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The Role of the Organ Microenvironment in the
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Abstract

By the time of diagnosis, primary neoplasms are biologically heterogeneous and contain subpopulations

of cells with different metastatic potentials. The pathogenesis of a metastasis consists of many sequential steps that must
be completed to produce clinically relevant lesions. During any of these steps, tumor cells interact with host factors
in the microenvironment that the tumor cells can usurp. Treatment of metastasis can be directed against tumor cells and/or
microenvironmental factors that support tumor growth, such as tumor-associated blood vessels. J. Cell. Biochem. 101:

927-936, 2007. © 2006 Wiley-Liss, Inc.
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The major cause of death from cancer is
metastases that are resistant to conventional
therapy. Metastases can be located in different
organs or in different regions of the same organ,
and it is known that the anatomic location of
metastases plays a critical role in determining
response to therapy. Primary tumors, in gen-
eral, and metastatic lesions, in particular, are
biologically heterogeneous and contain multiple
cell populations with diverse characteristics
of growth rate, karyotype, cell-surface recep-
tors, antigenicity, immunogenicity, enzyme
profile, hormone receptor composition, sensitiv-
ity to different cytotoxic drugs, production
of extracellular matrix proteins, adhesion mole-
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cule profile, angiogenic potential, invasiveness,
and metastatic potential [reviewed in Fidler,
2004].

The process of metastasis is highly selective
and consists of a series of sequential, interre-
lated steps. After the initial transformation and
growth of cells, tumors must recruit a new blood
supply in order to expand beyond 1 mm in
diameter. The synthesis and secretion of several
proangiogenic factors by tumor and infiltrating
host cells lead to development of a capillary
network from the surrounding host tissues.
Next, local invasion of the stroma occurs as a
consequence of the enhanced expression of a
series of degradative enzymes (i.e., collage-
nases). Invading tumor cells penetrate lympha-
tic or small blood vessels to facilitate their
spread to distal tissues. Many tumor cells form
homotypic or heterotypic aggregates with plate-
lets in order to enhance their survival in the
turbulent circulation and avoid adverse encoun-
ters with components of the immune system.
The tumor emboli that survive the turbulence of
the circulation and immune and nonimmune
defenses arrest in the microcirculation of organs
where the tumor cells can proliferate within the
lumen of vessels or extravasate into the organ
parenchyma and then proliferate. In either
case, a micrometastasis can form. The growth
of these microscopic lesions likewise requires
development of a vascular supply and evasion
of host defenses. Metastatic lesions can shed
tumor cells into the circulation to produce
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metastasis of metastases [reviewed in Liotta
et al., 1991; Fidler, 2004].

The outcome of metastasis is governed by
multiple interactions of metastatic cells with
homeostatic mechanisms, which tumor cells
often usurp. At the primary metastatic sites,
tumor cells interact with host cells such as
endothelial cells, pericytes, epithelial cells,
fibroblasts, myoepithelial cells, and leukocytes.
The tissues composed by these normal cells are
biologically unique, and the organ microenvir-
onment they provide for tumor cells is unique.

THE “SEED AND SOIL” HYPOTHESIS

Clinical observations of cancer patients and
studies with experimental rodent tumors have
led cancer biologists to conclude that the
metastatic pattern of certain tumors is organ-
specific and independent of vascular anatomy,
rate of blood flow, and number of tumor cells
delivered to each organ [reviewed in Weiss,
2000; Fidler, 2003]. Indeed, the distribution and
fate of hematogenously disseminated, radiola-
beled melanoma cells in experimental animals
conclusively demonstrated that tumor cells can
reach the microvasculature of many organs, but
growth in the organ parenchyma occurs in only
specific organs [Fidler, 1970]. These findings,
however, were not new.

More than 100 years earlier, Paget reached a
similar conclusion. In 1889, he asked, “What is
it that decides what organs shall suffer in a case
of disseminated cancer?” Paget’s study was
motivated by the discrepancy between consid-
erations of blood flow and the frequency of
metastases in different organs. He examined
the autopsy records of 735 women who died of
breast cancer and many other patients with
different neoplasms, and noticed the high
frequency of breast cancer metastasis to the
ovaries and the variations in incidence of
skeletal metastases produced by different pri-
mary tumors. These findings were not compa-
tible with the view that metastatic spread was
due to “a matter of chance” or that tissues
“played a passive role” in the process. Paget
[1889] concluded that metastasis occurred only
when certain favored tumor cells (the “seed”)
had a special affinity for the growth milieu
provided by certain specific organs (the “soil”).
The formation of metastasis required the inter-
action of the right cells with the compatible
organ environment.

Ewing [1928] challenged Paget’s seed and soil
theory and hypothesized that metastatic dis-
semination occurs purely by mechanical factors
that are a result of the anatomical structure of
the vascular system. Both of these explanations
have been evoked separately or together in
order to explain the metastatic site preference of
certain types of neoplasms. In a review of
clinical studies on site preferences of metas-
tases produced by different human neoplasms,
Sugarbaker [1979] concluded that common
regional metastatic involvements could be
attributed to anatomical or mechanical consid-
erations, such as efferent venous circulation or
lymphatic drainage to regional lymph nodes,
but that metastasis in distant organs from
numerous types of cancers were indeed site-
specific.

Experimental data supporting Paget’s 1889
seed and soil hypothesis were provided a
century later by Hart and Fidler [1980], who
studied the preferential growth of B16 mela-
noma metastases in specific organs. Following
the intravenous (i.v.) injection 0of B16 melanoma
cells into syngeneic C57BL/6 mice, tumor
growths developed in the natural lungs and in
grafts of pulmonary or ovarian tissue implanted
either subcutaneously (s.c.) or intramuscularly
(i.m.). In contrast, neoplastic lesions failed to
develop in control grafts of similarly implanted
renal tissue or at the site of surgical trauma.
Parabiosis experiments suggested that the
growth of the B16 melanoma in ectopic lung or
ovarian tissues was due to the immediate arrest
of circulating neoplastic cells and not to shed-
ding of malignant cells from foci growing in the
natural lungs. Quantitative analysis of tumor
cell arrest and distribution using cells labeled
with  ['?°1]-5-i0do-2'-deoxyuridine indicated
that the growth of tumors in the implanted
organs was not due to an enhanced initial arrest
of B16 cells. No significant differences in
immediate tumor cell arrest were detected
between implanted fragments of lungs (tumor-
positive) and kidney (tumor-negative) or
between organ-bearing and contralateral con-
trol limbs. These data demonstrated that the
outcome of metastasis is dependent on both
tumor cell properties and host factors, and
supported the seed and soil hypothesis as an
explanation of the nonrandom pattern of cancer
metastasis.

The introduction of peritoneovenous shunts
for palliation of malignant ascites provided an
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opportunity to study some of the factors affect-
ing metastatic spread in humans. Tarin et al.
[1984] described the outcome in patients with
malignant ascites draining into the venous
circulation, with the resulting entry of viable
tumor cells into the jugular veins. Good pallia-
tion with minimal complications was reported
for 29 patients with various neoplasms. The
autopsy findings in 15 patients substantiated
the clinical observations that the shunts did not
significantly increase the risk of metastasis. In
fact, despite continuous entry of millions of
tumor cells into the circulation, metastases in
the lung (the first capillary bed encountered)
were rare. These results provide compelling
verification of the seed and soil hypothesis.

A clear demonstration of organ-site-specific
metastasis comes from studies of experimental
brain metastasis. Two murine melanomas were
injected into the carotid artery to simulate the
hematogenous spread of tumor emboli to the
brain. The K-1735 melanoma generated lesions
only in the brain parenchyma, whereas the B16
melanoma produced only meningeal growths
[Schackert and Fidler, 1988]. Similarly, differ-
ent human melanomas [Schackert et al., 1990]
injected into the internal carotid artery of nude
mice also produced unique patterns of brain
metastasis. Distribution analysis of radiola-
beled melanoma cells injected into the internal
carotid artery ruled out the possibility that the
patterns of initial cell arrest in the microvascu-
lature of the brain predicted the eventual sites
of growth. Rather, the different sites of tumor
growth in the brain involved interactions
between the metastatic cells and brain endothe-
lial cells, and the response of tumor cells to local
growth factors. In other words, site-specific
metastases were produced by tumor cells that
are receptive to their new environment. A few
examples follow.

ORTHOTOPIC VERSUS ECTOPIC MURINE
MODELS FOR CANCER METASTASIS

By definition, a model is an approximation of
reality. Many early reports that malignant
human tumors did not metastasize in the nude
mouse had cast doubts on the validity of this
model for studies of metastasis. It is now clear
that the production of metastasis depends both
on the intrinsic tumor cell properties and on
host factors, the experimental technique, and
the origin, health, and maintenance of the nude

mouse. Today, we know that the metastatic
behavior of human neoplasms can indeed be
studied in athymic nude mice, but only if careful
attention is paid to the experimental conditions.
The neoplasms must be free of mouse patho-
gens, and the mice must be kept in specific
pathogen-free conditions. Careful consideration
must be given to the anatomic particulars of
implantation because the metastatic potential
of human tumor cells is dependent on both
intrinsic properties of the tumor cells and host
factors which, as stated earlier, vary from site to
site.

Orthotopic implantation in nude mice of
human tumor cells recovered from surgical
specimens is mandatory for accurate assess-
ment of metastatic potential. This is the case not
only with human colon carcinomas (into the
wall of the colon) and human renal cell cancers
(into the kidney), but also for melanomas (into
the skin), mammary carcinomas (into the
mammary fat pad), bladder carcinomas (into
the bladder wall), prostate carcinoma (into the
prostate), pancreatic carcinoma (into the pan-
creas), and lung cancer (into the bronchi).
Orthotopic implantations resultin rapid growth
of local tumors and, in several model systems,
produce distant metastasis. In sharp contrast,
implantation of the aforementioned human
cancer cells into ectopic sites (usually subcuta-
neously or intramuscularly) results in slow
growth of local tumors that rarely metastasize
[reviewed in Fidler, 1991].

As will be discussed in subsequent sections,
one possible explanation for the differences in
the behavior of tumor cells in an ectopic versus
orthotopic environments may well be that
implantation of tumor cells into organs-tissues
is invariably associated with trauma which is
followed by inflammation and repair. Tissue-
specific growth factors may be responsible for
stimulation of tumor cells that possess the
appropriate surface receptors.

THE INFLUENCE OF THE ORGAN
MICROENVIRONMENT ON THE METASTATIC
GENOTYPE AND PHENOTYPE

Regulation of Response to Chemotherapy
by the Organ Microenvironment

Clinical observations suggest that the organ
environment can influence the response of
tumors to chemotherapy. For example, in
women with breast cancer, lymph node and
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skin metastases are more sensitive to che-
motherapeutic interventions than are metas-
tases residing in either the lung or bone [Donelli
et al.,, 1967]. Several intrinsic properties of
tumor cells can render them resistant to
chemotherapeutic drugs, including increased
expression of the mdr genes, leading to over-
production of the transmembrane transport
protein P-glycoprotein (P-gp) [Bradley et al.,
1988; Tsuruo, 1988]. Expression of P-gp often
parallels increases in dose or duration of
chemotherapy. Indeed, increased levels of P-gp
can be induced by selecting tumor cells for
resistance to natural product amphiphilic antic-
ancer drugs. Nevertheless, elevated expression
of P-gp, accompanied by development of the
multidrug resistance (MDR) phenotype has also
been found in many solid tumors of the colon,
kidney, and liver that had not been previously
exposed to chemotherapy [Tsuruo, 1988].

One of the most striking examples of site-
specific variations in therapeutic response was
observed following implantation of colon carci-
noma cells into different anatomic locations of
nude mice (using the highly metastatic
KM12L4a human colon carcinoma cell line) or
syngeneic BALB/c mice (for the CT-26 murine
colon carcinoma). Mice received injections of the
KM12L4a cells into either the subcutis (ectopic
site), spleen (leading to experimental liver
metastasis), or cecum (growth at the orthotopic
site). Tumor-bearing mice were given doxorubi-
cin and subsequently evaluated for response to
treatment. Tumors grown within the subcuta-
neous tissue showed up to 80% inhibition of
growth after two i.v. injections of doxorubicin
(10 mg/kg), compared to about 40% inhibition of
the intracecal tumors and less than 10% inhibi-
tion of lesions in the liver [Wilmanns et al.,
1993]. These studies were expanded to use the
murine tumor cell line; the subsequent studies
showed that whereas subcutaneous tumors of
CT-26 were sensitive to treatment with doxor-
ubicin, lung tumors established by i.v. injection
of CT-26 cells were insensitive [Dong et al.,
1994]. However, the tumor cells at both of these
sites were equally sensitive to 5-FU, a drug
whose activity is not influenced by expression of
the MDR phenotype. Northern blot analysis
showed that the relative expression of the mdr1
and mdr3 genes was greatest in the cecum,
liver, and lungs of mice, and this expression
correlated with the relative resistance of tumor
cells. Indeed, this expression of mdr was

transient and the subsequent culture of cells
from a liver metastasis for 7—10 days resulted
in a decrease of mdr expression to the level in
CT-26 cells maintained in culture. Additional
evidence indicated that these events were the
result of organ-specific modulation of tumor cell
properties. First, unlike most tumor cells
selected in vitro for the MDR phenotype by
exposure to anticancer drugs, CT-26 cells grown
in the lung did not contain amplified mdrl.
Second, subcutaneous implantation of CT-26
cells from lung metastases that were resistant
to doxorubicin, produced tumors that were
sensitive to doxorubicin. In parallel studies,
doxorubicin-sensitive CT-26 cells from s.c.
tumors became resistant to the drug when they
were inoculated i.v. to grow in the lung
parenchyma.

These findings are not restricted to experi-
mental systems. In patients with colon carci-
noma, elevated P-gp expression is found on the
invasive edge of the primary tumor (growing in
the colon) and in metastases located in lymph
node, lung, and liver [Kitadai et al., 1995].
Whether this finding is due to selection or
adaptation is unclear.

Regulation of the Invasive Phenotype
by the Microenvironment

The metastatic capacity of human colon
cancer cells growing in orthotopic tissues of
nude mice directly correlates with the level of
collagenase type IV activity [Stetler-Stevenson,
2005]. Histological examination of the human
colon carcinomas growing in the subcutis, wall
of the colon, or kidney of nude mice revealed a
thick pseudocapsule around the subcutaneous
but not cecal or kidney tumors [Fidler, 1991].
These differences suggested that the organ
environment could influence the ability of
metastatic cells to invade host stroma. Signifi-
cant differences were found in the levels of
secreted type IV collagenases between human
colon cancer cells growing subcutaneously or in
the cecum of nude mice. In the medium condi-
tioned by human colon cancer cells derived from
subcutaneous implants, we detected only a
latent form of the 92-kDa type IV collagenase.
In contrast, both latent and active forms of the
92-kDa type IV collagenase were found in
culture medium conditioned by tumor cells
harvested from cecal tumors. Moreover, cancer
cells grown in the cecum secreted more than
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twice as much enzymes as the subcutaneous
tumors [Nakajima et al., 1990].

The invasive ability of human colon cancer
cells is directly influenced by organ-specific
fibroblasts. Primary cultures of nude mouse
fibroblasts from skin, lung, and colon were
established, and invasive and metastatic
human colon cancer cells were cultured alone
or with the fibroblasts. The cancer cells grew on
monolayers of all three fibroblast cultures but
did not invade through skin fibroblasts [Fabra
et al., 1992]. Cancer cells growing on plastic and
on colon or lung fibroblasts produced significant
levels of latent and active forms of type IV
collagenase, whereas colon cancer cells coculti-
vated with nude mouse skin fibroblasts did not.
One possible explanation is that fibroblasts
from the skin produce IFN-B, whereas those
from the kidney or colon do not. The incubation
of human colon cancer cells [Fabra et al., 1992]
and human renal cancer cells [Gohjiet al., 1994]
with IFN-B, significantly reduced the expres-
sion and activity of collagenase type indepen-
dently of antiproliferative activity.

Regulation of Angiogenesis by the Organ
Microenvironment

The survival and growth of normal cells and
tumor cells are dependent on an adequate supply
of oxygen and nutrients and on the removal of
toxic molecules. Oxygen can diffuse from capil-
laries for only 150—200 um, and cells located
beyond this barrier undergo cell death [Jain,
2005]. Thus, the expansion of tumor masses
beyond 1 mm in diameter depends on neovascu-
larization, that is, angiogenesis [Folkman and
Klagsbrun, 1987]. Angiogenesis consists of mul-
tiple, interdependent steps. It begins with local
degradation of the basement membrane sur-
rounding capillaries, followed by invasion of the
surrounding stroma and migration of endothe-
lial cells in the direction of the angiogenic
stimulus. Proliferation of endothelial cells occurs
at the leading edge of the migrating column, and
the endothelial cells begin to organize into three-
dimensional structures to form new capillary
tubes [Auerbach and Auerbach, 1994]. Differ-
ences in cellular composition, vascular perme-
ability, blood vessel stability, and growth
regulation distinguish vessels in neoplasms from
those in normal tissues. Unlike the vasculariza-
tion that accompanies highly regulated physio-
logic processes, angiogenesis associated with
tumor growth is incessant. This observation led

Dvorak [1986] to characterize tumors as
“wounds that do not heal.”

The induction of angiogenesis is a conse-
quence of an imbalance between multiple
inhibitor and stimulator molecules [Bergers
and Benjamin, 2003]. Normal tissues are
exposed to an excess of inhibitor molecules that
maintain the vascular endothelium in a quies-
cent, nonproliferating state. Measurements of
cell proliferation in nondiseased tissues indi-
cate that the turnover time of endothelial cells
may be measured in years [Hobson and Dene-
kamp, 1984]. Induction of angiogenesis may
occur at any stage of tumor development but it is
usually synchronized with increasing metabolic
pressures, oncogene activation, or mutation of
tumor suppressor genes [Bergers et al., 2003].
For example, loss of the wild-type allele of the
p53 tumor suppressor gene results in reduced
production of the angiostatic factor thrombos-
pondin-1 [Dameron et al., 1994], and activation
of the ras oncogene [Kerbel, 2006] or inactiva-
tion of the von Hippel-Lindau tumor suppres-
sor gene [Siemeister et al., 1996] increases
expression of vascular endothelial cell growth
factor (VEGF)/vascular permeability factor
(VPF), a potent proangiogenic cytokine. Many
other angiogenic molecules, including members
of the fibroblast growth factor family, IL-8,
epidermal growth factor (EGF), angiogenin,
and others have been identified [Folkman and
Klagsbrun, 1987]. These proteins regulate
endothelial cells’ directional migration, inva-
sion, cell division, proteolysis, expression of
antiapoptotic proteins, and ultimately, new
capillary formation [Ferrara et al., 2003].

The intensity of the angiogenic response
varies considerably among different types of
tumors and within different zones of a single
tumor [Eberhard et al., 2000]. The rate of tumor
cell division is still several orders of magnitude
greater than the rate of neovascularization. As
tumors expand, their microenvironment is often
hypoxic [Vaupel et al., 2004]. Hypoxia is often
associated with the activation of the transcrip-
tion factor hypoxia-inducible factor-1 alpha
(HIF-1a) to initiate the transcription of genes,
for example, VEGF/VPF [Ferrara et al., 2003].
VEGEF/VPF increases the permeability of blood
vessels by stimulating the functional activity
of vesicular-vacuolar organelles, clusters of
cytoplasmic vesicles, and vacuoles located in
microvascular endothelial cells [Dvorak et al.,
1995]. VEGF also induces migration, protease
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production, and endothelial cell proliferation
[Ferrara et al., 2003]. In addition, VEGF/VPF
regulates endothelial cell survival by activating
the phosphatidylinositol-3 kinase/Akt signal
transduction pathway and stimulating expres-
sion of the antiapoptotic proteins Bcl-2 and Al
[Hicklin and Ellis, 2005].

HIF-1a-signaling also encodes the polypep-
tide chains of platelet-derived growth factor
(PDGF) [Harris, 2002]. The functional activity
of PDGF is, to a large extent, determined by the
anatomical location of a specific tumor. For
example, in pancreatic tumors, PDGF has been
shown to stabilize developing vascular net-
works by recruiting pericytes to support the
immature blood vessel walls [Bergers et al.,
2003]. In tumors of the central nervous system,
PDGF stimulates the release of VEGF from the
tumor-associated endothelium [Guo et al.,
2003]. In contrast, tumors in the skin rely on
PDGF signaling to regulate the level of inter-
stitial fluid pressure in the tumor [Pietras et al.,
2001]. In prostate cancer bone metastasis (see
Contribution of Host MMP-9 to Tumor Growth
and Vascularization section), PDGF functions
as a survival factor for tumor endothelial cells
by activating the intracellular effectors MAPK
and Akt [Langley et al., 2004].

The vascular endothelium is regarded as
structurally and functionally heterogeneous
[Gerritsen, 1987]. To examine this diversity,
we generated a broad panel of microvascular
endothelial cells from various organs of H-2K*-
tsAb8 transgenic mice [Langley et al., 2003].
cDNA expression profiles generated on the
endothelial cells predicted significant organ-
specific differences in expression levels of
tyrosine kinase receptors, chemokine receptors,
and proteins that regulate the efflux of toxic
substrates; these were confirmed at the protein
level. Endothelial cells derived from the mouse
brain expressed measurable levels of PDGF-Rf,
the chemokine receptor CXCR-2, and P-glyco-
protein, whereas endothelial cells from the
pulmonary circulation did not express detect-
able levels of these proteins. The organ-derived
endothelial cells also exhibited vast differences
in response to stimulation with endothelial cell
mitogens. Endothelial cells originating from the
brain and liver showed the greatest increase in
cell division in response to basic fibroblast
growth factor, while EGF was the most potent
mitogen for endothelial cells derived from the
lung and uterus.

Contribution of Host MMP-9 to Tumor Growth
and Vascularization

The expression level of matrix metalloprotei-
nases (MMPs) in ovarian cancer cells is directly
associated with invasion and metastasis. To
examine the contribution of mouse stromal
MMP-9 to the progressive growth of human
ovarian cancer cells, we generated a strain of
nude mice that have a homozygous null muta-
tion in the MMP-9 gene (i.e., MMP-9~/~ mice).
We implanted human ovarian cancer cells into
the peritoneal cavities of MMP-9~/~ nude mice
and mice with intact MMP-9 genes (MMP-9*/*+
nude mice), and measured tumor incidence,
angiogenesis, and progressive growth. Blood
vessel density and the pattern of macrophage
infiltration into the lesions were determined by
immunohistochemistry of excised tumors.
Tumor growth was also studied in MMP-9+/*
or MMP-9~ nude mice reconstituted with
spleen cells collected from either MMP-9"/* or
MMP-9~/~ nude mice. Regardless of the expres-
sion level of MMP-2 and -9 by ovarian tumor
cells, progressive tumor growth and carcinoma-
tosis were statistically significantly lower in
MMP-9~~ mice than in MMP-9""" mice. MMP-
97/~ mice injected with human ovarian cancer
cells displayed impaired tumor angiogenesis,
which was associated with decreased macro-
phage infiltration into the lesions and decreased
microvessel formation. Reconstitution of MMP-
97/~ mice with spleen cells collected from
postnatal MMP-9"" mice led to increased
angiogenesis and tumorigenicity of human
ovarian cancer [Huang et al., 2002].

The results clearly demonstrate that host-
derived MMP-9 plays an important role in
angiogenesis, tumor growth, and the formation
of ascites by human ovarian cancer cells
implanted into the peritoneal cavities of nude
mice. In mice that expressed MMP-9, intraper-
itoneally injected human ovarian cancer cells
produced highly vascularized and rapid-grow-
ing tumors, whereas in mice that did not express
MMP-9, the human ovarian cancer cells pro-
duced slow growing and poorly vascularized
tumors. The decrease in angiogenesis in mice
that lacked MMP-9 expression was associated
with a decrease in macrophage infiltration into
the ovarian tumors. In mice that had received
spleen cells from mice that expressed MMP-9,
enhanced vascularity and tumorigenesis were
associated with the expression of MMP-9 in
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macrophages, suggesting that tumor-infiltrat-
ing macrophages played a major role in the
angiogenesis and growth of the human ovarian
tumors in the animal model.

Activated macrophages influence the angio-
genic process by secreting enzymes that can
breakdown the extracellular matrix and by
secreting angiogenic molecules and growth
factors, such as bFGF, TGF-a and -f, insulin-
like growth factor-I, PDGF, and VEGF/VPF
[Koch et al., 1992; Mantovani et al., 1992;
Sunderkotter et al., 1994]. These factors induce
endothelial cells to migrate and proliferate. The
number of macrophages that infiltrate human
ovarian cancers has been shown to directly
correlate with the microvessel density [Orre
and Rogers, 1999], and macrophages isolated
from ascitic fluid aspirated from women with
advanced ovarian cancer exhibit significant
angiogenic potential in vitro and in vivo [Sheid,
1992]. Collectively, the clinical and experimen-
tal data demonstrate that host cells (macro-
phages) in the organ microenvironment are
responsible for robust angiogenesis and growth
of ovarian carcinomas.

Organ-Dependent Expression of Interferon
Influencing Angiogenesis

As mentioned above, the expression of bFGF
was higher in experimental renal cancers
growing in the kidney than in those growing in
the subcutaneous tissues. In sharp contrast, the
expression of IFN- was high in epithelial cells
and fibroblasts surrounding the subcutaneous
tumors, whereas no IFN-f was found in or
around tumors growing in the kidney. These
findings prompted us to investigate whether
IFNs could modulate the expression of the
angiogenic molecule bFGF. We found that
IFN-a and -B, but not IFN-y, downregulated
the expression of bFGF mRNA and protein in
HRCC as well as in human bladder, prostate,
colon, and breast carcinoma cells [Singh et al.,
1995]. The inhibitory effect of IFN-o and - on
bFGF expression was cell-density-dependent
and independent of the antiproliferative effects
of IFNs. We recently confirmed that IFN can
inhibit bFGF production in an in vivo model
system. Systemic administration of human
IFN-o downregulated the in vivo expression of
bFGF, decreased blood vessel density, and
inhibited tumor growth of a human bladder
carcinoma implanted orthotopically in nude
mice [Slaton et al., 1999]. Under both in vitro

and in vivo conditions, the downregulation of
bFGF required a long exposure of cells to low
concentrations of IFNs. In addition, when IFN
was withdrawn, cells resumed production of
bFGF.

The body’s first lines of defense against
external challenge are the epithelial cells that
line the skin and the respiratory, digestive,
and genitourinary tracts. Inasmuch as IFN-§
participates in host defense against viral,
bacterial, and parasitic infections and tumors,
we hypothesized that this secreted protein is
expressed in various murine epithelial cell
types that line portals of entry to the body. We
used immunohistochemistry and ISH techni-
ques to measure IFN-p expression in the various
epithelial cell types and in internal murine
organs sheltered from environmental stimuli.
The epithelial cell types lining the skin, diges-
tive tract, urinary tract, reproductive tract, and
upper respiratory tract constitutively expressed
IFN-B. Indeed, all differentiated epithelial cells
at risk of environmental exposure expressed
IFN-B (protein and mRNA) with the exception of
the ciliated epithelial cells lining the lower
respiratory tract. Epithelial cells of internal
organs that are not directly exposed to external
pathogens did not express IFN-B [Bielenberg
et al., 1998].

ANTI-VASCULAR THERAPY OF PROSTATE
CANCER BONE METASTASIS

In clinical specimens of human prostate
cancer bone metastasis and in experimental
models of orthotopic human prostate cancers in
the long bones of nude mice, the expression of
PDGF and PDGF-R correlates with the growth
of metastatic tumor cells in the bone parench-
yma. Specifically, prostate cancer cells growing
adjacent to bone tissue express high levels of the
PDGF protein and the PDGF-R, which is
phosphorylated, and tumor-associated endothe-
lial cells express high levels of phosphorylated
PDGF-R [Kim et al., 2004]. Oral administration
of the PDGF-R tyrosine kinase inhibitor imati-
nib (STI571) to nude mice blocks the PDGF-
signaling pathway by inhibiting phosphoryla-
tion of its receptors [Uehara et al., 2003]. Oral
administration of STI571 or STI571 plus inject-
able taxol to male nude mice reduced the
incidence and size of primary tumors and bone
lesions and prevented bone lysis as measured
by digital radiography. Immunohistochemical
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analysis of control, untreated bone lesions,
demonstrated that human prostate cancer cells
growing adjacent to the bone, expressed high
levels of PDGF and activated (phosphorylated)
PDGF-R, whereas tumor cells growing in the
adjacent musculature following lysis of the bone
did not. Treatment with STI571 and more so
with STI571 plus taxol significantly inhibited
phosphorylation of PDGF-R on tumor cells and
endothelial cells, decreased tumor cell prolif-
eration, and induced significant apoptosis in
tumor cells and tumor-associated endothelial
cells. These data indicate that targeting PDGF-
R phosphorylation can produce significant
therapeutic effects against prostate cancer bone
metastasis [Kim et al., 2004].

To determine whether the PDGF-R expressed
on tumor-associated endothelial cells could be
the primary target of imatinib, we selected a
multidrug-resistant variant of the human PC-
3MM2 prostate cancer. These cells were
implanted into the tibia of nude mice, and when
the lesions were growing progressively, the
mice were randomized to different treatment
regimens. The bone tumors were resistant to
taxol, whereas treatment with imatinib and
taxol produced a significant decrease in tumor
incidence, bone lysis, and incidence of lymph
node metastasis. Initially, this treatment pro-
duced apoptosis of tumor-associated endothelial
cells (but not tumor cells), followed 1 week later
by apoptosis of the tumor cells. Collectively,
these studies demonstrated that the primary
targets for imatinib treatment are the tumor-
associated endothelial cells, that is, an anti-
vascular therapy [Kim et al., 2006].

CONCLUSIONS

A current definition of the seed and soil
hypothesis consists of three principles. First,
neoplasms are biologically heterogeneous and
contain subpopulations of cells with different
properties. Second, the process of metastasis is
selective for cells that succeed in all steps of the
process. Although some of the steps in this
process contain stochastic elements, as a whole,
metastasis favors the survival and growth of a
few subpopulations of cells that pre-exist within
the parent neoplasm. Thus, metastases can
have a clonal origin, and different metastases
can originate from the proliferation of different
single cells. Third, the outcome of metastasis
depends on multiple interactions (“cross-talk”)

of metastatic cells with homeostatic mechan-
isms, which the tumor cells can usurp.

Several years ago, we likened the metastatic
cell to a decathlon champion who must excel in
all ten events rather than just one or two. In the
context of this article, we wish to add that the
decathlon champion cannot reach his goal of
winning independently of his gear and adequate
conditions, that is, no mud or sand on the
running track. Since the outcome of metastasis
depends on multiple interactions of metastatic
cells with homeostatic mechanisms in the organ
microenvironment, therapy for metastasis can
be targeted not only against tumor cells, but also
against the homeostatic factors that helps
metastatic cells grow and survive.

ACKNOWLEDGMENTS

This study was supported in part by Cancer
Center Support Core grant CA16672 and
SPORE in Prostate Cancer grant CA90270 from
the National Cancer Institute, National Insti-
tutes of Health. The authors thank Walter
Pagel for critical editorial review and Lola
Loépez for expert preparation of this manuscript.

REFERENCES

Auerbach W, Auerbach R. 1994. Angiogenesis inhibition:
A review. Pharmacol Ther 63:265-311.

Bergers G, Benjamin LE. 2003. Tumorigenesis and the
angiogenic switch. Nat Rev Cancer 3:401—-410.

Bergers G, Song S, Meyer-Morse N, Bergsland E, Hanahan
D. 2003. Benefits of targeting both pericytes and
endothelial cells in the tumor vasculature with kinase
inhibitors. J Clin Invest 111:1287-1295.

Bielenberg DR, Fidler IJ, Bucana CD. 1998. Constitutive
expression of interferon-beta in differentiated epithelial
cells exposed to environmental stimuli. Cancer Biother
Radiopharmaceut 13:375—-382.

Bradley G, Juranka PE, Ling V. 1988. Mechanism of
multidrug resistance. Biochim Biophys Acta 984:87—128.

Dameron KM, Volpert OV, Tainsky MA, Bouck N. 1994.
Control of angiogenesis in fibroblasts by p53 regulation of
thrombospondin-1. Science 265:1582—1584.

Donelli MG, Russo R, Garattini S. 1967. Selective che-
motherapy in relation to the site of tumor transplanta-
tion. Int J Cancer 2:421-424.

Dong Z, Radinsky R, Fan D, Tsan R, Bucana CD, Wilmanns
C, Fidler IJ. 1994. Organ-specific modulation of steady-
state mdr-1 gene expression and drug resistance in
murine colon cancer cells. J Natl Cancer Inst 86:913—
920.

Dvorak HF. 1986. Tumors: Wounds that do not heal:
Similarities between tumor stroma generation and
wound healing. N Engl J Med 315:1650—1659.

Dvorak HF, Brown LF, Detmar M, Dvorak AM. 1995.
Vascular permeability factor/vascular endothelial



Organ Microenvironment and Metastasis 935

growth factor, microvascular hyperpermeability, and
angiogenesis. Am J Pathol 146:1029—-1039.

Eberhard A, Kahlert S, Goede V, Hemmerlein B, Plate KH,
Augustin HG. 2000. Heterogeneity of angiogenesis and
blood vessel maturation in human tumors: Implications
for antiangiogenic tumor therapies. Cancer Res 60:1388—
1393.

Ewing J. 1928. Neoplastic diseases, 6th edition. Philadel-
phia, PA: WB Saunders.

Fabra A, Nakajima M, Bucana CD, Fidler IJ. 1992.
Modulation of the invasive phenotype of human colon
carcinoma cells by fibroblasts from orthotopic or ectopic
organs of nude mice. Differentiation 52:101-110.

Ferrara N, Gerber HP, LeCouter J. 2003. The biology of
VEGF and its receptors. Nat Med 9:669—676.

Fidler IJ. 1970. Metastasis: Quantitative analysis
of distribution and fate of tumor emboli labeled with
1251.5-i0do-2"-deoxyuridine. J Natl Cancer Inst 45:773—
782.

Fidler IJ. 1991. Orthotopic implantation of human colon
carcinomas into nude mice provides a valuable model for
the biology and therapy of cancer metastasis. Cancer
Metastasis Rev 10:229-243.

Fidler IJ. 2003. The pathogenesis of cancer metastasis: The
‘seed and soil’ hypothesis revisited (Timeline). Nat Rev
Cancer 3:453—-458.

Fidler IJ. 2004. Biology of cancer metastasis. In: Abeloff
MD, Armitage JO, Niederhuber JE, Kastan MB,
McKenna WG, editors. Clinical oncology, 3rd edition.
Philadelphia, PA: Elsevier Science. p 59—79.

Folkman J, Klagsbrun M. 1987. Angiogenic factors. Science
235:442-447.

Gerritsen ME. 1987. Functional heterogeneity of
vascular endothelial cells. Biochem Pharmacol 36:
2701-2711.

Gohji K, Fidler IJ, Tsan R, Radinsky R, von Eschenbach
AC, Tsuruo T, Nakajima M. 1994. Human recombinant
interferons-beta and -gamma decrease gelatinase pro-
duction and invasion by human KG-2 renal carcinoma
cells. Int J Cancer 58:380—384.

Guo P, Hu B, Gu W, Xu L, Wang D, Huang HG, Cavenee
WK, Cheng SY. 2003. Platelet-derived growth factor-B
enhances glioma angiogenesis by stimulating vascular
endothelial growth factor expression in tumor endothelia
and by promoting pericyte recruitment. Am J Pathol
162:1083-1093.

Harris AL. 2002. Hypoxia—A key regulatory factor in
tumour growth. Nat Rev Cancer 2:38—47.

Hart IR, Fidler IJ. 1980. Role of organ selectivity in the
determination of metastatic patterns of the Bl6 mela-
noma. Cancer Res 40:2281-2287.

Hicklin DJ, Ellis LM. 2005. Role of the vascular endothelial
growth factor pathway in tumor-growth and angiogen-
esis. J Clin Oncol 23:1011-1027.

Hobson B, Denekamp J. 1984. Endothelial proliferation in
tumours and normal tissues: Continuous labeling stu-
dies. Br J Cancer 49:405—413.

Huang S, Van Arsdall M, Tedjarati S, McCarty M, Wu W,
Langley R, Fidler IJ. 2002. Contributions of stromal
metalloproteinase-9 to angiogenesis and growth of
human ovarian carcinoma in mice. J Natl Cancer Inst
94:1134-1142.

Jain RK. 2005. Antiangiogenic therapy for cancer: Current
and emerging concepts. Oncology 19:7-16.

Kerbel RS. 2006. Antiangiogenic therapy: A universal
chemosensitization strategy for cancer? Science 312:
1171-1175.

Kim SJ, Uehara H, Yazici S, Langley RR, He J, Tsan R, Fan
D, Killion JJ, Fidler IJ. 2004. Simultaneous blockade of
platelet-derived growth factor-receptor and epidermal
growth factor-receptor signaling and systemic adminis-
tration of Paclitaxel as therapy for human prostate
cancer metastasis in bone of nude mice. Cancer Res 64:
4201-4208.

Kim SJ, Uehara H, Yazici S, Busby JE, He J, Maya M,
Logothetis CJ, Mathew P, Wang X, Do KA, Fan D, Fidler
1J. 2006. Targeting platelet-derived growth factor recep-
tor on endothelial cells of multidrug resistant prostate
cancer. J Natl Cancer Inst 98:783-793.

Kitadai Y, Ellis LM, Takahashi Y, Bucana CD, Anzai H,
Tahara T, Fidler IJ. 1995. Multiparametric in situ mRNA
hybridization analysis to detect metastasis-related genes
in surgical specimens of human colon carcinoma. Clin
Cancer Res 1:1095-1102.

Koch AE, Polverini PJ, Kunkel SL, Harlow LA, DiPietro
LA, Elner VM. 1992. Interleukin-8 as a macrophage-
derived mediator of angiogenesis. Science 258:1798—
1801.

Langley RR, Ramirez KM, Tsan RZ, Van Arsdall M, Nilsson
MB, Fidler IJ. 2003. Tissue-specific microvascular endo-
thelial cell lines from H-2k°-tsA58 mice for studies of
angiogenesis and metastasis. Cancer Res 63:2971-2976.

Langley RR, Fan D, Tsan RZ, Rebhun R, He J, Kim SJ,
Fidler IJ. 2004. Activation of the platelet-derived growth
factor receptor enhances survival of murine bone endo-
thelial cells. Cancer Res (Adv in Brief) 64:3727-3730.

Liotta LA, Steeg PS, Stetler-Stevenson WG. 1991. Cancer
metastasis and angiogenesis: An imbalance of positive
and negative regulation. Cell 64:327—-336.

Mantovani A, Bottazzi B, Colotta F, Sozzani S, Ruco L.
1992. The origin and function of tumor-associated
macrophages. Immunol Today 13:265-270.

Nakajima M, Morikawa K, Fabra A, Bucana CD, Fidler IJ.
1990. Influence of organ environment on extracellular
matrix degradative activity and metastasis of human
colon carcinoma cells. J Natl Cancer Inst 82:1890—-1898.

Orre M, Rogers PA. 1999. Macrophages and microvessel
density in tumors of the ovary. Gynecol Oncol 73:47-50.

Paget S. 1889. The distribution of secondary growths in
cancer of the breast. Lancet 1:571-573.

Pietras K, Ostman A, Sjoquist M, Buchdunger E, Reed RK,
Heldin CH, Rubin K. 2001. Inhibition of platelet-derived
growth factor receptors reduces interstitial hypertension
and increases transcapillary transport in tumors. Cancer
Res 61:2929-2934.

Schackert G, Fidler IJ. 1988. Site-specific metastasis of
mouse melanomas and a fibrosarcoma in the brain or
meninges of syngeneic animals. Cancer Res 48:3478—
3484.

Schackert G, Price JE, Zhang RD, Bucana CD, Itoh K,
Fidler IJ. 1990. Regional growth of different human
melanoma as metastases in the brain of nude mice. Am J
Pathol 136:95-102.

Sheid B. 1992. Angiogenic effects of macrophages isolated
from ascitic fluid aspirated from women with advanced
ovarian cancer. Cancer Lett 62:153—158.

Siemeister G, Weindel K, Mohrs K, Barleon B, Martiny-
Baron G, Marme D. 1996. Reversion of deregulated



936 Fidler et al.

expression of vascular endothelial growth factor in
human renal carcinoma cells by von Hippel-Lindau
tumor suppressor protein. Cancer Res 56:2299-2301.

Singh RK, Gutman M, Bucana CD, Sanchez R, Llansa N,
Fidler IJ. 1995. Interferons alpha and beta downregulate
the expression of basic fibroblast growth factor in human
carcinomas. Proc Natl Acad Sci USA 92:4562—-4566.

Slaton JW, Perrotte P, Inoue K, Dinney CPN, Fidler IJ.
1999. Interferon-alpha-mediated downregulation of
angiogenesis-related genes and therapy of bladder cancer
are dependent on optimization of dose and schedule. Clin
Cancer Res 5:2726-2734.

Stetler-Stevenson WG. 2005. Invasion and metastasis. In:
DeVita WT, Jr., Hellman S, Rosenberg SA, editors.
Cancer: Principles and practice of oncology, 7th edition.
Philadelphia, PA: Lippincott, Williams & Wilkins.
pp 113-126.

Sugarbaker EV. 1979. Cancer metastasis: A product of
tumor-host interactions. Curr Probl Cancer 3:1-59.

Sunderkotter C, Steinbrink K, Goebeler M, Bhardwaj R,
Sorg C. 1994. Macrophages and angiogenesis. J Leukoc
Biol 55(3):410—422.

Tarin D, Price JE, Kettlewell MG, Souter RG, Vass AC,
Crossley B. 1984. Mechanisms of human tumor metas-
tasis studied in patients with peritoneovenous shunts.
Cancer Res 44:3584—-3592.

Tsuruo T. 1988. Mechanisms of multidrug resistance
and implications for therapy. Jpn J Cancer Res 79:285—
296.

Uehara H, Kim SJ, Karashima T, Shepherd DL, Fan D,
Tsan R, Killion JJ, Logothetis C, Mathew P, Fidler IJ.
2003. Effects of blocking platelet-derived growth factor-
receptor signaling in a mouse model of prostate cancer
bone metastasis. J Natl Cancer Inst 95:458—470.

Vaupel P, Mayer A, Hockel M. 2004. Tumor hypoxia and
malignant progression. Meth Enzymol 381:335—-354.

Weiss L. 2000. Metastasis of cancer: A conceptual history
from antiquity to the 1990s. Cancer Metastasis Rev
19:193-400.

Wilmanns C, Fan D, O’Brian CA, Radinsky R, Bucana CD,
Tsan R, Fidler IJ. 1993. Modulation of doxorubicin
sensitivity and level of P-glycoprotein expression in
human colon carcinoma cells by ectopic and orthotopic
environments in nude mice. Int J Oncol 3:413—422.



