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2.1 Introduction

Tumor formation is not a cell autonomous phenomenon, but rather an evolution
of disease within and responding to the host environment. In particular, metastatic
spread from a primary tumor results from a complex interplay between tumor cells
and the host. In order to form successful metastases, tumor cells must escape the
primary tumor, enter the host vasculature, travel to and arrest in a distant tissue
and survive and grow in that new organ (Chambers et al. 2002). Cells that progress
through these stages must both escape and exploit host systems.

As tumor cells acquire a metastatic phenotype, they do so through interacting
with and manipulating host responses (Brooks et al. 2010; Borsig 2008; Lorusso
and Ruegg 2008). The tissue microenvironment is significantly altered by the pres-
ence of a primary tumor, with changes in stromal cell composition and activation
and the presence of infiltrating immune cells. The individual components are spe-
cific to tumor type, but the net result is a cycle of mutual stimulation of host and
tumor tissue, leading to increased tumor growth and aggressive behavior. For exam-
ple, in melanoma, direct contact between keratinocytes and melanocytes is essential
to maintain normal melanocyte growth characteristics. This contact is maintained
by E-cadherin, which is often down-regulated as a first step toward melanoma tu-
morogenesis (Li et al. 2003). Interestingly, hepatocyte growth factor/scatter factor
(HGF/SF) production by fibroblasts is capable of stimulating growth and reducing
E-Cadherin expression in normal melanocytes resulting in decreased adhesion to
keratinocytes. These normal melanocytes begin to express basic fibroblast growth
factor (bFGF), platelet-derived growth factor (PDGF), vascular endothelial growth
factor (VEGF) and transforming growth factor-β (TGFβ)—growth factor signals
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then expanded by neighboring fibroblasts which express insulin-like growth factor-1
(IGF-1), HGF/SF, bFGF and TGFβ in response, further stimulating the melanocytes.
Therefore, the initial transformation of melanocytes does not necessarily involve ma-
jor genetic changes, but is a result of losing contact and regulation from keratinocytes,
leading to a cycle of mutual positive feedback between stromal cells and melanocytes
(reviewed in (Li et al. 2003)). In breast cancer, a loss of tissue organization and po-
larity is also seen, with increasing disorganization and decreased cell-cell contact as
tumor invasiveness increases (Weaver et al. 1997) (reviewed in (Takeichi 1993)).

After initial tumorigenesis, host systems and pathways are further co-opted by
tumor cells. Herein we will focus on how particular tumor types are capable of
exploiting host cells, growth factors, pathways and systems during each of the key
steps in metastasis.

2.2 Tumor Cell Invasion and Intravasation

Excessive proliferation of neoplastic cells in a developing cancer leads to hypoxia and
necrosis in the tumor microenvironment. Tumor and stromal cells react by secreting
growth factors and cytokines such as colony stimulating factor (CSF)-1 and TGF-β,
which are chemoattractants for immune cells (Robinson and Coussens 2005). Fur-
ther host reaction to the developing neoplasm leads to recruitment of mesenchymal
stem cells, activated fibroblasts, endothelial precursors, dendritic cells, macrophages,
monocytes, lymphocytes, leukocytes and mast cells (Olumi et al. 1999; Le Bitoux and
Stamenkovic 2008). Initially, it is likely that this recruitment is a host defense mech-
anism, but the tumor is able to capitalize on the pro-growth factors and counteract
the growth-inhibitory capabilities of the recruited cells (Le Bitoux and Stamenkovic
2008). It would be expected that an abundance of immune cells would be beneficial
for the host, yet it often correlates with poor clinical prognosis (Nonomura et al.
2007; Taskinen et al. 2008), a global indicator of a tumor’s ability to subvert the host
response.

A major effect of the inflammatory response to tumor development is an increase in
tumor invasiveness. Breast cancer cells cultured in macrophage-conditioned media,
or co-cultured with macrophages, show a significant increase in invasive behavior in
vitro (Wu et al. 2009; Hagemann et al. 2005). This increase was found to be due to
nuclear factor kappa B (NF-κB)-mediated stabilization of Snail, a major transcription
factor for epithelial—mesenchymal transition (EMT) induction (Nieto 2002). Snail
expression by tumor cells conferred metastatic ability to non-metastatic cell lines
(MCF7 and T47D) and shRNA knockdown of Snail suppressed both innate and
‘inflammation-enhanced’ invasion and metastasis of MDA-MB-231 and MDA-MB-
435 cells (Wu et al. 2009). Additionally, tumor necrosis factor-α (TNFα) produced
by macrophages was found to induce expression of macrophage migration inhibiting
factor (MIF) in tumor cells, which led to increased matrix metalloproteinase (MMP)
production by macrophages, also through stimulation of NF-κB. This increase in
MMP activity was found to aid tumor cell invasion (Hagemann et al. 2005). These
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Fig. 2.1 Interaction between metastatic tumor cells and the host environment in early stages of
metastasis. a A primary tumor is infiltrated with host-derived macrophages and fibroblasts that aid
in tumor cell invasion and intravasation. Upon arrest in a secondary site, tumor cells often stimulate
formation of a thrombus b, which provides adhesion contacts and protection from the host immune
system. These arrested cells may undergo apoptosis due to release of nitric oxide from the vascular
endothelium c or may extravasate, often with assistance from a host macrophage d. Not all metastatic
cells extravasate prior to initiating growth in a secondary organ, and intravascular micrometastases
are found e, especially in the lung. Extravascular micrometastatic growths f are also common, and
often found to be associated with host macrophages. The site of metastatic growth is dependent on
many factors, but formation of a pre-metastatic niche g is thought to direct and aid initial growth
and survival of metastatic cells

results indicate that tumor cells can capitalize on the host immune response leading
to increased invasiveness and subsequent metastasis.

Tumor-associated macrophages (TAMs) are often the most common immune cell
in the tumor microenvironment and play an essential role in tumor metastasis. Using
an in vivo model of mammary carcinoma, it was found that TAMs are most likely to
be found at the margin of a primary tumor, with decreasing numbers upon imaging
deeper into the tumor (Wyckoff et al. 2007). The few TAMs that were found in the
tumor core were associated with blood vessels and were essential for tumor cell
intravasation (Fig. 2.1a). There was a significant correlation between the number
of perivascular TAMs and the number of circulating tumor cells in this rat model
of mammary carcinoma. Additionally, time-lapse imaging was only able to detect
tumor cell intravasation at the site of TAM association with the vasculature, and this
intravasation was found to be dependent on epidermal growth factor (EGF)-CSF-1
signaling (Wyckoff et al. 2007; Wyckoff et al. 2004; Goswami et al. 2005). Further,
deletion of CSF-1 in a murine model of mammary carcinogenesis showed limited
tumor invasion coupled with decreased angiogenesis, resulting in abrogation of lung
metastasis due to deficient macrophage recruitment to the tumor microenvironment
(Lin and Pollard 2004). Analysis of murine and clinical samples found that TAMs
may guide breast cancer cells toward blood vessels through EGF-CSF-1 signaling, as
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cancer cells were often found in contact with perivascular macrophages. The density
of these interactions in clinical samples correlated with the histological grade of
the tumor and positively associated with the risk of distant metastasis formation
(Robinson et al. 2009). It has also been noted that macrophages are often present at
the site of basement membrane breach and tumor cell dissemination (Pollard 2004).

Neutrophils, lymphocytes and TAMs all express and secrete MMPs, which col-
lectively can degrade every extracellular matrix (ECM) protein. The association of
these immune cells with the invasive border of a tumor leads to a degradation of the
physical barrier that prevents tumor cell dissemination. This degradation releases and
activates many growth factors (TGFβ, TNFα, Fas Ligand, heparin bound–epidermal
growth factor and others) that are normally sequestered in the ECM (Ii et al. 2006;
Hynes 2009). Additionally, the degradation products of many ECM proteins have
their own activity. For example, degradation of laminin results in peptides that mimic
epidermal growth factor receptor (EGFR) ligands and can result in increased cell mi-
gration and invasion in EGFR positive cells (Giannelli et al. 1997; Pirila 2003). It is
understood that a tumor is not a uniformly organized mass—each tumor cell will have
differential access to nutrients, oxygen and tumor stromal components depending on
its individual location (Kedrin 2008). Direct imaging of murine mammary tumor
growth using a mammary window was able to visualize individual cells longitudi-
nally and evaluate differences in their behavior depending on their initial location.
It was found that those cells in close proximity to blood vessels showed increased
migration and invasion and were more likely to spread from the primary tumor to the
lung than those cells that did not have immediate access to the vasculature (Kedrin
2008).

Immune cells are a key component of tumor stroma, but the most abundant stro-
mal cell is the carcinoma associated fibroblast (CAF) (Orimo and Weinberg 2006)
(Fig. 2.1a), which is also associated with an increase in tumor cell invasion. These
fibroblasts have been recruited as normal fibroblasts and are activated to become
myofibroblasts, or have been recruited as bone marrow derived cells (BMDCs) and
differentiate into fibroblasts at the tumor site (Direkze et al. 2004). Using a 3D in
vitro model of the epidermal/dermal microenvironment, it was found that invasion
of squamous cell carcinoma (SCC) cells always followed a leading CAF (Gaggioli
et al. 2007). This leading fibroblast was able to create a track in the matrigel ma-
trix through both protease- and force-mediated remodeling that the SCC cells would
follow. The track was found to be necessary and sufficient for SCC cell invasion as
removal of the fibroblasts after track formation still allowed SCC cells to invade.
These SCC cells have not undergone an epithelial—mesenchymal transition (EMT)
and are non-invasive. It had been questioned how tumors that maintained an epithe-
lial phenotype were able to intravasate; this work illustrates that those tumor cells
that are not invasive are able to co-opt host cells in order to metastasize (Gaggioli
et al. 2007).

During melanoma development, melanocytes lose expression of E-cadherin
thereby losing regulatory contact with keratinocytes, and gain expression of N-
cadherin and melanoma cell adhesion molecule (MCAM) which mediate adhesion
between melanoma cells and fibroblasts, vascular endothelial cells and other
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melanoma cells (Hsu et al. 2002; Li et al. 2001). Signaling between melanoma
cells, which produce PDGF, bFGF and TGFβ, and fibroblasts which produce IGF-1,
HGF/SF, bFGF and TGFβ, results in increased melanoma tumor growth and inva-
siveness (Li et al. 2003; Hsu et al. 2002; Lee and Herlyn 2007). It has also been
shown that TGFβ expression decreases E-cadherin expression, up-regulates β1 and
β3 integrin expression and increases MMP-9 activity leading to increased migration
(Janji et al. 1999) and enhanced adhesion of melanoma cells to the endothelium (Teti
1997). Re-expresion of E-cadherin in melanoma cells led to reduced invasion in vitro
and tumorigenicitiy in vivo (Hsu et al. 2000). Additionally, during the transition of
melanomas from the radial growth phase (RGP, flat, non-invasive tumor) to vertical
growth phase (VGP, invasive growth), significant matrix remodeling is required; the
majority of the enzymes and MMPs utilized are contributed by host fibroblasts and
TAMs (Liotta and Kohn 2001).

Components of the host coagulation system are also involved in regulating tumor
cell invasiveness. Tissue Factor (TF) is consistently upregulated in many human
malignancies and is found to contribute to many facets of tumor aggressiveness (Rak
et al. 2009). TF is expressed by tumor cells, often at high levels, but also by many
host cells such as endothelial cells, TAMs and CAFs. The main function of TF is to
activate thrombin which potentiates clot formation, but thrombin is also essential for
activating protease activated receptor (PAR)-1 and -2. Activation of PAR-1 expressed
by tumor cells leads to increased tumor invasion and metastasis through induction
of proteases and cell adhesion molecules (Melnikova and Bar-Eli 2009).

2.3 Survival and Arrest in the Vasculature

The host coagulation system is known to play a significant role in tumor cell arrest
and survival in the vasculature. Tumor cells activate or produce many components
of the coagulation cascade such as thrombin, PAR-1, TF, fibrinogen, von Willebrand
factor, and platelet-activating factor (PAF), leading to a ‘platelet mimicry’phenotype
(Timar et al. 2005). The hypoxic environment increases TF expression by endothelial
cells, TAMs and CAFs leading to thrombin production within the primary tumor.
This ‘pre-treatment’ with thrombin increases tumor cell adhesion to platelets and the
vascular endothelium following tumor cell intravasation (Nierodzik and Karpatkin
2006).

Through expression of TF, tumor cells are able to exploit the host coagulation
system to increase metastatic efficiency. In an elegant series of papers, Palumbo
et al. (Palumbo et al. 2000; Palumbo et al. 2002; Palumbo et al. 2005; Palumbo et al.
2007; Palumbo et al. 2008) evaluated the interplay between metastatic cells and
the individual components of coagulation. They found that loss of host fibrinogen
significantly decreased lung metastasis formation, yet had no impact on the num-
ber of cells that originally arrested in the lung following experimental metastasis
cell injection. However, fibrinogen was essential for sustained adherence of tumor
cells in the lung vasculature (Palumbo et al. 2000). This role for fibrinogen also
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held true in a spontaneous model of metastasis, with reduced lung metastasis de-
spite equivalent primary tumor formation in fibrinogen-null and wild type animals
(Palumbo et al. 2002). Evaluation of metastasis in animals with activation-resistant
platelets (platelets present in normal number, but not able to be activated by thrombin,
adenosine diphosphate (ADP), or other coagulation stimulants) showed a significant
decrease in experimental and spontaneous metastasis, again due to reduced survival
or retention in the lung vasculature (Palumbo et al. 2005). Depletion of circulat-
ing natural killer (NK) immune cells prior to metastatic cell introduction resulted
in equivalent metastasis number in platelet mutant, fibrinogen knock-out and wild
type animals, indicating that platelet- and fibrinogen-mediated thrombus formation
protects tumor cells from NK cell surveillance in the lung vasculature (Palumbo et al.
2005). The role of NK-mediated cell killing was strengthened through work on Factor
XIII, which stabilizes fibrin and other ECM matricies through catalysis of crosslink-
ages. FXIII was found to be essential in preventing NK cell immunosurveillance of
tumor cells (Palumbo et al. 2008).

To specifically evaluate the role of TF and TF signaling in metastasis, tumor cells
were derived from TF knock-out animals and cell lines with and without TF, or TF
lacking the cytoplasmic tail responsible for cell signaling. It was found that while
TF expression was not essential for primary tumor formation, it was critical for
lung metastasis but dependent on functional coagulation in the host. Interestingly,
blockage of TF signaling had no effect on metastasis generation (Palumbo and Degen
2007).

The formation of a thrombus at the surface of an arrested tumor cell has also
been linked to increased metastasis through maintenance of cell adherence in the
pulmonary vasculature (Fig. 2.1b) (Borsig 2008; Kim et al. 1998; Im et al. 2004).
Metastatic cells protected in a fibrin clot were able to change from a rounded morphol-
ogy and spread along the inside of a vessel. Those cells that showed stable adherence
to the lung vasculature were able to form significantly more lung metastases than
those prevented from spreading through treatment with anticoagulant agents (Im
et al. 2004). Treatment of animals with the clot-stabilizing drug aprotinin was found
to increase metastasis of B16F10 melanoma cells through prolonging the interaction
between tumor cells arrested in the pulmonary vasculature and cell surface thrombi
(Kirstein et al. 2009). In accordance with this, prevention of thrombus formation with
heparin (Kirstein et al. 2009) or hiruden (Esumi et al. 1991) is linked with reduced
pulmonary metastasis due to decreased cell retention in the lung.

Stable adherence of tumor cells to the vasculature upon arrest appears to be a major
determinant of metastatic efficiency. Comparison of metastatic and non-metastatic
cells injected into the circulation showed no difference in the original number of cells
that arrested in the lung, however only those cell lines that had a metastatic phenotype
were able to persist and form micrometastases in the lung (Kim et al. 2004). Tumor
cell arrest is also influenced by host expression of P-selectin. Platelets isolated from
P-selectin knock-out mice were unable to bind to tumor cells in vitro, and experi-
mental metastasis assays found that there was a decrease in the initial seeding of the
lung tissue in P-selectin-null animals (Kim et al. 1998). Additionally, P-selectin was
found to facilitate tumor cell tethering and rolling along the pulmonary vasculature,
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but further binding by αIIbβ3 was required to stabilize tumor cell adhesion (McCarty
et al. 2000). Integrin α3β1 is also involved in tumor cell adhesion to the vascular
endothelium through sections of exposed basement membrane. Adhesion and mi-
gration of tumor cells was also stimulated by binding of TF on tumor cells to tissue
factor pathway inhibitor −1 on tumor associated vessels which was a surprising
consequence of receptor-inhibitor binding (Fischer et al. 1999).

Tumor cell-associated thrombus formation may also increase metastatic cell sur-
vival in the vasculature, as activation of PAR-1 by thrombin leads to transmission
of survival signals and prevention of apoptosis (Shi et al. 2004). Additionally, many
growth and survival factors are released from platelets upon activation and are there-
fore present within thrombi. Tumor cells are able to bind to the provisional matrix
provided by a fibrin clot thereby increasing metastasis (Fig. 2.1b) (Palumbo et al.
2002; Reijerkerk et al. 2000; Dvorak et al. 1995). Further, plasmin-mediated clot
dissolution may aid tumor cells with the next step in metastasis—extravasation from
the host vasculature.

2.4 Extravasation and Growth Initiation in Secondary Tissue

Compared with the other steps in metastasis, relatively little is known about tumor
cell extravasation at a secondary site. Using cell accounting techniques Luzzi, et al.
(Luzzi et al. 1998) found that the majority of B16F1 murine melanoma cells had
extravasated from the liver vasculature within 3 days of cell injection (Luzzi et al.
1998). Importantly, very few of these cells went on to form micrometastases (2 %)
and even fewer were able to form macrometastases (0.02 %). Two weeks following
tumor cell injection, over one-third of injected cells remained in the liver as solitary,
extravasated cells and 95 % of those identifiable cells were not apoptotic or pro-
liferating (as determined by histological staining for TUNEL and Ki67), indicating
that in the liver, extravasation may not be an essential part of metastatic inefficiency.
Additionally, using the chick chorioallantoic membrane (CAM) found that nearly all
B16F1 cells were able to survive and extravasate following arrest. Tissue inhibitor of
metalloproteinases-1 (TIMP-1) overexpressing B16F1 cells were poorly metastatic,
and yet they were still able to successfully extravasate in the chick CAM model
(Koop et al. 1995). Using ras-transformed and control fibroblasts, it was also found
that extravasation was independent of metastatic ability (Koop et al. 1996). Nearly
all ras-transformed fibroblasts and control fibroblasts (89 and 96 %, respectively)
had extravasated from the chick CAM within 24 h of initial injection. Additionally,
migration of both cell types within the mesenchymal layer was equivalent, despite
having differential invasion capabilities in vitro (Koop et al. 1996).

Direct visualization of tumor cell extravasation was performed recently in a murine
model of brain metastasis (Kienast et al. 2010). Using a cranial window, single
cancer cells were visualized throughout arrest and extravasation. MDA-MD-435
cells were found to arrest in microvessel branch points and extravasate as single
cells. These cells began to proliferate only after successful extravasation and only
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when extravasated cells maintained contact with an abluminal endothelial cell of a
brain capillary (Kienast et al. 2010).

Study of metastasis to the lung vasculature shows a distinct difference from that
seen in the liver and chick CAM, however. Using the 4T1 murine mammary carci-
noma cell line it was found that these cells arrest in the lung as individuals attached
to the vascular endothelium. The cells were able to form small colonies within three
weeks, some entirely maintained within the vasculature. Following growth initia-
tion, the colonies were able to extravasate as micro or macrometastases (Wong et al.
2002). Further to this, fewer than 2 % of HT1080 cells had extravasated from the
lung vasculature within 24 h of tumor cell injection, and were found to form colonies
within the lung vasculature within three days. These colonies showed tumor cells
that projected outwards from the central focus as ‘strings’ following within the cap-
illaries (Fig. 2.1e) (Al-Mehdi et al. 2000). Analysis of experimental metastasis of
B16F10 melanoma cells in the mouse lung found that the majority of injected cells
had extravasated, with no identifiable clusters or single cells within the pulmonary
vasculature within 4 days of injection (Cameron et al. 2000). Using an orthotopic
prostate cancer model, however, the majority of metastatic tumor cells and tumor cell
clusters were found within the vasculature of both the liver and the lung (Zhang et al.
2010). Taken together, these data indicate that the role of extravasation in successful
metastasis formation may be specific to the model, cell type and secondary organ
of study.

Recent work has found a subset of macrophages (CD11b+ Gr−) recruited to tumor
cells arrested in the lung aids in tumor cell extravasation (Qian 2009). The timing of
tumor cell extravasation was directly linked to macrophage recruitment, as depletion
of macrophages at various times following tumor cell injection resulted in either
reduced metastasis number and size, if macrophages were depleted prior to tumor cell
injection, or equivalent number of metastases with reduced size, if macrophages were
depleted after successful seeding of the lung with PyMT induced or MDA-MB-231
tumor cells. Ex vivo imaging of intact lung tissue at various times following tumor cell
injection found that macrophages associated with tumor cells in the vasculature and
increased extravasation (Fig. 2.1d). Five minutes after cell injection all tumor cells
were retained in the lung vasculature. Within 24 h, there was a significant increase in
macrophage association with arrested tumor cells, and ∼75 % of tumor cells were
outside of a vessel, and within 3 days no cells were found completely within a vessel.
Some of the extravasated cells had begun to proliferate as several colonies were
visualized, and these colonies showed extensive macrophage association (Fig. 2.1f).
Macrophage depletion reduced tumor cell extravasation from 75–25 % within 24 h
and within 48 h many fewer cells had survived in the lung. These studies found that
macrophage recruitment to the lung promoted tumor cell extravasation and survival
(Qian et al. 2009).

It is known that arrest of tumor cells is associated with the formation of a fibrin
clot at the arrested cell site. These clots do not persist indefinitely—clot dissolution
is mediated by the powerful protease plasmin (Reijerkerk et al. 2000). This clot
breakdown may aid tumor cell extravasation through activation of MMPs and other
proteinases. Tumor cells that express high amounts of urokinase type plasminogen
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activator (uPA) tend to be more aggressive and metastatic (reviewed in (Kramer et al.
1994)). Clinically, high levels of uPA, uPA receptor (uPAR), plasminogen activator
inhibitor (PAI)-1 and PAI-2 is linked to poor prognosis and increased metastasis
development (Duffy et al. 2008; Harbeck et al. 2004).

The site of metastatic cell arrest and growth has been debated for some time—from
Stephen Paget’s theory of ‘seed and soil’whereby the tumor cell (seed) must arrest in
a permissible secondary tissue (soil) in order to develop into a tumor (Chambers et al.
2002; Ribatti et al. 2006). This century-old theory still has merit as metastatic cells
grow in different tissues depending on the tumor type they originated from. A type
of hospitable ‘soil’ has been identified as a pre-metastatic niche. These regions of
secondary tissue show recruitment of clusters of BMDCs prior to the arrival of tumor
cells. It is thought that primary tumor and tumor stromal secretion of chemokines
direct the migration of these cells, as in vivo injection of media conditioned by
melanoma cells led to similar recruitment and pattern of metastasis as the presence
of a melanoma primary tumor (Kaplan et al. 2005). The primary tumor stimulates pre-
metastatic niche formation through secretion of VEGF and placental growth factor
(PlGF), which recruit VEGF receptor 1 (VEGFR1)-positive cells. PlGF in particular
increases the proliferation of fibroblast-like cells and stimulates their production of
fibronectin (Ruzinova 2003).

BMDCs expressing VEGFR1 and α4β1 arrest in regions of increased fibronectin
synthesis by fibroblasts and fibroblast-like cells. These arrested BMDCs secrete
MMP-9 which may degrade the basement membrane to allow extravasation of more
BMDCs and/or metastatic cells. They are also found to express Id3, which is involved
in proliferation and mobilization of hematopoietic progenitor cells (HPCs) from the
bone marrow and maintains an activated state within the BMDC clusters. These
clusters alter the local microenvironment and activate integrins and chemokines such
as stromal derived factor –1 (SDF-1). This activation leads to further recruitment of
BMDCs and increased attachment, survival, and growth of tumor cells (Fig. 2.1g)
(Kaplan et al. 2005).

Pre-metastatic niche formation can also be directed by platelet aggregation (Mass-
berg et al. 2006). At a site of endothelium disruption, platelet activation was essential
for recruitment of BMDCs, which adhere to P-selectin and αIIbβ3 on the platelet sur-
face, rather than to exposed ECM. Additionally, SDF-1 released from platelets leads
to ongoing retention of BMDC and tumor cell arrest.

2.5 Angiogenesis and Sustained Growth

Sustained primary tumor and metastatic growth beyond ∼1mm3 requires the recruit-
ment of a blood supply (Folkman 1995). Vascularization of tumors promotes growth
by providing oxygen and nutrients and increases metastasis by providing an entry
point into the circulation. Normal tissues undergo angiogenesis during development,
wound healing and tissue regeneration, through a tightly regulated system leading
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to structured, hierarchical branching of vessels (Carmeliet 2005). Tumor vascular-
ization is characterized by highly tortuous dysfunctional vessels due to improper
regulation of angiogenesis (McDonald and Choyke 2003).

High levels of VEGF-A in the tumor microenvironment expressed by tumor cells,
macrophages (Barbera-Guillem et al. 2002; Harmey et al. 1998; Evans 1992), neu-
trophils (McCourt et al. 1999), platelets (McCabe et al. 2006), fibroblasts (Hlatky
et al. 1994) and endothelial cells (Nilsson et al. 2004) tips the balance of pro- and
anti-angiogenic factors and leads to activation of angiogenesis. VEGF-A is elevated
in response to hypoxia and inflammation, which are common in during tumor forma-
tion. Solid tumors tend to have a hypoxic core due to poorly functioning vasculature
leading to constant stimulation of pro-angiogenic factors such as VEGF-A (Byrne
et al. 2005).

The initial reaction to high levels of VEGF-A is destabilization of existing blood
vessels. The number of endothelial cell interactions with stabilizing mural cells
decreases, leading to leaky, dialated vessels (Carmeliet und Jain 2000; Bach et al.
2007). This destabilization is mediated by angiopoietin-2 (Ang-2) (Tait and Jones
2004; Maisonpierre et al. 1997), partly through up-regulation of MMP-1 and -9 (Etoh
et al. 2001) and is found to increase tumor cell entry into the vasculature (Chung
et al. 2006; Nakayama et al. 2005).

Following vessel destabilization, endothelial tip cells begin sprouting through
tightly regulated signaling between Delta-like 4 (Dll4) and Notch (Suchting et al.
2007) which may be de-regulated in the tumor microenvironment resulting in in-
complete vascular remodeling (Noguera-Troise 2006). Tip cells lead the migration
of endothelial cells following chemotactic signals, especially VEGF-A. HPCs and
endothelial progenitor cells (EPCs) are also recruited byVEGF-A signaling to further
increase vessel growth (Hattori et al. 2001). In order for proper vascular function,
vessel growth is followed by vasculature stabilization by pericytes due to PDGF
and Ang-1 signaling (Abramsson et al. 2003; Milner et al. 2009). Ang-1 and PDGF
can be overexpressed in the tumor microenvironment (Tait and Jones 2004; Naka-
mura 2008) yet tumor vessels are poorly stabilized, showing leakiness and poor
pericyte coverage. This indicates that the balance of pro-angiogenic, destabilizing
factors such as VEGF-A are present in higher functional concentration than Ang-1
and PDGF (Hall and Ran 2010). Recent work has also linked MMP-14 and TGFβ

to vascular stability, as MMP inhibition was found to increase vascular leakiness
due to reduced activation of TGFβ present in the ECM. TGFβ was found to sig-
nal through ALK5 to control leakage of small (10 kDa dextran) and large (70 kDa
dextran) molecules in tumor and normal tissue though control of vasodilation and
venular openings (Sounni et al. 2010). These data indicates that TGFβ in the ECM
can modulate host response depending on its bioavailability, and its release by MMP
activity in the tumor stroma may increase tumor cell extravasation through increased
vascular leakiness.

Deregulated angiogenesis in a tumor is due to an imbalance between pro- and
anti-angiogenic factors in the tumor microenvironment. The over-expression of pro-
angiogenic factorsVEGF-A,Ang-2, bFGF and TGFβ leads to constant stimulation of
angiogenesis and a reduction in stabilized vessels. This leads to poor tissue perfusion,
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high vasculature permeability and chronic inflammation and an increase in metastasis
due to ease of metastatic cell entry into the vasculature (Hall and Ran 2010).

The process of angiogenesis in the metastatic setting is thought to proceed through
a similar path as seen in the primary tumor. Initial growth of a micrometastasis is
halted without the recruitment of a blood supply, leading to a functionally dormant
metastasis with balanced levels of proliferation and apoptosis (Naumov et al. 2008).
Tumor cells and macrophages present at the metastatic site stimulate expression of
VEGF-A leading to the same cascade of angiogenic events as seen in the primary
tumor setting.

Blood clot formation at the metastatic site provides further angiogenic and growth
signals as platelet activation results in the release of many growth and pro-angiogenic
factors such asVEGF, PDGF,Ang-1, TGFβ, IGF-1, EGF, and platelet-derived epider-
mal growth factor (PD-EGF). Additionally, thrombin activity is linked to increased
angiogenesis through up-regulation of cathepsin-D which increases endothelial cell
growth, migration and tube formation in vitro (Hu et al. 2008). Thrombin may also
play an important role in angiogenesis through induction of VEGF-A in tumor cells
(Huang et al. 2002) and platelets (Mohle et al. 1997), as well as Ang-1 and -2 from
platelets (Li et al. 2001) and endothelial cells (Huang et al. 2002) respectively.

2.6 Host-Mediated Inhibition of Metastasis

Successful metastasis formation results when tumor cells are able to exploit and
avoid natural host defenses. Yet metastasis is an exceptionally inefficient process,
(Chambers et al. 2002) indicating that the host is capable of preventing progression of
the majority of metastatic cells. The mechanisms behind this prevention are largely
unknown, yet several interesting examples of host triumph over tumor have been
established.

Following tumor cell arrest in the liver vasculature, nitric oxide (NO) is released
and induces apoptosis in B16F1 cells (Wang et al. 2000). B16F1 cell arrest in the
pulmonary vasculature was also found to lead to an eNOS-dependent release of
NO. NO may represent a natural host defense mechanism as it triggers apoptosis
in melanoma cells and reduced the growth of metastatic tumors (Fig. 2.1c) (Qiu
et al. 2003). Accordingly, comparison of metastatic (isolated from VGP tumor) and
non-metastatic (isolated from RGP tumor) melanoma cells following arrest in the
murine lung showed that non-metastatic cells were unable to survive in the pulmonary
vasculature. Within 8 h of tumor cell injection, non-metastatic cells had apoptosed
and were cleared from the lung, whereas metastatic cells persisted and were able to
form metastatic colonies within 7 days (Kim et al. 2004).

Given the extensive interaction between tumors and the host, there is the potential
to alter the microenvironment to create an anti-tumor rather than pro-tumor interface.
It has been proposed that the large number of TAMs present in tumor stroma could be
‘re-educated’ to target tumor cells (Hagemann et al. 2008). Using NF-κB signaling,
tumor cells are able to keep TAMs in an immunosuppressive state. By introducing
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a dominant negative inhibitor of nuclear factor kappa B kinase β (IKKβ) into bone
marrow derived macrophages, TAMs became tumoricidal through release of NO
and through promotion of NK cell-mediated killing (Hagemann et al. 2008). The
extensive interaction between TAMs and metastatic cells throughout invasion and
extravasation as discussed earlier illustrates the great potential for manipulation of
TAM activity to reduce tumor progression.

Normal tissue structure and function is maintained through proper ECM adhe-
sion and tissue polarity. In breast and melanoma tumor development, dysregulation
of cell adhesion represents an initiating step in tumor formation (Li et al. 2003;
Takeichi 1993). Therefore the effect of re-establishing proper tissue architecture and
adhesion in tumor tissues has been investigated (Bissell et al. 2002). It was found
that restoration of proper integrin signaling within a 3D culture setting led to phe-
notypic reversion of breast cancer cells. Without alterations to tumor cell genotype,
tumor cells were induced to form normal breast structures. Metastatic breast cancer
cells could also be reverted to a non-malignant phenotype in 3D culture following
treatment with anti-integrin antibodies (Wang et al. 2002). The global switch in cel-
lular behavior as a direct result of modulation of environmental interaction indicates
the powerful role that the tumor stroma and microenvironment has on tumor de-
velopment and progression and illustrates that many treatment options are available
beyond direct targeting of tumor tissue.

2.7 Summary

The study of tumor biology and metastasis has long been investigated from the
perspective of the individual tumor cell. However, the importance of tumor cell
interaction with host cells and systems has also been recognized. Tumor cells are
unable to form metastases without interaction with many microenvironments—from
the primary tumor stroma, through the host vasculature and host coagulation systems,
to an entirely new environment in a secondary organ. The metastatic cell’s ability to
survive and proliferate in each of these new environments depends on the ability to
influence and often exploit the host. Fundamental to this is the interaction of tumor
cells with the host coagulation pathway and avoidance of the host immune system.
These two major systems exist to maintain tissue homeostasis and health though
elimination of non-normal cells, yet tumor cells are able to circumvent these host
responses and turn them from anti-tumor to pro-metastatic. Full understanding of the
interplay between tumor progression and host responses is essential for understanding
metastatic disease and successful patient treatment.
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