
Summary. The article focuses on the functional impact
of tumor-associated fibroblasts (TAF) on its surrounding
cells. It intends to cover the recent knowledge on TAF,
the phenotype, and expression profile of which have
been described in the first part of the review series
(Kunz-Schughart and Knuechel, 2002). The present
review is subdivided into two main chapters: (1)
functional impact of TAF on tumor cells and (2)
fibroblast-host cell interactions in tumor tissue. In the
first paragraph of chapter (1) about the role of fibroblasts
in tumor cell growth and differentiation it is revealed,
how strongly cellular interaction is dependent on
fibroblast and tumor cell type as well as the spatial ratio
between the cells. The variation of cellular behavior
depending on quantity of molecules holds also true for
the group of ECM molecules, e.g. the balance between
MMPs and TIMPs, which provide an interesting
therapeutic target in tumor tissue. This is one of the
topics addressed in the second paragraph which focuses
on tumor cell dissemination. Chapter (2) addresses the
relation of TAF to other intra- or peritumoral host cells.
The hypoxia-related angiogenesis induction of
fibroblasts via growth factor secretion (e.g. VEGF) is
considered as important as the immune modulatory
properties of fibroblasts on immune cells, such as
monocytes/macrophages. These cellular properties can
be tested under controlled conditions in three-
dimensional heterologous cultures of human cells,
providing the chance for systematic modification to
assess therapeutic effects in an in vivo like environment.
Key words: Fibroblast, Myofibroblast, Tumor,
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Introduction

Fibroblasts comprise a large part of body tissue,
supporting the organization and structural stability of
epithelial cells in tissue. They have been investigated
thoroughly as an integral part of wound healing and as
regulatory cells in developmental processes. The
awareness of fibroblasts as a component in epithelial
tumor tissue is especially known from the so-called
scirrhous tumor. This pattern of tumor growth is defined
by an increase in fibroblast growth and consequent scar-
like collagen deposition in tumor tissue (desmoplastic
reaction).

The desmoplastic reaction is described most
frequently in breast cancer, squamous cell carcinoma
e.g. of the head and neck, as well as pancreatic and
colorectal carcinoma. In these tumor entities,
desmoplasia is associated with tumor progress and poor
prognosis. Fibroblasts are the quantitatively most
abundant stromal host cell type in desmoplastic tumors
and the main source of various ECM components and
modulators. These tumor-associated fibroblasts (TAF)
were shown to exhibit a spatio-temporal abnormal
phenotype, e.g. myofibroblastic and/or fetal-like
features, with a multitude of modifications in the
expression pattern that critically affect tumor growth and
dissemination (for review: Wernert, 1997; Elenbaas and
Weinberg, 2001; Tlsty and Hein, 2001). The following
text will connect the phenotype of TAF (Fig. 1) to
findings of the direct and indirect functional impact on
tumor cells.
Functional impact of TAF on tumor cells

Tumor cell growth and differentiation

The phenomenon of histological differentiation of
tumor cells induced by embryonic or normal
mesenchyme was first described with murine mammary
carcinoma cells in vitro (DeCosse et al., 1975) and was
revealed in the early 1990s not only for human breast
tumor cells cultured in a tumor spheroid-fibroblast
monolayer coculture system (Brouty-Boyé et al., 1994)
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but also for colorectal (Bosman et al., 1993) and
prostatic cancer cells in vitro and in vivo (e.g. Hayashi et
al., 1990; Chung, 1991, 1995; Chung et al., 1991; Cunha
et al., 1991; Gleave et al., 1991, 1992; Hayashi and
Cunha, 1991). The in vivo studies, i.e. coinjection
experiments of prostatic cancer cells and normal
prostatic or bone marrow fibroblasts into athymic mice,
implied a fibroblast-induced histodifferentiation, loss of
tumorigenicity and enhanced androgen-sensitivity of
tumor cells accompanying an enhanced collagen type I
production. Since collagen I was not increased at the
i nva s ive front, e.g. in colorectal tumors, it was soon
hypothesized that collagen I production in tumor-
associated stromal cells is not a protective reaction of the
host tissue (e.g. Hewitt et al., 1993). Other experiments
using conditioned media from short-term cultures of
human fibroblasts demonstrated on the contrary a
mitogenic effect on various breast tumor cell lines
indicating a paracrine role in the regulation of breast
tumor growth (e.g. Cullen et al., 1991; Ryan et al., 1993;
Ellis et al., 1994). Ryen and Van Roozendaal and
coworkers documented a stimulatory effect of fibroblast-
conditioned media regardless of the fibroblast source,
e.g. fibroblasts from normal breast, normal skin, breast
fibroadenomas, and malignant breast tissue (va n
Roozendaal et al., 1992; Ryan et al., 1993). How eve r,
van Roozendaal described a quantitative difference in the
mitogenic stimulus with conditioned media from breast
tumor fibroblasts being more eff e c t ive than that of
normal fibroblasts and ER-(estrogen-receptor)positive
breast tumor cells (MCF-7 and ZR-75-1) showing a
greater response than ER-negative cell lines MDA-MB-
231 and Evsa-T (van Roozendaal et al., 1992, 1996). In
fact,  for Evsa-T cells he reported an infrequent
inhibitory effect of fibroblast-conditioned media which
is in accordance with other studies applying not only
conditioned media but diverse experimental i n - v i t ro
coculture systems that implied embryonic and tumor-
derived mesenchyme but not normal adult fibroblasts to
induce a proliferation boost in mammary carcinoma cells

(Armstrong and Rosenau, 1978; Adams et al., 1988a,b;
Mukaida et al., 1991; Hofland et al., 1995; Lefebvre et
al., 1995; Dong-Le Bourhis et al., 1997). Similarly,
Shekhar and cowo r kers (2001) applied a 3-D coculture
model of normal breast epithelial cells MCF10A and
preneoplastic MCF10AT1-EIII8 cells and dive r s e
fibroblast types. While normal breast f i b r o b l a s t s
inhibited growth and morphogenesis of both epithelial
cell lines by suppressing estrogen-induced eff e c t s ,
t u m o r- d e r ived fibroblasts conferred morphogenic and
mitogenic induction of epithelial cells.

The conflicting in-vitro data were reflected in in-vivo
studies. It was for example shown that coinoculation of
MCF-7 breast tumor cells with fibroblasts promoted
r e t r i eval and growth of subsequent MCF-7 tumors in
nude mice (Horgan et al., 1987; Noel et al., 1993a;
Foidart et al., 1994). Coinjection of tumor cells and
matrigel and repeated injection of fibroblast-conditioned
medium at the site of tumor cell inoculum induced
similar effects (Noel et al., 1993a,b). In contrast, MCF-7
tumorigenicity and tumor growth were not modified by
the presence of normal or tumor-derived fibroblasts in a
study performed by Brouty-Boyé and Raux (1993). They
could also show that the incidence of MDA - M B - 2 3 1
tumors in nude mice increased for low cell inocula with
either normal or malignant mammary tissue fibroblasts.
H ow eve r, at higher cell inoculations the appearance of
MDA-MB-231 tumors was delayed in the case of normal
fibroblasts and unaffected by tumor- d e r ived fi b r o b l a s t s .
This led to the hypothesis of tumor- fi b r o b l a s t
interactions to critically depend on fibroblast and tumor
cell type but also on the proportion of coinoculated cells.
A tumor-promoting effect of TAF is supported by the
more recent in-vivo and in-vitro observation of Olumi et
al. (1998) who demonstrated tumor-derived fibroblasts to
suppress tumor cell apoptosis. Although being
inconsistent, the literature data clearly imply the source
of fibroblast (normal, embryonic, tumor- d e r ived) as a
critical determinant in tumor cell response. Both cell-cell
and cell-matrix interactions as well as paracrine factors
are found to be involved in this dynamic process. 

TAF-derived paracrine factors that may affect tumor
cell proliferation and differentiation include dive r s e
peptide growth factors such as PDGF-AA and -BB, IGF-
I and II, EGF, and TGF-α. TGF-ß produced by TAF is
supposed to inhibit proliferative activity in epithelial
cells. However, with respect to carcinoma cells there is
g r owing evidence that at later stages of cancer
progression TGF-ß rather contributes to tumor grow t h ,
since 1.: many tumor cells become resistant to TGF-ß
g r owth inhibition; 2.: TGF-ß decreases the immune
responses by potentially altering migration, proliferation,
and/or maturation of immune cells; and 3.: TGF-ß
potentially supports EC maturation in the neovasculature
(see below) (for review: Gold, 1999). 

Tumor cell characteristics are directly and indirectly
a ffected by TA F - d e r ived ECM and ECM-modulating
molecules. Some peptide growth factors are sequestrated
by proteolytic cleavage from the ECM or from the
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Fig. 1. Schematic overview of molecules overexpressed by TAF as a
result of tumor cell-fibroblast interaction that affect tumor tissue by
directly acting on tumor cells or altering immune cell response and/or
angiogenesis. Autocrine loops for some of the molecules are also
known (for more detail see previous review - Kunz-Schughart and
Knuechel, Histol Histopathol 17, 599-621, 2002)



respective binding protein(s), such as IGF-I and IGF-II,
TGF-ß, and ßFGF. Membrane-anchored latent grow t h
factors, e.g. tumor - n e c r o s i s - fa c t o r-α ( T N F -α) or
heparin-binding EGF-like growth factor (HB-EGF) can
be activated by protease-mediated ectodomain shedding.
In addition, proteolytic, bioactive ECM fragments,
termed matrikines may constitute new intracellular
signals (for rev i ew: Bergers and Coussens, 2000).
Proteolysis of ECM also affects cell properties and
b e h avior by modification of cy t o s keletal orga n i z a t i o n
and activation of second-messenger and protein-kinase
p a t h ways.  Thus,  some of the TA F - d e r ived ECM
molecules are not only implicated in invasion processes
(see below) but can directly affect tumor cell
proliferation. The oncofetal ED-A FN splice variant, for
example, was shown to induce G1-S phase transition in
an i n - v i t ro model of ED-A FN transfected CHO cells
associated with an enhanced expression of cyclin D,
hyperphosphorylation of pRB, and activation of
m i t o g e n - a c t ivated protein kinase extracellular signal
regulated kinase 2 (ERK2) (Manabe et al., 1999).

Tumor cell growth and dissemination

I nvasion and metastasis is determined by va r i o u s
tumor cell features such as the expression profile and/or
temporal regulation of cell-adhesion molecules and cell
matrix receptors as well as the synthesis of ECM- and
basal membrane-degrading proteases. Some of the
mechanisms by which the ECM regulates tumor cell
i nvasion through integrin signaling via the MAPK
p a t h way using MMP expression have been rev i ew e d
recently (Crowe and Shuler, 1999). Dano et al. (1999)
h ave summarized possible cooperations of diff e r e n t
protease systems (see also below) and cell types and
propose cancer invasion to be viewed as tissue
remodeling gone out of control with stromal cell
i nvo l vement representing a new paradigm with
important implications for cancer pathophy s i o l o g y
therapy. In fact, due the the fibroblasts’ dominant role in
ECM production and modification in normal and tumor
tissue, they can profoundly affect tumor cell migration
and metastasis. This was first shown for colon cancers
(for rev i ew: Bosman et al., 1993) and roughly at the
same time ve r i fied for breast cancer cells in vitro in a
hydrated collagen gel assay (Rossi et al., 1994).

According to our previous report, the ECM in
desmoplastic tumors frequently contains oncofetal FN
variants and elevated levels of TN-C and hy a l u r o n a n .
FNs and TNs share the arginine-glycin-aspartic acid
sequence (RGD site) that is necessary for lig a n d
recognition by most integrins including those expressed
by epithelial (tumor) cells (Schenk and Chiquet-
Ehrismann, 1994; Ruoslahti, 1999). FN is a disulfi d e -
bonded dimer consisting of two 230-250 kDa monomers
each with type I, type II, and type III repeating modules.
The type I repeats form an assembly to bind other FN
molecules. Type II repeats mainly interact with collagens
such as collagen type I which is ove r expressed in TA F

induced by diverse stimuli. Type III repeats contain the
RGD site and have several functions including binding
to cells via integrins and to heparin (for rev i ew :
Langenbach and Sottile, 1999; Schwarzbauer and
S e c h l e r, 1999; Sottile et al., 2000). The FN
polymorphism in fibroblasts is regulated in vitro and in
vivo by several paracrine factors including TGF-ß1 (e.g.
Balza et al., 1988; Borsi et al., 1990, 1992; Magnuson et
al., 1991), a growth factor that also stimulates HA and
collagen type I production in tumor- d e r ived fi b r o b l a s t s
(Smith et al . ,  1991; Serini et al . ,  1998). During
embryogenesis and tissue remodeling and repair, FN is
ex t e n s ively incorporated into the existing ECM (high
molecular mass, disulfide-stabilized multimers) and also
circulates in plasma as a soluble dimeric molecule. As a
molecule promoting attachment of connective tissue
cells, insolubilized, multimeric FN is a strong candidate
in diverse pathological situations for mediating cellular
i nvasion (Armstrong and Armstrong, 2000). Also, FN
has a complex pattern of alternative splicing at the
m R NA level. The oncofetal isoforms ED-A and ED-B
d e r ive by alternative splicing and contain an extra FN
type-III repeat. Another oncofetal FN variant results
from translational de novo O-linked glycosylation of a
specific threonine residue in the C-terminal region of the
FN molecule (Kosmehl et al., 1996; Matsuura et al.,
1988). All of these modifications alter the conformation
of the FN molecule and thus affect the binding affinity to
other ECM substrates, paracrine factors including
peptide growth factors, and to carcinoma cells as well as
stromal cell types. In ED-A FN transfected CHO cells, a
reduced integrin-binding affinity of the RGD site, which
in particular but not exclusively binds to integrin α5ß1,
was shown. This affinity-loss was associated with a
promotion of cell spreading and migration (Manabe et
al., 1997). 

The human TN-C hexamer contains three subunits of
190, 200, and 230 kDa, each consisting of 14.5 EGF-like
repeats, 15 units similar to the FN type III homology
repeat and a sequence homologue to the globular domain
of the ß and γ chains of fibrinogen at the C-terminus.
A l t e r n a t ive splicing of several FN-III domains leads to
small and large splice variants with a distinct binding
a ffinity to FN and a differential incorporation into the
ECM. Formation of homo- and heterotypic hex a m e r s
further contributes to the functional diversity of TN-C
(for review: Jones and Jones, 2000). TN-C is expressed
non-ubiquitously with a highly dive r s i fied but precise,
temporo-spatial pattern associated with transient
morphogenetic tissue interactions in deve l o p m e n t a l
processes; in normal adult human tissue, TN-C is
variably present for example in smooth muscle cells and
vessel walls, and in tonsils (for rev i ew: Vo l l m e r, 1994;
Chiquet-Ehrismann, 1995; Jones and Jones, 2000). It is
highly regulated by a variety of growth f a c t o r s ,
hormones, cytokines, va s o a c t ive peptides and ECM
proteins as well as by mechanical forces. In contrast to
other ECM molecules, TN appears in the interstitial
stromal ECM rather than in basement membranes. The
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role of TN-C in tumor growth and dissemination has
been issue of controversial discussion as it was initially
b e l i eved to inhibit cancer growth by creating cell
boundaries, suppressing cell migration, and dow n -
r egulating tumor cell proliferation; contrary to this, it
was suggested to stimulate cell movement and
subsequent metastatic spread due to its anti-adhesive
properties. TN-C is considered an adhesion-modulating
molecule since it counteracts the cell adhesion activity of
FN (Chiquet-Ehrismann, 1993; Schenk and Chiquet-
Ehrismann, 1994; Chiquet-Ehrismann et al., 1995). But
TN-C not only interacts with other ECM molecules, it
also binds to diverse integrins (αvß3, α2ß1, αvß6, αxß1,
α8ß1, α9ß1) that are expressed on epithelial (tumor)
cells, fibroblasts and/or ECs (for rev i ew: Jones and
Jones, 2000). Interactions were further documented with
a n n exin II, a calcium-dependent, phospholipid-binding
protein that is found not only intracellularly but also
extracellularly as both soluble and membrane-bound
molecule (for rev i ew: Chung et al., 1996; Siever and
Erickson, 1997). Annexin II heterotetramers are
frequently present on the surface of tumor cells
interacting with serine proteases plasminogen/plasmin
and tissue-type plasminogen activator (tPA) and with the
cysteine protease cathepsin B that are all upregulated in
a variety of tumors and are involved in ECM degradation
(for review: Mai et al., 2000).

Increased expression of HA by TAF does not
necessarily account for reduced cell migration. In an
experimental in-vivo system with HA-transfected tumor
cells it was shown for example that enhanced production
of HA, in particular of high molecular mass HA,
promotes anchorage-independent growth and
tumorigenicity (Kosaki et al., 1999). TAF seem to
primarily ove r express high molecular mass HA and
mediated fragmentation of these immobilized HA
variants by hyaluronidases that are ove r expressed in
many tumors facilitates tumor invasion. 

ECM proteases and their mediators directly
determine the transitory adhesions of moving cells to
components of the ECM including malignant,
endothelial, and immune cells and therefore crucially
a ffect tumor microenvironment, tumor cell
i nvasion/metastasis and angiogenesis (for re v i ew :
Johansson et al., 2000). In addition, proteolysis of ECM
influences cell properties and behavior by modifi c a t i o n
of cy t o s keletal organization and activation of second-
messenger and protein-kinase pathways. Proteases with
a central role in ECM degradation and cell migration
that are ove r expressed or activated by tumor- fi b r o b l a s t
interactions include several matrix metalloproteinases
(MMPs) such as MMP-2 and MMP-9 (DeClerck, 2000)
(see also previous report). Several concise rev i ews on
ECM-degrading enzymes in tumor-associated processes
h ave been published within the last two years (e.g.
Curran and Murray, 1999, 2000; Murphy and Gavrilovic,
1999; Bergers and Coussens, 2000; Koblinski et al.,
2000). Thus, MMPs and their specific inducers and
inhibitors produced by tumor cells and by the tumor-

associated stroma represent a relevant target for
therapeutic intervention (Heath and Grochow, 2000;
Johansson et al., 2000; Nelson et al., 2000). TIMPs are a
family of currently four low-molecular weight proteins
that critically determine ECM homeostasis by control of
MMP activ i t y. Their functions include not only the
inhibition of active MMPs but also activation of
p r o M M P. Furthermore they were shown to affect cell
proliferation and apoptosis and to bind ex t r a c e l l u l a r
matrix (for rev i ew: Bode et al., 1999; Curran and
Murray, 1999, 2000; Brew et al., 2000). In TAF, TIMP-2
expression has been noted. In the context of tumor
b i o l o g y, coexpression of MMPs and TIMPs is
c o n t r oversially discussed. In addition to their
multifunctional nature, i .e.  inhibition of MMPs
associated with anti-invasive properties on the one hand
and grow t h - fa c t o r- l i ke activity on the other hand,
discrepant results may be due to the fact that TIMP-2, as
the main physiological inhibitor of MMP-2, is secreted
as soluble factor by some cell types such as
macrophages but in complexes with proMMP-2 by
others, e.g. fibroblasts. The mechanism of activation of
proMMP-2 via MT1-MMP appears to potentially
i nvo l ve formation of a trimolecular receptor complex
with TIMP-2 (Butler et al., 1998). Also, an MT1-MMP
promoted internalization and degradation of TIMP-2
seems reasonable according to a study by Maquoi et al.
(2000) who applied radioactive-labeled TIMP-2 and
MT1-MMP-transfected tumor cells to inve s t i gate the
interaction between MT1-MMP and TIMP-2. The
c o o p e r a t ive mechanism of MT1-MMP, MMP-2 and
TIMP-2 becomes even more complex with the
observations reviewed by Chen and Wang who described
a differential co-localization of the three molecules on
specialized surface protrusions of inva s ive cells
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Fig. 2. Impact of TAF on the matrix metalloproteinase scenario in
tumors. All of the factors mentioned may be overexpressed in TAF as a
result of tumor cell – fibroblast interaction: MT1-MMP (membrane type 1
matrix metalloproteinase), (pro)MMP1, (pro)MMP2, (pro)MMP3,
(pro)MMP-9, uPA (urokinase-type plasminogen activator), uPAR (uPA
receptor), Cathepsin B, TIMP-2 (tissue inhibitor of metalloproteinase 2).
The net effect of these interactions is an activation of various ECM
proteases resulting in matrix degradation and growth factor activation.
Tumor growth and dissemination is enhanced via direct and indirect
mechanisms including involvement of other host cell types such as
endothelial and immune cells.



associated with a distinct function (Chen and Wa n g ,
1999). 

With regard to proteases invo l ved in the upstream
r egulation of the MMPs such as uPA and CathepsinB
that are known to be (over)expressed by TAF (Fig. 2) the
following observations should be mentioned: for MMP-9
and the urokinase-type plasminogen activator (uPA ) -
plasminogen-plasmin system there is evidence that the
cellular source may determine its activ i t y. While uPA R
(urokinase-type plasminogen activator receptor)
expression in tumor cells and stromal macrophages is
frequently described, Saito et al. (2000) documented an
i nverse association of liver metastasis of colorectal
cancers and stromal expression of MMP-9 or uPAR. To
eliminate systemic effects by widely-spread tumor cells,
t h ey inve s t i gated metachronous hematogenous
metastasis of colorectal cancers after surgery and
s h owed that only the number of macrophages wa s
reduced along the inva s ive margins as compared with
n o n - i nva s ive controls. They concluded that CD68-
positive, uPAR+, MMP-9-producing macrophages could
be inhibitory to hematogenous metastasis while the
presence of uPAR+ fibroblasts and tumor cells that also
express MMP-9 rather appeared to be associated with
hematogenous metastasis. Cathepsin B which
proteolytically activates MMP-1 and MMP-2 as well as
u PA also appears to be invo l ved in the dow n s t r e a m
r egulation of MMPs as it leads to fragmentation of
TIMP-1 and TIMP-2 resulting in a loss of MMP-
inhibitory and anti-angiogenic activities (Kostoulas et
al., 1999). According to some peptide growth fa c t o r s ,
ECM protease inhibitors TIMPs and PAIs are to some
extent stored in the ECM. TAF-dependent alterations in
the ECM scaffold thus affect TIMP and PAI activity.

Cell-matrix interactions are also influenced by the
expression of integrin receptors. How eve r, integrins on
the surface of tumor cells but not on TAF play the
dominant role in tumor cell migration processes. This is
also true for cell-cell adhesion molecules, probably with
one exception. Cadherins, e.g. E-(epithelial), P-
(placental), and N-(neural) cadherins, belong to a family
of transmembrane glycoproteins invo l ved in Ca 2 +-
dependent cell-cell adhesion (Ta keichi, 1993). They
contain a highly conserved cytoplasmic domain that
binds to catenin. In epithelial cells, the cadherin/catenin
complex is described as a mediator of cell-cell adhesion
and signal transduction (Novak and Dedhar, 1999; Ben-
Ze'ev et al., 2000; Braga, 2000) and plays a relevant role
in tumor cell invasion and metastasis (Mareel et al.,
1997; Beavon, 2000; Tu c ker and Pignatelli, 2000;
Wi j n h oven et al., 2000). N-cadherin/catenin complexe s
h ave been found in fibroblasts and myofibroblasts. N-
cadherin adherens junctions were shown to mediate
mechanical coupling between adjacent fibroblasts and
transmit viscoelastic tension directly from cell to cell
(Ragsdale et al., 1997). N-cadherin is described to
promote motility of several tumor cell types (Nieman et
al., 1999; Kim et al., 2000; Li et al., 2001). Homotypic,
homophilic immobilization of inva s i o n - p r o m o t i n g

m y o fibroblasts in tumors and heterotypic homophilic
interactions between N-cadherin-positive tumor cells and
fibroblasts are hypothesized to promote transendothelial
tumor spread (Van Hoorde et al., 1999; Kim et al.,
2000). 

Fibroblast-host cell interactions in tumor tissue

TAF and endothelial cells – angiogenesis

I n - v i t ro experiments with human prostate cancer
cells using a 3-D sandwich coculture system indicated
that stromal fibroblasts are required to produce capillary-
l i ke formation of endothelial cells (ECs) and play an
important role in angiogenesis (Janvier et al., 1997).
Angiogenesis is mainly initiated by sprouting of
endothelial capillaries from existing blood vessels to
form an endothelial plexus. After a period of
remodeling, the vasculature matures into a stationary
state by recruitment of perivascular cells and smooth
muscle cells. Vascular maturation is associated with
arrest of angiogenesis as manifested by contact
inhibition of endothelial cell (EC) proliferation when
cocultured with pericytes (PCs) or smooth muscle cells
(Orlidge and D'Amore, 1987; Nehls et al., 1994). In the
immature state the neovasculature is leaky and fragile,
and depends on a continuous supply of v a s c u l a r
endothelial growth factor (VEGF) for surviva l
(Benjamin et al., 1998, 1999). 

VEGF is actively secreted by a variety of human
tumor cell lines and is the major stimulans for both
proliferation and migration of ECs during tumor
vascularization (for rev i ew: Neufeld et al., 1999;
Ve i k kola and Alitalo, 1999) that also stimulates
m o n o cyte/endothelial cell interactions and
transendothelial migration of monocytes (Heil et al.,
2000). Hypoxia is considered the main inducer of
VEGF-production and secretion during tumor grow t h .
Here, VEGF production is not only enhanced via
a c t ivation of the HIF-1α ( hypoxia inducible fa c t o r
1alpha) transcription factor pathway (e.g. Forsythe et al.,
1996) but the intrinsically labile VEGF mRNA is also
stabilized in response to hypoxia (Dibbens et al., 1999).
It has become evident that hypoxia as a
p a t h o p hysiological phenomenon in tumors affects the
expression profile not only of the malignant cell
population but also of the adjacent stroma. Thus,
hypoxia is known to enhance VEGF secretion from
various fibroblast types including TAF (Hlatky et al.,
1994; Jackson et al., 1997; Pilch et al., 2001). In parallel,
hypoxia induces production of angiogenin, another
potent EC mitogen (Pilch et al., 2001), but also promotes
fibrogenesis by augmenting collagen type I and FN
synthesis in parallel to an enhanced expression of TIMP-
1 and dow n r egulation of MMP-1 expression (e.g.
Fa l a n ga et al., 1993; Agocha et al., 1997; Tamamori et
al., 1997; Norman et al., 2000; Saed et al., 2001). In
spite of inconsistent literature data on MMP-1
expression under hypoxia, it should be emphasized that
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s everal inve s t i gators documented a time-dependent,
bidirectional regulation of some of the genes mentioned,
i.e. collagen type I is upregulated after short-time
exposure (≥ 24 h) to low oxygen and dow n - r eg u l a t e d
under prolonged hypoxic conditions (≤ 48 h) in vitro
(Steinbrech et al., 1999a,b; Yamanaka and Ishikawa ,
2000) which may reflect the temporal progress of two
dominant processes in tumor stroma – desmoplasia with
fibroblast and ECM accumulation and angiogenesis with
enhanced EC migration and proliferation.

Other factors with angiogenic potential in vivo t h a t
are produced by fibroblasts either under h y p o x i c
conditions and/or following myofibroblast differentiation
include angiogenin, ßFGF, TGF-ß, TNF-α, and tissue
factor (Powell et al., 1999; Norman et al., 2000; Pilch et
al., 2001; Rickles et al., 2001; Saed et al., 2001). In an
interesting study, Zhao and Eghbali-Webb (2001)
s h owed cardiac fibroblast-conditioned medium
containing VEGF, bFGF, PDGF, and TGF-ß1 to cause a
s i g n i ficant reversal of hypoxia-induced inhibition of
D NA synthesis and enhanced expression of Bcl-2 (cell
s u r v ival-associated protein) in endothelial cells. Thus,
while fibroblasts release EC-inhibitory and stimulatory
factors, the net effect of fibroblasts in hypoxic areas
suggests an endothelial cell protecting and angiogenesis
supporting function. 

With regard to tumor hypoxia we should also
mention the following issues: (1) Via an oxgen sensor,
HIF-1 (hypoxia-inducible f a c t o r-1), and h y p o x i a
response elements, hypoxia activates a variety of signal
transduction pathways including protein kinase C
(PKC), protein kinase A (PKA) and tyrosine kinases and
regulates expression of a wide range of genes. Hypoxia-
induced proteome changes in neoplastic and stromal
cells influence tumor propagation and a process of
hypoxia-mediated malignant progression also leading to
multidrug resistence has been proposed (Höckel and
Vaupel, 2001). The first evidence for TAF to be critically
a ffected by hypoxia (Pilch et al., 2001) will hopefully
result in an increased effort to gain deeper insight into
the regulatory mechanisms relevant in fibroblasts in an
o x y g e n - d e ficient (tumor) micromilieu in order to
establish new ‘fibroblast-based’ therapeutic designs. In
fact, candidate genes determining a hypoxic, more
a g g r e s s ive tumor phenotype may also be diff e r e n t i a l l y
expressed in TAF or may be supplemented by other
tumor-promoting modifications of TAF. As an example,
it has been shown recently that hypoxia induces
expression of chemokines MCP-1 (monocy t e /
macrophage chemotactic/chemoattractant protein) and
IL-8 in resident human dermal fibroblasts, two fa c t o r s
that mediate chemotaxis of leucocytes (see below )
(Galindo et al., 2001). An angiogenic and EC
chemotactic potential of MCP-1 has also been
documented (Goede et al., 1999; Salcedo et al., 2000). In
parallel, the mRNA levels of IL-10 and IFN-γ w e r e
s h own to increase in fibroblasts under hy p o x i c
conditions; the corresponding cytokines are known to be
i nvo l ved in the regulation of macrophage tumoricidal

capacity (Saed et al., 2001). (2) Hypoxia not only
directly alters the expression profile of fibroblasts but it
may also modulate the effect of other paracrine/autocrine
factors on the expression pattern. Agocha et al. (1997),
for example, described an inversion of the effect of TGF-
ß1 and thyroid hormone on production of collagen type I
in cardiac fibroblasts in an oxygen-depriv e d
environment; under ambient conditions both TGF-ß and
t hyroid hormone had led to a diminished level of
collagen type I. (3) Other effectors can stimulate
expression of hypoxia-inducible genes in fi b r o b l a s t s
such as IL-1ß (Jackson et al., 1997).

TGF-ß is one of the indirect angiogenic fa c t o r s
expressed by TAF and/or activated by the carcinoma
cell-fibroblast interaction. This pleiotropic growth factor
is not only invo l ved in myofibroblast diff e r e n t i a t i o n
processes and capable to induce VEGF production in
fibroblasts (Trompezinski et al., 2000) but it is also
hypothesized in the recruitment of pericytes (PC)
together with smooth muscle cells to mediate angiostasis
and survival and to regulate hemodynamics by providing
the vessels with the capability of response to
va s o r e a c t ive signals. During retinal development the
pattern of vascular maturation suggests PC and smooth
muscle cells to originate from vascular smooth muscle
cells and migrate along the growing endothelial cords
(Benjamin et al., 1998). How eve r, there are also
indications that myofibroblasts provide a source for α-
S M A - p o s i t ive PCs in tumors (Lindahl et al., 1997).
P e r ivascular PC (= Rouget or mural cells) are found
under the basement membrane of capillaries with a close
structural relationship with EC (Diaz-Flores et al., 1991;
Shepro and Morel, 1993; Hirschi and D'Amore, 1996).
T h ey represent a heterogenous family of cells with
various, tissue-specific functions and have a pluripotent
capacity (for rev i ew: Egginton et al., 2000). The
postulated roles of PC or PC-like cells range from
structural support of capillaries, secretion of ECM
compounds, provision of an ECM scaffold for EC
migration and vessel sprouting, control of va s c u l a r
p e r m e a b i l i t y, and regulation of capillary perfusion
through different mechanisms. In contrast to prev i o u s
suggestions, Nehls et al. showed that PCs are involved in
capillary sprouting in situ and they also prov i d e d
evidence that at least a fraction of capillary PCs evolve
from periva s c u l a r, interstitial fibroblasts (e.g. Nehls et
al., 1992, 1994). While PC coverage is clearly not the
only mechanism of vessel maturation, there is good
evidence to suggest that in most organs it does reflect
correct function and degree of microvessel maturation
(Lindahl et al., 1997, 1998; Benjamin et al., 1998, 1999;
Goede et al., 1998). Human tumors, in contrast to
xenografts in mice, may contain large fractions of
mature vessels. The degree of PC recruitment to the
neovasculature in different tumor types reflecting mature
vessels varies significantly as shown most recently by
Eberhard et al. (2000). Interestingly, the neovasculature
in mammary and colon carcinomas, tumor types often
characterized by a marked desmoplastic reaction, had the
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highest rate of PC coverage, with as many as 60-70% of
mature vessels. While maturation will attenuate the rate
of vascular sprouting, it also prevents vascular collapse
and regression. Thus, the net effect may not be reduced
angiogenesis, but rather a shift towards a more stable
vascular bed with better perfusion capacity and loss or
reduction in the sensitivity toward antiangiogenic
targeting.

Other paracrine factors involved in the regulation of
angiogenesis affecting EC migration and homing are
cytokines/chemokines. In particular, CXC chemokines
with an ELR motif (Glu-Leu-Arg) at the NH2-terminus
such as IL-8, GRO (α, ß, γ) (growth related oncogene),
NAP-2 (neutrophil activating peptide), or ENA - 7 8
promote angiogenesis while those lacking the ELR motif
such as IP-10 are described as inhibitors (Keane and
Strieter, 1999; Belperio et al., 2000). IL-8, ENA-78 and
some other CXC cytokines may be constitutive l y
released by resident fibroblasts and myofibroblasts and
are enhanced by diverse stimuli (e.g. Andoh et al., 2000;
Witowski et al., 2001). Thus, an unbalanced expression
of these CXC cytokines in TAF is reasonable to
influence tumor angiogenesis. 

Some of the soluble molecules affecting tumor
angiogenesis may be stored in the TAF-derived ECM. In
addition to this indirect function, ECM components and
modulators may critically affect tumor vessel formation
via diverse mechanisms (Beckner, 1999). As mentioned
earlier, HA promotes migration of various cell types in
v i v o and in vitro under physiological and
p a t h o p hysiological conditions. TAF produce va r i a b l e
amounts of HA and hyaluronectin. HA action depends
on molecular mass, with anti-angiogenetic high-
molecular mass HA and small HA oligosaccharides or
H A - d egrading products stimulating EC migration and
proliferation (for re v i ew: Rooney et al., 1995).
Hyaluronidase-mediated fragmentation of immobilized,
high molecular mass HA not only facilitates tumor
i nvasion but the HA-degrading products generated
stimulate angiogenesis indicating that both eleva t e d
l evels of HA and HAase contribute to tumor
vascularization. Hyaluronectin impairs the binding of
both immobilized HA and HA-derived fragments to EC
inhibiting the stimulatory effect of HA in vitro (Trochon
et al., 1997) and may be invo l ved in vessel formation
and EC maturation. Tokes et al. (1999) found a positive
correlation between vascular grade and TN-C in tumor
stroma and hypothesized TN-C expression to be
associated with EC activation and angiogenesis, a
hypothesis that is supported by the observation of a TN-
supported EC spreading (Canfield and Schor, 1995)
depending on the adherence to the RGD domain and
fi b r i n o g e n - l i ke terminal knob of TN potentially via
integrins α2ß1 and αvß3 (Joshi et al., 1993; Sriramarao
et al., 1993). Also, it has become clear within the last 5
years that the ED-B FN splice variant, being more
frequent in the immature tumor vasculature than ED-A
FN and absent in mature vessels,  is inv o l ved in
angiogenesis (Kaczmarek et al., 1994; Neri et al., 1997).

Recent studies imply a VEGF-independent, FN-integrin
α5ß1-mediated pathway contributing to tumor
vascularization (Kim et al., 2000). Accordingly, ED-B
F N - t a rgeted antiangiogenic therapeutic strategies have
been introduced most recently (Neri et al., 1997; Nilsson
et al., 2001). Other investigators could not reproduce an
ED-B-positive staining of the tumor vascular bed, e.g. in
breast and colorectal carcinoma tissue, and thus
c o n t r oversially discuss these therapeutic designs
(Midulla et al., 2000). According to their effect on tumor
cells, ECM proteases, including MMPs, Cathepsin B,
and uPA, also determine EC migration. Protease-
mediated cleavage of cell adhesion molecules (E-
cadherin) and the development of matrikines such as
angiostatin, an endogenous plasminogen cleava g e
product with antiangiogenic potential shall be mentioned
as two regulatory mechanisms (for review: Bergers and
Coussens, 2000).

TAF and immune cells

In spite of fibroblasts and EC, the peritumoral
stroma in desmoplastic carcinomas also contains diverse
immune cell types such as cytotoxic T and NK cells as
well as macrophages and dendritic cells. According to
the expression profile depicted in our previous rev i ew,
TAF produce a multitude of paracrine immune-
modulators including chemokines, cytokines, and
peptide growth factors. In addition, fibroblasts may
secrete low-molecular weight inflammatory mediators
such as prostaglandin E2 (PGE2) (Schrey and Pa t e l ,
1995; Kim et al., 1998; Powell et al., 1999) that critically
a ffect immune cell activ i t y. Vancheri et al. (1996), for
example, showed that human lung fibroblasts inhibit
T N F -α production by LPS-activated human peripheral
blood monocytes. Later they documented fibrotic lung
fibroblasts to produce less PGE2 with a reduced ability
to dow n r egulate LPS-stimulated TNF-α secretion from
m o n o cytes than normal fibroblasts (Vancheri et al.,
2000). 

While TAF have rarely been considered important
effectors of antitumor immune responses, fibroblasts are
k n own to take part in immune reactions during tissue
damage and injury by modulating local cellular and
cytokine milieu, adjusting the kinetics and components
of the inflammatory infiltrate to the type of damage, and
by modulating the functional status of the
immunocompetent cells, as rev i ewed by Buckley et al.
(2001). Lack of deactivation of fibroblasts contributes to
persistence of the inflammatory infiltrate and prolonged
inflammation. Accordingly, fibroblasts are considered
sentinel cells in chronic inflammation as they essentially
contribute to leukocyte migration to the site of damage
and influence the local immune response (Murakami and
Okada, 1997; Smith et al. 1997). It is well known that
chronic inflammation and malignancies show some
molecular and cellular similarities even with regard to
the cytokine profile (Opdenakker and Van Damme,
1992; Balkwill and Mantovani, 2001). In addition, the

629

Tumor-associated fibroblasts II



data reviewed in our previous report, e.g. with regard to
cytokine/chemokine expression profile in TA F, imply a
critical impact of TAF on immune cell infi l t r a t i o n ,
activity, and maturation. 

Tu m o r-associated macrophages (TAM) represent a

major component of the leuko cytic infiltrate of many
solid tumors. They derive from blood monocytes that
migrate into tumor-tissue and undergo a process of
d i fferentiation determined by the tumor
m i c r o e nvironment. As indicated by several i n - v i t ro a n d
in-vivo studies, TAM are often characterized by a lack of
immunological activity and therefore rather contribute to
than limit tumor growth and progression (for rev i ew :
M a n t ovani et al., 1992; Elgert et al., 1998). In ductal
breast carcinomas a high macrophage content eve n
correlated with poor prognosis and clinical outcome
(Leek et al., 1996). In this tumor entity, TAM seem to be
predominantly located within the fibroblastic stroma
surrounding tumor cell islets (Müller, 1992), as indicated
in Fig. 3a. In addition to an abnormal TAM phenotype
a ffected by TA F, the following phenomenon is to be
considered: using a reg r e s s ive rat colorectal tumor
model, Lieubeau et al. (1999) revealed that T
l y m p h o cytes and monocytes/macrophages are found
outside progressive tumors that were surrounded by a
sheath of myofibroblasts and concluded that tumor-
a c t ivated myofibroblasts may prevent physical contact
between cancer and immune cells to eff e c t ively avo i d
tumor cell destruction. 

M o n o cyte-to-macrophage diff e r e n t i a t i o n / m a t u r a t i o n
in tissue is a process modulated by the cooperation of
paracrine factors, cell-cell and cell-matrix interactions.
Thus, in-vitro investigations focusing on the mechanisms
leading to or determined by the disturbed differentiation
pattern of TAF also require complex model systems. One
of these systems is the spheroid coculture model. In
MCS of urothelial tumor cell lines and suspensions of
monocytes it was shown that the highly invasive bladder
cancer cell line J82 dow n r egulated the expression of
s everal maturation-associated surface antigens and
inhibited the shift in the cytokine repertoire usually
associated with macrophage maturation. This effect was
not described in monolayer cocultures (Konur et al.,
1996, 1998). However, this model initially introduced by
Hauptmann et al. (1993) ignores the potential impact of
stromal fibroblasts. The first attempts to evaluate the role
of TAF using fibroblast spheroids and monocytes from
h e a l t hy donors (Fig. 3b) indicate a dominant role of
fibroblasts derived from diverse pathological conditions
including inv a s ive ductal breast tumors on the
recruitment of monocytes and also imply an impact on
the maturation process (unpublished data). 
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Fig. 3. Immunohistochemical detection of monocytes/macrophages in 5 µm
sections. (a) Invasive ductal breast tumor (G3) stained for CD68 using DAB
for color development and hematoxilin as counterstain. (b ) BT474 breast
tumor spheroid, ( c ) spheroids of tumor-derived fibroblasts (TAF) both
cocultured with monocyte suspension (104 monocytes/spheroid) for 40 h.
Cocultures were stained for CD14 using the APAAP-technique and Fast Red
for color development. In breast tumors, tumor-associated macrophages are
primarily located in the fibroblastic stroma. This behavior is reflected in
spheroid culture. Only a few monocytes migrate into tumor spheroids but
massive infiltration is seen in spheroids of tumor-derived fibroblasts.



In spite of the impact of the ECM and ECM-
modulating molecules such as proteases derived from
TAF on immune cell migration, one of the paracrine
factors that may play an essential role in this scenario
shall be mentioned. In breast carcinomas, the C-C
cytokine MCP-1 was detected in both tumor and stromal
cells (Va l kovic et al., 1998). In another study, eleva t e d
levels of MCP-1 were shown by in-situ hybridization in
extracts of malignant breast tumors and correlated with a
higher macrophage content (Ueno et al. 2000).
Considering the portion of fibroblasts contributing to the
tumor mass in desmoplastic tumors and the multiple
stimuli in the tumor environment that may lead to
enhanced MCP-1 release from fibroblast (see prev i o u s
review), TAF have to be interpreted as a relevant source
of MCP-1. Interaction between TAF and TAM may
further add to the increased MCP-1 level in tumor tissue.
Neither normal fibroblasts nor monocytes alone
produced significant levels of MCP-1 in vitro, but a
significant TNF-α-related increase in MCP-1 expression
in both cell populations was documented follow i n g
cocultivation (Zickus et al., 1998). Thus, MCP-1 is one
of the candidate cytokines to primarily originate from
t u m o r-associated stromal cells, in particular TA F,
a ffecting immune cell response. In a dose- and time-
dependent manner MCP-1 for example stimulates
m o n o cyte attachment to ECM components such as
laminin or FN via ß2 integrins (Jiang et al., 1994;
P e n b e r t hy et al., 1995). It is also invo l ved in the
r egulation of transendothelial chemotaxis of monocy t e s
and T lymphocytes by dynamic activation and
deactivation of ß1 integrins (α4ß1, α5ß1) via molecular
mechanisms that are currently under investigation (Carr
et al., 1996; Weber et al., 1996; Ashida et al., 2001;
Cambien et al., 2001). However, MCP-1 not only affects
immune cell migration but also exerts further immuno-
modulatory effects, for example by reducing leukotriene
B4 production by macrophages, suppressing CD4+T cell
proliferation, and modulating release of IL-4 and IFN-γ
in CD4 + T lymphocytes (Hogaboam et al., 1998;
Matsukawa et al., 1999). The interstitial fibroblast is also
capable of regulating its own behavior within the
interstitial environment via the expression of chemokines
and chemokine receptors. In a mouse model of acute
sepsis, endogenous MCP-1 was identified as a fa c t o r
influencing the cytokine balance in tissues in favor of
anti-inflammatory and immune-enhancing cy t o k i n e s
( M a t s u k awa et al., 2000). It is unclear, if the related
r egulatory pathways are still intact in tumor tissues.
I n t e r e s t i n g l y, migration of normal monocytes and
macrophages is controlled by MCP-1 but TAM, i.e.
macrophages isolated from tumor tissues, may show
reduced response to MCP-1, presumably due to a
‘ d e f e c t ive’ expression of the MCP-1 receptor CCR2
(Müller et al., 1997; Sica et al., 2000). Together with the
data rev i ewed earlier on the expression profile of TA F
( Kunz-Schughart and Knuechel, 2002), these
observations indicate a net effect of immune dysfunction
in inva s ive tumors with desmoplastic reaction. The

enhanced expression of various immune cell deactivating
or suppressing factors not only by tumor cells (Elgert et
al., 1998) but also by TAF, such as IL-6, IL-10, TGF-ß1,
PGE2, or M-CSF, is likely to play an additional critical
role. Understanding the impact of TAF and TAF-derived
factors on the immune reaction may thus lead to the
design of novel therapeutic strategies aimed to affect the
generation of these immune modulators by TAF. 

With regard to the ECM, it is obvious that integrin-
matrix interactions, presence or absence of ECM
proteases and soluble ECM fragments are invo l ved in
adherence and migration of immune cells. Cellular FN is
described to affect cytokine expression in
m o n o cytes/macrophages, e.g. induction of IL-10
production (Yoshida et al., 1999), FN fragments are
implicated in the modulation of monocyte integ r i n
expression and migration (Trial et al., 1999) and the
hyaluronan/CD44 system is known to influence
l y m p h o cyte rolling (Clark et al., 1996). How eve r, the
impact of specific TA F - d e r ived ECM molecules on
immune cell activ i t y, such as oncofetal FN splice
variants, is not well understood. Tatts and cowo r ke r s
(1999) presented an interesting study regarding TN-C
using an i n - v i v o mouse model with spontaneously-
d eveloping mammary tumors followed by metastatic
lung disease. Their data on TN-C-null mice crossed with
the tumor- d eveloping mouse strain indicate a ve r y
limited role of TN-C in spontaneous tumor development,
growth, and metastasis. However, the TN-C null stromal
compartment contained significantly more
m o n o cytes/macrophages indicating an immuno-
modulatory activity of TN-C which is in accordance
with a previous study showing TN-inhibited monocy t e
adhesion to FN in parallel to an immuno-suppressive
e ffect on T-cell activation (Ruegg et al., 1989). Aga i n ,
the awareness that TA F - d e r ived factors including
complexed and soluble ECM compounds affect immune
cell (dys)function in tumors shall motivate scientists to
elucidate the underlying mechanisms in order to
delineate new therapeutic targets. 

Conclusion

Far from being complete, our present report gives an
overview and discusses how TAF directly and indirectly
a ffect tumor growth and propagation in order to
stimulate consideration of TAF as a ‘novel’ therapeutic
target in desmoplastic tumors. The complex network of
e ffects transduced by TAF and TA F - d e r ived factors on
tumor and host cells is highlighted with respect to tumor
cell behav i o r, EC migration, vessel maturation, and
immune response. Recapitulating the modif i e d
expression profile of TAF as compared with normal
fibroblasts, as emphasized in part I of this review article
series ‘Tu m o r-associated fibroblasts (part I): active
participants in tumor development and progression?’,
some examples are given to stress the potential impact of
TAF on tumor progression, i.e. TA F - d e r ived signals
resulting in angiogenesis and immune dysfunction. 

631

Tumor-associated fibroblasts II



References

Adams E.F., Newton C.J., Braunsberg H., Shaikh N., Ghilchik M. and
James V.H. (1988a). Effects of human breast fibroblasts on growth
and 17 beta-estradiol dehydrogenase activity of MCF-7 cells in
culture. Breast Cancer Res. Treat. 11, 165-172.

Adams E.F., Newton C.J., Tait G.H., Braunsberg H., Reed M.J. and
James V.H. (1988b). Paracrine influence of human breast stromal
fibroblasts on breast epithelial cells: secretion of a polypeptide which
stimulates reductive 17 beta-oestradiol dehydrogenase activity. Int.
J. Cancer 42, 119-122.

Agocha A., Lee H.W. and Eghbali-Webb M. (1997). Hypoxia regulates
basal and induced DNA synthesis and collagen type I production in
human cardiac fibroblasts: effects of transforming growth factor-
beta1, thyroid hormone, angiotensin II and basic fibroblast growth
factor. J. Mol. Cell. Cardiol. 29, 2233-2244.

Andoh A., Takaya H., Saotome T., Shimada M., Hata K., Araki Y.,
Nakamura F., Shintani Y., Fujiyama Y. and Bamba T. (2000).
Cytokine regulation of chemokine (IL-8, MCP-1, and RANTES) gene
expression in human pancreat ic periacinar myofibroblasts.
Gastroenterology 119, 211-219.

Armstrong P.B. and Armstrong M.T. (2000). Intercellular invasion and
the organizational stability of tissues: a role for fibronectin. Biochim.
Biophys. Acta 1470, 9-20.

Armstrong R.C. and Rosenau W. (1978). Cocultivation of human
primary breast carcinomas and embryonic mesenchyme resulting in
growth and maintenance of tumor cells. Cancer Res. 38, 894-900.

Ashida N., Arai H., Yamasaki M. and Kita T. (2001). Distinct signaling
pathways for MCP-1-dependent integrin activation and chemotaxis.
J. Biol. Chem. 276, 16555-16560.

Balkwill F. and Mantovani A. (2001). Inflammation and cancer: back to
Virchow? Lancet 357, 539-545.

Balza E., Borsi L., Allemanni G. and Zardi L. (1988). Transforming
growth factor beta regulates the levels of different fibronectin
isoforms in normal human cultured fibroblasts. FEBS Lett. 228, 42-
44.

Beavon I.R. (2000). The E-cadherin-catenin complex in tumour
metastasis: structure, function and regulation. Eur. J. Cancer 36,
1607-1620.

Beckner M.E. (1999). Factors promoting tumor angiogenesis. Cancer
Invest. 17, 594-623.

Belperio J.A., Keane M.P., Arenberg D.A., Addison C.L., Ehlert J.E.,
Burdick M.D. and Strieter R.M. (2000). CXC chemokines in
angiogenesis. J. Leukoc. Biol. 68, 1-8.

Ben-Ze'ev A., Shtutman M. and Zhurinsky J. (2000). The integration of
cell adhesion with gene expression: the role of beta-catenin. Exp.
Cell Res. 261, 75-82.

Benjamin L.E., Hemo I. and Keshet E. (1998). A plasticity window for
blood vessel remodelling is defined by pericyte coverage of the
preformed endothelial network and is regulated by PDGF-B and
VEGF. Development 125, 1591-1598.

Benjamin L.E., Golijanin D., Itin A., Pode D. and Keshet E. (1999).
Selective ablation of immature blood vessels in established human
tumors follows vascular endothelial growth factor withdrawal. J. Clin.
Invest. 103, 159-165.

Bergers G. and Coussens L.M. (2000). Extrinsic regulators of epithelial
tumor progression: metalloproteinases. Curr. Opin. Genet. Dev. 10,
120-127.

Bode W., Fernandez-Catalan C., Grams F., Gomis-Ruth F.X., Nagase

H., Tschesche H. and Maskos K. (1999). Insights into MMP-TIMP
interactions. Ann. NY Acad. Sci. 878, 73-91.

Borsi L., Balza E., Allemanni G. and Zardi L. (1992). Differential
expression of the fibronectin isoform containing the ED-B oncofetal
domain in normal human fibroblast cell l ines originating from
different tissues. Exp. Cell Res. 199, 98-105.

Borsi L., Castellani P., Risso A.M., Leprini A. and Zardi L. (1990).
Transforming growth factor-beta regulates the splicing pattern of
fibronectin messenger RNA precursor. FEBS Lett. 261, 175-178.

Bosman F.T., de Bruine A., Flohil C., van der Wurff A., ten Kate J. and
Dinjens W.W. (1993). Epithelial-stromal interactions in colon cancer.
Int. J. Dev. Biol. 37, 203-211.

Braga V. (2000). Epithelial cell shape: cadherins and small GTPases.
Exp. Cell Res. 261, 83-90.

Brew K., Dinakarpandian D. and Nagase H. (2000). Tissue inhibitors of
metalloproteinases: evolution, structure and function. Biochim.
Biophys. Acta 1477, 267-283.

Brouty-Boyé D. and Raux H. (1993). Differential influence of stromal
fibroblasts from different breast tissues on human breast tumour cell
growth in nude mice. Anticancer Res. 13, 1087-1090.

Brouty-Boyé D., Mainguene C., Magnien V., Israel L. and Beaupain R.
(1994).  Fibroblast-mediated di fferentiation in human breast
carcinoma cells (MCF-7) grown as nodules in vitro. Int. J. Cancer 56,
731-735.

Buckley C.D., Pilling D., Lord J.M., Akbar A.N., Scheel-Toellner D. and
Salmon M. (2001). Fibroblasts regulate the switch from acute
resolving to chronic persistent inflammation. Trends Immunol. 22,
199-204.

Butler G.S., Butler M.J., Atkinson S.J., Will H., Tamura T., van Westrum
S.S., Crabbe T., Clements J., D'Ortho M.P. and Murphy G. (1998).
The TIMP2 membrane type 1 metalloproteinase "receptor" regulates
the concentration and efficient activation of progelatinase A. A
kinetic study. J. Biol. Chem. 273, 871-880.

Cambien B., Pomeranz M., Millet M.A., Rossi B. and Schmid-Alliana A.
(2001). Signal transduction involved in MCP-1-mediated monocytic
transendothelial migration. Blood 97, 359-366.

Canfield A.E. and Schor A.M. (1995). Evidence that tenascin and
thrombospondin-1 modulate sprouting of endothelial cells. J. Cell
Sci. 108, 797-809.

Carr M.W., Alon R. and Springer T.A. (1996). The C-C chemokine MCP-
1 differentially modulates the avidity of beta 1 and beta 2 integrins
on T lymphocytes. Immunity 4, 179-187.

Chen W.T. and Wang J.Y. (1999). Specialized surface protrusions of
invasive cells, invadopodia and lamellipodia, have differential MT1-
MMP, MMP-2, and TIMP-2 localization. Ann. NY Acad. Sci. 878,
361-371.

Chiquet-Ehrismann R. (1993). Tenascin and other adhesion-modulating
proteins in cancer. Semin. Cancer Biol. 4, 301-310.

Chiquet-Ehr ismann R. (1995). Tenascins, a growing family of
extracellular matrix proteins. Experientia 51, 853-862.

Chiquet-Ehrismann R., Hagios C. and Schenk S. (1995). The complexity
in regulating the expression of tenascins. Bioessays 17, 873-878.

Chung C.Y., Murphy-Ullrich J.E. and Erickson H.P. (1996). Mitogenesis,
cell migration, and loss of focal adhesions induced by tenascin-C
interacting with its cell surface receptor, annexin II. Mol. Biol. Cell 7,
883-892.

Chung L.W. (1991). Fibroblasts are critical determinants in prostatic
cancer growth and dissemination. Cancer Metastasis Rev. 10, 263-
274.

632

Tumor-associated fibroblasts II



Chung L.W. (1995). The role of stromal-epithelial interaction in normal
and malignant growth. Cancer Surv. 23, 33-42.

Chung L.W., Gleave M.E., Hsieh J.T., Hong S.J. and Zhau H.E. (1991).
Reciprocal mesenchymal-epithelial interaction affecting prostate
tumour growth and hormonal responsiveness. Cancer Surv. 11, 91-
121.

Clark R.A., Alon R. and Springer T.A. (1996). CD44 and hyaluronan-
dependent rolling interactions of lymphocytes on tonsillar stroma. J.
Cell Biol. 134, 1075-1087.

Crowe D.L. and Shuler C.F. (1999). Regulation of tumor cell invasion by
extracellular matrix. Histol. Histopathol. 14, 665-671.

Cullen K.J., Smith H.S., Hill S., Rosen N. and Lippman M.E. (1991).
Growth factor messenger RNA expression by human breast
fibroblasts from benign and malignant lesions. Cancer Res. 51,
4978-4985.

Cunha G.R.,  Hayashi N. and Wong Y.C. (1991). Regulat ion of
differentiation and growth of normal adult and neoplastic epithelia by
inductive mesenchyme. Cancer Surv. 11, 73-90.

Curran S. and Murray G.I. (1999). Matrix metalloproteinases in tumour
invasion and metastasis. J. Pathol. 189, 300-308.

Curran S. and Murray G.I. (2000). Matrix metalloproteinases. Molecular
aspects of their roles in tumour invasion and metastasis. Eur. J.
Cancer 36, 1621-1630.

Dano K., Romer J., Nielsen B.S., Bjorn S., Pyke C., Rygaard J. and
Lund L.R. (1999).  Cancer invasion and tissue remodeling--
cooperation of protease systems and cell types. APMIS 107, 120-
127.

DeClerck Y.A. (2000). Interactions between tumour cells and stromal
cells and proteolytic modification of the extracellular matrix by
metalloproteinases in cancer. Eur. J. Cancer 36, 1258-1268.

DeCosse J.J., Gossens C., Kuzma J.F. and Unsworth B.R. (1975).
Embryonic inductive tissues that cause histologic differentiation of
murine mammary carcinoma in vitro . J. Natl. Cancer Inst. 54, 913-
922.

Diaz-Flores L., Gutierrez R., Varela H., Rancel N. and Valladares F.
(1991). Microvascular pericytes: a review of their morphological and
functional characteristics. Histol. Histopathol. 6, 269-286.

Dibbens J.A., Miller D.L., Damert A., Risau W., Vadas M.A. and Goodall
G.J. (1999). Hypoxic regulation of vascular endothelial growth factor
mRNA stability requires the cooperation of multiple RNA elements.
Mol. Biol. Cell 10, 907-919.

Dong-Le Bourhis X., Berthois Y., Millot G., Degeorges A., Sylvi M.,
Martin P.M. and Calvo F. (1997). Effect of stromal and epithelial
cells derived from normal and tumorous breast tissue on the
proliferation of human breast cancer cell lines in co-culture. Int. J.
Cancer 71, 42-48.

Eberhard A., Kahlert S., Goede V., Hemmerlein B., Plate K.H. and
Augustin H.G. (2000). Heterogeneity of angiogenesis and blood
vessel maturation in human tumors: implications for antiangiogenic
tumor therapies [published erratum in Cancer Res (2000) 60, 3668].
Cancer Res. 60, 1388-1393.

Egginton S., Zhou A.L., Brown M.D. and Hudlicka O. (2000). The role of
pericytes in controlling angiogenesis in vivo. Adv. Exp. Med. Biol.
476, 81-99.

Elenbaas B. and Weinberg R.A. (2001). Heterotypic signaling between
epithelial tumor cells and fibroblasts in carcinoma formation. Exp.
Cell Res. 264, 169-184.

Elgert K.D., Alleva D.G. and Mullins D.W. (1998). Tumor-induced
immune dysfunction: the macrophage connection. J. Leukoc. Biol.

64, 275-290.
Ellis M.J., Singer C., Hornby A., Rasmussen A. and Cullen K.J. (1994).

Insulin-like growth factor mediated stromal-epithelial interactions in
human breast cancer. Breast Cancer Res. Treat. 31, 249-261.

Falanga V., Martin T.A., Takagi H., Kirsner R.S., Helfman T., Pardes J.
and Ochoa M.S. (1993). Low oxygen tension increases mRNA
levels of alpha 1 (I) procollagen in human dermal fibroblasts. J. Cell.
Physiol. 157, 408-412.

Foidart J.M., Polette M., Birembaut P. and Noel A. (1994). Breast
cancer invasion: the key role of normal cells of host tissues. Bull.
Acad. Natl. Med. 178, 533-542.

Forsythe J.A., Jiang B.H., Iyer N.V., Agani F., Leung S.W., Koos R.D.
and Semenza G.L. (1996). Activation of vascular endothelial growth
factor gene transcription by hypoxia-inducible factor 1. Mol. Cell.
Biol. 16, 4604-4613.

Galindo M., Santiago B., Alcami J., Rivero M., Martin-Serrano J. and
Pablos J.L. (2001). Hypoxia induces expression of the chemokines
monocyte chemoattractant protein-1 (MCP-1) and IL-8 in human
dermal fibroblasts. Clin. Exp. Immunol. 123, 36-41.

Gleave M., Hsieh J.T., Gao C.A., von Eschenbach A.C. and Chung L.W.
(1991). Acceleration of human prostate cancer growth in vivo b y
factors produced by prostate and bone fibroblasts. Cancer Res. 51,
3753-3761.

Gleave M.E., Hsieh J.T., von Eschenbach A.C. and Chung L.W. (1992).
Prostate and bone fibroblasts induce human prostate cancer growth
in vivo: implications for bidirectional tumor-stromal cell interaction in
prostate carcinoma growth and metastasis. J. Urol. 147, 1151-1159.

Goede V., Schmidt T., Kimmina S., Kozian D. and Augustin H.G. (1998).
Analysis of blood vessel maturation processes during cyclic ovarian
angiogenesis. Lab. Invest. 78, 1385-1394.

Goede V., Brogelli L., Ziche M. and Augustin H.G. (1999). Induction of
inflammatory angiogenesis by monocyte chemoattractant protein-1.
Int. J. Cancer 82, 765-770.

Gold L.I. (1999). The role for transforming growth factor-beta (TGF-beta)
in human cancer. Crit. Rev. Oncog. 10, 303-360.

Hauptmann S., Zwadlo-Klarwasser G., Jansen M., Klosterhalfen B. and
Kirkpatrick C.J. (1993). Macrophages and multicellu lar tumor
spheroids in co-culture: a three-dimensional model to study tumor-
host interactions. Evidence for macrophage-mediated tumor cell
proliferation and migration. Am. J. Pathol. 143, 1406-1415.

Hayashi N. and Cunha G.R. (1991). Mesenchyme-induced changes in
the neoplastic character istics of the Dunning prostatic
adenocarcinoma. Cancer Res. 51, 4924-4930.

Hayashi N., Cunha G.R. and Wong Y.C. (1990). Influence of male
genital tract mesenchymes on differentiation of Dunning prostatic
adenocarcinoma. Cancer Res. 50, 4747-4754.

Heath E.I. and Grochow L.B. (2000). Clinical potential of matrix
metalloprotease inhibitors in cancer therapy. Drugs 59, 1043-1055.

Heil M., Clauss M., Suzuki K., Buschmann I.R., Willuweit A., Fischer S.
and Schaper W. (2000). Vascular endothelial growth factor (VEGF)
stimulates monocyte migration through endothelial monolayers via
increased integrin expression. Eur. J. Cell Biol. 79, 850-857.

Hewit t R.E., Powe D.G.,  Carter G.I . and Turner D.R. (1993).
Desmoplasia and its relevance to colorectal tumour invasion. Int. J.
Cancer 53, 62-69.

Hirschi K.K. and D'Amore P.A. (1996 ). Peri cytes i n the
microvasculature. Cardiovasc. Res. 32, 687-698.

Hlatky L., Tsionou C., Hahnfeldt P. and Coleman C.N. (1994). Mammary
fibroblasts may influence breast tumor angiogenesis via hypoxia-

633

Tumor-associated fibroblasts II



induced vascular endothelial growth factor up-regulation and protein
expression. Cancer Res. 54, 6083-6086.

Höckel M. and Vaupel P. (2001). Biological consequences of tumor
hypoxia. Semin. Oncol. 28, 36-41.

Hofland L.J., van der Burg B., van Eijck C.H., Sprij D.M., van Koetsveld
P.M. and Lamberts S.W. (1995). Role of tumor-derived fibroblasts in
the growth of primary cultures of human breast-cancer cells: effects
of  epidermal growth factor and the somatostatin analogue
octreotide. Int. J. Cancer 60, 93-99.

Hogaboam C.M., Lukacs N.W., Chensue S.W., Strieter R.M. and Kunkel
S.L. (1998). Monocyte chemoattractant protein-1 synthesis by
murine lung fibroblasts modulates CD4+ T cell activation. J.
Immunol. 160, 4606-4614.

Horgan K., Jones D.L. and Mansel R.E. (1987). Mitogenicity of human
fibroblasts in vivo for human breast cancer cells. Br. J. Surg. 74,
227-229.

Jackson J.R., Minton J.A., Ho M.L., Wei N. and Winkler J.D. (1997).
Expression of vascular endothelial  growth factor in synovial
f ibroblasts is induced by hypoxia and inter leukin 1beta.  J.
Rheumatol. 24, 1253-1259.

Janvier R., Sourla A., Koutsilieris M. and Doillon C.J. (1997). Stromal
fibroblasts are required for PC-3 human prostate cancer cells to
produce capillary-like formation of endothelial cells in a three-
dimensional co-culture system. Anticancer Res. 17, 1551-1557.

Jiang Y., Zhu J.F., Luscinskas F.W. and Graves D.T. (1994). MCP-1-
stimulated monocyte attachment to laminin is mediated by beta 2-
integrins. Am. J. Physiol. 267, C1112-C1118.

Johansson N., Ahonen  M. and Kahar i  V.M. (2000). Matr ix
metalloproteinases in tumor invasion. Cell Mol. Life. Sci. 57, 5-15.

Jones P.L. and Jones F.S. (2000). Tenascin-C in development and
disease: gene regulation and cell function. Matrix Biol. 19, 581-596.

Joshi P., Chung C.Y., Aukhil I. and Erickson H.P. (1993). Endothelial
cells adhere to the RGD domain and the fibrinogen-like terminal
knob of tenascin. J. Cell Sci. 106, 389-400.

Kaczmarek J., Castellani P., Nicolo G., Spina B., Allemanni G. and Zardi
L. (1994). Distribution of oncofetal fibronectin isoforms in normal,
hyperplastic and neoplastic human breast tissues. Int. J. Cancer 59,
11-16.

Keane M.P. and Strieter R.M. (1999) The role of CXC chemokines in the
regulation of angiogenesis. In: Chemokines. Mantovani A. (ed).
Karger. Basel. p 86.

Kim E.C., Zhu Y., Andersen V., Sciaky D., Cao H.J., Meekins H., Smith
T.J. and Lance P. (1998). Cytokine-mediated PGE2 expression in
human colonic fibroblasts. Am. J. Physiol. 275, C988-C994

Kim J.B., Islam S., Kim Y.J., Prudoff R.S., Sass K.M., Wheelock M.J.
and Johnson K.R. (2000). N-Cadherin extracellular repeat 4
mediates epithelial to mesenchymal transition and increased motility
J. Cell Biol. 151, 1193-1206.

Kim S., Bell K., Mousa S.A. and Varner J.A. (2000). Regulation of
angiogenesis in vivo by ligation of integrin alpha5beta1 with the
central cell-binding domain of fibronectin. Am. J. Pathol. 156, 1345-
1362.

Koblinski J.E., Ahram M. and Sloane B.F. (2000). Unraveling the role of
proteases in cancer. Clin. Chim. Acta 291, 113-135.

Konur A., Kreutz M., Knüchel R., Krause S.W. and Andreesen R.
(1996). Three-dimensional co-culture of human monocytes and
macrophages with tumor cells:  analysis of  macrophage
differentiation and activation. Int. J. Cancer 66, 645-652.

Konur A., Kreutz M., Knüchel R., Krause S.W. and Andreesen R.

(1998). Cytokine repertoire during maturation of monocytes to
macrophages within spheroids of malignant and non-malignant
urothelial cell lines. Int. J. Cancer 78, 648-653.

Kosaki R., Watanabe K. and Yamaguchi Y. (1999). Overproduction of
hyaluronan by expression of  the hyaluronan synthase Has2
enhances anchorage-independent growth and tumorigenicity.
Cancer Res. 59, 1141-1145.

Kosmehl H., Berndt A. and Katenkamp D. (1996). Molecular variants of
fibronectin and laminin: structure, physiological occurrence and
histopathological aspects. Virchows Arch. 429, 311-322.

Kostoulas G., Lang A., Nagase H. and Baici A. (1999). Stimulation of
angiogenesis through cathepsin B inactivation of the tissue inhibitors
of matrix metalloproteinases. FEBS Lett. 455, 286-290.

Kunz-Schughart L.A. and Knuechel R. (2002). Tumor-associated
fibroblasts (Part I): active stromal participants in tumor development
and progression? Histol. Histopathol. 17, 599-621.

Langenbach K.J. and Sottile J. (1999). Identification of protein-disulfide
isomerase activity in fibronectin. J. Biol. Chem. 274, 7032-7038.

Leek R.D., Lewis C.E., Whitehouse R., Greenall M., Clarke J. and Harris
A.L. (1996). Association of macrophage infiltration with angiogenesis
and prognosis in invasive breast carcinoma. Cancer Res. 56, 4625-
4629.

Lefebvre M.F., Guillot C., Crepin M. and Saez S. (1995). Influence of
tumor derived fibroblasts and 1,25-dihydroxyvitamin D3 on growth of
breast cancer cell lines. Breast Cancer Res. Treat. 33, 189-197.

Li G., Satyamoorthy K. and Herlyn M. (2001). N-cadherin-mediated
intercellular  interact ions promote survival  and migrat ion of
melanoma cells. Cancer Res. 61, 3819-3825.

Lieubeau B., Heymann M.F., Henry F., Barbieux I., Meflah K. and
Gregoire M. (1999). Immunomodulatory effects of tumor-associated
fibroblasts in colorectal-tumor development. Int. J. Cancer 81, 629-
636.

Lindahl P., Hellstrom M., Kalen M. and Betsholtz C. (1998). Endothelial-
perivascular cell signaling in vascular development: lessons from
knockout mice. Curr. Opin. Lipidol. 9, 407-411.

Lindahl P., Johansson B.R., Leveen P. and Betsholtz C. (1997).
Pericyte loss and microaneurysm formation in PDGF-B-deficient
mice. Science 277, 242-245.

Magnuson V.L., Young M., Schattenberg D.G., Mancini M.A., Chen
D.L., Steffensen B. and Klebe R.J. (1991). The alternative splicing of
fibronectin pre-mRNA is altered during aging and in response to
growth factors. J. Biol. Chem. 266, 14654-14662.

Mai J., Waisman D.M. and Sloane B.F. (2000). Cell surface complex of
cathepsin B/annexin II tetramer in malignant progression. Biochim.
Biophys. Acta 1477, 215-230.

Manabe R., Oh-e N., Maeda T., Fukuda T. and Sekiguchi K. (1997).
Modulation of cell-adhesive activity of fibronectin by the alternatively
spliced EDA segment. J. Cell Biol. 139, 295-307.

Manabe R., Oh-e N. and Sekiguchi K. (1999). Alternatively spliced EDA
segment regulates fibronectin-dependent cell cycle progression and
mitogenic signal transduction. J. Biol. Chem. 274, 5919-5924.

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

Maquoi E., Frankenne F., Baramova E., Munaut C., Sounni N.E.,
Remacle A., Noel A., Murphy G. and Foidart J.M. (2000). Membrane
type 1 matrix metalloproteinase-associated degradation of tissue
inhibitor of metalloproteinase 2 in human tumor cell lines. J. Biol.
Chem. 275, 11368-11378.

634

Tumor-associated fibroblasts II



Mareel M., Boterberg T., Noe V., Van Hoorde L., Vermeulen S.,
Bruyneel E. and Bracke M. (1997). E-cadherin/catenin/cytoskeleton
complex: a regulator of cancer invasion. J. Cell. Physiol. 173, 271-
274.

Matsukawa A., Hogaboam C.M., Lukacs N.W., Lincoln P.M., Strieter
R.M. and Kunkel S.L. (1999).  Endogenous monocyte
chemoattractant protein-1 (MCP-1) protects mice in a model of acute
septic peritonitis: cross-talk between MCP-1 and leukotriene B4. J.
Immunol. 163, 6148-6154.

Matsukawa A., Hogaboam C.M., Lukacs N.W., Lincoln P.M., Strieter
R.M. and Kunkel S.L. (2000). Endogenous MCP-1 influences
systemic cytokine balance in a murine model of acute septic
peritonitis. Exp. Mol. Pathol. 68, 77-84.

Matsuura H., Takio K., Titani K., Greene T., Levery S.B., Salyan M.E.
and Hakomori  S. (1988). The oncofetal  structure of human
fibronectin defined by monoclonal antibody FDC-6. Unique structural
requirement for  the antigenic specif ici ty provided by a
glycosylhexapeptide. J. Biol. Chem. 263, 3314-3322.

Midulla M., Verma R., Pignatelli M., Ritter M.A., Courtenay-Luck N.S.
and George A.J. (2000). Source of oncofetal ED-B-containing
fibronectin: implications of production by both tumor and endothelial
cells. Cancer Res. 60, 164-169.

Mukaida H., Hirabayashi N., Hirai T., Iwata T., Saeki S. and Toge T.
(1991). Significance of freshly cultured fibroblasts from different
tissues in promoting cancer cell growth. Int. J. Cancer 48, 423-427.

Müller O.H. (1992) The human mammary carcinoma: A model for the
relations between growth fractions, tumor-associated macrophages
and prognostic factors. Denk H., Dhom G., Dietel M., Fischer R.,
Heitz P.U., Höfler H., Holzner H., Katenkamp D., Lennert K., Seifert
G. and Tremblay G.M. (eds). Gustav Fischer Verlag. Jena.
Germany.

Müller R., Zheng M. and Mrowietz U. (1997). Significant reduction of
human monocyte chemotactic response to monocyte-chemotactic
protein 1 in patients wi th primary and metastat ic malignant
melanoma. Exp. Dermatol. 6, 81-86.

Murakami O.S. and Okada H. (1997). Lymphocyte-f ibroblast
interactions. Crit. Rev. Oral Biol. Med. 8, 40-50.

Murphy G. and Gavrilovic J. (1999). Proteolysis and cell migration:
creating a path? Curr. Opin. Cell Biol. 11, 614-621.

Nehls V., Denzer K. and Drenckhahn D. (1992). Pericyte involvement in
capillary sprouting during angiogenesis in situ. Cell Tissue Res. 270,
469-474.

Nehls V., Schuchardt E. and Drenckhahn D. (1994). The effect of
fibroblasts, vascular smooth muscle cells, and pericytes on sprout
formation of endothelial cells in a fibrin gel angiogenesis system.
Microvasc. Res. 48, 349-363.

Nelson A.R., Fingleton B., Rothenberg M.L. and Matrisian L.M. (2000).
Matrix metalloproteinases: biologic activity and clinical implications.
J. Clin. Oncol. 18, 1135-1149.

Neri D., Carnemolla B., Nissim A., Leprini A., Querze G., Balza E., Pini
A., Tarli L., Halin C., Neri P., Zardi L. and Winter G. (1997).
Targeting by affinity-matured recombinant antibody fragments of an
angiogenesis associated fibronectin isoform. Nat. Biotechnol. 15,
1271-1275.

Neufeld G., Cohen T., Gengrinovitch S. and Poltorak Z. (1999).
Vascular endothelial growth factor (VEGF) and its receptors. FASEB
J. 13, 9-22.

Nieman M.T., Prudoff R.S., Johnson K.R. and Wheelock M.J. (1999). N-
cadherin promotes motility in human breast cancer cells regardless

of their E-cadherin expression. J. Cell Biol. 147, 631-644.
Nilsson F., Kosmehl H., Zardi L. and Neri D. (2001). Targeted delivery of

tissue factor to the ED-B domain of fibronectin,  a marker of
angiogenesis, mediates the infarction of solid tumors in mice.
Cancer Res. 61, 711-716.

Noel A., De Pauw-Gillet M.C., Purnell G., Nusgens B., Lapiere C.M. and
Foidart J.M. (1993a). Enhancement of tumorigenicity of human
breast adenocarcinoma cells in nude mice by matrigel and
fibroblasts. Br. J Cancer 68, 909-915.

Noel A., Nusgens B.,  Lapiere C.H. and Foidart  J.M. (1993b).
Interactions between tumoral MCF7 cells and fibroblasts on matrigel
and purified laminin. Matrix 13, 267-273.

Norman J.T., Clark I.M. and Garcia P.L. (2000). Hypoxia promotes
fibrogenesis in human renal fibroblasts. Kidney Int. 58, 2351-2366.

Novak A. and Dedhar S. (1999). Signaling through beta-catenin and
Lef/Tcf. Cell. Mol. Life Sci. 56, 523-537.

Olumi A.F., Dazin P. and Tlsty T.D. (1998). A novel coculture technique
demonstrates that normal human prostatic fibroblasts contribute to
tumor formation of LNCaP cells by retarding cell death. Cancer Res.
58, 4525-4530.

Opdenakker G. and Van Damme J. (1992). Cytokines and proteases in
invasive processes: molecular similarities between inflammation and
cancer. Cytokine 4, 251-258.

Orlidge O.A. and D'Amore P.A. (1987). Inhibition of capillary endothelial
cell growth by pericytes and smooth muscle cells. J. Cell Biol. 105,
1455-1462.

Penberthy T.W., Jiang Y., Luscinskas F.W. and Graves D.T. (1995).
MCP-1-stimulated monocytes preferentially utilize beta 2-integrins to
migrate on laminin and fibronectin. Am. J. Physiol. 269, C60-C68.

Pilch H., Schlenger K., Steiner E., Brockerhoff P., Knapstein P. and
Vaupel P. (2001). Hypoxia-stimulated expression of angiogenic
growth factors in cervical cancer cells and cervical cancer-derived
fibroblasts. Int. J. Gynecol. Cancer 11, 137-142.

Powell D.W., Mifflin R.C., Valentich J.D., Crowe S.E., Saada J.I. and
West A.B. (1999). Myofibroblasts. I. Paracrine cells important in
health and disease. Am. J. Physiol. 277, C1-C9.

Ragsdale G.K., Phelps J. and Luby-Phelps K. (1997). Viscoelastic
response of fibroblasts to tension transmitted through adherens
junctions. Biophys. J. 73, 2798-2808.

Rickles F.R., Shoji M. and Abe K. (2001). The role of the hemostatic
system in tumor growth, metastasis, and angiogenesis: tissue factor
is a bifunctional molecule capable of inducing both fibrin deposition
and angiogenesis in cancer. Int. J. Hematol. 73, 145-150.

Rooney P., Kumar S., Ponting J. and Wang M. (1995). The role of
hyaluronan in tumour neovascularization (review). Int. J. Cancer 60,
632-636.

Rossi L., Reverberi D., Capurro C., Aiello C., Cipolla M., Bonanno M.
and Podesta G. (1994). Fibroblasts regulate the migration of MCF7
mammary carcinoma cells in hydrated collagen gel. Anticancer Res.
14, 1493-1501.

Ruegg C.R., Chiquet-Ehrismann R. and Alkan S.S. (1989). Tenascin, an
extracellular matrix protein, exerts immunomodulatory activities.
Proc. Natl. Acad. Sci. USA 86, 7437-7441.

Ruoslahti E. (1999). Fibronectin and its integrin receptors in cancer.
Adv. Cancer Res. 76, 1-20.

Ryan M.C., Orr D.J. and Horgan K. (1993). Fibroblast stimulation of
breast cancer cell growth in a serum-free system. Br. J. Cancer 67,
1268-1273.

Saed G.M.,  Zhang W. and Diamond M.P. (2001 ). Molecular

635

Tumor-associated fibroblasts II



characterization of fibroblasts isolated from human peritoneum and
adhesions. Fertil. Steril. 75, 763-768.

Saito K., Takeha S., Shiba K., Matsuno S., Sorsa T., Nagura H. and
Ohtani H. (2000). Clinicopathologic significance of urokinase
receptor- and MMP-9-positive stromal cells in human colorectal
cancer:  functional multipli city of matr ix degradat ion on
hematogenous metastasis. Int. J. Cancer 86, 24-29.

Salcedo R., Ponce M.L., Young H.A., Wasserman K., Ward J.M.,
Kleinman H.K., Oppenheim J.J. and Murphy W.J. (2000). Human
endothelial cells express CCR2 and respond to MCP-1: direct role of
MCP-1 in angiogenesis and tumor progression. Blood 96, 34-40.

Schenk S. and Chiquet-Ehrismann R. (1994). Tenascins. Methods
Enzymol. 245, 52-61.

Schrey M.P. and Patel K.V. (1995). Prostaglandin E2 production and
metabolism in human breast cancer cells and breast fibroblasts.
Regulation by inflammatory mediators. Br. J. Cancer 72, 1412-1419.

Schwarzbauer J.E. and Sechler J.L. (1999). Fibronectin fibrillogenesis: a
paradigm for extracellular matrix assembly. Curr. Opin. Cell Biol. 11,
622-627.

Serini G., Bochaton-Piallat M.L., Ropraz P., Geinoz A., Borsi L., Zardi L.
and Gabbiani G. (1998). The fibronectin domain ED-A is crucial for
myofibroblastic phenotype induction by transforming growth factor-
beta1. J. Cell Biol. 142, 873-881.

Shekhar M.P., Werdell J., Santner S.J., Pauley R.J. and Tait L. (2001).
Breast stroma plays a dominant regulatory role in breast epithelial
growth and differentiation: implications for tumor development and
progression. Cancer Res. 61, 1320-1326.

Shepro D. and Morel N.M. (1993). Pericyte physiology. FASEB J. 7,
1031-1038.

Sica A., Saccani A., Bottazzi B., Bernasconi S., Allavena P., Gaetano
B., Fei F., LaRosa G., Scotton C., Balkwill F. and Mantovani A.
(2000). Defective expression of the monocyte chemotactic protein-1
receptor CCR2 in macrophages associated with human ovarian
carcinoma. J. Immunol. 164, 733-738.

Siever D.A. and Erickson H.P. (1997). Extracellular annexin II. Int. J.
Biochem. Cell. Biol. 29, 1219-1223.

Smith O.R.S., Smith T.J., Blieden T.M. and Phipps R.P. (1997).
Fibroblasts as sentinel  cells.  Synthesis of  chemokines and
regulation of inflammation. Am. J. Pathol. 151, 317-322.

Smith H.S., Stern R., Liu E. and Benz C. (1991). Early and late events in
the development of human breast cancer. Basic Life Sci. 57, 329-
337.

Sottile J., Hocking D.C. and Langenbach K.J. (2000). Fibronectin
polymerization stimulates cell growth by RGD-dependent and 
-independent mechanisms. J. Cell Sci. 113, 4287-4299.

Sriramarao P., Mendler M. and Bourdon M.A. (1993). Endothelial cell
attachment and spreading on human tenascin is mediated by alpha
2 beta 1 and alpha v beta 3 integrins. J. Cell Sci. 105, 1001-1012.

Steinbrech D.S., Longaker M.T., Mehrara B.J., Saadeh P.B., Chin G.S.,
Gerrets R.P., Chau D.C., Rowe N.M. and Gittes G.K. (1999a).
Fibroblast  response to hypoxia: the relationship between
angiogenesis and matrix regulation. J. Surg. Res. 84, 127-133.

Steinbrech D.S., Mehrara B.J., Chau D., Rowe N.M., Chin G., Lee T.,
Saadeh P.B., Gittes G.K. and Longaker M.T. (1999b). Hypoxia
upregulates VEGF production in keloid fibroblasts. Ann. Plast. Surg.
42, 514-519.

Takeichi M. (1993). Cadherins in cancer: implications for invasion and
metastasis. Curr. Opin. Cell Biol. 5, 806-811.

Talts J.F., Wirl G., Dictor M., Müller W.J. and Fassler R. (1999).

Tenascin-C modulates tumor stroma and monocyte/macrophage
recruitment but not tumor growth or metastasis in a mouse strain
with spontaneous mammary cancer. J. Cell Sci. 112, 1855-1864.

Tamamori M., Ito H., Hiroe M., Marumo F. and Hata R.I. (1997).
Stimulation of collagen synthesis in rat cardiac fibroblasts by
exposure to hypoxic culture conditions and suppression of the effect
by natriuretic peptides. Cell Biol. Int. 21, 175-180.

Tlsty T.D. and Hein P.W. (2001). Know thy neighbor: stromal cells can
contribute oncogenic signals. Curr. Opin Genet. Dev. 11, 54-59.

Tokes A.M., Hortovanyi E., Kulka J., Jackel M., Kerenyi T. and Kadar A.
(1999). Tenascin expression and angiogenesis in breast cancers.
Pathol. Res. Pract. 195, 821-828.

Trial J., Baughn R.E., Wygant J.N., McIntyre B.W., Birdsall H.H., Youker
K.A., Evans A., Entman M.L. and Rossen R.D. (1999). Fibronectin
fragments modulate monocyte VLA-5 expression and monocyte
migration. J. Clin. Invest. 104, 419-430.

Trochon V., Mabilat-Pragnon C., Bertrand P., Legrand Y., Soria J., Soria
C.,  Delpech B. and Lu H. (1997).  Hyaluronectin blocks the
stimulatory effect of hyaluronan-derived fragments on endothelial
cells during angiogenesis in vitro. FEBS Lett. 418, 6-10.

Trompezinski S., Pernet I., Mayoux C., Schmitt D. and Viac J. (2000).
Transforming growth factor-beta1 and ultraviolet A1 radiation
increase production of vascular endothelial growth factor but not
endothelin-1 in human dermal fibroblasts. Br. J. Dermatol. 143, 539-
545.

Tucker E.L. and Pignatelli M. (2000). Catenins and their associated
proteins in colorectal cancer. Histol. Histopathol. 15, 251-260.

Ueno O.T., Toi M., Saji H., Muta M., Bando H., Kuroi K., Koike M.,
Inadera H. and Matsushima K. (2000). Significance of macrophage
chemoattractant protein-1 in macrophage recruitment, angiogenesis,
and survival in human breast cancer. Clin. Cancer Res. 6, 3282-
3289.

Valkovic O.T., Lucin K., Krstulja M., Dobi-Babic R. and Jonjic N. (1998).
Expression of monocyte chemotactic protein-1 in human invasive
ductal breast cancer. Pathol. Res. Pract. 194, 335-340.

Van Hoorde L., Braet K. and Mareel M. (1999). The N-cadherin/catenin
complex in colon fibroblasts and myofibroblasts. Cell. Adhes.
Commun. 7, 139-150.

van Roozendaal C.E., van Ooijen B., Klijn J.G., Claassen C., Eggermont
A.M., Henzen-Logmans S.C. and Foekens J.A. (1992). Stromal
influences on breast cancer cell growth. Br. J. Cancer 65, 77-
81.

van Roozendaal C.E., Klijn J.G., van Ooijen B., Claassen C., Eggermont
A.M., Henzen-Logmans S.C. and Foekens J.A. (1996). Differential
regulation of breast tumor cell proliferation by stromal fibroblasts of
various breast tissue sources. Int. J. Cancer 65, 120-125.

Vancheri C., Crimi N., Conte E., Pistorio M.P., Mastruzzo C., Lamicela
M., Messina A. and Mistretta A. (1996). Human lung fibroblasts
inhibit tumor necrosis factor-alpha production by LPS-activated
monocytes. Am. J. Respir. Cell. Mol. Biol. 15, 460-466.

Vancheri C., Sortino M.A., Tomaselli V., Mastruzzo C., Condorelli F.,
Bellistri G., Pistorio M.P., Canonico P.L. and Crimi N. (2000).
Different expression of TNF-alpha receptors and prostaglandin E(2
)Production in normal and fibrotic lung fibroblasts:  potentia l
implications for the evolution of the inflammatory process. Am. J.
Respir. Cell. Mol. Biol. 22, 628-634.

Veikkola T. and Alitalo K. (1999). VEGFs, receptors and angiogenesis.
Semin. Cancer Biol. 9, 211-220.

Vollmer G. (1994). Expression of tenascin during carcinogenesis and

636

Tumor-associated fibroblasts II



involution of hormone-dependent tissues. Biochem. Cell. Biol. 72,
505-514.

Weber C., Alon R., Moser B. and Springer T.A. (1996). Sequential
regulation of alpha 4 beta 1 and alpha 5 beta 1 integrin avidity by
CC chemokines in monocytes: implications for transendothelial
chemotaxis. J. Cell Biol. 134, 1063-1073.

Wernert N. (1997). The multiple roles of tumour stroma. Virchows Arch.
430, 433-443.

Wijnhoven B.P., Dinjens W.N. and Pignatelli M. (2000). E-cadherin-
catenin cell-cell adhesion complex and human cancer. Br. J. Surg.
87, 992-1005.

Witowski J., Thiel A., Dechend R., Dunkel K., Fouquet N., Bender T.O.,
Langrehr J.M., Gahl G.M., Frei U. and Jorres A. (2001). Synthesis of
C-X-C and C-C chemokines by human peritoneal fibroblasts:
induction by macrophage-derived cytokines. Am. J. Pathol. 158,
1441-1450.

Yamanaka M. and Ishikawa O. (2000). Hypoxic conditions decrease the

mRNA expression of proalpha1(I) and (III) collagens and increase
matrix metal loproteinases-1 of  dermal fibroblasts in three-
dimensional cultures. J. Dermatol. Sci. 24, 99-104.

Yoshida Y., Kang K., Chen G., Gilliam A.C. and Cooper K.D. (1999).
Cellular fibronectin is induced in ultraviolet-exposed human skin and
induces IL-10 production by monocytes/macrophages. J. Invest.
Dermatol. 113, 49-55.

Zhao L. and Eghbal i-Webb M. (2001). Release of pro- and anti-
angiogenic factors by human cardiac fibroblasts: effects on DNA
synthesis and protection under hypoxia in human endothelial cells.
Biochim. Biophys. Acta 1538, 273-282.

Zickus C., Kunkel S.L., Simpson K., Evanoff H., Glass M., Strieter R.M.
and Lukacs N.W. (1998). Differential regulation of C-C chemokines
during fibroblast-monocyte interactions: adhesion vs. inflammatory
cytokine pathways. Mediators Inflamm. 7, 269-274.

Accepted December 31, 2001

637

Tumor-associated fibroblasts II


