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Tumor Microenvironment:
The Role of the Tumor Stroma in Cancer
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Abstract The tumor microenvironment, composed of non-cancer cells and their stroma, has become recognized as
a major factor influencing the growth of cancer. The microenvironment has been implicated in the regulation of cell
growth, determining metastatic potential and possibly determining location of metastatic disease, and impacting the
outcome of therapy. While the stromal cells are not malignant per se, their role in supporting cancer growth is so vital to the
survival of the tumor thatthey have become an attractive target for chemotherapeutic agents. In this review, we will discuss
the various cellular and molecular components of the stromal environment, their effects on cancer cell dynamics, and the
rationale and implications of targeting this environment for control of cancer. Additionally, we will emphasize the role of
the bone marrow-derived cell in providing cells for the stroma. J. Cell. Biochem. 101: 805-815,2007.  © 2007 Wiley-Liss, Inc.
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Tumor cells and their stroma co-evolve. The
logistics of which cell initiates and which cell
responds to begin the process of cancer has not
been worked out. Research in this area aimed at
uncovering early events in carcinogenesis
will undoubtedly broaden our understanding
of cancer formation and provide novel targets
for prevention and early eradication of lesions.
What we do know about the tumor stromal
environment comes mainly from the investiga-
tion of established tumors in humans, and
in studies of genetically manipulated animal
models. The stroma consists of a compilation
of cells, including fibroblasts/myofibroblasts,
glial, epithelial, fat, immune, vascular, smooth
muscle, and immune cells along with the
extracellular matrix (ECM) and extracellular
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molecules. While none of these cells are them-
selves malignant, due to their environment,
their interactions with each other, and directly
or indirectly with the cancer cells, they acquire
an abnormal phenotype and altered function.
This abnormal interplay consisting of cell—cell
contact and active molecular crosstalk further
drives the cancer stroma phenotype, and may
result in permanent alterations in cell function.
Growth factor and chemokine production by
fibroblasts and immune cells is altered leading
to direct stimulation of tumor cell growth
and recruitment of precursor cells, which
themselves respond with abnormal growth
and proliferation. Malformed tumor vessels
contribute to tumor hypoxia, acidosis, and
increased interstitial fluid pressures. The
tumor in turn responds with a unique repertoire
of gene expression which in turn acts to alter cell
growth, invasion, and ultimately metastasis.
The unique interplay between the various
aspects of the tumor and the microenviroment
has been the recent target of molecular strate-
gies for tumor treatment. In order to under-
stand the complex interplay of the cells and the
non-cellular stroma, we will discuss each
major component separately prior to a global
summary of the interactions between the
components, followed by a brief discussion
on targeting the stroma for therapy. Where



806 Li et al.

appropriate, we will focus on the contribution
of bone marrow-derived cells (BMDC) to the
stroma.

CELLS OF THE STROMA

Cells within the stroma include fibroblasts,
vascular, glial, smooth muscle, epithelial, and
fat cells, and cells of the immune system. The
most widely studied to date are the fibroblasts,
immune cells, and the vascular cells, which we
will focus on in this review.

Fibroblasts

Fibroblasts within normal tissue. In
order to understand the role of fibroblasts in
cancer, it is crucial to understand the role and
the function of the normal fibroblast. In normal
tissue, fibroblasts are the predominant cell type
in the connective tissue stroma and are the
primary producers of the non-cellular scaf-
folds—the extracellular matrix (ECM). Fibro-
blasts are responsible for the deposition of the
fibrillar ECM—type I, type III, and type V
collagen and fibronectin—and contribute to the
formation of the basement membrane by secret-
ing type IV collagen and laminin. The environ-
ment is not static; connective tissue and the
ECM are continually remodeled through a
dynamic process of ECM protein production
and degradation by fibroblast-derived matrix
metalloproteinases (MMPs). The turnover is,
however, well regulated and restrained.

During wound repair, fibroblasts are respon-
sible for orchestrating healing, and in order to
do so become “activated,” with increased pro-
liferation and alterations in both phenotype and
secretory capacity. Production of alpha-smooth
muscle actin («-SMA) allows cells to migrate
into areas of damage and contract for tissue
restitution. Fibroblasts serve as a scaffold
and secrete increased levels of ECM proteins,
growth factors, and chemotactic factors,
thereby coordinating the influx of inflammatory
cells and vascular progenitor cells as well as
supplying the scaffold structure for cell growth
and proliferation. Fibroblast activation during
wound repair involves a dynamic crosstalk
between the fibroblast and the injured epithe-
lium. Direct contact with infiltrating immune
cells via the adhesion molecules ICAM1 and
VCAM1 [Clayton et al., 1998] and response
to factors secreted directly from the injured

mucosa including fibroblast growth factor
2 (FGF2), platelet-derived growth factor
(PDGF), epidermal growth factor (EGF),
and transforming growth factor-beta (TGF-§)
[Zeisberg et al., 2000] are responsible for the
conversion of a resting fibroblast to an activated
fibroblast.

Where do these activated fibroblasts come
from and where do they go? Activated fibro-
blasts are largely believed to originate from a
pool of local fibroblasts recruited for tissue
repair, however, the precise source of these
cells has not been fully elucidated. After
successful tissue repair, the number of acti-
vated fibroblasts which can be recovered in the
area of healing dramatically decreases. It is
unclear, however, if the activated fibroblasts
revert to a non-activated status and remain
within the tissue, or if the activated fibroblast is
eliminated and replaced by resting fibroblasts
from adjacent normal tissue. Data regarding
the reversibility or permanency of the activated
phenotype are inconclusive, but the answer to
this question has substantial implications when
extrapolating to tumor-associated fibroblasts
and when targeting this population for anti-
tumor therapy.

Fibroblasts within tumors. Fibroblasts
are the main cellular component of tumor
stroma comprising an integral component of
the tumor. In some cancer types, fibroblasts
constitute a larger proportion of cells within the
tumor than do the cancer cells. Fibroblasts
within tumors have an activated phenotype,
and as such resemble fibroblasts in wound
healing. These cancer-associated fibroblasts
(CAFs) are functionally and phenotypically
distinct from normal fibroblasts that are in the
same tissue but not in the tumor environment.
The distinction between these and physiologi-
cally activated fibroblasts is that they are
perpetually activated, neither reverting to a
normal phenotype nor undergoing apoptosis
and elimination. CAFs are identified within
tumor stroma by their spindyloid appearance
and the expression of a-SMA; characteristics
shared by activated fibroblasts in wounds.

There are several theories put forth on the
origin of CAFs including activation of a tissue
resident fibroblast, local cancer cells or epithe-
lial cells undergoing epithelial-to-mesenchymal
transition (EMT), or the migration and activa-
tion of a marrow-derived cell. The origin and
the mechanism of activation may be different in
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different tissues, and may include combination
of cell types and signals. When reviewing the
data supporting the activation of cells from the
local fibroblast pool, the signals responsible for
conversion of a normal fibroblast to a CAF are
unclear. Experimentally, factors such as TGF-p
can induce normal fibroblasts to express a-SMA
[Ronnov-Jessen and Petersen, 1993], but it is
not clear if these experimentally activated cells
acquire other characteristics of CAF's, and if the
phenotype is stable. These data suggest, but do
not prove that factors secreted by tumor cells
themselves may drive the phenotypic and
functional alterations in the local fibroblast
pool.

Another theory involves EMT—the notion
that tumor cells detach, assume a more
mesenchymal cell like phenotype, and acquire
invasive and migratory ability. If EMT of cancer
cells were the predominant source of CAFs, then
the genetic alterations found in the cancer cells
would be expected to be found within the
stromal cells. Interestingly, studies evaluating
the genetic makeup of both compartments do
find genetic alterations present in both the
cancer cells and the CAFs—however, these
alterations are rarely identical, suggesting a
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few possibilities. A minority of cancer cells and
stromal cells may share a common origin (the
minority of cells demonstrating similar genetic
alterations) supporting EMT of cancer cells for a
subset of CAF's [Kurose et al., 2002; Petersen
et al., 2003; Tuhkanen, 2004]. More likely, these
genetic mutations represent an independent
response of the CAF cell to the cancer environ-
ment. While EMT of cancer cells to CAFs is
unlikely to account for the majority of cells
within a tumor, an alternate suggestion is that
EMT of surrounding normal epithelial cells may
be an additional source of cells for CAF forma-
tion [Iwano et al., 2002].

Recent studies have shown surprising
degrees of plasticity for BMDC and increasing
evidence for BMDC participation in the forma-
tion of cancer. In a permissive environment,
BMDC directly form gastric adenocarcinoma
[Houghton et al., 2004], skin [Aractingi et al.,
2005] and vascular tumors [Peters et al., 2005].
Additionally, there is mounting evidence that
bone marrow-derived precursor cells invade
tumors and function as CAFs [Iwano et al.,
2002; Direkze et al., 2004] (Fig. 1). It is not clear
if these cells become activated as a result of the
tissue environment, or if they are a subset of
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Fig. 1. BMDC contribute to tumor formation. Marrow-derived cells expressing CXCR4 (pink cells)
chemotax to areas of hypoxia and inflammation in response to SDF-1 (secreted by CAFs and inflammatory
cells), and incorporate into vessels as ECs, into the stroma as CAFs, and as tumor cells. [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.com.]
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cells within the marrow with an already
activated phenotype, preferentially recruited
to the site of tumors. MSC have been reported to
be inherently mutagenic, undergoing genetic
alterations as a result of forced divisions
[Serakinci et al., 2004; Rubio et al., 2005]. The
trait of accumulating genetic mutations as a
result of proliferation would explain the high
degree of genetic alterations found in these
cells, distinct from the alterations found in the
surrounding tumor cells. An additional con-
sideration is whether these marrow-derived
cells fuse with peripheral cells or with cancer
cells to acquire the CAF phenotype or if they
function independent of fusion. Fusion followed
by a reductive division could potentially
explain some of the findings of EMT—with the
simultaneous expression of epithelial and
mesenchymal markers, and the acquisition of
similar genetic damage, however, the pheno-
menon of fusion between BMDC and cancer
cells has not been fully addressed.

How CAFs function to assist cancer growth.
The role for CAFs in promoting cancer has been
demonstrated in established tumors, carci-
noma in situ, the initiation of cancer, and in
orchestrating metastasis. Indirect data exam-
ining fibroblasts from peripheral sites in
patients with a variety of cancers show these
peripheral fibroblasts have more of an activated
phenotype when compared with fibroblasts
from patients without cancer, with an increase
in proliferation and a reduction in growth
requirements [Kopelovich, 1982; Schor, 1986].
These data suggest, but do not prove the
association between activation of fibroblasts
and an increased predilection for cancer. The
use of mouse models of cancer employing
fibroblasts engineered to overexpress hepato-
cyte growth factor (HGF) or TGF-p has shown
that activated fibroblasts can initiate cancer at
divergent sites including stomach and prostate
[Bhowmick et al., 2004; Kuperwasser et al.,
2004]. Additionally, once a lesion is initiated,
CAF's have been shown to assist in proliferation
and progression of cancer through the produc-
tion of growth factors and chemotactic factors,
angiogenesis factors, and MMPs (see below,
non-cellular components of the stroma), allow-
ing invasion and spread of cancer cells.

Creation of the metastatic niche. Perhaps
the most intriguing data regarding the role of
the stroma in cancer have been the discovery
of the pre-metastatic niche. Factors elaborated

by tumor cells attract hematopoietic bone
marrow (HBM)-derived cells in a vascular
endothelial growth factor-R1 (VEGF-R1)
dependent fashion. The type and quantity of
factors elaborated seem to determine the
organ to which the HBM cells will be attracted
to. The expression of VLA-4 allows adhesion
of these BMDC and local cluster formation,
a prerequisite for subsequent retention of
malignant cells. Elaboration of MMP-9 from
local fibroblasts and the BMDC alters the local
environment, releases Kit-ligand and VEGF-A
which in turn support the growth and develop-
ment of c-kit expressing cancer cells [Kaplan
et al., 2005]. In the model used, metastasis did
not occur in the absence of BMDC recruitment,
stressing the role for BMDC in orchestrating
the growth and aggressive behavior of cancer.

Immune Cells of the Stroma

Monocytes/macrophages, neutrophils, and
lymphocytes are recruited to and reside in
the tumor stroma. Monocytes are actively
recruited into tumors along defined chemotactic
gradients. Once in the tumor, they differentite
into tumor-associated macrohages (TAMs).
TAMs appear to be preferentially attracted to
and retained in areas of necrosis and hypoxia
where they become phenotypically altered
and upregulate hypoxia-induced transcription
factors (see below). Macrophages also release a
number of factors that influence endothelial cell
behavior including VEGF, HGF, MMP2, IL-8.
Neutrophils are recognized as stimulators of
angiogenesis, via their release of VEGF, HGF,
MMP2, and IL-8. Additional immune -cell
populations have a less well-documented role
in carcinogenesis, and are not consistent resi-
dents of the stroma with their presence
restricted to specific types of tumors. These
include myeloid suppressor cells, which have
the phenotypic characteristics of both macro-
phages and granulocytes and the diverse effects
of immune suppression, production of MMP9
and VEGF, and the additional ability to directly
incorporate into vessel walls [Serafini et al,,
2004; Yang et al., 2004]. Mast cells are asso-
ciated with angiogenesis and tumor induction in
skin cancer models [Coussens et al.,, 2000;
Crivellato and Ribatti, 2005], while eosinophils,
associated with a host of solid tumors including
colon, cervical, lung, breast, and ovary as well as
some lymphomas, can influence angiogenesis
via VEGF production.
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Vascular Cells/Tumor Angiogenesis

Tumors require the formation of a complex
vascular network to meet the metabolic and
nutritional needs for growth. VEGF is the main
factor involved in the formation of tumor
vessels. It is secreted by the tumor cells directly
and by fibroblasts and inflammatory cells in the
stroma and is responsible for the “angiogenic
switch” where new vasculature is formed to
supply the tumor with nutrients. Tumor vessels
formed as a result of VEGF are abnormal; they
are non-uniformly distributed and irregularly
shaped, inappropriately branched and tortu-
ous, often ending blindly. They do not have the
classic hierachical arrangement of arterioles,
venules, and capillaries and often form arterio-
venous shunts. These vessels are variably
fenestrated and leaky leading to high inter-
stitial pressures, further exacerbating tissue
hypoxia and stimulating additional VEGF
production [Carmeliet, 2005; Dvorak, 2005].
Under the influence of VEGF, tumor vessels
are formed by one of several mechanisms
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including budding of existing vascular net-
works, recruitment of vascular progenitor cells
to form new vascular channels, or “vascular
mimicry”—a process by which tumor cell-lined
channels contribute to the blood tributaries
supplying the tumor [Ribatti et al., 2003].

Budding of existing vessels occurs in response
to local growth signals emanating from tumor
cells or from entrapped bone marrow-derived
hematopoietic cells (HCs) within the tumors
[Takura, 2006], CAFs, and inflammatory cells.
Heparin sulfate proteoglycans on the tumor cell
surface and in the extracellular environment
[Stringer, 2006] and the SDF-1/CXCL12
axis [Genis et al., 2006] are critical signaling
pathways for growth of new vessels from pre-
existing vasculature (Fig. 2).

In addition to sprouting from pre-existing
vessels, progenitor cells are recruited from
more distant sites for neovascularization. HCs
and endothelial cells (ECs) share a common
ancestry during embryogenesis, the hemagio-
blast. Postnatally, CD133, CD34, and VEGFR-2
positive cell subsets in the bone marrow,
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Fig. 2. CAFs drive tumor angiogenesis. CAFs secrete multiple factors which drive angiogenesis including
VEGF, MMP, SPARC, SDF-1. VEGF is the primary growth factor driving the abnormal tumor vessel growth.
MMPs have a direct effect on angiogenesis through degradation of basement membrane and ECM proteins as
well as an indirect effect via proteolytic cleavage of angiogenic factors such as SPARC. SDF-1 secreted by
fibroblasts as well as other cell types in the stroma is chemotactic for EPC. [Color figure can be viewed in the
online issue, which is available at www.interscience.wiley.com.]
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peripheral blood, and cord blood maintain the
functional activity of the hemangioblastsin that
they are able to differentiate into both HCs and
ECs [Ribatti et al., 2002]. The existence of this
adult hemangioblast-like cell along with addi-
tional in vivo data upholds the concept that
endothelial progenitor cells (EPCs) of bone
marrow origin exist, circulate, and contribute
to adult angiogenesis. To date, the best marker
of these vascular progenitor cells is the ex-
pression of CD133. VEGF in the circulation
along with hypoxia mobilize marrow-derived
EPCs [Takahashi et al., 1999] which are then
recruited to tumor sites via a host of chemokines
such as VEGF, angiopoietin, stromal -cell-
derived factor (SDF)-1o [Hattori et al., 2001;
Iwaguro et al., 2002; Yamaguchi et al., 2003]
secreted by the tumor cells and cells of the
stroma. Once recruited, the EPC cells recruit
additional EPCs through their own production
of VEGF, HGF, G-CSF, and GM-CSF. The
contribution of bone marrow-derived EPCs
(BMD-EPC) to tumor vasculature is usually
low. However, the actual percentage is depen-
dant upon the tumor type, and in some
instances, these cells can contribute a sub-
stantial portion of ECs.

EXTRACELLULAR MOLECULES
Cytokines and Growth Factors

Cytokines and growth factors are secreted by
cells of the stroma as well as by cancer cells into
the stroma. These factors are numerous, but for
this review we will concentrate on the factors
which have conclusively and consistently been
shown to directly impact tumor behavior. These
include TGF-B, SDF-1, secreted protein acidic
rich in cysteine (SPARC), MMP, VEGF, and
HIF-1-a.

TGF-B is best known as a growth inhibitor
and a potent immunosuppressive factor. Under
normal physiological conditions, TGF-B main-
tains tissue homeostasis through its effects on
proliferation and apoptosis, effectively controll-
ing the growth of epithelium, endothelium,
neuronal tissue, and HCs. TGF- also has
strong inhibitory effects on the immune
response, including reducing T-cell prolifera-
tion, inhibiting natural killer cell function, and
interfering with antigen presentation. The net
effect is to induce tolerance and prevent
immune rejection of tissue. While proliferation
of normal epithelium is strongly inhibited by

TGF-B, cancer cells either lose this growth
inhibitory response or usurp the pathway such
that TGF-B stimulates proliferation of the
cancer cell. Having lost or altered their own
response, many tumors gain the ability to
express TGF-B which then acts in an autocrine
fashion to further stimulate growth, facilitate
tumor invasion, and to protect the tumor
from attack by the immune system. Effects on
the vascular system and tumor angiogenesis
include migration of vascular progenitor cells
and growth control. CAFs are stimulated
to proliferate, increase ECM production, and
secrete cytokines. Additionally, TGF- induces
the EMT in cancer cells aiding local invasion as
well as facilitating metastatic spread [Siegel
and Massague, 2003].

Mesenchymal and marrow-derived stromal
cells constitutively secrete SDF-1. Expression is
upregulated in inflamed tissues [Houghton
et al., 2004], in wounds and in cancer, where it
acts to attract cells expressing the receptor,
CXCR4. CXCR4 is expressed by an array of
cancer cells, and the receptor ligand interaction
functions as a mitogen for tumor cells and
induces migration in a gradient-specific fashion
resulting in local invasion as well as enabling
cells to metastasize to distant sites expressing
SDF-1 such as the bone marrow and peripheral
organs. Marrow-derived EPC also chemotaxto a
SDF-1 gradient, and are recruited to tumor sites
for neovascularization [reviewed in Berger and
Kipps, 2006].

SPARC, known as osteonectin or BM-40, is
secreted by fibroblasts and inflammatory cells of
the stroma. SPARC is secreted in a bioactive
form and can undergo further processing by the
MMPs (see below) to release additional bio-
active fragments. Functions of SPARC include
cell—cell deadhesion, inhibition of proliferation,
regulation of angiogenesis, and modulation of
ECM production and composition [Sangeletti
et al., 2003]. SPARC functions to recruit macro-
phages, leukocytes, and BMDC to tumors; these
cells in turn contribute to the functioning of the
stroma through direct cell—cell interactions and
release of soluble factors.

Degradation and Remodeling Enzymes

In order for tumor cells to invade normal
tissue they must lose their connection to each
other, and invade and integrate into the
surrounding normal structures. Normal tissue
is designed to resist such breaches, making
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invasion an active process on the part of the
cancer cell. Tumor angiogenesis requires active
remodeling and integration of new cells into
existing structures. To facilitate restructuring,
fibroblasts, macrophages, and ECs of the
stroma express and secrete MMPs. Secretion
of these molecules by the stromal cells is the
result of a complex tumor-stroma crosstalk,
involving multiple ligands and cellular signal-
ing pathways [Stuelten et al., 2005]. As a family
of compounds, the MMPs act to hydrolyze
the extracellular proteins of the surrounding
tissue which include collagen, laminin, elastin,
fibrinogen, fibronectin, and vitronectin [Stern-
licht and Werb, 2001; Boire et al., 2005]. From
the earliest work addressing the role of MMPs
and cancer, there has been a clear connection
between certain members of the MMP group,
degradation of the ECM, and local cancer cell
invasion [Liotta et al., 1980], but the association
with metastatic disease has been less clear. In
addition to the ECM, MMPs have additional
target proteins which include other proteinases,
proteinase inhibitors, clotting factors, chemo-
kines and chemotactic factors, growth factors, a
variety of cell surface receptors, and cell matrix
adhesion molecules [Coussens et al., 2002].
MMPs have also been implicated in initiating
the EMT and in promoting genomic instability
[Radisky et al., 2005], affording them a
prominent role in both tumor progression and
prevention. In light of the diverse functions of
the MMP molecules, mouse models of cancer
examining knockout or knockdown of indi-
vidual members of the MMP family give varying
phenotypes, dependent upon which MMP is
altered and what cancer model is used. We
briefly describe the prominent members of this
family and their association with cancer.
Membrane type matrix metalloprotineases
(MT-MMPs) are a subclass of the MMPs which
can be expressed on cells of the stroma, and by
cancer cells themselves. While most of the
MMPs are secreted proteins, the MT-MMPs
are membrane bound with a cytoplasmic
domain important for cell signaling. MT1-
MMP is the best characterized of this group
and has been shown to activate MMP2, display
its own proteolytic activity against the ECM,
and to play a role in bone degradation/forma-
tion. During angiogenesis, quiescent ECs
become activated and migrate to areas of
neovascularization. These cells release MMPs,
specifically MT1-MMP, in order to degrade

basement membranes and allow cell movement
[Genis et al.,, 2006]. Increased expression of
MT1-MMP is seen in glioma, papillary thyroid,
breast cancer, and gastric cancer suggesting a
role, however, as the absence of MT1-MMP
causes severe skeletal defects and early death,
in vivo cancer models are lacking. MMP-1,
derived from stromal fibroblasts, functions
to cleave and activate PAR1 creating PARI1-
dependent Ca®" signaling for growth, invasion,
and migration [Pei, 2005]. MMP-2, also fibro-
blast derived, inhibits bFGF-induced angio-
genesis with resulting alterations in tumor
growth. Mice deficient in MMP2 have markedly
reduced tumor angiogenesis and a delay
in tumor progression. Additional targets for
MMP2 include connective tissue growth factor
(CTGF) galectin-1, osteopontin, death receptor,
heat shock protein 90 (HSP90), procollagen C
proteinase enhancer protein (PCPE), and the
membrane bound chemokine, fructalkine.
Fractalkine is released from its membrane
location by MMP2 as a fully functional domain.
Additionally, MMP-2 cleaves fractalkine at
positions 4-5, releasing an antagonist form
[Overall and Dean, 2006] stressing the some-
times opposing actions of the MMPs. Macro-
phage-derived MMP9 is responsible for VEGF
mobilization from matrix stores—the primary
signal for neovascularization. MMP9 is also
critical for the recruitment and engraftment
of BMDC into tumor vasculature [Jodele
et al., 2005]. The contribution of BMDC to the
vasculature differs greatly between tumor
types, and this contribution will help determine
the impact that MMP9 inhibition has on tumor
angiogenesis. Macrophage elastase (MMP12)
has been less studied, but appears to inhibit the
growth of cancer. In a Lewis lung cancer model a
deficiency of MMP12 suppressed the growth of
lung metastasis, but not the number of meta-
static foci [Houghton et al., 2006]. Less is known
about the function of MMP12 in other models.
As a group, MMP expression is prominent in
tumor stroma, and plays a vital role in the
local growth, invasion, and migration of cancer
cells.

Tissue inhibitors of metalloproteinases
(TIMPs) also play a role in local growth and
spread of tumors. TIMP-1 has been shown to
have an anti-apoptotic effect on bone marrow
stromal cells in culture mediated through the
PI3-kinase and JNK signaling pathways, and is
independent of the effects of TIMP on MMP
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activity [Guo et al.,, 2006]. These findings
suggest an effect of the TIMPs on cells within
the tumor environment which are of marrow
origin and include bone marrow-derived tumor
fibroblasts, bone marrow-derived ECs within
tumor vasculature, and bone marrow-derived
tumor cells.

VEGF is secreted by CAF's and is implicated
in many aspects of cancer growth including
angiogenesis, ECM remodeling, generation of
inflammatory cytokines, and hematopoietic
stem cell development. It is a potent vascular
growth factor and the main stimulus for
tumor angiogenesis (see section on Tumor
Angiogenesis). VEGF acts in the generation of
inflammatory cytokines and is responsible
for the upregulation of several other pro-
angiogenic molecules and prometastatic mole-
cules. VEGF plays a crucial role in recruiting
VEGF-R1 positive HBM progenitor cells to
peripheral sites to initiate the pre-metastatic
niche [Kaplan et al., 2005]. The main stimulus
for production in tumor stroma is hypoxia,
resulting in the recruitment of endothelial
progenitor and mesenchymal stem cells to sites
of ischemia [Okuyama et al., 2006], which in
turn secrete additional VEGF.

IMMUNE REGULATION BY THE STROMA

Through the secretion of cytokines, chemo-
kines, and other factors, stromal cells are
instrumental in creating the unique environ-
ment of chronic inflammation and immune
tolerance, allowing cancer cells exposure to
growth factors while avoiding immune-
mediated elimination. The individual compo-
nents of the environment may differ between
tumor types and models studied, with immune
enhancing and immune suppressing pathways
simultaneously activated. However, in order for
the tumor to survive, the net result needs to be
suppression of any immune response directed
toward the tumor cells. Stromal cells are the
main source of thrombospondin-1 (TSP-1)
which has both positive and negative effects
on angiogenesis, and effects on tumor-tissue
mediated immune suppression via activation of
TGF-B and direct interaction with immune cells
[reviewed in Silzle and Randolph, 2004]. MMP
cleavage products of several proteins such as
fibronectin and collagen are chemotactic for
leukocytes, modulate their proliferation and
cytokine release [Barilla and Crsons, 2000].

MMPs also cleave cytokines with variable
effects. For example, cleavage of IL-1f leads to
both activation and inactivation depending
upon the cleavage site, and processing of
monocyte chemotactic protein (MCP) by the
MMPs leads to its downregulation. Direct
release of HGF, IGF, and fibroblast activation
protein (FAP) drives tumor cell growth while
also functioning as immune modulators
[reviewed in Silzle and Randolph, 2004].

HYPOXIA AND THE
TUMOR MICROENVIRONMENT

Hypoxia in solid tumors is the result of
structurally and functionally inadequate ves-
sels and high metabolic demand, and is further
aggravated by cancer-induced anemia. Hypoxia
correlates with aggressive behavior of tumors,
and resistance to therapy. Hypoxia-inducible
factors (HIF's) are cellular transcription factors
involved in the response to environmental
stress. Important targets of the HIF system
which are relevant to cancer biology include
MDR-1 [Comerford et al., 2002], IGF-2 [Feldser
et al., 1999], telomerase [Nishi et al., 2004], and
CXCR4/SDF-1 [Ceradini et al., 2004]. The HIF's
orchestrate neovasularization, glucose metabo-
lism, survival, and tumor spread in response to
hypoxia and are major regulators of tumor cell
adaptation to hyoxic stress. In addition, cells
with genomic and proteomic changes favoring
survival under hypoxic conditions will pro-
liferate, thereby increasing metabolism and
demand for nutrients, exacerbating hypoxic
conditions which in turn will lead to the
selection and expansion of more aggressive
clones. VEGF production, induced by hypoxia,
leads to inadequate neovascularization, inade-
quate tissue oxygenation, and a cycle of addi-
tional VEGF production (see sections on Tumor
Angiogenesis and Extracellular Molecules).

CONTRIBUTIONS OF THE
MICROENVIRONMENT TO GENETIC
INSTABILITY AND EPIGENETIC CHANGES

As tumors progress, the cells display
increased genetic instability. The number of
mutations found in tumor cells cannot be
accounted for by the rate of mutations occurring
in somatic cells, leading to the notion that
cancer cells develop a mutator phenotype.
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Conditions within the tumor microenvironment
including oxidative stress, hypoxia, nutrient
deprivation, and low pH contribute to genetic
instability through the induction of increased
DNA damage enhanced mutagenesis and
impaired DNA damage pathways [for a full
review of this topic see Bindra and Glazer,
2005].

TARGETING THE MICROENVIRONMENT
FOR CANCER CHEMOTHERAPY

The tumor stroma, consisting of cells, struc-
tural proteins, and signaling molecules, is
recognized as playing a central role in tumor
initiation, progression, and metastasis (Fig. 3).
The level of aggression is greatly influenced by
this environment, providing multiple targets
for anti-cancer therapy. Targeting the stroma
poses several obstacles, however. The fibro-
blasts, ECs, and inflammatory cells are them-
selves not malignant, therefore successful
therapy needs to aim at phenotypic changes
unique to this population, while avoiding
normal cells elsewhere. Additionally, delivery
of agents to the stroma can be problematic
because of insufficient and defective vascular

Hypoxia Low pH
i
I
Ouidative stress [.
— /_\ nacmsm\‘f

Free radlcals Nutrienl deprivation

Y

Increased DNA damage

Mutator phenolype Inhibition of DNA damage pathways

L J

Creation and selection of aggressive clones

Fig. 3. The tumor stroma contributes to genetic instability of
cancer cells. Hypoxia, inadequate delivery of nutrients,
decreased pH and free radical formation created within the
stroma as a result of insufficientblood supply, and factors released
by inflammatory cells and activated fibroblasts drive DNA
mutations and the suppression of DNA repair machinery. The
mutator phenotype of cancer cells allows the creation and
selection of aggressive clones with greater metastatic potential.
[Color figure can be viewed in the online issue, which is available
at www.interscience.wiley.com.]

structures, hypoxia, and pH alterations. These
challenges should not dampen our enthusiasm
for targeting the stroma, but successful appro-
aches will require identifying appropriate tar-
gets and designing efficient delivery methods.

Examples of effective anti-stromal therapy
include targeting cancer-associated inflamma-
tion through the use of non-steroidal anti-
inflammatory drugs (NSAIDs). NSAID use is
associated with a decrease in the incidence of
colorectal cancer [Sandler et al., 2003] and the
precursor lesion, adenomas [Baron et al., 2003].
Prevention of other types of cancer has been
inferred but not yet confirmed by large trials
[Schreinemachers and Everson, 1994; Castelao
et al., 2000; Thun et al., 2002], adding support to
targeting inflammation for cancer prevention.

The strong association between MMP expres-
sion and cancer spurred the development of
biologically active MMP inhibitors, and subse-
quent clinical trials were designed to test the
efficacy in a range of tumor types. Results from
these trials have been disappointing but not
entirely unexpected when one considers all the
diverse functions of the various MMPs and
realizes that only non-selective MMP inhibitor
drugs entered trials. Also, MMP inhibition was
employed at late stages of disease, where as pre-
clinical data suggest the most efficacious time
for therapy may be early in disease progression.
As the net outcome of global MMP inhibition
is dependent upon the interplay of multiple
factors including the tissue where the tumor
arises as well as the stage during which
the drugs are given, the current push is for
the development of highly selective MMP-
inhibitors targeting single family members,
and choosing the study population based on
known alterations within specific cancer micro-
environments.

Present efforts targeting molecules unique
to the tumor microenvironment will provide
strategies for modifying the tumor environ-
ment, while avoiding interrupting normal tis-
sue homeostasis. The success of VEGF blockade
[Presta et al., 1997] has encouraged blocking
additional unique pathways, such as HIF-1 and
HIF-1 target genes, in the hope that modifying
the stroma alone or used in combination with
conventions like radiation and chemotherapy to
increase efficacy. It is through understanding
the complex interactions of the stroma with the
tumor that these therapies can be devised, and
clinical trials developed which will allow the



814 Li et al.

agents to be tested in appropriate clinical
situations.
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