT1-MMP in epithelial cell migration over 
laminin-5. J. Cell Bio., 2000, 148,  615-624. 
doi,  10.1083/jcb.148.3.615

66.  Bergers, G.; Brekken, R.; McMahon, G.; Vu, T. 
H.; Itoh, T.; Tamaki, K.; Tanzawa, K.; Thorpe, P.; 
Itohara, S. & Werb, Z. Matrix metalloproteinase-9 
triggers the angiogenic switch during 
carcinogenesis. Nature Cell Bio., 2000, 2, 737-744. 
doi,  10.1038/35036374

67.  Herouy, Y. The role of matrix metalloproteinases 
(MMPs) and their inhibitors in venous leg ulcer 
healing. Phlebolymphology,  2004, 231-243.


