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Abstract

Tie2 is a novel receptor tyrosine kinase that is expressed al-
most exclusively by vascular endothelium. Disruption of Tie2
function in transgenic mice resulted in embryonic lethality
secondary to characteristic vascular defects; similar defects
occurred after disruption of the Tie2 ligand. These findings
indicate that the Tie2/Tie2 ligand pathway plays important
roles during development of the embryonic vasculature. To
determine whether the Tie2 pathway was involved in patho-
logic angiogenesis in adult tissues, a soluble form of the ex-
tracellular domain of murine Tie2 (ExTek.6His) was devel-
oped and used as a Tie2 inhibitor. After a single application
of the ExTek.6His protein into a rat cutaneous window
chamber, growth of a mammary tumor inside the chamber
was reduced by > 75% (P < 0.005), and tumor vascular
length density was reduced by 40% when compared with
control-treated tumors (P < 0.01). In the rat cornea, Ex-
Tek.6His blocked angiogenesis stimulated by tumor cell
conditioned media. ExTek.6His protein did not affect the
viability of cultured tumor cells, indicating that the antitu-
mor effect of ExTek.6His was due to the inhibition of tumor
angiogenesis. These data demonstrate a role for the Tie2
pathway in pathologic angiogenesis, suggesting that target-
ing this pathway may yield effective antiangiogenic agents
for treatment of cancer and other angiogenic diseases. (J.
Clin. Invest. 1997. 100:2072-2078.) Key words: endothelium .
receptor tyrosine kinase « angiogenesis « Tie2 « cancer

Introduction

Angiogenesis, the formation of new capillaries from preexist-
ing blood vessels, is a fundamental process required for normal
embryonic development and for the development of patho-
logic conditions such as cancer (1, 2). Tumor growth is an an-
giogenesis-dependent process that requires stimulation of new
vessel growth (3, 4). For example, in the absence of neovascu-
larization, solid tumors will not grow beyond a few cubic milli-
meters (2). Moreover, recent studies indicate that tumors with
a luxuriant vasculature have a higher fraction of dividing cells
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and lower necrosis rates than do tumors with a poorly devel-
oped vasculature (1, 5). Recent clinical studies have shown a
direct correlation between the density of tumor vessels and an
adverse prognosis in patients with a variety of solid tumors in-
cluding breast, colon, lung, kidney, bladder, and head and neck
tumors (6-14). Considering the importance of vascular growth
in tumorigenesis, it seems certain that targeting the tumor en-
dothelium will provide effective cancer therapy.

Tumor angiogenesis is most likely mediated by growth fac-
tors produced by tumor cells and/or by tumor-infiltrating in-
flammatory cells such as macrophages or mast cells (2, 15).
These factors stimulate the proliferation, migration, and mor-
phogenesis of endothelial cells as a result of interaction with
specific cell surface receptors. Although many factors likely
contribute to vascular growth in tumors, vascular endothelial
growth factor (VEGF)! is currently the best candidate for an
endogenous mediator of vascular growth (16, 17). A role for
VEGF and VEGEF receptors in tumor angiogenesis is sup-
ported by a growing number of reports demonstrating expres-
sion of VEGF and VEGF receptors in a number of different
tumor types (18-21). Furthermore, blocking the VEGF/VEGF
receptor pathway inhibits the growth of a number of murine
tumors and human tumor xenographs (22-24). Interestingly,
however, a recent study has demonstrated that although many
tumors are inhibited by blockade of the VEGF/VEGF recep-
tor pathway, others are unaffected, suggesting that alternative
pathways for vascular growth can drive tumor angiogenesis (23).

Recently, a novel endothelium-specific receptor tyrosine
kinase Tie2 (a.k.a. Tek) was identified (25, 26). Tie2 was ex-
pressed predominantly in endothelial cell precursors (angio-
blasts) and in endothelial cells participating in angiogenesis
(27, 28). Disruption of Tie2 function in transgenic mice re-
sulted in embryonic lethality at day 8.5 because of defects in
vascular development characterized by a reduction in endo-
thelial cell number and a defect in microvessel formation (29,
30). Similar vascular defects occurred after the disruption of a
recently cloned Tie2 ligand (31, 32). These findings indicated
that the Tie2 pathway was essential for formation of the em-
bryonic vasculature, and suggested a role for Tie2 in pathologic
angiogenesis, including tumor neovascularization. In this re-
port, a soluble Tie2 inhibitor consisting of the entire extracellular
portion of murine Tie2 fused to a 6-histidine tag (ExTek.6His)
was developed to study the role of the Tie2 pathway in tumor
angiogenesis.

Methods

Cell lines and antibodies. Recombinant baculovirus was generated
and propagated in monolayer-cultured SF9 cells maintained in

1. Abbreviations used in this paper: DAB, diaminobenzidine, RT, re-
verse transcription; VEGF, vascular endothelial growth factor.



Grace’s Insect Medium Supplemented (GIBCO BRL, Gaithersburg,
MD) at 28°C. Protein expression was carried out in suspension-cul-
tured SF9 cells in Protein-free Insect Medium (PharMingen, San Di-
ego, CA). The R3230AC rat adenocarcinoma cell line was main-
tained in DMEM plus 10% FBS (GIBCO BRL) at 37°C with 5%
CO,. A mouse monoclonal antibody against the extracellular domain
of human Tie2, which specifically recognized the Tie2 of several spe-
cies such as mouse, rat, and human, was generated in this lab. The rat
endothelial marker MRC-OX43 and biotinylated antimouse immu-
noglobulin were purchased from Harlan Bioproducts for Science, Inc.
(Indianapolis, IN) and DAKO Corp. (Carpinteria, CA), respectively.
Horseradish peroxidase—conjugated Streptavidin and diaminobenzi-
dine substrate kits were from BioGenex Labs (San Ramon, CA).
Avidin/Biotin blocking and DAB enhancing solution were from Vec-
tor Laboratories, Inc. (Burlingame, CA).

Construction of the ExTek.6His baculovirus vector and produc-
tion of recombinant virus. Using two mouse Tek-specific cDNA
primers (5 GGATCCATGGACCTGATC 3’, [a Bam HI site was in-
troduced in front of the start codon]; and 3’ CGTCTGGAGC-
CTAGCTA 5', a Cla I site was introduced at 5’ end), the cDNA from
nucleotides 124-2,346 or amino acids 1-741 of mouse Tie2 (the entire
extracellular domain except minus 3 amino acids at the COOH termi-
nus) was amplified by reverse transcription (RT)-PCR from 9-12-d
mouse embryos as previously described (25). The resulting RT-PCR
product was digested with Bam HI/Cla I and ligated to the same sites
of the BSK Cla—/6His vector (BSK/ExTek.6His). BSK Cla—/6His is
a modified BSK vector (Stratagene, La Jolla, CA). The original Cla I
site was deleted, and a new Cla I site with an in-frame 6-histidine tag
followed by a stop codon was inserted into the Bam HI and Xba I
site. A 2.1-kb Eco RI/Not I fragment from BSK/ExTek.6His contain-
ing the mouse extracellular domain coding region followed by a six-
histidine tag was subcloned into the same sites of pVL 1393, a bacu-
loviral expression vector (PharMingen). The ExTek.6His transfer
plasmid and Baculogold baculoviral DNA (PharMingen) were
cotransfected into SF9 cells for production of the recombinant bacu-
lovirus BvExTek.6His according to the manufacturer’s instructions.
Second-passage virus was used to infect serum-free SF9 cells for Ex-
Tek.6His protein expression. The same approach was used to gener-
ate a recombinant baculovirus (BvExFms.6His) expressing the entire
extracellular domain of human c-fms receptor fused to a 6-histidine
tag at the COOH terminus.

Purification of ExTek.6His protein. Spinner-cultured SF9 serum-
free insect cells (1 liter) were infected with ~ 1 pfu/cell of second pas-
sage BvExTek.6His for 54 h at 28°C. Cells were removed by centrifu-
gation at 3,000 rpm for 20 min at 4°C. The supernatant was dialyzed
against 8 liters of PBS, pH 8.0 for 48 h with one change of buffer. The
dialyzed supernatant was then incubated with 4 ml of Ni**NTA resin
(QIAGEN Inc., Chatsworth, CA). After 1 h at room temperature,
the resin-bound ExTek.6His protein was loaded onto a 10-ml column.
The column was then washed with 200 ml of wash buffer (50 mM
NaH,PO,, 300 mM NaCl, and 20 mM Imidazole, pH 8.0), and the
protein was eluted with elution buffer (same as wash buffer except
containing 250 mM Imidazole) followed by a buffer change to PBS
pH 7.2 by ultrafiltration (Centricon 10; Amicon Inc., Beverly, MA). Con-
trol ExFms.6His was purified from SF-9 supernatant infected with
BvExFms.6His virus, and followed the same purification protocol. Mock
control solution was generated from the supernatant of uninfected
SF9 cells following the same purification procedure as for ExTek.6His
protein. Aliquots of purified ExTek.6His and ExFms.6His protein
and mock control solution were analyzed by SDS-PAGE on a 7.5% gel.

Tumor window chamber model. Tumors were grown in cutane-
ous window chambers in Fischer 344 rats (age 12-14 wk, wt 140-160 g;
Charles River Labs, Wilmington, MA) as previously described (33).
In brief, two 1-cm diameter holes were dissected in opposing epithe-
lial surfaces of the dorsal skin flap as it was retracted away from the
posterior surface of the back. The underlying fascia was dissected
away until two facial planes with associated vasculature remained.
100 pl of ExTek protein (0.5 pg/nl) or 100 wl of mock control solu-

tion was injected between the facial planes. A 0.1 mm® piece of
R3230AC tumor from a donor rat was then placed onto the facial
plane, an additional 100 w1 of ExTek.6His protein or control solution
was added, and the chambers were sealed with glass coverslips. The
tissue within the chamber is ~ 200 microns thick, and is semitranspar-
ent. A pair of tumor window chambers were done at each time, one
treated with ExTek.6His and the other with mock control solution.
The tumor implants in each pair were tailored in similar size from the
same larger piece of grossly viable tumor tissue. The areas of tumor
implants were measured using an image analysis software (JAVA;
Jandel Scientific, San Rafael, CA). The baseline host vasculature, the
blood flow, and the proximity of tumor tissue to vessels were scored.
Tumor growth and neovascularization was photographed using a dis-
secting microscope (Stemi SV6; Carl Zeiss, Inc., Thornwood, NY) on
days 5, 7, and 10, and window chambers were harvested for H&E
staining on day 10. For immunohistochemistry, a window chamber
bearing a 5-d-old untreated R3230AC tumor was freshly frozen
in optimal cutting temperature compound (OCT).

Measurement of tumor volume and tumor vascular length density.
To obtain the tumor size, H&E-stained sections representing the
largest cross-sectional area of each tumor were photographed, and
the thickness (t) and the diameter (d) of tumors were measured from
the photographs. Tumor volumes, which were assumed to approxi-
mate a flat cylinder, were calculated using the formula:

tumor volume (mm®) = 3.14t (d/2) 2.

Tumor vascular length density as an indicator of tumor vasculature
was measured from photographs of 10-d-old tumors within the win-
dow chamber using a previously described method (34). Three to five
areas inside the tumor were randomly selected for measurement. The
vascular length density in mm/mm?® was calculated using the formula:

length density = N/(4gdt)

where N is the average number of intersections between vessels and
grid per sheet; g is number of blocks in grid (54); d is length of one
grid square calibrated by a micrometer image at the same magnifica-
tion (0.1333 mm); and t is measured depth of field through which mi-
crovessels could be discerned (0.2 mm).

Rat corneal micropocket assay. In vivo angiogenic activity of Ex-
Tek.6His was tested in the avascular cornea of F344 female rat (Har-
lan Teklad, Madison, WI) as described (33) In brief, each sample was
combined with sterile Hydron casting solution (Interferon Sciences,
New Brunswick, NJ), and the solution was pipetted onto the surface
of 1.5-mm diameter Teflon rods (DuPont-Merck Pharmaceutical Co.,
Wilmington, DE). The pellets were air-dried in a laminar hood for 1 h
and refrigerated overnight. The following day, pellets were rehy-
drated with a drop of PBS buffer, and were then placed in a surgically
created pocket within the cornea stroma, 1.5 mm from the limbus.
Corneas were observed every other day until day 5 or 7 when the ani-
mals were anesthetized and perfused with lactated ringers solution
followed by colloid carbon solution to enumerate the vessels. Re-
sponses were scored as positive when vigorous and sustained direc-
tional ingrowth of capillary sprouts and hairpin loops toward the im-
plant were detected. Negative responses were recorded when no
growth was detected, or when there was only an occasional sprout or
hairpin loop with no evidence of sustained growth. Positive controls
consisted of Hydron pellets containing 25 ng/5 pl pellet. Negative
controls consisted of sham implants and Hydron pellets containing
media alone. Media was incorporated into pellets at a concentration
of 1 pg of total protein per cornea. Representative corneas were ex-
amined histologically, and except for occasional neutrophils found in
the limbus of both control and test corneas, nonspecific inflammation
was not a contributing factor in any of the corneal responses (data not
shown).

In vitro cell proliferation. R3230AC tumor cells were seeded at 4 X
10%well into 12-well plates, and were maintained in the presence of
purified ExTek.6His protein (3 wM) or control solution. Cell mor-

Soluble Tie2 Inhibits Tumor Angiogenesis ~ 2073



phology was monitored every day by light microscope. Live cells
were trypsinized, suspended in PBS containing 0.02% Trypan blue
(GIBCO BRL), and were counted with a hemocytometer each fol-
lowing day for 3 d.

Histochemistry and anti-Tie2 immunohistochemistry. Tumor win-
dows to be processed for H&E staining were fixed in 4% paraformal-
dehyde overnight at 4°C and embedded in paraffin. Samples for
immunohistochemistry were freshly frozen in liquid nitrogen and
embedded in OCT. For immunohistochemistry, serial sections of 10
microns were cut, fixed in ice-cold acetone for 10 min, and blocked
with 0.03% H,0O,, 1% horse serum, and avidin/biotin blocking re-
agents (Vector Laboratories). After blocking, sections were incu-
bated with a monoclonal anti-Tie2 antibody or an antibody specific
for rat endothelium (MRC-OX43) in a humidified chamber for 50
min at room temperature. With PBS washes between all steps, a bio-
tinylated linker antibody (DAKO Corp.) was applied for 30 min, fol-
lowed by another 30-min incubation with streptavidin-linked HRP.
Peroxidate activity was localized with diaminobenzidine (DAB) and
was enhanced by DAB-enhancing solution (Vector Laboratories).
Sections were then weakly counterstained with hematoxylin.

Statistics. Results are reported as mean*SE for tumor volume
and tumor vascular length density for each group. A two-tailed Stu-
dent’s ¢ test was used to analyze statistical differences between the
control-treated group and the ExTek-treated group. Differences
were considered statistically significant at p < 0.05.

Results

Design and production of ExTek.6His fusion protein. We rea-
soned that a recombinant soluble extracellular domain of Tie2
(ExTek) should compete with the endogenous receptor for
ligand binding, thus inhibiting receptor activation. To produce
large amounts of properly processed ExTek protein and a con-
trol protein, ExFms (extracellular domain of the CSF-1 recep-
tor), recombinant baculovirus vectors directing expression of
ExTek or ExFms protein fused to a 6-histidine tag, were con-
structed (Fig. 1 A). ExTek.6His and ExFms.6His were purified
from the supernatant of baculovirus-infected SF9 cells by one-
step Ni**NTA resin chromatography, yielding a single major
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Table I. Inhibitory Effect of ExTek.6His on Angiogenic
Response Induced by Tumor Conditioned Media

Proportion of corneal angiogenic responses (%)

Samples Negative Strong positive
Fresh media 3/3 (100%)*
ExTek.6His 2/2 (100%)
ExFms.6His 4/4 (100%)

Conditioned medium
CM + ExTek.6His
CM + ExFms.6His

3/3 (100%)
4/4 (100%)
3/3 (100%)

*n/m (X): m is the number of rats used in each experiment; n is the num-
ber of rats with the indicated response; x is the percentage of rats with
the indicated response. CM, conditioned medium.

band of the expected molecular mass for each protein (Fig. 1
B, lanes 2 and 3, respectively). The identity of the ExTek pro-
tein was further confirmed by Western blot by using a mono-
clonal anti-Tie2 antibody (data not shown). A mock control
solution was purified from uninfected SF9 cell supernant using
the same protocol (Fig. 1 B, lane 4).

ExTek.6His blocks angiogenesis stimulated by tumor cell
conditioned media. First, the ability of ExTek.6His to block
angiogenesis in rat corneas was tested (35). Hydron pellets
containing fresh media (5 pl), ExTek.6His (100 ng), or Ex-
Fms.6His (100 ng) alone failed to stimluate an angiogenic re-
sponse in rat cornea 5-7 d after implantation (Table I). A
strong angiogenic response was seen, however, with pellets
containing R3230AC tumor cell-conditioned media (1 pg total
protein). This angiogenic response was completely blocked by
addition of 100 ng of ExTek.6His into the pellets containing
tumor cell-conditioned media. Addition of control protein
ExFms.6His (100 ng) to pellets containing tumor cell-condi-

Figure 1. Design and production of
ExTek.6His. Schematic diagrams of the full-
length Tie2 and CSF-1 receptors, c-Fms, to-
gether with their respective soluble extracellu-
lar domains fused at the carboxy terminus to a
6 histidine tag (ExTek.6His and ExFms.6His)
(A). Recombinant baculoviruses were con-
structed for production of soluble recombi-
nant ExTek.6His and ExFms.6His by insect
cells. ExTek.6His and ExFms.6His were puri-
fied from the conditioned media of baculovi-
rus-infected sF9 cells by one-step Ni* *NTA
agarose chromatography, and were analyzed
by 7.5% SDS-PAGE followed by Coomassie
staining (B). The expected 90-kD ExTek.6His
protein (lane 2) and 72-kD ExFms.6His pro-
tein (lane 3) were purified to near homoge-
neity by this simple procedure. Lanes were
loaded as follows: lane 7, molecular mass
markers; lane 2, 0.5 ng of purified ExTek.6His
protein; lane 3, 1 pg of purified ExFms.6His;
lane 4, an equal volume of mock control solu-
tion purified from the supernatant of unin-
fected sF9 cells.



tioned media did not block the angiogenic response. These re-
sults demonstrated that ExTek.6His specifically and potently
inhibited corneal angiogenesis induced by tumor-conditioned
media in vivo, and suggested its potential application as an an-
tiangiogenic agent for cancer therapy.

Tie2 is expressed in tumor vessels at the onset of tumor an-
giogenesis. To address the possible role of Tie2 in tumor an-
giogenesis and tumor growth, purified ExTek.6His protein was
used as an inhibitor in a rat cutaneous window chamber bear-
ing a R3230AC mammary tumor. Previous work has demon-
strated that small fragments of tumor (0.1 mm?) placed in a
window chamber become vascularized, and undergo rapid
growth within 10-14 d (34). Typically, vascularization of tu-
mors in the window chamber is first detected at~ 5 d after im-

Figure 2. Expression of the Tie2 receptor
tyrosine kinase in the endothelium of ves-
sels surrounding and penetrating a rat
mammary carcinoma grown in a cutaneous
window chamber. Frozen sections of a
5-d-old R3230AC tumor tissue in a rat win-
dow chamber were analyzed by immuno-
histochemistry using antibodies against the
extracellular domain of Tie2 (A and B) and
a specific endothelial marker (MRC-OX43;
C and D). Strong Tie2 staining was ob-
served in vessels surrounding and pene-
trating the 5-d-old tumor as well as in the
healing vasculature of the wounded subcu-
taneous tissue (A and B). A similar pattern
of staining was seen for the endothelial
marker demonstrating that Tie2 was ex-
pressed specifically by endothelial cells (C
and D). Arrowheads indicate the newly
formed vessels penetrating the edge of the
tumor. A and C, 40X; B and D, 200X.

plantation, and is followed by a rapid growth phase of the tu-
mor. Consistent with a role for Tie2 in vascularization of
the R3230AC mammary tumor, immunohistochemical studies
demonstrated expression of Tie2 in vessels surrounding and
penetrating the tumor implant 5 d after implantation (Fig. 2).
ExTek inhibits tumor growth in cutaneous window cham-
bers. To determine the functional significance of Tie2 expres-
sion during tumor angiogenesis, a single dose of purified Ex-
Tek.6His protein (100 wg) was administered directly into the
window chamber at the time of tumor implantation. After 10 d,
gross inspection of live tumors in the tumor window and exam-
ination of histologic sections, demonstrated that tumors (n = 9
pairs) treated with ExTek.6His protein were smaller, con-
tained more connective tissue, and had a less well-developed

Figure 3. Inhibition of tumor
growth and tumor vascularization
in a cutaneous window chamber
after a single administration of
ExTek.6His protein. To determine
the effect of ExTek.6His on tumor
growth, 200 pl of purified
ExTek.6His protein (0.5 pwg/ul) or
an equal volume of control solution
was administered directly into
window chambers at the time of tu-
mor implantation. After 10 d, the
mock control-treated and the
ExTek.6His-treated tumors were
photographed within the window
chamber (A and B). The animals
were then killed and the tissue
within the tumor windows was re-
moved for histologic examination
(C and D). Untreated tumors grew
rapidly and developed a luxuriant

intratumor vasculature and an obvious peritumor-hypervasculature border zone (A and C). In contrast, ExTek.6His-treated tumors were consis-
tently much smaller than control treated tumors, and possessed a sparse vasculature with no obvious hypervascular border zone (B and D).
Arrowheads indicate the tumor margins (A and B). A and B, 20X; C and D, 40X. Bar represents 1 mm.
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Figure 4. Inhibition of tumor growth in a cutaneous window chamber
after a single administration of ExTek.6His protein. To determine
whether inhibiting the Tie2 pathway for tumor angiogenesis could in-
hibit tumor growth, 200 pl of purified ExTek.6His protein (0.5 wg/wl)
or an equal volume of control solution was placed directly in the win-
dow chamber at the time of tumor implantation. 10 d later, the ani-
mals were killed, and window chambers were removed for histochem-
ical analysis. To compare the size of the ExTek.6His-treated tumors
vs. the control-treated tumors, the tumor volume was calculated from
the largest H&E-stained tumor cross-section. Using this index, a

> 75% reduction in tumor growth was observed in ExTek.6His-
treated tumors vs. control-treated tumors (n = 9 pairs, P < 0.005).
Error bars indicate SE.

1
Control

vasculature with no clear hypervascular boundary when com-
pared with tumors in the control group (Fig. 3). Comparing tu-
mor size by estimating tumor volume confirmed that the Ex-
Tek.6His-treated tumors were on average ~ 75% smaller than
the mock control-treated tumors (Fig. 4). No inhibition of tu-
mor growth was observed when ExFms.6His was used. An al-
ternative form of ExTek possessing a strep-tag gave similar
growth inhibition (data not shown).

ExTek.6His inhibits tumor vascularization. The above re-
sults suggested that inhibition of tumor angiogenesis by ExTek
limited tumor growth. To support this notion, tumor vascular
length density was measured from photomicrographs of tumor
window chambers bearing ExTek.6His-treated or mock con-
trol-treated tumors 10 d after implantation. Consistent with
inhibition of tumor angiogenesis, there was an ~ 40% reduc-
tion in tumor vessel length density in ExTek.6His treated tu-
mors vs. mock control-treated tumors (n = 9 pairs, P < 0.01;
Fig. 5). Considering the documented strong link between tu-
mor growth and tumor angiogenesis, the ability to measure
any decrement in tumor vascular density strongly suggests that
the primary action of the ExTek.6His protein was to inhibit tu-
mor neovascularization.

ExTek.6His does not directly affect tumor cell proliferation
orviability. To confirm further that the primary effect of
ExTek6His was on the tumor vasculature, the cytotoxicity of
the ExTek.6His protein on cultured R3230AC cells was as-
sayed. When cells were cultured in the presence of 3 uM of
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Figure 5. Inhibition of tumor vascularization by ExTek.6His protein.
Tumor vessel length density was measured as an indicator of tumor
vascularization from photomicrographs of window chambers bearing
10-d-old ExTek.6His-treated tumors or control-treated tumors. A
single administration of ExTek.6His protein resulted in an ~ 40% re-
duction in tumor vessel length density (n = 9 pairs, P < 0.01).

ExTek.6His protein, no difference in tumor cell proliferation
or viability was observed when compared with control (Fig. 6).
This result suggests that inhibition of tumor growth by ExTek
in vivo was not mediated by direct tumor toxicity.
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Figure 6. ExTek.6His protein did not adversely effect R3230AC tu-
mor cell proliferation or viability. Cells were either maintained in the
presence of ExTek.6His protein at 3 uM, which was approximately
equivalent to the protein concentration used in the window chamber,
or control solution for 3 d. Live cells were counted after suspension in
PBS with 0.02% trypan blue on each following day. Each point repre-
sents the mean of three experiments. Open squares, control; open dia-
monds, ExTek.6His.



Discussion

Previous studies have demonstrated a role for VEGF receptor
tyrosine kinases in tumor angiogenesis (22-24). This study
demonstrates that another endothelium-specific receptor ty-
rosine kinase, Tie2, likely triggers an alternative pathway for
tumor neovascularization. A single dose of a recombinant
Tie2-soluble extracellular domain resulted in a 75% reduction
in tumor growth over a period of 10 d. The ability of Ex-
Tek.6His to block tumor growth was likely secondary to a
blockade in tumor angiogenesis. This notion was supported by
the decrement in vascular length density in the ExTek.6His-
treated tumors, by the ability of ExTek.6His to inhibit corneal
angiogenesis stimulated by tumor cell-conditioned media, and
by the absence of cytotoxicity of ExTek.6His for cultured tu-
mor cells. These findings are the first demonstration of the
Tie2 pathway as a potentially important alternative pathway
for tumor angiogenesis, and suggest that therapeutic ap-
proaches designed to inhibit the Tie2 pathway could be clini-
cally useful.

In a window chamber bearing a 5-d-old R3230AC tumor,
strong Tie2 expression was observed at the edge of the tumor as
well as in neovessels penetrating the substance of the tumor
(Fig. 2, A and B). A similar pattern of Tie2 localization was
also observed in human breast tumors, in which the strongest
Tie2 expression was localized at the tumor boundary in hot
spots of tumor neovascularization (K. Peters, unpublished
data). These results are consistent with a role for Tie2 in capil-
lary sprouting from surrounding normal tissues, tumor vessel
elongation, and/or formation of connections between tumor
vessels and host vessels. The similarity of the expression pat-
terns between human breast tumors and the R3230AC tumor
suggests that tumor neovascularization in human tumors may
also be driven, at least in part, by the Tie2 pathway.

Interestingly, ExTek treatment did not appear to affect an-
giogenesis in surrounding normal tissues undergoing wound
healing, in spite of strong Tie2 expression in the wound vessels.
This finding supports the concept that there are several path-
ways that can cooperatively regulate angiogenesis in adult-
hood. It is well-documented that tumor vessels have character-
istic structural abnormalities when compared with normal
vessels (36-39). These structural abnormalities may be the re-
sult of unbalanced neovascularization driven by an incomplete
complement of signaling pathways, in comparison with bal-
anced neovascularization in physiologic processes such as tu-
mor angiogenesis that are driven by several cooperating path-
ways. Studies are currently in progress to examine formally the
effect of ExTek.6His on wound healing.

A recent study demonstrated that different mouse mam-
mary tumors had disparate responses after blockade of the
VEGF pathway (23). Importantly, tumors that did not respond
well to blockade of the VEGF pathway expressed Tie2. This
finding led these investigators to speculate that the Tie2 path-
way might be the major pathway for vascularization of tumors
that fail to respond to VEGF inhibition. Our study is the first
to demonstrate the potential importance of the Tie2 pathway
as an alternative pathway for tumor angiogenesis. Taken to-
gether, these studies suggest that, in a clinical setting, it may be
important to determine which angiogenic pathway is most
likely being used by an individual tumor to tailor antiangio-
genic therapy.

Several lines of evidence suggest that the Tie-2 pathway is

required for a later stage in vessel formation than is the VEGF
pathway. First, angiopoietin 1, the newly cloned Tie-2 ligand,
does not appear to stimulate endothelial proliferation or mi-
gration, two VEGF-stimulated responses that are important
for the initial phases of vascular growth (32). Moreover, dis-
ruption of either Tie-2 or angiopoietin-1 in transgenic mice
does not apparently effect the earliest steps in the patterning
of the vasculature, but rather results in marked abnormalities
of microvessel branching and morphogenesis (29-31). Based
on these results, it is likely that ExTek.6His blocks tumor an-
giogenesis at a step distal to endothelial activation. Interest-
ingly, the tumor cell line used in this study produces VEGF,
and VEGF was present in the tumor cell-conditioned media
used to stimulate angiogenesis in the corneal assay (P. Lin and
K. Peters, unpublished data). The ability of ExTek.6His to in-
hibit angiogenesis despite the presence of VEGF suggests that
disrupting the angiogenic program at stages distal to endothe-
lial activation will provide effective and perhaps more globally
useful inhibitors of pathologic neovascularization.

This study demonstrates that Tie2 is an important mediator
of tumor angiogenesis. These results suggest that the Tie2
pathway may also be involved in other forms of pathologic an-
giogenesis such as in retinal neovascularization, arthritis, and
atherosclerosis. Thus, it is possible that inhibitors targeting the
Tie2 pathway will have broad clinical utility. Current efforts
are directed towards testing the role of the Tie2 pathway in
other forms of pathologic angiogenesis besides tumor angio-
genesis, improving the delivery of ExTek.6His using gene
transfer approaches, developing rational inhibitors of the Tie2
pathway using ExTek.6His as an affinity target, and determin-
ing the signal transduction pathways downstream of Tie2 as
targets for inhibition of specific angiogenic cellular responses.
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