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Abstract

The fact that certain tumors exhibit a predilection for metastasis to specific organs has been
recognized for well over a century now. An extensive body of clinical data and experimental
research has confirmed Stephen Paget's original “seed and soil” hypothesis that proposed the
organ-preference patterns of tumor metastasis are the product of favorable interactions between
metastatic tumor cells (the “seed”) and their organ microenvironment (the “soil””). Indeed, many of
first-line therapeutic regimens currently in use for the treatment of human cancer are designed to
target cancer cells (such as chemotherapy) and also to modulate the tumor microenvironment
(such as anti-angiogenic therapy). While some types of tumors are capable of forming metastases
in virtually every organ in the body, the most frequent target organs of metastasis are bone, brain,
liver, and the lung. In this review, we discuss how tumor-stromal interactions influence metastasis
in each of these organs.
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Introduction

Current estimates regarding the global incidence of cancer predict that by the year 2020, the
number of new cancer cases diagnosed each year will increase to 15 million and that the
disease will be responsible for more than 12 million deaths.! Despite recent advances in
surgical techniques, radiotherapy, and the development of molecularly targeted therapies,
most deaths due to cancer result from the progressive growth of metastases that are resistant
to current therapies.2 Metastases originate from a selected subpopulation of cells that reside
in a biologically heterogeneous primary tumor.3 Fully competent metastatic cells undergo an
extremely high rate of spontaneous mutation in comparison to benign cells and hence, have
a greater tendency to undergo rapid phenotypic diversification and become resistant to
various therapeutic modalities.* The development of improved therapies for metastasis is
therefore one of the primary goals of cancer research.

The process of cancer metastasis consists of a series of sequential steps that begins when
tumor cells detach from the extracellular matrix and invade the surrounding tissue.
Localized proteolysis at the tumor cell-basement membrane interface signifies the transition
from a benign carcinoma in situ to a malignant invasive tumor. Tumor cells migrate toward
a vascular blood supply and penetrate thin-walled vessels in order to gain access to the
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systemic circulation. Tumor cells circulate as small aggregates and arrest in distal
microvascular beds by passive mechanical or active mechanisms. Tumor cell extravasation
may occur by multiple mechanisms. Adherent tumor cells may migrate across intercellular
junctions between adjacent endothelial cells (paracellular route) or they may penetrate
through the body of a single endothelial cell (transcellular route).> Some tumor cells secrete
products that stimulate endothelial cell retraction,® whereas other tumor cells continue to
divide within the vessel lumen and extravasation occurs when the vessel becomes ruptured
by the expanding mass.” Recent studies suggest that a distinct population of CD11b*
macrophages may recognize emigrating tumor cells and assist them with the invasion
process.8 After gaining access to the underlying tissue parenchyma, tumor cells establish
reciprocal signaling networks with stromal cells to promote their growth. To offset
increasing metabolic demands associated with unrestrained cell division, tumor cells
synthesize proangiogenic proteins that instruct adjacent microvascular endothelial cells to
form new vascular networks (i.e., angiogenesis). Metastatic cells can repeat the entire
sequence of events to produce additional metastases. Experimental evidence indicates that
circulating tumor cells can also colonize their tumors of origin, in a process referred to as
“tumor self-seeding”.? The self-seeding process appears to select for cancer cell populations
that are more aggressive than the majority of cells in a primary tumor and may help to
explain local recurrence following tumor excision.?

Metastasis is regarded as a highly inefficient process in that less than 0.01% of circulating
tumor cells eventually succeeds in forming secondary tumor growths.10 Studies examining
the individual steps in the metastatic process determined that initiating cell growth in
secondary organs is the most challenging step for disseminating cells.1? Some tumor cells
exit the cell cycle and remain dormant in secondary organs,2 while others are incapable of
triggering the angiogenic switch necessary for tumor expansion.13 The fate of the metastatic
process is determined by a complex series of interactions between metastatic cells and their
organ microenvironment.

Seed and Soil Hypothesis

In 1889, Stephen Paget!* examined postmortem data that had been assembled from 735
women with breast cancer and noted that the organ distribution of metastases in these
patients was nonrandom. Instead, Paget suggested that metastasis is not due to chance
events, but rather that some tumor cells (the “seed”) grew preferentially in the
microenvironment of select organs (the “soil”) and that metastases resulted only when the
appropriate seed was implanted in its suitable soil.14 Paget's assertion that the
microenvironment plays a critical role in regulating the growth of metastases is supported by
several experimental studies. Kinsey!® implanted small fragments of different organs in
ectopic locations in syngeneic mice and demonstrated that lung-homing melanoma cells
metastasized to normal lung and ectopically placed lung, but not to any other tissues.
Schackert and Fidlerl6 extended this concept by demonstrating that some tumor cells
selectively metastasize to specific regions within a given organ. Greene and Harveyl” were
among the first to show that the adhesive interaction that formed between tumor cells and
the luminal surface of the microvascular endothelium might be responsible for determining
the localization of metastases. Auerbach and colleagues!® validated Green's proposal by
demonstrating that tumor cells preferentially adhere to the microvasculature of their
respective target organ.

Despite its appeal, Paget's proposal was not universally accepted and was contested by
others® who declared that the primary factor that determined the patterns of tumor
metastasis was the anatomy of vascular and lymphatic drainage from the site of the primary
tumor (i.e., anatomical/mechanical hypothesis). This hypothesis maintains that tumor cells
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follow the circulatory route draining from the primary tumor and arrest nonspecifically in
the first organ encountered. Proponents of this theory argue that since the first organ
encountered is the principal site of tumor cell arrest, it will possess the highest number of
metastases. A body of evidence also supports the proposition that anatomical and
mechanical factors are important considerations in determining the metastatic patterns of
several types of tumors. For example, the liver is a common site of haematogenous
metastases for tumors arising in the gastrointestinal tract due to the unique venous drainage
that takes place through the portal venous system.

The prevailing consensus is one in which neither the “seed and soil” nor the anatomical-
mechanical hypothesis needs to be mutually exclusive and the extent to which either
mechanism (or both) is operational depends on the tumor under investigation. In the
following sections, we discuss the role of tumor-stroma interactions in metastasis to
different organs.

Bone metastasis

More than 350,000 individuals are reported to die from bone metastasis each year.29 Breast
cancer and prostate cancer are the most common carcinomas to develop bone metastases,
with an incidence of 65-75% and 68%, respectively. Carcinomas of the lung and kidney
metastasize to the bone in approximately 40% of cases. Unique characteristics of the bone
niche provide homing signals to these cancer cells and the biochemical (e.g., cytokines,
growth factors) and physical (e.g., acidic pH, high extracellular calcium concentration)
properties of the bone provide a microenvironment that is advantageous for tumor cell
growth.21 The pathophysiology of bone metastasis is complex and involves many different
cell populations and several regulatory proteins.

Studies suggest that bone-derived chemokines, such as osteopontin,22 osteonectin, 3 and
stromal-derived factor-1 (SDF-1:CXCL12),24 play a role in the trafficking of breast cancer
cells and prostate cancer cells to the bone. CXCL12 is expressed by stromal cells in target
organs of breast cancer metastasis (bone, brain, liver, lung, lymph node), but not in other
tissues.2> CXCR4, the receptor for CXCL12, was recently identified as a critical
determinant in the gene expression signature of bone-colonizing breast cancer cells.26
Activation of CXCR4 expressed on breast cancer cells stimulates a number of cellular
processes involved in metastasis (e.g., pseudopodia formation, invasion, migration).2’
CXCR4 also signals for integrin activation, which increases the affinity of tumor cells for
microvascular endothelial cells.28

Pathologic bone remodeling is a frequent characteristic of advanced breast cancer and is the
result of paracrine signaling networks between breast cancer cells and stromal cells. As
many as 80% of patients with stage IV breast cancer have evidence of osteolytic bone
metastasis.?® Accumulating evidence suggests that parathyroid hormone related peptide
(PTHTrP) plays a major role in the bone destruction observed during breast cancer metastasis.
Studies show that 90% of breast cancer bone metastases express parathyroid hormone
related peptide (PTHrP), whereas only 17% of metastases in non-bone organs express the
protein.30 PTHrP stimulates stromal cells and osteoblasts to increase their production of
receptor activator of nuclear factor kB ligand (RANKL), which then interacts with RANK
expressed on osteoclast precursor cells and promotes their differentiation and activation.3!
Bone resorption releases TGF-f from the bone matrix, which binds to its receptor on tumor
cells and activates a positive feedback loop by signaling for increased production of PTHrP
from tumor cells.32 The proangiogenic and immunosuppressive properties of TGF-p may
also contribute to metastatic progression. In a preclinical model of breast cancer,
neutralizing antibodies directed against PTHrP were found to abrogate osteolytic lesions.33
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However, targeting of PTHrP may not be sufficient to control osteolytic bone destruction as
recent studies have identified several PTHrP-independent osteolytic pathways.34

Prostate cancer spread to the bone involves both anatomical/mechanical components (i.e.,
Batson venous plexus) and site-specific molecular interactions. Metastatic prostate cancer
cells adhere more avidly to bone marrow-derived endothelial cells in comparison to
endothelial cells harvested from non-target organs.3® This binding is mediated by the
tetrasaccharide sialyl LewisX (sLeX) antigen expressed on prostate cancer cells and its
receptor, E-selectin, that is constitutively expressed on bone endothelial cells.36 E-selectin
expression is restricted to activated endothelial cells in most vascular beds and its
appearance requires cytokine simulation and protein synthesis.3” However, E-selectin is
constitutively expressed on bone endothelial cells where it regulates the recirculation of
hematopoietic progenitor cells to the bone.38

Studies examining the patterns of metastasis in advanced prostate cancer indicate that
metastasis to the bone and lymph nodes occur in over 80% of cases. To study tumor-stromal
interactions in prostate cancer metastasis, we developed an orthotopic model of hormone-
refractory prostate cancer metastasis by implanting androgen-independent PC3-MM2 cancer
cells into the bone cortex of nude mice. An examination of these tumors suggested that the
platelet-derived growth factor receptor-p (PDGFR-B) signaling pathway may be particularly
important for metastatic progression given that PDGFR-f3 was expressed in its activated
form on both tumor and stroma (tumor-associated endothelial cells).3 Moreover, we found
an identical pattern of phosphorylated PDGFR-J expression in bone biopsy specimens from
prostate cancer patients (Figure 1). Treatment of mice with the small molecule tyrosine
kinase inhibitor imatinib plus taxol prevented the phosphorylation of PDGFR-3 on tumor
cells and tumor-associated endothelial cells and led to significant apoptosis of both of these
populations of cells. The combination therapy resulted in smaller tumors, fewer lymphatic
metastases, and the preservation of bone structure. Additional studies performed on
monolayers of bone microvascular endothelial cells indicated that these cells expressed
significant levels of PDGFR-p, and that they responded to stimulation with PDGF ligand by
increasing their cell division, activating Akt and ERK1/2 signaling, and upregulating
Bcl-2.40 Blockade of PDGFR-B signaling on the bone microvascular endothelial cells with
imatinib inhibited activation of the downstream targets, while the coadministration of
imatinib and taxol resulted in induction of procaspase-3 and significant apoptosis.*°

The abovementioned studies suggested that tumor-associated endothelial cells in the bone
might be the primary target for the combination therapy of imatinib and taxol. To test this
hypothesis, we selected multidrug-resistant PC3-MM2 prostate cancer cells (PC3-MM2-
MDR cells) that were 70 times more resistant to taxol than parental cells and were also
refractory to the combination of taxol and imatinib in vitro.#* Phosphorylated PDGFR-p was
expressed by tumor cells and tumor-associated endothelial cells in PC3-MM2-MDR tumors
growing in the bones of nude mice. We also found that the PC3-MM2-MDR tumors were
sensitive to the systemic administration of taxol and imatinib (but not to taxol alone) and
that the combination therapy significantly reduced the tumor size and incidence of lymphatic
metastasis.* A time course study showed that the first wave of apoptosis occurs strictly on
tumor-associated endothelial cells, which allowed us to conclude that the ensuing tumor cell
death was most likely due to an insufficient vascular supply.

Investigations conducted by other laboratories also implicated the PDGFR-f signaling
pathway in prostate tumor progression. Indeed, PDGFR-B was identified as one of five
genes that predicted recurrence following prostatectomy.#2 Therefore, a neoadjuvant study
was conducted to evaluate hormone ablation, docetaxel and imatinib in men with high-risk
localized prostate cancer.43 Unfortunately, the results of that study revealed a high
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frequency of preoperative non-hematological toxicity, no defined pathological complete
responses and a 3-year progression-free survival that was similar to historical controls.43
The disparity between the preclinical findings and the clinical results emphasize some of the
challenges that investigators face when attempting to model the clinical setting. One of the
more important limitations of experimental tumor models is that they simply cannot
accurately model the chronic evolution of the human disease.** For example, mathematical
modeling of the genetic evolution of human pancreatic cancer revealed that at least a decade
passes between the occurrence of the initiating mutation and the birth of the parental, non-
metastatic founder cell and that at least five more years are required for the acquisition of
metastatic ability.*> Continuing advances in the generation of genetically engineered mice,
which permit tumors to develop de novo and progress within the natural microenvironment,
may lead to improvements in predicting clinical efficacy of cancer therapies.*6

Lung metastasis

The lung is the second most common site for the occurrence of metastasis. Tumors that
originate from the breast, bladder, colon, kidney, head and neck, and skin (melanoma) all
have a tendency to metastasize to the lung. The dense vascular surface area of the lung
makes it a particularly attractive microenvironment for supporting the outgrowth of
metastases. Measurements of the adult pulmonary vascular surface area indicate that it
occupies as much as 100 square meters,4” which is significantly higher than that of any other
organ.

Experimental models of melanoma metastasis in which tumor cells are inoculated directly
into the venous circulation showed that the frequency of pulmonary metastasis is
significantly enhanced when animals are treated with proinflammatory cytokines prior to
injection of tumor cells.*8: 49 The enhanced metastatic burden observed in these models was
due to a direct increase in expression of the inducible endothelial cell adhesion molecule,
vascular cell adhesion molecule-1 (VCAM-1). However, data derived from spontaneous
tumor models of melanoma metastasis that require successful completion of each step of the
metastatic process showed that primary melanoma tumors do no stimulate enhanced levels
of VCAM-1 on the lung microvasculature.?? Given the extremely small diameter of lung
capillaries (4 um) and relatively large diameter of tumor cells (20 um), it is conceivable that
the upregulation of adhesion molecules may not be a prerequisite for tumor cell arrest in this
organ.

However, there is evidence that suggests some tumors transmit prometastatic signals to the
lung that prime the metastatic soil for the influx of tumor cells. Hiratsuka et al.,>! reported
that experimental tumors and some human tumors activate vascular endothelial growth
factor-1 (VEGFR-1) on distal lung endothelial cells in order to increase their expression of
the matrix metalloproteinase MMP-9 before tumor cell spread. MMP-9 produced in lung
during the premetastatic phase was shown to make the tissue much more receptive to tumor
cell invasion. Similarly, Kaplan and coworkers®2 reported that primary tumors produce
factors that stimulate lung fibroblasts to increase their expression of fibronectin. The
elevated level of fibronectin provides a chemotactic gradient for VEGFR-1 positive
hematopoietic progenitor cells that migrate to the lung and form a premetastatic niche. The
clustered bone marrow hematopoietic cells then release chemotactic cytokines that provide
directional information for metastasizing tumor cells. It remains unclear whether tumor cells
rely on premetastatic signaling to modify the microenvironment of other target organs of
metastasis.

Stromal products produced in lung environment can significantly enhance the resistance of
pulmonary metastases to chemotherapeutic agents. Willmanns et al.,3 found that CT-26
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colon cancer cells residing in the lungs of syngeneic mice were refractory to the effects of
doxorubicin treatment, whereas the same cells implanted in the skin of mice were highly
sensitive to the drug. The enhanced resistance to drug in the lung microenvironment was due
to an upregulation of P-glycoprotein in the cells. P-glycoprotein is a member of the
superfamily of ATP-binding cassette transporters and functions as an energy-dependent
efflux protein to expel a variety of toxic compounds from cells, including many
chemotherapeutic drugs.>*

Recent studies have shown that chronic stress may have a profound impact on the metastatic
process.®® In a mouse model of ovarian cancer, the increased levels of catecholamines
resulting from chronic behavioral stress were found to signal for an increase in the tumor
vascular surface area, which led to a significant increase in peritoneal metastases.>®
Similarly, in a breast cancer model, stress-induced neuroendocrine activation resulted in a
37-fold increase in the formation of lung metastases.®’ In that report, macrophages were
identified as the intratumoral target of sympathetic nervous system signaling and these cells
modified the primary tumor microenvironment by enhancing their expression of
immunosuppressive and prometastic molecules.®” Additional research is needed to
determine whether stress modifies target organs of metastasis and renders these tissues more
susceptible to colonization.

Liver metastasis

The liver is a frequent site of metastasis for several tumors including, cutaneous melanoma,
lung, colorectal, breast, and neuroendocrine tumors. Choroidal melanoma frequently
metastasizes to the liver and this relationship cannot be satisfactorily explained by
anatomical-mechanical principles. About 40-50% of women with metastatic breast cancer
have metastasis to the liver during the course of the disease.?® In general, the prognosis for
patients with liver metastases is poor. Studies have shown that expression levels of sLeX and
sLe? selectin ligands on colorectal cancer cells correlates with their metastatic potential 22
Colorectal cancer cells were found to use sLeX and sLe? to support their adhesion to
cytokine-induced E-selectin expressed on vascular endothelial cells.59 Brodt and
coworkers®1 noted that mice treated with anti-E-selectin monoclonal antibodies formed
significantly fewer experimental liver metastases following intrasplenic injection of Lewis
lung carcinoma variants. Khatib et al.,2 omitted exogenous cytokine administration from
their study and demonstrated that the entry of HT-59 carcinoma cells into the liver elicited
endogenous IL-1 and TNF-a production, the kinetics of which correlated with the induction
of E-selectin on hepatic sinusoidal endothelial cells.

An expanding body of evidence suggests that the transforming growth o (TGFa)/epidermal
growth factor receptor (EGFR) signaling pathway plays a critical role in colon cancer
metastasis. Metastatic human colon cancer cells express five times more EGFR when
compared to non-metastatic cells.53 In a preclinical model of colorectal cancer, we® found
that the inclusion of an EGFR inhibitor to therapy significantly reduced the mass of the
primary tumor and decreased the frequency of lymphatic metastasis. Cetuximab, a chimeric
monoclonal antibody that blocks ligand binding to EGFR demonstrated modest activity as a
single agent in metastatic colorectal cancer patients.®® In patients with irinotecan-refractory
cologeéctal cancer, the combination of cetuximab and irinotecan resulted in a 22% response
rate.

To determine how the TGFo/EGFR signaling pathway contributes to colon cancer
metastasis, we implanted KM12C colon cancer cell clones expressing high (C9) or
negligible (C10) levels of TGFa into the cecal walls of nude mice.5” Only C9 tumors
formed autocrine and paracrine EGFR networks and had a microenvironment that was
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enriched in VEGF, I1L-8, MMP-2 and -9. C9 tumors also recruited a macrophage population
that co-expressed F4/80 and LYVE-1 and produced VEGFC. The lymphatic vascular
density of C9 tumors was 3-fold higher than that of C10 tumors. Moreover, C9 tumor cells
metastasized to regional lymph nodes in 100% of mice and to the liver in 50% of mice,
whereas C10 tumors cells spread to lymph nodes in 10% of mice and were incapable of
generating liver metastases. These data suggest that activation of TGFo/EGFR paracrine
signaling networks in colon tumors creates a microenvironment that is conducive for
metastasis (Figure 2).

Brain metastasis

In the USA, as many as 170,000 new cases of brain metastases occur each year, which is ten
times the number of patients diagnosed with malignant primary brain tumors.8 In fact, more
than 40% of cancer patients develop brain metastasis; specifically, nearly 50% of patients
with lung cancer, >25% of patients with breast cancer, and 20% of patients with
melanoma.®9-71 The incidence of brain metastasis may be increasing as cancer patients are
living longer as a result of improved treatment and also because the incidence of lung cancer
and melanoma continue to rise.”2 The progressive growth of metastasis in the brain is
frequently associated with the terminal stage of the disease. The therapeutic approach for
patients with brain metastases is dependent on the number and location of metastases, on the
biology of the primary tumor, and on the extent of systemic disease.”® The median survival
for untreated patients is 1-2 months, which may be extended to 6 months with conventional
radiotherapy and chemotherapy.’#

Recent investigations are beginning to provide insight into the cellular and molecular
mechanisms that facilitate the recruitment and retention of tumor cells to the CNS. Bos et
al.,”® performed comparative genome-wide expression analysis on breast cancer cell brain
metastatic variants and identified the cyclooxygenase COX2, the EGFR ligand HB-EGF,
and the a2,6-sialyltranferase ST6GALNACS, as critical mediators of extravasation through
the blood-brain barrier. Lee et al.,’® examined breast cancer cell migration through a human
blood-brain barrier model and determined that CCL12 increased the permeability brain
endothelial cell monolayers and promoted MDA-MB-231 transendothelial cell migration.
We found that blockade of VCAM-1 expressed on lymphatic endothelial cells significantly
reduced the ability of B16-F1 melanoma cells to adhere to lymphatic endothelial cells,
whereas the same treatment had no effect on tumor cell adhesion to brain endothelial cells.””
This latter study suggests that melanoma cells may rely on different receptor-ligand pairs to
facilitate their adhesion to vascular endothelium of different tissues.

Once tumor cells leave the systemic circulation, the primary determinant that governs their
survival is their proximity to a vascular blood supply. In autochthonous human lung cancer
brain metastases, dividing tumor cells are usually located within 75 um of the nearest blood
vessel, whereas apoptotic tumor cells are located 160-170 um from the nearest blood
vessel.”8 These measurements correlate with the diffusion coefficient of oxygen in tumor
tissue, which is approximately 120 um.”® Fidler et al.,’8 studied the vascular patterns of
several different types of experimental brain metastases and noted that the mean vessel
density (MVD) of the tumors was 15-20 times less than the MV D of the normal brain
parenchyma. While others have reported significant reductions in the MVD of intracranial
tumors in comparison to corresponding normal tissue,8° it should be noted that considerable
heterogeneity exists in the angiogenic response of different tumors.8 Pioneer studies
evaluating the tumor vascular bed demonstrated that the vascular space becomes
progressively smaller as the tumor increases in mass.82 Tannock has attributed the reduction
of tumor vascular surface in growing tumors to a difference in the turnover time between
endothelial cells (50 to 60 hours) and tumor cells (22 hours).83
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Over recent years, there has been a growing appreciation that stromal cells not only
contribute to malignant progression, but that they also play a key role in mediating acquired
resistance to therapy. Aggressive management of brain metastases usually extends survival
to only 4 to 6 months.84 The limited efficacy of current treatment of brain metastasis is
primarily due to chemoresistance.8° The blood-brain barrier is breached in metastases as
evidenced by magnetic resonance image, which show that more than 70% of brain
metastases have leakage of contrast agent from blood vessels8 and hence, brain metastases
are exposed to therapeutic agents. Recently, Lin et al.,8” demonstrated that astrocytes protect
tumor cells from cytotoxicity induced by chemotherapeutic drugs. The investigators
determined that the chemotherapeutic effect was dependent on physical contact and gap
junction communication between astrocytes and tumor cells. Figure 3 shows the reactive
astrogliosis that is characteristic of brain metastasis.

Therapeutic targeting of advanced/metastatic tumors and the organ
microenvironment

Efforts directed toward targeting the tumor microenvironment for therapy of advanced
cancers have largely focused on the angiogenic blood vessels that support tumor growth.
The proangiogenic cytokine VEGF is overexpressed in the majority of human tumors and is
a central regulator of pathologic angiogenesis.88 Several therapeutic agents designed to
inhibit VEGF-induced angiogenesis are now in clinical use including, monoclonal
antibodies that block VEGF (i.e., bevacizumab), and small molecule inhibitors of the
VEGFR-2 tyrosine kinase (e.g., sorafinib, sunitinib). The addition of bevacizumab to
standard chemotherapy was shown to prolong progression-free survival and overall survival
in patients with advanced non-small cell lung cancer (NSCLC) and colon cancer.89: 90
However, to date, the dramatic results reported in preclinical studies have not been
reproduced in the clinical setting. For example, the current first-line regimen for advanced/
metastatic non-small cell lung cancer (bevacizumab plus carboplatin and paclitaxel)
increases overall survival by only two months when compared to chemotherapy alone (12.3
months vs 10.3 months).89 In colon cancer, the addition of bevacizumab to standard therapy
increased the median duration of survival by 4.7 months.2° A rapidly expanding body of
evidence indicates that both tumor cells and host cells contribute to the resistance of
therapies that are designed to block the VEGF signaling pathway.%1-93 |dentifying and
overcoming the mechanisms that mediate therapeutic resistance will likely yield improved
clinical outcomes.

Conclusions

The outcome of metastasis is determined by a number of complex interactions between
malignant cells (the “seed”) and their organ microenvironment (the soil”). Over recent years,
there has been an appreciable increase in our understanding of the crosstalk that occurs
between these two compartments on the systemic, cellular, and molecular bases. Continued
investigations of the mechanisms that mediate site-specific metastasis will likely lead to the
identification of new targets for therapy.
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VEGF Vascular Endothelial Cell Growth Factor
MMP Matrix Metalloproteinase
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Figure 1.

Expression of phosphorylated PDGFR- in clinical bone marrow samples that were
collected from patients with prostate cancer. Tumor foci were identified by positive staining
for cytokeratin 18 (upper left panel). Additional specimens were labeled with an antibody
specific for the phosphorylated form of the PDGFR-f (remaining panels).
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Figure 2.

Colon cancer cells produce TGFa that acts in an autocrine manner to promote tumor growth
and in a paracrine fashion to activate angiogenic programs in resident endothelial cells (1).
This signaling is mediated by the EGFR that is expressed on both cell populations. Tumor
cells express VEGFA that reinforces the angiogenic response (2), and the expansion in the
tumor vascular surface area increases the likelihood of haematogenous metastasis. VEGFA
is also a potent chemoattractant for macrophages (3), which secrete VEGFC in the tumor
microenvironment (4). VEGFC binds to VEGFR-3 expressed on lymphatic endothelial cells
and stimulates lymphangiogenesis (5), which facilitates the spread of tumor cells to regional
lymph nodes. TGFa produced by colon tumor cells binds to the myofibroblast EGFR, which
respond by entering the cell cycle and increasing their production of MMP (6). MMP
degradation of the extracellular matrix enhances tumor cell invasion.
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Figure 3.

Tumor cell-astrocyte interaction in experimental 3LL brain metastases. Brain tissues were
sectioned and incubated with an antibody directed against GFAP, which labels reactive
astrocytes. Reactive astrocytes (brown) encircle and infiltrate the tumor mass (blue). No
GFAP-positive astrocytes were detected in the same location of the brain in non-tumor-
bearing mice (data not shown).
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