Arteriosclerosis,
Thrombosts, and
Vascular Biology

o
JOURNAL OF THE AMERICAN HEART ASSOCIATION Learn and leeSM

American Heart
Associatione

Soluble Tissue Factor Induces Coagulation on Tumor Endothelial CellsIn Vivo if
Coadministered With Low-Dose L ipopolysaccharides
Jana Philipp, Ariane Dienst, Maike Unruh, Anke Wagener, Andrea Grunow, Andreas
Engert, Jochen W.U. Fries and Claudia Gottstein
Arterioscler. Thromb. Vasc. Biol. 2003;23;905-910; originally published online Mar
20, 2003;
DOI: 10.1161/01.ATV.0000067700.77438.3F
Arteriosclerosis, Thrombosis, and VVascular Biology is published by the American Heart Association.
7272 Greenville Avenue, Dallas, TX 72514

Copyright © 2003 American Heart Association. All rights reserved. Print ISSN: 1079-5642. Online
ISSN: 1524-4636

The online version of this article, along with updated information and services, is
located on the World Wide Web at:
http://atvb.ahajournal s.org/cgi/content/full/23/5/905

Subscriptions: Information about subscribing to Arteriosclerosis, Thrombosis, and Vascular

Biology isonline at
http://atvb.ahajournal s.org/subscriptions/

Permissions: Permissions & Rights Desk, Lippincott Williams & Wilkins, a division of Wolters
Kluwer Health, 351 West Camden Street, Baltimore, MD 21202-2436. Phone: 410-528-4050. Fax:

410-528-8550. E-mail:
journal permissions@I|ww.com

Reprints: Information about reprints can be found online at
http://www.Ilww.com/reprints

Downloaded from atvb.ahajournals.org at CONS CALIFORNIA DIG LIB on July 17, 2007


http://atvb.ahajournals.org/cgi/content/full/23/5/905
http://atvb.ahajournals.org/subscriptions/
mailto:journalpermissions@lww.com
http://www.lww.com/reprints
http://atvb.ahajournals.org

Soluble Tissue Factor Induces Coagulation on Tumor
Endothelial Cells In Vivo if Coadministered With
L ow-Dose Lipopolysaccharides

Jana Philipp, Ariane Dienst, Maike Unruh, Anke Wagener, Andrea Grunow, Andreas Engert,
Jochen W.U. Fries, Claudia Gottstein

Objective—This study was performed to eval uate the mechanisms leading to tumor vessel occlusion by tissue factor—based
drugs, which are used in vascular targeting approaches for the treatment of malignant tumors.

Methods and Results—The effects of nontargeted soluble tissue factor were evaluated in vitro and in vivo. Tumor-bearing
mice were treated with (1) the extracellular portion of tissue factor (soluble tissue factor), (2) low nontoxic doses of
lipopolysaccharides, or (3) a combination thereof. The combination treatment showed the best effects and resulted in
selective thrombosis of tumor vessels. On the basis of our data from subsequent in vitro analyses, including surface
plasmon resonance measurements and endothelial cell based coagulation assays, we propose a model on how soluble
tissue factor, although lacking its membrane anchor, can promote selective tumor vessel occlusion.

Conclusions—To our knowledge, thisisthe first report to describe the molecular mechanisms of coagulation induction by
untargeted soluble tissue factor in vivo. Combination treatments including soluble tissue factor might represent an
aternative vascular targeting approach for the treatment of malignant tumors. (Arterioscler Thromb Vasc Biol. 2003;

23:905-910.)
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ective occlusion of tumor vasculature has been pro-

0sed as anew approach for cancer therapy. Selectivity is
achieved by active targeting of effector molecules to the
tumor vasculature and/or by exploiting the procoagulant
nature of tumor vessels versus normal vessels (see review?).
In an effort to understand the mechanisms of this procoagu-
lant status, we have studied the effects of nontargeted tissue
factor (TF) in vitro and in vivo.

TF isthe key initiator of the extrinsic coagulation cascade.
It is a transmembrane glycoprotein containing 263 residues
with a molecular mass of ~47 kDa and belongs to the
cytokine receptor family group 2.2 The extracellular domain
of TF is composed of the first 219 amino acids and has been
named soluble TF (sTF) or truncated TF. The ability of sTF
to induce coagulation compared with full-length TF is greatly
reduced.

Lipopolysaccharides (LPS) are constitutive components of
the outer membrane of Gram-negative bacteria and are
released as endotoxins when the bacteria die or multiply.3
They play acentra rolein the pathogenesis of Gram-negative
sepsis. Many of the effects are explained by their ability to
induce immune cells to release cytokines, eg, tumor necrosis
factor (TNF)-«, but direct effects on endothelia cells have
also been reported.# It has long been recognized that LPS can

activate the coagulation system. The sensitivity to LPSisvery
much dependent on the respective species, and compared
with other species, mice have low sensitivity to the effects of
LPS. Most murine models of LPS-induced shock require
doses between 100 and 600 pg and the coadministration of
additional factors.>7

We speculated that LPS would be able to increase the
procoagulant activity of tumor endothelium, rendering tumor
vasculature more sensitive to thrombosis induction by, for
example, sTF. Therefore, we initiated a study to explore in
vivo whether LPS would enhance the ability of sTF to induce
coagulation in tumor and normal vessels. The possible
molecular mechanisms of this thrombosis induction were
then further investigated in coagulation assays performed in
vitro on the surface of endothelial cells.

M ethods

Reagents, Cell Lines, and Mice

LPS from Escherichia coli serotype 055:B5 were from Sigma-Al-
drich. L540rec is a human tumor cell line originally derived from a
Hodgkin's lymphoma patient® and passaged in vivo for increased
metastatic potential. F9 murine teratocarcinoma cells were from
ECACC. bEnd 3 cells are murine endothelial cells, which can be
activated on stimulation with cytokines, and were akind gift of Dr B.
Engelhardt (Max-Planck-Institute, Bad Nauheim, Germany). 2F2B
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mouse endothelial cells, expressing constitutively the vascular cel-
lular adhesion molecule-1, were purchased from ATCC/LGC. Tissue
culture reagents were from Invitrogen/GIBCO Life Technologies.
Molecular biology reagents were from Roche. Fox Chase SCID
mice® and BALB/c nude mice were from Taconic/M&B (Ry,
Denmark).

Generation of Recombinant TF Mutant

Cloning of the gene encoding for the first 219 amino acids of TF and
the generation of an expression vector (pswc7) for secretion of STF
into the periplasm of E coli have been described.® sTF was expressed
and purified essentially as in Gottstein et a.® To remove endotoxin,
we used an affinity resin specific for endotoxins (Dimaco, Isnef).
Concentration and purity of the recombinant protein were assessed
by SDS-PAGE and scanning UV spectrophotometry. Endotoxin
concentrations were measured by a standard LAL assay (Biowhit-
taker) according to the manufacturer’s instructions. The coagulation
activity of the recombinant protein was confirmed by a cell-free
coagulation assay (see method below).

Coagulation Induction of sTF and LPS In Vivo

Animal Models

The effect of STF and LPS on tumor vasculature was analyzed in a
human xenograft model (L540rec cells) and a syngeneic tumor
model (F9 cells) in mice. Cells (1x10") were injected subcutane-
oudly into the right flank of SCID or BALB/c nude mice and
measured with a caliper in 3 perpendicular directions: a, b, and c.
Volumes were calculated according to the following formula:
V=m/6Xaxbxc.

Treatment Studies

Treatment was initiated when subcutaneous tumors reached a size of
150 to 300 pL. Reagents were administered into the lateral tail vein.
Mice bearing human Hodgkin's lymphoma were divided into 6
different treatment groups: (1) diluent (0.9% NaCl solution, clinical
grade), (2) recombinant depyrogenated sTF at 4 g total dose, (3)
LPS at 0.01 ug total dose, (4) LPS at 0.5 ug total dose, (5) sTF as
in group 2, spiked with 0.01 ug LPS, and (6) sTF as in group 2,
spiked with 0.5 ug LPS. Mice with murine teratocarcinoma were
divided into 4 treatment groups: (1) diluent (0.9% NaCl solution,
clinical grade), (2) recombinant depyrogenated sTF at 7 ug total
dose, (3) LPSat 0.5 ug total dose, and (4) STF asin group 2, spiked
with 0.5 ug LPS.

Mice were closely observed after treatment for clinical signs of
toxicity, and clinical status was documented at defined time points (5
minutes, 10 minutes, 15 minutes, 30 minutes, 1 hour, 2 hours, 24
hours, 48 hours, and 72 hours). Three days after treatment, the mice
were euthanized, and an autopsy was performed to document any
changesin gross pathology. Tumors, lymph node metastases, and the
major normal organs (heart, lung, brain, liver, kidney, colon, spleen,
and pancreas) were harvested and prepared for histological analysis.

Histological Evaluation

Tissue samples were fixed in 3% normal buffered formalin and
stained with hematoxylin and eosin (H&E). Light microscopy
analysis was performed by 2 independent investigators, with 1 of
them being a pathologist. The pathologist was blinded as to which
treatment group the animals belonged. Tumor sections with necrotic
areas were scanned with a GS-700 imaging densitometer (Bio-Rad),
and areas of necrosis were calculated as percentage of total section
area. Statistical analysis was performed with the use of SPSS
software (SPSS Science Software) and by applying the Mann-
Whitney U test for unpaired groups.

TNF-a Serum Levelsin Treated Mice

Blood from lymphoma-bearing mice treated with 0.5 pwg/mL LPS,
sTF, or acombination treatment was sampled at 1 hour, 2 hours, and
24 hours after treatment, and serum was prepared. TNF-« levelsin
serum were determined by using the Quantikine-M kit (R&D
Systems) according to the manufacturer’s instructions.

Céll-Free Coagulation Assay

A 2-stage coagulation assay based on the ability of TF to activate factor
X was performed. Negatively charged phospholipids at a fina concen-
tration of 50 umol/L (phosphatidylcholine and phosphatidylserine
[Sigma Chemical Co] at aratio of 70:30) in calcium buffer (50 mmol/L
Tris [pH 8.1], 150 mmol/L NaCl, 2 mg/mL BSA, and 5 mmol/L C&")
were mixed by extensive vortex mixing with factor VIla(Haemochrom)
at 10 nmol/L and with STF samples at different concentrations with or
without LPS (10 wg/mL). After incubation for 5 minutes at 37°C, factor
X (Sigma) was added to afina concentration of 30 nmol/L, and samples
were incubated for 5 minutes a room temperature. Finaly, the chro-
mogenic substrate S2765 (Haemochrom) at pH 8.0 was added. Factor
Xa generation as a measure of TF activity was determined by the
increase in the absorption at 405 nm.

Binding Analysis by Surface Plasmon Resonance
Real-time binding analysis, measuring surface plasmon resonance
(Biacore), was performed to detect whether STF in a cell-free
environment would be able to bind or adhere to immobilized TF. To
this end, sTF was immobilized on a CM5 sensor chip (Biacore)
either directly by amine coupling or was captured by a covalently
linked anti-human TF antibody. Directly coupled STF was immobi-
lized at a surface density of 700 response units (RU), the capturing
antibody was immobilized at a surface density of 700 RU, and the
captured sTF was bound at a density of 300 RU. sTF was then
injected at a concentration of 1 umol/L at a flow speed of 30
wL/min, either alone or after preincubation with LPS (10 wg/mL) or
factor Vlla (1 wmol/L).

Binding of STF or sTF-Vlla to Endothelial Cells
Binding on endothelial cells was investigated in afunctional assay in
which the coagulation activity of endothelial cells preincubated with
tissue culture medium (negative control), sTF at 100 nmol/L, factor
Vllaat 100 nmol/L, or an equimolar mixture of sSTF and factor Vlla
(sTF-Vlla) at 100 nmol/L was assessed. bEnd3 cells were seeded in
48-well tissue culture plates at a density of 1x10* cells per well and
allowed to adhere overnight. After incubation with medium, sTF,
Vlla, or sTF-Vllafor 45 minutes at room temperature, the cells were
washed and incubated with a coagulation factor mix containing 50
nmol/L factor IX (Sigma), 60 nmol/L factor X, and 50 wmol/L
phospholipids in calcium buffer (as specified above). Neither factor
Vlla nor TF was present in the coagulation factor mix. Supernatant
of the wells was then transferred into a 96-well ELISA plate.
Substrate S2765 was added at pH 8.0. Factor Xa generation as a
measure of TF activity was determined by the increase in the
absorption at 405 nm.

Coagulation Induction by sTF-VIla on Activated
Endothelial Cells

bENd 3 cells were seeded in 48-well tissue culture plates at a density
of 1x10° cells per well and allowed to adhere overnight. Cells were
stimulated with LPS (0.5 wg/mL and 10 wg/mL) or tissue culture
medium (negative control) for 4 hours at 37°C. Then the cells were
washed and subsequently incubated with buffer (negative control),
100 nmol/L sTF, or 100 nmol/L sTF-VIlaequimolar complex for 45
minutes at room temperature. In addition, some samples of sTF or
buffer were incubated overnight at 4°C. Cells were then washed and
incubated with a coagulation factor mix containing 10 nmol/L factor
Vlla, 50 nmol/L factor IX, 60 nmol/L factor X, and 50 wmol/L
phospholipids in calcium buffer (as specified above). Supernatant of
the wells was transferred into a 96-well ELISA plate. Substrate
S2765 was added at pH 8.0. Factor Xa generation asameasure of TF
activity was determined by the increase in the absorption at 405 nm.
Background values (incubation with buffer) were subtracted to
exclude differences produced by endogenous TF expression.

To assess whether or not de novo generation of factor Vlla was
promoted, we performed the assay in an anal ogous fashion; however,
we used a limiting amount of factor Vlla in the coagulation factor
mix: instead of 10 nmol/L factor V1la, a mixture of 40 nmol/L factor
VIl (Calbiochem-Novabiochem) and 0.02 nmol/L factor Vlla was
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used, alowing the system to generate more factor Vlla from factor
VII. The readout was again factor Xa generation. Control reactions
that contained only factor VII at 40 nmol/L or only factor Vlla at
0.02 nmol/L were performed. From the amount of factor Xa
generated in the reactions with the mix of 40 nmol/L factor VII plus
0.02 nmol/L factor Vlla, background activity (buffer controls) was
subtracted as well as the amounts of factor Xa generation produced
by the samples incubated with the control mixes (factor VIl only and
0.02 nmol/L factor Vlla only). The difference was considered to be
due to de novo generation of factor Vlla and is shown for the
SsTF-Vlla-incubated group versus the sTF-incubated group.

Coagulation Induction by sTF-Vlla In Vivo

An equimolar mixture of sTF (4 ug) and factor Vlla (6.7 ug) was
injected intravenously into 4 L540 tumor-bearing mice, when tumors
had reached a size of 150 to 300 uL. Five additional mice were
injected with the same amount of sTF and factor VIlaplus LPS (0.01
g or 0.5 ng). Control mice were treated with sTF aone (n=11) or
factor Vlla adone (n=2). After 3 days, tumors and organs were
harvested, and histological sections were analyzed as described
above.

Results

Recombinant Depyrogenated sTF

Recombinant sTF (amino acids 1 to 219) was extracted from
the periplasmic space of transformed E coli and purified close
to homogeneity. The recombinant protein had a molecular
mass of ~30 kDa as determined by SDS-PAGE. After the last
endotoxin-removal step, no endotoxin was detected in a 1:10
dilution of the final product. The detection limit of the LAL
assay was determined to be ~1 pg/mL (1 IU corresponds to
30 to 100 pg). Functional activity was verified in a cell free
2-stage coagulation assay. The coagulation activities before
and after endotoxin removal were identical.

Coagulation Induction of sTF and LPS In Vivo

Clinical Signs and Macroscopic Findings
Tumor-bearing mice given diluent, endotoxin-free sTF, 10 ng

LPS, or sTF with 10 ng LPS showed no clinical signs of
toxicity. Mice with 0.5 ug LPS or sTF plus 0.5 ug LPS had
mild toxicity symptoms: slight hypoactivity beginning 15
minutes after intravenous injection and mild genera signs
such as ruffled fur and hunched posture. Clinical signs of
toxicity were reversible. Some L540 tumors treated with LPS
and sTF darkened and eventually turned black 1 day after
injection. At the time of autopsy, no gross abnormalities were
detected in any of the normal organs.

Histological Findings in Mouse Tumors and Organs
Tumor tissues of mice treated with the combination of LPS
and sTF showed thrombotic vessels and necrotic tumor tissue
(Figure 1F). Tissue necrosis was quantified after densitome-
try of several representative tissue sections (Figure 1A
through 1C). Percentages of tumor tissue necrosis for micein
different treatment groups are listed in the Table.

In normal organs of lymphoma-bearing mice, there were
virtually no necrotic areas in any of the treatment groups
(Figure 2). Out of 59 mice evaluated for toxicity, we saw 3
cases of avery mild inflammatory reaction in the liver (n=2)
or lung (n=1) in mice treated with an LPS-containing
regimen (n=41). In these mice treated with an LPS-
containing regimen, we saw in 9 mice a single microfocal

Coagulation Induction by Soluble Tissue Factor 907

Figure 1. Effect of sTF with and without LPS on human tumor xeno-
grafts in mice. Macroscopic and microscopic findings are shown after
treatment with sTF and/or LPS. A through C, Densitometric analysis of
representative tumor sections. Mice had been treated with sTF (A), 0.5
ug LPS (B), or sTF plus 0.5 ug LPS (C). Necrotic areas appear in pink,
and viable tumor tissue appears in blue. D through F, Representative
areas of tumor sections, stained with H&E (X400 magnification). For
panel D, treatment was sTF. Note the open vessel at the lower left
corner and viable tumor cells. For panel E, treatment was 0.5 ug LPS.
Left upper corner shows viable tumor tissue; right lower comer shows
a section of damaged tumor tissue with fragmented or pyknotic
nuclei. In panel F, treatment was sTF plus 0.5 ug LPS. A thrombosed
vessel is surrounded by noncohesive tumor cells with signs of necro-
sis. Bar=25 um.

thrombus in the liver (n=5), lung (n=3), or pancreas (n=1),
in 1 mouse alarge but nonoccluding lung thrombus, and in 1
mouse a small necrotic areain theliver . No dose dependency
was observed for LPS-induced toxicities. No histological
abnormalities were seen in mice treated with LPS-free STF or
diluent.

TNF-a Serum Levelsin Treated Mice
TNF-a serum levelswereincreased in al but 1 mouse treated

with aregimen containing 0.5 wg/mL LPS (n=14). One hour
after injection, TNF-« levels rose to an average of 2.8 ng/mL
(range 0.5to0 7.6 ng/mL). After 2 hours, average TNF-a levels
were 0.3 ng/mL (range 0 to 0.8 ng/mL), and after 24 hours, no
TNF-« was detectable. In mice treated with STF containing
no LPS (n=6), TNF-a could not be detected in the serum at
any of the time points investigated.

Percentage of Tumor Tissue Necrosis After Intravenous
Treatment With sTF, LPS, or Combination Therapies

% Necrosis

Treatment Group n (mean) SD P vs Controls
A, L540 tumors
Diluent controls 8 1 2 cee
STF (4 11q) 11 1 3 0.4
0.01 ng LPS 6 7 12 0.1
STF+0.01 g LPS 5 33 35 0.005
0.5 ng LPS 13 11 15 0.1
STF+0.5 ug LPS 9 33 26 0.002
B, F9 tumors
Diluent controls 5 32 16 cee
STF (7 pQ) 5 3| 36 0.8
0.5 pug LPS 5 53 21 0.1
STF+0.5 ug LPS 5 63 26 0.05
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Figure 2. Histological sections of organs of a mouse treated with 4
ug STF plus 0.5 pug LPS (H&E stain, original magnification Xx100).
A, Heart. B, Lung. C, Kidney. D, Liver. E, Spleen. F, Brain. G, Intes-
tine. H, Pancreas. No thromboses or tissue necroses are visible.
Bar=100 pum.

Influence of LPS on Coagulation Cascade in a Cell-Free

Coagulation Assay
Addition of LPS to sTF in a cell-free coagulation assay did

not result in a statistically significant increase of coagulation
activity. Therefore, LPS does not enhance the coagulation
activity in the absence of cells.

Analyss of sTF Binding to TF by Surface Plasmon Resonance
STF aone or preincubated with either LPS or factor Vlladid
not bind to or homodimerize with immobilized sTF, as
measured by surface plasmon resonance (please see online
Figure |, available at www.ahgjournals.org).

Binding of sTF-Vlla to Endothelial Cells
Figure 3A demonstrates that both sTF and Vlla adhered to

endothelial cells and supported coagulation. In this assay,
neither STF nor factor Vlla was present in the coagulation
factor mix applied after incubation with sTF, factor Vlla, or
the sTF-VIla combination followed by a wash step. There-
fore, the observed factor Xa generation is due to the binding
of both components, sTF and factor Vlla (when applied

A ~ 8007
<
< 600 1
b 0 medium
1] sTF
g 4007 Vila
o m sTF-Vlla
>
s 200 1
]
&
B - 100
s
£ 800
H
g 600 sTF
I} m sTF-Vila
<
& 400
o
>
<} 200
g
w
Preincuba- Medium 0.5 pg/ml 10 pg/ml
tion with: LPS LPS
C 600
500
a0 @ STF
300 n sTF-Vila

200
100

Factor Xa generation (Ags )

Preincuba- Medium 0.5 pg/ml 10 pg/ml
tion with: LPS LPS

Figure 3. Binding of sTF-Vlla to endothelial cells and coagula-
tion induction by sTF-Vlla. A, Endothelial cells were incubated
with medium (control), sTF, factor Vlla, or the sTF-Vlla complex.
Cells were washed, and a coagulation factor mix was added,
containing factor X but neither TF nor factor Vlla. Factor Xa gen-
eration was measured by using a chromogenic substrate spe-
cific for factor Xa. Cells that had been incubated with the sTF-
Vlla complex were able to support factor X activation; therefore,
both sTF and factor Vlla must have adhered to the endothelial
cell surface. Aso5 nm indicates absorption at 405 nm. Data points
represent averages and SDs of quadruplicates. The test was
performed 6 times with analogous results. B, Activation of factor
Xa by sTF and sTF-Vlla. C, De novo generation of factor Vlla by
sTF or sTF-Vlla. For panels B and C, bEnd 3 endothelial cells
were stimulated with medium (negative control), LPS at 0.5
ng/mL, or LPS at 10 wg/mL for 4 hours. They were then
washed and incubated either with sTF or with the sTF-VIla com-
plex. Coagulation factor mix containing factor X and factor Vlla
(B) or containing factor X, factor VI, and a minute amount of
factor Vlla (C) was added, and factor Xa generation was mea-
sured. In panel C, factor Xa generation due to endogenous TF
expression and factor Xa generation due to factor VIl or 0.02
nmol/L factor Vlla have been subtracted; therefore, coagulation
activity is due to de novo generation of factor Vlla. Data points
represent the averages and SDs of quadruplicates. The test was
performed 3 times with analogous results.

concomitantly), to the endothelial cells. Preincubation of the
endothelial cellswith LPS at 0.5 pwg/mL increased the ability
of the sTF-VIla mixture to adhere to endothelial cells and
activate factor X 1.5-fold (SD 0.45, data from 6 independent
experiments, P=0.001 by Mann-Whitney U test for unpaired

groups).

Coagulation Induction by sTF-VIla on Activated

Endothelial Cells
Figure 3B illustrates that the sTF-VIla complex, compared
with sTF as a control, supported coagulation in both unstimu-
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Blood

Endothelium
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Figure 4. Model of coagulation induction

by sTF in vivo. Intravenously injected LPS

v Factor Vlla stimulates via TNF-« the upregulation of
endogenous TF on the surface of endothe-

(R lial cells. A synergism of TNF-a with VEGF,

i secreted from tumor cells, exists for TF
? upregulation.202' Phosphatidylserine (PS),
an important cofactor in the coagulation

O Factor VII

Factor IX ©
O cascade, is upregulated by TNF-a and
O Factor X other cytokines.?® Intravenously injected
sTF associates with factor Vlla, which is
O Factor Xa present in minute amounts in the blood

and binds to the endothelial cells via the
Gla domain of factor Vlla. sTF-Vlla and
endogenous TF together result in a high
surface density of TF, increasing the prob-
ability of a formation of dimer-like mole-
cules. Local factor VII activation might be
supported by such dimer-like molecules??
or occur through activation by factor Xa.
The newly formed factor Vlla allows more

sTF to adhere to the surface of the endo-
thelial cells, thereby further increasing the
TF density. Both sTF-Vlla and endogenous

Tumor cells

VEGF.L\

lated and stimulated endothelial cells. More factor Xa was
generated in LPS-stimulated cells.

A variation of the assay tested for the de novo generation
of factor Vlla. Figure 3C shows that the sTF-VIlacomplex is
able to support de novo generation of factor Vlla in LPS-
stimulated endothelial cells. STF alone was not able to bind to
endothelial cells and increase the coagulation activity after
stimulation with LPS. Even after overnight incubation with
sTF, there was no increase of coagulation activity in LPS-
treated endothelial cells versus control cells.

Coagulation Induction by sTF-Vlla In Vivo

To determine whether coagulation induction by the sTF-Vlla
complex would also take place in vivo, the sTF-VIla mixture
was injected intravenously into 4 L540 tumor-bearing SCID
mice. Three of 4 mice showed thrombotic blood vesselsin the
tumor accompanied by tumor tissue necrosis (37% on aver-
age, SD 42%). The addition of LPS did not increase the
amount of tumor necrosis. Virtually no necrosis was seen
with either of the 2 components given alone (1% for sTF, SD
3; 0% for Vlla, SD 0%). However, treatment with sTF-VIla
resulted also in thromboses in lung, liver, or heart in all but 1
mouse, resulting in a transmural myocardial infarction in 1
mouse. This supports the notion that in the mice treated with
LPS plus sTF, in which side effects were much less pro-
nounced, factor Vlla production occurred locally, at the site
of the tumor vessels.

Discussion
We can summarize that intravenous injection of sTF together
with small amounts of LPS causes thrombosis induction in
tumor vessels with subsequent tumor tissue necrosis. STF or
LPS given as a single agent resulted in a much smaller
amount of tumor tissue necrosis. Virtually no tissue necrosis
was seen in normal organs.

TF support coagulation induction via the
physiological coagulation cascade.

Tumor necrosis induced by injection of LPS or bacterial
extracts has been described by a number of investigatorsto-12
but at much higher doses than have been used in the present
study. TNF-a seems to play a role, inasmuch as selective
coagulation of tumor vessels has been reported after the
application of TNF-a1314 and inasmuch as we found elevated
TNF-« serum levels in treated mice. TNF-« is known to be
upregulated in macrophages on stimulation with LPS.15 Both
TNF-a and LPS have been reported to upregulate TF in
endothelial cells and macrophages.16-1° A synergistic effect
of TF expression has been described for vascular endothelial
growth factor (VEGF) and TNF-a by several independent
investigators.2021 Because tumor cells are a major source of
VEGF, part of the coagulation selectivity for tumor vascula-
ture seems to arise from this TNF-a—V EGF synergism on TF
expression.

Although selectivity of coagulation processes to the tumor
vasculature caused by LPS can easily be explained by these
and other factors (such as venous stasis and inflammatory
cells in the tumor), the role of STF in coagulation promotion
is less obvious. STF, lacking its transmembrane anchor,
cannot, by itself, sufficiently bind to membrane surfaces of
endothelial cells nor to upregulated endogenous TF. How-
ever, factor Vlla, which is present in minute amounts in the
blood, is able not only to adhere to endothelial cells but also
to promote the adherence of STF to endothelial cells, resulting
in a functional sTF-Vlla complex on the surface of the
membrane. As a consequence, factor X becomes activated to
Xa, aswell asfactor VII to Vlla. Therefore, we conclude that
factor Vllais, to some extent, able to replace the anchoring
function of the transmembrane domain of TF in vivo. In this
setting, the concentration of factor VIlaseemsto be alimiting
factor. Donate et a?? have shown that dimerization of sTF
molecules enables them to activate factor VII to Vlla,
athough single molecules of STF are not able to promote

Downloaded from atvb.ahajournals.org at CONS CALIFORNIA DIG LIB on July 17, 2007


http://atvb.ahajournals.org

910 Arterioscler Thromb Vasc Biol. May 2003

factor Vlla autoactivation in a cell-free environment.2®> Do-
nate et a also postulated that the proximity of a TF-Vlla
complex to a substrate TF-VII complex is a magjor determi-
nant for this form of autoactivation, on the basis of earlier
studies by Neuenschwander et al.24 In a setting in which
endogenous TF is upregulated (ie, the surface density of TF
molecules is already high), additional binding of STF would
lead to a further enhancement of the surface density. This
might lead to dimer-like molecules of sTF and endogenous
TF with the ability to activate factor VII to Vlla Alterna
tively, de novo generation of factor Vlla could happen
through direct activation by factor Xa on the surface of the
membrane. In either case, factor Vlla generation appears to
occur locally in the tumor vasculature after treatment with
STF plus LPS. This hypothesis is supported by the fact, that
on intravenous injection of an sTF-VIla mixture, we also
observed the induction of thrombosisin tumor vessels, but (in
contrast to the sTF plus LPS treatment) we now saw a
significant number of thromboses in normal vessels. In
addition, TNF-« and other cytokines have been reported to
enhance externalization of phosphatidylserine on the surface
of endothelia cells2> Phosphatidylserine is a negatively
charged phospholipid that serves as an important cofactor in
the coagulation cascade and could promote the improved
binding of sTF-Vlla to the endothelial surface that we have
observed.

On the basis of the data presented in the present study, we
suggest a model describing the molecular mechanisms of
coagulation induction by STF in vivo asillustrated in Figure
4 (see legend for explanation of the model).

In conclusion, there are 2 ways of selective coagulation
induction on the surface of intact endothelia cells: (1) via
specific antibody directed targeting and (2) via coagulation
induction by sTF without a functional targeting moiety when
additional factors are present that induce local upregulation of
endogenous TF and local generation of factor Vlla. Both
ways might be exploited for therapeutic approaches in the
treatment of cancer.
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