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Antithrombotic activity of TNF-o
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Basic and clinical observations suggest that thrombosis and inflammation are closely related. Here
we addressed the role played by TNF-a in thrombus formation and growth in an in vivo mouse
model. Using intravital microscopy, we show that systemic administration of TNF-o at doses found
in sepsis transiently inhibits thrombus formation and delays arterial occlusion upon vascular
injury. These results were reflected in a prolonged bleeding time. Platelets isolated from the TNF-o.-
treated mice showed a marked decrease in fibrinogen binding and P-selectin expression as well as
reduced platelet aggregation in response to various agonists. In contrast, in vitro treatment of
platelets with TNF-a did not affect their function. TNF receptor 1- and 2-deficient mice exhibit-
ed normal thrombogenesis in the presence of TNF-o.. Additionally, the inhibitory effect of TNF-o.
was lost either after treatment with NS-monomethyl-L-arginine, an inhibitor of NO production, or
in mice deficient for iNOS. These results indicate that under inflammatory conditions, when
leukocytes need free passage to transmigrate into tissues, TNF-o decreases platelet activation and
inhibits thrombi formation. This effect is not exerted directly on platelets but mediated through

the rapid generation of NO in the vessel wall.

J. Clin. Invest. 112:1589-1596 (2003). doi:10.1172/JCI1200319284.

Introduction

Inflammation is often considered a contributing fac-
tor to thrombotic and hemostatic disorders associat-
ed with various disease states. These diseases include
the coagulopathy of septicemia (1), the prothrombot-
ic state associated with atherosclerotic vessels (2) or
cancer (3), and the veno-occlusive disease of the liver
after bone marrow transplantation (4). Previous stud-
ies have shown that the proinflammatory mediators,
especially TNF-q, can induce a procoagulant state by
eliciting tissue factor production on the surface of
vascular endothelium and monocytes, downregulat-
ing the protein C anticoagulant pathway and stimu-
lating thrombin and fibrin formation (5). Neither
these studies nor those testing the local administra-
tion of high doses of TNF-a as a potential cure for
cancer patients provided evidence that TNF-o. triggers
a thrombotic response in vivo (6), however. Although
TNF-o is considered to be a key factor involved in the
pathogenesis of diseases affecting the cardiovascular
system, its role in platelet thrombus formation still
remains to be addressed.
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TNF receptor-1 and -2 (TNF-R1 and -R2) are found
on almost all nucleated cell types but are poorly
detectable on platelets. Although it appears that
platelets bind TNF-o (7) and that murine megakary-
ocytes express TNF-R1 (8), at present it is not clear
whether normal human platelets express TNF-Rs. In
addition, it was recently shown that CD40 ligand
(CD40L), a member of the TNF family of ligands,
plays a role in the stability of arterial thrombi through
the specific binding of its amino acids Lys-Gly-Asp
(KGD) KGD sequence to the platelet B3 integrin (9).
Interestingly, TNF-a. also contains a KGD sequence,
but its involvement in platelet thrombus formation
has not been investigated.

In this study, we used intravital microscopy to exam-
ine the role played by TNF-o. in the dynamic high-
shear environment of an in vivo model of arterial
injury. We show that the systemic administration of
TNF-o at a dose described as procoagulant led to a
marked defect in thrombus formation and delayed or
prevented vessel occlusion. We show that the inhibito-
ry effect of TNF-a is mediated through TNF-Rs and
the rapid production of NO.

Methods

Reagents. Murine recombinant TNF-o and FITC-conju-
gated rat anti-mouse P-selectin Ab were purchased from
PharMingen (San Diego, California, USA). Polyclonal
rabbit anti-human fibrinogen antiserum was obtained
from DAKO Corp. (Carpinteria, California, USA) and
coupled to FITC in our laboratory as described previ-
ously (10). Phycoerythrin-conjugated rat anti-mouse
oIIbB3 mAb (JONI-PE) was a gift from B. Nieswandt
(Rudolf Virchow Center for Experimental Biomedicine,
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University of Wiirzburg, Wiirzburg, Germany). Bovine
thrombin and NS-monomethyl-L-arginine (L-NMMA)
were purchased from Calbiochem (San Diego, Califor-
nia, USA), and ADP was obtained from Bio/Data Corp.
(Horsham, Pennsylvania, USA). Collagen-related pep-
tide (CRP), a gift from ]J. Hartwig (Brigham and
Women’s Hospital, Boston, Massachusetts, USA), was
multimerized and characterized as described (11).

Experimental animals. WT, TNF-R1/2-/- (12), and
iNOS-/~ (13) mice, all on C57Bl/6J/129Sv background,
and WT C57Bl/6] mice were obtained from The Jack-
son Laboratory (Bar Harbor, Maine, USA). Animals
were housed at the CBR Institute for Biomedical
Research, and experimental procedures were approved
by its Animal Care and Use Committee.

Platelet preparation. Mice were bled from the retro-
orbital plexus under isoflurane anesthesia. The blood
was collected in a tube containing 7.5 U/ml heparin.
Platelet-rich plasma (PRP) was obtained by centrifuga-
tion at 300 g for 5 minutes at room temperature. PRP
was centrifuged at 1,000 gin the presence of prostacy-
clin (1 uM) for 5 minutes at room temperature. After
two washing steps, pelleted platelets were resuspended
in modified Tyrode’s-HEPES buffer (137 mM NaCl, 0.3
mM Na,HPO,, 2 mM KCI, 12 mM NaHCO3, 5 mM
HEPES, 5 mM glucose, pH 7.3) containing 0.35% BSA
and incubated at 37°C until used.

Intravital microscopy. Platelets were isolated from PRP
and fluorescently labeled with calcein as described (14).
Fluorescently labeled platelets (5 x 10° platelets/kg of
body weight), to which TNF-o. (1 ng/ml or 100 pg/ml of
estimated blood volume), L-NMMA (100 uM/15 g of
mouse body weight), or Tyrode’s buffer was added, were
injected into the retro-orbital plexus of male 3- to 4-
week-old mice of matching genotypes. Blood volume
was estimated as one-thirteenth of body weight. Ani-
mals were anesthetized with 2.5% tribromoethanol (0.15
ml/10 g body weight) and prepared for intravital
microscopy of the mesentery as described previously
(15). For each recorded mesenteric arteriole (70-100 pm
diameter), the centerline erythrocyte velocity and the
arterial shear rate were determined as described previ-
ously (14) before inducing the injury with ferric chloride
(30 pl of a 250-mM solution). Each injured arteriole was
recorded until final occlusion or for a 40-minute obser-
vation period if occlusion was impaired, with 40 min-
utes being chosen as the occlusion time.

Bleeding time measurement. A 3-mm segment of the tail
was amputated from untreated and TNF-o-treated
WT mice (12-16 weeks old) (16). The tail was im-
mersed in 0.9% isotonic saline at 37°C, and the time
required for the stream of blood to stop was defined
as the bleeding time.

Plasma clotting time assay and microparticle determina-
tion. One milliliter of blood was drawn from the retro-
orbital venous plexus by using plain microhematocrit
capillary tubes (VWR, West Chester, Pennsylvania,
USA) and collected into tubes containing 10% final
volume of acid-citrate-dextrose (17). Platelet-poor

plasma (PPP) was prepared by centrifugation at 1,500
gfor 25 minutes and then at 10,000 g for 5 minutes to
remove contaminating cells. Plasma clotting time was
measured in an aggregometer (Sienco Inc., Wheat
Ridge, Colorado, USA) as described (17). Microparti-
cles were isolated from PPP and analyzed by flow
cytometry as described (17).

Flow-cytometry analysis. TNF-o. was either systemati-
cally administered into mice for 30 minutes or added
to whole blood or platelet samples for the same length
of time in vitro. Washed platelets obtained from either
approach were resuspended in modified Tyrode’s
buffer containing 1 mM CacCl, and stimulated with 0.1
U/ml thrombin or 2 pg/ml CRP. Incubation with 5
pg/ml of FITC-conjugated rat anti-mouse P-selectin,
FITC-conjugated rabbit anti-human fibrinogen, or the
respective FITC-conjugated isotype-matched control
antibodies was performed for 10 minutes at 37°C, and
the samples were analyzed immediately. For all meas-
urements, a FACScalibur flow cytometer (BD Bio-
sciences, San Jose, California, USA) was used.

Aggregometry. PRP was obtained as described for
platelet preparation. The platelet count was adjusted to
5 % 108 platelets/ml with autologous PPP, and aggre-
gation was induced at 1,000 rpm by 2 uM ADP. Aggre-
gation was measured as light transmission on a four-
channel aggregometer (Chrono-Log Corp., Havertown,
Pennsylvania, USA). Light transmission was set at 0%
for PRP and 100% for PPP. The results were expressed
as the maximum percentage of aggregation.

Determination of cGMP levels. PRP was obtained from
control or TNF-o-treated WT mice. Platelets were iso-
lated from PRP, treated for 10 minutes with 0.1 M HCI,
and then centrifuged at 600 g at room temperature.
The supernatants were analyzed using the cGMP
Enzyme Immunoassay Kit according to the manufac-
turer’s instructions (Biomol Research Laboratories, Ply-
mouth Meeting, Pennsylvania, USA).

Platelet count determination. Blood was collected in 2.5
mM EDTA from the retro-orbital plexus and diluted
using the Unopette microcollection system according
to the manufacturer’s instructions (Becton Dickinson,
Franklin Lakes, New Jersey, USA). Platelet counts were
performed using a hemocytometer.

Statistics. Data are presented as mean plus or minus
SEM. Statistical analysis was performed using the
unpaired Student ¢ test. P values less than 0.05 were
considered significant.

Results

Effect of TNF-o. on arterial thrombogenesis. The effect of
TNF-o. on thrombus formation was assessed in an in
vivo model of ferric chloride-induced arterial injury.
Fluorescently labeled platelets were injected into mice in
the presence or the absence of TNF-o (1 ng/ml). Arteri-
oles were chosen to display similar hemodynamic char-
acteristics (Table 1). Injury was induced with ferric chlo-
ride within 30 minutes after the injection of the
cytokine. In both control and TNF-o-treated mice,
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Table 1
Hemodynamic characteristics of arterioles

Genotype Background TNF-o. treatment
WT C57Bl/6J/1295v -
+
TNFR1/2-KO C57Bl/6)/129Sv -
+
iNOS-KO C57Bl/6J/1295v -
+
C57Bl/6) -

n Arterial size (um) Shear rate (s')
7 85+5 1,273 + 204
8 86.7+3 1,321 £ 149
8 791 +5 1,381 £ 396
10 83.3+2 1,220 + 271
7 84+4 1,312 + 241
8 81.2+6 1,303 + 304
7 82.5+2 1,250 £ 250
7 83.7+4 1,323 +187

platelet interactions with the injured vessel started rap-
idly after ferric chloride application, and the number of
single adherent platelets found in the monitored areas
2-3 minutes after injury was not significantly different
between the two groups (Figures 1 and 2a). The time
required for the first appearance of a 10-um diameter
thrombus in TNF-0-treated mice, however, was approx-
imately three times longer than in control animals (Fig-
ure 2a). Furthermore, thrombi in treated mice were
unstable and failed to resist shear stress while growing
to a larger size, constantly dissociating into single
platelets or very small emboli. In the control mice throm-
bi grew to occlusive size in approximately 14 minutes,
whereas vessel occlusion was significantly delayed in
TNF-o-treated animals (Figures 1 and 2a) (14 + 3 min-
utes in control mice versus 33 + 6 minutes in treated
mice). The same experiment was performed in WT mice
of a different background (C57Bl/6] versus C57Bl/6]/
129Sv) where the thrombotic response to injury was also
reduced by TNF-o treatment, indicating that the
antithrombotic effect of TNF-0.is not dependent on the
background of the mice used in our studies. The injec-
tion of 1 ng/ml of TNF-a did not induce a decrease in
platelet count. Our data show that, under high-shear
conditions found in arterioles (ap-
proximately 1,300 s), TNF-a does
not influence the initial transient
platelet adhesion to the injured vessel
wall but significantly inhibits throm-
bus growth and stability.

We subsequently investigated
whether the antithrombotic effect of
TNF-o was sustained over a longer
period of treatment with 1 ng/ml of
TNEF-o. We did not observe any delay
or defect in thrombus formation
and occlusion time in animals treat-
ed with TNF-o. 2 hours before injury,
suggesting that the TNF-a effect is
transient and reversible (Table 2).

To further characterize the in-
hibitory action of TNF-0., a lower
dose of the cytokine was tested in
the thrombosis model. At a dose of

WT control

WT infused
with TNF-a

Figure 1

There were no statistical difference between the different genotypes nor treatments of arterioles. KO, knockout.

0.1 ng/ml, such as is observed in nonlethal sepsis (18),
TNF-o exerted an effect of a lesser magnitude on the
thrombotic response of WT mice (Table 2). The time
required for appearance of an arterial thrombus was
slightly longer compared with control mice, but this
difference was not significant (data not shown). These
thrombi, however, grew with a significant delay of 8
minutes to occlusive size (Table 2).

Bleeding time in TNF-o—treated mice. After amputation
of a 3-mm portion of the tail, both untreated mice
and mice treated with 1 ng/ml TNF-a were able to
control their blood loss without cauterization. The
bleeding time, however, was prolonged four times by
the 30-minute treatment with TNF-o (254 + 142 sec-
onds versus 58 + 11 seconds in the control group).
Thus, the antithrombotic effect was also detected in
this injury model (Figure 3a).

TNF-o—generated procoagulant activity. To evaluate
whether the infusion of TNF-a in our model is associ-
ated with a procoagulant state, we measured the plas-
ma-clotting time. Exposure to TNF-a reduced the clot-
ting time by 44 seconds (Figure 3b; P < 0.001),
indicating that the presence of high levels of circulating
TNF-a indeed increased the coagulability of plasma.
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Effect of TNF-0. on thrombus formation in vivo. Thrombus formation in response to vas-
cular injury was visualized in arterioles of control (upper) or TNF-o.-treated mice (lower).
The different lengths of time after ferric chloride application are indicated. No significant
difference in initial platelet adhesion to the injured vessel was observed between the two
groups (3 minutes). The appearance of thrombi was delayed by TNF-a. infusion (8 min-
utes), however. In addition, thrombi in treated mice were unstable and often did not grow
to occlusive size, leaving, after 14 minutes, a still patent vessel, whereas the control arte-
rioles occluded. n = 12-15 mice.
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Because cell-derived microparticles can contribute to
procoagulant activity (19-21) by allowing assembly of
clotting factors, we examined the generation of
microparticles. The plasma from TNF-o-treated mice
showed a 1.6-fold increase in the total number of
microparticles over those in control mice (489 + 55 ver-
sus 306 + 37 microparticles per microliter of plasma;
n=8,P<0.007). Thus, we observed a prolonged bleed-
ing time despite a procoagulant state of the TNF-a-
treated mice (Figure 3).

Platelet P-selectin expression, fibrinogen binding, aggre-
gation, and cGMP levels. To elucidate the antithrom-
botic effect of TNF-o. observed in vivo, we looked for

Table 2
Time and dose dependency of TNF-a effect on arterial thrombosis

Figure 2

Quantitative analysis of arterial thrombogenesis in WT, TNF-R1/27/-,
L-NMMA-treated, and iINOS~~ mice. Two minutes after the injury, the
number of platelet-vessel wall interactions in each group of mice was
comparable between the TNF-o-treated and untreated animals (a-d).
In contrast to the antithrombotic effect measured in WT mice (a),
TNF-a did not significantly affect thrombus formation and vessel
occlusion in TNF-R1/27/~ (b), L-NMMA-treated (c), and iNOS”~ mice
(d). Compared with WT mice, iNOS™/~ mice exhibited a significant
increase in platelet deposition (P < 0.02) and a slightly shorter time in
thrombus formation (P < 0.05) and in vessel occlusion (P < 0.03).
n=7-10 mice per group. *P < 0.05; **P < 0.005 versus untreated WT.

a possible effect of TNF-a on platelet function in
vitro. TNF-o (or PBS) was added to washed platelets
or to whole blood and incubated for 30 minutes at
37°C. The treatment time of 30 minutes was chosen
to parallel the incubation time in the mice used in
the arterial thrombosis model. Platelet preparations
were then stimulated with 0.1 U/ml thrombin or 2
pug/ml CRP and analyzed by flow cytometry for
P-selectin expression and fibrinogen binding to the
platelet surface. Surprisingly, we did not observe any
difference in fibrinogen binding and P-selectin
expression between PBS-and TNF-o-treated whole
blood samples (Figure 4, a and c) or PRP samples (not
shown). To test whether the inhibition observed in
thrombus formation might be dependent on a
dynamic environment, we also tested those platelet
preparations at 1,000 rpm in an aggregometer (Fig-
ure 4e). No defect was noticed in the ADP-induced
platelet aggregation in response to TNF-o. treatment.
Taken together, these data show that TNF-o does not
affect platelet function when added to isolated
platelets or whole blood, suggesting that cells other
than blood cells were the mediators for the observed
effect of TNF-0 in vivo.

To test this hypothesis, mice were injected intra-
venously with 1 ng/ml of TNF-o or PBS 30 minutes
before blood was drawn, and platelets were prepared
as described above. Under these circumstances, both
platelet fibrinogen binding and P-selectin expression
were significantly reduced by TNF-o treatment in
comparison with control samples (Figure 4, b, d, and
g). In addition, platelets isolated from TNF-a-treat-
ed mice showed a 35% decrease in maximum aggre-
gation compared with the PBS-injected animals (Fig-
ure 4, f and h). Shorter treatment of the mice (5 and

Dose of TNF-o Time of treatment n Frequency of occlusion Occlusion time P value versus

(ng/ml) (minutes) (minutes) occlusion time
in untreated WT

0 - 7 7/7 14+3 -

0.1 30 7 7]7 22+4 P<0.05

1 30 8 4/8 33+6 P<0.005

1 120 4 4/4 15+4 P=0.405
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a b Figure 3
10 300 Tail bleeding time and plasma clotting time in TNF-0i-treated mice.
° W Mice 12-16 weeks old were infused with PBS or TNF-a.. (a) The bleed-
9 ] - ing time was measured after amputation of a 3-mm portion of the
= 8 @ tail. The mice injected with TNF-c (filled circles) exhibited a fourfold
E 7 g prolonged bleeding time compared with control mice (open circles)
® S 2004 (P < 0.003). (b) Plasma clotting time was measured in an aggre-
'g- 6 2 gometer after adding CaCl; solution. The clotting time was signifi-
25 ® 5 . cantly shorter in mice treated with 1 ng/ml of TNF-a. (black bar) than
3 4 _;_ z in control mice (white bar). P<0.001, n = 8 mice per group.
()
o £ 100
3 ° <
2 L
- n=>5,P<0.05), consistent with our platelet studies

1 8- showing a partial decrease in platelet function.
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platelet function (not shown). Inhibition of platelet  the antithrombotic activity of TNF-a in vivo, we stud-

adhesion by agents such as NO seems to depend on  ied thrombus formation in TNF-RI and TNF-R2 dou-

the generation of cGMP (22), therefore we also exam-  ble-deficient mice. As shown in Figure 2b, TNF-o had

ined the cGMP levels in platelets isolated from con- no effect on thrombus formation and vessel occlusion

trol and TNF-o—treated mice. Indeed a 30-minute in TNF-RI1/27/~ mice. In addition, in the absence of
exposure to circulating TNF-o induced an increasein ~ TNF-q, the process of thrombus formation was not

the intraplatelet cGMP levels compared with control  significantly different between the TNF-R1/27/- mice

(2.1 £0.13 versus 1.54 + 0.22 pmol/5 x 108 platelets; (Figure 2b, white bar) and the corresponding WTs
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Figure 4

Effect of in vivo and in vitro treatments with TNF-o. on platelet function. PBS (white bars) or TNF-o (black bars) were administered for 30 min-
utes either to whole blood samples (a, ¢, and e) or by intravenous injection into mice (b, d, and f). PRP was prepared, and platelets were test-
ed for aggregation in response to 2 UM ADP (e and f). To study platelet activation by flow cytometry, platelets were washed, activated for 5
minutes with thrombin (0.1 U/ml) or CRP (2 ug/ml), and incubated for 10 minutes at 37°C with FITC-conjugated Ab’s against human fib-
rinogen (a and b) or a FITC-conjugated mAb against P-selectin (c and d). (g and h) Shown are representative results of TNF-a. systemic admin-
istration on fibrinogen binding and platelet aggregation. n = 6 mice per group. *P < 0.05; **P < 0.005. MFI, mean fluorescence intensity.
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(Figure 2a, white bar), thus indicating that TNF-a
receptors are not involved in thrombosis in the
absence of inflammation. Furthermore, platelets iso-
lated from TNF-R1/27/- mice infused with TNF-o
aggregated normally (not shown).

Arterial thrombosis in 1-NMMA-treated and iNOS~/~
mice. Since we did not find evidence that TNF-a is act-
ing directly on platelets, we investigated whether a
mediator could be induced by TNF-o to downregu-
late platelet function. NO appeared to be a good can-
didate since it is a well-known inhibitor of platelet
function (22). To address this hypothesis, we studied
thrombus formation in mice injected with L-NMMA,
an analogue of L-arginine that inhibits NO produc-
tion by all isoforms of NOS. L-NMMA treatment itself
did not significantly modify arterial thrombosis, but
it completely abrogated the antithrombotic effect
exerted by TNF-o treatment (Figure 2¢). This indi-
cates that the antithrombotic effect of TNF-o was
mediated by NO. An isoform of NOS that is present
in a variety of cell types and that is inducible by
cytokines is iNOS; therefore, we examined thrombus
formation in mice deficient in iNOS. Similar to the
L-NMMA-treated mice, iNOS/- mice grew stable
thrombi leading to occlusion and were not affected by
the TNF-o treatment (Figure 2d), suggesting that NO
generated by TNF-a was produced by iNOS present
in the vascular tissues. In addition, compared with
WT mice, iINOS”/- mice exhibited a significant increase
in the number of platelet interactions with the vessel
wall (Figure 2d). Moreover, both thrombus formation
and occlusion time occurred faster in those mice, sug-
gesting that in WT mice NO might be released from
the injured area and attenuate platelet recruitment to
the growing thrombus.

Discussion

TNF-ocexerts a strong antithrombotic activity in vivo. In this
study, intravital microscopy allowed us to demonstrate
that treatment with TNF-o. results in a marked
antithrombotic effect in a mouse arterial injury model
(Figures 1 and 2a). Consistent with this finding, the
bleeding time of mice treated with TNF-o was signifi-
cantly increased (Figure 3a). The dose of TNF-o used in
our model (1 ng/ml of estimated blood volume) relates
to plasma levels that can be reached in patients with sep-
tic conditions or related infectious disorders. In these
patients, the presence of TNF-a has been correlated
with a systemic activation of coagulation (23), which we
observed as well in the treated mice (Figure 3b). Given
the ability of TNF-o. to promote coagulation (5), its
inhibitory effect on thrombus formation in vivo was
unexpected. Supporting the hypothesis that TNF-o. is
procoagulant but not prothrombotic, however, studies
carried out in the baboon indicate that TNF-¢. is not
able to elicit thrombosis unless the natural anticoagu-
lant pathway is blocked (6, 24). Our results further indi-
cate that the antithrombotic effect of TNF-at is fast and
reversible, vanishing within 2 hours after infusion into

mice (Table 2). In addition, our data point to a dose-
dependent effect of the cytokine since vessel occlusion
successfully occurred in all the animals treated with 100
pg/ml with a significant delay (Table 2).

The TNF-Rs mediating the antithrombotic activity of TNF-o
are not located on blood cells. Several steps were under-
taken to elucidate the mechanism supporting the
defect in thrombus formation. First, we checked that
infusion of 1 ng/ml of TNF-a into mice did not
induce a severe drop in the number of circulating
platelets. In contrast to the administration of LPS (25)
or significantly higher concentrations of TNF-a into
mice (26), the platelet count did not drop in our study.
In addition, TNF-o treatment appeared unlikely to
affect the vascular injury because early platelet adhe-
sions occurred efficiently. Several lines of evidence fur-
ther indicated than TNF-o acts by downregulating
platelet function. First, as observed in our in vivo
injury model, platelets seemed to rapidly dissociate
from the early growing thrombi decreasing the effi-
ciency of their growth (Figure 1). Second, platelets iso-
lated from TNF-a-treated mice exhibited, upon acti-
vation, a marked decrease in fibrinogen binding in
comparison to controls, indicating that aIIbp3 was
less activated. Third, stimulated platelets exhibited
lower P-selectin expression due to a lesser degranula-
tion (Figure 4, b and d). Not surprisingly, ADP-
induced aggregation of the in vivo-treated platelets
was also diminished (Figure 4f). In contrast, in vitro
treatment of either isolated platelets or whole blood
samples with TNF-o had no effect on platelet activa-
tion by thrombin, CRP, or ADP (Figure 4, a, ¢, and e),
demonstrating that TNF-o does not act directly on
platelets but through another cell type other than
blood cells. As for the receptors involved in mediating
the antithrombotic effect of TNF-0, we considered
two likely candidates, TNF-R1 and TNF-R2, and,
based on the similarity with CD40L, the platelet inte-
grin oIIbB3 (9). Since TNF-R1/2/- mice infused with
TNF-o. exhibited no significant defect in thrombus
formation (Figure 2b), we concluded that the inhibito-
ry effect of TNF-o was mediated through the TNF-Rs.

NO is the platelet inhibitor produced by TNF-a.. The next
step in our study was to define the mechanism
through which TNF-o mediates its inhibitory effect
on platelets. NO is a well-known inhibitor of platelet
function (22). By activation of guanylyl cyclase, inhi-
bition of the PI3K pathway, and suppression of intra-
cellular calcium flux, NO suppresses both P-selectin
expression and the conformational change in glyco-
protein olIbP3 required for fibrinogen binding (22).
Indeed, platelets obtained from TNF-o-treated mice
had elevated cGMP levels, indicating that guanylyl
cyclase was activated in these cells. Since NO is
induced in response to TNF-o. through stimulation of
iNOS present in a variety of cell types (27), we first
investigated the possible involvement of NO as a
mediator of TNF-o activity on thrombosis by testing
the effect of TNF-o in mice treated with L-NMMA.
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Interestingly, L-NMMA treatment completely pre-
vented the antithrombotic effect of TNF-a,, suggest-
ing that NO plays a critical role in inflammation by
regulating platelet thrombus formation (Figure 2c). A
second line of evidence came from studies with mice
lacking iNOS (Figure 2d). Despite the infusion of
TNEF-0, these mice were still capable of forming occlu-
sive thrombi. Our data further indicate that NO mod-
ulates thrombus formation in injured vessels even in
the absence of TNF- treatment because iINOS~/~ mice
exhibited an increased number of platelet-vessel wall
interactions and a slightly shorter time required for
both thrombus appearance and vessel occlusion (Fig-
ure 2d). Thus, it appears that a deficiency of vascular
NO formation promotes arterial thrombosis. Small
amounts of NO might be released at the site of injury
after the ferric chloride application, thereby locally
attenuating platelet recruitment. This possibility is
further supported by observations that platelet depo-
sition on injured vessels is enhanced if NO is cleared
by hemoglobin (28) or NOS is inhibited (29), while
platelet deposition is prevented when NO production
is enhanced by treatment with L-arginine, the sub-
strate for iNOS (29).

Different cell types found in the surroundings of the
vessel, such as endothelial cells, VSMCs, and leuko-
cytes present in the subendothelial space, can express
iNOS (27, 30). Under inflammatory conditions such
as sepsis, LPS, or TNF-a treatment, however, the
strongest expression of iINOS is in VSMCs, whereas its
production is inhibited in endothelial cells (27, 30). It
is likely that, in our arterial model, the VSMCs express-
ing TNF-Rs are the cells that respond to TNF-o and
generate NO. In support of this hypothesis, iNOS
mRNA can be detected in the VSMCs as early as 20
minutes after LPS challenge (31), timing that is com-
patible with the response to TNF-o: administration in
our model. Since LPS-induced iNOS mRNA expres-
sion occurs rapidly, and given that many effects of LPS
are mediated through the production of TNF-a, we
may expect TNF-o to have a similar or even a faster
effect. In addition, different studies further suggest
that low levels of iNOS mRNA could be present con-
stitutively in VSMCs (32, 33). This could explain the
rapid release of NO in response to the vascular injury.

Biological significance of TNF-ot antithrombotic effect.
Given the central role of TNF-o both as a regulator of
the normal immune response and as an inducer of the
chronic damage in organs produced in a variety of dis-
eases, modulation of this cytokine became a thera-
peutic approach of choice. In chronic inflammatory
diseases such as rheumatoid arthritis, Crohn disease,
or multiple sclerosis (34-36), where anti-TNF-o. ther-
apies are used, thrombotic side effects were not
reported. It is possible that in such chronic situations
the “beneficial” antithrombotic effect of TNF-o is
lost. In contrast, the effect of TNF-ol on the vascula-
ture could be present in antitumor therapies where
TNF-o is administered locally to cancer patients

through isolated limb perfusion. Surprisingly, no
deleterious effects on the vasculature have been
observed in these patients (37). This could be ex-
plained by the acute antithrombotic effect of TNF-o
observed in our study and by the recent observation
that NO inhibits secretion of Weibel-Palade bodies,
thus diminishing platelet adhesion to the endotheli-
um (38, 39). In light of our results, it should be con-
sidered that treatments targeting TNF-o could influ-
ence the prothrombotic potential of a patient.

Although the biological significance of the transient
antithrombotic effect of TNF-o remains to be eluci-
dated, it is possible to interpret its inhibitory effect on
platelet function in the context of innate immune
response. TNF-a.is the first proinflammatory cytokine
released at the site of infection or injury and is a potent
inducer of the immune defense mechanisms, includ-
ing the recruitment and activation of leukocytes (40).
Under these circumstances, a platelet monolayer
would help in recruitment (41), while a thrombus
would restrict blood flow and could physically prevent
a full access of migrating leukocytes to the infected
site. The widely held perception that TNF-a has pro-
thrombotic effects mainly stems from the fact that
TNF-o. is considered to be the major endogenous
mediator involved in the pathogenesis of sepsis and
related disorders such as disseminated intravascular
coagulation, in which a hypercoagulable state exists
(42). In addition, our observation of prolonged bleed-
ing time in the TNF-o-treated mice indicates that
enhanced coagulation induced by TNF-o. cannot over-
come the platelet defect induced by NO.

In conclusion, our study points to a new inflamma-
tory function of TNF-o in transiently inhibiting
thrombosis, thus allowing the immune response to be
optimally executed.
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