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Antiangiogenic Activity of the
Cleaved Conformation of the
Serpin Antithrombin

Michael S. O'Reilly,"3* Steven Pirie-Shepherd,’
William S. Lane,? Judah Folkman'

Antithrombin, a member of the serpin family, functions as an inhibitor of
thrombin and other enzymes. Cleavage of the carboxyl-terminal loop of an-
tithrombin induces a conformational change in the molecule. Here it is shown
that the cleaved conformation of antithrombin has potent antiangiogenic and
antitumor activity in mouse models. The latent form of intact antithrombin,
which is similar in conformation to the cleaved molecule, also inhibited an-
giogenesis and tumor growth. These data provide further evidence that the
clotting and fibrinolytic pathways are directly involved in the regulation of

angiogenesis.

For a carcinoma to expand beyond a prevascu-
lar size, it must produce stimulators of angio-
genesis in excess of inhibitors (I, 2), and the
continued production of the inhibitors provides
one mechanism for the inhibition of tumor
growth by tumor mass (3, 4). Using murine
models, we identified the angiogenesis inhibi-
tors angiostatin (3) and endostatin (4). To de-
termine if human tumors produce similar inhib-
itors, we screened small-cell lung cancer cell
lines for their ability, when grown on a mouse
flank, to inhibit the growth of a comparable
implant on the opposite flank. We chose small-
cell lung cancer because, clinically, metastases
can grow rapidly after treatment of primary
disease. One cell line, NCI-H69, inhibited the
growth of a secondary implant by 80%. By
selective in vivo passage, variants of this line
were developed. In one variant, H69i, the inhi-
bition of one tumor by the other was virtually
100% (Fig. 1A). In a second, H69ni, there was
no inhibition (Fig. 1B).

Using a 72-hour proliferation assay (4),
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we detected an inhibitor of endothelial cell
proliferation in. conditioned media of the
H69i cell line. The activity was purified (5) to
apparent homogeneity, eluted at 54 to 56%
acetonitrile from a C4 high-performance lig-
uid chromatography (HPLC) column, and
was associated with a 58-kD band that mi-
grated as two bands of 53 to 55 kD and 3 to
5 kD under reducing conditions. The inhibi-
tory band initially copurified with one that
migrated (reduced) at 58 to 60 kD (Fig. 1C).
NH,-terminal microsequence analysis re-
vealed identity to bovine antithrombin (Fig.
2). Microsequence analysis of both the 53- to
55-kD and the 3- to 5-kD band revealed that
the inhibitory protein is cleaved bovine anti-
thrombin (Fig. 2). The cleavage site between
Ser®%¢ and Thr*®’ has not previously been
described. Enzymes that cleave antithrombin
include thrombin (Arg>®4-Ser*°®) and pancre-
atic (Val®®%-1s0%%) and human neutrophil
elastase (Iso®°'-Ala*92) (6, 7). Conditioned
media from the H69ni cells did not substan-
tially inhibit endothelial cell proliferation
even when applied to heparin Sepharose with
a protocol similar to that described (8). These
data strongly suggest that the inhibition of
angiogenesis by cleaved antithrombin from
the H69i cells is in part responsible for the
inhibition of tumor growth observed in vivo.

Antithrombin circulates in a quiescent form
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in which its reactive COOH-terminal loop is
not fully exposed and cannot bind target pro-
teases. Heparin induces a stressed conformation
of the molecule, exposes the reactive loop (6,
9), and increases thrombin affinity by up to a
factor of 100 (6). The thrombin-antithrombin
complex can slowly dissociate, and the reactive
loop of antithrombin is cleaved by the released
thrombin (10, 11). Cleaved antithrombin con-
sists of disulfide-bonded A and B chains and
does not bind target proteases. Cleavage induc-
es a conformational change to a relaxed (R)
form in which the loop irreversibly inserts into
the A-beta sheet (/2). A similar irreversible
conformational change of antithrombin to a
latent form has been described (/3, 74). Mild
denaturation of the molecule (/3) induces a
locked conformation characterized by polymers
of the latent molecule, and heat treatment with
citrate produces a latent monomeric antithrom-
bin (/4).

Cleaved antithrombin was purified from bo-
vine calf serum (/5), and human antithrombin
was purified from outdated plasma (/5) and
cleaved with pancreatic elastase (/6). The
cleaved antithrombin potently inhibited endo-
thelial cell proliferation induced by bovine fi-
broblast growth factor (Fig. 3) or by vascular
endothelial growth factor (&) in a dose-depen-
dent fashion with half-maximal inhibition seen
at 50 to 100 ng/ml. The stressed conformation
of antithrombin had no substantial effect on
capillary endothelial cell proliferation at com-
parable doses (Fig. 3) but did show marginal
inhibition at doses in excess of 5 wg/ml.

To produce the locked conformation (13),
we incubated antithrombin in 0.9 M guanidine
and then performed dialysis. Monomeric latent
human antithrombin was produced as described
by incubating stressed antithrombin (0.5 mg/
ml) in 0.25 M trisodium citrate and 10 mM
tris-HCl (pH 7.4) at 60°C for 18 hours (/4).
Both potently inhibited capillary endothelial
cell proliferation in a dose-dependent and re-
versible fashion with half-maximal inhibition
observed at 50 to 100 ng/ml (&). These data
demonstrate that the conformational change
that occurs after cleavage of antithrombin con-
fers antiangiogenic activity, and we refer to this
conformation as antiangiogenic antithrombin
(aaAT).
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To determine if the inhibitory activity was
specific for endothelial cells, we tested stressed
and cleaved antithrombin on bovine aortic
smooth muscle, 3T3 fibroblasts, Madin-Darby
canine kidney epithelial cells, human Sloan-
Kettering—neuroblastoma-AS (SK-NAS) cells,
murine Lewis lung carcinoma, and the H69
cells in vitro (3). None of these nonendothelial
cell lines were substantially inhibited even at
doses up to 100 times as high as those used to
inhibit endothelial cells (8).

To determine if aaAT could inhibit in vivo
angiogenesis, we tested it in the chick cho-
rioallantoic membrane (CAM) assay (/7).
Stressed antithrombin had no effect on angio-
genesis and, at doses above 20 pg, caused
local hemorrhage. In contrast, cleaved and
locked antithrombin potently inhibited angio-
genesis. A dose-dependent inhibition of an-
giogenesis was observed for 1 to 20 pg/
CAM. At a dose of 20 ng/CAM (n = 7),
there was a sustained inhibition of angiogen-
esis by two separate batches of aaAT. No
hemorrhage was seen in any of the treated
groups, and there was no evidence of any
toxicity or inflammatory reaction.

To investigate whether aaAT inhibits tumor
growth in mice, we injected the SK-NAS cells

Fig. 1. Identification of

an inhibitor of angiogen-

esis in an in vivo model

of tumor growth inhibi-

tion by tumor mass. (A)

By selective in vivo pas- A
sage, a variant (H69i) of i
NCI-H69 small-cell lung ~ NCI-HESi
cancer was developed in Tumor
which a primary flank
tumor completely sup-
presses the growth of a
second implant on the
&(:)p)posite flank (arrows). B

B) In another variant i
(H6oni) that does not | Tumee”
produce aaAT, no evi-

dence of inhibition of

the growth of one tu-

mor by the other is ob-

served. (C) SDS-PAGE
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subcutaneously into immunocompromised se-
vere combined immunodeficiency disease
(SCID) mice. After tumors formed, mice were
treated with daily subcutaneous injections of
the different conformations of antithrombin.
Control animals were injected with human
stressed antithrombin or vehicle alone. The
stressed conformation caused local bleeding but
did not substantially affect tumor growth. In
contrast, cleaved (bovine or human) and locked
(human) antithrombin potently inhibited tumor
growth (Fig. 4). Tumors regressed to small
subcutaneous nodules without evidence of
bleeding or toxicity in any of the mice. Tumors
in the control groups were highly vascularized,
as shown by immunohistochemical staining
with antibodies against von Willebrand factor.
In contrast, the small tumors in the treated
group contained only microscopic foci of ma-
lignancy and were sparsely vascularized. This
same pattern of regression of established tu-
mors has been demonstrated previously for hu-
man angiostatin (/8) and endostatin (/9) but
required substantially higher and more frequent
dosing.

In a separate experiment, SCID mice im-
planted with the SK-NAS cells were treated
with latent or locked human antithrombin at a
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(reduced, silver stain) of intact (lane 1) and deaved (lane 2) antithrombin purified from the conditioned media
of H69i spheroids. The B chain of the cleaved form is indicated with an arrow.

Fig. 2. Sequence data and sche- Cleavage site
matic of bovine antithrombin.

NH,-terminal (N-terminal) se- AT L 58K |
quences were determined by au-
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E, Glu; G, Gly; H, His; I, lle; K, Lys; L, Leu; N, Asn; P, Pro; R, Arg; S, Ser; T, Thr; V, Val; and Y, Tyr.
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dose of 15 mg kg~' day~! (Fig. 4B), and
both potently inhibited tumor growth. To rule
out the possibility that an undetected contam-
inant in the native antithrombin preparations
was responsible for the antiangiogenic and
antitumor effect, we treated mice bearing SK-
NAS tumors or Lewis lung carcinomas with
stressed, cleaved, or locked recombinant hu-
man antithrombin. Cleaved recombinant an-
tithrombin potently inhibited capillary endo-
thelial cell proliferation in vitro (8) and tumor
growth in vivo (Fig. 4). These data show that
aaAT is a potent inhibitor of angiogenesis
and tumor growth and demonstrate a previ-
ously unknown function for the cleaved con-
formation of the serpin antithrombin.

In our small-cell lung cancer model, anti-
thrombin is a substrate for an unknown enzyme
produced by the tumor cells. Although few
studies have been performed, a literature review
shows at least one example of a hepatocellular
carcinoma that directly expresses antithrombin
(20). However, other cancers, including small-
cell lung cancer, can sequester antithrombin
into their stroma (21, 22). Production of aaAT
by a malignant tumor may therefore be similar
to production of angiostatin from plasminogen.
Plasma proteins leaking from tumor vessels
form a neostroma (23, 24) for tumor growth but
may also mobilize angiogenesis inhibitors. The
degradation of antithrombin or plasminogen by
such a tumor could induce a deficiency of these
proteins that could explain the hypercoagulable
state observed with many cancers and the ther-
apeutic benefit of heparin or warfarin therapy.
We speculate that the administration of anti-
thrombin or plasminogen could be beneficial
not only to correct the deficiency but also to
provide increased substrate for conversion to
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Fig. 3. Inhibition of capillary endothelial cell
proliferation by locked or relaxed (cleaved) bo-
vine or human antithrombin.
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aaAT or angiostatin. Antiangiogenic antithrom-
bin and other endogenous inhibitors of angio-
genesis may thus function to regulate malignant
growth.

The generation of aaAT provides additional

evidence that clotting factors play a major role
in angiogenesis. The presence of inhibitors of
angiogenesis within proteins such as plasmino-
gen (3), thrombospondin (25), platelet factor 4
(26, 27), kininogen (28), prothrombin (29), and
antithrombin may allow for the precise regula-
tion of angiogenesis at sites of microvascular
injury. Their mobilization may help balance the
proangiogenic response seen after wounding
and in malignancy. It remains to be seen wheth-
er aaAT will have clinical efficacy. However,
aaAT and other angiogenesis inhibitors offer
the potential for improved efficacy and dimin-
ished toxicity in the treatment of cancer and
other angiogenesis-dependent diseases.
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