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Abstract

The combination of angiostatin and endostatin has been shown to have synergi
are delivered 1o tumor
¢ angiostatin—endostatin fusion gene (Statin-AE) which shows enhanced antian,
al vein endothelial cell (HUVEC) tube formation in vitre compared with an;
rates anti
BIGF10 melanoma model when co-delivered by retroviral packaging cell inoculation in mice. The fu
ntly greater inhibition ol tumor growth compared with angiostatin, endostatin or the

effects when the genes for these proteins
construction of a mu
activity on human umbil
endostatin alone. Similar

the fusion gene demon:

demonstrates signific
combination of genes.

Introduction

Angiostatin and endostatin are two potent antiangio-
genic proteins that have individually demonstrated
antitumor activity in multiple murine lumul mode
both in prevention and treatment of ¢
[1-9]. These proteins appear lo
endothelial cells but do not have cytotoxic effects on
other cell types including tumor cells [1. 2. 10]. There
have been several reports which suggest tlm a combi-
nation off dnudn"lo“:.m factors may demonstrate addi-
tive or even synergistic inhibition of angiogenesis and
tumor growth. In particular, the combination of an-
ostatin and endostatin has been shown te have potent

activity on the growth of spontancous tumors
in a ral pancreatic islet tumor model and may be
'y n the treatment of ovarian cancer in a nude
mousu model [11. 12]. We have previous hown that
the combination of angiostatin and endostatin delivered
single molecules by retroviral gene transfer has
synergi nhibitory activity on the growth of BI6F10
melanoma tumors compared with angiostatin or ¢n-
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dostatin alone [13). Similar in a murine L1210
leukemia model, expression of both these genes resulted
in failure of leukemic tumor growth in 40% of mice [13].

Based on these findings. we report the construction of
i novel angiostatin-endostatin fusion gene demon-
strates potent antiangiogenic activity in virro and anti-
tumor activity fi vive. Compared with angiostatin or
endostatin alone, the fusion protein demonstrates greater
than additive activity on inhibition of HUVEC tube
formation i vitra and polent antitumor effects in a
BIGF L0 melanoma model i vive.

aterials and methods
Construction of retroviral vectors

The Lazarus (LZRS)-based Moloney murine leukemia
viral (MMuLV) vectors were constructed by cloning the
cDNA fragments of mouse angiostatin [4] or mouse
endostatin [9] (these were generous gifts from Y. Cao
and T. Boehm. respectively) inte the Bam H1 or Bgl 11
Xho 1 sites, respectively, upstream of the internal
ribosomal entry (IRES) and green fluorescent
protein (GFP) sequences of the LZRS IRES-GFP
mid [14]. The 5° signal sequences that allow for
secretion of angiostatin and endostatin were derived
from plasminogen or collagen XVIII, respectively. The




endostatin fusion gene was created by
ng an Nde I-Nhe I adaptor sequence (5-cata-
tageeatatg-3") at the 3" end of angiostatin and 5 of
endostatin. The fusion gene was cloned into the EcoR1
and Xhol sites of the LZRS IRES-GFP plasmid. When
transfected into Phoenix amphotropic retroviral pack-
ing cells, these vectors produce replication defective
virus with a titer of approximately 1.0 % 10° as deter-
mined by GFP expression of infected NIH 3T3 fibro-
blasts (data not shown).

Transfeciion|transduction of wmor cells| FACS

Calcium phosphate transfection o Phoenix cells has
been described elsewhere [15]. Selection of GFP express
ing Phoenix cell transfectants or infected BI6F10
melanoma cells was by flow eytometry using a FACStar
Plus cell sorter (Becton Dickinson) set at 488 nm
excitation wavelength. Gates were set to sort the highest
23% of Muorescent cells and the cells were collected in
PBS. Growth of BI6F 10 melanoma cells was determined
by standard MTT assay (380 nm absorbance).

Marrigel assays

Growth factor reduced matrigel was obtained from
Becton Dickinson. The matrige]l was allowed to solidify
for I h in serum free media (EBM from Clonetics) in
the wells of six well culture plates. HUVECs were also
obtained from Clonetics. The LnLlOlllLlMl cells (2 %
107 cells/well) were plated on matrigel with 2.5 volumes
of filtered viral supernatants harvested from BIGFI0
melanoma cells expressing angiostatin, endostatin, or
Statin-AE. Approximately 3-24 h later, the cells were
analyzed under a light microscope for tube formation
[16]. Dose-response effects of the Statin-AE prolein
were assessed using dilutions of the supernatants in
media and counting the number of endothelial cell
tubes.

‘Microvessel density studies

C57BL/6 mice were inoculated subcutancously with
BI6F10 melanoma tumors (1.0 x 10* cells) express
GFP alone or Statin-AE-IRES-GFP. After 2 weeks of
tumor growth, tumors were resected and fixed in 10%
alin sections were  blocked
followed by antig al using citra antigen retrie
(Biogenex). The sections were then stained with bioti-
nylated rat anti-PECAM-1 monoclonal antibody (clone
MEC 13.3 - Pharmingen) at 1:30 dilution. This was
followed by incubation with avidin-HRP (Biogenex) and
DAB substrate. Microvessel density was scored as an
average of five random fields (20x) [17].

Mouse tunorigeniciiy siudies

For B16F10 melanoma studies. C5TBL/6 female mice
(6-8 weeks old. Jackson Labs) were injected subcutane-
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ously in the left flank with 200 gl mhum. of 1.0 x 10°
melanoma cells + 1.0 x 107 . The latter
had been sclected for the 25% hig
by flow cytometry. Tumors were mez
in three dimensions .uppmwn.nd\ every 3
recorded as volume (em”). Tumor Hn\lll rales i vitro
and fn vive were compared using exponential regression
analysis [18]. Non-overlapping 95% confidence intervals
of the regression parameter (K) were slatistically signi-
ficant at P < 0.03.

Results and discussion

The retroviral vector containing the angiostatin-endo-
statin fusion gene (shown in Figure 1a) was constructed
with angiostatin in the 5 location and fused 1o endo-
stati an HA @ fection of retroviral
veclors into Phoenix amphotropic packaging cells
yielded infectious virus with a titer of 1x 10 as
determined on NIH 3T3 cells. Infected BI6F10 mel

v
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Figure 1. Construction of anti
pression of Statin-AE fusion protein. (2) Shown h
woviral veetors alone or con

ne E
). The mmnn enals (88) for these
from the native plasminogen for angiostatin and the fusion gene and
from the native collagen XVIIL for endostatin. A preactivation peplide
sequence (PA) is located ¥ 10 the secrctory s
preceding the statin gene, A short HA tag
end of the angiostatin gene and serve:

ostatin and endostatin in the fusion construct. (h) Seeretion of
in-AE from BI6FI0 melanoma cells. Fusion protein in pooled
BI6F10 melanoma cells was purified
ysing-seplirose chromatography followed by clution with
mM e-aminocaproic acid. After di v Pl quots (1 jigh
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Confirmation of the angiostatin-endostatin fusion protein was
achieved after transfer of the protein to PYDI membrane followed
n ABI Procise.
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noma cells for i virro studies and infected Phoenix cells
for in vive studies were enriched by sorting for expres-
sion of the GFP comarker protein by flow cytometry
(data not shown). Expression of the
determined by ri-PCR using primers directed against
iostatin or endostatin (Figure 2). Expression of GFP
Iso determined by ri-PCR after sorting of the
highest 25% GFP-expressing Phoenix packaging cells,
Expry n of the transgenc-IRES GFP transcript was
similar in Phoenix cel compared with stan-
dardized actin controls. Simil; expression of angio-
statin was seen only in cells expressing angiostatin or the
fusion gene. Endostatin expression was also observed in
cells expressing endostatin or the fusion gene. retion
of Statin-AE [rom infected cells was shown by SDS-
PAG ¢ sepharose purification of the protein
in suptrn.ndntnom B16F10 melanoma cells (Figure 1b).

fusion gene was
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A protein of molecular weight 70 kd was seen which in
some preparations from other tumor cell types migrates
at 55 kd and may be related 1o differences i glycosy-
lation. The protein could be purified 1o =90% purity
and was not seen in similarly prepared samples from
control LZRS-GFP supernatant. Approximately 30 nM
of protein was estimated to be present in the superna-
tants o BI6FI0 cells. N-terminal sequenc ol the
protein revealed a 17 amino acid sequence ([)LL[JI)Y
VNTQGASLLSL) which confirmed the N-terminus of
the angiostatin- endostatin fusion protein. Thus, we felt
confident that the fusion protein produced from these
cells represents a bona fide fusion of appropriate length.
Previou we showed secretion of angiostatin and
endostatin from BIGF10 cells and other cell types [13]
Statin-AE showed little reactivity on Western blots
after probing with anti-HA maonoclonal antibody. This

Expression of Antiangiogenesis Genes in Retroviral Packaging Cells

Anglostatin

Fiyure 2. Expression of St
endostatin were performed w
Clontech, The pri

angiostatin ampl

1 the sequences we
GAATTCCT:
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AE Tusion gene in Phoenix retroviral packag
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suggests a loss of immunog epitopes when angiost-
atin and endostatin are fused (data not shown).
To determine antiangiogenic effects of the secreted
[usion protein. we tested Statin-AE
IVEC differentiation fn vitro. A\
dose-response relationship e
-AE containing supernatants from BIGF m

the higher concentrations of the fusion protein, the
HUVECs appeared clustered without evidence of tube
formation. There was no difference in the inhibition of
tube formation among the mock. LZRS-GFP, angiost-
atin, or endostatin treated groups (Figure 3b). However,
fusion 1x (undiluted) significantly inhibited tube lo:
mation compared with controls (P < (0.05) and w:

Statin-A

cells in that a marked tubular inhibitory effect was seen  similar to the angiostatin/endostatin combination. Pu-
at 1x and 2/3x but was lost at 1/3 and 1/6 dilutions. At rified Statin-AE similarly inhibited tube formation
(a) Inhibition of Endothelial Cell Tube Formation
by Statin-AE Fusion Protein in Matrigel
LZRS-GFP Angio+Endo
Fusion IX Fusion 2/3X Fusion 1/3X Fusion 1/6X
()

Antiangiogenic Effect of Statin-AE Fusion
Protein on HUVEC Tube Formation In Vitro

150

Mean Number of
Endothelial Cell Tubes

tants containing Statir
1 3 h after plating and were scored as the a
experiments both at 3 and 24 h). A Mann-Whitney test showed st
other groups (P < 0.05) except for a

1 s seen under low power view. (b) Quantitation of tube formation of v
re diluted in DMEM conditi

ige of five high powered fi

endostatin combination (£ = (0L19) and 2:3

ious doses of
3. or no dilution { 1x). Endothelial

s (similur results were seen in wo other
on 1% with I:3and 1:6 dilutions as well s all
3 dilution (7" = 0.11).
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compared with unpurified protein in cell supernatants
However, there was varlability in its activity in different
batches and may require stringent conditions or other
colactors Tor stability (data not shown).

To investigate ngiogenic effects of Statin-AE
in vive, BI6FI0 melanoma cells were transduced with
LZRS-GFP or LZRS-Statin-AE-GFP. sorted for high
GFP expression. and injected into mice. After 2 weeks
of growth, the tumors were resected. formalin-fixed, and
stained with anti-PECAM-1 antibody to determine
el density. Figure 4 shows a higher vessel
y for the LZRS-GFP group compared with
Statin-AE (>fourfold. P = 0.008., Mann-Whitney ©-
test). This suggests that Statin-AE expression and
subsequent secretion inhibited new blood vessel growth
in a paracrine fashion. Such activity might play a role in
the inhibition of tumor growth.

We chose a retroviral packaging cell system as a
relev al model to investigate gene therapy with
antiangiogenic factors to prevent or treal established
tumors. Although Statin-AE demonstrated antiangio-
genic activity in vitre and i vive, there was no inhibito:
effect on wmor cells grown in virre. This was shown
after stable infection of BI6F10 melanoma cells with
Statin-AE containing retrovirus. selection ol GFP pos-
itive cells by flow cytometry, and assessment of cell
growth in vitro by MTT assay. As shown in Figure Sa
there was a slight but statistically significant growth
advantage for cells expressing Statin-AE compared with

mock. GFP alone. angiostatin, endostatin, or the
combination of angiostatin and endostatin. The growth
of BI6FI0 melanoma tumors was slowed in vivo,

however, when retreviral packaging cells were delivered
concomitantly with melanoma cells subcutaneously on
the backs of C57BL/6 mice.
puckaging
tumor

As shown in Figure Sb,
cells expressing the Tusion gene delayed
growth significantly when compared with the
ing BI6F10 cells alone or groups co-injected

70+17

esis in vive by Statin-AE. BIGF10
umors that were transduced by LZRS-GFP (1) or LZRS—
atin-AE GFP (b) were grown in mice for 2 w Iyzed
for microvessel density

tumeors that have been
vessels are shown in brown and microve 1y determination was
performed on five random fields in ol spots and represented as vessels
per high powered field

AM-I antibody. The
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(a) Growth of B16F10 Melanoma Celis /n Vitro

Mock
LZRS-GFP
Angiostatin
Endostatin
Angiostatin + Endostatin
Fusion

s 00e ap

Absorbance (units)
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Figwre 5. Statin-AE inhibits B16F10 melanoma tumor growth i vive
but does not direetly inhibit tumor cell growth in virra, (1) Melanoma
cells that had been transduced with angiostatin, endostatin, or the
lin-AE fusion gene were assayed for growth in vitro using a
standard MTT assay. Cells were plated al 25 10° per well and cell
s were ohiained from

growth advantage for the fusion group compared with the others
(P < 0.03), There were no statistically significant differences between
the other groups (P = 0.03). (b) To assess tumor growth in the
presence of angiogenesis inhibitors, mice were injected with melanoma
cells alone or in combi v with Phoenis cells (that had been
transtected with each of the various angiogenic inbibitors or controls).
Shown hore are the curse fitied plots far cach group using an aver
of 10 animals per group at 3 d
through da
ing the fusion group with BI6FI0 cells alone or Phocnis uu‘
expressing LZRS GIFP, angiostatin, endost
(P <003,

endostatin, or an ¢qual mixture of cells expressing
(P < 0.05). The effect may be
through angiogenic inhibition by Statin-AE in vive.
Delivery of packaging cells expressing angiostatin,
endostatin., or the combination slowed tumor growth
compared with melanoma cells injected alone (P <
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0.05). This may be related 1o an inflammatory or
immune response 1o the xenogeneic packaging cell [19.
20]. The effeet of the packaging cell on tumor growth
inhibition was similar 1o that of cells expressing an-
i or endostatin., It may be that angiostatin and
have little activity i vivo in this
the eflfect of the

very
model or. alternatively.
nic eflect of Statin-
ned

The mechanism ul the antiangio
AE g vitro and in vive remains 1o be deter
Induction of apoptosis in endothelial cells is one
possibility since the components of Statin-AE. angio-
statin and endostatin, may be inducing apoptosis [10,
21]. Itis possible that the induction of this process may
be more potent than with either angiostatin or endost-
atin alone. This could be related to a binding avidity due
to the combined affinities of the fused components ol
Sttin-AE for two receptors on endothelial cells. An-
other expl n is that the conformation of the fusion
protein has been modified leading to increased affinity
for the receptor of either angiostatin or endostali
¢ be an alteration of the stability.
or Tocalization of Statin-AE in vive which is
conlerred by one part of the fusion protein. Alterna-
tively, the antiangiogenic effect may be related to
displacement ol angiogenic factors from the surface of
endothelial cells through binding of heparan sulfate or
integrins such as #fi; [22]. Finally. there may exist
another receptor that is not related 1o the binding of

na

i there may

likel!
protein direetly into animals can induce regre:
established tumors to a greater extent than angiostatin,
endostatin. or the combination. The purification scheme
we have implemented here for the angiostatin-endos
atin fusion protein should. il suceessful in future \llldlu
provide a reliable reagent for blocking angiogenesis in
vivo. If so. further work may prove the reagent useful
clinically in the treatment of cancer.

ion ol
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