
[URE3] strains and that from [ure3] cells. 
It is also vital to show that the isolated 
Ure2p can transmit the [URE3] character. 
But such data in the scrapie field has not 
quelled controversy concerning the nature 
of the infectious entity because the low 
ratio of infectious units to molecules 
makes ruling out a nucleic acid compo- 
nent difficult. 

If, as suggested here, prions are a more 
general phenomenon than the essentially 
single mammalian case, are there not other 
phenomena which could be explained in 
this way? [PSI] is a non-Mendelian genetic 
element of S. cerevisiae discovered by Cox 
by its enhancement of ochre suppression 
[reviewed in (18, 19)]. [PSI] is reversibly 
curable (like [URE3]). The PNM2 gene 
(PSI no more), necessary for propagation of 
[PSI], is identical to sup35/sal3/SUP2/sufl2 
and is intimately involved in translational 
fidelity, and many pnm2 mutants have a 
[PSI]-like phenotype (like ure2 mutants 
having a [URE3]-like phenotype) (18, 19). 
Finally, PNM2 on a high-copy plasmid 
results in frequent de novo generation of 
[PSI] (20). The logical parallels with 
[URE3] and URE2 make a compelling case 
that [PSI] is a prion form of the PNM2 
protein. 
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Requirement of Vascular lntegrin CX,,P~ 
for Angiogenesis 

Peter C. Brooks, Richard A. F. Clark, David A. Cheresh* 
Angiogenesis depends on the adhesive interactions of vascular cells. The adhesion 
receptor integrin avp3 was identified as a marker of angiogenic vascular tissue. lntegrin 
gp3 was expressed on blood vessels in-human wound granulation tissue but not in 
normal skin, and it showed afourfold increase in expression during angiogenesis on the 
chick chorioallantoic membrane. In the latter assay, a monoclonal antibody to a,,@, 
blocked angiogenesis induced by basic fibroblast growth factor, tumor necrosisfactor-a, 
and human melanoma fragments but had no effect on preexisting vessels. These 
findings suggest that avp3 may be a useful therapeutic target for diseases characterized 
by neovascularization. 

T h e  growth of new blood vessels, or 
angiogenesis, plays a key role in develop- 
ment, wound repair, and inflammation. 
This process also contributes to patholog- 
ical conditions such as diabetic retinopa- 
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thy, rheumatoid arthritis, and cancer (1- 
6) ,  and there has been much interest in 
developing therapeutic agents that inhibit 
angiogenesis in these contexts. Identifica- 
tion of the molecules that regulate angio- 
genesis is critical to the success of such 
targeted therapies. 

Angiogenesis is characterized by the 
invasion, migration, and proliferation of 
smooth muscle and endothelial cells; thus, 
it seems likely that vascular cell adhesion 
molecules contribute to its regulation (2, 
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7, 8). During wound healing, the base- 
ment membrane zones of blood vessels 
express several adhesive proteins, includ- 
ing von Willebrand factor, fibronectin, 
and fibrin. In addition. several members of 
the integrin family of adhesion receptors 
are expressed on the surface of cultured 
smooth muscle and endothelial cells (9- 
1 I). Among these integrins is a,,@,, the 
endothelial cell receptor for von Wille- 
brand factor, fibrinogen (fibrin), and fi- 
bronectin (9). This integrin initiates a 
calcium-dependent signaling pathway 
leading to endothelial cell migration and, 
therefore, appears to play a fundamental 
role in vascular cell biology (12). 

To investigate the expression of a,,@, 
during angiogenesis, we stained human 
wound granulation tissue or adjacent nor- 
mal skin with antibodies specific for either 
@3 integrins (-I33 Or a11b@3) Or the @1 
subfamily of integrins. The a,,@, integrin 
was abundantly expressed on blood vessels 
in granulation tissue but was not detect- 
able in the dermis and epithelium of nor- 
mal skin from the same donor (Fig. 1). In 
contrast, @, integrins were abundantly 
expressed on blood vessels and stromal 
cells in both normal skin and granulation 
tissue and, as previously shown (13), on 
the basal cells within the epithelium. The 
same tissues were examined for the pres- 
ence of the ligands for the @, and @, 
integrins, von Willebrand factor and lami- 
nin. res~ectivelv. Von Willebrand factor 
localized to the' blood vessels in normal 
skin and manulation tissue. whereas lami- 
nin localized to all blood vessels as well as 
the epithelial basement membrane (14). 

Angiogenesis can be induced on the 
chick chorioallantoic membrane (CAM) in 
response to specific cytokines or tumor frag- 
ments (15, 16). This assay was used to 
examine the effect of two potent angiogen- 
esis inducers, basic fibroblast growth factor 
(bFGF) and tumor necrosis factor* (TNF- 
a) ,  on the expression of @, and @, inte- 
grins. Filter disks impregnated with either 
cytokine and placed on CAMs from 10-day 
embryos were found to promote local angio- 
genesis after 72 hours (14). Cryostat sec- 
tions of control or bFGF-treated CAMs 
were stained with monoclonal antibodies 
(mAbs) CSAT [directed to chick @, inte- 
grins (anti-@,) ( I n ]  or LM609 [directed to 
chick (18) and human (9) a,,@, (anti- 
a,,@,)]. Integrin @, was readily detectable 
on all control (Fig. 2A, top) and stimulated 
blood vessels (1 9), whereas a,,@, was de- 
tectable on 75 to 80% of the vessels on the 
bFGF-treated CAMs (Fig. 2A, bottom) but 
not on untreated CAMs (Fig. 2A, center). 
These findings indicate that in both human 
and chick, blood vessels involved in angio- 
genesis have enhanced expression of a#,. 
Consistent with this result, expression of 

a,,@, on cultured endothelial cells can be 
induced by various cytokines in vitro (10, 
20, 21). 

We next quantified the relative expres- 
sion of a,,@, and @, integrins during bFGF- 
induced angiogenesis by laser confocal im- 
age analysis of the CAM cryostat sections. 
Expression of @, was high in both untreated 
and bFGF-treated tissue; in contrast, a,,@, 
expression in bFGF-treated tissues was four 
times that of untreated tissue (P c 0.0001) 
(Fig. 2B). 

To determine whether a,,@, plays an 
active role in angiogenesis, we saturated 
filter disks placed on CAMs with bFGF or 
TNF-a and then added anti-a,,@,, anti- 
@,, or mAb P3G2 (anti-a,,@s). The anti- 
a,,@, blocked bFGF-induced angiogenesis, 

whereas anti-@, and had no effect. 
Identical results were obtained when an- 
giogenesis was induced with TNF-a (14). 
To examine the effects of these same 
antibodies on preexisting blood vessels, we 
placed filter disks saturated with mAbs but 
without cytokine on vascularized regions 
of CAMs from 10-day embryos. None of 
the three mAbs affected preexisting ves- 
sels. as assessed bv visualization under a 
stereomicroscope i 14). Thus, anti--@, 
appears to act selectively on new blood 
vessel growth. 

To determine whether a,,@, participates 
in embryonic angiogenesis, we examined 
the effect of anti%@, on de novo growth of 
blood vessels on CAMs from younger (6- 
day) embryos, a stage marked by active 

Fig. 1. lmmunoperoxidase staining 
of normal human skin and wound 
granulation tissue. Monoclonal an- 
tibodies AP3 and LM534, directed 
to p3 and p, integrins, respectively, 
were used for immunohistochemi- 
cal analysis of frozen sections 
(25). Experiments with tissue from 
four human donors yielded identi- 
cal results. Magnification, x 121. 

A B Fig. 2. Enhanced expres- 
sion of q$, during cytdkine- 
induced angiogenesis on 
the chick CAM. (A) Angio- 
genesis was induced by a 5 
mm by 5 mm Whatman filter 
disk saturated with Hanks 
balanced salt solution 
(HBSS) (untreated) or HBSS 
containing recombinant 
bFGF (150 ng/ml) (bFGF- 
treated) and placed on the 

CAM of a 10-day chick embryo in a region devoid of blood vessels. 
Angiogenesis was monitored by photomicroscopy after 72 hours. 
The CAMs were snap frozen, and 6-prn cryostat sections were fixed 
with acetone and stained by immunofluorescence with anti-p, or 
anti-%& (10 pglml). (B) Stained sections were analyzed with a Zeiss 
laser confocal microscope. Twenty-five vessels stained with anti-a,,$, 
and 15 stained with anti-$, (average size was -1 200 pm2; range 350 
to 3500 pm2) were selected from random fields, and the average 
rhodamine fluorescence for each vessel per unit area was measured 
in arbitrary units by laser confocal image analysis. Data are ex- 
pressed as the mean fluorescence intensity in arbitrary units of 
vessels * SE. Staining of %$, was significantly enhanced on CAMs 
treated with bFGF as determined by the Wilcoxon rank sum test (P < 
0.0001), whereas $, staining was not significantly different with bFGF 
treatment. Control, black bars; bFGF treatment, hatched bars. 
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neovascularization (22). The anti%@,, 
but not  anti-@, or anti-%@,, prevented 
vascular growth under these conditions 
(Fig. 3B); thus, a#, appears to  play a role 
in embryonic neovascularization. 

We  also investigated the role o f  in 
tumor-induced angiogenesis. As an induc- 
er, we used %@,-negative human M21-L 
melanoma fragments previously grown and 
isolated from the CAM o f  a 17-day chick 

Fig. 3. Inhibition of cytokine- A 
induced and embryonic an- 
giogenesis by anti+,. (A) 
Angiogenesis was induced 
on CAMs from 10-day chick 
embryos by filter disks sat- 
urated with bFGF. Disks 
were then treated at 0, 24, 
and 48 hours with 50 WI of 
HBSS containing 25 ~g of 
rnAb. At 72 hours, CAMs 
were harvested and ana- 
lyzed under an Olyrnpus 
stereomicroscope by two 
observers in a double-blind 
fashion. Angiogenesis inhi- 
bition was considered sig- 
nificant when CAMs exhibit- 
ed >50% reduction in blood 
vessel infiltration of the CAM 
directlv under the disk. Ex- 

embryo (23). These fragments induced 
extensive neovascularization in the pres- 
ence o f  buffer alone, or anti-@, or anti- 
%@,. In contrast, anti-%@, abolished the 
infiltration o f  most vessels in to  the tumor 
mass and surrounding CAM (Fig. 4A). 
Quantitative analysis (Fig. 4B) revealed 
that one-third the number o f  vessels en- 
tered tumors treated w i th  anti-%@, com- 
pared with tumors treated w i th  buffer or 

periments were repeated B 
four times per antibody, with Anti-PI 

' Y 'I AntlqP, \, - 

six to seven embryos per 
condition. About 75% of the 
CAMs treated with anti-qp, 
exhibited >50% inhibition of 

' 't --- - 

fl 
- 4 .  * t 

angiogenesis, and many of 

"C 
,.- .,: 

these appeared devoid of 
vessel infiltration. In con- 

$ \  

trast, the buffer control and 7 <. 
disks treated with anti-p, 
and anti-a,,p, consistently 

\ F  &?- 
I .  / 

showed extensive vascular- 
ization. (B) Disks saturated with mAbs were placed on CAMs of 6-day-old embryos in the absence 
of cytokines. After 72 hours. CAMs were resected and photographed. Each experiment included SIX 

embryos per group and was repeated twice. 

, 

- 

1 - ,  

Fig. 4. lnh~b~tlon of tumor-lnduced anglogenesls by a mAb to 
4 B1 (A) Anq~oqenesls was Induced by human M21 -L mel- 
anoma fraq6enis These tumors were lnitlally derlved by the - A A ' ( ,  r A ' ,  5- 
transplantation of cultured M21-L cells, which do not exdress 
integrin (26), onto the CAMs of 10-day-old chick embryos (23). After 7 days, tumors were 
resected, sliced into 20-mg fragments, and placed on CAMs from 10-day-old embryos in regions 
devoid of blood vessels. Antibodies (25 k g  per 50 pl) were applied topically to tumor fragments. 
and after 3 days the tumors and surrounding CAMs were resected and photographed. Experiments 
were repeated twice per antibody. (El) Blood vessels entering the tumor within the focal plane of the 
CAM were counted under a stereom~croscope by two observers in a double-blind fashion. Each bar 
represents the mean number of vessels 2 SE from 12 CAMs in each group. There were significantly 
fewer vessels entering tumors treated with anti-%$, compared with those treated with mAbs to 
or p, (P < 0.0001) as determined by Wilcoxon rank sum test. 

the other mAbs (P < 0.0001). The fact 
that M21-L tumors do not  express a,,@, 
suggests that anti-a,p3 inhibits angiogen- 
esis by  directly affecting blood vessels rath- 
er than the tumor cells. 

Our results demonstrate that integrin 
plays a key role in angiogenesis in- 

duced by a variety o f  stimuli. The finding 
that an antibody to  g@, inhibits the 
growth o f  new vessels without perturbing 
preexisting vessels is perhaps not  surprising, 
given that this integrin appears to  be selec- 
tively expressed o n  growing vessels. In fact, 
recent clinical trials have revealed that a 
function-blocking antibody directed to  the 
P3 integrin subunit, reactive w i th  as 
well as platelet a,,@, significantly reduced 
symptoms o f  restenosis in patients who had 
undergone angioplasty (24). Together, 
these data suggest that integrin a,,@, wi l l  be 
a useful therapeutic target for diseases char- 
acterized by neovascularization. 
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