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Abstract

Herpes simplex virus type-1 (HSV-1) is among the most common human pathogens worldwide.
Its entry into host cells is an intricate process that relies heavily on the ability of the viral
glycoproteins to bind host cellular proteins and to efficiently mediate fusion of the virus envelope
with the cell membrane. Acquisition of HSV-1 results in a lifelong latent infection. Due to the
cycles of reactivation from a latent state, much emphasis has been placed on the management of
infection through the use of DNA synthesis inhibitors. However, new methods are needed to
provide more effective treatment at earlier phases of the viral infection and to prevent the
development of drug resistance by the virus. This review outlines the infection process and the
common therapeutics currently used against the fundamental stages of HSV-1 replication and
fusion. The remainder of this article will focus on a new approach for HSV-1 infection control and
management, the concept of glycoprotein-receptor targeting.
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INTRODUCTION

HSV-1 infections are endemic throughout the world. As a ubiquitous human pathogen,
HSV-1 ranks as one of the most common viruses acquired by humans [1-3]. In the United
States alone, 57% of adults are seropositive for HSV-1 [4]. Worldwide, 50% to 90% of
individuals are seropositive for this neurotropic virus [5, 6]. Once HSV-1 is acquired,
whether through sexual or nonsexual contact, the virus successfully avoids clearance by the
immune system by entering into a state of latency, resulting in a lifelong infection [7-14].
As a result of the latent stage, the viral infection is considered incurable, leaving infected
persons to live as lifelong reservoirs for the virus as complete clearance of the virus is
seldom achieved [15-18]. The fact that viral reactivation may occur by many environmental
and non-environmental stimuli such as ultraviolet light, immunosuppressant state,
menstruation, emotional stress, and skin trauma only serves to highlight the problems
associated with latency. Common clinical manifestations include blisters at the initial site of
infection, but blindness, encephalitis, and neonatal infections can also occur [19-21].
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As knowledge of HSV-1 infection grows, innovative antiviral therapeutic design and
potential new targets for viral management are being identified. These new therapeutic
approaches are challenging to develop as they have to fit within the parameters of high
bioavailability, low cost, low toxicity, and easy synthesis. It is also important for new drugs
to be based on non-traditional targets, as this will allow prescription of multi-drug therapy
with relatively lower risk of drug resistance development. But regardless of the challenge
inherent in developing new antivirals against HSV-1, novel therapies are needed. The
currently available antivirals against HSV-1 infections are not always effective in given
conditions and viral resistance may develop. In addition, the current antivirals as a whole
also do little to preclude the establishment of viral latency and the resulting consequences
following viral reactivation [19-22]. This article presents an overview of the current
therapeutic approaches against HSV-1 with specific focus on currently available viral DNA
synthesis inhibitors and the blockers of viral fusion activity. We will then present a
promising alternative to current therapeutics (i.e. glycoprotein-receptor targeting) as a new
proposed means to clinically inhibit HSV-1 pathogenesis.

CURRENT THERAPIES
HSV-1 DNA REPLICATION INHIBITORS

The fact that most current therapies target HSV-1 replication is not surprising given that the
initiation of replication is a highly ordered process and any disturbance to this process
adversely affects viral propagation. Once HSV-1 enters the host cell, the viral capsid is
transported to nuclear pores in a process mediated by the dynein/dynactin motor protein
complex [23] where it delivers double stranded linear DNA into the nucleus [22]. Within 30
minutes following virus entry [24], the viral DNA is then converted to a circular form prior
to the initiation of replication [25]. Shortly after cell-entry, HSV-1 initiates a series of viral
gene expression that is regulated by VP16, which is a late viral protein that is a component
of the virion particles [26]. VP16, along with the cellular proteins Oct-1 and HCF, activate
RNA polymerase I1-dependent transcription [27]. All the following viral transcripts are
synthesized via this cellular RNA polymerase 11 [26]. ICPO, ICP4, ICP22, and ICP27, all of
which are IE proteins, further transduce gene expression [26]. ICP4 is a protein essential to
the virus and is necessary for the efficient expression of viral DE and other late proteins
[28]. ICP22 is not considered to be an essential viral protein, but regulates RNA polymerase
Il activity via regulation of DE and viral late gene expression [29]. ICP27, in addition to also
regulating viral DE and late gene expression, is involved in inhibiting the host cell gene
expression following viral cell entry [30, 31]. ICPO is also considered a nonessential viral
protein, but it is important in both Iytic and latent infection as it activates viral gene
expression during the former and is necessary for efficient reactivation during the latter [32].
Additionally important to viral gene expression is VVhs (virion host shut-off), a tegument
protein that is able to regulate the cascade of viral gene expression by influencing the
stability of viral transcripts [33]. However, this protein is also important in compromising
the stability of cellular transcripts, a factor that favors expression of viral transcripts instead
[26].

Following this initiation of the cascade of viral gene expression and proper localization to
the nucleus [26], lytic replication is initiated by recruitment of seven essential viral proteins
that include an origin binding protein, UL9; a helicase-primase heterotrimer containing ULS5,
ULS8, and UL 52; a single-stranded—DNA-binding protein, ICP8 (or UL29); a viral DNA
polymerase, UL30, and a polymerase accessory protein, UL42 [34, 35]. The formation of a
scaffold consisting of UL5, UL8, UL52, and UL9 promotes the recruitment of IPC8. UL9
and ICP8 are necessary to distort the immediate origin in an ATP-independent manner [36]
and then in an ATP-dependent mechanism, are able to facilitate unwinding of the origin [37,
38]. Additionally, together, these five proteins — UL5, UL8, UL52, UL9, and ICP8 - create a
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platform for UL42 to recruit viral DNA polymerase (UL30), the enzyme necessary to
initiate the synthesis of a new DNA strand [39]. The important role in viral DNA synthesis
of HSV-1 DNA polymerase has made the enzyme an ideal target for the development of
antiviral drugs. Its close interactions with a polymerase accessory protein, UL42, helps
establish the rate of DNA synthesis during an infection [40, 41]. An additional role of UL30
includes an exonuclease activity that is required for the removal of mismatched or unpaired
deoxynucleotides [42]. The sensitivity of the polymerase for proper base pairing has
provided validation for the use of nucleoside and pyrophosphate analogs as anti-HSV-1
agents. Incorporation of either into a growing DNA chain halts viral DNA synthesis and
leads to the termination of chain extension.

Current therapies belonging to this class of nucleoside, nucleotide, and pyrophosphate
analogs are relatively abundant within the realm of HSV-1 therapeutics. Acyclovir (ACV) is
one of the oldest antiviral drugs used for HSV-1 treatment [43]. ACV functions as a
substrate for viral DNA polymerase, competing with deoxyguanosine tripohosphate for
incorporation into the elongation chain. It is a nucleoside analog with potent inhibitory
effects and relatively low toxicity. ACV is selectively phosphorylated in virally infected
cells by viral thymidine kinase, a process required for the activation of ACV. This
phosphorylation step is the first of three steps that generates a non-functional GTP analog
[44]. The two later phosphorylation steps are performed by cellular kinases, which generate
a GTP analog that strongly inhibits viral DNA synthesis by competing with endogenous
GTP [45]. The incorporation of ACV-triphosphate into the growing viral DNA chain forces
the termination of HSV-1 DNA synthesis, effectively preventing viral replication. Since the
development of ACV in the early 1980s, it has been administered intravenously, orally, and
as a topical ointment.

Although ACYV initially displayed potent inhibitory activity against HSV-1, the
bioavailability of ACV at recommended dosages was limited. As a result of the limited
bioavailability, plasma levels adequate to inhibit the less sensitive herpesvirus strains were
more difficult to achieve [46]. Due to this low bioavailability, efforts were placed on the
development of a prodrug that would retain the safety and efficacy profiles of ACV while
greatly improving the oral bioavailability [47], a process which lead to the discovery of
valaciclovir. As a prodrug of ACV, oral valaciclovir enhances the bioavailability of ACV to
levels three-to-five fold higher than that obtained with oral ACV [48-50]. Upon oral
administration, valaciclovir is rapidly converted to ACV by compounds within the small
intestine, promoting high bioavailability [51]. The usage of valaciclovir as a suppressive
therapy is advantageous to patients as daily dosage requirements is significantly decreased
in comparison to those needed with its parent compound [52]. Valaciclovir has very few
adverse effects and is generally recommended for long-term usage. Commons side effects
include anemia, neutropenia, and thrombocytopenia, thus requiring careful monitoring of a
patient’s blood count.

Another drug developed during this period of antiviral development was famciclovir.
Famciclovir, a synthetic acyclic guanine derivative, is a prodrug which, after oral
administration, is rapidly metabolized to the highly bioavailable antiviral compound
penciclovir via a two-step process of enzymatic hydrolysis and oxidation [53, 54]. The first
step of activation results from the removal of an ester group in the intestines. The second
step of activation occurs in the liver, in which penciclovir undergoes deacetylation and
oxidation [55]. Upon entry into virally infected cells, penciclovir is phosphorylated by viral
thymidine kinase. Additionally this drug displays higher affinity for HSV-1 thymidine
kinase than does ACV and promotes a higher production of penciclovir triphosphate within
infected cells when compared to the production of ACV triphosphate. The active form of
penciclovir is much more stable than that of ACV and, thus, it resides within infected cells

Rev Med Virol. Author manuscript; available in PMC 2014 May 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Antoine et al.

Page 4

for a longer period of time [56, 57]. The function of penciclovir as a short chain terminator
allows limited DNA chain elongation [58]. As a result of the high bioavailability,
famciclovir can be administered in low doses for long periods of time[58]

Ganciclovir, a homolog of ACV, is the only guanine analog that potently inhibits herpes
viruses. Through the use of the cellular enzymes deoxyguanosine kinase, guanylated kinase
and phosphoglycerate kinase, ganciclovir is metabolized to a triphosphate form that allows
for potent inhibition of the viral DNA polymerase [59]. Of the three enzymes mentioned
above, deoxyguanosine kinase is only induced in a herpes infected cell, a finding that aids in
the specificity of this drug. Ganciclovir is initially phosphorylated to ganciclovir
monophosphate by the viral protein kinase and then to ganciclovir diphosphate and finally to
ganciclovir triphosphate by these cellular kinases [60, 61]. The mechanism of action of
ganciclovir is similar to that of its homolog ACV. Through competitive inhibition of
endogenous deoxyguanosine triphosphate, ganciclovir triphosphate incorporates into the
growing DNA chain, initiating chain termination by inhibiting herpes virus DNA
polymerase and arresting HSV replication [62, 63]. The ability of ganciclovir to be
phosphorylated by cytomegalovirus (CMV), HSV, and Epstein-Barr virus (EBV)-infected
cells has made ganciclovir an excellent broad-spectrum anti-viral [62].

Foscarnet, a pyrophosphate analog, is not added to the growing DNA chain, but rather acts
by inhibiting the action of the viral polymerase [64]. However, despite a relatively common
use of foscarnet as an alternative drug during resistance to ACV and ganciclovir, it is
nephrotoxic and cannot be taken for long periods of time. In addition, foscarnet has also
become limited in its usage due to development of viral resistance against its mechanism of
action [65, 66].

Cidofovir is a monophosphate nucleotide analogue of deoxycytidine (dCTP) and the first
nucleotide analog approved for clinical usage. Like ganciclovir, cidofovir is a broad-
spectrum therapeutic that can be utilized to target numerous herperviruses. However unlike
ganciclovir, cidofovir is an acyclic cytidine phosphonate analog, making it mechanistically
different from ganciclovir [67]. Upon entry into host cells, cidofovir is phosphorylated by
pyrimidine nucleoside monophosphate kinase to cidofovir monophosphate. Cidofovir
monophosphate is then phosphorylated by nucleoside diphosphate kinase, pyruvate kinase,
or creatine kinase, respectively, to form the active metabolite, cidofovir diphosphate [68,
69]. Cidofovir is resistant to phosphostase and, unlike ACV and ganciclovir, it is not
dependent on phosphorylation by viral kinases for activation, allowing phosphorylation
steps to occur in infected and uninfected cells [68]. Studies by Mendel et al. revealed that
the antiviral activity of cidofovir was maintained against HSV with mutant thymidine kinase
[70]. The structural similarity between cidofovir diphosphate and cytosine nucleotide allows
cidofovir to act as a competitive inhibitor and alternative substrate for viral DNA
polymerase. Once incorporated into the DNA strand, cidofovir decreases viral DNA
synthesis and promotes chain termination upon the incorporation of two consecutive
molecules cidofovir [67]. Cidofovir is very advantageous as it has a long half-life.
Additionally, patients who have developed drug resistance against ACV, ganciclovir and/or
foscarnet, remain sensitive to cidofovir treatment [71].

Since the introduction of ACV in the 1980°s, ACV and its subsequent derivatives mentioned
above have become the first line of drugs for prophylaxis and treatment of HSV infections
[58]. While these drugs have been successful in the prevention of primary infection such as
in cases of neonates [72—74] and are able to reduce the duration of infection outbreak, the
therapeutics mentioned above do not abolish viral latency within the trigeminal ganglion.
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HSV-1 FUSION INIHIBITORS

In addition to regulating viral replication, current therapies have also targeted the exterior
structure of HSV-1, specifically the envelope which contains the glycoproteins, to block
fusion of the virus with the cell membrane. Currently, docosanol is the only marketed
HSV-1 drug that inhibits this viral fusion to the host cell [75, 76]. Its active form, n-
docosanol, is a saturated 22- carbon aliphatic alcohol which is inhibitory to numerous
viruses [77]. The compound functions by targeting the cell membrane and modifying the
regions that many viruses utilize for entry. Through this modification, the fusion between a
virus and its host cells is inhibited. Docosanol not only functions as an entry inhibitor, but it
also interferes with the replication of HSV-1 and some other viruses [76]. It is also
administered in topical form and is mainly used for treating herpes labialis [78].

NEED FOR NEW THERAPIES

Despite the continued high prevalence of HSV-1 infection in the global community, there
have been few major advancements in anti-HSV-1 therapy since ACV came onto the market
in the 1980s and its subsequent derivates [79]. While the current therapies have played
substantial roles in the fight against HSV-1, there are convincing reasons to invest in new
antiviral agents targeting HSV-1. The development of resistance in specific populations is
one concern. This resistance to the antiviral agent occurs via mutations in viral genes that
encode either thymidine kinase or DNA polymerase [4, 80, 81]. Although the incidence rate
of HSV-1 resistance to ACV in the general population is relatively low at 0.1%-0.7%, it is
significantly higher in the immunocompromised population with rates between 4%-14%. In
the corneas of those with herpetic keratitis, the resistance rate is 6.4% [82]. A population
study of immunocompromised patients, such as those with autoimmune systemic
immunodeficiencies or those on immunosuppressant therapy post-transplant, illustrates this
resistance well. These patients often have recurrent HSV-1 lesions due to their immune
status and can be seen to develop a resistance to ACV following multiple sequential
treatments [83, 84]. Another concern is viral latency. For the most part, the currently
available pharmaceuticals against HSV-1 exert their actions only after the virus has infected
the host cell. Thus, drugs like ACV are essentially only effective at suppressing recurrent
HSV-1 infections. So even though antivirals have decreased the incidence of viral
reactivation and that of asymptomatic viral shedding, they have not cured infection and are
unable to do so [85].

GLYCOPROTEIN-RECEPTOR TARGETING: POTENTIAL ROLE IN HSV-1 THERAPY

In a sense, the best types of new antiviral agents would include those that are effective
against resistant virus variants, but at the same time those that pose low toxicity to the host
[86]. To prevent latency, treatments that are virucidal in nature [87] and those that prevent
the initial viral infection would be of great utility. From the authors’ perspective, one of the
most attractive candidates to assume this greater role in antiviral therapy is the targeting of
glycoprotein-receptor interactions to inhibit the initial steps of viral entry, attachment, and
fusion. An examination of the structural components involved in these initial steps is
necessary before a presentation of the possible antivirals that target their functions. The
HSV-1 virion consists of four main components: an electron dense core containing the viral
DNA, an icosahedral capsid that displays 162 protein units known as capsomeres, tegument
proteins (lipids, viral proteins, polyamines and glycosylated and nonglycosylated viral
protein) and a lipid bilayer envelope which contains 16 membrane proteins. Amongst the 16
proteins found on the envelope, 12 contain oligosaccharide (glycan) chains attached to their
side chains and have been classified as glycoproteins B (gB), C (gC), D (gD), E (gE), G
(9G), H (gH), 1 (gl), L (gL), K (gK), L (gL), M (gM), and N (gN) [88-91]. Many of these
glycoproteins play key roles in mediating the initial steps of viral entry into cells and the
cell-to-cell spread of the virus [92, 93].
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HSV-1 entry into cells is a multistep process that can be grouped into two glycoprotein-
mediated phases, viral attachment and viral fusion (Figure 1). Of the twelve glycoproteins
on the HSV-1 envelope, gB, gD, gH and gL are essential for the coordination of attachment
and fusion of the virus with the cell (Table 1) [94]. Eisenberg et al. recently reported their
model for HSV fusion, and this has helped refine our understanding on the roles of these
essential glycoproteins in mediating HSV infection [95]. In their review, they reported that
fusion of virus to host cell begins with gD binding to one of its host cell receptors, herpes
virus entry mediator (HVEM) or nectin-1. Important to this process is the conformational
change that gD assumes. This action allows for this gD-host-cell-receptor complex to
interact with the heterodimer complex of gH/gL. gH/gL is able to then assume a form
whereby it can bind to gB, allowing gB to bring the viral and host cell membrane together.
Eventually, the two membranes fuse and the viral capsid is able to enter the cell [95].
Unclear in this model, however, is the role of 3-O sulfated heparan sulfate (3-OS HS), which
is also a gD receptor. It is probably safe to predict that 3-OS HS also functions in the same
way as the other gD receptors [96, 97].

It is also important to note that the prior attachment phase of entry is heavily dependent on
the interactions of gB and/or gC with heparan sulfate (HS) proteoglycans [98, 99]. In
addition to HS, non-muscle myosin heavy chain HA (NMHC-I1A) also functions as a
HSV-1 gB receptor, allowing for viral entry [100]. By undergoing conformational changes
(i.e. gB), interacting with each other and host cell proteins (i.e. gD), and forming
heterodimers with other glycoproteins (i.e. gH-gL), the envelope glycoproteins
harmoniously advance infectivity in cells.

Additionally, studies by Chowdhury et al. have elicited data that has been adapted and
incorporated into Table 2 to reveal an amino acid variation in the gB sequence of KOS,
McKTrae, F, and H129 strains [101]. The gD amino acid sequence is also highly conserved
[101, 102], which would potentially allow the administration of a glycoprotein targeted
therapeutic to treat patients infected with multiple HSV-1 strains.

Despite the important role of viral entry and fusion in HSV-1 pathogenesis, it is unfortunate
that therapeutics directly targeting the glycoprotein interactions responsible for these initial
processes in viral infection have not yet been introduced to combat this virus. This mode of
inhibition is advantageous because it expands antiviral options that disrupt infection by
interfering with entry. It also targets cell-associated spread and syncytia formation as well
since membrane fusion is also vital for these processes. There is a great deal of information
on HSV-1 glycoprotein interactions to give them a realistic potential to be targeted by new
antivirals to control viral spread and transmission. Many unique properties of gB, gD, gH-
gL, and their respective host receptors make them ideal targets for such a process. And while
this has yet to be marketed clinically for individuals with HSV-1, the concept and feasibility
of viral inhibition at the point of entry has been a topic of interest shared by many
researchers and clinicians, a point which we will now examine.

gB-Receptor Interaction as an Antiviral Target—gB is one of the most highly
conserved proteins among herpes viruses. Beginning with the virus attachment to cells, gB
plays multiple essential roles in the HSV-1 lifecycle, including membrane fusion during
entry, cell-to-cell spread, and egress of HSV-1 capsids from the nuclei. In a 1988 study by
Cai et al., the authors established a vital role for gB in viral membrane fusion and cell-to-cell
spread [103]. Their experiments demonstrated an impairment of the gB null mutants to form
syncytial cells and a lack of the ability to enter host cells [103]. The recent discovery of the
crystal structure for gB establishes its role as a class Il fusion protein, which through
interactions with gH-gL triggers viral penetration into cells [104]. Targeting any of the
required functions of gB is likely to have significant effects on HSV-1 infectivity. As stated
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earlier, fusion is not limited to the merging of the virus and the cell membrane, but also
includes cell-to-cell fusion, which is required for spread of HSV-1 from an infected cell to
an uninfected cell. Due to strong and essential interactions among gB, gD, gH,-gL, and the
impairment of fusion noted in the presence of antibodies against gB [105], it is likely that
targeting gB with small molecule inhibitors or interfering with its gene via RNAI will
neutralize the ability of the virions to infect cells.

Recent studies are a testament to the potential effectiveness of using peptides to interfere
with gB-receptor interactions. Galdiero et al. demonstrated that peptides homologous to
specific regions of HSV-1 gB were able to prevent viral infection [106]. Although most
peptide-centered studies have utilized regions of the target proteins that are more well-
known, newer approaches targeting distinct regions may produce even more selective
peptides with greater efficiency. Using such methods, Akkarawongsa et al. synthesized two
gB-targeting peptides, gB122 and gB131, that inhibited HSV-1 entry into the host cell [107].
Furthermore, gB122 and an additional peptide against gB, gB94, were observed in
pretreatment assays to provide host cell protection from viral infection also by inhibiting
viral entry. This gB94 was also found to have virucidal activity, whereas the other two
peptides did not. These studies not only provide insights into the ability of novel peptides to
impair HSV-1 entry into host cells, but also suggest an innovative method by which
sequences against which these peptides can be synthesized and used for antiviral targeted
therapy [107]. One caveat in the use of these peptides lies in their own ability for cell entry.
As a generalization, peptides are not effective at entering cells and are limited to topical use
[107], a route of administration that is generally not effective as oral-intake regimens [108].
Further studies investigating parameters such as half-life would give more reasonable
expectations for clinical use. As for the virucidal activity of one the peptides synthesized,
this may provide options to prevent viral latency.

There are other peptides that regulate HSV-1 infection, possibly via targeting gB-receptor
interactions. Yasin et al. studied the effect of synthetic theta defensins, specifically
retrocyclin 2 (RC-2), on inhibiting HSV entry and adhesion [109]. Although the role of gB
in this mechanism has not been confirmed, studies have indicated a strong affinity of RC-2
for gB2, the glycoprotein B of HSV-2 [109]. Given the strong homology between gB and
gB-2, it is possible that RC-2 mediates its effects partly though interfering with gB-receptor
interactions. Although no virucidal activity was detected for this peptide, preincubation with
RC-2 was observed to inhibit HSV-1 KOS /n vitro. In terms of time of action relative to the
HSV-1 lifecycle, studies with either virus preincubated with RC-2 or corneas with peptide
application prior to viral infection showed significantly decreased viral titers. These results
were not obtained when peptides were applied to a herpes keratitis model following
infection. Thus, the utility of such peptides would appear to fall under prophylactic measures
[110].

In addition to peptides, Shogan et al. demonstrated that oligonucleotides also have potential
as antiviral agents [111]. The GT rich regions of oligodeoxynucleotides (ODNS) are thought
to be important mediators of their antiviral mechanism. In relation to HSV-1, these authors
showed that ODNSs target the gB of the virus, a process that is crucial for its antiviral effect.
Although the specific ODN, phosphorothioate oligonucleotide, ISIS 5652, did not appear to
inhibit viral attachment and entry, it did possess virucidal activity. The authors of that study
have suggested two hypotheses for this particular mechanism of action. One is that there is
possibly a conformational change in gB upon interaction with the ODN that makes it no
longer able to infect. Another is that this ODN might be interacting with another virion
component, one that interacts directly with gB. In terms of clinical applications for this
ODN with virucidal activity, it should be noted that there would be limitations for its use at
this time, such as concern regarding its size, cost, and delayed length of activity. However,
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Shogan et al. proposed that assessing this compound for its virucidal activity may prove to
be of more clinical benefit as these studies may help spawn the development of other
antivirals with virucidal potential [111].

As briefly mentioned earlier, monoclonal antibodies directed against gB also show clinical
promise. One of first studies that explored the effectiveness of monoclonal antibodies as a
protectant against HSV infections was preformed in vivo by Dix et al.[112]. In this study,
monoclonal antibodies HC1 and HD1, directed against HSV-1 glycoproteins gC and gD,
were evaluated for their ability to passively immunize mice against acute virus-induced
neurological disease.[112]. From their investigation they found passively transferred mouse
monoclonal antibody directed against glycoproteins gC or gD reduced virus spread and
severity of acute neurologic disease in HSV infected mice [112]. Dix later provided the first
in vivo evidence that gB expresses both type-common and type-specific determinants as
H233 and H368 antibodies provided significant neutralization /n vitro which correlated to /n
vivo protection [113]. In a study done by Eis-Hubinger et al., a monoclonal antibody
specific to gB, MAb 2C, was shown to have HSV-1 neutralizing effects in both /in vitroand
in vivo models [114]. A more recent study by Krawczyk et al. in 2011 showed that MAb 2C
is able to block HSV-1 entry into host cells by cross-linking gB trimers, a process that
prevents gB from emitting its fusogenic signal. Severely immunodeficient mice were
protected by this MAb 2C from a viral challenge test of lethal dose. Additionally, even those
animals with HSV-1 already in their peripheral nervous systems were able to benefit from
this MADb 2C, as lethal encephalitis was prevented [115].

In addition to targeting the glycoprotein itself, approaches are being developed to target the
host cell receptor to which gB binds. One of these receptors is the NMHC-1IA, which is a
subunit of non-muscle myosin I1A, that helps to facilitate HSV-1 entry via interactions with
gB. Arii et al demonstrated that inhibition of myosin light chain kinase, a phosphorylator of
non-muscle myosin I1A (NM-11A), effectively decreased HSV-1 infection leading to herpes
stromal keratitis in both cell culture and murine models [100]. Drugs targeting these
regulators of HSV-1 entry may have high prophylactic and therapeutic potential [100].

gD-Receptor Interaction as an Antiviral Target—Of the four essential glycoproteins
that aid in HSV-1 entry, gD has been the most well studied. Its cellular receptors have been
well defined, and gD has been found to have a strong binding affinity for these receptors
[116-118]. Through crystal structure studies, it has been shown that gD contains a V-like
core that is wrapped by two distinct extensions on the N-terminus and the C-terminus. These
two distinctive regions allow site-specific receptor binding and trigger viral fusion [119].
The wealth of information on this important molecule makes it an ideal target for anti-
HSV-1 therapies.

Through rational drug design, a small molecule inhibitor, oligonucleotides, or peptides can
be designed and tested against the virus. Similar to that done against gB in previously
mentioned studies, small molecules can be screened against purified gD and tested for
inhibition of HSV-1 infectivity. We have recently reported the discovery of small peptides
that block 3-O-S-HS, which is a host cell receptor for HSV-1 gD [120]. The peptides show
strong ability to block HSV-1 infection in the murine eye by impairing the glycoprotein gD
— host cell receptor interaction [120]. A possible advantage of such peptides that target host
cell components essential in viral infection may be an avoidance of the originof resistant
virus strains. In addition, although the main focus of this paper is on HSV-1 anti-virals,
targeting components found on host cells may provide a wider spectrum of coverage against
many other viruses as well [121].
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In addition to blocking the receptor to which gD binds, there are methods to block gD itself.
Previously, Krummenacher et al. and Nicola et al. had obtained results showing that virus-
neutralizing, monoclonal antibodies are able to block gD from binding to both HVEM and
nectin-1 [122, 123]. In later studies, Lazear et al. took advantage of the notion that the
function of gD can be separated into two roles, receptor binding and post-receptor-binding
actions [124]. These authors hypothesized that a conformational change in the C-terminus of
gD was the event that effectively separated these two functions in time. They reported the
discovery of two distinct monoclonal antibodies that are able to interact with gD in the
presence of either HVEM or nectin-1. These antibodies did not show any impairment in
receptor binding by gD, but they did render the viral infection ineffective. Because receptor
binding was not impaired, and in the presence of one of the monoclonal antibodies receptor
binding was actually enhanced, it was postulated that these antibodies exert their antiviral
effect by preventing gD from undergoing the conformational change that is necessary for its
post-receptor-binding effects, actions which normally activate gH-gL and allow gB to exert
its effects on cell-to-cell fusion [124]. Another gD-receptor targeting potential antiviral is
human lactoferrin (hLf). Knowing that hLf is a component of the mucosal innate defense
system, VValimaa et al. decided to study its mechanism of action in neutralizing HSV-1
infection [125]. HSV-1 virions preincubated with hLf were directly correlated with
decreased HSV-1 infection. Interestingly, HSV-1 mutants with mutated gD had infectivity
that was unchanged with hLf preincubation, thus suggesting either a direct interaction with
gD or its host cell receptors. The inhibition was seen at various levels, including post-
attachment inhibition that was gD-associated and also the inhibition of viral cell-to-cell
spread. In addition to its role in preventing cell-to-cell spread, hLf could have significant
effects on regulating the infectivity of the subsequent progeny virions that are released
within the host. In addition to gD interactions, it is possible that the effects of hLf on HSV-1
infectivity are mediated partly through interactions with gC and/or its host cell receptors
[126].

Other gD targets arise from the group of synthetic rigid amphiphiles, the rigid amphipathic
fusion inhibitors (RAFISs). In a study by St. Vincent et al., it was found that although this
group of molecules does little to impair complete attachment of the virus to the host cells,
they are able to inhibit viral fusion as their name would suggest [127]. The most potent of
these was found to impair the subsequent gD interactions with its receptors that include
HVEM and nectin-1. For the purposes of a discussion on new antivirals to HSV-1, perhaps
what is most striking is the efficiency of this particular RAFI against mutant forms of
HSV-1 that are resistant to currently available pharmaceuticals such as phosphonoacetic acid
and acyclovir. The infectivity of released virions in cells treated with this particular RAFI
was found to be impaired by approximately 350,000-fold [127]. As mentioned earlier, viral
resistance, particularly that of ACV is significant in certain populations. Thus, further study
and possible clinical implementation of anti-viral agents that remain effective against HSV-1
strains resistant to current therapies would be prudent.

Another recent possible antiviral directed against the gD-host receptor interaction are the
zinc oxide (ZnO) micro-nano structures (MNSs). These take advantage of the fact that
HSV-1 utilizes ionic interactions when positively charged viral glycoproteins bind to host
cell surface HS, which are negatively charged. Studies by Mishra et al. using human corneal
fibroblasts showed impaired HSV-1 entry when the cells were treated with ZnO-MNSs [87].
Furthermore, ultraviolet illuminated ZnO-MNSs showed increased antiviral activity, likely
due to the increased negative charge this provides. Not only was viral entry inhibited, ZnO
MNSs were also found to prevent the HSV-1 glycoprotein mediated cell-to-cell fusion [87].
Clinical significance of this particle was also investigated by the authors of that study. The
entry of previously described clinically-relevant strains of HSV-1, including F, G, and MP
[128] were also found to be blocked in cells pretreated with ZnO-MNSs. Even in vivo
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studies showed the potential for these structures as antiviral agents, as blocked entry of
HSV-1 was also seen in zebrafish embryos pretreated with these ZnO-MNSs. The fact that
this was a prophylactic administration is crucial, as one of the reasons mentioned for new
therapies was the need for appropriate prophylaxis. Also important when gauging its
potential clinical use is the fact that the concentrations used in these studies were all within
the nontoxic range [87].

Non-specific Glycoprotein-Receptor Targets—Other studies have provided strong
evidence for the potential use of antiviral options that do not have specific glycoprotein
targets. Previous application of cyanovirin-N (CV-N) in HIV infected cells from studies by
three separate authors showed CV-N to target high mannose oligosaccharides on envelope
glycoproteins, thus leaving open the possibility that this is the case for HSV-1 as well [129—
131]. More recently, Tiwari et al. reported that CV-N inhibits not only HSV-1 entry, but also
the virus mediated cell-to-cell fusion that normally occurs via glycoprotein mediation /n
vitro[132]. CV-N was also found to inhibit DNA replication. Important to the possible future
therapeutic application of this protein, these effects were attained at low nanomolar
concentrations of the protein, levels that are non-cytotoxic to the host cells [132]. Also
critical for its application clinically is the fact that these results would seem to be true in
vivo as well, particularly owing to the fact that this protein impairs membrane fusion, a
phenomenon which is necessary for both viral entry into the host cell and subsequent spread
to neighboring, uninfected cells. Furthermore, Tsai et al. demonstrated the /n vivo utility of
this protein as a gel form in vaginal models of female macaques [133]. These studies were
without detrimental effects either to the cell or clinically [133]. However, the specific target
of CV-N within the host cell is still unknown [132] and warrants further investigation.

Hydrolyzable tannins are another class of potential antivirals without specific glycoprotein-
receptor targets. Lin et al. identified two important members of this family, chebulagic acid
(CHLA) and punicalagin (PUG) [134]. These compounds are able to inhibit the interactions
between various HSV-1 glycoproteins and the cell surface glycosaminolgycans they
normally bind to. By functioning as glycosaminoglycan competitors, these hydrolysable
tannins are able to block the adsorption and penetration by HSV-1 and also are able to halt
viral cell-to-cell spread [134].

FUTURE DIRECTION OF HSV-1 ANTIVIRALS

The putative antivirals mentioned throughout this article all hold high potential as clinical
agents against HSV-1. As currently situated, these antivirals remain at various stages of
testing and development in the drug pipeline. Many of these are still in the developmental
stage, including anti-gB peptides, the theta defensin RC-2, ODNs, inhibitors of myaosin light
chain kinase, and anti-3-OS HS peptides. Those in the preclinical stage include the
monoclonal antibodies against gB, hLf, ZnO MNSs, CV-N, and CHLA and PUG. It is
difficult to predict at what rate these potential anti-HSV-1 agents will progress along the
drug pipeline.

Nevertheless, these novel HSV-1 therapies have the potential to be successful in many ways.
One such use might be as part of combination therapies. Models for successful combination
therapies are found in cancer treatments as well as other pathologies stemming from
infectious pathogens like HIV [135-141]. A potential caveat to combination therapies is that
certain drug interactions do little to achieve greater therapy as a whole. However, since
DNA replication inhibitors and entry inhibitors have proven to be synergistic in combating
viruses such as HIV, it is hopeful that they will do the same for that against HSV-1. Another
benefit to combination therapy is the effect on viral resistance. The resistance rate of ACV,
while not high enough to render the drug irrelevant by any means, is substantial in certain
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populations as mentioned before. Combination therapy confers some sort of protection, as
the risk of one drug in a combination regimen developing resistance may be lower than in
the case of that drug as a single-agent therapy. Also, if resistance were to develop, because
of the presence of multiple drugs in the regimen, the intended clinical outcome may be
impacted to a lesser degree [142]

And while many of these novel therapeutics specific to HSV-1 glycoproteins have yet to be
brought into clinical trials, investigators have made significant progress in identifying such
inhibitors. It is hopeful that many of these anti-HSV-1 glycoprotein drugs will have
translational benefit in the clinical field with the ultimate goal to provide alternative relief to
patients suffering from chronic and recurrent problems associated with HSV-1.

ABBREVIATIONS
3-OSHS 3-0 sulfated heparan sulfate
ACV acyclovir
CHLA chebulagic acid
CS chondroitin sulfate
CmMV cytomegalovirus
CTL cytotoxic-T-lymphocyte
CV-N cyanovirin-N
EBV Epstein-Barr Virus
FIvV feline immunodeficiency virus
hLf human lactoferrin
HSV-1 herpes simplex virus-1
HS heparin sulfate
HVEM herpes virus entry mediator
MNSs micro-nano structures
NMHC-IT1A non-muscle myosin heavy chain 1A
NM-I11A non-muscle myosin 1A
ODNs oligodeoxynucleotides
RAFIs rigid amphipathic fusion inhibitorsl
RC-2 retrocyclin 2
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Viral Attachment and Entry. HSV-1 attachment to host cells is mediated by the binding of
gB and/or gC to cell surface co-receptor, heparan sulfate. Next, the entry or penetration step
is mediated through the collaborative efforts of glycoproteins gB, gD, gH, and gL. This
requires binding of gD with one of its receptors, which facilitates a conformational change
in gD that allows it to recruit gB, and gH-gL to form a fusion complex to facilitate capsid

penetration into the host cytosol.
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