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INTRODUCTION 

ANGIOGENESIS, OR new microvessel growth, is one of the 
most fundamental processes encountered in mammalian 
organisms [l-4]. The process is driven by a complex array 
of soluble mediators, matrix molecules and accessory cells 
that function to fine tune and co-ordinate the response in 
both time and space. In recent years, the role of the extra- 
cellular matrix (ECM) in angiogenesis and the enzyme sys- 
tems responsible for its continuous remodelling, have 
received considerable attention [5-91. In addition to provid- 
ing a scaffolding during capillary morphogenesis, the ECM, 
by virtue of its ability to transmit biomechanical forces to 
cells, has been shown to exert complex local controls on the 
functions of endothelial cells. Depending on the compo- 
sition and local activity of proteolytic enzymes, the ECM is 
able to regulate the availability of soluble angiogenic me- 
diators to endothelial cells and specify the nature and type 
of interactions with integrin and cellular adhesion molecules 
[lo-l 61. Finally, by exerting mechanical forces along the 
course of developing blood vessels, the ECM is able to alter 
signalling patterns for cell cycle progression and promote 
co-ordinated changes in the cellular cytoskeleton and 
nuclear architecture and function [17-l 91. 

Early studies of the ECM, investigating new capillaries, 
demonstrated that angiogenesis was dependent on the pre- 
cise regulation, synthesis and degradation of the ECM [5, 
19, 201. In vitro studies of the organisation of new capillaries 
derived from primary cultures or endothelial cell lines have 
revealed the importance of the ECM in the morphology, 
proliferation, cytoskeletal organisation and shape of endo- 
thelial cells [21-231. The ECM transmits a number of im- 
portant morphogenetic signals to endothelial cells and 
growing capillaries [5, 6, 91. Alterations in the secretion of 
collagen or the deposition and assembly of other ECM pro- 
teins has been shown to promote the regression of growing 
capillaries in several model systems [24-281. The ECM has 
been shown to induce changes in gene expression and the 
secretory phenotype of endothelial cells during capillary 
morphogenesis. These include, among other changes, altera- 
tions in fibronectin, laminin and collagen during tubular 
reorganisation, initiation of the expression of type I collagen 
and the upregulation of a secreted protein, acidic and rich 
in cysteine (SPARC) [24, 29, 301. It has been suggested 

that, in cultures of endothelial cells that spontaneously give 
rise to capillary-like structures, type I collagen is a necessary 
substrate for the attachment and spreading of endothelial 
cells during the formation of endothelial tubes. SPARC is 
thought to play an important role in inducing changes in 
the cytoskeleton that promote cell rounding and migration 
and initiate the reorganisation of endothelial cells [24, 29, 
SO]. 

The in vim significance of these data is supported by stu- 
dies in which the systemic or local administration of phar- 
macological agents that interfere with ECM structure and 
function also affect capillary morphogenesis. Agents that 
suppress collagen accumulation or cross-linking, or interfere 
with ECM metabolism, have been shown to interfere with 
the induction and maintainence of endothelial cells in a 
stable tubular network [8, 281. In vitro models, developed to 
investigate the early events in angiogenesis, have demon- 
strated the importance of the ECM remodelling in angio- 
genesis. These studies have revealed that the balanced 
production of degradative proteinases and their inhibitors is 
what is required for normal vascular morphogenesis and 
invasion. Migrating endothelial cells produce type VI col- 
lagenase and other members of the matrix metalloproteinase 
family [31, 321. Specific inhibitors of type VI collagenase, 
general metalloproteinase inhibitors and serine proteinase 
inhibitors block endothelial invasion of the ECM [31-34, 
341. Conditions that tip this balance, leading to suppression 
of proteolysis by decreasing protease synthesis and secretion, 
can block angiogenesis. For example, strategies used to 
block TIMP (tissue inhibitor of metalloproteinase) tran- 
scription and translation has been shown to attenuate mark- 
edly angiogenesis in vim [35]. Agents that induce 
angiogenesis, such as bFGF (basic fibroblast growth factor) 
also work through the ECM by inducing urokinase-type 
plasminogen activator (uPA) as well as plasminogen activa- 
tor inhibitor @‘AI-l) [34]. 

The ECM acts locally to modulate the responsiveness of 
endothelial cells to external factors. Matrix proteins such as 
laminin, collagen and fibronectin often contain bFGF 
sequestered in the ECM complexed to heparin sulphate 
proteoglycans [7, 111. It has been proposed that during 
blood vessel injury, bFGF is released as part of a self-repair 
process whereby bFGF released following injury to blood 
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vessels may initiate repair by inducing angiogenesis [7, 111. 
At another level, the ECM functions as an effective barrier 
to angiogenesis [8]. Degradation of the ECM by endothelial 
cells’ proteinases is thought to facilitate capillary migration; 
hence there is considerable interest in collagenase and pro- 
teinase inhibitors as anti-angiogenic therapeutic agents [8, 
361. The angiogenic stimulator bFGF induces plasminogen 
activator (PA) and collagenase production by endothelial 
cells, suggesting that one of its major functions in angiogen- 
esis is to stimulate ECM remodelling. Alternatively, the in- 
hibitory effects of TGFP (transforming growth factor-beta) 
on endothelial growth has been attributed to enhanced 
ECM production which facilitates quantitative changes in 
the ECM and inhibits integrin expression [ 161. 

TUMOUR CELLS CAN’ EVADE OR SUBVERT 
HOST DEFENCES DESIGNED TO SUPPRESS 

ANGIOGENESIS 
One mechanism by which tumours develop a growth ad- 

vantage is by inducing angiogenesis. This can be accom- 
plished by several different mechanisms, which are not 
mutually exclusive. Tumours often loose the ability to pro- 
duce natural inhibitors of angiogenesis with or without the 
enhanced production of pro-angiogenic factors. They can 
recruit host cells, such as macrophages, which contribute a 
rich array of pro-angiogenic cytokines in an environment 
already enriched with angiogenic factors. A third mechanism 
is by subverting host defences that normally guard against 
unwarranted angiogenesis. A good example of the later 
mechanism is that which occurs when normal endothelial 
cell progress toward the malignancy, Kaposi’s sarcoma 

(KS). 
KS is a complex mesenchymal neoplasm of suspected vas- 

cular endothelial cell origin [37-401. It presents in several 
distinct pathological settings, with AIDS-associated KS 
being the most severe and life-threatening form of the dis- 
ease. During the course of our early studies of KS carcino- 
genesis, we found that when HTLV-II conditioned media 
was added to cultures of human umbilical vein or human 

dermal microvascular endothelial cells (HDMEC), within 
24 h the normal epithelioid cobble stone morphology of en- 
dothelial cells changed to a spindle-shaped appearance, with 
some cells demonstrating prominent dendritic processes. 
This phenotypic conversion of endothelial cells to a KS 
tumour phenotype not only involved a change in the mor- 
phology of endothelial cells, but also a dramatic upregula- 
tion in the expression of cell surface antigens including 
factor XIIIa, ICAM- and several cytokines that are unique 
to KS cells [37, 411. Upon removal of KS conditioned 
media, endothelial cells rapidly reverted to their normal, 
unstimulated phenotype. As normal endothelial cells pro- 
ceed through the multistep carcinogenic process to KS, they 
frequently begin producing elevated levels of scatter factor 
(SF) and express the SF receptor, the C-MET proto-onco- 
gene. SF is a mesenchymal cell-derived pleiotrophic me- 
diator that we have suggested is involved in driving 
endothelial cells towards malignancy (Figure 1). We later 
found that the active mediator in KS conditioned media, re- 
sponsible for inducing the transient phenotypic conversion 
of HDMEC to KS-like tumour cells, is SF. However, the 
functional significance of the phenotypic conversions was 
unclear. To define the biological implications of the KS 
phenotype further, we initiated studies to define the func- 
tional consequence of this transient conversion phenom- 
enon. 

When normal HDMEC are exposed for 28-48 h to KS 
tumour conditioned media, they acquire rapidly the potent 
ability to stimulate the migration of other normal HDMEC 
and stimulate neovascularisation in the rat cornea model of 
angiogenesis (Figure 2). We also found that pure human 
recombinant SF was as potent as KS conditioned media, if 
not more so, in inducing HDMEC to express angiogenic ac- 
tivity. The role of SF in the induction of this phenotypic 
conversion phenomenon was also confirmed using neutralis- 
ing antibodies to SF, which abrogated most of the angio- 
genie activity induced by SF or KS conditioned media. 
Since expression of angiogenic activity is one of the earliest 
detectable changes that occurs in cells destined to become 
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Figure 1. Model system depicting the role of scatter factor (SF) in Kaposi’s sarcoma carcinogenesis and the phenotypic con- 
version of microvascular endothelial cells to KS-like tumour cells. 
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Figure 2. The effect of KS conditioned culture media and human recombinant SF on TSP-1, bFGF and IL-8 RNA expression 
in human dermal microvascular endothelial cells (HDMEC). (a) shows that both KS conditioned media and pure SF (100 U) 
are able to suppress expression of TSP-1 RNA, but has little or no effect on bFGF and IL-8 RNA expression. (b) shows angio- 
genie responses in rat corneas after implanting Hydron pellets containing conditioned culture media from normal HDMEC, 
KS tumour and HDMEC treated for 48 h with KS conditioned media. Note the absence of detectable angiogenic activity in 

normal HDMEC and the vigorous responses induced by KS tumour and KS-treated HDMEC. 
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fully malignant, we speculated that the transient expression 
of angiogenic activity mimicked this early step in KS car- 
cinogenesis. In other experiments (data not shown), endo- 
thelial cells transduced to overexpress SF induced a 
vigorous angiogenic response in the rat cornea and dermal 
angiogenesis transplantation into SCID mice, but did not 
grow as a solid tumour. These results confirmed previous 
studies which have demonstrated that angiogenesis is 
necessary, but not sufficient for tumorigenesis. 

We then examined the phenotypically converted 
HDMEC for expression of a selected panel of positive and 
negative regulators of angiogenesis. Two mediators pro- 
duced by KS tumour cells and activated endothelial cells, 
bFGF and IL-8, were not elevated above levels normally 
produced by unstimulated HDMEC. In contrast, when the 
level of the angiogenesis inhibitor TSPl (thrombospondin- 
1) was examined, an ECM molecule normally made in sub- 
stantial quantities by endothelial cells, its expression was 
markedly suppressed. These results suggested that one con- 
sequence of this transient phenotypical conversion was the 
acquisition of angiogenic activity due primarily to suppres- 
sion of TSR expression by endothelial cells. Thus, when 
inhibitory constraints afforded by TSP-1 are removed, en- 
dothelial cells are able to express angiogenic activity without 
producing significantly elevated levels of pro-angiogenic me- 
diators. These studies also imply that as KS tumours grow, 
they are able to suppress TSPl production in adjacent nor- 
mal endothelial cells and effectively recruit them into the 
pool of stromal cells capable of augmenting KS angiogen- 
esis. 

MACROPHAGES THAT FAIL TO SWITCH FROM 
A PRO-ANGIOGENIC TO AN ANGIO-INHIBITORY 
PHENOTYPE CONTRIBUTE TO PATHOLOGICAL 

ANGIOGENESIS 
The angiogenic switch during tumour development, in 

which tumours lose their ability to produce inhibitors of 
angiogenesis and thus gain the ability to stimulate angiogen- 
esis, is an emerging paradigm that is only now being vali- 
dated in other angiogenesis-dependent diseases. This 
concept also provides a clear explanation of how angiogen- 
esis is most likely regulated in a physiological setting. There 
is mounting evidence that macrophages, key angiogenesis 
accessory cells, must also undergo a similar switch, as has 
been reported during chronic inflammation and wound 
repair, if they are to participate effectively in the timely in- 
growth and regression of capillaries that characterises granu- 
lation tissue. In this case, macrophages switch from a pro- 
angiogenic to angio-inhibitory phenotype, a situation that is 
the reverse for tumours. Therefore, one might predict that if 
macrophages fail to undergo this conversion, they could po- 
tentially contribute to the unwarranted angiogenesis that is 
associated with disease processes where they are a frequent 
participant. There is indirect and direct evidence which 
suggests that when macrophages fail to produce appropriate 
levels of the angio-inhibitory ECM, TSP-1, they can con- 
tribute to the persistent angiogenic activity encountered in 
solid tumours and in the skin disease, psoriasis. 

Macrophages have been recognised as important angio- 
genesis effector cells for a number of years [4244]. They 
have been shown to participate actively in the initiation and 
maintenance of wound neovascularisation where they pro- 

duce a spectrum of soluble mediators capable of stimulating 
the growth and migration of microvascular endothelial cells. 
They have been shown to function during the process of 
tumour angiogenesis to augment both tumour growth and 
neovascularisation [45, 461. Also, persistent and unrelating 
formation of granulation tissue is a feature common to 
chronic inflammatory diseases, such as rheumatoid arthritis 
and psoriasis, and these are examples where the destructive 
effects of persistent granulation tissue and aberrant angio- 
genesis are due, in large part, to the promiscuous angiogenic 
activity of macrophages [46]. 

The macrophage may influence new capillary growth by 
several different mechanisms. First, macrophages produce 
factors that act directly to influence angiogenesis-linked en- 
dothelial cell functions. In vitro studies have shown that 
macrophages produce in excess of 20 molecules that report- 
edly influence endothelial cell proliferation, migration and 
differentiation in vitro [42], and are potentially angiogenic in 

vivo. A second mechanism by which macrophages might 
modulate angiogenesis is by modifying ECM. The compo- 
sition of the ECM has been shown to influence endothelial 
cell shape and morphology dramatically, and may pro- 
foundly influence new capillary growth [9, 201. 
Macrophages can influence the composition of the ECM 
either through the direct production of ECM components, 
or through the production of proteases, which effectively 
alter the structure and composition of the ECM [45]. A 
third mechanism is by producing substances that suppress 
angiogenesis. One of these macrophage-derived inhibitors of 
angiogenesis that has received considerable attention in 
recent years is the ECM, TSP-1. 

TSP-1 is one member of a family of five homologous pro- 
teins. It is a 450 kDa disulphide-linked trimer that is com- 
posed of three identical chains with a monomeric mass 
of approximately 140 kDa. Its modular structure, in 
part, enables it to interact with a variety of extracellular 
matrix proteins, cell surface and serum proteins and cations. 
TSP-1 is present in great abundance in the platelet alpha 
granules and is secreted by a wide variety of epithelial and 
mesenchymal cells [47-511. It has been shown to participate 
in cell-substrate interactions where many cells have been 
shown to attach, spread and migrate on insoluble TSP-1 
[48, 521. TSP-1 was first implicated as an inhibitor of neo- 
vascularisation when an anti-angiogenic hamster protein, 
whose secretion was controlled by a tumour suppressor 
gene, was found to have an amino acid sequence similar to 
human platelet TSP-1 [53]. Authentic TSP-1 was then pur- 
ified from platelets and shown to block neovascularisation in 

vivo [52]. The role of TSP-1 in the inhibition of angiogen- 
esis is supported by several observations. It is present adja- 
cent to mature quiescent vessels and is absent from actively 
growing sprouts both in vivo [54] and in vitro [25]. 
Haemangiomas, which consists of rapidly proliferating endo- 
thelial cells, fail to produce detectable TSP-1 [54]. 
Antibodies to TSP-1 added to endothelial cell cultures 
enhance sprouting in vitro [25] and endothelial cells in 
which TSP-1 production has been downregulated by anti- 
sense TSP-I exhibit an accelerated rate of growth, enhanced 
chemotactic activity and an increase in the number of capil- 
lary-like cords [55]. More recently, DiPietro and associates 
[58] have shown that the addition of antisense TSP-1 oligo- 
mers to wounds in the skin of mice results in delayed heal- 
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ing, suggesting that TSP-1 is just as important in the in- 
itiation of the wound response as it is in the organisation 
phase of wound repair. Also, Polverini and associates [59] 
have reported that mice with a targeted disruption in TSP-1 
show delayed wound organisation, prolonged wound neo- 
vascularisation and heightened infiltration by macrophages. 
Previous investigations have shown that both resting and 
activated macrophages produce TSP-1. DiPietro and col- 
leagues [60] have reported an approximately 6-fold increase 
in the steady-state levels of TSP-1 mRNA expression in the 
murine monocyte line, WEHI-3, when the cells were treated 
for 24 h with the potent activating agent, lipopolysaccharide 
(LPS), with peak secretion of TSP-1 protein occurring at 
8 h. An examination of TSP-1 knockout mice clearly 
demonstrated that a deficiency in TSP-1 can have a subtle, 
yet detectable effect on a physiological function such as 
wound neovascularisation. Also, the introduction of pure 
TSP-1 or TSP-l-expressing macrophages from wild-type 
mice partially corrects the defect in neovascularisation (P.J. 
Polverini, University of Michigan School of Dentistry, Ann 
Arbor, Michigan, U.S.A.). 

ALTERATIONS IN MACROPHAGE-DERIVED 
TSP-1 EXPRESSION EFFECTS TUMOUR 

NEOVASCULARISATION AND VASCULAR 
PROLIFERATION IN PSORIASIS 

Mononuclear phagocytes are a frequent component of the 
stroma of neoplastic tissues [61]. Interest in cells of the 
mononuclear phagocyte system, in relation to the growth of 
neoplasms, stems largely from the observation that tumour 
associated macrophages (TAM), when appropriately acti- 
vated, are able to arrest the growth or kill neoplastic and 
transformed target cells. Macrophages express diverse func- 
tions essential for tissue remodelling, inflammation and 
immunity. Analysis of the functions of tumour associated 
macrophages (TAM) suggests that these multifunctional 
cells have the capacity to affect diverse aspects of neoplastic 
development, including vascularisation, growth rate and 
metastasis, stroma formation and destruction. There is evi- 
dence that, in some neoplasms, including human cancers, 
macrophages can confer a distinct advantage on tumour 
growth. These observations emphasise the dual potential of 
TAM to influence neoplastic growth and progression in 
opposite directions, with activities that promote tumour 
growth often prevailing in the absence of therapeutic inter- 
ventions in many tumours. 

The importance of how alterations in the expression of 
TSP-1 by TAM can affect tumour angiogenesis is exempli- 
fied by recent studies by Lingen and associates [62, 631. 
These workers have demonstrated that retinoic acid, a che- 
mopreventive agent currently used to reduce the incidence 
of secondary tumour growth in patients with head and neck 
squamous cell carcinoma, does so, in part, by inducing 
tumour cells to produce inhibitors of angiogenesis, and by 
rendering endothelial cells refractory to pro-angiogenic me- 
diators. In addition, Lingen, Bouck and Polverini (PJ. 
Polverini, University of Michigan School of Dentistry, Ann 
Arbor, Michigan, U.S.A.) have found that human squamous 
cell carcinoma treated with the chemopreventive agent reti- 
noic acid failed to activate macrophages, resulting in a 
diminished capacity to express angiogenic activity in vitro 

and in vivo. Moreover, when these cells were phenotyped 

for expression of pro-angiogenic and angio-inhibitory mol- 
ecules, the most dramatic change observed was a marked 
increase in the level of TSP-1 production. These results 
suggest that the ability of retinoic acid to reduce the inci- 
dence of secondary tumour growths may, in addition to 
affecting tumour cells and endothelium, interfere with the 
sustained infiltration and activation of macrophages into 
tumours, and drive TAM toward an angio-inhibitory pheno- 

type. 
The last piece of evidence linking a defect in the acqui- 

sition of the angio-inhibitory activity by macrophages to 
pathological angiogenesis is in the skin disease, psoriasis. 
Psoriasis is a chronic skin disease, linked to both genetic 
and environmental triggering factors [64]. It is characterised 
pathologically by excessive growth of epidermal keratino- 
cytes, inflammation and microvascular proliferation, which 
is believed to result from a disruption in the complex and 
reciprocal molecular cross-talk between activated keratino- 
cytes and dermal cells [65] (Figure 3). Several lines of evi- 
dence have implicated psoriatic keratinocytes, inflammatory 
macrophages and dermal dendritic cells in the persistent 
vascular proliferation that accompanies this disease. Using 
fresh human psoriatic lesional tissue, which was separated 
into epidermal and dermal components, the angiogenic po- 
tential of the lesion was found by two different groups to 
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Figure 3. Model depicting the pathogenesis of psoriasis. 
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Figure 4. (a) TSP-1 RNA and protein expression in peripheral blood (PB) monocytes, dermal dendritic cells isolated from the 
ski of a healthy individual (NDDC), from the phorbol activated peripheral blood derived macrophages (activated macro- 
phages), and dermal dendritic cells from the skin of psoriatic patients with active disease (PP DDC) and symptomless skin 
(PN DDC). Note that in PP DDC, there is little detectable TSP-1 expression. (b) shows angiogenic responses in rat corneas 
following implantation of Hydron pellets containing 48 h conditioned media from N DDC, PN DDC and PP DDC. Note the 

positive neovascular response induced by PP DDC and PP DDC conditioned media. 

reside in both the dermal and the epidermal compartment 
[66-681. Psoriatic keratinocytes are known to produce a var- 
iety of pro-angiogenic cytokines such as bFGF, IL-l, TGF- 
a and IL-8 [65]. In addition to expressing several candidate 
mediators of angiogenesis, keratinocytes are also known to 
be a source of the angiogenesis inhibitor, TSP-1 [70]. In an 
attempt to define further the molecular mechanism under- 
lying this chronic inflammatory skin disease, Nickoloff and 
associates [69] examined the mechanisms responsible for 
the deregulated vasoproliferation that characterises psoriasis. 
These workers showed that psoriatic keratinocytes appeared 
to have a combined defect in both the overproduction of 
the pro-angiogenic cytokine, IL-8, and a deficiency in the 
production of the angiogenesis inhibitor, TSP-1. Previous 
studies have described differences between normal and psor- 
iatic keratinocytes with respect to their growth response 
[70] and immunomodulating capacity [65]. It would appear 
that psoriatic keratinocytes also have a defect in which there 
is an imbalance in the production of positive and negative 

angiogenic mediators that governs the orderly growth of the 
new capillary endothelial cells. 

Direct evidence implicating inflammatory macrophages 
and/or dermal dendritic cells in psoriatic angiogenesis are 
not as clear. However, Polverini and Nickoloff (P.J. 
Polverini, University of Michigan School of Dentistry, Ann 
Arbor, Michigan, U.S.A.) have found that dermal dendritic 
cells, isolated from psoriatic and symptomless skin, as well 
as human monocyte-derived macrophages and dendritic 
cells from normal skin, potently express angiogenic activity 
when exposed to conditioned media from psoriatic keratino- 
cytes, as one might predict (Figure 4). Interestingly, when 
TSP-1 levels in these macrophage or dendritic cells were 
examined and compared with dendritic cells derived from 
symptomless or normal skin, TSP-1 was virtually unde- 
tected (Figure 4). These observations therefore suggest that 
inflammatory macrophages and dermal dendritic cells can 
be activated by psoriatic keratinocytes to express angiogenic 
activity and interfere with their ability to express sufficient 
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levels of TSP-1 that would enable them to counterbalance 
their heightened vasoproliferative activity. 

CONCLUSION 
In summary, capillary growth and differentiation may be 

controlled in a tissue environment that contains high levels 
of soluble angiogenic mediators by altering either the com- 
position or function of the ECM. Changes in ECM compo- 
sition can be induced by soluble factors produced by 
tumour cells or diseased tissues, such as psoriatic keratino- 
cytes, that alter ECM gene expression, protein synthesis or 
protein secretion. ECM molecules may have different effects 
on capillary morphogenesis, depending on the type and 
number of ligands that are bound to ECM. Alternatively, 
anti-angiogenic molecules may modulate angiogenesis by 
physically interfering with the ECM-cell surface intercon- 
nections, disrupting focal contacts or by reprogramming 
cells and driving them toward a pro-angiogenic phenotype. 
Thus, angiogenesis can be blocked by interfering with either 
the deposition or degradation of the capillary ECM or by 
upregulating the expression of soluble mediators or ECM 
molecules with either pro-angiogenic or angio-inhibitory ac- 
tivity. 
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