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Based on observations in the early twentieth century that
some cancers run in families, researchers began to look
for genetic alterations that might underlie cancer patho-
genesis. Over the following decades, enormous advances
were made in identifying the molecular determinants of
carcinogenesis, and tumorigenesis became recognized as
a multistep process during which cancer cells accumulate
multiple and consecutive genetic alterations1. These can-
cer-cell- and genome-centred models have led to the
identification and characterization of many oncogenes
and tumour-suppressor genes. However, they have
largely ignored the heterogeneous and structurally com-
plex nature of the tissue, or ‘organ’, called the tumour.
Even though PAGET’S SEED AND SOIL HYPOTHESIS dates back to
1889 (REF. 2), the molecular determinants of the seed are
still much better understood than those of the soil3.

It is only recently that tumour progression has been
recognized as the product of an evolving crosstalk
between different cell types within the tumour and its
surrounding supporting tissue, or TUMOUR STROMA (FIG. 1)4.
Whereas genetically abnormal cells define the tumour
compartment itself, the epithelial parenchyma of car-
cinomas, the surrounding and interwoven stroma,
provides the connective-tissue framework of the
tumour tissue. This framework includes a specific
type of EXTRACELLULAR MATRIX (ECM) — the tumour
matrix — as well as cellular components such as
fibroblasts, immune and inflammatory cells, and

blood-vessel cells. As its constitution resembles that of
the granulation tissue formed during wound healing,
Hal Dvorak even defined a tumour as “a wound that
never heals”5.

The relative amount of stroma and its composition
vary considerably from tumour to tumour and do not
correlate with the degree of tumour malignancy 6. But
the interactive signalling between tumour and stroma
contributes to the formation of a complex multicellu-
lar organ. In a manner similar to the development and
function of normal organs, which occurs through reci-
procal communication between different cell types, the
interaction between cancer cells and their microenvi-
ronment can largely determine the phenotype of the
tumour. For example, recent studies have shown that
the establishment of human breast tumour xenografts
in mice depends on the presence of human tumour-
derived stromal fibroblasts7.

Cancer cells themselves can alter their adjacent
stroma to form a permissive and supportive environ-
ment for tumour progression. Morphological evidence
for this ‘reactive’ tumour stroma has long been described
in pathology textbooks8 as ‘DESMOPLASIA’, which consists of
fibroblast-like cells and specific ECM components, as
well as inflammatory and immune cells. ANGIOGENESIS is
another process involved in formation of the desmopla-
sia, as newly formed blood and lymph vessels support
tumour growth and spread9 (FIGS 1,2).
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Abstract | The restricted view of tumour progression as a multistep process defined by the
accumulation of mutations in cancer cells has largely ignored the substantial contribution of the
tumour microenvironment to malignancy. Even though the seed and soil hypothesis of Paget
dates to 1889, it has been less than two decades since researchers have included the tumour
microenvironment in their analyses of tumour progression. What have we recently learned from
studying tumour–stroma interactions, and will this help to define new targets for therapy?

PAGET’S SEED AND SOIL

HYPOTHESIS

The English surgeon Stephen
Paget compared tumour cells
with the seed of plants, in that
they are both “carried in all
directions; but they can only live
and grow if they fall on
congenial soil”. Similarly, he
argued that metastatic cells must
thrive only where conditions are
in some way favourable.

TUMOUR STROMA

Compartment providing the
connective-tissue framework of
the tumour. It includes
fibroblasts, immune and
inflammatory cells, fat cells and
blood-vessel cells.
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EXTRACELLULAR MATRIX (ECM)

Complex three-dimensional
network of macromolecular
protein fibres as well as non-
fibrous proteoglycans that is
present between clusters of cells
in the stroma of all tissues. The
ECM provides architectural
structure and strength and
contextual information for
cellular communication,
adhesion and migration.

DESMOPLASIA

The growth of fibrous or
connective tissue that is induced
by tumours and is characterized
by activated fibroblasts,
recruited inflammatory and
immune cells, and angiogenic
blood vessels.

ANGIOGENESIS

The formation of new blood
vessels from pre-existing ones.

BASEMENT MEMBRANE

Amorphous, dense, sheet-like,
proteinaceous structure that is
50–100 nm thick and that
separates epithelial and stromal
tissues, and delineates the
endothelial lining of vessels.
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Cancer cells modulate their stromal environment
Cancer cells usually go about generating a supportive
microenvironment by producing stroma-modulating
growth factors. These include basic fibroblast growth
factor (bFGF), members of the vascular endothelial
growth factor (VEGF) family, platelet-derived growth
factor (PDGF), epidermal growth factor receptor
(EGFR) ligands, interleukins, colony-stimulating fac-
tors, transforming growth factor-β (TGFβ) and others.
These factors disrupt normal tissue homeostasis, simi-
lar to the processes of wound healing10, and act in a
paracrine manner to induce stromal reactions such as
angiogenesis11 and the inflammatory response12. The
factors also activate surrounding stromal cell types,
such as fibroblasts, smooth-muscle cells13 and
adipocytes14, leading to the secretion of additional
growth factors and proteases (FIG. 3).

Concomitant with the altered growth-factor expres-
sion, and often induced by their autocrine effect on the
tumour cells, cancer cells also start to produce proteolytic
enzymes15,16. These remodel the ECM and the BASEMENT

MEMBRANE to allow for a pro-migratory and pro-invasive

Summary 

• Cancer cells can alter their adjacent stroma to form a permissive and supportive
environment for tumour progression — this is known as the ‘reactive’ tumour stroma.

• Cancer cells produce a range of growth factors and proteases that modify their
stromal environment.

• These factors disrupt normal tissue homeostasis and act in a paracrine manner to
induce angiogenesis and inflammation, as well as activation of surrounding stromal
cell types such as fibroblasts, smooth-muscle cells and adipocytes, leading to the
secretion of additional growth factors and proteases.

• Activated fibroblasts in the stroma promote tumour progression by secreting growth
factors and pro-migratory extracellular-matrix (ECM) components, as well as
upregulating the expression of serine proteases and matrix metalloproteinases that
degrade and remodel the ECM.

• The induction of inflammation in the tumour stroma also results in production of a
range of factors that promote tumour progression.

• Angiogenesis promotes not only tumour growth, but also progression from a pre-
malignant to a malignant and invasive tumour phenotype.

• The tumour stroma can have a more direct role in tumorigenesis, by acting as a mutagen.

• By ‘normalizing’ the tumour stroma, it is possible to slow or reverse tumour
progression.
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Figure 1 | Tumour stage depends on stromal activation. a | A normal well-differentiated stratified epithelium, made up of
cells such as keratinocytes in the epidermis, is separated by a well-delineated basement membrane from the dermal or stromal
compartment. This stromal compartment normally contains collagen bundles that surround resting fibroblasts, mature blood
vessels encircled by an uninterrupted basement membrane (capillary), and a few resident leukocytes (monocytes and
macrophages). b | During transition to pre-malignant dysplasia, differentiation of epithelial cells is disturbed, resulting in a
hyperplastic epithelium (accumulation of blue cells). The basement membrane remains intact, separating the epithelium from a
stromal compartment, which contains intact collagen bundles. Fibroblasts, however, become activated, and the number of
macrophages increases. The transient angiogenesis that occurs initially during establishment of the transplant is followed by
vessel maturation, resulting in a vasculature similar to the one seen with normal epithelia. c | Progression to a carcinoma is
associated with proliferation of epithelial cells (mitotic cells) along with the development of an activated tumour stroma. In this
case, extracellular-matrix (ECM) components such as collagen bundles are degraded, because of increased turnover. The
number of inflammatory cells increases and fibroblasts differentiate into myofibroblasts, resulting in their expression of growth
factors, matrix components and degrading proteases. Angiogenesis is maintained, resulting in a high number of leaky tumour
vessels. Following activation of a tumour stroma with persistent angiogenesis, invasion by tumour cells begins through the
degraded basement membrane, and blood vessels infiltrate the tumour tissue.
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stromal fibroblasts indicates the amount of extensive
crosstalk that occurs, which is likely to be mediated 
by soluble factors secreted by the cancer cells and also
activated by the tumour-cell-derived proteases.

Tumour-activated fibroblasts
TGFβ and PDGF are two growth factors that are
secreted by a range of tumour cells13 and are known to
mediate the interaction of cancer cells with stromal
fibroblasts.Yet the specific role of TGFβ in tumour pro-
gression is still controversial. On the one hand, inhibition
of TGFβ signalling in stromal fibroblasts by blockade of
TGFβ receptor II was shown to induce progression to
malignancy in epithelial cells24. On the other hand, over-
expression of TGFβ in skin papillomas of a transgenic
mouse model is associated with progression to metastatic
tumours — an effect that might be mediated by both
autocrine and paracrine signalling25. Together with
PDGF, TGFβ was shown to be the main inducer of
desmoplasia, through its effect on stromal fibroblasts26.
One way that this might occur is through TGFβ-induced
chemotaxis of fibroblasts and their transdifferentiation
into activated smooth-muscle reactive fibroblasts, termed
MYOFIBROBLASTS27–30. PDGF can also induce myofibroblast
proliferation and differentiation31.

Myofibroblasts in the tumour stroma, also known as
carcinoma-associated fibroblasts (CAFs), are large spin-
dle-shaped mesenchymal cells that share characteristics
with smooth-muscle cells and fibroblasts. They are iden-
tified immunocytochemically based on a combination of
different markers, such as the expression of α-smooth-
muscle actin, vimentin, desmin and fibroblast activation
protein (FAP) 32,33. FAP is a cell-surface-bound serine
protease of reactive tumour stromal fibroblasts that is
found in epithelial cancers and in granulation tissue dur-
ing wound healing34. The presence of CAFs in the acti-
vated tumour stroma has been observed in many cancer
types, such as breast cancer35, prostate cancer36 and skin
cancer37. Their presence was proposed to precede the
onset of invasion13 and to contribute to tumour growth
and progression (FIG. 1). Cunha and colleagues demon-
strated that the in vivo combination of normal human
prostatic epithelial cells with CAFs led to limited tumour
growth that resembled prostatic intraepithelial neoplasia,
and that grafting CAFs with immortalized prostatic
epithelial cells that were non-tumorigenic but expressed
the SV40T antigen resulted in the formation of malig-
nant tumours36,38. So, oncogenic signals from the CAFs
seem to stimulate the progression of a non-tumorigenic
population of epithelial cells to a tumorigenic one.

Additional studies have reported a similar tumour-
promoting effect of stromal fibroblasts in human
squamous-cell carcinomas (SCCs) of the skin. When
non-tumorigenic immortal human keratinocytes
(HaCaT) were transfected with a PDGF expression
vector and transplanted into mice, they induced a
transient activation of the stroma, resulting in benign
tumour growth, whereas non-PDGF-expressing cells
remained non-tumorigenic. This effect of PDGF is
strictly paracrine, as HaCaT keratinocytes do not
express the PDGF receptor, and is accompanied by the

environment. In addition, degradation of ECM mole-
cules exposes cryptic protein domains and generates 
specific new molecule fragments that can have pro-
migratory as well as pro- and anti-angiogenic functions17.
In the remodelled ECM, matrix metalloproteinases
(MMPs)18 activate cell-surface and ECM-bound growth
factors19,20 that contribute to the extensive crosstalk
between the microenvironment and the cancer cells (FIG.1).

The expression of these tumour-cell-derived 
proteases is frequently modulated by the stromal
microenvironment. In the HaCaT model of human skin
carcinoma, increased protease expression was observed
in benign and malignant (invasive) RAS-transformed
(HaCaT-RAS) cell cultures, compared with non-
tumorigenic HaCaT cells21. However, benign and malig-
nant tumour cells showed no difference in their levels of
protease expression. Only when cultured in the presence
of stromal fibroblasts did malignancy correlate with
increased expression of MMP1 and MMP9 — malig-
nant, but not benign, tumour cells upregulated MMP1
and MMP9 production following co-culture with stro-
mal cells22. Furthermore, transplantation of benign
tumour cells to mice abrogated MMP1 expression,
whereas transplantation increased MMP1 expression in
malignant tumour cells. Malignant tumour cells also
induced production of interstitial collagenase by the
host stroma, whereas benign cells did not23. This type of
reciprocal upregulation of proteases between cancer and

MYOFIBROBLASTS

Activated fibroblasts that express
α-smooth-muscle actin, specific
growth factors and proteases.
They are similar to the
carcinoma-associated fibroblasts
present in the tumour stroma.
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Figure 2 | Reversion of tumour phenotype by stromal normalization. a | The reactive
tumour stroma is characterized by the presence of proliferating endothelial cells, blood-vessel
cells that express the receptor for vascular endothelial growth factor (VEGF), fragments of
extracellular-matrix (ECM) molecules, active proteases, activated fibroblasts and a broken
basement membrane. b | By blocking angiogenesis, the activated stromal compartment of
malignant carcinomas is normalized, blood vessels mature and acquire an intact basement
membrane, and fibroblast activation is downregulated, although not inhibited. As a consequence
of the downregulation of matrix-degrading proteases and reduced ECM turnover in the stroma,
an intact basement-membrane zone is re-established and stromal collagen bundles are
reformed. As a result of this normalized stromal compartment, the malignant and invasive growth
of the carcinoma reverts to a pre-malignant dysplastic phenotype.



842 |  NOVEMBER 2004 | VOLUME 4 www.nature.com/reviews/cancer

R E V I E W S

insulin-like growth factor 1 (IGF1) and hepatocyte
growth factor (HGF), which promote tumour-cell sur-
vival43 as well as tumour-cell migration and invasion,
respectively29,30. Finally, CAFs contribute to the genera-
tion of a tumour-progression-promoting microenvi-
ronment by expressing growth factors like VEGF or
MCP1 (REF. 44), which further activate the tumour
stroma through the stimulation of angiogenesis and
the recruitment of inflammatory cells (FIG. 3).

Inflammation
The abundance of inflammatory and immune cells in
the tumour tissue was observed by pathologists as early
as the middle of the nineteenth century45, although the
role of these cells in tumour progression has long been a
matter of discussion. Whereas immune cells such as nat-
ural-killer cells are still believed to have bona fide antitu-
mour activity46, the antitumour effects of inflammatory
cells such as monocytes and macrophages, which have
been proposed to recognize tumour antigens, has been
increasingly disputed. In 1850, Rudolf Virchow was the
first to describe a tumour-promoting effect of chronic
irritation or inflammation, and numerous scientists
have since provided evidence for this phenomenon.
Prominent examples include the associations between
infection with Helicobacter pylori and stomach cancer;
human papillomavirus (HPV) and cofactors like
Chlamydia or herpes simplex virus 2 infection and 

induction of granulation tissue and a transient stimula-
tion of angiogenesis37. Further studies have shown that
the PDGF-induced stromal activation is mediated by
the differentiation of normal dermal fibroblasts to acti-
vated fibroblasts that express α-smooth-muscle actin
with a phenotype similar to CAFs, which secrete a
range of stroma-modulating growth factors such as
VEGF and proteases (W. Lederle, M. Skobe, H.J. Stark,
M.M. Mueller and N.E.F., unpublished observations).

Activated CAFs could promote tumour progression
in several different ways. They secrete pro-migratory
ECM components such as tenascin29. They also upreg-
ulate the expression of serine proteases and MMPs
such as urokinase, plasminogen activator (uPA) — a
protease that is required for the activation of plas-
minogen to plasmin — as well as MMP1 and MMP3,
which degrade and remodel the ECM39,40. This upregu-
lation of MMPs is one of the physiological changes
that occur when fibroblasts undergo senescence, which
might be an important component of the generation
of a pro-oncogenic tissue environment that con-
tributes to the increase in cancer incidence that occurs
with age41. An additional study showing that MMP11-
null fibroblasts do not support in vivo growth of breast
cancer cells whereas wild-type fibroblasts do supports
the role for proteases in the tumour-promoting func-
tion of the microenvironment42. Additionally CAFs
express a range of growth factors and cytokines such as
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Figure 3 | Crosstalk between tumour cells and their activated stromal surroundings. Tumour cells activate their stromal
environment by secreting growth factors and proteases, which can act in autocrine and paracrine manners. Concomitantly, they
initiate the secretion of specific pro-migratory and -invasive extracellular-matrix (ECM) components, along with their respective
receptors, and reduce the expression of protease inhibitors. The imbalance between proteases and their inhibitors then leads to the
degradation of ECM components, resulting in the mobilization of matrix-bound growth factors and the generation of reactive ECM
fragments. Together with the tumour-derived growth factors, these molecules then induce angiogenesis as well as recruit and
activate stromal inflammatory cells and fibroblasts. Fibroblasts secrete further growth factors and proteases to amplify these signals
in the cascade that results in the establishment of an activated stroma that promotes malignant tumour growth.
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The role of tumour-infiltrating macrophages in pro-
moting tumour progression was recently reviewed51.
These cells express a range of proteases, such as uPA and
MMPs that remodel the ECM, generating reactive cleav-
age products of ECM molecules and releasing and acti-
vating pro-angiogenic factors such as VEGF and others.
Additionally, monocytes, macrophages, mast cells and
other leukocytes express angiogenic growth factors
including VEGF, angiopoietin 1, bFGF, TGFβ, PDGF,
tumour-necrosis factor-α and others60. The ability of
these molecules to promote and sustain tumour angio-
genesis is one of the contributions of the stroma to
tumour progression (FIG. 3).

Tumour angiogenesis
Based on observations made nearly 100 years ago that
blood vessels grow around tumours61, along with the
pioneering work of Judah Folkman, it is now widely rec-
ognized that tumours must induce angiogenesis to grow
beyond a size of 1–2 mm in diameter, as well as to
metastasize to distant organ sites9. Following the onset
of angiogenesis, dormant tumours, which are frequently
observed in individuals during autopsies, enter the vas-
cular phase and begin exponential growth62. There are
several excellent reviews that summarize the process of
angiogenesis, its regulation by growth factors and pro-
teases, and its contribution to tumour growth and pro-
gression11,60,63. Targeting the tumour vasculature has
become an attractive possibility as a form of anticancer
therapy 64 — for further information, see the National
Cancer Institute (NCI) web site entitled ‘Angiogenesis
Inhibitors in Clinical Trials’ in the online links box.

Accumulating evidence indicates that angiogenesis
promotes not only tumour growth, but also progression
from a pre-malignant to a malignant and invasive
tumour phenotype. Examples of this include astrocy-
tomas, which do not require initial neovascularization
for growth, but acquire their blood supply by co-opting
existing normal brain blood vessels. They grow along
these blood vessels, acquiring an invasive character that
allows them to enlarge as much as some angiogenic
tumours65. However, following progression to highly
malignant (grade IV) glioblastoma multiforme, they
become hypoxic and necrotic, partly due to vessel
regression and increased tumour-cell proliferation66.
These hypoxic conditions eventually induce the forma-
tion of new blood vessels, which is primarily stimulated
by the most prominent hypoxia-induced angiogenic
factor VEGF, and make the onset of persistent angiogen-
esis one of the hallmarks that distinguishes grade IV
glioblastomas from lower-grade astrocytomas65.

Experiments in the HaCaT skin carcinogenesis
model revealed a similar correlation between persistent
angiogenesis and tumour malignancy. A useful in vivo
surface transplantation model has allowed for analysis
of the kinetics of tumour–stroma interactions during
different stages of malignancy 67 (BOX 1). In this model,
researchers can discriminate between pre-malignant
and malignant epithelial tumour cells based on their
phenotype and their dynamics of stromal activation
and angiogenesis induction68. When malignant cells are

cervical cancer; the predisposition of patients with
Crohn’s disease to colorectal cancer47,48; or chronic pro-
static inflammation associated with sexually transmitted
disease and prostate cancer49.All of these disorders cause
an inflammatory response that is believed to contribute
to tumour development. Even well-established onco-
genes like Rous sarcoma virus require wound-induced
inflammation to generate second-site tumours50.

How else can tumours promote inflammation and
the recruitmentment of inflammatory cells? Tumour cells
overexpress inflammatory cytokines that recruit
haematopoietic cells such as lymphocytes, monocytes
(macrophages), and neutrophils into the tumour neigh-
bourhood12,51 (FIG. 3). Expression of the chemoattractant
chemokine CC-motive ligand 2 (CCL2) correlates with
poor prognosis in breast, cervical and bladder cancer51,52.
Colony-stimulating factor 1 (CSF1), the main growth
and differentiation factor for mononuclear phagocytes
such as macrophages, is widely overexpressed in tumours
of the breast, uterus, ovary and prostate53. In a reverse
approach, CSF1-null mice were used to analyse the 
contribution of the inflammatory cells to tumour pro-
gression in a model of mammary tumours induced by 
tissue-restricted expression of the polyoma middle 
T antigen. Loss of CSF1 prevented the accumulation of
macrophages in the tumour vicinity and slowed tumour
progression, by inhibiting its metastatic ability. The
metastatic phenotype could be restored by overexpression
of CSF1 in the epithelial tumour cells54.

Recent studies have demonstrated the contribution
of the haematopoietic growth factors granulocyte
colony-stimulating factor (G-CSF) and granulocyte–
macrophage colony-stimulating factor (GM-CSF) to
tumour progression in a broad spectrum of human
tumours, including SCCs of the skin and the head and
neck, meningiomas and gliomas55–57. G-CSF and 
GM-CSF contribute to in vivo tumour progression
through the recruitment of monocytes, macrophages
and neutrophils into the tumour vicinity. Concomitant
with the increase in the number of stromal inflamma-
tory cells and following a similar time course, these
growth factors were also observed to induce angiogene-
sis, which might have been mediated by the recruit-
ment of ENDOTHELIAL PROGENITOR CELLS to the tumour 
tissue. Inflammatory cells — specifically neutrophils —
were also observed to contribute to angiogenesis, by
remodelling the ECM through the secretion of MMP9
and MMP13 (REF. 58).

A similar finding was reported by Coussens and
co-workers for host-derived mast cells. In a transgenic
model of HPV-induced skin carcinogenesis, tumour-
infiltrating mast cells were found to contribute to car-
cinogenesis by activating MMP9, which flips the
ANGIOGENIC SWITCH that is important for tumour devel-
opment. Pre-malignant angiogenesis was ablated in
mast-cell-deficient (KITw/KITw) mice, and MMP9-
null mice showed a significant delay in tumour for-
mation that resulted in considerably less, though
more aggressive, tumours59. By cleaving ECM compo-
nents, MMP9 releases sequestered growth factors such
as VEGF, which then contribute to angiogenesis.

ENDOTHELIAL PROGENITOR

CELLS

Undifferentiated cells that reside
in the adult bone marrow or
circulate in the blood
(circulating progenitors) that
can be recruited to the sites of
ongoing angiogenesis, where
they differentiate and mature
into endothelial cells. They are
identified by co-expression of
haematopoietic stem-cell
markers (CD34, AC133) and
vascular endothelial cell markers
(VEGFR2, TIE2)

ANGIOGENIC SWITCH

Transition of tumours from an
avascular state to the active
recruitment of blood vessels into
the tumour.
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invasion into the surrounding host tissue — an observa-
tion that is in agreement with studies performed in other
clinical and experimental tumour systems63,68,70. So, it
seems that the activation of stromal cells and the infiltra-
tion of blood vessels into the expanding tumour mass is a
prerequisite for tumour invasion.

As tumour invasion depends on angiogenesis and
persistent expression of VEGFR2, does inactivation of
VEGFR2-mediated signalling not only block angiogene-
sis, but also tumour invasion? Intraperitoneal injection
of an anti-VEGFR2 antibody (DC101) into mice after
transplantation of both well-differentiated as well as
highly malignant, metastasizing keratinocytes, resulted
in inhibition of both angiogenesis and tumour invasion.
More importantly VEGFR2 blockade induced a pheno-
typic shift from a highly malignant to a pre-malignant,
non-invasive tumour phenotype69. Interestingly, this was
associated with the remodelling of the activated stroma
into a stabilized connective tissue characterized by a nor-
malized tumour stroma border with restoration of
mature epithelial basement-membrane structures
including HEMIDESMOSOMES at the basal pole of tumour
cells and the accumulation of collagen bundles in the
vicinity of the tumour tissue. This normalization of the
tumour–stroma border zone is most likely due to a down-
regulation of matrix-degrading proteases such as MMP9
and MMP13 in the stroma, leading to a reduced turnover
of crucial basement-membrane constituents like laminin,
fibronectin, and collagen type I and IV, thereby enabling
their accumulation and structural organization (FIG. 2)

(S.Vosseler,unpublished observations).
Researchers recognized the connection between inter-

stitial-ECM- and vascular-basement-membrane-like
material during angiogenesis as early as 1938. In a camera
lucida study of physiological neovascularization, Clark 
et al. demonstrated that growing vessel sprouts became
functional capillary tubes when the perivascular matrix
changed to a tissue substance that resembled a ‘soft gel’71.
The vascular basement membrane is an important struc-
tural and functional component of vessels. It marks the
border between the endothelial cells that populate its
inner surface and the pericytes, which are specialized
smooth-muscle cells that reside outside the small vessel.

The extracellular matrix
As reviewed by Kalluri17, there is mounting evidence
that ECM and basement-membrane components such
as fibronectin, collagen type IV and thrombospondin-1
(TSP1) provide both pro- and anti-angiogenic signals,
depending on their structural integrity and assembly.
Just as ECM signalling through integrins can induce the
malignant phenotype in breast carcinomas and
SCCs72,73, signalling during angiogenesis is also medi-
ated by the binding of ECM components to different
integrins. Fibronectin and collagen type IV were shown
to have pro-angiogenic effects, through their ability to
bind α

5
β

1
-integrin and α

1
β

1
-integrin (fibronectin), as

well as α
2
β

1
-integrin (collagen type IV) 74. On the other

hand, degradation of basement-membrane proteins by
MMPs blocks signalling through these integrins and
therefore inhibits angiogenesis75.

transplanted, stromal activation and angiogenesis persist,
whereas both of these are downregulated after initial acti-
vation when benign or pre-malignant tumour cells are
transplanted. This ‘transient’angiogenic response resem-
bles the transient activation of angiogenesis and granula-
tion-tissue formation that occurs during wound healing.
The differential dynamics of angiogenesis induction in
benign versus malignant transplants and its persistence in
the malignant tumours depended on the regulated
expression of VEGF receptor 2 (VEGFR2) by endothelial
cells in the tumour stroma, which was induced by both
tumour types initially, but downregulated within a few
weeks by the benign tumour. By contrast,VEGF was con-
tinuously expressed by malignant and benign tumour
cells after transplantation, independently of the kinetics
of angiogenesis69. Interestingly, during malignant tumour
growth, stromal activation was an early event, with rapid
progression of blood vessels and stromal cells towards the
tumour cells and their eventual infiltration into the
malignant tumour tissue. This preceded tumour-cell

HEMISDESMOSOME

Specialized junction between an
epithelial cell and its basal
lamina that mediates their
interactions.

Box 1 | Matrix-inserted surface transplantation model

A useful in vivo surface transplantation model has been developed to allow researchers
to analyse the kinetics of tumour–stroma interactions during different stages of
malignancy. In this model, epithelial tumour cells are pre-cultured in vitro on a collagen
(type I) gel mounted between two concentric teflon rings. This chamber is transplanted
onto the back muscle fascia of mice (see figure, panel a), resulting in rapid initiation of
tumour-cell proliferation. In this system, the collagen gel prevents immediate contact
between grafted tumour cells and host cells, while still allowing the interaction through
diffusible factors. This approach provides significant advantages in analysing
tumour–stroma interactions. In contrast to the transplantation of subcutaneous
tumours, which only allows for the analysis of the stromal compartment as an end point
observation, this surface transplantation system permits the study of very early steps in
the tumour–stroma interaction. Researchers can compare the effects of transplanting
normal or pre-malignant cells onto a fully activated carcinoma-promoting stroma. The
system therefore presents a highly sensitive tool for observing the early steps of the host
stroma response to the tumour signals. For example, researchers can observe the ability
of tumour cells to induce vascularization of activated granulation tissue (see figure,
panel b) during the beginning of stromal-cell infiltration into the collagen, and measure
the kinetics of the replacement of the normal extracellular matrix by the newly formed
tumour stroma.

b  Transplant with activated 
     granulation tissue

a  Transplant chamber

Collagen
gel

Tumour cells

Mouse 
skin

Mouse tissue/
stromal cells
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vascularization and tumour growth. MT1-MMP con-
tributes to tumour angiogenesis through various mech-
anisms, including activation of α

v
β

3
-integrin (which

protects endothelial cells from apoptosis), fibrinolytic
activity, the activation of MMP2 and the transcriptional
regulation of VEGF expression88. So, altering the pro-
tease levels seems to have a paradoxical effect on tumour
invasion and angiogenesis. Proteases can be pro-angio-
genic, by releasing reactive ECM fragments and activat-
ing ECM-bound angiogenic growth factors such as
VEGF, bFGF and others12. At the same time, unbalanced
protease expression can also provide anti-angiogenic
signals, such as by generating endogenous angiogenesis
inhibitors through the proteolytic modification of ECM
components in the matrix (FIG. 3).

Mutagenic effects of the stroma
So far, we have focused on the mechanisms by which the
stromal environment supports tumour growth and pro-
motes invasion through the stimulation of cancer-cell
proliferation, migration and invasion, and the activation
of angiogenesis.Yet there is increasing evidence that the
tumour stroma can have a more direct role in tumorige-
nesis, by acting as a mutagen. As previously described,
transplantation of immortalized human prostate cells
along with CAFs leads to the formation of massive
malignant tumours. Remarkably, the isolation of popu-
lations of pure human epithelial cells from these
tumours yielded cells that were subsequently able to
form tumours without the support of connected CAFs.
So, oncogenic signals from the CAFs, and potentially
also from other stromal cells, had stimulated the pro-
gression of a non-tumorigenic cell population to a
tumorigenic one. This progression was associated with
changes in gene expression, as well as with specific stable
genetic alterations89,90.

Similarly, subcutaneous injection of benign tumori-
genic SCC cells and subsequent ex vivo re-cultivation of
the tumour cells resulted in the progression to more
aggressive and eventually metastatic tumours. This
enhanced malignant phenotype was stably maintained
in the re-cultured tumour cells and was associated with
the altered expression of a range of growth factors, such
as G-CSF and GM-CSF91. In these cases, the tumour
microenvironment seems to have had an active muta-
genic role in promoting transformation. One mecha-
nism that might underlie these effects includes the 
generation of an adverse, low pH environment, leading
to production of reactive oxygen species that can act as
local mutagens92.

Many cancers can also arise as a consequence of
inherited (familial) or acquired genetic mutations in
stromal cells. For example in patients with juvenile poly-
posis, deletions in chromosome 10 and 18 have been
detected in stromal cells, but not in epithelial cells93.
Similarly, Moinfar and colleagues reported that distinct
genetic alterations and loss of heterozygosity were
observed in stromal cells adjacent to primary breast
tumours94. Schor and colleagues described a tumour-
like phenotype of fibroblasts isolated from the healthy
relatives of patients with familial breast disease95,96. This

TSP1, an ECM protein that is usually found in the
provisional wound matrix and in tumour stroma, func-
tions as an inhibitor of angiogenesis. Overexpression of
TSP1 by a malignant and invasive human skin SCC cell
line prevents blood vessels from penetrating into these
tumours in vivo, resulting in a transient delay in tumour
invasion. Although angiogenesis was not initially inhib-
ited, allowing the accumulation of blood vessels in the
surrounding stroma, the accumulation of the overex-
pressed TSP1 in a capsular layer around the tumour
functioned as a barrier to prevent the infiltration of
blood vessels into the tumour. Blood-vessel penetration
and, as a consequence, tumour invasion and expansion
could be re-established by downregulation of TSP1
expression using antisense oligonucleotides76.

Recent studies indicate that the anti-angiogenic
effect of TSP1 is also mediated by integrins77 and can be
prevented through degradation of the TSP1 matrix by
MMPs (P. Boukamp, personal communication).
Similarly, the formation of a discrete capsular layer
around hepatocellular carcinomas is associated with
reduced blood-vessel infiltration into the tumour mass
and therefore with a decrease of tumour invasiveness78.
So, the protein composition of the ECM, the structural
integrity of ECM proteins and the activity of degrading
proteases all seem to have a marked impact on tumour
vascularization and can subsequently facilitate or even
induce the process of tumour invasion and expansion.
This was also confirmed by the lack of tumour vascular-
ization observed after transplantation of mouse skin
carcinomas into mice that were null for plasminogen
activator inhibitor 1 (PAI1). PAI1 is an endogenous pro-
tease inhibitor that counteracts the activation of plas-
minogen by uPA. In these mice, the balance of uPA and
PAI1 was deregulated in the stromal tissue, shifting the
balance towards an activated protease that might have
generated an excess of anti-angiogenic ECM degra-
dation products. As a consequence, tumour vascular-
ization was abolished and the grafted mouse skin 
carcinoma cells failed to invade the stroma of the
PAI1-deficient host. Re-expression of PAI1 in the
knockout animals confirmed that the absence of PAI1
was responsible for this vascular deficiency, as
tumour vascularization and invasion were restored79.

Protease activity uncovers or releases cryptic sites that
function to modulate the proliferation, migration and
apoptosis of endothelial cells17,80. One example for these
proteolytic fragments is angiostatin, an amino-terminal
fragment of plasminogen that is generated by MMP
degradation (MMP3, MMP7, MMP9, MMP12)81,82.
Angiostatin is a potent inhibitor of endothelial-cell pro-
liferation and angiogenesis. Other inhibitors of angio-
genesis include endostatin (a proteolytic fragment of
type XVIII collagen), and tumstatin, which is generated
from collagen type IV83,84. Although endostatin inhibits
proliferation and migration of endothelial cells in
response to VEGF85,86, tumstatin was shown to induce
the apoptosis of proliferating endothelial cells87.

On the other hand, overexpression of membrane-
bound membrane type 1 MMP (MT1-MMP) in
melanoma cells is associated with increased tumour 
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stromal environment should therefore be able to slow or
even reverse tumour progression. The potential of a nor-
mal context to suppress a tumorigenic phenotype was
first reported by Illmensee and Mintz, who showed that
malignant mouse teratocarcinoma cells, grown over
many transplant generations as ascites tumours in vivo,
could develop into normal tissues and generate normal
mice when injected into developing blastocysts101. Bissell
and colleagues demonstrated that the presence of a
reconstituted physiological basement membrane
induces pre-malignant breast epithelial cells to undergo
growth arrest and form polarized alveolar structures, as
normal epithelial cells would72. This normalization is in
part mediated by integrins, as blockade of signalling by
β

1
-integrin reverts tumorigenesis despite maintained

genetic abnormalities in the epithelial cells102. Similarly,
induction of granulation-tissue formation by transplan-
tation of a hyaluronan-based scaffold before the trans-
plantation of malignant keratinocytes into nude mice
resulted in the formation of a fibrotic-type stroma that
blocked formation of invasive tumours. This inhibition
coincided with lack of tumour vascularization and was
possibly caused by re-establishment of normal ECM 
and basement-membrane structures (M. Willhauck,
H.J. Stark, N. Mirancea and N.E.F., unpublished observa-
tions). Finally, inhibition of angiogenesis — another
approach to normalizing the tumour microenvironment
— can result in a phenotypic reversion of a malignant
and invasive to a non-invasive pre-malignant tumour
phenotype69,103 (FIG. 2).

Taken together, these observations indicate that the
tumour microenvironment is a potential therapeutic 

finding is in agreement with studies indicating that
NF1 heterozygosity in stromal fibroblasts, mast cells
and PERINEURAL CELLS is essential for the development 
of neurofibroma97.

Experimentally, this concept has been beautifully
confirmed by findings that induction of mutations in the
mammary stromal compartment by γ-irradiation or
treatment with chemical mutagens promotes tumour
formation. Long-overlooked studies from the 1950s
reported increased tumour formation after carcinogen-
treated stroma was transplanted with untreated skin
epithelial cells98. More recently, the effects of carcinogen
treatment on stromal cells were analysed in murine
mammary tissue. Injection of unirradiated mammary
epithelial cells into irradiated epithelial-cell-free (cleared)
mammary fad pads resulted in neoplastic progression of
the epithelial cells99. Similarly, Maffini and co-workers
demonstrated that treatment of cleared mammary fad
pads with the carcinogen N-nitroso-methyl urea (NMU)
generated a stromal environment that was characterized
by the acquisition of genetic mutations and allowed the
development of epithelial tumours from transplanted
normal mammary epithelial cells. Taking this study even
further, they showed that treatment of the epithelial cells
with NMU was not sufficient to induce tumour forma-
tion in an untreated stromal background, but, rather,
required the grafting onto NMU-treated stroma100.

Normalizing the stroma
There is abundant evidence that an abnormal stromal
context contributes to, or is even required for, tumour
formation and progression. ‘Normalization’ of the 

PERINEURAL CELLS

The outermost layer of stromal
cells that surround peripheral
nerves.

Table 1 | Cancer clinical trials designed to target the tumour stroma

Target Approach Clinical trial Outcome/status

Endothelial cells Inhibition of VEGF signalling Phase III for colon carcinoma, lung Improved survival for colon 
carcinoma and renal-cell carcinoma; carcinoma110; Phase II studies for 
Phase II for lung carcinoma and lung and renal-cell carcinoma 
renal-cell carcinoma show slightly improved 

survival111,112, and Phase III trials 
for these are ongoing*‡

Inhibition of endothelial-cell Phase I/II for lung carcinoma and Drug well tolerated; some 
proliferation by TNP 470, a advanced solid tumours patients with partial response111

fumagillin analogue

Induction of apoptosis in Phase I for thyroid cancer Ongoing*
proliferating endothelial cells 
with tubulin-binding agents

Inflammatory cells NSAIDs Phase II for colon carcinoma Ongoing with first beneficial 
results113

ECM components Local injection of Phase I and II for glioma Increased survival114

radiolabelled antibodies 
against tenascin

ECM/basement- Antibodies against integrin Phase I and II for lymphoma, Ongoing*
membrane melanoma and glioblastoma
signalling

ECM integrity MMP inhibitors Phase I, II, III Initial results were negative59; new
components and combinations 
are in Phase I*

ECM fragments Injection of endostatin Phase I Ongoing111

*For further information, see the National Cancer Institute’s Angiogenesis Inhibitors in Clinical Trials web page in the online links box. ‡For
further information, see the Special Project Angiogenesis web page in the online links box. ECM, extracellular matrix; MMP, matrix
metalloproteinase; NSAIDs, non-steroidal anti-inflammatory drugs; VEGF, vascular endothelial growth factor.
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and cytokines by treatment with non-steroidal anti-
inflammatory drugs (NSAIDs) has been shown to lower
the risk for colon and breast cancer, and might help to
prevent lung, oesophageal and stomach cancers106; for
further information, see the NCI web site entitled
‘Epidemiology: Nonsteroidal Anti-Inflammatory Drugs

target (TABLES 1,2). Advantages to targeting the stroma
include the fact that these cells are not as genetically
unstable as cancer cells, and are therefore less likely to
develop drug resistance104,105. There have already been
several exciting success stories in the clinical targeting of
tumour stroma (TABLE 1). Inhibition of inflammatory cells

Table 2 | Potential therapeutic targets in the tumour stroma

Stromal element Alteration Clinical and preclinical trial results

Stromal cells

Endothelial cells Blocking endothelial-cell proliferation (such as Induces endothelial-cell apoptosis, inhibits angiogenesis
through inhibition of VEGF) (TABLE 1) and numerous experimental systems64

Tumour-associated Inhibiting fibroblast proliferation and activation Promotes tumour progression; TGFβ overexpression,
fibroblasts (such as through inhibition of TGFβ signalling) however, can promote malignancy in certain tumour 

types; tested in preclinical models of colon carcinoma, 
prostate and forestomach cancer13,24

Macrophages Inhibiting macrophage recruitment by blocking Reduces tumour malignancy in preclinical models of 
recruitment factors breast cancer51,54

Mast cells Inhibiting mast-cell recruitment, such as by Reduces SCC skin tumour malignancy in mast-cell-deficient
blocking recruitment factors mice12,59

ECM molecules

Thrombospondin Overexpression Inhibits tumour invasion in experimental models for skin 
SCC and other tumours76,77

Tenacin Inhibition with radiolabelled inhibitory antibodies; Prolonged patient survival in clinical trials of patients with
inhibition of expression; blockade of tenascin gliomas (TABLE 2)114; inhibits angiogenesis and tumour-
binding inhibits tumour-cell migration cell migration in preclinical models of melanoma and breast

cancer115,116

Fibronectin Inhibitory antibodies that target extradomain B Inhibits angiogenesis in various tumour models117

Decorin Adenovirus-mediated expression Suppresses tumorigenicity of colon and squamous
carcinoma models118

Hyaluronate Expression; degradation by hyaluronidase Promotes motility of tumour cells119; reduces tumour 
growth in preclinical models of melanoma and breast cancer120

ECM cleavage products Generation of endostatin, angiostatin, tumstatin Inhibits angiogenesis in various solid tumour models17,87 and
and others clinical trials (TABLE 2)

Matrix-degrading proteases and inhibitors

MMPs Inhibition Inhibits invasion and angiogenesis, but can also be pro-
angiogenic, by inhibiting the generation of reactive ECM 
fragments; negative results in clinical trials (TABLE 2) 
involving different treatment combinations20

ADAMs Inhibition Blocks release of growth factors from the ECM; increased 
expression observed in human tumour samples and
preclinical tumour models80

Serpin/PAI1 Altering expression levels Enzymes are pro-angiogenic at high (therapeutic)
concentrations and anti-angiogenic at low (physiological)
concentrations in preclinical models of skin SCC and other
tumour models59,80

TIMPs Expression Suppresses tumour invasion and metastasis in tumour 
models, yet high expression levels correlate with poor 
prognosis in some human tumour types; expression studies 
performed in clinical samples and preclinical models80,88

Regulatory molecules

Integrins Inhibiting signalling Blocks malignant progression and angiogenesis in clinical 
trials (TABLE 2) and preclinical models for breast and 
ovarian cancer72–74

Growth factors, cytokines produced Inhibiting signalling Inhibits tumour progression in preclinical models for colon
by tumour cells (VEGF, PDGF, carcinoma, breast, prostate and forestomach
G-CSF, GM-CSF and others) cancer9,13,24,29,30,54 as well as skin SCC55,68

or stromal cells (TGFβ, CSF1, HGF 
and IGF1 and others)

Inflammation-associated growth Inhibition Blocks inflammation, which is associated with poor patient
factors and chemokines prognosis in clinical and preclincal models45,51

ADAM, a disintegrin and metalloproteinase; CSF1, colony stimulating factor 1; ECM, extracellular matrix; G-CSF, granulocyte colony-stimulating factor; GM-CSF,
granulocyte–macrophage colony-stimulating factor; HGF, hepatocyte growth factor; IGF1, insulin-like growth factor 1; MMP, matrix metalloproteinase; PAI1, plasminogen
activator inhibitor 1; PDGF, platelet-derived growth factor; SCC, squamous-cell carcinoma; TGFβ, transforming growth factor-β; VEGF, vascular endothelial growth factor.
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suffering from advanced stages of cancer, but, rather, has
produced severe intolerable side effects and even some-
times worsened the prognosis for the patient16 (TABLES 1,2).
This might be explained by the fact that trials designed
for these broad spectrum inhibitors did not take into
account the many and contradictory roles that MMPs
are believed to have in modulation of cell adhesive func-
tions, integrin signalling, the activation of growth factors
and revelation of cryptic sites in the ECM. To overcome
these problems, the development of more specific
inhibitors is now underway. However, when developing
microenvironment-based therapies, we need to keep in
mind that targeting just one aspect of the tumour
stroma, and doing this in patients with late-stage cancer,
is not likely to be successful. Therefore, the aim should be
to combine drugs that target different aspects of the acti-
vated stroma with cytotoxic therapies that are directed
against the tumour cells, thereby treating the tumour as
the organ that we now recognize it to be.

and Cancer Prevention’ in the online links box. Drugs
designed to block VEGF signalling have proven successful
in the treatment of colorectal cancer107. For example,
bevacizumab — a blocking monoclonal antibody against
VEGF — has been shown in Phase III trials, in a combi-
nation with first-line chemotherapy, to significantly pro-
long the life of patients with colorectal cancer and
patients with kidney cancer121. Blockade of signalling by
the epidermal growth factor receptor ERBB2 (also known
as HER2) with a neutralizing antibody has been shown to
downregulate tumour-cell-derived pro-angiogenic mole-
cules108. Other than its ability to inhibit proliferation of
EGFR-expressing cancer cells, this effect on the tumour
stroma could be an additional mechanism by which the
ERBB2-blocking antibody transtuzumab slows tumour
growth in patients with breast cancer109.

However, there are also some disappointments in
targeting the stroma for cancer therapy. Clinical testing
of MMP inhibitors has shown no efficacy in patients
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