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Abstract

Many virus types are covered by a lipid bilayer. This structure called an envelope, is derived from
the host cell and includes host- and virus-encoded proteins. Because envelope components first
interact with the host, it is the trigger for infection, immunity and pathology. The roles of
especially host-derived constituents are poorly understood. Focusing on herpes simplex type 1
(HSV1) as a model, we have shown that the envelope acquires the physiological initiators of
coagulation from the host cell; tissue factor (TF) and procoagulant phospholipid (proPL). Unlike
resting cells, where TF and proPL accessibility is carefully restricted, their expression is
constitutive on the purified virus enabling factor Vlla (FV1la)-dependant factor Xa (FXa) and
thrombin generation. Interestingly, HSV1-encoded glycoprotein C (gC) on the virus enhances FXa
production. In addition to coagulation proteases, HSV1 also facilitates fibrinolytic plasmin
generation. HSV1 TF and gC combine to optimally enhance cultured cell infection when both
FVlla and FXa are available through protease activated receptor (PAR) 2. Plasmin also increases
infection through PAR2, whereas thrombin provides an additive effect via PAR1. Thus, depending
on the host cell, TF and proPL may be a general feature of enveloped viruses, enabling
coagulation protease activation and PAR-mediated effects on infection.

The Virus Envelope

Many types of virus acquire a covering as they “bud” from the host cell. This structure,
called an envelope, consists of a cell-derived lipid bilayer and the associated membrane-
bound proteins, which are encoded by both viral and host genes. Since the host cell and the
respective membrane are not constant, the envelope proteome is variable, and consequently
the roles of host-encoded envelope proteins in the virus life-cycle and pathology are poorly
understood. Numerous enveloped viruses affect hemostasis, such as herpes simplex virus
types 1 (HSV1) [1] and 2 [2], cytomegalovirus [3], dengue virus [4], Ebola virus [5],
hepatitis C virus [6], human immunodeficiency viruses 1 and 2 [7] and influenza virus [8].
As a model envelope virus, our focus has been primarily on HSV1, which uses host- and
virus-encoded proteins to activate plasma coagulation proteases on its surface. Here we
review our studies showing that HSV1 envelope receptors exploit these proteases to enhance
cellular infection by triggering host signaling mechanisms.
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Coagulation Proteases are activated on HSV1

Envelope procoagulant phospholipid

The essential roles of thrombin in biology are highly regulated, requiring procoagulant
phospholipid (proPL; e.g. phosphatidylserine) as a focal point for binding and assembly of
the enzyme-cofactor-substrate complex that activates its precursor, prothrombin, and
upstream proteases. ProPL serves to localize and concentrate clotting proteins to sites of
vascular damage, where agonists induce its controlled accessibility. In contrast, we showed
that purified HSV1, and other members of the herpes virus family constitutively express
proPL on their envelope [2,9] and consequently circumvent the constraint of cell-localized
thrombin production. The enzyme responsible for thrombin generation is a ternary complex
between the protease factor Xa (FXa) and the cofactor Va (FVa) that associate with each
other and proPL in the presence of CaZ*, termed prothrombinase. Direct binding and
functional assays have demonstrated that purified HSV1 and other herpes viruses can
assemble prothrombinase from purified proteins and in plasma [2,9]. Suggesting proPL may
be a general virus envelope constituent, it has been defined on other viruses as essential to
infection [10]. A model summarizing the procoagulant mechanisms we have identified on
HSV1 is presented in Figure 1.

Host-derived tissue factor

Cells control prothrombinase assembly, not only by providing proPL, but also by producing
the first FXa from its inactive precursor, factor X (FX). Our finding that purified HSV1 can
initiate plasma coagulation [2], suggested a surface mechanism to generate FXa. The
extrinsic tenase, the cellular FX-activating complex responsible for initiating coagulation,
consists of the plasma-derived protease, factor Vlla (FVIla), bound to its cofactor, tissue
factor (TF). TF is an integral membrane protein present constitutively in epithelia and
stromal cells. Exposure of the subendothelium or agonist-induced cellular expression
localizes TF to sites of vascular damage. Of note, enveloped virus infection has been shown
to enhance TF expression on at least endothelial cells, monocytes and macrophages [11,12].
Therefore host TF is a candidate receptor that could be incorporated into any virus envelope
depending on the permissive cell-type during the course of infection. Indeed, we have
identified TF on the surface of HSV1 and other herpes viruses propagated in various cell
types by electron microscopy and functional analyses [2]. Our unpublished data also suggest
that each of four purified dengue virus serotypes has TF activity. Thus, these viruses can
bypass the cell-mediated regulation of clotting by not only providing their own proPL, but
also TF to produce FXa and thrombin.

Virus-encoded glycoprotein C

HSV1-encoded glycoprotein C (gC) expression on the infected endothelial cell surface has
been attributed to enhanced FX activation [13]. Since gC is a transmembrane component of
the HSV1 envelope, we became interested in its role as a possible contributor to envelope-
mediated coagulation. With a gC-null virus mutant, TF inhibitory antibodies and solubilized
recombinant gC (sgC), we demonstrated that gC on the surface of HSV1 enhances FVlla-
dependent FX activation [14]. Viral gC contributes to FX binding and sgC enhances FVlla-
dependent FX activation by approximately 1000-fold in the presence of purified HSV1. A
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Ca%*-dependent association of FX with virus particles was facilitated when gC was present
in the envelope of HSV1 [14]. Interestingly, sgC has an as yet unidentified binding
partner(s) on HSV1 with ~100 sites/virus particle. sgC bound through this mechanism
provides an equivalent number of additional FX binding sites. To unambiguously investigate
the role of virus envelope TF, we produced novel host protein-restricted HSV1 that is either
positive or negative for TF. These were further made either positive or negative for virus-
encoded gC [15]. The initial data suggest that gC functions to enhance the cofactor activity
of TF on the virus surface toward FX activation with only limited activity in the absence of
TF (unpublished). Our observations add to the repertoire of gC functions, which is also
involved in complement evasion [16] and virus-host cell interactions [17].

Intrinsic tenase

Once physiological FXa generation is started by TF/FVIlla, its production is amplified by a
complex between the protease factor 1Xa, its specific cofactor VIlla (FVIIla) and proPL, the
intrinsic tenase. We have recently reported FVIlI-dependent plasma clot formation initiated
by low levels of virus [18]. Utilizing FVII-deficient plasma and various inhibitors to dissect
the clotting pathway, we have also shown that HSV1 can initiate plasma coagulation
through the contact phase of coagulation, which amplifies FXa/thrombin generation through
the intrinsic tenase by upstream factor Xlla and kallikrein activation [18]. Combined with
TF and gC, HSV1 has at least three mechanisms on its envelope contributing to FXa
function. Other procoagulant enveloped viruses may similarly deliver and localize activated
coagulation proteases to the surface of host cells as one of the first events in the infection
mechanism.

Envelope Coagulation Cofactors Enhance HSV1 Cell Infection through

Protease Activated Receptors

Coagulation proteases increase HSV1 infection

Thrombin, FVI1la, FXa and other proteases such as fibrinolytic plasmin, stimulate many cell
types by exposing a “tethered-ligand” at the N-terminus of G-protein-linked protease
activated receptors (PARSs) [19]. Due to the procoagulant enzymes generated on the HSV1
envelope, we consequently investigated a role for host cellular PAR1 and PAR2 in infection
(Figure 1). Using purified proteases, synthetic PAR-activating peptides and inhibitory
antibodies to PAR-mediated signaling, we showed that thrombin enhanced cultured
endothelial cell and fibroblast infection exclusively through PAR1 [20]. Independent of
PAR1, a PAR2-mediated infection pathway was triggered by FXa, FVI1la [15] or plasmin
[21]. Since the effects of PAR1 and PAR2 on infection were additive [15], different G-
protein-coupled intracellular pathways may contribute to HSV1 replication. Like other
viruses [22], we found that plasmin generation from its purified precursor plasminogen by
tissue plasminogen activator was increased in the presence of purified HSV1 [21]. This
simultaneous generation of clot-dissolving and -forming proteases may explain why HSV1
or other enveloped viruses have not been correlated more strongly to thrombosis.
Interestingly, outside of the herpes virus family, the plasminogen pathway has been shown
to promote early-stage influenza A replication with PAR1 playing a key role and correlating
strongly to pathogenesis in mice [23,24].
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TF and gC on HSV1 promote infection mediated by FVlla and FXa

In addition to its pivotal role in coagulation, TF has been identified as a signaling cofactor
that presents FVIla and FXa/FVIla to PARs, thereby dropping the concentration of these
proteases to a relevant physiological range [25]. Using our TF+/—, gC+/- HSV1 panel, TF
+/gC+ HSV1 in the presence of both FVIla and FXa optimally enhanced infection in vitro
[15]. Other cofactor/protease combinations also increased HSV1 replication, including a
newly identified signaling cofactor-protease pair, gC/FXa. These results demonstrated a
cofactor signaling function when TF is derived from a different surface than the cellular
PAR2. Thus the virus has evolved to activate coagulation proteases to trans-modulate cell
function, analogous to tumor-derived TF+ microparticles during hypoxia [26]. While it is
currently unclear at which stages of viral infection PARs are activated, cell membrane-
HSV1 envelope fusion may influence PAR cleavage by virus envelope cofactor complexes.

In a murine model, we have recently presented data in abstract form showing that purified
TF+ HSV1 is much more infectious than TF- HSV1. This enhanced infectivity is
furthermore inhibited by virus-specific TF antibodies, which strongly suggests that the host
cell membrane plays a key role in virology by transferring a cofactor advantage to the virus
envelope. Highlighting the multi-functional and divergent roles of coagulation proteases
within virology, PARs have not only been shown to enhance infection [15,24,27] but also to
up-regulate the opposing innate immune response to influenza A and the non-enveloped
coxsackie virus [28]. Interestingly, non-enveloped adenovirus, associates with the zymogen
FX to facilitate infection, and to directly stimulate innate immune defenses [29]. While
further studies must be conducted in vivo, our results for HSV1 suggest that constituents
obtained from the host cell membrane aid infection, possibly tipping the balance toward
evading immune surveillance.
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ENHANCED INFECTION

Figure 1. HSV1 initiates coagulation protease activation and enhancesinfection through PARs
Host cell-derived TF and proPL (green polar-head), and virus-encoded gC on the HSV1

surface initiate coagulation protease activation (blue arrows). HSV1-cell attachment (e.g. via
gC-heparan sulfate proteoglycan, HSP) positions the virus proximal to PAR1 for activation
by thrombin, or to PAR2 for activation by FVIla, FXa and plasmin (green arrows). The
effects of these enzymes and PARs combine to enhance infection. Viral TF and gC, form an
optimal quaternary PAR2-signaling complex with FXa and FVIla. A novel gC/FXa PAR2
signaling combination is shown.

Thromb Res. Author manuscript; available in PMC 2015 May 21.



