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Pigment Epithelium-Derived
Factor: A Potent Inhibitor of
Angiogenesis

D. W. Dawson,'2 0. V. Volpert,'2 P. Gillis," S. E. Crawford,?3
H.-J. Xu,* W. Benedict,®> N. P. Bouck-3*

In the absence of disease, the vasculature of the mammalian eye is quiescent,
in part because of the action of angiogenic inhibitors that prevent vessels from
invading the cornea and vitreous. Here, an inhibitor responsible for the avas-
cularity of these ocular compartments is identified as pigment epithelium-
derived factor (PEDF), a protein previously shown to have neurotrophic activity.
The amount of inhibitory PEDF produced by retinal cells was positively cor-
related with oxygen concentrations, suggesting that its loss plays a permissive
role in ischemia-driven retinal neovascularization. These results suggest that
PEDF may be of therapeutic use, especially in retinopathies where patho-
logical neovascularization compromises vision and leads to blindness.

Angiogenesis, the growth of new blood ves-
sels from preexisting ones, is under tight
regulation in most healthy tissues, in part
because of the influence of naturally occur-
ring inhibitors that prevent new vessel growth
(1). The disruption of such control mecha-
nisms plays an essential role in the develop-
ment of a variety of diseases, from arthritis to
cancer (2). In the healthy mammalian eye,
vessels are normally excluded from the cor-
nea and the vitreous, compartments that have
been shiown to have antiangiogenic activity
(3, 4). Failure to exclude vessels from the
cornea is associated with loss of visual acuity,
opacification, and abnormal healing (4). In
the retina, excessive neovascularization un-
derlies ischemic retinopathies such as prolif-
erative diabetic retinopathy and age-related
macular degeneration (), currently the lead-
ing causes of blindness in the western world.

In studies aimed at identifying antiangio-
genic factors in the eye that might be regulated
by the retinoblastoma tumor suppressor gene
(Rb), we fractionated media conditioned by a
retinoblastoma cell line that had been infected
with a retrovirus expressing the wild-type Rb
gene, WERI-Rb-27R (6). A protein purification
scheme (7) resulted in a 1000- to 1250-fold
enrichment of antiangiogenic activity and a sin-
gle 50-kD band on a silver-stained protein gel.
Protein microsequence analysis showed that
this protein was identical to the previously de-
scribed pigment epithelium—derived factor
(PEDF) (7). PEDF (8) was first purified from
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the conditioned media of human retinal pig-
ment epithelial cells as a factor that induced
neuronal differentiation of cultured Y79 retino-
blastoma cells (9). PEDF is neurotrophic for
cerebellar granule cells, inhibits microglial
growth (/0), and is also referred to as early
population doubling level cDNA (EPC-1), re-
flecting its up-regulation during cell cycle phase
G, in young but not in senescing cultured fi-
broblasts (7). The protein shares sequence and
structural homology with the serine protease
inhibitor (Serpin) family but does not inhibit
proteases (/2). The antiangiogenic activity pu-
rified from WERI-Rb-27R conditioned media
was likely due to PEDF and not to a minor
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PEDF; 1 pg/ml) (29) for its ability to
inhibit the migration of bovine capil-
lary endothelial cells (26) toward an-
giogenic bFGF (10 ng/ml). (B) Increas-
ing concentrations of angiostatin (O)
or recombinant PEDF (74) (@) were
tested as in (A). (C) Human vitreous
fluid diluted as indicated (30) and a
human corneal stromal extract (76)
(used at 10 pg of protein per millili-
ter) were assayed in the presence of
the inducer VEGF (0.1 ng/ml) or anti-
PEDF (1 wg/ml) (or in the presence of
both VEGF and anti-PEDF). Bars indi-
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contaminant, as it was retained when the pro-
tein was recovered as a single band from an
SDS-polyacrylamide gel (/3) and it was neu-
tralized by antibodies raised against either re-
combinant PEDF or a PEDF peptide (Fig. 1A).

Biochemically purified as well as recombi-
nant (/4) forms of PEDF potently inhibited
neovascularization in the rat cornea (Fig. 2, A
and B). In vitro, PEDF inhibited endothelial cell
migration in a dose-dependent manner with a
median effective dose (EDs,) of 0.4 nM (Fig.
1B), placing it among the most potent natural
inhibitors of angiogenesis in this assay (/5),
slightly more active than pure angiostatin (Fig.
1B), thrombospondin-1 (ED, of 0.5 nM), and
endostatin (ED, of 3 nM). At doses of 1.0 nM
or greater, PEDF also inhibited basic fibroblast
growth factor (bFGF)-induced proliferation of
capillary endothelial cells by 40% (13).

PEDF inhibited endothelial cell migration
toward every angiogenic inducer we tested,
including platelet-derived growth factor, vas-
cular endothelial growth factor (VEGF), in-
terleukin-8, acidic fibroblast growth factor,
and lysophosphatidic acid (/5). It showed
some specificity for endothelial cells, inhib-
iting the migration of microvascular cells cul-
tured from the bovine adrenal gland or human
dermis and those from the umbilical vein. In
contrast, it did not inhibit the migration of
human foreskin or lung fibroblasts, aortic
smooth muscle cells, oral keratinocytes, or
neutrophils toward stimulatory cytokines,
even when PEDF was present at concentra-
tions 10 times that needed to inhibit endothe-
lial cells (15).

Neutralizing PEDF antibodies reduced the
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representative experiment are shown with standard errors.
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inhibition of endothelial cell chemotaxis by
stromal extracts (4, /6) prepared from human
(Fig. 1C), mouse, and bovine corneas (/3).
Similarly, removal of PEDF with antibody
linked to protein A beads completely elimi-
nated the antiangiogenic activity in bovine
(13) and human stromal extracts (Fig. 2, A
and B). Furthermore, addition of neutralizing
antibodies to PEDF, in the absence of exog-
enous angiogenic inducers, stimulated the in-
vasion of new vessels into the rat cornea (Fig.
2, A and B). This appeared to be due to local
blockade of PEDF, which unmasked endoge-
nous angiogenic stimulatory activity in the cor-
nea (Figs. 1C and 2, A and B). Antibody to
PEDF alone did not stimulate endothelial cell
migration in vitro (Fig. 1A), and no neovascu-
larization was observed in rat corneas when the
antibody was preincubated with the PEDF pep-
tide 327 to 343 against which it was raised (Fig.
2, A and B). The PEDF peptide alone was
neutral in angiogenic assays (Fig. 2A).

Like the comnea, the vitreous humor is
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antiangiogenic (3) and generally devoid of
vessels, and it also contains high concentra-
tions of PEDF (8, 17). We found that remov-
al of PEDF from vitreous fluid abrogated its
antiangiogenic activity and revealed an un-
derlying angiogenic stimulatory activity
(Figs. 1C and 2, A and B). The level of PEDF
in the vitreous was sufficient to inhibit endo-
thelial cell migration even in the presence of
4 ng of VEGF per milliliter of vitreous (/3),
a concentration similar to that found in vitre-
ous fluid obtained from patients with prolif-
erative diabetic retinopathy (/8). Transform-
ing growth factor B (TGFB) has been postu-
lated to be an inhibitor of ocular neovascu-
larization (/9). However, in our experiments,
neutralization of TGFR isoforms 1, 2, and 3
did not alter the antiangiogenic activity of
vitreous fluid or corneal extracts in vitro (15)
or induce corneal neovascularization in vivo
(Fig. 2A).

In neonates, changes in ambient oxygen
concentration can regulate the vascular den-
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sity of the retina. This effect is usually attrib-
uted to changes in the level of the angiogenic
inducer VEGF, which is up-regulated when
oxygen is limiting and down-regulated when
it is in excess (20). To determine if PEDF is
also regulated by oxygen, we exposed new-
born mice to 75% oxygen (hyperoxia) from
postnatal day 7 to day 12, a condition that
leads to the development of undervascular-
ized retinas (21) and a decline in VEGF
mRNA (22). The retinas of eight of nine mice
exposed to hyperoxia stained strongly for
PEDF at day 12 (Fig. 3B), whereas none of
10 untreated animals remaining at normoxia
(21% oxygen) showed PEDF staining (Fig.
3A). In untreated animals, levels of PEDF
during retinal development followed a pattern
that might be expected for an angiogenic
inhibitor. PEDF immunostaining was absent
or weak in three of three animals before day
18 (Fig. 3, A and C), when retinal vasculature
is developing (23), but strong in four of four
mice (Fig. 3D) at day 21 and in six of six
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Fig. 3. Induction of PEDF protein
expression by hyperoxia in the
neonatal mouse. Retinas were har-
vested at postnatal day 12 (P12)
(A and B), P18 (C), or P21 (D) from
C57BL/6 mice that had been
maintained at ambient oxygen (A,
C, and D) or exposed to 75% ox-
ygen from P7 to P12 (B) and
stained for PEDF. Note accumula-
tion of PEDF (arrowheads), as in-
dicated by reddish-brown color.
Control sections directly adjacent
to (D) were stained without pri-
mary antibody (E) or after prein-
cubation of primary antibody with
PEDF peptide 327 to 343 (F). Ret-
ina layers indicated in (A) include
retinal pigment epithelium (RPE),
outer nuclear layer (ONL), inner
nuclear layer (INL), and ganglion
cell layer (GCL). Mouse eyes were
fixed in formalin within 1 to 5
min of harvest. For immuno-
staining, paraffin-embedded sec-
tions were incubated with anti-
PEDF (29) and visualized with
ABC methods (Vectastain Elite;
Vector Labs, Burlingame, Califor-
nia). Scale bar, 25 pm.
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Fig. 4. Hypoxia-induced
down-regulation of PEDF
protein in cultured retino-
blastoma cells. (A) Immu-
noblot analysis of PEDF
present in media from cul-
tures of three Rb-negative
cells lines (WERI-Rb-27,
Y79, and WERI-Rb-1; all
from American Type Cul-
ture Collection, Rockville,
Maryland) and from one
Rb-positive line ( WERI-Rb-
27R) (6). Cells were main-
tained in normoxia (N;
21% 0,), hypoxia (H; 0.5%
0,), or CoCl, (Co; 100

M), and serum-free media were collected over a 48-hour period from
equivalent numbers of cells. The blot containing 5 g of protein per

lane was probed with anti-PEDF and developed with ECL (Amersham,
Arlington Heights, Illinois). (B) Northern blot of total cellular RNA (10 g per lane) isolated
from WERI-Rb-27 cells after exposure to hypoxia for 24 or 48 hours. Blots were probed with
1.5-kb full-length PEDF cDNA or an 819-base pair B-actin probe to control for loading.
Numbers indicate ratio of PEDF to B-actin mRNA levels as determined by densitometry. (C)
Medium (used at 2 p.g of total protein per milliliter) from normoxic or hypoxic WERI-Rb-1 cells
was tested for ability to induce the migration (26) of human dermal microvascular endothelial
cells. Assays contained medium alone or medium plus neutralizing anti-PEDF (29) (1 pg/ml) or
anti-VEGF (20 pg/ml). VEGF-induced migration was completely abrogated by anti-VEGF and
unaffected by anti-PEDF. Neither antibody affected migration when tested alone (73). One
hundred percent equaled 67 cells migrated in 10 high-power fields.

adults, when neovascularization of the retina
is essentially complete (23). Highest PEDF
levels were seen in the photoreceptor cell
layer, the most avascular layer of the retina.

To further investigate the effect of oxygen
regulation on PEDF, we maintained retino-
blastoma tumor cells in low oxygen (0.5%) or
in chemical agents that simulate hypoxia
(24). As expected, hypoxia induced a 9.5 *
4.8-fold rise in the level of VEGF in condi-
tioned media as measured by enzyme-linked
immunosorbent assay and reduced the level
of PEDF by 11.8 = 4.7-fold (Fig. 4A). The
responses of Rb-negative retinoblastoma cells
and of revertants reexpressing Rb were similar
(Fig. 4A). No difference in PEDF mRNA levels
was detected among hypoxia-treated and un-
treated cells (Fig. 4B), suggesting that hypoxic
regulation of PEDF occurred at the translational
or posttranslational level.

Medium conditioned by hypoxic tumor
cells was more angiogenic than that condi-
tioned by normoxic tumor cells (Fig. 4C).
Hypoxia reduced the concentration of medi-
um needed to induce 50% of maximal endo-
thelial cell chemotaxis from 4.0 to 0.3 g of
total protein per milliliter. Neutralization of
VEGF, which made only a minor contribu-
tion to the angiogenic activity of these cells,

did not reduce the angiogenic activity of the,

hypoxic conditioned media, but neutraliza-
tion of PEDF made normoxic tumor media as
angiogenic as that derived from hypoxic cells
(Fig. 4C). Consistent with these in vitro stud-
ies, tumor cells present in 12 out of 12 human
retinoblastoma pathologic specimens failed
to stain for PEDF, presumably in part be-
cause of limited oxygen in the tumor envi-
ronment (25), whereas adjacent normal retina
was positive.

In summary, PEDF is likely to contribute to
the regulation of blood vessel growth in the eye
by creating a permissive environment for an-
giogenesis when oxygen is limiting (as it is in
tumors and in retinopathies) and an inhibitory
environment when oxygen concentrations are
normal or high. Given its high potency and the
broad range of angiogenic inducers against
which it can act, PEDF may prove to be a useful
therapeutic for pathologic ocular neovascular-
ization as well as for retinoblastomas, where its
dual activities of inducing cell differentiation
(9) and inhibiting angiogenesis may be partic-
ularly effective.
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HMG-1 as a Late Mediator of
Endotoxin Lethality in Mice
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Endotoxin, a constituent of Gram-negative bacteria, stimulates macrophages to
release large quantities of tumor necrosis factor (TNF) and interleukin-1 (IL-1),
which can precipitate tissue injury and lethal shock (endotoxemia). Antagonists
of TNF and IL-1 have shown limited efficacy in clinical trials, possibly because
these cytokines are early mediators in pathogenesis. Here a potential late
mediator of lethality is identified and characterized in a mouse model. High
mobility group—1 (HMG-1) protein was found to be released by cultured mac-
rophages more than 8 hours after stimulation with endotoxin, TNF, or IL-1. Mice
showed increased serum levels of HMG-1 from 8 to 32 hours after endotoxin
exposure. Delayed administration of antibodies to HMG-1 attenuated endo-
toxin lethality in mice, and administration of HMG-1 itself was lethal. Septic
patients who succumbed to infection had increased serum HMG-1 levels, sug-
gesting that this protein warrants investigation as a therapeutic target.

Mortality rates for systemic bacterial infec-
tion have not declined significantly, despite
advances in antibiotic therapy and intensive
care. Bacteria do not directly cause lethal
shock and tissue injury. Rather, bacterial en-
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dotoxin (lipopolysaccharide, LPS) stimulates
the acute, early release of cytokines such as
TNF and IL-13 from macrophages, and it is
these host products that mediate damage (/).
Macrophages from C3H/HeJ mice do not re-
lease TNF and IL-1 when stimulated by LPS;
these animals are resistant to LPS lethality
(2). Normal, LPS-responsive mice can be
protected from lethal endotoxemia by thera-
peutic agents that selectively inhibit cytokine
action or prevent cytokine release (3).
Translating these pathogenic insights into
clinical therapy has proved difficult, in part
because these “early” mediators (TNF and
IL-1) are released within minutes after LPS
exposure (4). Thus, even a minimal delay in
treatment directed against TNF or IL-1 is
ineffective (3, 5). Paradoxically, LPS-respon-
sive mice treated with lethal doses of LPS
succumb at latencies of up to 5 days, long

9 JULY 1999 VOL 285 SCIENCE www.sciencemag.org





