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Abstract: Herpes simplex virus type-1 (HSV-1) and type-2 (HSV-2) are prototypical alphaher-
pesviruses that are characterized by their unique properties to infect trigeminal and dorsal root
ganglionic neurons, respectively, and establish life-long latent infections. These viruses initially
infect mucosal epithelial tissues and subsequently spread to neurons. They are associated with a
significant disease spectrum, including orofacial and ocular infections for HSV-1 and genital and
neonatal infections for HSV-2. Viral glycoproteins within the virion envelope bind to specific cellular
receptors to mediate virus entry into cells. This is achieved by the fusion of the viral envelope with
the plasma membrane. Similarly, viral glycoproteins expressed on cell surfaces mediate cell-to-cell
fusion and facilitate virus spread. An interactive complex of viral glycoproteins gB, gD/gH/gL, and
gK and other proteins mediate these membrane fusion phenomena with glycoprotein B (gB), the
principal membrane fusogen. The requirement for the virion to enter neuronal axons suggests that the
heterodimeric protein complex of gK and membrane protein UL20, found only in alphaherpesviruses,
constitute a critical determinant for neuronal entry. This hypothesis was substantiated by the obser-
vation that a small deletion in the amino terminus of gK prevents entry into neuronal axons while
allowing entry into other cells via endocytosis. Cellular receptors and receptor-mediated signaling
synergize with the viral membrane fusion machinery to facilitate virus entry and intercellular spread.
Unraveling the underlying interactions among viral glycoproteins, envelope proteins, and cellular
receptors will provide new innovative approaches for antiviral therapy against herpesviruses and
other neurotropic viruses.

Keywords: herpes simplex virus; membrane fusion; virus entry; glycoproteins; receptors; signaling;
cell fusion

1. Introduction

Herpesviruses cause significant morbidity and mortality in humans and animals.
There are more than 120 species of herpesvirus identified to date, including nine human
herpesviruses [1]. The family Herpesviridae include herpesviruses of mammals, birds,
and reptiles. They are divided into three subfamilies, alpha, beta, or gamma, based
on their genetic sequences and their biological properties [1,2]. Herpes simplex viruses
are the prototypic alphaherpesviruses that differ from the beta and gamma subfamilies
by their ability to establish latency (a transcriptionally repressed state)—in the central
and/or peripheral nervous systems of the host [3,4]. Latent viruses can reactivate from
latency and spread to innervation sites, causing clinical symptoms. The hallmark of
alphaherpesviruses is their ability to infect the nervous system and establish latency. The
underlying mechanisms for neuronal infectivity remain poorly understood [3,5,6].

There are two genetically and serologically distinct human herpesviruses, HSV-1 and
HSV-2. HSV-1 causes primarily orofacial and genital infections and rarely encephalitis [7-9].
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The name herpes is from the ancient Greek word (eprerv), which means “to creep” or
“crawl” attributed to the tingling sensation in initial infections of mucosal/epithelial tissues
before the formation of herpetic lesions. HSV-1 ocular infections are a major cause of
infectious blindness in the US, and severe cases can necessitate corneal transplants. In
the US, more than 400,000 people suffer from recurrent herpetic keratitis. HSV-2 causes
predominantly genital infections and neonatal infections that can cause severe disease,
fetus defects, and even death. There are an estimated 1500-2000 cases of neonatal infection
each year. HSV-1 infects more than 3.7 billion people worldwide [10-12], and HSV-2 is
estimated to infect 0.5 billion people globally. In the United States, these numbers are
predicted to increase by >600,000 new infections per year by 2050 [10]. Initial infection of
mucosal epithelium with either HSV-1 or HSV-2 results in viral replication and shedding
followed by immunopathogenesis resulting in cold sores, blisters, and genital lesions [13].

Antiviral drugs including acyclovir, famciclovir, vidarabine, penciclovir, and valacy-
clovir are often used to treat HSV infections. While these medications reduce the severity
and frequency of the symptoms, they do not cure the infection. Additionally, there is
growing resistance to these drugs, particularly in immunocompromised patients, and
many of these drugs have serious side effects [14]. Despite the current need, there is no
available prophylactic or therapeutic vaccine for HSV-1 or HSV-2. This review focuses on
the role of viral glycoproteins in membrane fusion events and the facilitation of virus entry
and cell spread in mucosal/epithelial tissues and ganglionic neurons.

1.1. HSV-1 Lifecycle

HSV-1 initial infection occurs in epithelial cells before spreading to the trigeminal
ganglia and establishing lifelong latency [15]. From latency, HSV-1 can reactivate and
undergo lytic replication. The newly made virions are transported through the neuronal
axons to epithelial cells, where infection manifests as cold sores or corneal keratitis. Alter-
natively, reactivation from latency may result in virion transport to the central nervous
system, where it can cause meningitis and encephalitis [16]. HSV-1 can enter host cells
by fusion of the viral envelope with the plasma membrane or endocytosis depending on
the cell type [17,18]. Importantly, virion entry into neuronal axons is exclusively through
plasma membrane fusion (reviewed in [19]). Upon attachment of the virion particle to
cell surfaces, viral glycoproteins interact with the cellular receptors, which juxtapose the
viral envelope with the plasma membrane. This juxtaposition facilitates the fusion of the
two membranes resulting in the formation of a pore through which viral capsids and
tegument proteins are released into the cytoplasm of infected cells. These capsids are then
transported along the microtubules using cellular dynein motors to reach the nucleus, and
the viral DNA is released into the nucleus, where it undergoes replication. Viral capsids are
assembled within cellular nuclei and egress through a complicated process that involves
primary envelopment of virion capsids, de-envelopment, and final re-envelopment. In this
review, we examined the virion composition and the key viral and cellular proteins that are
involved in facilitating virus entry into cells, ahead of discussing the relevant mechanisms
that are involved in virus entry.

1.2. Virion Structure

Like other members of the Herpesviridae family, HSV-1 consists of a linear double-
stranded DNA genome contained within an icosahedral capsid. The virion capsid is
covered by a layer of proteins, called the tegument, containing more than 20 viral proteins.
The entire virion particle is enclosed in a lipid bilayer envelope containing at least 20 viral
proteins, of which 13 are glycoproteins [20]. The viral glycoproteins play essential roles
in virion attachment to various cellular receptors, virus entry via either fusion of the viral
envelope with the plasma membrane, or receptor-mediated endocytosis [17,21].

Although herpesvirus genomes can contain more than 100 genes, approximately
40 core genes are shared among all subfamilies of herpesvirus [22]. These genes code for
structural components of the virion particles and proteins that serve essential functions in
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various aspects of the virus lifecycle, including viral replication, transcriptional regulation,
and assembly and egress of enveloped virions out of infected cells. Most likely, these genes
are responsible for the distinct biological properties of each subfamily that distinguish it
from other subfamilies [3]. In this regard, glycoproteins and proteins embedded in the viral
envelope are critical determinants of infectivity since they mediate virion attachment and
entry into cells [17].

2. HSV-1 Viral Glycoproteins
2.1. Glycoprotein B (gB)

HSV-1(F) glycoprotein gB is one of the most conserved glycoproteins across all subfam-
ilies of herpesviruses [23]. It is 904aa in length and functions as a class IIl membrane fusion
protein, which combines characteristic features of class I and II fusion proteins similar
to the vesicular stomatitis virus (VSV) fusion glycoprotein G [24-26]. Membrane fusion
triggered by gB is highly regulated requiring the presence of the viral glycoproteins, gD,
gH, and gL, which form the minimum “fusion machine” complex (Figure 1). Additional
membranes glycoproteins, viral envelope proteins, and tegument proteins are involved in
gB-mediated membrane fusion phenomena, most notably, glycoprotein K (gK) that binds
and modifies gB-mediated membrane fusion (discussed in more detail later).

#2
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<

Figure 1. (A) Models of HSV-1 entry into host cells. The schematic depicts the interaction of viral glycoproteins gD, gH /gL,
and gB with their cognate cellular receptors (HVEM (gD), nectin-1(gD), Integrins (gH/gL), PILRa (gB) and AKT (gB)).
Membrane fusion is mediated by gB and regulated by complex protein interactions among gD, gH/gL, gK/UL20, and
cellular receptors (left side). Deletion of the amino-terminal 31-68 aa of gK in the HSV-1 (McKrae), gKA31-68 virus prevents
translocation of AKT to extracellular spaces and interaction with gB. This results in inhibition of virus entry via membrane
fusion while allowing entry through receptor-mediated endocytosis (right side) [27]. (B) The predicted secondary structures
of wild-type gK and gKA31-68 are shown (highlighted region depicts the actual deletion) oriented with the amino-terminal
portion of gK proximal to cellular membranes. #1, #2, #3 and #4 corresponds to different domains of gk. The green arrows
point to the predicted N-glycosylation sites. The conserved alpha-helical membrane-spanning domains, as well as the
alphahelical domains conserved in the carboxyl-terminus of gK, are shown. Magenta and Cyan colors correspond to the
alignment of gKs specified by HSV-1, HSV-2, Varicellar Zoster virus (VZV), and pseudorabies virus (PRV), as detailed
previously [28]. Asterisk indicates YTK sequence in domain 2.

Glycoprotein gB has a spike-like ectodomain, a hydrophobic membrane domain, a
transmembrane domain (TMD), and a cytoplasmic tail domain (CTD) [29]. Glycoprotein
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gB is essential for attachment and entry of the virion into different types of cells [30].
During entry, gB undergoes a series of conformational changes from its pre-fusion to its
post-fusion state. These conformational changes expose hydrophobic peptides embed into
the apposing membranes to initiate membrane fusion. The pre-fusion conformation of gB
was recently elucidated, while the post-fusion conformation was resolved almost 10 years
ago [31]. The fully folded form of the gB cytodomain forms a clamp-like structure that
stabilizes the prefusion complex and prevents it from prematurely folding to a post-fusion
form. Mutations in the cytoplasmic tail domain (CTD) of gB cause the clamp to destabilize,
resulting in mutant viruses that are hyper-fusogenic forming multinucleated cells (syncy-
tia) [32]. The conformational change in gB from pre-fusion to post-fusion is regulated by
glycoprotein H (gH). The cytoplasmic tail of gH functions to destabilize the cytoplasmic
domain clamp of gB, which causes a conformational change in gB that allows fusion to
occur. Shorter gH cytoplasmic domains are known to reduce gB-mediated membrane
fusion, most likely because they cannot function as efficient wedges to destabilize the
clamp [33].

The alpha-helical domain within the carboxy terminus domain of gB regulates cell
fusion, and deletions or mutations in the gB cytoplasmic terminus cause extensive fusion
in both virus-induced and virus-free transient expression systems [34]. The gB ectodomain
interacts with the ectodomain of gH and activates membrane fusion [34]. The membrane-
proximal region (MPR) of gB is hydrophobic and lies between the ectodomain and the
transmembrane domain (TMD) [17]. Certain amino acids in this MPR regulate gB’s fuso-
genicity by either facilitating or sequestering the fusion loops during the fusion reaction.
Both the TMD and MPR are essential in enabling the lipid mixing and formation of the
fusion pore once the fusion reaction has been initiated. Amino acids in the TMD are highly
conserved among alphaherpesviruses [34,35].

2.2. Glycoprotein D (gD)

Glycoprotein gD is 369aa in length and functions as a type I membrane protein. gD
has a single transmembrane domain and an N-terminal ectodomain of 316 residues with
three N-linked glycosylation sites [36]. The C-terminal portion of the gD ectodomain is
important for HSV-1 infectivity since it affects the binding of gD to cellular receptors [37].
Glycoprotein gD binds three classes of receptors in the host cell: (i) HVEM, which is a
member of the tumor necrosis factor receptor superfamily (TNFR); (ii) HveC (nectin-1),
a member of immunoglobulin (Ig) superfamily; and (iii) 3-O-sulphonated derivatives of
heparan sulfate [38]. Most notably, gD is essential for binding nectin-1 and an important
target for neutralizing antibodies [39].

2.3. Glycoprotein H (gH) and Glycoprotein L (gL)

Glycoprotein gH is an 838aa glycoprotein encoded by the UL22 gene. Like other
type I glycoproteins, gH includes multiple domains: a signal peptide, an ectodomain,
transmembrane domain, and cytoplasmic domain. Glycoprotein gL, a 224aa glycoprotein
encoded by the UL1 gene, has a signal peptide but lacks a transmembrane domain and
cannot associate with membranes independently. While UL1 (gL) and UL22 (gH) are
regulated by different promotors, gH and gL are always found in a heterodimeric protein
complex [40].

Glycoproteins gH and gL are highly conserved among all members of the Herpesviridae
and serves critical roles in virus entry [40,41]. Deleting either or both gH and gL abrogates
the heterodimer formation and results in a lethal phenotype where virions bind to the
plasma membrane but cannot enter cells or induce virus-mediated cell-to-cell fusion [42,43].
The gH /gL heterodimer requires the expression of both proteins to fold and traffic properly
through the cell. In the absence of gL, gH is structurally immature and retained in the
endoplasmic reticulum [44]. Glycoprotein gL is, therefore, necessary as a chaperone to
ensure proper folding of gH. In the absence of gH, gL cannot anchor in the membrane and
is secreted by the cell. gL associates with the N terminal of gH, and they require each other
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for proper folding. gH is not able to reach the cell surface without gL. Transient expression
results in both proteins being found together in the cell plasma membrane suggesting
that no other viral proteins are required for the formation and trafficking of the gH /gL
heterodimer.

While the gH /gL heterodimer is essential for viral entry, the virion can still attach to
the cell membrane without the heterodimer, suggesting that these proteins are not involved
in attachment or receptor binding. X-ray crystallographic structure analysis has failed to
identify any structural feature to indicate that gH /gL serves a direct role in fusion [41]. The
amino termini of gH and gL are less conserved and might have evolved to support species-
specific glycoprotein interactions [44]. The ectodomain of gD interacts with the homotypic
functional interaction site of gH/gL [45]. Moreover, gD forms a protein complex with gB in
the absence of gH /gL, as well as with gH /gL in the absence of gB [46] (discussed later under
mechanisms of virus entry). Although gH and gL are highly conserved among different
herpes viruses, only gH/gL of HSV-1 and HSV-2 function interchangeably, suggesting that
their functions in membrane fusion phenomena are virus and species-specific [47,48]. In
contrast, Saimiriine herpesvirus 1 (SaHV-1) is an alphaherpesvirus family related to HSV-1
and HSV-2 [49]. Glycoprotein gB homologs from HSV-1 and SaHV-1 were interchangeable,
although neither gD nor gH /gL were interchangeable, suggesting that their functional
association is type-specific [50].

2.4. Glycoprotein K(gK)

Glycoprotein K is essential for viral assembly and egress. Specifically, gK regulates
membrane fusion during virus entry and virus-induced cell fusion. gK physically binds gB
and gH and modulates gB-mediated membrane fusion. The gK/UL20 complex physically
binds to the amino terminus of gB and regulates its fusogenecity by binding at both the
intracellular and extracellular domains [51,52]. The N-glycosylation sites at the amino
terminus of gK are highly conserved and contribute to the overall structure of the gK amino
terminus and its interaction with the amino terminus of gB. The many syncytial mutations
in gK suggest a role for gK as a negative regulator of fusion. Mutation at the N glycosylation
site N58A of the amino terminus causes extensive fusion [53]. However, deletion of the
amino-terminal gK amino acids 31-68 abrogated virus-induced cell fusion caused by the
gBA28syn carboxyl-terminal deletion in gB (deletion of the carboxyl-terminal 28 aa that
causes extensive syncytia formation), indicating that the amino terminus of gK is required
for gB-mediated cell fusion [51]. Thus, gK has both positive and negative regulatory
functions in gB-mediated membrane fusion phenomena. The HSV-1 live-attenuated vaccine
strain VC2 includes deletions of both gK glycosylation sites (AgK 31-68) as well as AUL20
4-22. In VC2, gK and UL20 are therefore unable to bind the fusion complex, and the virion
cannot enter via fusion. VC2 produces robust immune responses compared to its parental
strain HSV-1(F) [54-57]. The amino terminus of gK functions as a critical determinant for
virus infectivity into neuronal axons. Specifically, deletion of the amino terminus of HSV-1
(McKrae) gK (31-68) prevents the virion from entering via fusion but does not impact
entry via endocytosis [58,59]. Although gK may not directly bind to HSV-1 receptors,
overexpression of gK increases expression of 3-OS-HS, PILR alpha, nectin-1, and nectin-2
receptors and severity of corneal scarring, highlighting its role in viral pathogenesis [59]. gK
is highly conserved among all neurotropic alphaherpesviruses, and thus, it is hypothesized
to play important roles in neuronal infection and neuropathogenesis [28]. HSV mutant
viruses overexpressing gK were reported to exacerbate mouse corneal scaring attributed
at least in part to an amino-terminal 8 amino acid peptide. Importantly, gK-induced
corneal scarification was dependent on the binding of gK to the signal peptide peptidase
(SPP) [60-63]. In addition, UL20 is found in a heterodimeric form with gk GODZ (DHHC3),
and this interaction is required for gK-induced pathology [64].
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3. HSV Receptors and Cell Tropism

HSV-1 has a wide host range able to productively infect a variety of cell types based
on the combination of cellular receptors available for both gD and gB. The availability of
cellular receptors is critically important to understand the host and tissue range of the
virus. HSV-1 can infect certain regions of the brain, primarily the hippocampus in the
temporal lobe [65]. In human adult brains, three receptors are differentially expressed in
the hippocampus: MYH9 (gB receptor), nectin-1 (gD receptor), and HVEM (gD receptors).
PILR«, another gB receptor, is most amply expressed in the human cerebellum [66]. This
concurrent expression of gD and gB receptors may contribute to the tropism of HSV-1
in postnatal brain tissues. In utero, HSV-1 exposure to the developing fetus does not
produce any adverse pathology likely due to the low levels of receptor expression in
the fetal brain. Alternatively, infants may exhibit severe disease postnatally, including
encephalopathy [66]. These differences in receptor expression between developmental
stages highlight the relevance to cellular receptors and tissue tropism to understand HSV-1
disease processes. The glycan moieties of viral glycoproteins also play a role in many
aspects of the viral life cycle. Glycans are involved in viral binding, entry, transmission,
and evasion of the host immune system. Thus, it is likely that glycosylation of gB plays an
essential role in viral pathogenesis [67].

Glycoprotein gB forms a stable trimer in its pre-fusion state and undergoes a drastic
conformational change by interactions with gD/gH/gL and cellular receptors [68,69].
gB-mediated membrane fusion is also facilitated by direct interactions of gB with certain
cellular receptors, including the non-muscle myosin heavy chain (NMHC-IIA) and the
inhibitory immunoreceptor paired immunoglobin-like type 2 receptor o (PILR-«) [35,70,71].
The ability of gB to bind with the PILR « receptor is an essential factor in viral pathogenicity.
The highly pathogenic strain HSV-1 (McKrae) entered Chinese hamster ovary (CHO) cells
expressing human PILRo more efficiently than the lab-adapted wild-type strain HSV-1 (F).
This entry difference was attributed to sequence differences in the amino termini of gB. The
amino terminus of gB binds to the PILR « receptor and results in enhanced virion entry via
gB-mediated fusion of the viral envelope [72]. Thus, the tropism is regulated at multiple
levels by (i) co-expression of receptors for gD and gB, (ii) the class of receptors, and the (iii)
the amino terminus of gB.

3.1. Nectin-1

Nectin-1 is a cellular adhesion molecule ubiquitously found in a wide range of tissues,
including epithelial tissues and the chemical synapse of neuronal tissue [73]. It functions in
the formation and organization of adherens and tight junctions in a Ca 2+ independent
manner. Nectin-1 and herpesvirus entry mediator (HVEM) are entry receptors for both
HSV-1 and HSV-2. Nectins 1 and 2 have 30% similarity, while nectin-1 is a better receptor
for HSV-2 [74]. However, some HSV-1 strains isolated from cases of encephalitis utilize the
nectin-2 receptor. Double or triple mutations at aa 222, 223, and 215 (R222N/F2231/D215G)
of gD, abrogated fusion/entry activity using nectin-1 and nectin-2 receptors, and a mutant
virus with these mutations was not able to infect human epithelial and neuronal cell
lines [75]. However, mutations that abrogate the utilization of other receptors by gD for
fusion and entry activity maintain the ability to infect cells through nectin-1 and nectin-2.

Nectin-1 is expressed in a variety of human tissues such as ganglia, trachea, prostate,
thyroid, and the central nervous system. Cell lines such as keratinocytes, human corneal
epithelium, retinal pigment epithelium, human conjunctival epithelium, fibroblasts, and
neuroblastomas express nectin-1. Nectin-1 expression is a biomarker for metastatic breast
cancer and highly migratory and invasive squamous cell carcinoma. It is upregulated in
pediatric embryonal tumors and brain tumors. Therefore, these cell types can be easily
targeted by oncolytic herpes viruses (0HSV). Pediatric brain tumors are ideal targets for
oHSYV, while nectin-1 expression is a valuable biomarker to predict the patient’s response
to oHSV [76].
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3.2. Herpes Virus Entry Mediator (HVEM)

HVEM is also known as tumor necrosis factor receptor superfamily-14 (TNFRSF14),
tumor necrosis factor receptor-like 2 (TR2), and CD antigen CD270. It is a type I integral
membrane protein, which is involved with immune-regulatory signal transduction path-
way proteins [77]. The HVEM cytoplasmic domain binds to TNFR- associated factor family
members leading to the activation of NF-«B, Jun N-terminal kinase, and AP-1 leading to
T cell activation, proliferation, cytokine release, and expression of cell surface activation
markers [78,79]. HVEM is expressed on T and B lymphocytes and other leukocytes, epithe-
lial cells, fibroblasts, and tissues of the lung, liver, kidney, and to a lesser extent, the brain
tissue [77]. LIGHT, lymphotoxin—o (LT¢), the immunoglobulin domain-containing cell-
surface receptors B and T lymphocyte attenuator (BTLA), and CD160 are natural HVEM
ligands [80]. HSV-1 entry into activated T cells is thought to be mediated by HVEM, al-
though HVEM does not appear to be a major receptor for virus entry in most other cells [77].
Specific gD mutations encoded by the ridland ANG virus strains reduce infectivity on
HVEM-expressing cells [77]. The interacting region of gD with HVEM involves amino
acids 7 to 15 and 24 to 32 within the N-terminal hairpin loop [81].

3.3. PILR-«

PILR-« is found in myeloid cells and neural tissues. Recombinant viruses with the
gB-T53A and gB-T53/480A mutations exhibited phenotypes similar to wild-type viruses,
except that they were defective in PILR-a-dependent viral entry. These mutant viruses
exhibited a significant reduction in viral replication in the eyes, stromal keratitis, and neu-
roinvasiveness in mice [67,82]. PILR-x-dependent viral entry requires gB O-glycosylation,
which may play a significant role in viral replication, pathogenesis, and neuroinvasiveness
in vivo [83]. PILR-« is expressed in macrophages and dendritic cells of the immune sys-
tem [84,85]. Therefore, infection of these cells by HSV-1 can modulate their activity leading
to attenuation of innate and adaptive immune responses against HSV-1.

3.4. The avf36 and avp8 Integrin Receptors

The «v[38 integrin receptors interact with the gH /gL heterodimer (Figure 1). This
interaction enables both virus entry and endocytosis into acidic endosomes [86]. ocv[36-
and ov 38 integrins promote dissociation of gL. from the gH /gL complex, and this causes
activation of the fusion complex [87]. The binding of av[33 integrins by gH may facilitate
virus entry into specific cell types in vivo. Several other viruses use integrins as cellular
receptors, including adenovirus, rotavirus, parechovirus 1, and hantavirus [88]. Moreover,
human herpesvirus 8 (HHV8) binds «3p1 integrins via an RGD sequence present in
gB. av33 integrins interact with gH through its RGD (Arg-Gly-Asp) integrin-binding
motif [89]. HSV and human cytomegalovirus (hCMYV) activate AKT during virus entry [90].
Relocalization of AKT to the outer leaflet of the plasma membrane increases the availability
of avp3 integrins for gH binding facilitating membrane fusion. gH-oav(33 binding is
required for the substantial increase in intracellular calcium concentrations by triggering
the release of endoplasmic reticulum calcium stores [91,92]. The av38 integrin receptors,
while not essential, clearly play a role in intracellular calcium signaling during entry.

3.5. 3-O-Sulfated Heparan Sulfate (3-OS HS)

Heparan sulfate (HS) is present on all cell surfaces in a variety of polysaccharide
structures that physically alter their localization and functional properties [93]. These
polysaccharides serve as initial receptors for many viruses, including all human and animal
herpesviruses, except the Epstein-Barr virus [94]. HSV-1 utilizes HS to facilitate membrane
fusion by binding to gD and gB and may serve important functions in facilitating entry
into corneal fibroblasts [89,94-96].
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4. Mechanistic Aspects of HSV-1 Entry

HSV-1-mediated membrane fusion of the viral envelope with plasma membranes
during virus entry and virus-induced cell fusion facilitates virus spread. They are medi-
ated by viral glycoproteins within the viral envelope and on infected cell surfaces [21].
Viral entry may occur at neutral pH conditions in which the viral envelope fuses with
plasma membranes allowing virion capsids to enter the cytoplasm of infected cells. This
pH-independent entry is utilized in many different cell types of epithelial or fibroblas-
tic origin [18,97-100]; notably, it is used exclusively for virus entry into neuronal ax-
ons [18,101,102]. An alternative mechanism for HSV-1 entry into cells involves receptor-
mediated endocytosis placing enveloped virions within endosomes. The low-pH envi-
ronment of endosomes causes fusion of the viral envelope with endosomal membranes
resulting in the cytoplasmic deposition of virion capsids [18,103]. Depending on the cell
type, HSV-1 may preferentially utilize one of these entry mechanisms or both at the same
time [30,98,104-109]. The virus spreads from infected to uninfected cells by virus-induced
cell fusion, enabling virions to spread into uninfected cells, avoiding extracellular spaces.

4.1. Interactive Protein Complexes of Viral Glycoproteins and Cellular Receptors Function in Virus
Entry

HSV-1 attaches to the plasma membrane by glycoproteins B (gB) and C (gC) via tran-
sient interactions with glycosaminoglycans (GAG) of cell surface proteoglycans, especially
heparan sulfate [94,110,111]. Glycoprotein gB interacts with the paired immunoglobulin-
like type 2 receptor alpha (PILR), the non-muscle myosin heavy chain IIA (NMHC-IIA),
and the myelin-associated glycoprotein (MAG) to mediate virus entry. Glycoprotein gD
facilitates virus entry by binding to the herpesvirus entry mediator (HVEM, also called
HveA), nectin-1 (HveC), and 3-O-sulfated heparan sulfate [70,71,95,112-115]. HSV glyco-
proteins gD, gB, and the heterodimer gH/gL constitute the minimum membrane fusion
protein complex that functions in virus entry and virus-induced cell fusion. Following
the binding of gD and gB, a conformational change in gB is transduced through altered
interaction of gH/gL with gB, triggering membrane fusion [42,116-120]. gB forms a stable
trimer in its pre-fusion state and undergoes a drastic conformational change in response to
interactions with gD/gH /gL and cellular receptors [68,69].

For both HSV-1 and HSV-2, the initial binding of gD to cellular receptors causes con-
formational changes in gB through the gH/L complex (reviewed in [102]). This cascade of
sequential interactions among gD, gH/gL, and gB is specific to HSV since it is not required
in other alphaherpesviruses. Specifically, for pseudorabies virus (PRV), PRV gD is not
required to interact with cellular receptors, while in varicella-zoster virus (VZV), there is no
gD ortholog [121]. The gH /gL heterodimer modulates gB’s fusogenicity in a cascade man-
ner by transducing signals received from interactions of gD with a-V integrins [32,50,87].

4.2. The Intriguing Role of gK in Virus Entry

The virion particle can be considered as an interactive protein complex since most
glycoproteins embedded within the viral envelope interact with each other as well as
with several tegument proteins. Thus, it is not surprising that certain viral glycoproteins,
membrane proteins, and tegument proteins may alter virus entry. Specifically, glycoprotein
M (gM) prevents the fusion of nascent virions released from infected cells and is required
for membrane fusion through interactions with gK [122,123]. gK is an intriguing modulator
of membrane fusion phenomena since its amino terminus is essential for virus entry by
fusion of the viral envelope with the plasma membrane and neuronal axons, indicating a
highly conserved function that is specific to neurotropic viruses (Figure 1) [27,28,124,125].
gK may modulate gB-mediated membrane fusion through interactions with gB and the
gD/gH/gL/gM protein complex and interactions with cellular receptors.
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4.3. Virus-Induced Cell Fusion

The core fusion machinery of herpesviruses composed of gB, gD, and gH/gL is
required for virus entry and virus-induced cell-cell fusion [35,40,81,126-131]. However,
virus-induced cell fusion requires the expression of viral glycoproteins on cell surfaces and
the presence of additional viral glycoproteins, including gE, gl, gM, gK, and the UL20 and
ULA45 proteins [51,132-136]. In addition, the tegument proteins UL11, UL16, and UL21 bind
to the cytoplasmic tail of gE modulating cell fusion [137]. This differential requirement of
viral proteins and glycoproteins in virus entry versus virus-induced cell fusion may stem
from the different energy requirements for membrane fusion of the viral envelope with the
plasma membrane versus fusion among cells.

4.4. Role of HSV-1 Glycoprotein K (gK) in Membrane Fusion

The UL20 and UL53 (gK) genes are among the most conserved alphaherpesvirus
genes encoding 222 and 338 amino acids, respectively, each with four membrane-spanning
domains having opposite orientations within membranes with gK having both amino
and carboxyl termini extracellularly, while UL20 has both amino and carboxyl termini
intracellularly [138-142]. HSV-1 gK and UL20 physically interact and function to coordinate
intracellular transport, cell-surface expression, and mediate functions in virus-induced
cell fusion, virus entry, virion envelopment, and egress from infected cells [125,135,136,
141,143-149]. Both gK and UL20 are components of the virion envelope [125,150,151]. The
gK/UL20 protein complex interacts with gB and gH and is required for gB-mediated cell
fusion [51,52]. HSV-1 gK is a structural component of virions and functions in virion
entry [124,148]. The gK/UL20 protein complex binds to gB and gH and is required for
gB-mediated cell fusion [51,52]. A 39 amino-terminal deletion of gK inhibits virus-induced
cell-to-cell fusion and virus entry into neuronal axons, but not other cell types (fibroblasts,
epithelial cells) without drastically inhibiting virion envelopment and egress [58,152,153].
The human ocular clinical strain HSV-1(McKrae) gKA31-68 with a deletion of 37 aa failed
to infect mouse trigeminal ganglia after ocular infection of scarified mouse eyes [58],
indicating that the amino terminus of gK plays a pivotal role in corneal infection and
neuroinvasiveness [58,153]. Mutations of gK result in viruses with domain-specific defects
in entry, assembly, or egress, indicating gK domains that function in membrane fusion and
virion assembly are functionally distinct and genetically separable [27,147,149,154-156].
Molecular evolution modeling of the 3-dimensional predicted structure of gK has confirmed
that conserved domains across alphaherpesviruses have lower evolution rates, while those
that may be involved in cellular tropisms, such as extracellular domains, have higher
evolution rates [28].

4.5. Cell Signaling in Membrane Fusion

Akt is a serine/threonine kinase that functions in multiple cellular signaling path-
ways [157]. The three isoforms of Akt: Aktl, Akt2, and Akt3 share an N-terminal pleckstrin
homology domain, a kinase domain, and a C-terminal regulatory domain [158]. Akt-1 is
expressed in all tissues, including neurons, while Akt-2 and Akt-3 are expressed mostly in
insulin-responsive tissues and brain or testes, respectively [159]. Recruitment of Akt-1 to
plasma membranes and phosphorylation at 5473 and T308 amino acids is initiated after
signaling through cellular receptors activates the phosphoinositide-3-kinase (PI3K) sig-
naling pathway [160-165]. Several viral proteins regulate cell survival, growth, apoptosis,
inflammation, cell motility, and calcium signaling by modulating the PI3K/Akt signal-
ing pathway [166]. These regulatory mechanisms play significant roles in multiple steps
of the HSV-1 lifecycle, including viral entry, replication, latency, and reactivation from
latency [90,167].

Glycoprotein gB binds to phosphorylated Akt during virus entry [91], and HSV-1
entry induces intracellular calcium release [167]. Evidence for the equine herpesvirus-1
(EHV-1) showed that binding of gH to cellular integrin (x431) triggers intracellular calcium
signaling and expression of phosphatidylserine on extracellular plasma membranes to
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facilitate EHV-1 entry suggesting that gH /gL may also be involved in calcium mobilization
and plasma membrane flipping [168,169]. gK is required to bind gB to AKT, leading to its
phosphorylation and thus triggering calcium release. Deleting gK31-68 forces the virion to
enter exclusively by endocytosis, while the wild-type virion enters into neuronal axons
exclusively by fusion (Figure 1). This result suggests that the amino terminus of gK and
its binding partner UL20 interact and regulate the fusion protein gB during viral entry.
The silencing of AKT with siRNA or an HSV-2 variant with a deletion in gB or gD either
prevented calcium responses or phosphorylation of AKT, which inhibited virus entry [91].

The importance of intracellular calcium mobilization was also demonstrated by the
fact that the Akt inhibitor miltefosine inhibited calcium signaling and virus entry into
cells [91]. Importantly, deletion of the gK31-68 amino acids prevented HSV-1 from entering
neuronal axons, most likely because it prevented interactions of gB with Akt. However,
the gK31-68 mutant virus also did not mobilize intracellular calcium and failed to expose
phosphatidylserine to extracellular membranes, suggesting that gK may exert regulatory
effects on both gB and other viral glycoproteins, as well as on intracellular signaling
through interactions with unknown cellular receptors [27,170].

5. Conclusions

Herpes simplex viruses have evolved a membrane fusion machinery exquisitely reg-
ulated for optimum infectivity and spread. This fusion machinery evolved to deal with
infection of mucosal/epithelial tissues and, even more importantly, neurons. Viral proteins
and glycoproteins conserved among neurotropic alphaherpesviruses are very likely to play
important roles in virus entry into neuronal axons and retrograde transport to neuronal cell
bodies where the virus establishes latency. Thus far, gK is the only glycoprotein essential
for virus entry by fusion of the viral envelope with the plasma membrane (Figure 1). The
fact that the gK/UL20 heterodimer is conserved among neurotropic alphaherpesviruses
strongly suggests that this protein complex serves as a critical determinant of neuronal
infection. The absence of gK/UL20 in betaherpeviruses and gammaherpesviruses suggests
that entry via fusion vs. endocytosis is regulated through a different mechanism. Many
questions remain to be answered in the quest to better understand the membrane fusion
mechanisms that govern HSV entry, especially into neuronal axons. Both viral and cellular
proteins are likely involved in orchestrating a cascade of events, including intracellular
signaling, that facilitates membrane fusion. Uncovering the underlying mechanisms may
provide a greater understanding of the sophisticated mechanisms that the virus has ac-
quired over many thousands of years to deal with infection of highly sensitive neuronal
endings in a “stealth” manner, where the virus downregulates any cellular antiviral re-
sponse. Elucidation of these mechanisms may provide new innovative approaches for
antiviral therapy against herpesviruses and other neurotropic viruses.
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