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ABSTRACT

Herpesviruses are highly prevalent human pathogens that have the ability to
form life-long latent infection in host cells. The persistent reinjury of vessels upon
virus reactivation has been suggested to link infection to vascular disease. The goal
of this study was to determine the mechanism and role of early initiating events in
virus-mediated vasculopathy. We now report that these events are mediated
through the expression of tissue factor (TF) and a previously unknown mechanism,
that both function in the acceleration of factor Vila (FVlla)-dependent activation of
factor X (FX) to FXa. The current study identifies herpes simplex virus type 1
(HSV1)-encoded glycoprotein C (gC) as a novel second independent FX activating
pathway on the virus surface. Using specific chromogenic assays, an HSV1 gC-
deficient virus invariably generated 5 fold less FXa per particle than either wild type
or gC-rescued strains. The direct involvement of gC was confirmed using purified
recombinant gC, which enhanced FXa production, and like TF, was dependent on
FVlla, Ca®" and anionic phospholipid. Differential inhibition of gC-competent and -
deficient strains by an anti-TF antibody confirmed simultaneous and independent
TF- and gC-dependent FX activating mechanisms on the virus. Hypothesizing that
cell signaling by thrombin, the final coagulation protease, may be advantageous to
the virus, the effect on Herpesvirus infection was assessed. Using plague formation
assays, a thrombin specific inhibitor, hirudin, was shown to atienuate the serum-

dependent increase in infection, demonstrating the importance of virus initiated



thrombin production. In agreement, the addition of purified thrombin resulted in an
approximate 60-80% increase in infectious events. The same enhancement was
facilitated by incubation with a protease activated receptor 1 (PAR1) agonist, TRAP,
indicating the effect is mediated through at least PAR1 on the cell surface. Using
western blot analysis and chromogenic assays, individual variations in thrombogenic
potential associated with each Herpesvirus was also determined and correlated with
well-documented clinical observations. Cumulatively, these observations illustrate
that Herpesviruses have evolved strategies to mimic and exploit host proteins to
generate haemostatic cell signaling enzymes that may ultimately lead to the

increased susceptibility of cells to infection and perturbation of the vasculature.
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Blood coagulation involves a biclogical amplification system in which there is
sequential activation by proteolysis of circulating precursor enzymes and cofactors.
The ultimate result is the local generation of thrombin, which is responsible for the
deposition of an insoluble fibrin network and modulation of cells "%, Operation of
this enzyme cascade requires the recruitment and local concentration of circulating
coagulation factors. Blood contains all the necessary ingredients to form a clot,
lacking only the triggering mechanism that is supplied by initiator molecules at the
site of vascular injury. Coagulation is initiated when the celis of the sub-endothelium
become exposed, allowing plasma clotting factors to come into contact with
procoagulant phospholipid (proPL) and tissue factor (TF). Once available, the
former provides a surface on which the activation of coagulation enzymes occurs,
while the latter is an initiating cofactor. The accessibility of both proPL and TF is
highly regulated and occurs only at sites of vascular damage, preventing the
possible development of occlusive thrombi. This also ensures that the haemostatic
balance between coagulation and the converse process, fibrinolysis, is maintained.

Herpesviruses such as herpes simplex virus type 1 (HSV1) and type 2
(HSV2) and cytomegalovirus (CMV) are highly prevalent human pathogens that
have the ability to form life-long infections. These viruses are known to transform
endothelial cells, from a resting noncoagulant to a procoagulant form and

consequently these viruses have been linked to vascular disease. Reactivation of



the latent virus and expression of viral gene products have been postulated to be
initiating factors in persistent vessel reinjury Ieading to atherosclerosis. Interestingly,
many of the changes to the cell caused by these viruses can be atiributed fo the
production of thrombin at the cell surface.

While the ability of Herpesviruses to alter the thrombogenic and atherogenic
state of host cells has been well documented, the initial participation of virus in
these processes prior to host cell entry has not been studied. The purpose of this
thesis is to investigate surface constituents of HSVj that may participate in the cell-
independent initiation of coagulation and determine the contribution of subsevquen’t

thrombin production in Herpesvirus infection and vascular disease.

1.2 NORMAL THROMBIN PRODUCTION
1.2.1 Procoagulant Phospholipid

The plasma membrane that forms a physical barrier between the intra- and
extracellular space plays an important role in maintaining the integrity of the cell.
Most biological membranes actively maintain an asymmetric distribution of the
phospholipid by shuttling specific phospholipid between the two leaflets of the
membrane bilayer. This tight regulation is facilitated by the concerted actions of
three different enzyme systems: an aminophospholipid translocase that directs the
inward movement of amino-containing phospholipid; a floppase that controls the
outward transport of phospholipid with little specificity; and a lipid scramblase, which

facilitates the bi-directional movement of all phospholipid classes across the bilayer



1825 gince this is a highly controlled energy-requiring cellular process, the loss of
membrane asymmetry is an important physiological trigger that functions in
haemostasis and other important processes '°%°.

Once a cell becomes damaged or is activated, the enzymatic control of
phospholipid asymmetry is lost. Vascular cells then become procoagulant through
the surface expression of procoagulant phospholipid (proPL), of which
phosphatidylserine (PS) is considered to be the most important ***1%22% ynder
normal resting conditions, approximately 5% of the total PS contentis presentin the
outer monolayer 2*°, and is increased when cellular perturbation occurs. Platelets
represent a significant source of proPL that upon activation, express approximately
20% of the total PS directly on their surfaces %*°. The primary function of proPL
when it becomes exposed is to increase the reaction rate of coagulation enzymes.
This is achieved by: 1) concentration of the enzyme, cofactor and substrate by
recruitment of clotting proteins from the circulating blood 2""%%'%; 2) correctly
assembling each protein component in an adeguate orientation for these reactions

to occur *2%7; 3) stabilizing the interaction with non-enzymatic cofactors *>12%18,

and 4) preventing the inactivation of enzymes by circulating anticoagulants *°.
Another important function of proPL is the localization of thrombin production

to sites of vascular injury. Under normal circumstances, uncontrolled thrombin

generation is prevented by the intracellular sequestration of proPL. When damage

oceurs, the exposure of the subendothelium or the release of cell agonists induces

a rearrangement of cell membrane phospholipids that results in a transbilayer "flip"



of proPL from the inner to the outer face of cells adjacent to the site of injury
9.19.20.136,189.172.220.258 = yothelial cells, activated platelets, and monocytes are the

most important physiological sources of proPL "#1#22%%,

1.2.2 Tissue Factor
1.2.2.1 Structure

Tissue factor (TF) consists of a 295 amino acid single polypeptide chain that
was originally cloned in 1987. The 47 kDa type 1 transmembrane giycoprotein
produced from the TF gene contains a 219 residue extended extracellular portion. A
distinguishing feature of this region is its arrangement into two fibronectin-like
domains that show structural and seqguence homology to the cytokine receptor

175,224

family . A membrane spanning region and a short cytoplasmic tail domain '

follows this large cell surface domain.

1.2.2.2 Expression

immunochistochemical studies have identified a selective distribution of TF in
normal tissues and constitutive expression of the protein has been shown in several
different cell types. In normal vessels, TF is synthesized at the subendothelial level
by smooth muscle cells and predominantly by fibroblasts that surround the vessel.
Therefore, disruption of the endothelial layer exposes TF to the circulating blood.
Most importantly, peripheral blood cells and those that line the endothelium do not

express TF activity under normal haemostatic conditions, permitting an anatomical



separation of TF from the blood and its circulating proteins. However, in response to
stimulation such as cytokines, endotoxins or injury, endothelial cells, monocytes,
smooth muscle cells and fibroblasts can express TF '"'72, The organization of the
TF promoter permits the gene to be regulated in an inducible (endothelial cell and
monocyte) and a constitutive (fibroblast and epithelial cell) manner, allowing for both
the basal and enhanced expression of TF following stimulation. This enhancement
of TF expression is mediated through AP-1, NF-kB and Egr-1 signaling pathways
with maximaly levels in human umbilical vien endothelial cells seen four hours
following stimulation '®"*%, The induction of surface bound active TF represents only
about 20% of the total cellular TF **'. The remainder of the TF was shown to be
present in an intracellular pool or as encrypted surface TF that may become

functional after damage "**'®.

1.2.2.3 Function

The main function of TF is to orchestrate the induction of the blood clotting
cascade, resulting from the initial activation of the closely homologous zymogen
precursors factor Vil (FVIID), factor IX (FIX) and factor X (FX) by limited proteolysis.
For this to occur, TF acts as the cellular receptor and cofactor for coagulation
protein FVHl and its activated form FVila and locks it in a position suitable for its
subsequent enzymatic activity '’®. The formation of the TF-FVila complex allows TF
to allosterically induce function to the FVlla protease domain for full catalytic activity

towards its substrates. TF alsc contributes to a remote macromolecular substrate



docking exosite created by an extended region of both TF and FVlla that is
important for subsequent FX binding and recognition 14555 Once FVilabindsto TF
it enhances the proteolytic activity of the bound protease several thousand fold due
to an increase in the ket and, in some cases, a decrease in ky. The TF-mediated
acceleration of FVlia substrate hydrolysis is achieved by enhancing the affinity of
the substrate for FVila rather than by altering the rates of any of the subsequent
catalytic steps '"°. Interestingly, previous studies have shown that all TF on the cell
membrane can bind FVila, despite the evidence that only a subpopulation
participates in the activation of coagulation FX "#. A novel alternatively spliced
soluble form of human tissue factor has recently been discovered that circulates in

the blood and has been suggested to be involved in thrombus growth *°,

4.2.3 Factor Vil
1.2.3.1 Structure

Factor VI (FVIl) is a 406 amino acid vitamin K-dependent glycoprotein
synthesized in the liver. Similar to other coagulation proteins, the FVil amino acid
sequence is arranged into discrete functional areas or domains. FVIi contains ten
glutamic acid residues located in the N-terminus of the molecule that are modified
posttranslationally to gamma carboxyglutamic acid (Gla). Interaction of the Gla
domain with Ca®* causes a conformational change in the molecule that exposes

novel epitopes important for its subsequent membrane binding activities. This area

is followed by two epidermal growth factor like domains (EGF) that are involved in



protein recognition and binding events. The EGF domains also act as a spacer

region to properly position the C-terminal trypsin-like serine protease domain **°.
Similar to the activation of other serine proteases, the conversion of the

single- to two-chain form of FVII occurs by cleavage of a single peptide between

52 _ 11e'%%. Activation results in the insertion of the new N-terminus into the

Arg
protease domain core, forming a salt bridge with an aspartate side chain adjacent to
the active site. This interaction modifies the enzyme’s substrate binding pocket for
optimal substrate accommodation. However, there is evidence that the FVila N-
terminal insertion does not take place, or there is only partial occupancy in the
absence of TF °". It is hypothesized that the binding of FVlla to TF further stabilizes
this insertion and therefore promotes its protease activity. In the crystal structure of
active site-inhibited FVIla this N-terminal insertion is seen '®', however it is most
likely due to active site occupancy needed for crystallization.

In plasma, the vast majority of the 50 kDa FVIil molecule is in the single chain
inactive zymogen form while normal individuals have been found to have about 1%
or less of the total FVII in the two chain activated FVila form "' Activation of FVII
results in the formation of a 20 kDa light chain and a 30 kDa heavy chain that
contain the amino- and carboxy-terminal ends of the parent molecule respectively. A
number of coagulation proteases have been shown in vifro to activate FVIi including
factor IXa (FIXa), factor Xa (FXa), factor Xlla, thrombin and the TF-FVlla complex

itself. However, the predominant physiological FVII activator has been shown to be

membrane bound FXa *. Any plasma FVlla that is not complexed to TF most likely



escapes inhibition by the natural inhibitors present in blood due its low enzymatic

activity in the absence of TF.

4.2.3.2 Function

FVllais an extremely weak serine protease on its own since when not bound
o | TF it has unique sequence characteristics that retain its zymogen-like
conformation '"®. This is evident in the ability to chemically modify the N-terminai lie,
indicating that the salt-bridge needed for full enzymatic activity is not formed .
Additionally, a conformational sensitive antibody to the same N-terminus region has
increased binding to free FVIl and FVlla compared to TF-FViia, suggesting residual
zymogen-like features in FVlla ' However, once bound to TF, its enzymatic activity
is greatly enhanced. This occurs through changes in the surface and high-affinity
Ca** binding loop regions of FVlla that are rearranged upon TF binding as well as
reregistration of a beta strand that runs between the TF binding region and the N-
terminal insertion site "7%?'%%° The movement that arises upon TF binding allows
full insertion and salt-bridge formation of the N-terminus and completes the
fransition to the fully active form of FVlla.

The major function of FVlla is the proteolytic conversion of coagulation FX to
its active form FXa, as depicted in Figure 1, resulting in the initiation of the
coagulation cascade. Since TF is an integral membrane protein, the TF-Vila

complex is always tethered to the membrane surface and ensures that the



Figure 1 Initiation of coagulation. Under normal flow conditions,
tissue factor (TF) and procoagulant phospholipid (proPL, yellow polar
head groups) are sequestered inside the cell, away from circulating
blood proteins. Upon injury or stimulus, these initiator molecules are
exposed on the cell surface. TF can then act as the obligate receptor
for factor FVlla (FVlla) and through interactions with proPL recruit factor
X (FX) to the precise site where coagulation is to occur. This complex
then enhances the FVliia-dependent proteolytic cleavage of FX to its
active form, FXa. Following activation, FXa stays associated with TF-
FVlia prior to its release and subsequent use in thrombin generation.
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coagulation cascade is activated only where it is needed at sites of vascular injury.
Recent evidence also suggests that FVlia can participate in the activation of a
number of intracellular pathways that result in cell proliferation and new gene
expression. This may occur through either the mobilization of Ca®" from intracellular

%2 or the induction of tyrosine phosphorylation of intracellular proteins

stores
138213234 Ajso important is the emerging role of TF-FVila in angiogenesis,
vascularization and tumor metastasis ****'*’. Therefore the generation of the TF-

FVila complex is an important link between the initiation of coagulation and cell

signaling.

1.2.4 Factor X
1.2.4.1 Structure

Factor X (FX) circulates in plasma as an inactive zymogen composed of a 16
kDa light bhain and a 42 kDa heavy chain that are linked by a disulfide bond. The
light chain contains the Gla similar to FVIi that functions in proPL binding while the
heavy chain contains the catalytic domain and functions in substrate and cofactor
binding. To be functional in coagulation, FX must be converted to an active form,

52 1153

factor Xa (FXa), through cleavage of the Arg of the carboxy terminal heavy

chain and subsequent release of a 52 amino acid activation fragment.

1.2.4.2 Activation

Several complexes that convert FX to FXa are known. The FX-activating

10



complex responsible for initiation of the coagulation pathway consists of the serine
protease FVIia bound to its specific cofactor TF ' (Figure 1). In complex with TF-
FVlla, the scissile bond of FX is presented to the active site of FVila and cleaved to
generate the first FXa molecules. Once formed, the affinity of FXa for TF-Vlla is
reduced compared to FX ' and a ternary TF-FVila-FXa complex exists prior to the
dissociation of FXa to participate in thrombin production. As with other coagulation
zymogens, FX contains exosites that are away from the active site but required for
the productive docking between enzyme and substrates and are responsible for its
specific recognition by the TF-FViia complex *'**?, The Gla domain of FX has been
shown fo provide critical membrane binding activity in addition to interactions with
an extended binding site in the C-terminal region of TF and the Gla domain of FVila
5051 additional interactions involving the protease domain of FX are with an exosite
in the FVlla protease domain. Studies using mutated TF and synthetic peptides
towards a putative FX recognition site have shown that residues 157 to 185
participate in FX binding and are thought to be on the exposed surface of the TF
molecule "% The normal initiation of thrombin production is triggered by vascular
damage and is strictly limited to neighboring cells where TF and proPL become
accessible to plasma clotting factors. Based on Work using model vesicles, the TF-
FViia interaction and cofactor activity of TF were shown to be phospholipid
independent % However, the association of FX with PS-containing vesicles was

observed to enhance the overall Vqax Of the reaction with a modest decrease in Ky,

117

11



The physiological regulator of TF is the 32 kDa TF pathway inhibitor (TFPI)
that, once synthesized by megakaryocytes and endothelial cells, circulates in the
plasma in association with lipoproteins. TFPI contains an acidic amino terminal
region followed by three Kunitz inhibitor domains and a basic carboxy terminal. The
presence of multiple Kunitz domains, two of which can simultaneously bind to the
active site of FVlia and FXa, is important for the regulation of coagulation. In order
for TF inhibition to occur, TFP! first binds to FXa. Once the TFPI-FXa complex
forms, it binds with higher affinity to TF-FVlia than does the TFPI mblecule alone,
resulting in the formation of a fully inhibited tetramolecular complex comprised of
TF-FVila-TFPI-FXa %,

While the TF-FVlla complex is considered the initiating tenase, a second
enzyme complex is required for the amplification of the coagulation pathway. The
second tenase is composed of the protease FIXa, its specific cofactor factor Villa
(FVlila), and proPL. To become functional, FViila must first be cleaved from its

“inactive precursor form, factor VI, which results in its release from von Willebrand
factor. The initial generation of FVllla is mediated by FXa, but is more efficiently
generated by thrombin. The platelet membrane is the most important source of
proPL and serves as a Ca”-dependent assembly point for tenase complexes 8,

Important o the current research is that a tenase cofactor encoded by the

HSV-1 genome has been identified >

. When expressed on the surface of infected
endothelial cells, the 120 kDa HSV-1 encoded glycoprotein C (gC) has been shown

to bind and activate FX through an unknown mechanism. gC also exists on the virus
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surface and has been shown to participate in the initial HSV-host cell interaction 217

and in the evasion of complement-mediated immune clearance % It has also been
speculated that gC is responsible for residual non-TF-induced thrombin generation

directly on the surface of HSV *'®,

1.2.5 Prothrombin
1.2.5.1 Structure

Prothrombin consists of a single polypeptide chain that upon proteolysis is
activated to the potent cell modulator thrombin. During the activation by the
prothrombinase enzyme complex, prothrombin is cleaved at Arg®*-Thr*™* and at
Arg*?®-Ser* to yield the proPL-binding Gla-domain pro fragment, and thrombin
respectively. The active thrombin molecule that is released is composed of a
covalently bound amino terminal "A" chain (6 kDa) and a carboxy terminal "B" chain
(31 kDa) which contains the histidine, aspartic acid and serine residues that form

the catalytic triad common to the active site of all serine proteases.

1.2.5.2 Activation

The principal role of FXa is to activate prothrombin to thrombin. For this to
occur, FXa must first associate with the cofactor factor Va (FVa) and proPL in the
presence of Ca®" (Figure 2) to form the prothrombinase complex. Although FXa can
activate prothrombin on its own, the catalytic efficiency for prothrombin activation is

increased by approximately 300,000 fold when FXa is incorporated into the
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Figure 2 Thrombin generation. The principle function of factor Xa
(FXa) is the formation of the prothrombinase enzyme complex. This
occurs when FXa combines with its cofactor, factor Va (FVva) through
procoagulant phospholipid (vellow polar head groups) interactions on a
cell surface. Prothrombin (FIl) then binds and is proteolytically cleaved
by FXa, resulting in the generation and release of the active thrombin
molecule.
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118,184

prothrombinase complex . The assembly of prothrombinase involves

interactions between FXa and FVa '®* Fva and a proPL-containing membrane;

118,163

and, FXa and a proPL-containing membrane , each having an element of

Ca®*-dependence '>'20 181193182 | ike FVilla, FVa circulates as the inactive precursor
factor V (FV) and is proteolytically activated by thrombin or FXa 1385,

Classically, the role of FVa in the prothrombinase complex was thought to be
perturbation of the catalytic site of FXa that resulted in increased enzymatic activity.
However, recent evidence suggests that FVa contributes to the enhanced catalytic
activation of prothrombin by interacting with exosites on FXa to enhance the binding
of the substrate to prothrombinase ">'"°. The specific interactions between the
enzyme and prothrombin are mediated by contacts between these exosites and
substrate sites that are distinct from the structures that surround the scissile bond to
be cleaved. Therefore, specificity between an enzyme and the substrate it cleaves

are not merely due to interactions at the site of cleavage but are dominated by

exosite interaction 2*2.

1.2.6 Thrombin

Thrombin is the final enzyme produced in the blood coagulation cascade. It is
responsible for the generation of insoluble fibrin clot and feedback-amplification of
coagulation enzyme activity. The latter is parily accomplished through rapid
activation of the procofactors FVIll and FV. Of equal physiological significance is the

ability for thrombin to function as a very potent cell modulator that can induce
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important intracellular and extracellular regulatory processes °""""*%. Thrombin is
able to stimulate 1) platelets to express proPL and secrete cell agonists 124’143;:2) the
endothelial cell exposure of proPL, TF and secrete platelet activating factor
62:81.140.174203.228. oy the leucocyte induced expression of TF and proPL and to
facilitate inflammation '°'%%%*. and 4) smooth muscle cells to express TF and
proliferate after treatment at very low concentrations *>'*°. Thrombin also has an

important role in the anticoagulant pathway by activating protein C % and has been

demonstrated to be involved in the regulation of fibrinolysis 2.

1.2.7 Protease activated receptors

The main pathway of thrombin induced cell signaling is through protease-
activated receptors (PARs). PARs belong to a unique group of G-protein-coupled
receptors (GPCR) of which there is currently four known members, PAR-1, -2, -3
and -4. The primary function of PARs is the conversion of an extracellular proteolytic
cleavage into a transmembrane signal. PARs are unique from other GPCRs in that
they have an unusual mechanism of activation since these receptors carry their own
activating ligands. Upon protease cleavage of the receptor, the newly unmasked N
terminus acts as a tethered ligand that binds and activates the cleaved receptor
molecule (Figure 3). The specificity of activation depends on the sequence of amino
acids that are revealed upon receplor cleavage. Interestingly, short synthetic
peptides corresponding to the decrypted N terminus can activate PARs without an

initial proteolytic event. After activation there is a conformation change in the
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Figure 3 Protease activated receptor activation. A) PAR1, the
prototypical member of the G-protein-coupled-receptor family, is
activated when thrombin cleaves its N-terminal domain at a specific
sequence. This cleavage unmasks a new N terminus that serves as a
tethered ligand, binding intramolecularly to the receptor fo cause a
transmembrane signal. B) Synthetic peptides that mimic the tethered
ligand can activate the receptor independent of protease and receptor
cleavage.
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receptor that is transmitted through the membrane and results in an interaction with
heterotrimeric G proteins and the transduction of a signaling cascade “*%%. In
humans, thrombin mediates its effects through cleavage of PAR 1, -3 and -4.
Interestingly, TF-Vila can activate the thrombin-insensitive PAR-2 while FXa has
been shown to activate PAR-1 and -2 *>'®"'®_Once activated, PARs are rapidly
uncoupled from signaling and internalized by phosphorylation-dependent
mechanisms. New PARs are then delivered to the surface from a preformed
intracellular pool or from new protein synthesis. Several lines of evidence suggest

that thrombin activation of PAR1 has an important role in initiating vascular

responses in thrombosis and atherosclerosis.

1.3 HERPESVIRUSES
1.3.1 General Characteristics

A typical Herpesvirus consists of a core containing the linear double-stranded
DNA genome. The DNA is then surrounded by a characteristic icosahedral capsid
that contains a highly ordered mixture of pentameric and hexameric protein
arrangements. Surrounding the capsid is an amorphous variably proteinaceous
layer known as the tegument that is finally enclosed by a phospholipid bilayer
envelope, derived solely from the host cell membranes to form a mature virus
particle. The envelope also contains virus-encoded glycoproteins as well as host cell
proteins that are acquired by the virus during egress from the infected cells. Also

common to each member of the Herpesviruses family is the observation that: 1) the
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virus encodes enzymes that are involved in DNA synthesis, nucleic acid metabolism
and processing of host and viral proteins; 2) progeny virus assembly occurs in {he
nucleus with subsequent envelopment through cellular membranes; 3) production of
infectious virus ultimately resuits in destruction of the cell; and 4) the virus can form

latent infections in their hosts "%,

1.3.2 Herpes Simplex Virus

Herpes simplex virus types 1 (HSV1) and type 2 (HSV2) are members of the
alpha herpesvirus family and have a short, rapid reproductive cycle (Figure 4) that
results in complete destruction of infected cells **'*®. The HSV genome has been
-estimated to encode approximately 75 gene products. During mature virion
formation, three types of virus particles may be produced. Although structurally
similar, viruses that differ in terms of 1) the presence of DNA; 2) the absence of
DNA,; and 3) the site of envelopment, may be produced. Therefore not all progeny
virus produced are infectious.

Herpes simplex virus infections occur worldwide, with humans as the only
natural reservoir. There are two distinct serotypes: HSV1, which is transmitted
mainly by contact with oral secretions; and HSV2, which is transmitted by contact
with genital secretions 249 After primary infection, the virus persists as an
asymptomatic latent infection. Upon reactivation, fever blisters are the most
common manifestation of HSV1, while recurrent genital lesions often follow HSV2

infection. HSV are highly prevalent human pathogens with 80-80% of the population
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Figure 4 Herpesvirus lifecycle. To initiate infection, the viral
glycoproteins interacts with cell surface proteoglycans. This is followed
by secondary interactions at the host cell surface that results in the
eventual fusion of the virus to the host cell. Following entry into the cell,
the virus is transported to the nucleus where DNA replication and
encapsidation occur. The virus then fravels through compartments in
the cytoplasm where a series of envelopment and maturation steps take
place. Finally, the progeny virus is released from the infected cell and
carries viral encoded proteins as well as proteins and phospholipid of
host cell origin.
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expressing antibodies to HSV1 by the age of 50, while 20% are positive for

antibodies to HSV2 by the same age *°.

1.3.2.1 Morphology
1.3.2.1.1 Nucleocapsid

The Herpesvirus nucleocapsid is a highly ordered structure consisting of
repeating pentameric and hexameric subunits ***?*°. The assembly of the capsid
proteins occurs in the nuclei of infected cells and coincides with replication of the
progeny viral DNA. Prior to completion, the viral DNA is inserted into the capsid. The
capsid then acquires an envelope by budding through the inner nuclear membrane;

however, the subsequent route of virus maturation and egress remains controversial

210

1.3.2.1.2 Tegument

The tegument is a non-structured protein layer located between the viral
capsid and the envelope that contains several proteins " which are the first to
interact with the host cell. These proteins are needed fo initiate the production of
new progeny viruses. In order to do so, tegument proteins control and shut off host

cell protein synthesis 212 induce transcription of the immediate early virus genes

132,156 I 230

and are involved in capsid trafficking within the cel

1.3.2.1.3 Envelope
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important to the present study is the envelope that surrounds the mature
virus particle. This outer layer of each Herpesvirus is composed of a phospholipid
bilayer that is solely derived from the host cell membranes. The definitive cellular
source of the viral membrane and sites of final envelopment remain unknown
58,142150.210 However, the virus has been shown to preferentially acquire certain

types of phospholipid %'

and expresses a higher level of proPL in its envelope than
any cell membrane that it potentially arises from. Equally important is the protein
component of the membrane that consists of glycoproteins encoded by the virus
genome and host cell proteins obtained upon egress from the cell. The unique

protein profile on the surface of Herpesviruses is important in virus-mediated

interactions with the host celis.

1.3.3 Cytomegalovirus

Another well-characterized and highly prevalent member of the Herpesvirus
family is cytomegalovirus (CMV). During the lytic cycle, this beta Herpesvirus 120
typically produces enlarged cells with intranuclear inclusions that are formed during
a long reproductive cycle after which the virus may become latent ""2%. The virus
contains a large genome that encodes greater than 200 gene products a1,
Morphologically, mature virions are the largest of the Herpesvirus family with an
average diameter of approximately 150-200 nm. In addition to mature virus two non-

infectious forms of CMV, which include dense bodies (DB) and non-infectious

enveloped particles (NIEP) may also be produced %,
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Evidence for CMV exposure is detectable in at least 50% of adult North
Americans. In normal individuals CMV infection is usually subclinical, although it has
been found to account for some mononucleosis-like symptoms ', Severe CMV-
related pathology occurs in patients ‘who are immunocompromised either
therapeutically (e.g. transplant and radiotherapy recipients) or biologically (e.g.
AIDS) %1% Disseminated CMV infection is a prevalent complication as a result of
this extreme immunodeficiency and increases the morbidity and mortality with

primary and recurrent infections.

1.3.4 Herpes Simplex Virus Glycoproteins
1.3.4.1 Function

The HSV1 genome encodes for several glycoproteins that are expressed on
the virus envelope as well as the infected cell surface. These proteins serve a
variety of functions that are important for productive virus infecfion, the roles of
which have been determined through viral deletion mutants '*°. Alternatively,
production and purification or transfection of these proteins into target cells has lead
to direct functional data. The glycoproteins are arranged independently on the virus
surface but are closely packed so that cross-linking between them can occur
8283188 yndividually, HSV1 surface glycoproteins are responsible for entry through
the initial weak interactions of glycoprotein B (gB) **'%%% with cell surface heparan
sulfate proteoglycan (HSP) followed by the higher affinity binding of glycoprotein D

121,152,204,240,244

(gD) to host cell surface receptor molecules . The glycoprotein H
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(gH)/glycoprotein L (gL) complex is responsible for virus spread by functioning in
cell-cell fusion, and with gB and gD, are absolutely required for HSV infectivity.
Deletion of any one of these four glycoproteins is lethal and results in production of
virus that binds but cannot penetrate into celis. Mechanisms that minimize viral
clearance are also mediated by glycoproteins through the manipulation of the host
cell immune response. This occurs through expression of gC, which protects the
virus from complement mediated attack by binding complement protein C3b
89.71.129131  agditionally, the formation of the glycoprotein E (gE)/glycoprotein | (gl)
complex, which binds to the Fc portion of IgG, prevents the antibody mediated

130,160 and is also involved in virus spread '%. Many of the

clearance of the virus
glycoproteins have overiapping functions and have been shown to be dispensable

in culture.

1.3.5 Glycoprotein C
1.3.5.1 Structure

HSV1 encoded glycoprotein C (gC) is a 511 amino acid protein that is
produced late in virus infection. When expressed on the virus or cell surface, the
protein contains a large external N terminal domain followed by the transmembrane
and short internal C terminus domains. The mature 120 kDa protein contains
multiple potential N- and O-linked carbohydrate attachment sites near the N
terminus ¥'. Although no definitive crystal structure exists, a model of the protein

tertiary structure has been constructed through determination of the disulfide bond
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196,197,225 A similar

arrangement and known discontiguous functional sites
arrangement of HSV2 gC is postulated since the two proteins have a high degree of

sequence homology and conserved spacing between critical functional residues e

1.3.5.2 Function
1.3.5.2.1 Attachment

gC is important in the infection process and has been implicated in the
binding of the virion to the host cell surface. This results from the initial contact of
gC and HSP that is mediated by a cluster of positively charged basic amino acids at
the N terminus of gC interacting with the negatively charged HSP moieties located
on the cell surface "% Also, using antibody, peptide and mutagenesis data,
additional residues critical for the gC-HSP interaction were localized in the central
portion of the gC molecule **°. These amino acids were mapped to one of the two
discontinuous antigenic sites in the protein previously shown to be reactive towards

host cell antibodies 2%, Al

though gC deficient viruses have been shown to bind
cells at a reduced capacity, this function is non essential in vifro and can be
mediated solely by gB. Interestingly, differences in the HSP-binding capacity of gC
from HSV1 and HSV2 have been shown and may partially explain differences in cell

. 73,22
tropism #7322,

1.3.5.2.2 Immune Evasion

Activation of the complement system serves as a major host defense
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mechanism that can lead to virus neutralization, phagocytosis and lysis of infected
cells. In order to minimize clearance, HSV1 has evolved a mechanism to evade this
immune response that relies on the ability of gC to bind complement protein C3.
The C3-binding region of gC that is responsible has been mapped tc four
noncontiguous regions within the central domain of gC *'*. The binding of gC to
C3 and its activation products, C3b, iC3b and C3c has been shown to result in the
acceleration of the decay of the alternative complement pathway C3 convertase "3,
Alternatively, the N terminal region of gC has been shown to disrupt the ability of
C3b to interact with properdin and C5 "*'%'%_ Both gC-mediated mechanisms
result in the down-regulation of the complement cascade by preventing the
formation of the membrane attack complex that eventually disrupts invading
pathogens 66.198 Although gC negative mutants are readily selected in vitro, study of
clinical isolates show that gC is conserved in vivo ?*"*'. A possible explanation is
that gC is a virulence factor that offers a survival advantage for HSV1 by interfering
with complement activation and subsequent clearance. Also important, HSV2 gC
has been shown to differ from HSV1 gC in its interaction with C3b and C5 %%,
suggesting that although homologous, the two glycoproteins may have diverged in

function.

1.3.5.2.3 FX Activation
Important to the current investigation, previous reports have suggested that

gC can function in FX activation. The original studies showed that when expressed
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on the surface of infected cells, gC could participate in FXa generation by an
unknown mechanism 2%. Using a cross-linking reagent, this group was able to show
that FX and gC are in close proximity on the cell surface and that FX could be
converted to FXa. Also, increased binding of FX to cells induced to express gC and
those infected with a gC-containing virus was seen when compared to non-induced
or cells infected with a gC-deficient virus. Similarly, increased adherence of
monocytes was noted in the same cell lines. In a subsequent study, the region of FX
that is involved in the interaction with gC was mapped using a series of overlapping
peptides and antibodies raised against these peptides. These results allowed the
authors to propose a model in which gC acts as a FX binding protein with the
subsequent conversion to FXa. The FXa that is produced can then function in the
proteolytic conversion of prothrombin to thrombin, and result in procoagulant and
atherosclerotic changes to the infected cell. However, no direct FX-gC binding data
were given and the role of the virus itself was not determined. Previous
chromogenic and antibody inhibition work from our lab showed that the virus itself
could sustain FX activation directly on its surface and suggested that this was in part
due to gC (Figure 5). The current work provides direct evidence for a role of HSV1

gC in FX activation.

1.4 HERPESVIRUSES IN VASCULAR DISEASE

1.4.1 Induction of Thrombogenic Changes to Host Cells
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Figure 5 Thrombin generation on Herpesviruses. HSV1
expresses procoagulant phospholipid (proPL, yellow head groups) and
tissue factor (TF) on its surface. Factor Vila (FVila)-dependent
activation of factor X (FX) to FXa can occur simultaneously and
independently through either the TF- or a gC-postulated mechanism
directly on the virus surface. FXa then combines with its cofactor, factor
Va (FVa) through proPL interactions on a virus surface and results in
the proteolytic cleavage of prothrombin (Fii) to the active thrombin
molecule.
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HSV 528325 and CMV #2229 are known fo convert resting vascular
endothelial cells from a noncoagulant to a procoagulant state. Various
thrombogenic changes have been identified in response to HSV that explain the
viral influence on cellular procoagulant activity. These include: expressionof TF 232,
expression of HSV-1 gC & and rearrangement of the membrane phospholipid 2.
The latter may result in the exposure of proPL on the cell surface allowing the more
efficient formation of coagulation enzyme complexes. Alternatively, HSV-induced
cellular changes that reduce the inherent anticoagulant properties of cells have also
been observed. Among these are: decreased prostacyclin secretion *, a platelet
activation inhibitor; reduced expression of thrombomodulin %2, a cofactor within the
orotein C-dependent anticoagulant pathway; and reduced synthesis of HSP '®, a
cofactor within the serpin-dependent anticoagulant pathway. Definitive molecular
changes in response to CMV infection that result in a procoagulant phenotype have
not been studied as extensively. Two possible changes due to CMV include the
secretion of VWF *' and rearrangement of the membrane phospholipid has been
reported 22 These factors therefore cause the haemostatic balance between the
thrombogenic and anticoagulant pathways associated with the cell to be altered by

the virus. The ultimate result in all cases is to favor and perpetuate thrombin

production.

1.4.2 Induction of Atherogenic Changes to Host Celis

Atherogenesis is believed to follow a response to endothelial injury, which
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exposes the underlying arterial smooth muscle cells to stimuli causing them to
proliferate  excessively. Considerable advancement has been made in
understanding circulating lipids and abnormal lipid metabolism, and their role in
atherosclerosis. However, additional causative agents are being proposed with
increasing attention is being focused on the cellular abnormalities of lesions in the
vascular wall that can promote the development of an atherosclerotic phenotype.

There are several lines of evidence that support a HSV and CMV link to
atherosclerosis: 1) HSV and CMV genetic material has been detected within the
endothelial and smooth muscle cells of atherosclerotic tissue 1747 788688.146147 9y 5
strong correlation of active CMV infection o an accelerated form of atherosclerosis
in immunosuppressed organ transplant recipients has been documented 68.94,95.248,
3) CMV infection has been shown to be a strong risk factor for restenosis after
angioplasty %%°%; and 4) CMV has been linked to vascular thickening '®.

Since aberrant smooth muscle cell proliferation and recruitment of
inflammatory cells are well documented features of atherosclerotic plague

100,147

development , the ability to promote the generation of thrombin as a cell

stimulant may link subclinical HSV or CMV infection to atherosclerosis *#4"4%1472%,
The virus-mediated generation of thrombin may also explain the observation of fibrin
deposits in the microvasculature of mucosal lesions caused by HSV "*'* and the
development of disseminated intravascular coagulation in neonates with severe

HSV infection . While the clinical data are arguably circumstantial, a distinct

cause-and-effect relationship was established in avian and rodent models where

30



viral infection induced atherosclerosis and thrombosis %%,

Important advancements have recently been made in understanding the
biochemical mechanisms connecting Herpesvirus exposure and the expression of
genes that have been incorporated into the host genome (i.e. latent infection) to
atherosclerosis. The first example involves the CMV gene product, IE84, which is
capable of associating with the tumor suppressor protein, p53, and inducing smooth

214 \Work from the same laboratories has also

muscle cell proliferation
demonstrated that the CMV gene product, IE72, triggers the synthesis and
expression of a "scavenger" receptor for oxidized low density lipoprotein (LDL)

deposition, which is an early event in atherosclerosis %8 The cumulative biochemical

evidence provides a molecular explanation for the clinical studies.

1.5 RATIONALE

A previous study from our laboratory demonstrated accessible proPL and TF
on the surface of purified HSV1, HSV2, and CMV 218 Through the combined
expression of these two cofactors molecules, the virus was able to circumvent the
normal host cell regulation of coagulation initiation and generate thrombin directly
on their surfaces (Figure 5). The ability of these viruses to bypass the normal control
mechanisms imposed by cells that restricts thrombin generation to the sites of
vascular injury provided initial biochemical evidence for the clinical observations of
thrombosis associated with these viruses. However, this study also suggested that

at least for HSV1, an additional virus-encoded protein might directly participate in
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FX activation. The evidence that the Herpesvirus membrane has specifically
developed as a procoagulant agent implies an advantage fo the virus that is
conferred by thrombin production.

The purpose of the current work was to identify the mechanism and role of
Herpesvirus-mediated FX activation in order fo provide a potential link between
infection and vascular disease. The specific aims were fo: 1) determine if HSV1 gC
could participate in FX activation directly on the virus surface; 2) determine if the
thrombogenic potential of HSV1, HSV2 and CMV correlates with specific clinical

observations; and 3) demonstrate a role for thrombin in Herpesvirus infection.
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2.1 REAGENTS

Z-D-Arg-Gly-Arg-p-nitroaniline dichioride (S-2765) and H-D-Phe-Pip-Arg-p-
nitroaniline dichloride (S-2238) were from Chromogenix. Ethylenediamine
tetraacetic acid (EDTA), N~2~hydroxyethylpiperazine-N'-Z-ethanesuifonic acid
(Hepes), the thrombin receptor activating peptide (TRAP), low molecular weight
heparin (3000 MW) and bovine serum albumin (BSA) were from Sigma. Purified
recombinant hirudin from the medicinal leech was obtained from Calbiochem. All

experiments were conducted in Hepes buffered saline (HBS; Hepes (20 mM), NaCl

(150 mM) pH 7.2) plus BSA (0.1%).

2.2 VIRUS
2.2.1 Production
2.2.1.1 Herpes simplex virus

African green monkey kidney cells (Vero, ATCC CCL-81) were grown in
Medium 199 supplemented with fetal calf serum (5%) and gentamycin (2 pg/mi)
(Gibco). The cells were passaged onto Cytodex 2 microcarriers beads (Amersham)
and allowed to attach for 4 hrs with occasional stirring in 500 mi Celstir flasks.
Following attachment, the cell debris was removed and fresh media was added.
Once complete monolayers were formed (4 to 6 days), the cells were inoculated
with individual HSV1 (Macintyre, NS, ns-1 or rns) and HSVZ (strain G) strains and

the media was replaced with reduced serum (1%) media. Mature virus was
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harvested from one half of the supernatant at 3 days post inoculation and replaced
with fresh reduced serum media. At 6 days post inoculation, all the media was
subjected to virus purification. The infected cell supernatant was clarified by
centrifugation at 700 x g and the virus was pelleted at 23,000 x g. Virus pellets were
then resuspended in HBS and subjected to ultracentrifugation at 200,000 x g
through a 10-30-60% stepwise sucrose gradient. Once separated, the virus band
was removed, diluted in HBS, and centrifuged at 200,000 x g. The resulting virus
pellet was resuspended in HBS and frozen at -80°C.

Alternatively, human foreskin fibroblast cells (HFF, ATCC CRL-2056) were
grown in basal medium eagle media (BME) supplemented with bovine calf serum
(5%), glutamine (1.4 mM) and gentamycin (20 pg/ml). The cells were then passaged
onto micocarrier beads. Once confluent the cells were inoculated with HSV1
Macintyre and the media was replaced with reduced serum (2%) media. Virus was

propagated and purified from the infected cell supernatant as described above.

2.2.1.2 Cytomegalovirus

HFF were grown in T-175 cm? tissue culture flasks. Once confluent, cells
were inoculated with CMV AD169 for 1 hour at 37°C. The media was then removed
and replaced with reduced serum (2%) media and the infection was allowed to
proceed. After 7 days, the media was removed and replaced with fresh reduced
serum media. Following another 7 days, the infected cell supernatant was harvested

and clarified, and the cells were subjected to several freeze-thaw cycles to release
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intracellular virus. Initially the virus peliets were resuspended in PBS followed by
purification on a linear gradient of tartrate/glycerol (15/10 - 40/0) at 40,000 x g for 1
hour. The virus band was then removed, diluted in PBS, and centrifuged at 40,000 x
g for 1 hour to pellet the virus. The purified virions were resuspended in PBS,

aliquoted and frozen at -80°C.

2.2.2 Quantification

All purified virus preparations were evaluated for purity and quantified to
derive particles numbers per ml by negative staining electron microscopy. Initially,
viral stocks were diluted in water cbntaining BSA (0.01%) to dilute the salf from the
virus resuspension buffer. The virus was then further diluted in Water plus BSA
(0.01%) that contained a known concentration of standardized polystyrene latex
spheres (Dako Scientific). A 5 pl drop of the virus/sphere mixture was placed on a
formvar/carbon coated copper electron microscopy grid for 90 seconds. Foliowing
attachment, a phosphotungstic acid (2%, pH 6.5) plus BSA (0.01%) staining solution
(10 ul) was placed onto the grid and the entire mixture was incubated for an
additional minute after which the excess virus/sphere suspension was blotted off.
The grids were stored at room temperature prior to quantification using a Hitachi
series 7000 transmission electron microscope. All virus preparations were evaluated
for intact virus particles as well as potential cell debris. The number of particles per
ml was determined by [(# of particles / # of spheres) x [spheres] x virus dilution

factor]. Typically 6-10 individual sections on 4 independent grids of different virus
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dilutions were counted. All virus preparations used in the study contained more than

90% virus particles.

2.2.3 Infectivity

The infectivity of each virus stock produced was determined by standard
plaque assays on Vero cells grown to confluence in 24 well plates. Prior to
inoculation with each Vero-propagated virus strain, the cells were washed once with
PBS and once with complete serum (5%) media. The virus was then 10 fold serially
diluted in complete serum media and added to the cells (200 pl/well). Infection was
allowed to proceed for 90 minutes at 37°C with gentle rocking. The inoculum was
then removed and the cells were washed once with PBS followed by reduced serum
{1%) media and replaced with reduced serum media (1 mi/well). Alternatively, the
initial cell wash and inoculation media was replaced with serum free (0%) media
supplemented with BSA (1 mg/ml).

For HFF propagated HSV1 (Macintyre), HFF were grown to confluency in 24
well plates. Prior to infection, cells were washed once with PBS followed by BME
complete serum (5%) media. Serial 10-fold dilutions were made in complete serum
media and added to the cells for 90 minutes. After infection, the virus was removed
and the cells were washed with PBS followed by reduced serum (2%) media. The
wash was removed and replaced with reduced serum media (1 mi/well) as above.

To quantify the infectivity of each virus HSV1 strain, 40-48 hours post

infection the cells were stained to derive the number of productive infectious events
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(plaques). The infected cell supernatant was removed and replaced with
formaldehyde (20%) for 5 minutes. Following aspiration, the cells were further fixed
by the addition of methanol and subsequently stained with crystal violet [crystal
violet (0.4%), formaldehyde (10%), methanol (1%)] for 2 minutes. Excess stain was
removed with water after which the cells were dried and plagues numbers were
counted using an Olympus dissecting microscope. The number of plaque forming
units per ml (pfu/ml) was determined by [(# plaques x dilution factor) / volume of
inoculum]. Typically the pfu/ml was determined using data from at least 3 separate

dilutions of virus on multiple 24 well plates.

2.3 PROTEINS
2.3.1 Commercial

Purified human factor Vila (FVlla), factor X (FX), factor Xa (FXa), factor Va
(FVa), prothrembin and thrombin were obtained commercially from Haematologic
Technologies. Innovin (Dade Behring) was reconstituted according to the
manufacturer's directions and used as a highly characterized source of purified
recombinant tissue factor (TF). Cellular sources of TF activity were also prepared
from HFF or Vero cells and used as controls for immunoinhibition experiments. To
generate the cell sources, confluent monolayers were washed twice with HBS to
remove residual growth media and detached from the flasks by scraping into HBS.
The cell extract was then spun, resuspended in a smali volume of HBS and stored -

80°C.
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2.3.2 Soluble glycoprotein C
2.3.2.1 Recombination

HSV1 glycoprotein C (gC) was recombined into the Autographa californica
nuclear polyhedrosis virus (baculovirus) and expressed in infected Spodoptera
frugiperda (Sf9, ATCC CRL-1711) cells. Prior to recombination, plasmid pCD14 Was
used as a PCR template to generate DNA fragments containing the gC gene that
was truncated 18 residues prior to the fransmembrane region at residue 457 of the
native gC protein 217 The gene was cloned into the baculovirus transfer vector pVT-
Bac to enable the insertion of the gene minus its natural signal sequence in frame
with the signal peptide of honeybee melittin that allows more efficient secretion of

the protein from the cell 2

. pVT-Bac also contains the promoter for the baculovirus
polyhedrin gene and flanking sequences that permits recombination into the
polyhedrin site of baculovirus to enhance the amount of recombined protein
produced. To begin construction, the pVT-Bac vector was digested with BammHl and
Kpnl and the gC gene fragment was digested with Bg/ll and Kpnl and ligated into
pVT-Bac for 15 hours at 15°C using TADNA ligase. The ligated plasmids were used
to transform Escherichia coli XL-1 Blue competent cells and the ampicillin-resistant
colonies were screened by restriction enzyme analysis 2'7. Once generated, the
plasmids were recombined info baculovirus using Baculogold as the source of

baculovirus DNA 2%, The primers were also designed to add three histidine residues

to the two histidines already present at the carboxy-terminal end of gC which
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provides a binding site for Ni®* - nitriloacetic acid (NTA) agarose to facilitate
purification of the secreted protein. The recombined virus was previously generated
and kindly provided by Drs. Gary Cohen and Roselyn Eisenberg, University of

Pennsylvania.

2.3.2.2 Purification

A previously established protocol for expression and purification of HSV
glycoproteins was followed with modifications 243 _Confluent Sf9 cells grown in T-175
cm? tissue culture flasks were released by gentle tapping and subjected to a slow
speed spin to pellet the cells. The supernatant and cell debris was removed and the
cells were placed into 500 ml Celstir flasks containing SfO00IIM serum free media
supplemented with penicillin/streptomycin (1%). Cells grown in suspension were
passaged by the addition of fresh media when the concentration approached 1 x
10° cells/ml. Once all Celstir flasks reached a density of 4 x 10° cells/ml the cells
were infected with the plaque purified recombinant baculovirus at a multiplicity of
infection of 4 pfu per cell. Prior to and each day post infection, a 1 ml sample of the
cell supernatant was removed to determine recombinant protein production. The
sample was centrifuged and the supernatant was removed and frozen at -80°C. The
spun cells were resuspended in HBS and also frozen at -80°C. An additional aliquot
of cells was removed from each celstir and assessed for viability using the trypan
blue exclusion method. The infection was allowed to proceed until the cell viability

dropped below 70%, typically 72-96 hours.
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For purification, the infected cell supernatant (2 litres) was centrifuged at
1500 rpm for 10 minutes in a Beckman benchtop centrifuge to pellet the cells. The
clarified supernatant was then concentrated at 4°C through a YM (10,000 MWCO)
filter to approximately 5% of the original volume, placed into Spectropor (12,000
MWCO) dialysis tubing, and exchanged overnight against 3 x 4 litres of PBS.
Following dialysis, the sample was incubated overnight with 1 ml of nickel-NTA resin
(Qiagen) at 4°C on an elliptical shaker to keep the resin in suspension. The resin
was then loaded into a column and washed with 50 mi of PBS followed by 50 ml
wash buffer (20 mM phosphate, 500 mM NaCl, 10 mM imidazole). Purified sgC was
eluted in 1 ml fractions using a stepwise gradient of 10 - 500 mM imidazole in 20
mM phosphate, 500 mM NaCl. Each fractions as well as samples taken at the
individual steps during purification were analyzed by Western blot using a
conformation dependent antibody (1C8) to determine the presence of sgC. Those
fractions containing the greatest amount of sgC were pooled and simultaneously
concentrated and exchanged with PBS using Millipore centrifugal concentrators.
Once concentrated, the purified protein was then aliquoted and frozen at -80°C.
SDS PAGE was used to assess the protein purity and the concentration was

determined by the BCA (Pierce) method.

2.4 GLYCOPROTEIN C-MEDIATED FACTOR X ACTIVATION
2.4.1 Viral glycoprotein C

2.4.1.1 Factor Xa-dependent chromogenic assays
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To determine the constituents on HSV1 involved in coagulation initiation, an
assay to detect the virus-dependent activation of FX to FXa was developed. Various
sources of putative FX activators were incubated with FX, FVlla and ca®'. At
constant incubation times, FXa generation was stopped by EDTA (100 mM) -
mediated chelation of Ca?*. Production of activated FX was monitored by cleavage
of a FXa-specific chromogenic substrate, $-2765 (200 pM in HBS/EDTA), in a
kinetic plate reader (Vmax, Molecular Devices Inc). Each reagent concentration was
optimized by extensive titration of individual components in the mixture to ensure
that the amount of coagulation initiators in the system was rate limiting. Standard
curves of S-2765 cleavage by known amounts of FXa were constructed and used to
determine the concentration of FXa formed in the experimental system. Using this
assay, picomolar concentrations of FXa generated on as few as 100 virus particles
could be measured.

Initially, a well-characterized panel of HSVs was used to determine a role for
gC in FX activation. The first virus studied was HSV1 NS, a low passage clinical
isolate originally obtained from endothelial cells '. The second is ns-1, a naturally
occurring gC deficient strain of the NS virus. ns-1 is a monoclonal antibody resistant
mutant virus that escaped neutralization using a monoclonal anti gC antibody (1C8)
and rabbit serum as a source of complement ®*. Following isolation, the surviving
virus was further purified in the presence of antibody and complement. Studies
demonstrated that gC molecule produced by the ns-1 virus is smaller than the wild

type with precursor and processed forms of 50 to 60 kDa, compared to 100 to 120
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kDa for wild type gC % DNA analysis of ns-1 gC revealed the insertion of a single
cytosine resulting in a frame shift mutation and the creation of a new stop codon.
The end result is the generation of an altered gC that is truncated and not
expressed in the purified virion or on the surface of infected cells *. The final strain
examined was rns. This gC-rescued strain was constructed using the entire BamHl
fragment containing the gC sequence of NS to rescue the gC defect in the ns-1
virus ®. Marker rescued virus was selected by using rabbit polyclonal anti-gC
antibody in an immunoperoxidase assay. Therefore, the rns virus and infected cells
both express full length gC on their surfaces ®. The HSV1 lab strain, Macintyre,
was also evaluated as a gC-competent wild type virus.

To systematically determine the importance of gC in FX activation each
constituent in the system was evaluated. Initially, individual virus strains were
titrated in the presence of FX (100 nM) and FVlia (5 nM). Activation of FX was then
initiated by addition of ca®’ (5 mM). The amount of FXa generated after a 20 minute
incubation at room temperature was monitored as above. The dependence of the
reaction on FX and FVlla was next evaluated. To ensure that the results were
reflective of the amount of initiator molecules in the system, a low virus
concentration from the previous experiment was chosen. This allowed an accurate
reflection of FXa generation as well as a maximal difference between virus strains.
In this case, FX was titrated in the presence of each virus strain (100 virus
particles/ul) and a constant amount of FVlla (56 nM) and ca* (5 mM). Alternatively,

the enzyme, FVila, was titrated with a constant amount of virus (100 virus
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particles/ui), FX (100 nM) and Ca®* (5 mM). In control experiments, each component
of the reaction mixture was individually omitted and the amount of FXa generated
was determined.

in order to explore potential differences in FX activation due to antigenic
differences between species, purified HSV1 Macintyre produced in both HFF and
Vero celis were examined for their FXa generating ability. Each virus was titrated in
the presence of FX (100 nM) and FVila (5 nM). Activation of FX was then initiated
by the addition of Ca®" (5 mM) and the amount of FXa generated after a 20 minute
incubation at room temperature was monitored as above. The requirement for
procoagulant phospholipid was evaluated by the addition of 25% phosphatidylserine
/ 75% phosphatidylcholine (PCPS, 300 uM) small unilamellar vesicles o the system.

To determine if the region of gC that is responsible for FX activation is
separate from known functional regions on the molecule a series of control
experiments were performed. Since the areas of C3b binding to gC are highly
characterized ® we determined if C3b could affect gC-mediated FX activation. To
generate C3b, human C3 (kindly provided by Dr. David Isenman, University of
Toronto), (1 mg/ml) was incubated with trypsin (1% w/w) for 6 minutes at room
temperature. To stop the reaction, soybean trypsin ihhibitor (1%) was then added.
Alternatively, a similar amount of BSA was subjected to the same activation
conditions and used as a substitute for C3b in control experiments. SDS PAGE was
used to confirm the complete conversion of C3 to C3b.

Using a constant number of virus particles (1.7 x 103), the number of gC
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molecules in the system was estimated, assuming 5000 molecules of gC per virus
83 HSV1 strains Macintyre, NS, ns-1 and s were preincubated with a 10 or 1000
fold excess of C3/C3b particles over gC for 5 minutes. FX (100 nM), FVila (5 nM)
and Ca** (5 mM) were added and allowed fo incubate at room temperature for an
additional 20 minutes. Following termination, the amount of FXa generated was
determined as above. In control experiments, equal volumes of mock activated BSA
(1 mg/ml) or HBS were added in place of C3/C3b.

Since gC is also known to interact with cell surface HSP, the ability of an
analogous molecule, heparin, to affect gC-mediated FX activation was also
addressed. A constant amount of virus particle (4 x 10°) was preincubated with an
increasing amount of low molecule weight heparin (0 - 3.4 pM) for 5 minutes. FX
(100 nM) and FVlia (5 nM) were then added and FXa generation was initiated by
the addition of Ca®*. Following a 20 minute incubation, the reaction was stopped

and the amount of FXa generated was determined.

2.4.2 Purified glycoprotein C
2.4.2.1 Factor Xa-dependent chromogenic assays

The direct participation of gC in FX activation was evaluated using a virus-
free system in which sgC was added as the sole source of putative FVila-
accelerating molecules. To begin, varying amounts of purified sgC was added 1o
PCPS (100 pM), FX (100 nM) and FVlla (5 nM). The reaction was initiated by the

addition of Ca*®* (5 mM). After a 2 hour incubation at room temperature the amount
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of FXa generated was determined. !ndividuai components of the reaction mixture
were systematically omitted to show dependence. The data were corrected for any
chromogenic substrate turnover observed in identical experiments conducted in the
absence of sgC.

To evaluate the possible involvement of an additional viral constituent in the
gC-dependent acceleration of FX activation by FVlla, sgC (1.5 uM) was added to an
increasing amount of each purified virus strain and incubated with FX (100 nM),
Fvila (56 nM) and ca® (6 mM) for 20 minutes. The data were corrected for the
amount of virus-dependent FXa generation by subtracting the results of an identical
experiment conducted in the absence of sgC. In similar experiments, sgC was
titrated with a constant amount of virus, FX (100 nM), FVila (5 nM) and Ca®* (5 mM).
To maximize the enhancement of FXa generating activity by sgC, the virus
concentration giving the highest aCtivity observed when the virus was fitrated with
constant sgC were chosen (NS: 500 virus particles/ pl; s: 500 virus particles/ul; ns-
1: 2500 virus particles/pl). The effect of virus on sgC-dependent FX activation was
derived by correcting the data for the amount of FXa produced in'the absence of
sgC.

The possibility that exogenous sgC may directly affect the FX activating
function of TF was‘investigated using Innovin as.the source of purified TF. A
concentration of Innovin that resulted in a comparable amount of FXa generation
observed for the ns-1 strain in the previous experiment was incubated with

increasing concentrations of sgC, FX (100 nM), FVlla (5 nM) and Ca2+(5 mM). The
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specific sgC-mediated enhancement of Innovin TF activity was determined by

subtracting the amount of FXa generated by Innovin alone.

2.4.2.2 Surface Plasmon Resonance

Surface plasmin resonance (SPR) was used to quantitatively evaluate a
possible direct interaction between sgC and FVila or FX. In initial experiments, sgC
was immobilized to the BlAchip matrix via amide coupling. Following blocking of the
unreactive groups with ethanolamine, various analyies were flowed over the chip
surface and the change in resonance units was monitored. Initially individual
titrations of either FX or FVlla (6 - 100 nM) were passed over the gC-coated
surface. Alternatively, a mixture of FX (100 nM) and PCPS (100 uM) was analyzed.
in control experiments, BSA (1 mg/ml) and anti HSV1 gC (1C8) were substituted for
FX or FVila. Sensorgrams over an uncoated flow cell were also evaluated. The
possibility of the requirement for a macromolecular complex was also evaluated
using a BlAchip that had been previously coated with the procoagulant
phospholipids binding protein, annexin V. This surface was sequentially reacted with
PCPS (100 pMj), sgC (100 nM), and either FX (100 nM) or FVila (50 nM). in each
case, the sensorgrams were compared to those performed in the presence of BSA

or an empty flow cell.

2.4.3 immunolinhibition

In order to determine whether TF and gC act in parallel toward FXa
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generation, Maclntyre, NS, rns or ns-1 virus strains (500 virus particles/ul) or Vero
cell extracts (22.5 celis/ul) were preincubated with increasing concentrations of an
inhibitory anti-TF monoclonal antibody (mAb) (American Diagnostica, product
#4508) or an identical concentration of isotype-matched non-immune mouse IgG
(Sigma) at room temperature for 2 hours. Virus strains or the Verb cell suspension
were then incubated with FX {100 nM), FVila (5 nM)} and ca® (5 mM) for 20
minutes at room temperature. FXa generation was stopped and measured
chromogenically. The complete reaction mixture in the absence of mAb was taken
as 100% FXa-generating activity. The specificity of inhibition by anti-TF was
ascertained by correcting for the amount of FXa generated at an identical
concentration of non-immune IgG.

To confirm the manufacturer's characterization of the anti-TF mAb (#4508)
as being inhibitory to human TF and to ensure that it was equally effective against
TF derived from the Vero cells used to propagate purified viruses, the TF activity
associated with Innovin or HFF exiracts was compared to Vero cell extracts.
Alternatively, an identical concentration of a polyclonal sheep anti-TF antibody was
titrated instead of #4508. As an additional control, #4508 was examined for its
ability to inhibit HSV1 Maclntyre grown in either Vero or HFF cells. In each case,
FXa generation was monitored as previously described. The possibility that gC may
affect the efficacy of the inhibitory mAb was evaluated using a concentration of
Innovin that resulted in a similar amount of FXa generation as with the highest

concentration of virus. Additionaly, the effect of the anti-TF mAb (100 pg/ml) was

47



evaluated in the presence and absence of sgC (1.5 uM). As a final control, the
possibility that sgC could effect the cleavage of S-2765 by FXa (4.5 nM) was

addressed.

2.5 THROMBOGENIC POTENTIAL
2.5.1 Factor Xa generation

To determine the thrombogenic potential associated with different members
of the Herpesvirus family a series of well-characterized lab adapted strains were
utilized. These included HSV1 Macintyre strain, HSV2 strain G and CMV AD169.
The FXa generating ability associated with each virus was ascertained by titration of
individual viruses in the presence of FX (100 nM) and FVlla (5 nM). Activation of FX
was then initiated by addition of Ca® (5 mM) and the amount of FXa generated after
a 20 minute incubation at room temperature was monitored as above. In control
experiments, each component of the reaction mixture was individually omitted and

the amount of FXa generated was determined.

2.5.2 Thrombin Generation

Similar to above, HSV1 Maclintyre strain, HSV2 strain G and CMV AD169
were titrated in the presence of FX (100 nM) and FVlia (5 nM). After the addition of
Ca®" (5 mM) the reaction mixture was incubated for 5 minutes at room temperature.
Factor Va (5 nM) and prothrombin (1.4 uM) were then added and the reaction was

allowed to proceed for an additional 20 minutes. The amount of thrombin generated
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was monitored by the cleavage of the chromogenic substrate S-2238. Standard
curves of substrate cleavage with known amounts of thrombin were constructed to
accurately determine the amount of thrombin produced in the system. In control
experiments, each component of the reaction mixture was individually omitted and

the amount of thrombin generated was determined.

2.5.3 Immunoblots
2.5.3.1 Antigen Recognition

To determine the presence of gC on different virus strains, purified virus were
subjected to SDS PAGE. Initially, similar virus particles or plague forming units were
diluted in HBS and 1X Laemmli sample buffer. The proteins were separated on an
acrylamide (6%) gel under both reducing (2% B-mercaptoethanol) and non-reducing
conditions. After electrophoresis, the proteins were transferred to polyvinyl difluoride
(PVDF) membrane using the CAPS buffer system for 3 hours. Following transfer,
the membranes were blocked with skim milk powder (5%) in CAPS for 1 hour and
incubated with a panel of monoclonal antibodies raised against HSV1 gC in order to
obtain one that could recognize gC on all virus preparations. The antibodies used
included C8 and C13 (kind gifts of Dr. Glorioso, University of Pitisburg), 1C8 (kind
gift of Dr. Harvey Friedman, University of Pennsylvannia) and a commercially
obtained anti HSV1 gC (Accurate Chemical Company). After rinsing, all membranes
were incubated with horseradish peroxidase (HRP) conjugated goat anti mouse IgG

(Jackson Immunologics) for 1 hour. The immunoreactive bands were visualized by
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enhanced chemiluminescence detection (ECL, Pierce).

In a similar manner the amount of TF on each virus preparation was
ascertained. Identical numbers of virus particles were separated on an acrylamide
gel (10%) under both reducing and non-reducing conditions. After transfer, the
membranes were blocked with skim milk (5%) and probed for TF using a panel of
anti human TF (American Diagnostica, product #4503 or #4508; Affinity Biologicals;
or an in house rabbit anti TF) antibodies. After primary incubation, the membranes
were washed and incubated with HRP conjugated goat anti mouse IgG or HRP
conjugated goat anti rabbit IgG. Immunoreactive bands were visualized using an
enhanced chemiluminescent substrate and exposure on Kodak X-OMAT film. For
both TF and gC detection, specificity was determined by substitution of the primary

antibody with an identical amount of isotype matched on immune IgG.

2.5.3.2 Quantitative

A quantitative Western was developed to evaluate the amount of putative
coagulation initiators associated with each virus preparétion studied. To detect gC,
similar numbers of each virus were separated on an acrylamide gel (6%) under non-
reducing conditions. A standard curve of 2 fold dilutions of sgC was also run on the
same gel. This permitted both the virus and standard gC samples to be subjected to
identical conditions. Following electrophoresis, the proteins were transferred to
PVDF and probed for gC using anti HSV1 gC (1C8, 1.2 ug/mi). After washing, the

membrane was incubated with HRP conjugated goat anti mouse 1gG (1:10,000)
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followed by additional washing. The immunoreactive bands were visualized using
ECL. Several different exposure times were chosen to permit an accurate
representation of the amount of antigen present and allowed the construction of a
standard curve of the purified sgC. In order to accurately determine the standard
curve and amount of antigen present, each exposed film was scanned and
converted to a tagged imagé file format ( 1iff) file. The scans were then analyzed
using Northern Eclipse software to determine the intensity of each standard and
viral band. Using the intensity and known concentration of each SQC standard, a
standard curve was constructed and used to determine the amount of gC in each
virus lane. Only those intensities within the linear portion of the sgC standard curve
were used to determine the amount of gC associated with each virus preparation
tested. Several individual gels were electrophoresed and the results pooled to
determine the amount of sgC associated with each virus.

In a similar manner, the amount of TF associated with each virus prep was
determined. TF antigen was detected by incubating the PVDF membrane with
monoclonal anti human TF (#4503, American Diagnostica, 1.0 ug/mi). Initially,
Innovin was used as the source of purified TF. However, during preparation, Innovin
is stabilized with BSA, making the exact TF protein concentration difficult to
determine. Therefore, a purified source of soluble TF (TF4.24g, kindly provided by Dr.
Wolfrum Ruf, The Scripps Institute) was used to construct the standard curve. The
immunoreactive bands were visualized by incubation with HRP conjugated goat

anti- mouse lgG and detected by ECL. The exposed blots were processed as was
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done for the determination of gC.

2.6 ROLE OF THROMBIN IN HERPESVIRUS INFECTION
2.6.1 Plague Assays
2.6.1.1 Serum

HFF were grown to confluency in 24 well plates in complete serum media.
The cells were then washed once with PBS and complete serum media. Prior to
inoculation, hirudin was titrated in complete serum media and a constant amount of
virus (HSV1 Maclntyre, NS, ms, ns-1; HSV2 Strain G) was added to each. The
hirudin/virus mixture was incubated with the cells for 90 minutes at 37°C with gentle
shaking. After infection, the cells were once again washed with PBS and reduced
serum media, and replaced with reduced serum media. Following infection, 40 - 48
hours, the cells were stained and the number of plaques determined. In order to
selectively evaluate the effect of hirudin, the data obtained were correcied for the

number of plagues detected in the absence of added hirudin.

2.6.1.2 Thrombin/TRAP

To determine the effect of thrombin in HSV infection, HFF were grown to
confluency in complete serum media. Prior to infection, the cells were washed once
with PBS and once with serum free media supplemented with BSA (1 mg/ml) to
remove any residual serum proteins. Thrombin was diluted in serum free media and

a constant amount of virus particles (HSV1 Maclntyre, NS, s, ns-1; HSV2 Strain
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G) was added to each dilution prior to incubation with the cells for 90 minutes.
Following infection the inoculation mixture was removed and the cells were washed
once with PBS and reduced serum media. The cells were replaced with reduced
serum media. Following 40 - 48 hours post infection the cells were stained to
determine the number of plaques. Alternatively, TRAP was titrated in the place of

thrombin.

2.7 STATISTICAL ANANLYSIS
in order to determine the significance of the resulis obtained, each set of

data were subjected to t-test analysis using the website: hitp://home.clara.net/sisa/ .

The p-values obtained are given in the figure legends of the individual experiments.
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3.0R LTS

3.1 HSV1 GLYCOPROTEIN C MEDIATED FACTOR X ACTIVATION
3.1.1 Viral glycoprotein C

Previous work from our laboratory 218 demonstrated thrombin production by
purified members of the Herpesvirus family. This resulted from the constitutive
expression of the coagulation initiator, tissue factor (TF) and procoagulant
phospholipid (proPL) on the surface of HSV1, herpes simplex virus type 2 (HSV2),
and cytomegalovirus (CMV). Interestingly, this study revealed that the TF-specific
thrombin production could be only partially inhibited by a TF-specific mAb,
suggesting an additional mechanism of FX activation associated with these viruses.
Since an earlier report using cross-linking technigues suggested that HSV1-infected
cells could participate in FXa production through an interaction between gC and FX
862 \we investigated the contribution of gC on the virus surface in cell-free FX
activation by FVila.

A well-characterized panel of purified HSV1 consisting of wild type (Maclntyre
or NS) 7, gC-deficient (ns-1) ® and gC-restored (ms) * strains were evaluated for
their ability to generate FXa. To determine the importance of HSV1 surfacegC as a
FVlla cofactor we initially varied the concentration of each virus (Figure 6). In the
case of the gC-deficient virus, as much as 6-fold less FXa was generated per
particle wheh compared to either of the gC-competent strains, indicating a role of

gC in FXactivation. The amount of FXa production by ns-1was observed to
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Figure 6 Loss of HSV1 glycoprotein C results in a reduced ability
to generate factor Xa. Increasing amounts of the the naturally
occurring HSV1 gC deficient ns1 strain (@), wild types (8, clinical isolate
NS or Macintyre) or the gC-restored rns strain (A) were incubated with
FX (100 nM), FViia (5 nM) and Ca?* (5 mM) for 20 minutes. Following
incubation, the amount of in sifu virus-mediated FXa generated was
determined by cleavage of the FXa-specific chromogenic substrate S-
2765. (n=9) Inset: The presence of tissue factor (TF) and glycoprotein C
(gC) on each virus was determined by Western blot analysis. (Wild type,
B, p =0, gC-restored, 4, p = 0.0002)
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approach that of wild type and gC-restored viruses at high virus concentrations. This
apparent convergence of FXa generating capabilities may be due to: 1) the
abundance of both TF and gC initiator molecules in the system; 2) the binding of all
available FVlla or FX in the system; or 3) the sequestration of enzyme and
substrate molecules on different viral particles. Therefore, to ensure that the results
were dependent on the TF or gC associated with each virus, and to maximize the
apparent differences caused by the presence or absence of gC on these viruses,
subsequent experiments were conducted at a low virus concentration. The use of
this rate-limiting number of virus particles also eliminated the possibility of substrate
depletion in the system.

To illustrate the dependence of the novel gC function on FX, the amount of
substrate molecules in the system was systematically varied. Consistent with a role
in FX activation, the loss of gC in ns-1 invariably resulted in a vastly reduced
capacity of this virus to generate FXa compared to wild type or gC-restored viruses
(Figure 7). A similar result was realized when the amount of FVila was titrated with
each virus in that ns-1 generated less FXa per particle than each of the gC-
competent viruses (Figure 8). In all cases, either wild type virus generated the most
FXa per particle followed by the gC-restored and gC-deficient viruses. Collectively,
these data provide further support for the additional TF-like activity on HSV1 being
mediated by gC. Under the experimental conditions we observed saturable activity
as a function of either FX or FVlla, qualitatively suggesting that like TF '*'%, gC

may contribute to interactions with both enzyme and subsfrate. In control
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Figure 7 HSV1 mediated factor Xa generation is dependent on
the interaction of glycoprotein C with factor X. Increasing
concentrations of FX were incubated with an equal amount of viral
particles (Wild type, B; g-C deficient, ®; and gC-restored, A; 100 virus
particles/ul), FVlla (6 nM) and Ca?* (5mM) for 20 minutes and FXa
generation was monitored by chromogenic substrate cleavage. (n=6)
(Wild type, 8, p = 0; gC-restored, 4, p=0)

57



100

10

FX (nM)

1.0

g § 8 ®© -
™ N N
(uwypd) uonessuab ey

3757



Figure 8 HSV1 glycoprotein C interations with factor Vila are
important for factor Xa generation. An increasing amount of FVila
was added to a constant amount of viral particles (Wild type, &; g-C
deficient, ®; and gC-restored, A; 100 virus particles/ul), excess FX
(100 nM) and Ca?* (5mM). The amount of FXa generated after a 20
minute incubation was determined chromogenically (n=6) (Wild type, &,
p = 0; gC-restored, A,p=0)
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experiments, negligible chromogenic activity was detected when virus, FX, FVliaor
Ca®" were individually omitted from the reaction mixture (Figure 9). This indicated
that each component in the system was important for the generation of FXa and the
proteins used were free of possible contaminating coagulation proteins. These
control experiments demonstrated the specificity of FXa generation in our assay and
interestingly, showed that like TF, participation of gC in FX activation requires
FVlla.To ensure that the differences in FXa generation were reflective of the
amount of putative initiator molecules in the system, Western blot analysis was
utilized. Similar numbers of virus particles from each virus strain were separated by
SDS PAGE and probed for either TF or gC antigen (Figure 6, inset). The exposed
membranes indicated that the gC-restored virus, rns, expresses slightly more gC
than the wild type NS virus. A similar result was seen with TF in that rs expressed
slightly more TF antigen than wild type virus while wild type and the gC-deficient
strain contained near identical levels of TF per virus particle. Therefore the reduced
FXa generation by ms compared to NS is seemingly contradictory to the levels of
TF and gC antigen on these viruses. The lower activity associated with the gC-
restored virus may be a result of antigen presentation. Alternatively, a portion of the
initiator molecules may be involved in multimeric complexes *? or encrypted '** and
therefore unable to function in FX activation. However, the probed membranes
clearly show the loss of gC in the ns-1 strain and comparable levels of TF in this
virus compared to the wild type preparations. Therefore, the reduced ability of the

gC-deficient virus to generate FXa is not simply due to lower levels of TF associated
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Figure 9 HSV1 glycoprotein C mediated factor Xa generation is
dependent on each reaction constituents. A) Each virus (Macintyre
or NS, black; gC-deficient, white; gC-restored, grey) was incubated in
the presence of FX (100 nM), FVila (5 nM) and Ca?* (5 mM) and was
considered 100% FXa generating activity. The dependence of the
reaction on each constituent (virus, B; FX, C; FVlia, D; or Ca®*, E) was
also determined. (n=6)
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with this virus.

A series of control experiments were conducted to determine additional
specificity in our system. Since the virus panel studied was purified from infected
Vero (monkey) cells, the possibility remained that the human coagulation proteins
used would have a reduced affinity to the monkey-derived virus surface proteins.
Howéver, when HSV1 Maclntyre grown in Vero cells was compared to the same
virus propagated in HFF (Figure 10) there was no difference in FXa generation
between the two viruses. This indicated that the TF on both viruses was able to
recognize FVlia and effectively cleave FX. Also, low virus particle numbers were
used in the FX and FVlia titration experiments that may limit the reaction by the
amount of available proPL in the system. This possibility was explored by monitoring
FXa generation in the presence and absence of exogenous proPL (Figure 10).
When proPL was added to the system, there was a reduction in the amount of FXa
generated, most likely due to the partitioning of the substrate and enzyme to
different virus or proPL particles %, and a reduction in FXa generated. Exogenous
proPL was therefore not needed in the system and the experimental results were
limited only by the amount of initiator molecules supplied by the virus surface.

Additional experiments were conducted to determine if overlap exists
between the areas of known functionality in gC and those involved in FX activation.
Initially, the ability of HSV1 gC binding to complement protein C3b or its inactive
precursor, C3, on FX activation was explored. In support of distinct functional

regions on the gC molecule, C3b or C3 (Figure 11) had a minimal effect on the
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Figure 10 HSV1 mediated factor Xa generation is independent
of virus propagating species and addition of exogenous proPL.
(Top) HSV1 Macintyre propagated in either Vero (¢) or HFF (@) were
incubated with FX (100 nM), FVila (5 nM) and Ca?* (5 mM) for 20
minutes. Following incubation, the amount of in situ virus-mediated FXa
generated was determined. (n=3) (Bottom) Alternatively, the reaction
was monitored in the presence (dashed line) or absence (solid line) of
proPL (200 uM). (n=3)
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Figure 11 Independent functional regions exist on HSV1
glycoprotein C. HSV1 wild types, Macintyre (1 or ®) or NS (2 or ¢);
gC-restored (3 or €; or gC-deficient (4 or ¢) were incubated with FX
(100 nM), FVlia (5 nM) and Ca?* (5 mM) for 20 minutes in the presence
of (Top) HBS (black), complement protein C3 (dark grey), complement
protein C3b (white) or bovine serum albumin (light grey) or (Bottom)
increasing concentrations of heparin. Following incubation, the amount
of in situ virus-mediated FXa generated was determined. (n=3)
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ability of each virus in the panel to generate FX. However, when compared fo a
control protein, BSA, no significant change in FXa production was noted. The effect
of heparin addition on the ability of each virus to generate FXa was also explored.
When heparin was fitrated with each virus (Figure 11) there was an increase in the
amount of FXa generated. This occurs through an unknown mebhanism and may
not be specific to an interaction with gC since an alternative cell surface sulfated
molecule was not explored in control experiments. However, the results give
additional support to conservation of independent functional regions on gC for FX

activation and C3b binding.

3.1.2 Purified HSV1 glycoprotein C

In order to selectively evaluate the novel TF-like gC function, a recombinant
form of gC 7, produced in baculovirus was used. The protein produced excludes
the hydrophobic transmembrane domain, making it soluble (sgC) and easily purified
from the infected cell supernatant. Using extensive binding studies the protein has
been previously highly characterized with respects to functional regions and
compared to native viral gC. sgC has also been shown to retain conformation-
dependent binding to antibodies. The protein produced in our lab was shown to be
pure and have the correct molecular weight as determined by SDS PAGE and
retained its ability to bind to the conformational dependent antibody 1C8.

Purified sgC was used in the development of a virus-free purified system to

determine an independent role of gC in FX activation. In initial experiments, similar

64



to those used to show a role for soluble TF function in FX activation '°, high
concentrations of FX and FVlla were used and sgC was added as the sole source
of putative FVlla cofactor. The results of this forced time course experiment were
the first evidence that sgC could participate in FX activation and indicated that an
initial lag phase in FXa generation existed. In subsequent experiments, lower
concentrations of substrate and enzyme vielded similar results. Therefore, using
identical FX and FVlla concentrations as with viral mediated FX activation, sgC was
observed to accelerate FX activation (Figure 12). However, when compared to the
molar gC activity that was estimated for wild type virus strains (based on 5000
copies per virus 83), sgC-enhanced FXa production was approximately 1000-fold
less than the viral counterpart. In order to show the dependence of the components
in the reaction mixture for FXa generation, each was independently omitted.
interestingly, the nove! sgC-mediated FXa-generating ability emulated TF since
each of FVlla, FX, proPL and Ca®* were required (Figure 13).

In preliminary experiments, an initial lag phase existed in the sgC-mediated
generation of FXa. This suggested that the loss of the transmembrane domain in
sgC may affect the formation of an effective enzyme complex to activate FX.
Alternatively, the omission of the virus may result in the loss of an essential cofactor
needed for gC to mediated FX activation. Therefore, to ensure proper complex
formation, an extended preincubation step was undertaken to aliow detectable
levels of FXa to be generated.

To determine if the reduced ability of sgC to activate FX compared to viral gC
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Figure 12 Purified soluble glycoprotein C can participate in
factor X activation. An increasing amount of sgC was incubated with
FX (100 nM), FVila (5 nM), Ca?* (5 mM) and procoagulant phospholipid
(100 uM) for 2 hours. The amount of FXa generated was monitored by
cleavage of the chromogenic substrate, S-2765. All data were corrected
for the amount of FXa generated in the absence of sgC. (n=6) (p =
0.0001)
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Figure 13 Purified soluble glycoprotein C-mediated factor X
activation mimics tissue factor. (A) sgC (1.5 yM) was incubated with
FX (100 nM), FVila (5 nM), Ca?* (5 mM) and proPL (100 uM) for 2
hours and the amount of FXa generated was detected by chromogenic
substrate cleavage. Each constituent was also omitted (sgC, B; FX, C;
FVlia, D; Ca®*, E; or proPL, F) to show dependence. (n=6) (p =0)
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was due to the requirement for other virus components, sgC was combined with
each of the viruses in our panel and assayed for effects on FXa production. When
the virus concentration was varied (Figure 14), the amount of sgC-dependent FXa
production was enhanced by as much as three orders of magnitude, consistent with
the predicted amount for intact viruses. The contribution of the virus on sgC function
was selectively evaluated by correcting the data for FXa-generating activity due to
virus in the absence of sgC. These data strongly imply that an additional virus
constituent(s) associates with sgC to complement the FVlia cofactor function
identified for gC. In support of this concept, the greatest enhancing effect on sgC
was observed for the gC-deficient virus. This occurs since the lack of endogenous
gC may increase the number of unoccupied binding sites available for sgC on ns-1
that do not exist on either of the gC-containing viruses. An identical enhancement in
FXa generation was observed with the addition of sgC to either wild type or gC-
restored viruses. However, the maximal effect for the two viruses occurred at
different particle numbers possibly due to differing amounts of gC associated with
these viruses as indicated previously. As expected, in all cases when the virus was
in vast excess, the sgC-specific enhancement decreased because of the
overwhelming effects of endogenous virus FX activation at high particle numbers.
Alternatively, the possibility existed that substrate and enzyme were partitioned onto
different virus particles and were therefore unable to effectively cleave FX.

To further demonstrate the importance of gC in FX activation and the need

for an additional virus constituent for maximal cofactor function, sgC was varied with
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Figure 14  Soluble glycoprotein C-mediated factor Xa generation
is enhanced in the presence of virus. A constant amount of sgC (1.5
uM) was added to an increasing amount of HSV-1 strains (Wild type
Maclintyre, B; g-C deficient, ®; and gC-restored, A) and incubated with
FX (100 nM), FVlia (6 nM) and Ca?* (5 mM). Following a 20 minute
incubation the amount of FXa generated was determined. The data
were corrected for the amount of FXa generated by virus alone. (n=5)
(Wild type, @, p = 0; g-C deficient, ®,p = 0.0007; gC-restored, 4, p =
0.003)
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a constant amount of virus (Figure 15). As in the virus-free system (Figure 12) the
sgC-mediated enhancement of FXa generation was titratable. Once again, the gC-
deficient strain resulied in 3 orders of magnitude more FXa generated than sgC
alone, consistent with the data obtained when virus was titrated in the presence of
constant amounts of sgC (Figure 14). The enhancement of FVlla cofactor activity
reached half-maximal saturation at approximately 0.7 pyM, which may be an
indicator of the apparent dissociation constant between sgC and the species on the
virus surface contributing to FVlla cofactor function. In each case, the effect was
specific to sgC as all data were corrected for any FXa generated in identical
experiments conducted in the absence of sgC.

The possibility existed that the added sgC could directly affect either the
cofactor function of TF, or the activity of FXa or FVlla in our chromogenic assay. To
ensure this was not the case a series of control experiments using Innovin were
conducted. This reagent is advantageous in that it is a highly characterized source
of TF activity and consists solely of recombinant human TF and proPL, allowing the
investigation of possible TF and sgC interactions in a cell- or virus-free system.
When Innovin was incubated with an identical titration of sgC as that used for the
viruses (Figure 15), sgC was concluded to have no effect on the FXa generating
cofactor function of Innovin after subtraction of an identical curve conducted in its
absence. sgC also had no effect on the enzymatic activity of FVliia since identical
amounts of FXa were generated with and without added sgC. Finally, sgC did not

affect the amidolytic activity of the FXa produced in our system since the ability of

70



Figure 15 Soluble glycoprotein C-mediated increase in HSV1-
dependent factor Xa activation is saturable. An increasing amount of
sgC was added fo a constant amount of purified virions (Wild type
Macintyre, l; g-C deficient, ®; and gC-restored, A) or Innovin (¢), FX
(100 nM), FVlla (5 nM) and Ca?* (5 mM) for 20 minutes. (n=6) The data
were corrected for the amount of virus- or Innovin-dependent FXa
generation alone. (Wild type, @, not significant;, g-C deficient, @, p =
0.005; and gC-restored, 4, p = 0)
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purified FXa to cleave the chromogenic substrate was unaffected over the

concentration range of sgC used in our assays.

3.1.3 Simultaneous pathways on H8V1 leading to Factor Xa generation

We previously demonstrated that approximately 50% of chromogenic activity
initiated on the surface of HSV1 could be accounted for by the presence of TF using
an inhibitory TF-specific mAb 2'®. Since the current data suggests that gC may
account for the remaining activity, we speculated that the gC-deficient HSV1 would
be completely inhibited by the anti-TF mAb. Consistent with this hypothesis, the
activation of FX by FVila on ns-1 was inhibited by anti-TF approximatelyQO%,
whereas the gC-containing wild type (Macintyre or NS) or the gC-restored (ms)
HSV1 strains were maximally inhibited by 40% (Figure 16). This indicated that an
additional TF-like mechanism exists on the wild type virus that was indeed facilitated
by gC. Moreover, the results show that the two pathways of FVlla-mediated FX
activation can function both independently and simultaneously on the virus surface.
The direct involvement of gC in FX activation was confirmed using the gC restored
virus, which was affected by the TF inhibitory mAb comparably to the wild type
strain.

in order to confirm the specificity of the inhibitory TF mAb used in the study,
extensive control experiments were conducted (Figures 17-19). Human (HFF) and
monkey (Vero) cell sources of TF activity were prepared and compared to the

commercial {Innovin) source of TF with respect fo FXa generation. Each source was
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Figure 16 Incomplete inhibition of factor X activation by anti-
tissue factor is due to HSV1 glycoprotein C. HSV1 strains (Wild
types Macintyre or NS, ®W; gC- deficient, ®;, and gC-restored, A; 500
particles/ul) or Vero Cellis (¢, 22.5 cells/ul) were treated with increasing
concentrations of an inhibitory anti TF antibody for 2 hours at room
temperature. Purified FX (100 nM), FVlia (56 nM) and Ca?* (5 mM) were
then added and FXa generation was monitored after 20 minutes by
cleavage of a FXa-specific chromogenic substrate (n=6). The data were
corrected for the amount of active enzyme generated in the presence of
an identical amount of non-immune mouse IgG. (Wild type, &, p = 0.02;
gC- deficient, @, p = 0.002; and gC-restored, 4, p =.002)
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Figure 17 Tissue factor activity characterization - innovin. (Top)
Increasing concentrations of Innovin were incubated with purified FX
(100 nM), FVlla (5 nM) and Ca?* (5 mM) for 20 min and the amount of
FXa generation was monitored. (Middie) The specificity of the reaction
was demonstrated when the complete reaction mixture (D) was
compared to the amount of FXa generated in the absence of Innovin
(A), FX (B), FVlla (C), or Ca?* (E). (Bottom) Innovin was incubated with
an increasing concentration of mouse anti-TF (solid) or sheep anti-TF
(dashed) antibody for 2 hours. FX, FVlla and Ca®* were then added and
the amount of FXa generated was determined. (n=3) The data were
corrected for the amount of active enzyme (FXa) generated in the
presence of an identical amount of non-immune mouse IgG.
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Figure 18 Tissue factor activity characterization - Veros. (Top)
Increasing concentrations of a Vero cell suspension were incubated
with purified FX (100 nM), FVlia (6 nM) and Ca?* (5 mM) for 20 min and
the amount of FXa generation was monitored. (Middle) The specificity
of the reaction was demonstrated when the complete reaction mixture
(D) was compared to the amount of FXa generated in the absence of
Vero cells (A), FX (B), FVlla (C), or Ca?* (E). (Bottom) Veros cells were
incubated with an increasing concentration of mouse anti-TF (solid) or
sheep anti-TF (dashed) antibody for 2 hours. FX, FVila and Ca?* were
then added and the amount of FXa generated was determined. (n=3)
The data were corrected for the amount of active enzyme (FXa)
generated in the presence of an identical amount of non-immune
mouse IgG.
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Figure 19 Tissue factor activity characterization - Fibroblasts.
(Top) Increasing concentrations of an HFF cell suspension were
incubated with purified FX (100 nM), FVlia (6 nM) and Ca?* (5 mM) for
20 min and the amount of FXa generation was monitored. (Middle) The
specificity of the reaction was demonstrated when the complete
reaction mixture (D) was compared to the amount of FXa generated in
the absence of HFF cells (A), FX (B), FVlla (C), or Ca?* (E). (Bottom)
HFF cells were incubated with an increasing concentration of mouse
anti-TF (solid) or sheep anti-TF (dashed) antibody for 2 hours. FX,
FVlla and Ca®* were then added and the amount of FXa generated was
determined. (n=3) The data were corrected for the amount of active
enzyme (FXa) generated in the presence of an identical amount of non-
immune mouse IgG.
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shown to activate FX in a titratable manner. Additional experimenis in which each
component of the reaction mixture was individually omitted indicated that the activity
was FVlla-, Ca”-, and proPL-dependent, consistent with TF functioning. Using
antibody concentrations that were the same as those used for the viruses (Figure
16), inhibition of 100% of the TF activity associated with the uninfected Vero cells
used to propagate the gC-characterized virus strains, a standardized source of
human recombinant TF, Innovin, or that of HFF origin were observed. A polyclonal
anti-TF antibody also inhibited all sources of TF although less efﬁcienﬂy than #4508.
Additionally, when the antibody was titrated with HSV1 Macintyre grown in either
Vero or HFF cells, similar amounts of FXa-generating inhibition was seen (Figure
20). The incomplete immunoinhibition seen previously and in this study was
therefore not due to differences in the TF source since the antibody used could
completely inhibit the TF activities of both purified and cell associated sources of
monkey or human TF. Furthermore, gC had no effect on the TF-specific inhibitory
antibody or function of other proteins in the system since inhibition of recombinant
TF was independent of sgC over the antibody concentration range used here

(Figure 21).

3.2 THROMBOGENIC POTENTIAL ASSOCIATED WITH HERPESVIRUSES
In a previous study we have shown that members of the Herpesvirus family
differ in their ability fo form an insoluble fibrin clot. These observations correlated

with the ability of these viruses to induce clinical outcomes such as thrombosis or
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Figure 20 Differential inhibition of factor X activation by HSV1
Macintyre propagated in Vero or HFF cells. HSV1 Macintyre grown
in either Vero (&) or HFF (@) were incubated with increasing
concentrations of a monoclonal antibody against human tissue factor
(American Diagnostica, 4508) for 2 hours. FX (100 nM), FVlla (5 nM)
and Ca®* (5 mM) were then added for 20 min and the amount of FXa
generation was monitored chromogenically. (n=6)
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Figure 21 Effect of soluble glycoprotein C on reaction
constituents. (Top) Purified FXa (5 nM) was incubated with increasing
amounts of sgC (@) or an equivalent volume of HBS (@) and the
amidolytic activity of FXa was monitored. (Bottom) Innovin was
incubated in the presence or absence of sgC (1.5 uM) and anti-TF
antibody (100 ug/ml) and the amount of FXa generated was monitored.
(n=3)
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atherosclerosis. We therefore wanted to determine the ability of several members of
this virus family to initiate thrombin generation directly on their surfaces in a purified
system. The ability to sustain coagulation initiation events was examined by the
generation of FXa on HSV1 Macintyre, herpes simplex virus type 2 (HSV2) strain G
and cytomegalovirus (CMV) AD169. Consistent with our previous clotting data
showing a reduced ability for CMV to initiate fibrin clot formation #'°, CMV produced
less FXa than either HSV1 or HSV2 in our FXa specific chromogenic assay (Figure
22).

In order to substantiate these data, a thrombin-specific chromogenic assay
was developed. This involved a short FXa generating step followed by the addition
of plasma concentrations of prothrombin and FVa. Initially an identical virus titration
as for FX activation was used to generate thrombin. However, at these high virus
numbers, large amounts of thrombin were produced that resulied in complete
chromogenic substrate cleavage prior to reading. The amount of virus was therefore
reduced to reflect the amount of initial activation in the system and accentuate any
potential difference that existed between the viruses. Under the conditions used,
each virus differed in ability to generate thrombin (Figure 23). These data reflected
the results of the FXa generation in that CMV produced several fold less thrombin
than either HSV1 or HSV2. However, in contrast to the FXa generation, HSV1
generated slightly more thrombin {han did HSV2. This may indicate a more efficient
assembly of the prothrombinase complex on the surface of this virus. Collectively,

these observations provide a biochemical link for clinical observations in that
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Figure 22 Herpesvirus-mediated factor Xa generation. To
determine the thrombogenic potential of different members of the
Herpesvirus, HSV1 (B), HSV2 (A) and CMV (@) were assayed for their
ability to activate FX. Increasing amounts of the lab strains Macintyre
(HSV1), strain G (HSVZ2) or AD169 (CMV) were incubated with FX (100
nM), FVila (5 nM) and Ca?* (5 mM) for 20 minutes. Following
incubation, the amount of in situ virus-mediated FXa generated was
determined by cieavage of the FXa-specific chromogenic substrate S-
2765. (n=8) (HSV1 (W), p = 0.00002; HSV2 (A), p = 0; CMV (@), p =
0.005)
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Figure 23 Herpesvirus-mediated thrombin production. HSV1 (#),
HSV2 (A) and CMV (@) lab strains were incubated with FX (100 nM),
FVila (5 nM) and Ca?* (5 mM) for 5 minutes. Prothrombin (1.4 uM) and
FVa (5 nM) were then added and the mixture was further incubated for
20 minutes. Following incubation, the amount of thrombin generated
was determined by cleavage of the thrombin-specific chromogenic
substrate 5-2238. (n=9) (HSV1 (@), p = 0; HSV2 (4), p = 0; CMV (@), p
= 0.0001)
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thrombotic complications occur with HSV1 and HSV2 infections and not for CMV.
Clear dependence was seen for each constituent when each was individually
omitted from the reaction mixture and also indicated that the FVa and prothrombin
were free of possible contaminating FX or FVlla due to the purification process.

Western blot analysis was used to provide a direct correlation between the
FXa and thrombin activity generated and the number of initiator molecules
associated with each virus. Initially the ability of a panel of TF-specific antibodies to
detect various concentrations of Innovin as the source of TF was determined. The
TF antigen was recognized by both American Diagnostica products and only under
non-reducing conditions (Figure 24) with #4503 being chosen for subseduem
experiments since it was able to recognize lower amounts of TF. In a similar
manner, a series of HSV1 gC-specific were evaluated for their ability to recognize
viral gC. The previously well-characterized 1C8 antibody was the most effective at
detecting the antigen (Figure 25), however, none of the antibodies tested were able
to recognize gC associated with the Macintyre strain. The sequence comparison
between the Maclintyre and NS gC, against which the antibody was raised, is not
known and the current data suggests that they may differ antigenically. In both
cases the individual antibodies chosen for detection of TF and gC was able to
recognize both soluble and viral forms of the respective proteins (Figures 24 and
25).

To accurately determine if the differential FXa generating ability associated

with each virus was due to the amount of TF and gC on individual viral particles, a
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Figure 24 Tissue factor antigenic determination. (Top) Innovin (10
ul, A and C; 1 ul, B and D) was separated by SDS PAGE under
reducing (A and B) or non reducing (C and D) conditions. The
transferred protein was then probed with a panel of anti-TF antibodies to
determine antibody specificity. (Middle) Viral and recombinant sources
of TF were separated by SDS PAGE under non reducing conditions and
detected using anti-TF (4503). (Bottom) Representative amount of TF
associated with each virus preparation.
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Figure 25 Glycoprotein C antigenic determination. (Top) Viral
proteins (10 pul HSV1 ns-1, A and C; 10 ul NS, B and D) was separated
by SDS PAGE under non-reducing (A and B) or reducing (C and D)
conditions. The transferred protein was then probed with a panel of anti-
gC antibodies to determine antibody specificity. (Middie) Viral and
soluble sources of gC were separated by SDS PAGE under non
reducing conditions and detected using anti-gC (1C8). (Bottom)
Representative amount of gc associated with each virus preparation.
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quantitative western blot assay was developed. This assay was based on the
construction of standard curves of known amounts of soluble TF or gC generated
following detection with a chemiluminscent substrate. Viral antigen that had been
separated and subjected to identical conditions was then compared to the standard
curves generated. Only those values that fell within the linear porti‘on of the standard
curve generated on the same PVDF membrane were used for quantification. In this
manner, the amount of TF and gC was determined on all virus strains presently
used in the study. in almost every case, the amount of TF detected was within the
same order of magnitude. Interestingly, NS was shown to have approximately 10
fold less TF per particle than the other viruses while the HFF propagated Macintyre
strain generated 10 fold more (Figure 24). This indicated that potential differences
exist in either the cellular response to generate TF or the presentation of the antigen
on the purified virus surface. Similarly, individual preparations of virus had minimal
variations with respect to the amount of gC present (Figure 25). in all cases, the
virus strains used in each individual experément contained comparable levels of TF

and gC per virus particle.

3.3 ROLE OF THROMBIN IN HERPESVIRUS INFECTION

The evolution of the Herpesvirus surface as a procoagulant agent suggests a
role for coagulation initiation in the viral lifecycle. We therefore used standard
plague assays to determine a possible advantage to the virus conferred by the

eventual production of thrombin. Preliminary results obtained when determining the
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infectivity of each virus indicated a potential role for serum in virus infection. This
was realized when plagues conducted in the absence of serum resulted in
approximately 50% less plagues compared to when serum was included in the
inoculation media. We therefore explored the serum dependence of plague
formation. |

Since thrombin generation was postulated to be imporiant in the infection
process, the infectivity of each virus was determined in the presence of the specific
thrombin inhibitor, hirudin. Hirudin was chosen since it is a bivalent inhibitor that
binds to sites near the active site and additional exosites on thrombin o prevent its
subsequent proteolytic activity 2%, When titrated in the inoculation media that
contained serum (Figure 26), hirudin resulted in a dose dependent decrease in the
infectivity of each gC-characterized virus. The effect of thrombin inhibition was most
pronounced with the gC-deficient virus since the half maximal hirudin concentration
needed was 0.1 U/ml, while 1.0 U/ml was required for either of the wild type or gC-
competent viruses. This correlates with our previous observation that the gC-
deficient virus consistently generated less FXa than its gC-containing counterparts
and should therefore generate less thrombin per particle as well. This also indicates
that thrombin production mediated by the virus greatly enhances the ability of the
virus to entry into the ceil.

In order to specifically determine the role of thrombin in virus infection, a
serum-free plaque assay was developed. This involved numerous cell washes to

remove serum components from the cell propagation media and the use of serum-
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Figure 26 Serum components in media are needed for optimal
virus infection. Human foreskin fibroblasts were inoculated with HSV1
wild type (#), gC-deficient (®) or gC-restored (A) strains in the
presence of 5% bovine calf serum. Various concentrations of the
thrombin-specific inhibitor, hirudin, were added simultaneously with the
virus at 37°C for 90 minutes. 48 hours post infection, the cells were fixed
and the number of infectious events (plaques) were counted. (n=10)
(wild type (@), p = 0; gC-deficient (®), p = 0; or gC-restored (4), p = 0)
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free media for virus incubations to limit any virus-mediated thrombin production. In
this system, the direct involvement of thrombin in HSV1 infection was illustrated with
the addition of exogenous thrombin during the infection period (Figure 27). The
simultaneous incubation of thrombin with the virus resulted in a 60 - 80%
enhancement in the infection of all viruses compared to when thrombin was omitted.
In this case, an identical enhancement was seen since thrombin was added
exogenously and not generated on each virus. in order to determine the mechanism
by which thrombin mediates the enhancement of Herpesvirus infection, the
analogous signaling peptide, TRAP, was used. This peptide mimics the new N
terminus of the PAR1 thrombin réceptor that becomes unmasked upon receptor
activation. The use of this peptide therefore eliminates other potential signaling
pathways initiated by thrombin. The addition of TRAP (Figure 28) shows a 60 - 80%
enhancement in infectious events for each of the gC-characterized viruses and
provides further evidence that HSV1-mediated thrombin production enables the
virus to better enter the cell through a PAR1 mediated process.

In similar experiments, the importance of thrombin in infection of Herpesvirus
lab strains was determined. When HSV1 Macintyre and HSV2 Strain G are
compared there are differences in the amount of infection due to each of serum
(Figure 29), thrombin (Figure 30) and TRAP (Figure 31). The differential response to
these factors suggests that additional mechanisms to PAR1 activation are important
in virus entry. Also, different response have been noted between active protease

and soluble ligand signaling in platelets and receptor mutants, indicating that
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different receptor activation sites and pathways exist between tethered and soluble
ligand 72""®* However, in all cases, a role for virus mediated thrombin production in

the infection of Herpesviruses is clearly indicated.
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Figure 27 Exogenously added thrombin results in increased
Herpesvirus infection. To illustrate a role for thrombin in Herpesvirus
infection, HFF were simultaneously incubated with either HSV1 wild
type (H), gC-deficient (®) or gC-restored (A¢) strains and increasing
concentrations of thrombin for 90 minutes at 37°C. To limit virus-
mediated in situ thrombin production, all incubations were carried out in
serum-free media. Forty eight hours post infection, the cells were fixed
and the number of plaques counted. (n=10) (wild type (@), p = 0; gC-
deficient (®), p = 0; or gC-restored (A ¢), p = 0)
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Figure 28 Thrombin-mediated increase in infection is through a
mechanism that involves protease activated receptor 1. To
determine the mechanism through which thrombin is functioning to
increase virus infection, the PAR1-specific thrombin receptor activating
peptide (TRAP) was used. HFF were inoculated with HSV1 wild type
(@), gC-deficient (®) or gC-restored (A) strains in serum free media in
order to minimize virus-mediated thrombin production. Each virus was
added simultaneously with TRAP for 90 minutes at 37°C. Following
treatment, the cells were washed and 48 hours post infection were fixed
and the number of plaques counted. (n=10) (wild type (&), p = 0; gC-
deficient (@), p = 0; or gC-restored (4), p=0)
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Figure 29 Differential dependence on serum component for
Herpesvirus infection. HFF were simultaneously inoculated with either
HSV1 (Macintrye, A) or HSV2 (Strain G, ®) in the presence of 5%
bovine calf serum and increasing concentrations of the thrombin-specific
inhibitor, hirudin. Following incubation for 90 minutes the cells were
washed and infection was allowed to proceed for 48 hours. The cells
were then fixed and the number of infectious events (plagues) were
counted. (n=10) (Maclntrye, 4, p = 0; or Strain G, &, p = 0.00001)
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Figure 30 HSV1 and HSV2 differ in their response to exogenously
added thrombin. To determine a role for thrombin in Herpesvirus
infection, HFF were simultaneously incubated with a fixed number of
HSV1 (Maclinirye, A) or HSV2 (Strain G, W) virus particles and an
increasing concentration of thrombin. In order to limit virus-mediated in
situ thrombin production, all incubations were carried out in serum free
media for 90 minutes at 37°C. Forty eight hours post infection, the cells
were fixed and the number of plagues counted. (n=10) (Maclinfrye, A, p
=0; or Strain G, @, p = 0)
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Figure 31 Thrombin-mediated increase in Herpesvirus infection is
dependent on protease activated receptor 1 activation. To
determine the mechanism through which thrombin is functioning to
increase virus infection, the PAR1-specific thrombin receptor activating
peptide (TRAP) was used. HFF were inoculated with HSV1 and HSV2
lab strains, (Macintrye, 4; or Strain G, ®; respectively) that contained
increasing concentrations of TRAP. In order to minimize any virus-
mediated thrombin production the incubations were conducted in serum
free media. Each virus was added simultaneously with TRAP for 90
minutes at 37°C. Following treatment, the cells were washed and 48
hours post infection were fixed to determine the number of plaques.
(n=9) (Macintrye, A, p = 0; or Strain G, @, p = .000001)
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4.1 OVERVI

Numerous lines of evidence suggest that Herpesviruses contribute to the
development of vasculopathy. These include: 1) clinical studies which demonsirate

59,253 and

active viral infection is a risk factor for restenosis after angioplasty
vascular thickening "® ; 2) the finding that herpes simplex virus type 1 (HSV1)
infection results in an increased risk of death due o myocardial infarction and

207

coronary heart disease ; and 3) the frequent discovery of HSV1 and

cytomegalovirus (CMV) genetic material within the endothelial and smooth muscle

cells of some atherosclerotic tissue samples /477886146147 5

though discrepant
reports exist concerning the latter " These retrospective studies have been
substantiated by direct animal modeis where viral infection induced atherosclerosis
and thrombosis ®®. Herpesvirus infection furthermore converts resting vascular
endothelial cells from a noncoagulant to a procoagulant state 62/63123,229.232.235 \while
these studies provide a clear connection between Herpesviruses and vascular
disease, they do not answer the critical question, “What is the first vasculopathic
event triggered by the virus?”. The current report demonstrates that the initiating

event in virus-mediated vasculopathy is the activation of FXa directly on its surface

that can lead fo important cellular changes even prior to infection by the virus.

4.2 FACTOR Xa PRODUCTION ON HSV1

A distinguishing feature of Herpesviruses is the presence of a surrounding
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phospholipid bilayer membrane that functions in the early stages of infection by
contributing components necessary for host cell entry ' and evasion of the
immune system %. The envelope contains proteins that are encoded by both the
virus and host genomes, while the phospholipid component is derived solely from
the host cell. In previous studies we have shown that Herpesviruses can act as a
procoagulant agent and sustain thrombin generation directly on their surfaces
through the combined effects of TF and proPL "?'® Expression of these
coagulation initiating molecules allows the viruses to circumvent an important
cellular haemostatic control mechanism that limits thrombin generation to sites of
vascular damage. However, this earlier work led to speculation of an additional
initiating mechanism for FXa generation on the HSV1 surface since incomplete
inhibition of thrombin generation was observed in the presence of an anti-TF
antibody known to inhibit 100% of the TF activity in a clotting assay. Using a well-
characterized panel of viruses and purified recombinant protein, the current study
shows that in addition to TF, HSV1-encoded glycoprotein C (gC) can facilitate FXa

generation directly on the virus surface.

4.2.1 Tissue Factor

In order to initiate thrombin production, proPL and a mechanism to convert
FX to FXa must become available to circulating plasma coagulation proteins. Under
normal physiclogical conditions the first FXa molecules are generated by the TF-

FViia tenase complex . Herpesvirus infection with live, UV inactivated or
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replication-defective virus has been shown to enhance TF expression on host
endothelial cells 9?3223 Therefore, it was speculated that TF produced in
response to infection is routed to the virus particle when the envelope is formed. In
agreement with this hypothesis, using immunogold electron microscopy,
immunoinhibition and functional clotting and chromogenic assays, we have
previously shown that TF antigen exists on the virus surface that can participate in

218

thrombin generation . In the present study, we specifically demonstrate that

HSV1-mediated thrombin production is dependent on the initial generation of FXa

by the virus that, consistent with the thrombin data 216

, is only partially inhibited with
a TF specific monoclonal antibody.

In the case of both HSV1 wild type viruses assayed (Maclntyre and NS), the
TF antibody used consistently resulted in a titratable inhibition of FXa and thrombin
generation. The effect was saturable with a maximal inhibition of 40%, however
near millimolar concéntrations of the TF antibody were needed. Control experiments
showed that the antibody was able to inhibit purified human recombinant TF, that of
human and monkey cell origin as well as all viral sources of TF. In each case, the
inhibition was TF antigen specific since the data were corrected for any effect
caused by an identical concentration of isotype-matched non-immune IgG. Further
demonstrating the inhibitory capacity of the chosen antibody, other monoclonal and
polyclonal antibodies resulted in a reduced amount of TF activity inhibition when

either FXa or thrombin geheration was assayed.

Also important is the observation that the inhibition profile for each antibody
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differed between recombinant and cell sources of human TF, and the inhibition of
viral TF mirrored that of the corresponding cellular source. This suggests that the
higher concentration of antibody needed to produce maximal inhibition may be due
to changes in the antigenicity of TF as a result of the local cell- or virus-surface
environments. This is supported by previous studies that showed near micromolar
concentrations of TF antibodies were needed fo inhibit TF activity in plasma,
however complete inhibition of purified TF aclivity in a chromogenic assay was

achieved in the nanomolar range %%

as seen in the present study with Innovin. It
was also suggested that FViia concentrations lower than those used in the current
report may inhibit the TF mAb by competing for binding to FVlla. Since the antibody
used in the study is not fully characterized, it may also compete for FVlia binding.
These results indicate that the incomplete inhibition of HSV1-mediated FXa

generation is not due to antibody specificity, but rather points to an additional

mechanism of FX activation on the virus.

4.2.2 Glycoprotein C

The reason we targeted gC on the virus surface as a probabile contributor to
FX activation was based on two reports from the early 1990’s suggesting that gC,
when expressed on the HSV1-infected endothelial cell surface, could participate in

thrombin generation. The first study by Etingin ef al %

explored changes in
endothelial cells due to HSV1 infection that may lead to vascular disease. Using

radiolabelled cells, these investigators were able to show enhanced adhesion of
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monocytes to the infected endothelium that was subsequently blocked by antibodies
to gC. To corroborate the implication of gC in this process, the adhesion was
reduced when the cells were infected with gC-deficient virus strains. An effect of
gC-mediated thrombin production was suggested by observations that monocyte
adhesion to endothelial celis was blocked either by using specific thrombin inhibitors
or depletion of prothrombin from the serum. These investigators then went on to
suggest that the procoagulant activity of the infected cells correlated with gC
expression on the cell surface although no direct evidence of cell surface gC or
expression levels was given. Also important to the interpretation of the results, the
procoagulant contribution of progeny virus in the supernatant or cell lysates
produced after the 24 hour incubation time period was not addressed. The
observation that the gC-deficient viruses resulted in no appreciable procoagulant
activity in the clotting data presented seems contradictory since changes upon
HSV1 infection are known to promote TF expression "0 potential differences in
replication efficiencies of the individual viruses that would affect viral gene and
glycoprotein expression on the cell surface to promote a procoagulant phenotype
were not addressed.

Using the data presented, the group then hypothesized that HSV gC may
mediate thrombin generation by promoting FX binding and localized assembly of the
prothrombinase complex on the endothelial cell surface. To this end, "°I-FX bound
to HSV infected human umbilical vein endothelial cells or murine L cells that had

been transfecied to express gC. Using an anti-gC antibody, a cross-linked species
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was detected that contained FX which, by molecular weight, was presumed {o be
complexed 1o gC after infection or induction of theiransfected cell line. An additional
band was also detected in the cross-linking experiments and suggested fo be FXa,
however, FVlia was not added to the system to promote FX activation. In each
case, no direct contact between gC and FX was demonstrated ahd the resuits may
be solely due to the proximity of gC and FX or FXa on the infected or transfected
cell surface. An alternative explanation is that the increased binding and activation
of FX may be due to the more general phenomenon of proPL and TF expression
upon infection or induction of the murine cell line. The specific cell surface
contribution of gC can therefore be addressed by the same experiments conducted
in the presence of an inhibitory TF antibody. |

In a follow up study using a panel of partially overlapping synthetic peptides
to specific regions of the FX molecule, Altieri et a/ 8 mapped regions on FX that
were reported fco be involved in the interaction with gC. Results indicated that three
peptides from noncontiguous segments of the catalytic domain of FX as well as
antibodies raised against these peptides were able to inhibit '?I-FX binding to
monocyte Mac-1, a known FX-binding protein. The same peptides were reported to
inhibit FX binding to the gC on HSV infected endothelial celis at near millimolar
concentrations, however, no direct evidence of a gC-FX interaction was given. The
authors also postulate that FX contains a vascular celi-binding domain and through
convergent evolution, Mac-1 and gC have developed similar functional properties,

such as FX and C3b binding.
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The two studies present evidence that HSV-infected cell surface gC functions
in FX activation and implies a role for thrombin in virus-mediated vasculopathy.
However, in these studies and those of Vercellotti, the participation of gC or TF
directly on the virus surface and the effect of virus-mediated thrombin production
were not considered. Initially the current study examined the ability of viral gC to
function in an analogous manner in FX activation as was suggested for infected cell
surface gC.

In order to selectively evaluate the role of viral gC in FXa generation, a well
characterized panel of HSV1 strains was utilized. To begin, a lab strain, Macintyre,
and a low passage clinical isolate, NS, were chosen as wild type strains. These
were chosen as gC-competent viruses since they represent a commonly studied,
well-characterized virus (Maclntyre) and a less adapted, naturally occurring virus
(NS). These were also used to determine if possible differences in FX activating
properties are due to adaptation of the virus to cell culture. The second virus studied
was a naturally occurring gC-deficient virus (ns-1) and is therefore devoid of gC on
its surface. The final virus in the panel is a gC-competent virus (rns) in which the gC
deficiency in ns-1 was restored by the specific reintroduction of the complete gC
coding sequence from the NS virus. The use of ns-1 and ms allowed the direct
function of gC to be determined since these viruses differ only in their gC content as
the method used to restore the gC defect would minimize potént%al differences
associated with using separate virus strains. An additional benefit of this panel is it

allowed the delineation of the TF- and gC-dependent pathways of FX activation
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mediated by HSV1.

From the experimental resuits obtained, 2 clear role for viral surface gC is
provided. In all cases, when compared to either wild type or the gC-restored viruses,
the loss of gC in ns-1 resulted in a diminished ability of this virus to generate FXa.
The data obtained indicate that the gC-dependent acceleration of FVlla activity is
mediated through interactions with both FX and FVila, although no direct gC binding
is demonstrated. Importantly, the novel role of viral gC in FX activation is also
dependent on Ca** and proPL, suggesting functional convergence with TF. We
therefore extend the previous studies to demonstrate that gC generates FXa
through the acceleration of FVlla. As depicted in Figure 32, the virus can generate
FXa and initiate thrombin production through the parallel effects of TF, a normal
cellular protein, and gC, which is encoded by the virus genome. Thus cells are not
required for gC-mediated FX activation, which can occur even before virus entry or
expression of additional gC on the host cell surface.

An additional line of evidence that gC functions in FX activation was provided
through the use of a soluble recombinant form of the protein (sgC). Like its viral
counterpart, sgC emulated TF and was able to participate in the FVila-dependent
acceleration of FX activation. However, a significant reduction in the molar capacity
of sgC to generate FXa when compared to viral gC was realized. If gC functionsin a
similar cofactor manner as TF it is conceivable that correct protein orientation and
presentation are important to subsequent cleavage events. The diminished FX

activation may then result from deletion of the transmembrane domain needed to
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make the protein soluble in the absence of detergents. The deletion of this
anchoring structure may also result in the loss of impoﬂant contact points for either
FX or FVlia. A similar effect was seen when a truncated form of FVil was unable to
bind TF and consequently not accelerated effectively *®°. In agreement with our
experiments monitoring sgC-mediated FX activation, relatively high concentrations

(micromolar) of soluble TF were also required to generate FXa '

. In solution, sgC
may also not localize to the procoagulant membrane where important FX
interactions and cleavage is known to occur.

- An additional explanation for the reduced capacity of sgC to generate FXa
was investigated using virus “add-back” experiments. in these protocols, sgC was
added to each of the viruses to determine if FXa generation could be further
increased. The results showed that the reduced ability to generate FXa associated
with the gC-deficient virus could be restored by the addition of ’sgC however, a lower
enhancing effect was seen with either gC-competent strain. These observations
provide evidence that gC may interact with an additional viral constituent (Figure 32)
that is required for its TF-like activity. Since this component was not present in the
virus-free conditions, the ability of sgC to activate FX was reduced. In supportof an
additional component needed for full gC-dependent FVlla acceleration, sgC had the
greatest effect when added to the gC-deficient virus since the number of potential
unoccupied binding sites for sgC is greatest on this virus. The identity of the

additional component is unknown, however prior studies have suggested multiple

interactions between glycoproteins on the virus surface. Importantly, a cross-linking
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Figure 32  Simultaneous pathways of factor X activation on
HSV1. HSV1 expresses procoagulant phospholipid (yeliow head
groups), tissue factor (TF) and glycoprotein C (gC) on its surface.
Factor Vlla (FVllia)-dependent activation of factor X (FX) can then occur
simultaneously and independently through either the TF- or gC-
dependent mechanism directly on the virus surface. An additional
component on the virus implicated in the FVlla-accelerating capability of
gC is also illustrated.
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study that implied interactions between gC and HSV1 gB, gD and gH/gL 8283

suggests these virus glycoproteins as plausible candidates. Studies are currently
ongoing to determine the identity of this accessory protein.

In order to unambiguously show that the FXa generation data demonstrated
a role for gC in FX activation, a series of control experiments were conducted.
These were designed to investigate the possibility that gC could somehow effect the
function of the purified coagulation proteins used. The results exclude a direct
enhancing effect of gC on virus surface TF, since purified sgC accelerated FVlla
independent of TF and did not affect the FXa generating ability of a well-
characterized source of TF. Additional assays showed that sgC did not alter the
enzymatic activity of FVlla as similar amounts of FXa were generated in its
presence or absence. Lastly, sgC did not affect the amidolytic activity of purified
FXa as judged by chromogenic substrate cleavage.

As with the early studies, the current work suggests that FX can somehow
bind to gC and generate FXa, however, no evidence of direct binding was given. An
attempt was therefore made to demonstrate an interaction between the two proteins
using surface plasmon resonance. Initially, sgC was attached to the BiAchip surface
and the individual binding of FX or FVlla was monitored. This arrangement was
chosen to emulate in vivo reactions in which FX and FViia would contact the virus
surface. Subsequently, various combinations of FX, FVlia, and proPL were flowed
over the immobilized gC. In all cases, no significant association between the

analytes was seen. While negative results are inconclusive, these data may be
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indicating a possible requirement for a ternary sgC-FX-FVlia complex formation or
the need of the putative additional constituent on the virus for an sgC-FVlla or -FX
interaction to occur.

The inability to demonsirate an interaction using SPR may be due to a
number of factors. The first drawback that is inherent to this technique is the initial
immobilization to the chip surface via amide coupling. This may potentially lead to a
functionally unfavorable orientation of sgC or chemical modification of important
areas within the protein. The specific sequential addition of the proteins may also be
important in that binding of one may be needed to generate or expose a binding
region for another protein. Therefore, if the initial rate of binding is too slow,
interaction needed for subsequent ternary complex formation may not occur over
the time course of the analysis. The detection of interactions using SPR is also
sensitive to alterations in concentration, pH and buffer that may render small
changes upon binding undetectable. In order to adapt and improve on the
conditions for the current project, the 5 histidine tag on the C-terminus of sgC can
be utilized. The immobilization of an anti-histidine antibody followed by addition of
sgC would allow a membrane-bound-like orientation in which the N terminus is
pointed away from the surface. This too has the advantage in that sgC would not be
subjected to chemical modification. Also, preassembled binary or tertiary complexes
may be needed for interactions to occur and therefore can be formed prior to
addition to the immobilized sgC. Alternatively, intact UV-inactivated viruses could be

absorbed to the chip surface and differences in interaction between the gC-
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competent and gC-deficient stains with respect to FX and FVila binding can be
monitored.

From the work of Vercellotti, Hajjar and Altieri a model for cell-dependent
viral activation of the coagulation cascade and subsequent vascular thrombotic
changes has been proposed. In this scheme, after HSV enters the host cell, gC
ekpressed on the infected cell surface acts as a binding site for FX. The combined
effects of concomitant TF and gC expression then convert bound FX to FXa. The
FXa generated can stay associated with the cell surface and form an active
prothrombinase complex that results in thrombin formation. Thrombin can then
trigger the cell and induces the expression of receptors for inflammatory cells and
platelets that upon binding, release mediators that further amplify the cascade.

From the experimental evidence provided in the current work, we are able to
add to this model and to the understanding of the contribution of HSV in vascular
disease. As depicted in Figure 33, the virus itself can promote the activation of FXa
directly on its surface through the simultaneous expression of gC and TF and clearly
demonstrates that the virus can sustain an early and immediate response to initiate
cell-signaling events. Therefore, these changes can occur even before host cell
entry and productive infection of the cell. This is important since it had been
previously thought that intracellular HSV was exclusively responsible for the
atherosclerotic changes to the cell. Also of interest, the current findings show thatin
addition to the virus being able to over-ride the cellular control of coagulation

initiating events, it can also generate potent cell-signaling molecules as it circulates.

108



Figure 33 Simultaneous pathways of thrombin generation on
Herpesviruses. HSV1 expresses procoagulant phospholipid (yellow
head groups), tissue factor (TF) and glycoprotein C (gC) on its surface.
FVlla (FViia)-dependent activation of factor X (FX) to FXa can occur
simultaneously and independently through either the TF- or gC
mechanism directly on the virus surface. FXa then combines with its
cofactor, factor Va (FVa) through procoagulant phospholipid
interactions on a virus surface and results in conversion of prothrombin
(F1I) to thrombin.
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This becomes important when the virus is released from the cell during the initial

ivtic infection and subsequently after reactivation from latency.

4.2.3 Tissue factor/glycoprotein C comparison

The data presented here demonstrate that the participation of gC in FX
activation is dependent on FVlia, Ca** and proPL. This is interesting in that it
functionally mimics TF. Using the GeneStream align Internet based protein
sequence search program, an alignment between the TF and gC sequences was
performed and is presented in Figure 34. When total complete sequences were
compared, there was approximately 20% homology between the larger gC and TF
protein. Of note, the alignment revealed three noncontiguous regions in gC that are
homologous to TF when charged, hydrophobic or hydrophilic amino acids were
compared. These areas lie mostly in the N terminal and membrane spanning
regions, while sporadic regions within the center of the molecule show similarity.
Due to the size difference between the proteins, multiple breaks were placed in the
smaller TF molecule to generate the alignment.

Several intriguing observations arise from the sequence alignment presented.
The first is that gC is predicted to contain 14 of the 21 TF amino acids known to
facilitate contact with FVlla in the TF-FVila crystal structure '*. As shown in Figure
35, many of these homologous amino acids form an extended interface over one
side of the TF molecule. Functionally, these residues are involved in contacts with

the Gla and EGF domains of FVila that are important in its attraction to TF and
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Figure 34  Sequence alignment of human tissue factor and HSV1
glycoprotein C. A sequence alignment inserted numerous breaks into
the smaller TF sequence, but revealed three nearly contiguous TF
regions of approximately 50% conservation only when general amino
acid classes were compared (i.e. charged, hydrophobic or hydrophilic).
The conserved (.), identical (¢} or unigue ( ) amino acids are indicated.
The residues in TF involved in factor Vlla contacts are in blue bold
case. Areas of gC demonstrated to be important in C3b binding to gC
are highlighted in yellow.
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Figure 35 Space filling model of tissue factor. Those residues in
tissue factor known to interact with factor Vlla that are identical (red),
conserved (yellow), or unique (grey) compared to gC are indicated.
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localization to the procoagulant membrane surface. However, since no 3D structure
of gC is presently available, it is tempting fo speculate that a similar interface exists
in gC to facilitate an interaction with FVlla. TF residues known to interact with the
protease domain of FVila are not conserved in gC, providing a molecular basis for
our conclusion that additional constituents on the virus are required to confer full TF-
like functionality to sgC. The accessory molecule may supply the necessary
contacts itself or orientate gC in such a way as to stabilize a FX-activating
conformation of FVlila.

The sequence alignment also presents insight into how gC may facilitate FX
activation while maintaining its role in immune evasion. Using the TF molecule as a
framework, Figure 35 shows that the TF regions having low homology with gC are
on the TF surface and therefore make candidate sites for insertion of the additional
amino acids from the larger gC structure. This would allow the creation of distinct
functional areas within gC. To this end, the amino acid comparison showed that the

97198 \were distinct

four gC regions involved in complement component C3b binding
from those having similarity to TF, suggesting the preservation of independent
functiona! sites. In agreement with this hypothesis, purified C3b or its inactive
precursor, C3, had no effect on HSV1-dependent FVlla acceleration.

HSV1 gC may also be involved in cell attachment through the initial binding
of the N terminus to HSP. To determine if this area is also removed from the FX

activating region on gC, the effect of heparin on gC-mediated FX activation was

explored. In this case, an increase in FXa generation was realized that might result
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from a rearrangement in the N terminus of gC that facilitates a better FX activating
conformation of the protein. Alternatively, the addition of a large concentration of
negatively charged heparin molecules somehow resulted in an increase in FXa
generation. However, unambiguous conclusions cannot be made from the heparin
data since carbohydrate control molecules were not included in the experimental
system. Cumulatively, the data suggest that gC can mimic the FXa generating ability
of TF, while maintaining other independent and discrete functional regions. The
generation of an X-ray crystal structure of viral or soluble gC as currently being
attempted for gD ¥ would provide definitive evidence as to the arrangement of

important functional areas.

4.3 EFFECTS OF HSV PRODUCED FACTOR Xa
4.3.1 Thrombin generation

Results from our previous study suggested that FXa couid be generated by
several Herpesviruses through the action of TF on their surface culminating in
thrombin production 21® The current report extends these findings to provide direct
evidence of two independent and simultaneous pathways of FX activation on the
HSV1 surface. As summarized in Figure 36, viral TF is expected to bind FVilain a
manner analogous to cell surface TF, and activate plasma-derived FXto FXa. At the
same time, gC may interact with FVila through an unknown mechanism and
promote FXa generation. Assembly of these coagulation enzyme complexes is

facilitated by the accessibility of proPL on the virus envelope as previously
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Figure 36 Herpesvirus-mediated protease activated receptor
activation. HSV1 expresses procoagulant phospholipid (green head
groups), tissue factor (TF) and glycoprotein C (gC) on its surface that
can simultaneously accelerate the activation of factor X (FX) by factor
Vila (FVlla) through independent mechanisms. The FXa produced can
interact with factor Va (Va) and participate in the activation of
prothrombin (If) to thrombin (lla). Thrombin can then interact with the
cell surface PAR1 receptor and result in host cell modulation. An
additional component on the virus implicated in the FVila-accelerating
capability of gC is also depicted.

115



Modulation «——'/\)



described '¥%®, Although the in vivo source of activated FVIl is unknown, it is likely
that the first complexes are assembled using the small amount of FVlla known to
circulate in blood . Alternatively, the viral TF may substitute for cell surface TF,
which has been shown to activate FVIl when in complex with FVlla, effectively
generating its own enzymatic partner %%,

Our present results also provide evidence that an additional virus component
helps facilitate the gC acceleration of FVlla as shown in Figure 36. Currently there is
no evidence of a direct interaction between gC and FX or FVlia and is therefore not
depicted. However, it is not known if the gC-accessory protein complex can also
promote FVII activation as seen with TF. Regardless of the pathway of generation,
the FXa that remains associated with, or released from the virus, can function in the
prothrombinase complex to generate thrombin. Thrombin is short lived in the
circulation due to inhibition by endogenous anticoagulants and is thought to
generate its pleiotropic haemostatic and cell signaling effects near the site at which
ifc is produced %' The data show that coagulation enzyme complex assembly and
proteolytic events can occur directly on the virus and may cause immediate

thrombogenic changes to the host cell even prior to infection and expression of viral

gene products.

4.3.2 Celi Signaling
FXa and FVila are active serine proteases whose function in the early

initiating events of coagulation has been well documented. However, increasing
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evidence indicates that the activation of these clotting factors also elicits alterations
in the cells where the enzymes are produced or bound. Using a variety of human
cell types, FXa or TF-FVlla signaling has been implicated in many thrombotic,
atherogenic and inflammatory responses. Of importance to the current work, these

changes include: induction of phosphorylation events that upregulate gene

36 170

expression 7, induction of endothelial growth factors '"; smooth muscle celi

proliferation ''%; changes in intracellular Ca** levels '%; and induction of synthesis of
cytokines and expression of adhesion molecules **'°. Thus, FXa, FVlla or thrombin
that are concurrently produced on the HSV-1 surface may contribute to cell
signaling.

Recent advances in cell and gene knock-out mouse models have provided
evidence that FXa and TF-FVlia signaling is mediated by PARs "%, As depicted
in Figure 37, TF-FVlla has been shown to effectively cleave PAR2 whereas FXa can
ac’tivéte both PAR1 and PAR2. A major criticism in the relevance of FXa-mediated
signaling is the relatively high concentrations needed to evoke a PAR response
when only sub-nanomolar concentrations induce blood clotting 3 This has been
reconciled by showing the signaling efficacy of exogenous FXa is inefficient
compared to equivalent concentrations generated by the TF-FVila complex '*'.
Interestingly, the same group went on to show that the ternary TF-FVlla-FXa
complex appears o be most effective in PAR2 activation through the positioning of

the active site of FXa in a more favorable orientation for the activation of PARs as

compared to FVlia or FXa alone. Kinetic analysis demonstrated that FXa signaling
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Figure 37 HSV1 surface-associated protease activated receptor
(PAR) activation. If assembled at close proximity to the host cell
surface, HSV1 may mediate PAR activation. (A) Upon formation, the
TF-FVlia complex can activate PAR2. Also, prior to release of FXa, the
TF-FVlla-FXa complex may result in the activation of PAR1 and 2. (B)
Similar to the TF-FVila-FXa complex, the gC-dependent FXa that is
formed may potentially activate PAR1 and 2 on the cell surface. Not
depicted, the virus-dependent thrombin that is produced may also result
in PAR1, 3 and 4 activation at the host cell surface.
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could occur at the low concentrations of FXa that are typical for the initiation phase
of coagulation and therefore provides a mechanism to activate PAR1 and 2 prior to
thrombin generation.

These findings have three important implications in the current work. First,
each virus studied generated nanomolar concentrations of FXa during the reaction
time frame. This suggests that in addition to clot formation as previousvshown 218
the amount of FXa generated by these viruses could be sufficient to cause PAR
activation. Second, the TF-FVlila-FXa complex on the virus surface may potentially
activate cell surface PAR and mediate proatherosclerotic changes fo the cell priorto
virus entry. It is also intriguing to speculate that if a gC-accessory protein-FVila-FXa
complex exists as depicted in Figure 37, it may also mediate PAR2 signaling,
analogous to TF-FVila-FXa. And third, PAR signaling may also occur through the
preformed TF-FVIla complex on each virus. PAR2 is expressed on endothelial and
fibroblast cells, suggesting an early pathway in HSVi-mediated signaling. An
extension of these findings is that non-infectious viruses that are sometimes in 1000
fold excess of infectious particles may also mediate signaling events prior to
clearance. Therefore, productive infection may not be necessary for cellular

changes to occur.

4.4 EFFECT OF HERPESVIRUS PRODUCED THROMBIN
The ability of viruses to convert resting cells from an anticoagulant to a

procoagulant state is not unique to Herpesviruses. Measles virus, murine hepatitis
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virus and avian hemangioma retrovirus also cause host cells to become

thrombogenic %1% |t

is therefore possible that virus infection in general may
cause certain procoagulant effects. Perhaps more importantly, the ability of
thrombin to function as a potent cell modulator may be exploited by the virusesasa
way to signal host cells during infection. Both Herpesvirus infection and thrombin
have been shown to trigger similar intra- and extracellular events, many of which
can be attributed to G protein-coupled receptor perturbation *°%°".

The finding that gC, which is encoded by the HSV1 genome, is able to initiate
coagulation signifies that the capacity to generate thrombin is not merely
circumstantial with consequences to the host, but may assist the virus during
infection. To test this hypothesis, we followed HSV1 plaque formation in the
presence of a thrombin specific inhibitor (hirudin), purified thrombin, or a thrombin
receptor agonist peptide (TRAP). The combined data using the gC-characterized
virus panel showed that thrombin production initiated by viral TF or gC in sifu
enhanced the susceptibility of host cells to Herpesvirus infection by a process that is
reproduced by direct stimulation of the cell signaling receptor, protease activated
receptor-1 (PAR1). HSV2 infection was also enhanced by thrombin in an analogous
PAR1 dependent manner. A role for thrombin in the lifecycle of another clinically
impartant Herpesvirus, CMV, is also proposed. The current data suggests that the
production of thrombin on virus attached to the host cell surface may therefore be

an initiating event in the infection process and vascular pathology mediated by

Herpesviruses. There are several points along the pathway leading to productive
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infection that may be enhanced by thrombin.

4.4.1. Attachment

The attachment of Herpesviruses to host cells is a sequential process that
relies on initial contacts with cell surface HSP "%, This involves interactions between
the negatively charged moieties of HSP with known virus surface glycoproteins. For
CMV, binding is dependent on virus-encoded glycoprotein C-11 (gCli) " and gB *,
while gC *° and gB % have been identified for HSV. This interaction, which is
inhibited by soluble heparin, prepares the cell for a second attachment step. For
HSV1, this subsequent attachment step is at least mediated in part by the
interaction between gD and known Herpesvirus entry mediators. However, the
identity of the additional molecule needed for CMV entry remains controversial.
Following attachment, entry of the virus occurs through an unknown mechanism
that may involve scrambling of the cell and viral membranes or crossing over of
opposing membranes surfaces **'.

Work from our lab suggests that the proPL binding protein, annexin 1l (Anll)
may serve as a CMV-binding protein 2"?***¥"_ The discovery of a cell surface
component with electrophoretic properties identical to Anli that correlated with viral
tropism " and a report that an antiserum raised against Anll inhibited infection **°
provide indirect support for the receptor role of Anll. There has also been direct
evidence that purified Anii can independently function as a CMV receptor and

enhance viral plaque formation and mediate proPL membrane fusion ' The
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intracellular localization of Anll and lack of known redistribution pathways makes its
function as a cell surface receptor speculative. Of relevance to the current study, we
have recently identified that thrombin is able to induce the expression of Anli on the
cell surface V7.

In conjunction with the current report, the inducible expression of Anll on the
cell surface provides a direct function for thrombin in the initial attachment to the
host cell. In this model, the virus can generate a similar amount of thrombin as

added exogenously in the previous study 1

. If produced in close proximity to the
cell, the thrombin can then cause the redistribution of Anll to the host cell surface.
Once on the surface, interactions between Anli and CMV gB or Anli already present
on the virus surface are thought to mediate the final attachment and entry into the
cell. This model can be transferred to HSV1 and HSV2 since results from our
laboratory indicate that Anll is also found on the surface of these viruses, although
an additional Anll-interacting glycoprotein is not know for these viruses.

Another interesting model is suggested by the thrombin inducible cell surface
expression of Anll. Experimental evidence suggests that Anll can act as a
profibrinolytic agent through acceleration of the tissue plasminogen activator (tPA)-
mediated conversion of plasminogen to plasmin. This occurs through the binding of
tPA to C-terminal lysines on the p11 subunit associated with Anll, ultimately
resulting in the degradation of fibrin. The virus may therefore initiate the opposing

pathways of coagulation and fibrinolysis. A possible advantage of plasmin

generation by Herpesviruses is to limit fibrin deposition on the virus or host cell
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surface that would potentially inhibit virus attachment and enfry into the cell. This
may explain why fibrin deposition and clot formation are relatively rare clinical

manifestations of Herpesvirus infection.

4.4.2 Cell Signaling

In addition to its role in haemostasis, an important consequence of thrombin
production by the virus is the aberrant generation of a potent cell modulator. The
thrombin signal can be transmitted through the cleavage and activation of multiple
PARs on the cell surface, the most important of which is PAR1. Upon activation,
changes in the G proteins coupled to the receptor trigger phosphorylation events
that can lead to enhanced transcription, mitogenesis and growth of the cell *°. The
current report indicates that both thrombin and PAR1 perturbation result in
enhanced virus infection. These results therefore provide a direct link between the
previous independent observations that thrombin and virus stimulation of the cell
results in similar intracellular events. Also important, as seen with PAR activation by

FXa and FVlla, PAR1 activation can result in atherosclerotic changes to the cell.

4.4.3 Replication

After the initial contacts with the host cell have been made, pH-independent
fusion of the Herpesvirus envelope with the cell membrane occurs. For CMV, this is
believed to involve the virus-encoded gH and gB '®. An ant- idiotypic antibody that

mimics the cell-binding site on gH showed that a 92.5 kDa host cell cognate

123



receptor was involved in virus penetration "% and also functions in phosphorylation
by protein-tyrosine kinases '%°. PKC activity, which is increased by thrombin, has
also been correlated to virus infection 2. A number of HSV glycoproteins have
been identified that are important for penetration of the host cell membrane and
include gB, gD, and the gH/gL complex 33.126,191200 p potential link between HSV-1
penetration and thrombin stimulation is implied by observations, like those for CMV,
that PKC inhibitors attenuate the entry of virus into fibroblasts .

The transcription of HSV- and CMV-encoded genes is sequential with those
designated " immediate early” (IE) being expressed first *°. These depend heavily
on host transcription factors and do not require the prior expression of viral or host
genes. The IE genes have the ability to function as transcription factors and are
essential for the expression of later viral genes. The expression of the HSV-1 IE
genes that function in the generation of early and late genes products requires the
contribution of both virus and host cellular proteins. The transcription of the |E
genes is initiated upon entry into the cell by the virion phosphoprotein, VP16, which
targets specific upstream promoters of the HSV IE genes """, In order to regulate
transcription, VP16 directs the assembly of a multiprotein-DNA complex with the
cellular factors Oct-1 and HCF 2. Therefore, changes in the phosphorylation states
of celiular and viral proteins are important catalysts in IE transcription and are
mediated by exogenous cellular kinases such as PKC, PKA and cyclin-dependent

102,155,156 I

kinases nterestingly, thrombin receptor perturbation can also result in the

activation of these kinases, linking thrombin generation on the virus to manipulation
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of the host cell machinery that function in virus replication. Extracellular virus-
mediated thrombin production may also prime adjacent cells for infection.

Host transcription factors have also been shown important in the regulation to
the CMV major [E promoter (MIEP). There are several host cell proteins known to
activate the MIEP. The functioning of NF-kB in this process is considered to be

fundamental ™'

and is important within the context of thrombin-mediated receptor
activation. Prior to stimulation, NF-kB is stored in a cytoplasmic pool primarily bound
to the inhibitory protein, I-kB. Several reports have demonstrated that CMV
treatment of host cells enhances NF-kB activity within 2 hours 2", This effect does
not require protein synthesis and occurs through mobilization of the cytoplasmic
store to initiate CMV IE gene transcription 2°°. Thus, an additional involvement of
thrombin in CMV infection may be at this point of regulation because thrombin is
known to rapidly enhance NF-kB activity 200,

A model summarizing a possible mechanism for the thrombin-dependent
enhancement of HSV1 infection is shown in Figure 38. In a previous study we
reported that purified Herpesviruses could function effectively as the only source of
coagulation initiator in a clotting assay and was therefore capable of activating
factor VIl and factor V %'°, as depicted in the model. We now add to the
understanding of direct initiation of coagulation on the virus surface by showing here
that gC and TF simultaneously accelerate the activation of FX by FVlla through

independent pathways. The FXa that is generated can then assemble with the

cofactor factor Va in association with proPL and convert prothrombin to thrombin '&,
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Figure 38 Effects of Herpesvirus-mediated thrombin production.
The thrombin that is produced on the virus surface can: 1) result in the
enhancement of virus infection through increased virus attachment and
replication; 2) promote fibrin clot formation at the site of infection; and 3)
cause intracellular signaling events through protease activated receptor
activation.
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The thrombin that is produced can then interact with cell surface PAR1 and assist
entry of the virus into the cell. Because the novel FVlla accelerating activity of
purified sgC was enhanced by 3 orders of magnitude when combined with HSV1,
an additional contributing viral constituent is depicted in the model.

Based on the observation that thrombin can be generated on the HSV1
surface, a summary of the potential cell modulatory effects of virus-produced
thrombin are shown in Figure 38. The amount of thrombin that can be produced on
a single blood-borne virus particle may not be sufficient to overcome the
anticoagulant threshold of plasma if the virus is free in the circulation. However,
when HSV1 binds near thrombin receptors on a host cell surface or when a large
local concentration of virus is released upon cell lysis, the probability of thrombin
inhibition by normal physiological anticoagulant pathways is decreased. Thus,
thrombin production on the virus is seen primarily as a cell-triggering event, which
may have two roles in pathology. First, thrombin receptor perturbation may signal
cellular events that lead to the expression of viral receptors or result in enhanced
viral gene transcription, ultimately leading to increased infection. Second,
Herpesviruses establish latent infection, which means that the host is exposed to
numerous recurrent, subclinical infections. The resulting procoagulant and
proinflammatory effeds of small amounts of localized thrombin production would be
cumulative and predispose to vascular disease ®'*"?*?_ The induction of cellular
thrombogenic activity by virus infection may furthermore propagaté the effect and

establish localized areas of vasculature that are especially susceptible to infection.
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4.5 THROMBOGENIC POTENTIAL

The generation of a celiular procoagulant phenotype is a well-documented
outcome of viral infections. In our previous studies, HSV1, HSV2 and CMV differed
in their ability to generate thrombin 2'®. This is interesting since it implies that subtle
differences exist between viruses that may be correlated to published effects in
vascular pathology. Earlier work using clotting assays showed that HSV generated
100 times more thrombin per particle than CMV ?'°. In agreement, data from
chromogenic assays in the current study shows that there is only a 10 fold increase
in thrombin production when HSVs are compared tc CMV. This may indicate that an
additional component in serum gives rise to the increased thrombin generation seen
in the clotting assay. The most plausible reason for the discrepancy is the FlXa-
FVlila tenase pathway that can also augment thrombin generation in the clotting
assay whereas it is not present in the purified chromogenic assays. A similar result
was realized when initiating events were examined on HSV compared to CMV. As
predicted, CMV generated less FXa than either HSV1 or HSV2 and therefore would
explain the differential generation of thrombin. These findings provide direct
evidence to explain why severe HSV infection leads to fibrin deposition in

125144 and disseminated intravascular coagulation *® in humans.

microvasculature
Thrombotic complications due to CMV are rare; however, a correlation with
restenosis has been suggested.

The higher thrombogenic potential of HSVs compared to CMV raises a
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number of interesting hypotheses concerning the FXa and thrombin generating
pathways associated with the Herpesvirus family. The first is based on the
observation that CMV and the gC-deficient virus generates less FXa per particle
than HSV1, HSVZ2, or the gC-competent strain and therefore leads to reduced
thrombin generation. Incubation of the same viruses with inhibitory anti-TF antibody
also showed reduced FXa generation when compared to HSV1, HSVZ, or the gC-
competent virus. This clearly shows that like the gC-deficient virus, the prominent
FXa generating mechanism on CMV is TF. Second, H8V1 and HSV2 have only
slight differences in FXa and thrombin generation as well as TF inhibition profiles of
thrombin generation, indicating similar initiating mechanisms associated with these
viruses. This is interesting since HSV1 and HSV2 gC share a low degree of
sequence homology 2 and suggests that another glycoprotein on HSV2 can function
in FXa generation. The FXa generating capability of HSV2 gC can also be
determined.

The reduced infectivity of HSV2 compared to HSV1 in response to thrombin
or the PAR1 agonist peptide indicates that multiple signaling pathways may be
involved in the infection of the two viruses. The reported 2 fold difference in FXa
and thrombin generation between HSV1 and HSV2, although slight, may have an
effect on induced pathology. HSV2 was shown to generate more FXa than HSV1
and was less sensitive to TRAP treatment, suggesting that in addition to PAR1,
PAR?2 perturbation may be important for entry. The relative infectivity due to purified

FXa treatment of cells as well as a PAR2 agonist peptide would illustrate the
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importance of PAR2 in HSV1 and HSVZ2 infection.

The expression 01; TF was shown on all Herpesviruses preparations tested,
however, differing amounts of the protein were associated with each. This may be
due to several factors. The first is that since the TF is derived solely from the host
cell membranes, the amount associated with the virus may vary due to cellular TF
levels. This in turn may be due the synchronization of the cells at the time of initial
infection with actively dividing cells being able to synthesize more protein.
Alternatively, infection with a particular virus strain may result in a more robust
infection and generation of TF while infection with the different viruses may resultin
alterations in transcription rates that would affect the amount of host cell and viral
proteins within a cell. Therefore, the coordinated expression of TF on the cell
surface with virus egress will ultimately determine the amount of TF associated with
each individual virus.

In some cases, the TF activity produced on the virus does not reflect the
amount of antigen detected. Itis important fo note that in each experiment, the inter
virus variation in TF antigen was minimal, indicating that the results were reflective
of two initiating pathways on the virus and not simply due to reduced levels of TF in
the system. A possible explanation for the reduced TF activity is based on the local
environment in which it is present on the virus. Since TF can traffic between areas
of the membrane that are rich in proPL or glycosphingolipid, regulation of function
may result from the localization of TF in different cell surface microdomains . The

changes in the membrane phospholipid distribution that is responsible for the overall
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enhancement of TF proteolytic function ** may also differ amongst the virus tested.

An additional explanation for differences in TF antigen levels and activity
detected is suggested by previous reports that determined the availability of
functional TF on the membrane surface. These studies identified a pool of cell
surface encrypted TF that has a much lower procoagulant activity than cells that
have been damaged, lysed or treated with caicium ionophore '®. Although TF is
present on the surface of such cells, it only becomes fully active when membrane
properties of the cell are altered ', There are several potential explanations for
this phenomenon of TF encryption. First, cells are known to restrict the distribution
of aminophospholipid to the inner leaflet of the plasma membrane. Negatively
charged phospholipids are required for substrate molecules to bind to the
membrane, so their sequestration limits the activity of cell surface TF. When cells
are activated the phospholipid asymmetry is lost and the TF would become
functional. Secondly, in some cell types, TF may associate with’caveolae, which are
areas of the cell surface with altered lipid composition. This extracellular pool of TF
was shown to bind Vlla normally, but is incapable of forming the ternary complex
that leads to FX activation '%. Since the TF on the virus is acquired from the host
cell membrane, a fraction may also be encrypted and unable to activate FX,
accounting for the increased TF antigen associated with some virus preparations
compared to the TF activity generated. In order to determine the proportion of
potentially non-functional TF associated with each virus, the ability of FVila to

cleave small peptidyl substrates, which is unchanged when TF is encrypted, can be
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followed.

Also of potential importance to the current work are studies demonstrating
the presence of a dimeric TF on the cell surface. It has been proposed that
dimerization or oligomerization of TF in the membrane may reduce its activity, and
that damage or lysis of cells méy promote the formation of active monomers.
However, it was subsequently shown that TF dimerization did not influence the
amidolytic or FX activation activities of the TF-Vila complex *°. It is currently not
known whether TF dimers exist on the virus surface and if their formation has an
effect on virus-mediated FX activation. Also, it is unknown if the formation of these
dimers would affect the antigenicity of TF.

Another parameter to consider in the determination of functional cofactor
molecules is the amount of proPL associated with each virus preparation. As
previously mentioned, the availability of surface proPL is important for the
recruitment of FX to the TF-FVlia and potentially gC-FVlia complexes. Therefore if a
variation in the presence and availability of proPL exists on the virus, a change in
the full function of initiator molecules will occur. In the present study, the amount of
proPL associated with each virus was not determined. However, limiting of complex
formation due fo the available proPL. on each virus seéms unlikely since no increase
in FXa generation was seen with the addition of exogenous proPL. In agreement,
approximately 9% of the total phospholipid content of CMV was estimated to be
proPL accessible on its surface and was not limiting with respect to FX or FXa

binding 183,
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Evidence from the current report suggests that 50% of the FXa generation by
HSV1 is due to gC and should be considered as an important factor in the
thrombogenic potential of this virus. This protein is encoded by the virus and
therefore implies that a constant number of copies of gC should be presentonthe
surface. This was the case as each HSV1 used in an individual experiment
contained comparable levels of gC antigen. Also of interest, an antibody was not
found that would recognize the gC antigen on both the lab strain and clinical isolate
of HSV1 used in the study. This was surprising since gC was not found to be
significantly variable between HSV1 strains 21 The antibody used may be directed
towards a highly antigenic region in the clinical isolate that is altered or not present
in the lab adapted strain and therefore not recognized. From the functional data
presented, the clinical isolate and lab strain are suggested to have comparable
levels of gC since they had identical FXa generating and TF inhibition profiles.
Currently, the glycoprotein in HSV2 that functions analogously to HSV1 gC in FX
activation is not known. Once identified, this protein would also add to the

thrombogenic potential of that virus.

4.6 VASCULAR DISEASE

Atherosclerosis is a complex disease that is induced by a combination of risk
factors. Many of the early studies developed a clear involvement of lipid
accumulation and smooth muscle cell proliferation in the development of the

57,134
3

atheroma. Thrombin, the biological effector of the coagulation pathway was
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suggested to play a role through the stimulation of smooth muscle cell proliferation,
recruitment of monocytes and macrophages, and the development of a
procoagulant phenotype, all of which may lead to atherosclerosis. The involvement
of thrombin in these changes is supported in the literature showing that hirudin, a
specific thrombin inhibitor, reduced monocyte adhesion to infected vascular
endothelial cells and similarly, adhesion was inhibited by depleting the inoculation
media of prothrombin %. Since many of these same celiular changes are caused by

Herpesvirus infection 145,147,232

the thrombin produced on the virus surface is
speculated to be the cause.

Research over the past decade has provided an inflammatory component to
the development of vascular disease that may be mediated by coagulation protease
signaling through PARs. Thrombin and TF-FVlia activate endothelial cell PAR1 and
PAR2 respectively to signal changes in vascular fone, stimulate permeability and
increase the adhesion of inflammatory molecules *°. Therefore, Herpesvirus can
potentially direct a similar chain of events by activating cell surface PAR1 and PAR2
through the TF-FVlla and TF-FVlla-FXa complexes directly on their surface as well
as the generation and release of FXa and thrombin. Importantly, these events can
occur without virus entry into the cell. This report adds to the previous work,
providing a direct link between the ability of the Herpesvirus surface to initiate
coagulation and the development of an atherosclerotic phenotype. This

demonstrates the earliest known event linking subclinical Herpesvirus infection to

atherogenesis. The data also suggest that a hypercoaguable state may lead to an
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increased susceptibility to Herpesvirus infection.

4.7 FUTURE DIRECTIONS
4.7 .1 In situ thrombin production

Results from this and our previous study have shown that members of the
Herpesvirus family differ in their ability to generate FXa and thrombin. Using clotting
and chromogenic assays, similar interpretations can be made regarding the virus-
mediated initiation of coagulation. However, the results from clotting assays showed
a greater difference between each virus with respect to FX activating ability. This
implies that something in plasma influences the ability to initiate coagulation and
may be a more in vivo like setting than the use of purified proteins. Therefore, the
ability of each virus to produce a titratable effect of both FXa and thrombin
generation will be examined. The gC-characterized viruses will also be examined to

determine the importance of gC in plasma clotting events.

4.7.2 Further effects of coagulation proteases

The data from this report indicated that HSV infection of host cells is
enhanced by simultaneous incubation of the cells with thrombin. it is conceivable
that an augmentation in infection may be realized if the cells are stimulated prior to
the addition of virus. Therefore the effect of thrombin pretreatment on infection

should be determined. Also, the ability of thrombin generated at the virus surface to
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trigger cellular events will be investigated. In order to distinguish effects induced by:
a) thrombin produced on the virus; b) thrombin produced on the cell; and c¢) direct
virus-cell interactions, the use of purified coagulation factors and a series of
preincubation/washing steps will control where and how thrombin is being produced.
The parameters that will be initially focused upon will include the effects on overall
infection and virus receptor expression.

Current evidence suggests that PAR activation through FXa may also result
in cellular changes that increase virus infection. Therefore, as with thrombin, the
function of FXa in virus infection will be explored. This involves addition of
exogenous FXa, use of specific inhibitors and the effect of PAR2 activation on
infection. Again, the role on FXa preincubation as well as in situ FXa production on
the virus should also be investigated. This would allow the direct comparison of

PAR1 and PARZ2 mediated events in virus infection.

4.7.3 Direct interactions of proteins
Preliminary experiments using SPR were unable to demonstrate an
_interaction between gC and either FX or FVlia. Further experiments designed to
explore direct virus surface interactions can be achieved by direct binding studies of
FX or FVlla to the gC-characterized virus panel through either SPR or high-speed
ultracentrifugation. Also, the finding that an additional viral constituent is needed for
the full function of gC in FVlla acceleration implies synergy between the two

molecules. Therefore, the identity of the accessory protein will be explored. To
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begin other glycoproteins known o interact with gC will be examined by following
FXa generation in the presence of specific antibodies. Alternatively, simultaneous
incubation with different combinations of these glycoproteins in a purified system

may identify possible candidates involved in FXa generation.

4.7.4 Animal Models

In order to demonstrate the clinical significance of the current results
previously described animal models will be used. The development of a thrombotic
state after injection with the different members of the Herpesvirus family into normal
mice can determine by FXa and thrombin detection in plasma. These viruses will
then be compared to the gC-characterized virus panel with the hypothesis that
infection with the gC-deficient virus would result in less FXa and thrombin
production. C3-deficient mice will also be monitored for any changes due o
complement-mediated effects. To test the hypothesis that a prothrombaotic condition
may predispose to virus infection, the progression of infection in a hypercoaguable

mouse model, such as active protein C resistence, can be examined.
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