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ABSTRACT Herpesviruses have been previously corre-
lated to vascular disease and shown to cause thrombogenic
and atherogenic changes to host cells. Herein we show that
even in the absence of cells, purified cytomegalovirus (CMV)
and herpes simplex virus type 1 (HSV-1) and type 2 (HSV-2)
can initiate thrombin production. Functional assays demon-
strated that purified HSV-1 and HSV-2 provide the necessary
phospholipid (proPL) for assembling the coagulation factors
Xa and Va into prothrombinase, which is responsible for
generating thrombin. These observations are consistent with
our earlier studies involving CMV. The presence of proPL on
all three herpesviruses was confirmed directly by f low cytom-
etry and electron microscopy by using annexin V and factor
Va, respectively, as proPL-specific probes. Of equal impor-
tance, we found that CMV, HSV-1, and HSV-2 were also able
to facilitate factor Xa generation from the inactive precursor
factor X, but only when factor VIIyVIIa and Ca21 were present.
Monoclonal antibodies specific for tissue factor (TF), the
coagulation initiator, inhibited this factor X activation and,
furthermore, enabled identification of TF antigen on each
virus type by f low cytometry and electron microscopy. Col-
lectively, these data show that CMV, HSV-1, and HSV-2 can
initiate the generation of thrombin by having essential proPL
and TF activities on their surface. Unlike the normal cellular
source, the viral activity is constitutive and, therefore, not
restricted to sites of vascular injury. Thus cell-independent
thrombin production may be the earliest event in vascular
pathology mediated by herpesviruses.

Thrombin is the final enzyme produced in the blood coagu-
lation pathway. It functions directly to generate fibrin clot and
is also a potent cell agonist that can induce important intra-
cellular and extracellular regulatory processes (for review, see
ref. 1). The normal initiation of thrombin production is
triggered by vascular damage and is strictly limited to neigh-
boring cells where the transmembrane protein, tissue factor
(TF; for reviews, see refs. 2 and 3), and procoagulant phos-
pholipid [proPL; e.g., phosphatidylserine (PS)] (4, 5) become
accessible to plasma clotting factors. The role of TF is to bind
and accelerate the protease factor VIIa (FVIIa). This ‘‘tenase’’
complex starts the pathways involved in thrombin generation
by activating the zymogen factor X (FX) to factor Xa (FXa).
FXa may then combine with its cofactor Va (FVa) in the
presence of Ca21 to form ‘‘prothrombinase’’ (for reviews, see
refs. 6 and 7). The significance of prothrombinase is that it is
the only physiological enzyme that can convert prothrombin to
thrombin. ProPL is an essential component of both tenase and
prothrombinase and is needed to orient and colocalize the
respective enzymes, cofactors, and substrates.

Cytomegalovirus (CMV) and herpes simplex virus (HSV),
members of the herpesvirus family, can evade the usual cellular
control programs by stimulating the expression of thrombo-
genic activity on cells independent of vascular damage (8–13).
Therefore, a herpesvirus contribution to vascular disease has
been suggested. A number of biochemical changes that render
the host cell procoagulant in response to virus are known and
include the expression of TF (12, 14) and a functional analogue
encoded by HSV type 1 (HSV-1), termed glycoprotein C (10,
15). Recently, smooth muscle cell proliferation (16) and
accumulation of oxidized low density lipoprotein (17), the
morphological hallmarks of atherosclerotic plaques, were
linked to the expression of CMV gene products. This biochem-
ical evidence provides an explanation for clinical studies that
correlate CMV to vascular thickening (18) and restenosis after
coronary atherectomy (19) and HSV to fibrin deposition in
microvasculature (20–22). CMV and HSV genetic materials
have also been identified in atherosclerotic plaque (23–25).
Although the clinical data are arguably circumstantial, a
distinct cause-and-effect relationship was established in avian
and rodent models, where viral infection induced atheroscle-
rosis and thrombosis (26–28).

In a previous study from our laboratory, accessible proPL
was identified on CMV (29). This suggests that herpesviruses
could contribute to vascular disease through the production of
thrombin, even before affecting the host cell. We now report
that HSV-1 and HSV type 2 (HSV-2) also possess proPL and
that all three herpesviruses have endogenous mechanisms to
activate FX. Thus, CMV, HSV-1, and HSV-2 can generate
thrombin independent of cells, which may represent the ear-
liest influence these viruses have on host vasculature.

MATERIALS AND METHODS

Reagents. H-D-Phe-Pip-Arg-p-nitroaniline dichloride (S-
2238, Chromogenix, Molndal, Sweden; where Pip is piperidi-
nyl), EDTA, and Hepes were from Sigma. All experiments
were conducted in Hepes-buffered saline (HBS; 20 mM
Hepesy150 mM NaCl, pH 7.2).

Virus Preparation. CMV (strain AD169) was propagated in
human foreskin fibroblasts (HFF) and purified as described
(29, 30). Commercial sources of purified HSV-1 (MacIntyre
strain) and HSV-2 (strain G) propagated in Vero cells were
used (Advanced Biotechnologies, Columbia, MD). Virions
were quantified and evaluated for purity by electron micros-
copy (29, 30). Less than 10% of particles in the virus prepa-
rations were attributed to cellular debris.
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Protein Preparation. Human coagulation proteins FVIIa,
factor VII (FVII), and FVa were from Haematologic Tech-
nologies (Burlington, VT) and prothrombin was from Enzyme
Research Laboratories (South Bend, IN). Human FX and FXa
were prepared as described (31). FX was radioiodinated on ice
by using Iodogen (Pierce) according to manufacturers instruc-
tions. The specific activity was typically 1.2 3 105 cpmymg of
FX. Annexin V (AnV; supplied by T. Yokoyama, Kowa,
Tokyo) was labeled with fluorescein isothiocyanate (FITC), as
described (32). By using the extinction coefficients for AnV
and FITC (33), the conjugate (AnV-F) was purified to a 1:2
molar ratio of AnV to FITC by FPLC on a Mono Q column
developed with a salt gradient in HBS containing EDTA (1
mM).

Procoagulant Phospholipid-Dependent Clotting Assay. In
manual-tilt clotting assays, CMV [3.8 3 109 virus particles (vp)
per ml], HSV-1 (1.7 3 108 vp per ml), and HSV-2 (6.6 3 107

vp per ml) were incubated with FX-deficient plasma (Sigma)
for 1 min at 37°C. At this point FXa (20 nM) was added and
clot production was initiated with Ca21 (2 mM). The functional
amount of proPL was determined by using a PS standard curve
based on synthetic small unilamellar vesicles composed of 75%
phosphatidylcholine and 25% PS (PCPS) that were prepared
and quantified as described (7). An amount of virus was chosen
to produce activity within the linear region of the standard
curve. Values were corrected for background activity gener-
ated in the absence of virus.

Procoagulant Phospholipid-Dependent Chromogenic As-
say. CMV (7.2 3 107 vp per ml), HSV-1 (6.9 3 107 vp per ml),
and HSV-2 (6.6 3 107 vp per ml) were incubated for 30 min
with FXa (5 nM), FVa (5 nM), and prothrombin (1.4 mM). The
formation of thrombin was initiated by the addition of Ca21 (2
mM). Thrombin generation was monitored by cleavage of the
chromogenic substrate S-2238 in a kinetic microplate reader
(Vmax, Molecular Devices). The amount of proPL was deter-
mined by using a PS standard curve. Values were corrected for
residual activity in the absence of phospholipid.

FXa-Dependent Clotting Activity. In manual tilt assays,
CMV (3.8 3 109 vp per ml), HSV-1 (1.7 3 108 vp per ml), and
HSV-2 (6.6 3 107 vp per ml) were incubated with excess PCPS
(300 mM) in either FX- or FXyVII-deficient plasma (Sigma)
for 1 min at 37°C. FX (200 nM) was added and clot formation
was initiated with Ca21 (2 mM). The amount of FXa generated
was determined from a standard curve obtained with purified
FXa. As before, the amount of virus was adjusted to produce
activity within the linear region of the standard curve. Values
were corrected for residual FXa activity produced in the
absence of virus.

FXa-Dependent Chromogenic Assay. CMV (7.2 3 107 vp per
ml), HSV-1 (6.9 3 107 vp per ml), and HSV-2 (6.6 3 107 vp per
ml) were incubated with or without each of FX (100 nM),
FVIIa (1 nM), and Ca21 (2 mM) for 5 min at room temper-
ature. FVa (3 nM) and prothrombin (1.4 mM) were then
added, and the reaction mixture was incubated for a further 25
min. Thrombin generation was measured by using the chro-
mogenic substrate S-2238. The complete reaction mixture was
taken as 100% activity. To determine whether TF was involved
in the generation of FXa activity by viruses, CMV, HSV-1, and
HSV-2 were preincubated with the inhibitory anti-TF mAb (40
mgyml; American Diagnostica, Greenwich, CT, product 4508)
or nonimmune mouse IgG (Sigma) at 4°C for 2 hr.

Electrophoretic Detection of FX Activation. 125I-labeled FX
(100 nM) was incubated with CMV (1.4 3 108 vp per ml),
HSV-1 (6.9 3 107 vp per ml), or HSV-2 (6.6 3 107 vp per ml)
or without virus in the presence of combinations of FVIIa (1
nM) and Ca21 (2 mM) at 37°C for 30 min. The amount of virus
was chosen to produce comparable amounts of FX activation
based on the chromogenic assay. The reaction mixtures were
then subjected to SDSyPAGE using a 12% polyacrylamide gel
under reducing conditions (34). The electrophoretic pattern of

FX under each condition was visualized by autoradiography on
Kodak X-Omat film.

Flow Cytometry. Before analysis by flow cytometry, purified
CMV, HSV-1, and HSV-2 were inactivated for 1 hr on ice at
a distance of 5 cm from a UV germicidal lamp (GE 030T8, 30
W). UV inactivation was confirmed by plaque assay (30).
Three methods were used to ensure the identity of virus
particles detected by flow cytometry. (i) Microspheres (0.1
mm; Fluospheres, Molecular Probes) were used to define the
boundaries of forward scattering expected for the similarly
sized virus particles. (ii) Various concentrations of purified
virions were tested to indicate the location of the virions on the
side vs. forward scatter dot plot relative to background. (iii)
CMV was directly detected by binding of f luorescein-
conjugated glycoprotein B-specific (CMVB-1) mAb (B. Bro-
deur, Laboratory Centre for Disease Control, Ottawa). These
procedures showed that the side-to-side scatter pattern was
relatively homogenous, which allowed us to collect data un-
gated for all f low cytometry.

To detect proPL, UV-inactivated CMV (2.3 3 108 vp),
HSV-1 (1.3 3 107 vp), and HSV-2 (5.3 3 106 vp) were
incubated with AnV-F (0.35 mM) in the presence of Ca21 (5
mM) or as a negative control in EDTA (5 mM). After
incubation for 1 hr at room temperature, samples were diluted
to 500 ml in the appropriate Ca21- or EDTA-containing Hepes
(20 mM)yNaCl (150 mM), pH 7.4 (HBS). Data were imme-
diately acquired by using a Becton Dickinson flow cytometer
and analyzed by using LYSYS II software.

For TF detection, UV-inactivated CMV (4.1 3 107 vp),
HSV-1 (8.0 3 107 vp), and HSV-2 (7.7 3 107 vp) were
incubated for 1 hr at room temperature with either anti-TF
mAb (American Diagnostica, product 4503) at a dilution of
1:28, 1:12, or 1:24, respectively, or the same amount of
nonimmune mouse IgG (Cappell) as a negative control. Bound
primary antibody was detected by incubation with goat anti-
mouse IgG R-phycoerythrin-conjugated secondary antibody
(Molecular Probes) at a dilution of 1:110, 1:55, or 1:180,
respectively, for 1 hr at room temperature. The samples were
then diluted in 1 ml of filtered HBS, and the data were
acquired immediately after dilution by using an Epics XL flow
cytometer (Coulter) and analyzed by using FACSOLV software.

Electron Microscopy. For detection of proPL and direct
FVa binding, virions were incubated with FVa at a final
concentration of 50 ngyml for 30 min at 4°C. The virus was then
adsorbed onto carbonyFormvar-coated grids in HBSy2 mM
Ca21 (HBSyCa). After washing five times with HBSyCay0.1%
fish gelatin, the grids were treated with anti-FVa-heavy-
subunit mAb (Haematologic Technologies, AHV-5146) or, as
a negative control, with anti-actin mAb (Sigma, A-2547), both
at 50 ngyml for 45 min at 22°C. Washing was repeated,
followed by incubation with 10-nm gold-conjugated secondary
antibody (goat anti-mouse IgG; Sigma) at 100 ngyml for 45 min
at 22°C and another round of washing. Negative staining was
then conducted as described (29, 30).

Virions were evaluated for endogenous TF antigen by
immunogold staining with a TF-specific primary mAb (Amer-
ican Diagnostica, product 4503) and 10-nm gold-conjugated
secondary antibody (goat anti-mouse IgG; Sigma), as de-
scribed (29, 30).

RESULTS

Procoagulant Phospholipid on Herpesviruses. Previous
studies from our laboratory showed that proPL exists on the
surface of CMV (29). To determine whether other herpesvi-
ruses also exhibit proPL activity on their surface, HSV-1 and
HSV-2 were evaluated. By using proPL-dependent tilt clotting
assays, CMV, HSV-1, and HSV-2 were included as the sole
source of phospholipid. All three viruses were observed to
reduce the clotting time of FX-deficient or combined FX- and

Biochemistry: Sutherland et al. Proc. Natl. Acad. Sci. USA 94 (1997) 13511
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FVII-deficient plasma by at least 30 sec. These experiments
demonstrated that the HSVs had considerably more apparent
proPL activity than CMV per virion (CMV, 0.23 6 0.01 mM
PS per 108 vp; HSV-1, 2.4 6 0.1 mM PS per 108 vp; HSV-2,
9.1 6 1.4 mM PS per 108 vp; n 5 3).

A second functional method was used to further support the
presence of proPL on the three enveloped viruses. In this
system, virus was again added as the source of proPL but
prothrombinase was assembled on the virions by using purified
FXa and FVa with purified prothrombin as substrate. The
addition of each virus resulted in chromogenic substrate
cleavage, corresponding to thrombin generation. This method
confirmed that all three viruses have accessible proPL activity
(CMV, 0.48 6 0.36 nM PS per 108 vp; HSV-1, 287.1 6 70.8 nM
PS per 108 vp; HSV-2, 194.4 6 58.1 nM PS per 108 vp; n 5 4).
Although the presence of proPL for each virus type was clear
and was at least comparable to that expected for activated
platelets (29), the two assay methods reproducibly gave dif-
ferent quantitative results. These differences may have arisen
from an as yet unidentified component(s) in plasma that
influences the apparent proPL activity.

After obtaining functional evidence, a physical demonstra-
tion of proPL on the virus was obtained by flow cytometry
using AnV-F, which is known to bind anionic phospholipid in
a Ca21-dependent manner (35–37). Fig. 1A shows that all
particles present in the CMV, HSV-1, and HSV-2 preparations
could specifically bind AnV-F in the presence of Ca21, but not
when a chelator (EDTA) was included as a negative control.
Chelation had no significant effect on the side-to-side scatter
pattern of any virus preparation. Therefore, the demonstrated
proPL activity was associated with the virus particles and not
due to the potentially copurifying cellular debris (found to
represent ,10% of all particles observed by electron micros-
copy). It should be noted that a number of particles were
accumulated at a value of 104 on the x-axis channel axis for the
CMV and HSV-1 samples containing Ca21 (data not shown).

The flow cytometry data were corroborated by immunogold
electron microscopy (Fig. 1B) using exogenous FVa and a
FVa-heavy-subunit-specific mAb to probe for proPL. The
electron-dense spots indicate the recognition of FVa on the
virus. Both lysed (‘‘fried-egg’’ shaped) and intact (spherical)

virus particles were found to bind FVa, whereas no positive
particles were found in control experiments using a nonim-
mune primary antibody. Endogenous FVyVa was not detect-
able (data not shown). Combined with our earlier electron
microscopy demonstrating FXa binding to CMV (29), the
current data provide convincing evidence that both prothrom-
binase constituents can assemble directly on virus particles.

Activation of FX on Herpesviruses. After establishing that
proPL is available on CMV, HSV-1, and HSV-2, we next
determined whether they also have constituents that can
facilitate FX activation. To do so, each virus type was incu-
bated with purified FX and either FX-deficient or combined
FX- and FVII (the precursor of FVIIa)-deficient plasma and
evaluated for clotting times. No detectable FXa activity was
generated when the FXyFVII-deficient plasma was used (data
not shown). In contrast, significant FXa activity was produced
when FVII was present in the plasma (CMV, 25.2 6 4.5 nM
FXa per 108 vp; HSV-1, 74.7 6 6.6 nM FXa per 108 vp; HSV-2,
185.5 6 85.4 nM FXa per 108 vp; n 5 5). The large difference
between these viruses in proPL and FXa-generating activity
may provide an explanation for why thrombotic lesions are
observed with HSV but not for CMV infection (20, 22).

To confirm that exogenous FX was being converted to FXa
in the clotting assay, FXa production was followed electro-
phoretically by using radioiodinated FX. As shown in Fig. 2, a
species was produced in the presence of CMV, HSV-1, or
HSV-2 and both FVIIa and Ca21 that corresponded exactly to
the FXa heavy subunit under reducing conditions. No detect-
able FXa band was visible when either virus, FVIIa, or Ca21

was absent, which is in agreement with the clotting assays.
The dependence on FVIIyVIIa for FXa generation in the

clotting and electrophoretic experiments is consistent with the
presence of TF on the virus. To further address this possibility,
an inhibitory TF-specific mAb was used. In this experiment,
purified FX, FVIIa, FVa, and prothrombin were sequentially
incubated with virus, and thrombin generation was evaluated
as a means to identify FX activation. This experiment (Fig. 3)
showed that the virus-dependent generation of FXa was
inhibited by anti-TF mAb (CMV, 70%; HSV-1, 40%; HSV-2,
35% inhibition). Higher concentrations of antibody did not
increase the extent of inhibition (data not shown). The addi-
tion of nonimmune mouse IgG to the positive control (no
mAb) also had no effect on FXa generation. Further control
experiments showed that this assay was dependent on added
Ca21, FVIIa, FX, FVa, and prothrombin and that no endog-
enous FXyXa activity on any of the three viruses was present
(data not shown). These combined functional observations
suggest a contribution of TF in the activation of FX by CMV,
HSV-1, and HSV-2.

To provide direct evidence that the TF activity is associated
with the virus, f low cytometry was conducted. As depicted by

FIG. 1. Demonstration of proPL on herpesviruses. (A) Flow
cytometry to detect f luorescein-conjugated AnV binding to viral
particles in the presence (AnV-F) or absence (control) of Ca21. (B)
Immunogold electron microscopy to detect FVa binding to viral
particles with a specific mAb (anti-FV) or nonimmune IgG (control)
as primary antibodies and goat anti-mouse IgG-conjugated to gold as
the secondary antibody.

FIG. 2. Herpesvirus-dependent proteolytic activation of FX.
125I-FX was incubated with CMV, HSV-1, or HSV-2 or without virus
in the presence of combinations of FVIIa and Ca21. The reaction
mixtures were then subjected to reduced SDSyPAGE and the elec-
trophoretic pattern of the 125I-FX under each condition was visualized
by autoradiography on Kodak X-Omat film. The position of the FX
heavy (FXH), FXa heavy (FXaH), and the FXyXa light (FXyXaL)
subunits are shown. Lanes: 1, 125I-FX, virus, FVIIa, and Ca21; 2,
125I-FX, FVIIa, and Ca21; 3, 125I-FX, virus, and Ca21; 4, 125I-FX, virus,
and FVIIa.

13512 Biochemistry: Sutherland et al. Proc. Natl. Acad. Sci. USA 94 (1997)
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the histograms in Fig. 4A, 94% of CMV, 88% of HSV-1, and
84% of HSV-2 particles were indeed recognized by the anti-TF
mAb. These data demonstrate the presence of TF antigen on
virus particles. Substantiating evidence was obtained by im-
munogold electron microscopy (Fig. 4B), in which the elec-
tron-dense gold particles identify specific interactions between
the anti-TF mAb and each virus type. As a negative control,
no gold staining was observed when an identical amount of
anti-actin mAb was substituted for the primary anti-TF mAb.

DISCUSSION

Many types of virus, including herpesviruses, are covered by a
membrane that functions in early stages of infection by con-

tributing components necessary for host cell entry (38) and for
evasion of the immune system (39). This envelope contains
proteins that are encoded by both the virus and host genomes,
with a phospholipid component derived solely from the host
cell. Under normal resting conditions, cells actively maintain
an asymmetric phospholipid distribution with proPL located
on the inner side of the lipid bilayer (5, 40). Thus, membrane
sidedness acts as an important hemostatic barrier that limits
the exposure of proPL to sites of vascular damage, where it is
‘‘f lipped’’ to the surface. In a previous study (29), we demon-
strated that the CMV envelope has proPL on its surface and
consequently circumvents an important cellular hemostatic
control. Through the use of clotting and chromogenic assays,
f low cytometry, and electron microscopy, the current study
extends this finding to include both HSV-1 and HSV-2 as
having accessible proPL.

Although the three viruses that we evaluated in this report
are from the herpesvirus family, it is conceivable that acces-
sible proPL is a ubiquitous characteristic of enveloped viruses.
In fact it has been shown that HIV type 1 and type 2, vesicular
stomatitis virus, extracellular autographa californica nuclear
polyhedrosis virus, and HSV have a higher proportion of PS in
their envelope than the host cell membrane (41–44). There is
further evidence in the literature that identifies a role for PS
and PS-binding proteins in hepatitis B, influenza A and B,
hemorrhagic septicemia virus, sendai virus, vesicular stomatitis
virus, rubella virus, sindbus virus, vaccinia virus, and CMV
infection (44–51). Therefore, our observation that CMV,
HSV-1, and HSV-2 can assemble prothrombinase on their
surface may be a consequence of a distinct function for proPL
in the infection process. In this regard, we have identified a
specific role for proPL as an anchor for the PS-binding protein
annexin II, which is a CMV receptor (30, 52, 53). However, no
analogous function has yet been identified for either HSV-1 or
HSV-2.

To initiate thrombin production, proPL and a mechanism to
convert FX to FXa must become available to the circulating
plasma coagulation proteins. Under normal physiological con-
ditions, the first FXa molecules are made by the TFyFVIIa
tenase (54). Both HSV-1 and CMV have been demonstrated
to enhance TF expression on host endothelial cells (12, 55).
Similarly, experiments using UV-inactivated viruses revealed
an increase in TF activity on the cultured cells we used to
propagate viruses (data not shown). Therefore, we speculated
that TF produced in response to infection may be routed to the
virus particle when the envelope is formed. We now report that
all three viruses can participate in the activation of FX, as
concluded from clotting, electrophoretic, and chromogenic
data. For each, the activation of FX was dependent on Ca21

and FVIIa, which suggested the presence of a TF-like constit-
uent on the virus surface. By using a mAb raised to TF, we
demonstrated by flow cytometry and electron microscopy that
TF antigen is present on virions. Furthermore, we found that
a different TF mAb inhibited the virus-dependent generation
of FXa.

The data presented herein cumulatively demonstrate that
CMV, HSV-1, and HSV-2 possess the molecular machinery
necessary to initiate thrombin generation on their envelope
surface. This activity involves endogenous proPL, to facilitate
coagulation enzyme-cofactor-substrate complex assembly, and
a species functionally and antigenically identical to TF, which
participates in FX activation. Because neither the CMV nor
HSV genome encode a TF homologue, it must be acquired
along with proPL from the host cell during virus envelope
formation. Additional components on the virus may contrib-
ute to thrombin production. One example is the HSV-1-
encoded glycoprotein C that has been shown to accelerate FX
activation when expressed on the surface of an infected
endothelial cell (15). The purified virus is known to have
glycoprotein C on its surface (39). Whether it can function like

FIG. 3. Inhibition of herpesvirus-dependent FX activation with
anti-TF mAb. (Bars A) CMV, HSV-1, and HSV-2 were preincubated
for 2 hr in buffer and then with FX, FVIIa, and Ca21 for 5 min at room
temperature. FVa and prothrombin were then added and the reaction
mixture incubated for a further 25 min. Thrombin generation was
measured by using the chromogenic substrate S-2238 and calculated as
100% activity. (Bars B) As for bars A but viruses were preincubated
for 2 hr with an inhibitory anti-TF mAb (American Diagnostica,
product 4508). (Bars C) As for bars A but no virus (n 5 9). Bars: solid,
CMV; open, HSV-1; shaded, HSV-2.

FIG. 4. Demonstration of TF on herpesviruses. (A) Flow cytom-
etry to detect the binding of a TF-specific mAb (anti-TF) or nonim-
mune IgG (control) to viral particles using goat anti-mouse IgG
conjugated to phycoerythrin as a secondary antibody. (B) Immuno-
gold electron microscopy to detect the binding of TF-specific mAb
(anti-TF) or nonimmune IgG (control) to viral particles, with goat
anti-mouse IgG conjugated to gold as the secondary antibody.

Biochemistry: Sutherland et al. Proc. Natl. Acad. Sci. USA 94 (1997) 13513
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the cellular form within a tenase has not yet been determined
but provides a possible explanation for the incomplete inhi-
bition of FXa generation observed by using the anti-TF mAb.
The fact that we did not observe direct FXa generation by virus
alone in our electrophoresis experiment suggests that the
activity not inhibited by the TF antibody may be dependent on
FVIIa.

The ability of viruses to convert resting cells from an
anticoagulant to a procoagulant state is not unique to
herpesviruses. Measles virus, murine hepatitis virus, and
avian hemangioma retrovirus also cause host cells to become
thrombogenic (49, 56, 57). It is therefore compelling to
consider that virus infection in general may manifest certain
procoagulant effects. Because thrombin is a potent cell
modulator, viruses may have evolved to directly produce
thrombin as a way to signal host cells during infection.
Herpesviruses and thrombin have been shown to trigger
similar intra- and extracellular events that are attributed to
G protein-coupled receptor perturbation (58, 59). Reper-
cussions of endothelial cell signaling by herpesviruses or
thrombin include increases in tissue factor expression (14,
55), platelet binding (11), and monocyte adhesion (60).
These characteristics give rise to a procoagulant and proin-
f lammatory phenotype, which are contributing factors in
atherogenesis (12, 61, 62). Our current data suggest that the
production of thrombin on virus attached to the host cell
surface may, therefore, be an initiating event in the vascular
pathology mediated by herpesviruses.
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