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Abstract

Fibrin is deposited on the endothelial cell surface in the vas-
culature of murine methylcholanthrene A-induced sarco-
mas after injection of tumor necrosis factor (TNF). Capil-
lary endothelial cells of the tumor vascular bed become
positive for tissue factor after TNF injection, based on im-
munocytochemistry and in situ hybridization. Intravascular
clot formation was not dependent on tissue factor derived
from tumor cells, since in vessels of tumors not expressing
tissue factor, TNF also induced fibrin/fibrinogen deposition.
However, the time course of fibrin/fibrinogen deposition af-
ter TNF differed in tumors expressing no, little, or greater
amounts of tissue factor. Fibrin/fibrinogen deposition was
more rapid in tumors in which the neoplastic cells expressed
tissue factor than in tumors not expressing tissue factor. In
the tumors not expressing tissue factor, activation of coagu-
lation was dependent on TNF-induced synthesis of tissue
factor by host cells, i.e., endothelium or monocytes/mac-
rophages. Intravenous somatic gene transfer with tissue fac-
tor cDNA in the antisense orientation (but not sense or vec-
tor alone) reduced intravascular fibrin/fibrinogen deposition
and restored blood flow to the tumor, showing that de novo
tissue factor expression is central in TNF-induced activa-
tion of the coagulation mechanism. (J. Clin. Invest. 1996.
97:2213-2224.) Key words: tissue factor « endothelium -«
gene transfer

Introduction

Tissue factor is the physiologic initiator of coagulation in vivo
(1, 2). Exposure of tissue factor in subcutaneous tissues to Fac-
tor VII/VIla initiates the procoagulant pathway leading to he-
mostasis, as demonstrated by the inhibitory effect of an anti-
body against tissue factor and the bleeding defect in Factor
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VIl-deficient individuals (3). Although tissue factor is the pre-
sumed trigger for intravascular coagulation and thrombosis,
the cellular source and localization of tissue factor has been
more difficult to dissect. A probable role for tissue factor in in-
travascular coagulation and the lethal outcome in septicemia
has been suggested by the protective effect of anti-tissue fac-
tor antibodies (4).

An important question concerning the potential role of tis-
sue factor in intravascular fibrin formation concerns its expres-
sion by the endothelium. In vitro studies have demonstrated
inducible expression of tissue factor apoprotein and procoagu-
lant activity in cultured endothelial cells derived from both
large and small vessels in response to a range of mediators,
such as tumor necrosis factor (TNF) or interleukin 1 (5-9). In
contrast it has been more difficult to determine whether endo-
thelial cells express tissue factor while still in their vascular mi-
croenvironment (10-12). Studies of tissue factor expression in
baboons subjected to Escherichia coli infusion displayed en-
dothelial cell tissue factor only in the splenic microvasculature
(13). This has led to the hypothesis that tissue factor expres-
sion in intact vessels is closely regulated by environmental fac-
tors (14-16).

Tumor vasculature is known for its thrombogenic proper-
ties. This is especially true for transplantable murine methyl-
cholanthrene A-induced fibrosarcomas (Meth-A),' in which
the first detectable local response to infused TNF is fibrin for-
mation on the endothelium of the tumor bed (15). This sug-
gested the possibility that after administration of TNF, tumor
microvasculature might express tissue factor which could then,
on exposure to blood, trigger reactions leading to fibrin depo-
sition.

Our study demonstrates that systemic infusion of TNF in-
duces tissue factor in endothelium. Furthermore, tissue factor
induction is critical for thrombosis and the dramatic fall in
blood flow in the tumor bed, setting the stage for subsequent
ischemic thrombohemorrhage. Using tumor cells genetically
engineered to express virtually no tissue factor, we show that it
is not only tumor cell tissue factor but also host cell tissue fac-
tor which are critical to TNF-induced fibrin deposition and re-
duction in blood flow in the tumor. Using intravenous somatic
gene transfer with an expression plasmid containing tissue fac-
tor cDNA in the antisense orientation, we show that fibrin/fi-
brinogen deposition and diminished blood flow after adminis-

1. Abbreviations used in this paper: Meth-A, methylcholanthrene A;
TAT, thrombin-antithrombin III complexes.
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tration of TNF are due to cytokine-mediated induction of
tissue factor transcription and translation.

Methods

Expression vectors. The pXT1 expression vector (Stratagene, Heidel-
berg, Germany) was used for constructing the tissue factor expression
system (17-20). Murine tissue factor cDNA was generously provided
by Dr. Nathans (21). The full-length tissue factor cDNA was inserted
into pXT1 from 3’ to 5’ for the tissue factor antisense construct
(pXTF-as) or from 5’ to 3’ for the tissue factor sense construct
(pXTF-s) (17). As control, a truncated form of tissue factor (from 225
to 1,800 bp) missing the ATG start codon was cloned in pXT1 (17).
Transfection with pXTF-ts does not result in expression of tissue fac-
tor protein (17). pSV-B-galactosidase (pSV-B-gal), control vector,
and pGL2-luciferase (pGL2-luc) vector were obtained from Promega
(Heidelberg, Germany).

Cell culture and characterization of stable transfectants. To study the
role of tumor cell-derived tissue factor in TNF-mediated fibrin for-
mation, we prepared stably transfected tumor lines, which differed in
the amount of tissue factor (17). The cell lines have been described
previously (17). In vitro transfection was performed using the lipo-
some method (22) as described previously (17). The cell lines used
were derived from 3-5 X 10° colonies each. Selected stable transfec-
tants have been described previously (17). They were characterized
by one-stage clotting assay (8, 23), Southern blotting (24), Northern
blotting (9, 25), nuclear run-on (9, 26), Western blotting (17), growth
in vivo and in vitro (17), and immunocytochemistry (17, 27). For the
experiments shown, stable transfected cell lines from at least three in-
dependent transfections were used with similar results. The following
transfectants were obtained, which were characterized with respect to
tissue factor activity (17): (a) pXTF-as, full-length tissue factor cDNA
in the antisense orientation, blocking tissue factor expression (~ 5 U/
10° cells); (b) pXTF-s, full-length tissue factor cDNA in the sense ori-
entation, leading to overexpression of tissue factor (~ 1,100 U/10°
cells); (¢) pXTF-ts, tissue factor cDNA lacking ATG start codon; and
(d) pXT1, vector alone. The last two transfectants expressed tissue
factor comparable with wild-type cells (~ 100 U/10° cells).

Tumor growth in vivo. To examine the role of tissue factor in
TNF-mediated intravascular fibrin/fibrinogen deposition in vivo, C;H
mice were injected intradermally with stably transfected Meth-A sar-
coma cells (10° cells/animal) (17). Four different cell lines (as, s, ts,
and v) were implanted.

Intravenous somatic gene transfer. To study the significance of
host cell tissue factor expression, intravenous somatic gene transfer in
mice bearing tumors from stably transfected Meth-A cells not ex-
pressing tissue factor was used. For in vivo intravenous transfection,
DNA-liposome complexes were mixed as follows: 100 pg of plasmid
DNA (murine tissue factor expression plasmid) was added to 600 g
Lipofect AMINE™ which contains 3:1 liposome formulation of the
cationic lipid N-[2-({2,5-bis[(3-aminopropyl)amino]-1-oxypentyl}amino)
ethyl]-N,N-dimethyl-2,3-bis(9-octadecenyloxy)-1-propanaminium tri-
fluoroacetate and dioleoyl phosphatidylethanolamine in membrane-
filtered water (GIBCO BRL, Eggenstein, Germany). The following
plasmids were used for intravenous somatic gene transfer: pXTF-as,
pXTF-s, pXTF-ts, pXT1 (the same plasmids as described in reference
17), pSV-B-gal (Promega), and pSVL2-luc (Promega).

The mice (18-20 grams) were injected intravenously via the tail
vein with DNA-liposome complexes on the same day the Meth-A
sarcomas were implanted. A second injection with DNA was per-
formed 2 d before treatment of the animals with TNF (15). When the
tumors reached a size of ~ 1 cm in diameter (usually 12-14 d after the
first injection of DNA), mice were injected intravenously via the tail
vein with TNF (5 animals). With stable expression of tissue factor in
the tumor transfectants, which was not altered by TNF or intravenous
gene transfer (data not shown), we were able to control tissue factor
expression in the mouse host cells by intravenous somatic gene transfer.

2214 Zhang et al.

Mice were killed after TNF injection at the time point indicated in
the figure legends.

Luciferase assay. 2 d after the last injection of luciferase DNA
plus Lipofectin, tumors, lung, heart, liver, spleen, and kidney were
harvested and weighed. Organs were homogenized in lysis buffer
(Promega) for 1 min. After centrifugation, the supernatant was col-
lected. The luciferase assay system kit from Promega was used for lu-
ciferase assay (28, 29) and determination of in vivo gene transfer effi-
ciency. Luciferase activity was measured in a luminometer (LB 9501,
Lumat, Berthold, Germany). The data are expressed as luciferase ac-
tivity per gram of tissue.

Determination of thrombin-antithrombin III complexes (TAT).
Tumors were cut into 100-mg pieces, mixed with 250 pl lysis buffer
(25 mM Tris-phosphate, pH 7.8; 2 mM DTT; 2 mM 1,2-diaminocyclo-
hexane-N,N,N’,N'-tetraacetic acid; 10% glycerol, and Triton X-100),
and homogenized. 50 pl of the supernatant was used to measure
TAT. The TAT assay was performed according to the manufacturer’s
instructions (Behring, Marburg, Germany).

Determination of blood flow. For the measurement of blood flow
in mice, E-Z Trac Ultraspheres™ (E-Z Trac, Inc., West Los Angeles,
CA) were used. Briefly, 5 X 10° colored microspheres were injected
into the left ventricle of the anesthetized mouse over 10-20 s with 1
ml of PBS. The tumors were harvested and weighed. Then, 4 ml of 1:1
diluted tissue/blood digest reagent I (E-Z Trac), a strong alkaline so-
lution, was added to each sample. The tubes containing tumor tissues
were placed in a heated water bath at 80°C to hydrolyze the tumors
overnight. The next day, the tubes with tightened screw caps were
vigorously vortexed for ~30-60 s, until the tissue was completely ho-
mogenized, with only small particles of fatty white debris visible. Di-
luted tissue/blood digest reagent II (E-Z Trac) was added to the sam-
ple suspension to bring the total liquid volume to 14-15 ml. After
mixing by inversion, the tubes were centrifuged for 30 min at 1,500 g
and the supernatant was aspirated to a level slightly above each pel-
let. Each greenish-brown sediment was resuspended in 10 ml of di-
luted microsphere counting reagent (E-Z Trac). After centrifugation
for 15 min at 1,500 g, the supernatant was aspirated to a level slightly
above the visible pellet. The pellet was suspended in 100 pl counting
reagent, and 10 pl of thoroughly mixed solution was used for count-
ing. The number of colored microspheres in the final tissue prepara-
tions was determined using a hemocytometer counting slide (17).

Generation and characterization of the monoclonal rat anti-mouse
tissue factor antibody. Female Lewis rats (10-14 wk old) were ob-
tained from the animal facility of the Max-Planck-Institute of Immu-
nobiology (Freiburg, Germany). Animal care was in accordance with
institutional guidelines. All invasive procedures were performed after
the animals had been anesthetized by intraperitoneal injection of Ke-
tanest (25 mg/gram; Parke, Davis and Co., Munich, Germany) and
Rompun (5 mg/gram; Bayer AG, Leverkusen, Germany).

The rats were immunized with mouse tissue factor fusion protein,
which was also used for screening in the ELISA system. It was pre-
pared and purified as described before (17). Briefly, the fusion pro-
tein expression vector pMAL-c2 (New England Biolabs Inc., Beverly,
MA) was used for expressing mouse tissue factor. Full-length mouse
tissue factor cDNA was inserted into the vector and the reading
frame of the mouse tissue factor was matched with the vector reading
frame. The expressed fusion protein was purified according to the
protocol of the protein fusion and purification system kit (New Eng-
land Biolabs Inc.). The fusion protein (5 mg) was dried onto a small
piece of nitrocellulose and implanted into the spleens of the rats as
described (30, 31).

The rats were bled under narcosis from the retroorbital plexus
and serum was prepared. Serial dilutions of the sera and later the hy-
bridoma supernatants were tested for the presence of antibodies in
ELISA systems. Wells of ELISA plates (Becton Dickinson Ad-
vanced Cellular Biology, San Jose, CA) were coated with the mouse
tissue factor fusion protein (5 mg/ml) in coating buffer (50 mM
NaHCO;, pH 9) overnight at 4°C, blocked with 10% low-fat dry milk
powder (Meister, Regensburg, Germany) for 2 h at room tempera-



ture and subsequently after washing with PBS/Tween (0.02%) ex-
posed to the antibody samples (containing 1% milk powder) for 1 h
at room temperature. For detection alkaline phosphatase—conjugated
rabbit anti-rat IgG (1:1,000 diluted) (Sigma Chemie, Deisenhofen,
Germany) in 1% milk powder was used for 1 h at room temperature.
The enzyme was visualized after washing with PBS/Tween (0.02%)
with paranitrophenylphosphate (104-0 substrate, 30 mg/50 ml; Sigma
Chemie) in diethanolamine buffer (96 ml diethanolamine/liter, 49 mg
MgCly/liter, pH 9.8) and absorption read on an ELISA reader  MWG
Biotech, Ebersberg, Germany) at 405 nm.

As a second screening method a cell ELISA was established using
the mouse fibrosarcomas (CFS-1) stably transfected with tissue factor
sense (pXTF-s) or antisense (pXTF-as), respectively, as described
above (17). Cells (10%well) were seeded into 96-well tissue culture
plates and cultured overnight. The wells were washed with PBS/
Tween (0.02%), blocked with PBS/Tween (0.02%), BSA (1%) for 30
min at 37°C, washed again and incubated with the antibody samples
for 45 min at 37°C. After washing five times with PBS/Tween
(0.02%), horse radish peroxidase—coupled goat anti-rat IgG (1:10,000
diluted with PBS/Tween [0.02%], BSA [1%]) (Sigma Chemie) was
added for 30 min at 37°C. The enzyme was visualized after washing
five times with PBS/Tween (0.02%) with ABTS (2,2{-azino-di-(3-
ethyl-benzthiazolin-sulfate)}) (Boehringer Mannheim, Mannheim,
Germany), 1 mg/ml ABTS buffer (Boehringer Mannheim), and ab-
sorption read at 405 nm.

From one fusion, 48 hybridomas were obtained that were positive
in the tissue factor fusion protein ELISA, of which 27 were also posi-
tive in the cell ELISA (i.e., reacting positive with tissue factor sense,
but not with tissue factor antisense transfectants). Further screening
determined seven hybridomas producing antibodies inhibiting the
one stage clotting assay (23) and eight being able to specifically rec-
ognize the tissue factor protein and tissue factor in the extracts from
mouse skin in Western blotting. The supernatant from these clones
was also tested in Western blots of tumor extracts derived from stable
transfected Meth-A cells.

Immunocytochemistry. For immunocytochemistry staining, tu-
mors were harvested after the animal had been perfused with 30 ml of
PBS to remove unclotted material and instantaneously frozen in iso-
pentan, cooled in liquid N, (32, 33). After cutting, sections were fixed
in 4% paraformaldehyde in 1X PBS for 20 min and washed three
times for 10 min with 1X PBS. The sections were incubated with the
first antibody (rabbit anti-human von Willebrand factor; Sigma
Chemical Co., St. Louis, MO) for 2 h at room temperature in buffer I
(100 mM Tris-HCI, pH 7.5, 150 mM NaCl, 0.3% Triton X-100). Then
the sections were washed three times with buffer I without Triton and
incubated with the second antibody (goat anti-rabbit IgG conjugated
with alkaline phosphatase; Sigma Chemical Co.) for 60 min at room
temperature (32, 33). After washing the sections as above, the color
was developed by NBT and BCIP in buffer II (100 mM Tris-HCI, pH
9.5, 100 mM NacCl, and 50 mM MgCl,). After the color appeared, sec-
tions were treated with 95% ethanol for 10 min.

The stained sections were counterstained with monoclonal anti—
mouse tissue factor antibody (rat anti-mouse) for 2 h at room tem-
perature in buffer I with Triton. After washing, the sections were in-
cubated with the second antibody (goat anti-rat IgG conjugated with
peroxidase) for 1 h at room temperature. The red color was devel-
oped with AEC (3-amino-9-ethyl-carbazole; Sigma Chemical Co.)
and H,0, (34).

Negative controls for immunohistochemistry included omission
of first or second antibody, or substitution of first antibody by an
anti—-human tissue factor antibody not cross-reacting with mouse tis-
sue factor. Furthermore, we could prevent a reaction of the antibody
against recombinant mouse tissue factor by addition of excess amounts
of recombinant tissue factor (but not another bacterial protein) to the
antibody before incubation with the tissue section (data not shown).

Monoclonal anti-3-galactosidase antibody was obtained from Pro-
mega and the staining method is the same as for tissue factor staining.

Immunofluorescence. For immunofluorescence studies the tu-

mors were harvested at the desired time points after perfusion with
30 ml of PBS to remove unclotted material. For immunofluorescence
staining, antifibrin/fibrinogen antibody (fluorescein conjugate) (Cap-
pel Laboratories, West Chester, PA) was diluted 1:8 with PBS con-
taining NaN;. The tumor sections were fixed with aceton for 10 min.
After washing once with PBS, the sections were incubated with di-
luted antibody for 45 min at room temperature and then washed
three times with PBS. Pictures were taken at a magnification of 40.
The fluorescence was quantitated by densitometry. For determina-
tion of fibrin/fibrinogen deposition at different times after TNF in the
stably transfected tumors, three cuts derived from each tumor were
analyzed. In total, six tumors from three independent experiments
were included at each time point. Thus, each point shown in Fig. 3
represents 18 cuts.

In situ hybridization. In situ hybridization was performed as de-
scribed previously (35, 36). Briefly, antisense and sense single-strand
cRNAs were synthesized from a mouse tissue factor cDONA fragment
(bp 721-1,043) subcloned into pPGEM2 (Promega) in the presence of
digoxigenin-labeled UTP (Boehringer Mannheim). These probes have
been characterized in Northern blots. The antisense riboprobe recog-
nized the correct 2.0-kb band, while the sense probe gave no signal.

The tumor sections were fixed in 4% paraformaldehyde in PBS,
pH 7.4, and acetylated for 15 min at room temperature in freshly pre-
pared 0.25% acetic anhydride in 0.1 M triethenolamine HCI plus
0.9% NaCl, pH 8.0, after washing three times with PBS. Then the
glass slides were dehydrated with 70, 80, and 95% ethanol. The sec-
tions were prehybridized for 2 h at room temperature with hybridiza-
tion buffer contained 0.6 M NaCl, 1 mM EDTA, 10 mM Tris HCI, pH
7.6, 10% dextran sulfate, 0.25% SDS, 100 mM DTT, 50 pg/ml dena-
tured DNA, 100 pg/ml transfer RNA, 1X Denhardt’s solution, 5%
dextran, and 50% (vol/vol) deionized formamide. After prehybridiza-
tion, hybridization solution plus 5-10 ng cRNA probe was applied to
each section, followed by incubation in a moist chamber for 16 h at
37°C. Samples were then incubated with 20 pg/ml RNase A (Boeh-
ringer Mannheim) for 30 min at 37°C, followed by washing once with
2X SSC plus 50% formamide for 30 min at room temperature, and
twice with 0.2X SSC for 30 min at room temperature. For immuno-
logical detection, DIG nucleic acid detection kit (Boehringer Mann-
heim) was used according to the manufacturer’s instructions. In each
section a parallel cut was stained as control with sense riboprobe,
which gave no specific signal.

Statistical analyses. All values are given as mean. Bar shows stan-
dard deviation (SD). Means of groups were compared with ANOVA
using the Newman-Keul’s test to correct for multiple comparisons.
P < 0.05 is considered statistically significant.

Reagents. Human TNF (~ 10%U/mg) was generously provided by
BASF (Ludwigshafen, Germany), and this preparation was homoge-
neous on SDS-PAGE and distinct from lymphotoxin, as described
previously (8). TNF was heat inactivated as described previously (8).
Heat-inactivated TNF had no biologic effect (8, 15).

Results

It is unknown whether the TNF-mediated fibrin formation in
the mouse model (15) depends on tissue factor and what the
source of tissue factor might be. The availability of tumor cells
not expressing tissue factor (17) provided an opportunity to
determine the role of tumor cell tissue factor in TNF-induced
tumor thrombosis. To exclude tissue factor synthesis and re-
lease by tumor cells as the source for activation of the coagula-
tion mechanism, we used stably transfected Meth-A sarcoma
cell mutants published previously (17). The stable antisense
tissue factor transfectants were implanted intracutaneously
into mice. There was no detectable tissue factor in tumor cells
by immunohistochemistry or in situ hybridization. Tumors de-
veloped, although smaller and less vascularized than wild-type
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or vector transfectants (17). We studied clot formation in the
stable transfectants 4 h after intravenous TNF injection.

Intravenous administration of TNF (but not heat-inacti-
vated TNF) to animals with tumors established from the anti-
sense transfectants resulted in intravascular fibrin/fibrinogen
deposition and clot formation comparable with that seen in
wild-type tumors (Fig. 1). Note the large difference in fibrin/fi-
brinogen deposition after TNF (Fig. 1, top right) compared
with control animals not treated with TNF (Fig. 1, top left). Fi-
brin formation occurred even though the tumor cell transfec-
tants were not capable of expressing tissue factor after TNF.
Thus fibrin formation is not exclusively dependent on the
amount of tissue factor expressed by tumor cells.

The antisense tumors, not expressing tissue factor, re-
sponded to TNF with clot formation (Fig. 1, bottom left, con-
trol; bottom right, after TNF). When fibrin/fibrinogen depo-
sition and clot formation were compared in tumors arising from
the different stable transfectants, we found that clots formed in
all tumor lines tested, even in the antisense tissue factor trans-
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fectants shown in Fig. 1. TNF did not alter the tissue factor ex-
pression in tumor cells stably transfected with tissue factor
cDNA in the antisense orientation (17). Hence, fibrin/fibrino-
gen deposition and clot formation were not due to TNF-medi-
ated alteration in the tissue factor expression of tumor cells.

The number of clots observed per section was highest in
the sense transfectants. Since sense transfectants expressing
the highest amount of tissue factor grow the largest and are the
most vascularized tumors (17), we evaluated the number of
clots observed in relation to the number of microvessels identi-
fied in serial sections. When serial sections of the different tu-
mor lines were analyzed, we found no statistically significant
difference in the number of clots formed after TNF in relation
to the number of vessels. Thus, the higher incidence of clots
observed in the sense transfectants and the lower number of
clots observed per section in the antisense transfectants can be
explained by differences in vascularization.

To establish that TNF infusion indeed leads to a drop of
blood flow independent of the tumor cell tissue factor content,
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Figure 1. TNF induces fibrin formation (top) and clot formation (bottom) in tumors derived from stable antisense tissue factor transfectants. Tu-
mors not expressing tissue factor were harvested from mice treated with PBS alone (/eff) and mice 3 h after treatment with 5 ug TNF (right). Be-
fore harvest, animals were perfused with 30 ml PBS to remove nonclotted immunoreactive material. (Top) Fibrin/fibrinogen deposition in con-
trol animals (/eft) and TNF-treated animals (right) was evidenced by immunofluorescence, X40. When compared with control animals (left),
TNF (right) induced fibrin/fibrinogen deposition in the tumors not able to express tissue factor. (Bottom) Clot formation shown by Misson
trichrome staining in tumors of control animals (/eft) was not observed, while after TNF, even in tumors not able to express tissue factor, clots
were found (right), X40. The experiment has been repeated three times with similar results. Fibrin/fibrinogen deposition and clot formation
were identical in serial sections of each tumor studied.
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we studied the tumor perfusion with a latex bead system (17).
When the number of beads in animals treated with TNF (Fig.
2, white bars) was compared with animals not treated with
TNF (Fig. 2, black bars), a drastic drop of free blood flow, as
evidenced by the lower number of beads per gram tumor tis-
sue, was seen. In all stable transfected tumor lines tested, a
drop in blood flow was demonstrated. The drop in blood flow
was strongest in the sense tumors, which is explained by the
higher vascularization of the sense tumors and the lower vas-
cularization of the antisense tumors (17).

Therefore, tissue factor released from the implanted tumor
cells is not necessary for TNF-mediated intravascular fibrin/fi-
brinogen deposition, clot formation, and drop in free blood
flow after TNF in this animal model. However, TNF is known
to enhance vascular permeability, thus making “cryptic” tissue
factor in subendothelium available to interact with compo-
nents of plasma. If this were true, then TNF-mediated fibrin/fi-
brinogen deposition in tumors expressing tissue factor should
occur faster than in tumors not capable of expressing tissue
factor. To test this, fibrin/fibrinogen deposition was quanti-
tated by densitometry at different time points after administra-
tion of TNF (Fig. 3). For these experiments mice were per-
fused extensively with PBS to wash out nonclotted material. In
tumors expressing tissue factor, fibrin/fibrinogen deposition
occurred earlier than in tumors not expressing tissue factor.
Thus, the TNF-induced fibrin/fibrinogen deposition is not de-
pendent on tumor cell tissue factor. However, the rate at which
fibrin/fibrinogen deposition occurs is faster in tumors express-
ing tissue factor than in antisense transfectants.

TNF induces expression of tissue factor in endothelial cells.
Endothelial cell expression of tissue factor was determined us-
ing a monoclonal antibody against murine tissue factor (red
staining) and a polyclonal antibody against von Willebrand
factor (blue staining) in mice treated by intravenous somatic
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Figure 2. TNF-mediated drop in free blood flow is independent of
the tumor cell tissue factor expression. Mice were intracutaneously
injected with 10° tumor cells (stable transfectants with tissue factor
antisense, AS; vector alone, V; truncated sense, T'S; or sense, ). After
12 d the mice were anesthetized and latex microbeads were injected
into the left ventricle (see Methods). Shown is the free blood flow, ev-
idenced by the number of latex particles per gram of tumor tissue in
animals treated with PBS alone (black bars) and animals 3 h after in-
travenous injection of 5 pg TNF (white bars). Note that the TNF-medi-
ated decrease in free blood flow is independent of the tissue factor
content of the tumors cells. n = 10.
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Figure 3. Time course of TNF-mediated fibrin/fibrinogen deposition.
Mice were intracutaneously injected with 10° tumor cells (stable
transfectants with tissue factor antisense, white diamonds, and sense,
black triangles). After 12 d the mice were anesthetized and perfused
with 30 ml of PBS at the indicated time points after injection of 5 ug
TNF. Three sections from each tumor were stained for fibrin/fibrino-
gen deposition. Each point represents 18 sections from six tumors
from three independent experiments. The amount of fluorescence
was quantitated by densitometry. Each point represents mean+SD.
n=18.

gene transfer (see below) with vector as control (Fig. 4 a, mid-
dle). Gene transfer with vector alone does not influence tissue
factor expression (17).

Immunostaining of tumors revealed that the capillary en-
dothelial cells became more positive for tissue factor antigen
after intravenous administration of TNF (Fig. 4 a, right middle)
compared with PBS-treated animals (Fig. 4 a, left middle). Tis-
sue factor positivity was most prominent in capillaries, while the
large venules and arterioles showed only occasional positivity.

Reaction of tissue sections with preimmune IgG or satura-
tion of anti-tissue factor antibody with recombinant tissue fac-
tor antigen showed no specific staining pattern. Although TNF
was infused systemically, mainly endothelium in tumor vessels
demonstrated consistent and striking tissue factor expression.
Only weak tissue factor positivity was found in the endothe-
lium of other organs (kidney). Heat-inactivated TNF had no
effect on the expression of tissue factor.

Tissue factor in the endothelium of the neovasculature was
likely to result from de novo synthesis as in situ hybridization
with an antisense tissue factor riboprobe demonstrated pres-
ence of the mRNA (Fig. 4 b, middle). No reaction was seen
when sense probe was used (data not shown).

The data shown in Fig. 4 are from an antisense transfected
tumor, expressing virtually no tissue factor. The same results
have been obtained with tumor cells stably transfected with tis-
sue factor sense, truncated sense, or vector alone. Therefore,
host capillary endothelial cells are capable of responding to
TNF by increased transcription and translation of tissue factor.

Establishment of intravenous somatic gene transfer. Since the
effect of TNF was not only dependent on tissue factor expres-
sion of tumor cells (Fig. 1-4), it is more likely that a factor in-
duced by TNF in host cells (endothelial cells or circulating
cells, i.e., monocytes) is responsible for the activation of the
coagulation mechanism. To test this, it was necessary to de-
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Figure 4. Intravenous somatic gene transfer with tissue factor expression plasmids allows for control of the endothelial cell response to TNF.
Mice were implanted with stable Meth-A sarcoma transfectants not able to express tissue factor (antisense transfectants). After the tumor
reached a size of 0.5 cm intravenous somatic gene transfer was performed with the expression plasmids containing tissue factor cDNA (see
Methods). On the left side are the results of mice treated with PBS alone, on the right side are mice treated for 3 h with 5 pg TNF. The first row
in each part of the figure shows the result of mice pretreated by intravenous somatic gene transfer with the plasmid containing tissue factor in the
antisense orientation, the middle row with vector alone, and the bottom row pretreatment with the expression plasmid containing tissue factor in
the sense orientation. Shown are tumor vessels from serial sections of at least four tumors from six independent experiments. Immunohis-
tochemistry, in situ hybridization, and immunofluorescence were performed as described in Methods (immunohistochemistry and in situ hybrid-
ization, X160; immunofluorescence, X40). (a) Immunohistochemistry of von Willebrand factor (blue) and tissue factor (red). () In situ hybrid-
ization with the tissue factor antisense riboprobe. (¢) Immunofluorescence of fibrin/fibrinogen deposition.
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velop a system to specifically control tissue factor expression in
host cells.

To establish intravenous somatic gene transfer in our sys-
tem, studies were performed with plasmids expressing lu-
ciferase packed in Lipofectin (see Methods). After intrave-
nous administration on days 2 and 7 of the experiment,
luciferase activity was determined on day 9 (Fig. 5 a). Lu-
ciferase activity was observed in a range of organs (expressed
as activity per gram of protein). Using this method the optimal
DNA/Lipofectin ratio and the optimal sequence of injections
were determined (not shown). The tumor tissue expressed
slightly more luciferase per gram of tissue than the other organs.
A control plasmid lacking a functional promoter was used as
control and showed very low background (Fig. 5 a, lane g).

TNF

A further set of studies was performed to identify the vas-
cular cells transfectable by intravenous somatic gene transfer.
The plasmid pSV-B-galactosidase packaged in Lipofect-
AMINE™ was infused intravenously and B-galactosidase ex-
pression was evident in tumor endothelial cells (Fig. 5 b). Ex-
pression was still evident when the infusion of TNF was done,
hence it lasted throughout the period necessary for the experi-
mental design.

Fibrin formation in vivo is tissue factor dependent. After es-
tablishment of a method for intravenous somatic gene transfer
of the host, including the host cells forming the tumor vascula-
ture, we tested whether intravenous gene transfer with expres-
sion plasmids bearing antisense or sense tissue factor cDNA or
control vector alone would result in modulation of tissue factor
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induction and fibrin/fibrinogen deposition in response to TNF. and middle left), weak or no tissue factor staining (red) was ob-

When the expression plasmid containing tissue factor served, compared with sense-treated animals (Fig. 4, a and b,
cDNA in the antisense orientation or vector alone was in- bottom left). When the antisense tissue factor—pretreated mice
jected in animals not infused with TNF (Fig. 4,a and b, top left were infused with TNF (Fig. 4, a and b, top right), there was al-
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Figure 5. (a) Efficiency of intravenous somatic gene transfer. An ex-
pression plasmid containing luciferase cDNA was packed into Lipo-
fectin and injected intravenously (see Methods) into animals with
Meth-A sarcomas on days 2 and 7 after the implantation of the tu-
mor. The expression of luciferase was determined enzymatically and
quantitated per gram of tissue. The tumor tissue expressed slightly
more luciferase per gram of tissue than the other organs. Results are
from six animals, bars represent SD. The experiment was repeated
two times. A plasmid containing luciferase, but no promoter, was
used as negative control. Lane a, Meth-A sarcoma; lane b, kidney;
lane c, spleen; lane d, liver; lane e, lung; lane f, heart; lane g, control.
n = 6. (b) Intravenous somatic gene transfer leads to expression of
the gene product in the tumor vascular endothelial cells. Somatic
gene transfer with B-galactosidase (see Methods) 7 and 2 d before
harvest leads to transfection of endothelial cells in the tumor vascula-
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Figure 6. Analysis of tissue factor expression by endothelial cells in
tumor capillaries. Tumors were implanted into mice as described in
Methods. Tissue factor expression in capillary endothelial cells was
evidenced by immunohistochemical staining with rat anti-mouse tis-
sue factor. Tissue factor—positive cells were only regarded as endo-
thelial cells, when counterstaining with anti—von Willebrand factor
was positive as well. In each group shown, > 300 capillaries derived
from n = 16 different animals from two independent experiments
were evaluated. Results shown represent the mean*+SD. Black bars,
PBS alone; white bars, PBS + TNF.

most no induction of tissue factor in endothelial cells, in con-
trast to mice treated with vector (Fig. 4, a and b, middle right)
or sense (Fig. 4, a and b, bottom right).

The effect of intravenous somatic gene transfer on tissue
factor expression of tumor capillary endothelial cells was not
restricted to the capillaries shown in Fig. 4, a and b. When
> 300 capillaries from 16 different animals in each group were
evaluated, a clear increase in the number of tissue factor ex-
pressing capillaries was seen in sense-treated compared with
vector-treated animals, while antisense treatment reduced
TNF-mediated tissue factor expression (Fig. 6).

Prevention of tissue factor expression by intravenous so-
matic gene transfer with an expression plasmid containing tis-
sue factor in the antisense orientation also reduced the amount
of fibrin/fibrinogen deposition (Fig. 4 ¢, top), compared with
vector (Fig. 4 ¢, middle) or sense (Fig. 4 ¢, bottom).

A marker of activation of the coagulation mechanism is the
increase of TAT complexes. To evaluate, whether thrombin
formation occurs, we studied TAT formation in tumors 2 h af-
ter injection of TNF (Fig. 7). TNF induced an increase of TAT.
TAT was enhanced by intravenous somatic gene transfer with
tissue factor sense cDNA and reduced by gene transfer with
tissue factor cDNA in the antisense orientation, compared
with vector. Thus, tissue factor expression is responsible for
the TNF-mediated thrombin and fibrin formation.

A well established consequence of TNF-induced thrombo-
sis is a marked fall in the tumor blood flow. Measurement of
tumor blood flow also provides the opportunity to obtain an

ture (immunohistology, peroxidase, X40). (Top) A tumor vessel of an
animal treated with Lipofectin alone. (Bottom) A tumor vessel after
somatic gene transfer with B-galactosidase. The experiment was re-
peated two times.
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Figure 7. TNF-mediated activation of the coagulation mechanism is
tissue factor dependent. Seven mice in each group were implanted
with a stable transfected Meth-A transfectant not expressing tissue
factor (antisense tissue factor transfectant). After the tumors reached
a size of 0.5 cm, intravenous somatic gene transfer was performed
with expression plasmids containing tissue factor cDNA (see Meth-
ods) in the sense (S) or antisense (AS) orientation. Vector alone (V)
served as control. Tumors were taken 2 h after intravenous injection
of 5 g TNF per mouse. TAT was determined as described in Meth-
ods. Results shown represent the mean=SD. Black bars, control;
white bars, TNF.
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Figure 8. Host tissue factor, but not tumor tissue factor, is responsi-
ble for TNF-mediated drop in free blood flow. 10 mice in each group
were implanted with a stable Meth-A transfectant not expressing tis-
sue factor (antisense tissue factor transfectant). Free blood flow was
evidenced by the number of latex microspheres injected into the left
ventricle of the mouse and quantitated as number of beads per gram
of tumor tissue. Animals not treated with TNF are shown in black
bars. The effect of intravenous somatic gene transfer (see Methods)
on the TNF-mediated reduction of free blood flow is shown. Animals
treated 7 and 2 d before TNF with vector alone are depicted in A, an-
imals pretreated with the expression plasmid containing tissue factor
cDNA in the antisense orientation after TNF are depicted in B, ani-
mals pretreated with vector alone after TNF are depicted in C, and
sense tissue factor cDNA pretreated animals after TNF are depicted
in D. The error bars represent SD. n = 10.

Microspheres/gram tumor
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impression of the overall effect of intravenous somatic gene
transfer, which is difficult to obtain from immunocytochemis-
try alone (Fig. 4). We predicted that inhibition of host cell tis-
sue factor expression, blocking thrombus formation, would
maintain blood flow to the tumor, based on deposition of latex
particles in the vasculature. Mice bearing tumors arising from
antisense tissue factor—transfected Meth-A cells were infused
intravenously with the plasmid containing tissue factor cDNA
in the antisense, sense orientation, or as control with vector
alone packed in Lipofectin (Fig. 8). 2 d after the last gene
transfer, mice were treated with TNF under the same condi-
tions as above.

Consistent with our concept, mice with antisense tumors
treated with vector alone (Fig. 8, lane C) showed an ~ 85%
fall in perfusion after TNF, compared with animals not treated
with TNF (Fig. 8, lane A). The same was observed in animals
pretreated with the expression plasmid containing tissue factor
cDNA in the sense orientation (Fig. 8, lane D). To test the hy-
pothesis that the drop in blood flow, evidenced by the number
of latex particles, would be dependent on the induction of tis-
sue factor in host cells, we repeated the experiments in mice
with impaired expression of tissue factor. When the host
mouse was not able to produce tissue factor, due to intrave-
nous somatic gene transfer with the plasmid containing tissue
factor cDNA in the antisense orientation, there was almost no
fall in blood flow (Fig. 8, lane B). Thus, the TNF-mediated
drop in free blood flow is mainly dependent on tissue factor
expressed by host, but not tumor cells.

Discussion

Studies to examine the effects of cytokines, such as TNF, on
cultured endothelium have revealed basic mechanisms likely
to underlie the host response to inflammatory stimuli (5, 7, 8,
37). However, extrapolation of these results to the in vivo set-
ting has sometimes been complicated, as exemplified by the in-
duction of tissue factor in endothelium. Although induction of
tissue factor in cultured endothelial cells has been demon-
strated by many groups, investigation of human atheroscle-
rotic plaques and the vasculature from septicemic animals
shows only limited endothelial tissue factor expression outside
of the spleen (10-14). Although this could be due, at least in
part, to the sensitivity of the assays used, the most logical con-
clusion is that tissue factor expression in such settings is limited
to particular microenvironments, such as the spleen. In this
context, our studies in a murine tumor model have delineated
another locus in which endothelial cells produce tissue factor,
i.e., in tumors. This conclusion is supported by the results of
immunocytochemical and in situ hybridization studies showing
the presence of tissue factor antigen and mRNA in endothe-
lium in the tumor bed, though very little tissue factor was visu-
alized in vascular beds in the normal organs. Tissue factor ex-
pression was most evident in capillaries. The tumor arterioles
and venules within the neoplasm displayed only occasional en-
dothelial cells which stained positively for tissue factor.
Though such morphological studies are potentially subject to
sample bias, our results are representative of the examination
of 300 capillaries from 16 tumors in each group of animal stud-
ies (Fig. 6). These observations support the hypothesis that
TNF-induced expression of endothelial tissue factor does oc-
cur in vivo, but is subject to regulation by other elements in the
microenvironment. In this context, we have demonstrated pre-



viously that conditioned medium from Meth-A tumor cells en-
hances agonist-induced expression of tissue factor by endothe-
lial cells (15), and that this is due to at least three polypeptides
made by the tumor (16, 38, 39).

The second aim of our study was to demonstrate a role for
tissue factor on vascular cells in cytokine-induced intravascular
activation of the coagulation mechanism in the absence of
overt vascular damage, i.e., without denuding vascular injury
(15). Intravenous somatic gene transfer with antisense tissue
factor constructs, but not with sense tissue factor constructs or
vector alone, coordinately reduced the amount of tissue factor
synthesized by vascular endothelial cells (Fig. 4, a and b, and
Fig. 6), and evidence of activation of coagulation in tumor vas-
culature after infusion of TNF/fibrin/fibrinogen deposition
(Fig. 4) and levels of TAT complexes (Fig. 7) were suppressed,
and tumor blood flow (Fig. 8) was maintained. In vivo perfu-
sion with large amounts of PBS before histological examina-
tion ensures that most nonclotted material (i.e., fibrinogen)
has been washed out. The tissue factor responsible for intra-
vascular fibrin formation consequent to administration of TNF
in wild-type Meth-A tumors is not likely to arise solely from
the neoplastic cells, since stable Meth-A tumor cell transfec-
tants in which tissue factor expression was diminished showed
a similar intravascular procoagulant response to TNF (Fig. 2)
as tumors derived from control Meth-A cells or Meth-A cell
lines overexpressing tissue factor. Based on our data, we be-
lieve that endothelial cells are likely to be an important source
of tissue factor in the tumor vasculature under these condi-
tions, but a potential contribution of locally activated mono-
cytes/macrophages is also quite likely.

While tissue factor derived from the tumor cells is not nec-
essary for TNF-mediated activation of coagulation in tumor
capillaries, tumor-derived tissue factor does have an important
role in overall fibrin deposition in the tumor bed. When the
time course of fibrin/fibrinogen deposition (Fig. 3) was com-
pared in tumors expressing different levels of tissue factor,
there were clear differences. Fibrin/fibrinogen deposition was
evident within 30 min of TNF treatment in tissue factor—
expressing Meth-A tumor vasculature. In contrast, after ad-
ministering TNF to tumors in which tissue factor gene expres-
sion was suppressed, there was a lag phase of > 1 h in fibrin/fi-
brinogen accumulation (Fig. 3). This delay would be sufficient
to allow time for TNF to trigger biosynthetic mechanisms re-
sulting in tissue factor gene expression, translation, and ex-
pression of the protein in active form. These data also empha-
size another facet of TNF-induced activation of intravascular
coagulation. The rapid fibrin formation in wild-type Meth-A
tumors (i.e., within 30 min) is likely to reflect mechanisms initi-
ated by TNF which allow exposure of preformed tissue factor
its enzyme and substrate. This could result from a rapid chang-
ing vascular barrier function. For example, TNF has been
shown to increase vascular permeability (40-42), thereby al-
lowing plasma coagulation components enhanced access to the
subendothelial space. In vivo, the situation could be more
complex due to TNF-induced activation of multiple cell types.
TNF-mediated stimulation of polymorphonuclear leukocytes
could promote their deposition in tumor vasculature with sub-
sequent damage to the endothelium by released enzymes and
reactive oxygen intermediates. Other mechanisms by which
TNF could rapidly influence the cellular disposition or activity
of tissue factor could involve an effect on translocation of the
apoprotein to the cell surface or the phospholipid milieu into

which the tissue factor is inserted. Although both types of
mechanisms are possible, we favor the involvement of TNF-
induced mechanisms perturbing vascular barrier function, as
this would be consistent with administration of TNF (40-42).

These data emphasize the multiple events which underlie
TNF-induced activation of the procoagulant pathway in tumor
vasculature. In the absence of TNF, even when there was in-
creased expression of tissue factor in the intravascular space,
as occurred in animals treated with tissue factor cDNA in the
sense orientation, there was at most only a slight enhancement
of fibrin/fibrinogen deposition (Fig. 4). This might be ex-
plained by the low efficiency of intravenous gene transfer, a
nonoptimal lipid environment of the endothelial cell mem-
brane for efficient VIIa binding and activation of Factors IX
and X, or by the requirement of other blood cells (monocytes)
for optimal fibrin formation. This endothelial tissue factor
might be present at a cryptic site, probably sequestered in the
basal cell surface or subendothelial matrix (43, 44), with re-
spect to its function as a procoagulant cofactor. Addition of
TNF rapidly triggers additional mechanisms rendering tissue
factor a potent activator of the coagulation mechanism. Such
mechanisms are likely to involve TNF-induced changes in vas-
cular permeability and cell-cell interactions, as well as further
augmentation of tissue factor synthesis.
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