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ABSTRACT

Herpes simplex virus type 1 (HSV-1) is a globally widespread virus that causes and associates with
a wide range of diseases, including herpes simplex encephalitis, herpes simplex keratitis, and
herpes labialis. The interaction between HSV-1 and the host involves complex immune response
mechanisms, including recognition of viral invasion, maintenance of latent infection, and trigger-
ing of reactivation. Antiviral therapy is the core treatment for HSV-1 infections. Meanwhile, vaccine
development employs different strategies and methods, and several promising vaccine types have
emerged, such as live attenuated, protein subunit, and nucleic acid vaccines, offering new
possibilities for the prevention of HSV-1 infection. Moreover, HSV-1 can be modified into
a therapeutic vector for gene therapy and tumour immunotherapy. This review provides an in-
depth summary of HSV-1 infection-associated innate and adaptive immune responses, disease
pathogenesis, current therapeutic approaches, recent advances in vaccine development, and
vector therapy applications for cancer treatment. Through a systematic review of multiple aspects
of HSV-1, this study aims to provide a comprehensive and detailed reference for the public on the
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prevention, control, and treatment of HSV-1.

Introduction

Herpes simplex virus (HSV) is an alphaherpesvirinae
with a fairly high prevalence of infection and is highly
susceptible to causing various diseases in humans [1,2].
HSV is a ubiquitous double-stranded DNA virus that
includes herpes simplex virus type 1 (HSV-1) and
HSV-2 [1]. Globally, approximately two-thirds of the
population is infected by HSV-1 [3,4]. Moreover,
according to the World Health Organization, as of
2016, a whopping 3.7 billion people under the age of
50 (67% of that age group) were infected with HSV-1
worldwide. Notably, seropositivity for HSV-1 tended to
increase with age [5]. Occult infections account for the
vast majority of initial HSV infections, with
a proportion as high as 80 to 90 %, while overt infec-
tions are in the minority. This high prevalence of occult
infections has become a key factor in HSV infections, as
it invariably exacerbates the spread of the virus.
HSV-1 is transmitted primarily through direct skin-
to-mucosal contact (such as touching, kissing, and air-
borne droplets) and infects the skin and mucous mem-
branes, including the central nervous system, eye,
mouth, lips, metabolic system, respiratory system, and

genitals [6-9]. It can cause diseases such as herpes
simplex encephalitis (HSE), herpes simplex keratitis
(HSK), and herpes labialis, resulting in lifelong recur-
rent clinical or subclinical episodes [10-13]. In addi-
tion, HSV-1 infection significantly increases the risk of
acquired immunodeficiency syndrome (AIDS) in
humans [14]. Due to the intimate and hidden nature
of HSV-1 infection and the large number of recently
infected individuals, it poses a great challenge for
society to interrupt the transmission of HSV-1.
Currently, the main therapeutic tools for HSV-1 are
antiviral drugs; however, these drugs cannot completely
remove the virus with drug resistance for long-term
use. Therefore, the development of an effective vaccine
against HSV-1 is of great significance in controlling the
infection.

In this review, we focus on the structural features,
replication process, innate and acquired immune
responses, and common diseases (HSE, HSK, and
herpes labialis) triggered by HSV-1, as well as the latest
progress in the development of live attenuated vaccines,
subunit vaccines, nucleic acid vaccines, and replication-
defective vaccines. Moreover, the advanced applications
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of HSV-1 vectors for therapy will be summarized.
Through this review, we aim to provide new ideas
and clues for the prevention and control of HSV-1 to
address this global health challenge more effectively.

Structure and infection of HSV-1
HSV-1 structure and replication

HSV consists of four main components: the viral gen-
ome, capsid, tegument, and envelope (Figure 1) [15].
The viral genome, which is 125-240 kb in length, con-
sists of two unique regions, including a unique long
(UL) region and a unique short (US) region, both of
which are flanked by inverted repetitive sequences
(TRL/IRL and TRS/IRS). There were 56 encoding
genes in the UL, 12 encoding genes in the US, and
one encoding gene in the TRL, IRL, TRS, and IRS
regions. This structure is typical of the alphaherpesvirus
family of genomes and encodes more than 80 proteins
[16-18] (Figure 1).

The capsid structure, approximately 125 nm in dia-
meter, is an icosahedron composed of 162 capsids with
six different viral proteins. The tegument is composed
of 20-23 different viral periplasmic proteins with
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structural and regulatory roles [19]. Some of these
play important roles in counteracting the host antiviral
immune response during the early stages of the infec-
tion. The envelope is covered by 12 different glycopro-
teins, namely, gB, gC, gD, gE, gG, gH, gI, gJ, gK, gL,
gM, and gN (Table 1). The surfaces of these glycopro-
teins present diverse shapes and sizes, with some exist-
ing as heterodimers, such as gH/gL and gE/gl, while
most of the rest exist as monomers [20].

During the replication process, viral particles of
HSV-1 first bind to specific receptors (nectin-1, etc.)
on the surface of host cells via glycoproteins on their
envelope, specifically gB and gC. Once attached, HSV-1
can enter the cell in one of two ways, direct membrane
fusion or endocytosis [21,22]. The viral particles are
encapsulated in vesicles (endosomes) formed by the
host cell, and then through a series of complex mem-
brane transport processes, the viral DNA is finally
released into the cytoplasm. Upon entering the cyto-
plasm, the viral DNA rapidly interacts with virus-
encoded proteases and other cofactors to be released
from the capsid of the viral particle. The decapsulated
viral DNA enters the nucleus through the nuclear pore
complex [23].
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Figure 1. HSV virus structure (above). HSV consists of four main components, including the viral genome, an icosahedral capsid
consisting of 162 capsid particles, a tegument composed of 20-23 different viral periplasmic proteins with structural and regulatory
roles, and a lipid bilayer envelope containing multiple glycoproteins. Schematic diagram of the HSV genome (below). The
herpesvirus genome consists of two unique regions, UL (unique long sequence) indicated as light yellow shading, and US (unique
short sequence — dark blue), both of which are flanked by reverse repetitive sequences (TRL/IRL and TRS/IRS).



Table 1. Glycoproteins of HSV-1.
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Glycoprotein Coding gene function

gB HSV-1 UL27 Composition of vesicle membranes; membrane fusion proteins

gC HSV UL44 Adhesion protein; C3b receptor; protective effect against HSV-1

gD HSV US6 Composition of the vesicle membrane; viral entry; membrane fusion
gE HSV-1 US8 Virus transmission, Fc receptor; immune escape; subunit vaccine

ql HSV-1 US7 Virus transmission, Fc receptor; immune escape; subunit vaccine

gG HSV US4 Antigen-specific, subunit vaccines

gH HSV-1 UL22 Viral entry, membrane fusion; gH and gL bind to be active

gL uL1 Viral entry, membrane fusion; gH and gL bind to be active

q) uss virus replication

gK UL53 Vesicle membrane composition; viral replication; viral transmission and escape
gM uL10 Virus assembly, membrane fusion

gN UL49.5 Lack of leads to slow penetration of the membrane

Within the nucleus, the viral DNA begins to
express a series of early genes. The proteins encoded
by these genes consist mainly of regulatory proteins
(ICPO, ICP4, and ICP27), which create a favourable
environment for the replication of the viral DNA by
regulating the transcription and translation machin-
ery of the host cell. In the presence of early gene
expression products, viral DNA begins to replicate.
Viral DNA replication proceeds in a semiconserved
manner, producing new strands of viral DNA. As
DNA replication proceeds, late genes begin to be
expressed. The proteins encoded by these genes
include mainly structural proteins such as viral coat
proteins and envelope glycoproteins. These proteins
are synthesized within the nucleus or in the
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cytoplasm and are prepared for the assembly of the
viral particle. Inside the nucleus, newly synthesized
viral DNA binds to coat proteins to form new cap-
sids. Subsequently, these capsids enter the cytoplasm
through the nuclear pore complex and acquire an
envelope in the cytoplasm. Eventually, the newly
formed virus particles complete assembly in the cyto-
plasm. The assembled viral particles are released into
the extracellular environment by either cell lysis or
cytotoxicity [24,25] (Figure 2).

Latent infection and reactivation of HSV-1

HSV-1 infection is complex and difficult to eradicate
due in large part to its unique characteristics of latent
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Figure 2. Replication process of HSV-1. Steps as follows, (1) viral attachment, (2) entry of HSV-1, (3) entry of HSV-1 capsid into the
nucleus, (4) transcription, (5) translation, (6) replication, (7) capsid assembly, (8) modification of envelope proteins, (9) translocation
of envelope proteins, (10) endocytosis, (11) envelope, and (12) release of HSV-1.
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infection. The establishment of latent infection is
a consequence of the inability to successfully express
the HSV-1 gene in a linear fashion and is dictated by
the unique differentiated morphology. During the
latent infection process, the viral genome exists in the
form of circular DNA, and its expression is severely
restricted, mainly expressing a few genes such as
latency-associated transcripts (LATs), thus avoiding
a strong immune response [26].

The establishment of latent infection involves com-
plex interactions between the virus and the host cell,
including viral regulation of the host cell cycle and
epigenetic modifications. Reactivation of latent infec-
tion is a major cause of HSV-1 disease recurrence. This
process is regulated by a variety of internal and external
factors, including host immune status, stress response,
hormonal fluctuations, and signalling. During reactiva-
tion, the viral genome changes from a quiescent state to
an active state, initiating a replication cycle that pro-
duces new viral particles and spreads them to the per-
ipheral tissues, triggering new infections or disease
relapses. Molecularly, this involves multiple steps such
as reactivation of viral gene expression, replication of
viral DNA, and assembly and release of viral particles
[26-28].

HSV-1-related innate and acquired immune
responses

Both innate and adaptive immunity play important
roles in the process of latent HSV-1 infection and
reactivation. The innate immune system recognizes
viral components through pattern recognition receptors
and initiates an antiviral response, although its role
may be relatively limited during latent infection. In
contrast, the adaptive immune system, particularly
T and B cells, responds rapidly upon viral reactivation,
controlling viral replication and transmission through
cytotoxic effects, antibody production, and immune
memory [29].

Innate immune signals

HSV-1 evasion induces early host antiviral responses
through innate immune signals [25]. Over the past
decade, a variety of pattern recognition receptors
(PRRs) have been associated with innate recognition
of HSV infection, including Toll-like receptors
(TLRs), nucleotide-binding oligomerization structural
domain nucleotide-binding and leucine-rich repeat
(NLRs), Retinoic acid-inducible gene l-like receptors
(RLRs) and several DNA sensors (Figure 3) [30-32].

Among the TLRs that play a major role in HSV
infection are TLR2, TLR3, and TLR9Y [33,34]. TLR2
activates the NF-«xB signalling pathway through the
recognition of gB and promotes the secretion of inflam-
matory factors such as interleukin 8 (IL-8) [35-37]. In
addition, TLR2 detects viral gH and gL present on the
viral envelope when HSV interacts with the plasma
membrane and signals through myeloid differentiation
primary response 88 (MyD88), which can lead to the
activation of type I interferons (IFNs) and pro-
inflammatory cytokine expression [38-40]. In addition,
CpG oligonucleotides in HSV-1 viral DNA can also be
recognized by intracellular TLR9, which activates the
IRF7 and NF-«B signalling pathways and promotes the
secretion of type I interferon (IFN-I) and other inflam-
matory factors [41]. Both signalling pathways, TLR2
and TLRY, are dependent on MyD88, and their dual
synergistic action is a key factor in preventing HSV
mucosal infections [42,43] (Figure 3).

The ¢cGAS-STING pathway plays a key role in host
antiviral immune responses, and interactions with viral
immune escape mechanisms are critical for limiting
HSV-1 lysis and latent infection [44,45]. During the
replication of the HSV-1 virus, the cGAS enzyme senses
aberrant DNA and catalyzes the cyclic GMP-AMP
(cGAMP) to activate STING receptors inside the cell
[46]. This recognition process, in turn, activates the
IRF3 and NF-«B signalling pathways, thereby promot-
ing the secretion of interferon IFN-I and other inflam-
matory factors. This mechanism can efficiently
recognize and defend against viral infections, thereby
protecting the safety and health of host cells [47].
Following HSV-1 infection and cytoplasmic DNA sti-
mulation, STING recruits NLRP3 in the endoplasmic
reticulum and attenuates NLRP3 polyubiquitination
associated with K48 and K63, thereby promoting
inflammasome activation, which is essential for the
host defence against HSV-1 infection [48]. Beta-
conjugated proteins can also promote type I IFN pro-
duction in the cGAS-cGAMP-STING pathway, which
can better exert anti-HSV-1 effects. In addition, NLRC4
was found to play a positive regulatory role in the
cGAS-STING signalling pathway and antiviral innate
immunity [30]. While STING can also be packaged to
act in HSV-1-infected extracellular vesicles via the
CD63 cytosolic pathway [49]. To combat STING,
HSV-1 has evolved a number of strategies, including
interfering with its oligomerization, deamidation, and
post-translational modification of downstream signal-
ling mechanisms [50,51] (Figure 3).

As a DNA sensor, interferon (IFN)-y inducible protein
16 (IF116) plays a major role in the response to viral
infections by activating the canonical STING/TBK-1/
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Figure 3. HSV-1 mediates innate immune signalling and escape strategies. IFN-I and inflammatory cytokines induce antiviral
immunity, whereas HSV-1 proteins can hijack multiple steps downstream of the TLRs, RLRs, and DNA sensor signalling pathways.
TLRs are located at the plasma membrane and in the nuclear endosomes, where they sense different ligands such as viral dsRNA,
dsDNA, and glycoproteins and switch signals through TRIF and MyD88, which then leads to activation of IRF and NF-kB. Various viral
proteins, including ICPO, US3, UL36USP, ICP4, and VP16 are sufficient to abrogate the TLR signalling pathway. rig-l and MDAS5 in the
RLR receptor detect distinct RNA structures and signals through the junction protein MAVS protein, triggering IRF3 and nf-kB
activation. US11, UL36USP, and UL37 block MDA5 and RIG-I-mediated antiviral signalling pathways. Cytoplasmic DNA sensors, such
as cGAS, IFI16, DDX41, and DAI, recognize double-stranded DNA in the cytoplasm and trigger the production of IFN-I through STING
signalling. VP22, UL37, and UL41 can directly interact with cGAS and inhibit its enzymatic activity, subsequently inhibiting
downstream signalling. ICPO, ICP27, ICP34.5, US3, US11, VP16, VP24, and UL46 interrupt signal transduction at the level of the TBK1-
IRF3 axis. US3, ICPO, UL24, VP16, ORF61, UL42, and VP24 interrupt signal transduction at the level of the TBK1-nf-kB axis. HSV-1 also
affects NLRP3 inflammatory factor assembly, which in turn inhibits IL-1 and IL-1B-mediated apoptosis. Black lines indicate cellular
processes. Red lines indicate processes regulated by HSV.

IRF3 signalling pathway [52]. During HSV infection,  HSV-1 viral replication can be recognized by intracellu-
IF116 recognizes and binds DNA nucleic acids mainly in lar TLR3 or RLRs, which activate the IRF3 and NF-xB
the nucleus, restricting its gene expression and leading to  signalling pathways and promote the secretion of IFN-I
the production of type I IFN, which is the most important ~ and other inflammatory factors [33,59,60].
receptor in innate antiviral defence, inducing the produc- RIG-1 is a cytoplasmic RLR that mediates intrinsic
tion of interferon and many antiviral proteins, such as  cellular immunity against viral pathogens and plays an
mucosal viral resistance protein A GTPase, 2°-5” oligo  important role in DNA virus recognition [61,62]. HSV-1
adenosine synthetase and ribonuclease L, thereby inhibit-  triggers RIG-I activation via RNA polymerase III, which
ing viral infection [53-55]. Moreover IFN expression is  produces 5-pppRNA that induces an antiviral immune
significantly reduced in the absence of IFI16. [56] USP12  response in cells [58,63]. HSV-1 infection causes the host
promotes antiviral responses by deubiquitinating and sta- ~ 5S ribosomal pseudogene transcript RNA5SP141 to travel
bilizing IFI16 [31]. Similar to the TLR2/TLRY duality,  from the nucleus to the cytoplasm, where it is exposed by
cGAS and IFI16 co-recognize HSV and stimulate the  the absence of its binding protein, leading to the activation
IRF3 pathway [57] (Figure 3). of RIG-I, as a unique pathway to initiate antiviral immunity
As a large DNA virus, HSV-1 replicates transiently to  [63,64]. On the other hand, the protein of HSV-1 can
produce RNAs, which may trigger several RNA recogni- interfere with RIG signals [65]. Herpesvirus accessory pro-
tion receptor pathways simultaneously or sequentially  tein y134.5 (ICP34.5) facilitates viral replication by dis-
[58]. Double-stranded RNA (dsRNA) produced during abling the mitochondrial translocation of RIG-I [66].
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HSV-1 UL37 deamidates and inhibits RIG-I sensing
[65,67]. The US11 of HSV-1 impairs RIG-I by inactivating
PACT [68,69].

Recent studies have shown that nuclear 40 S riboso-
mal protein SA (RPSA) also recognizes HSV nucleic
acids and promotes an inflammatory response in anti-
viral innate immunity [70]. An mtDNA replicase DNA
polymerase gamma POLGI1 has a role in antiviral
defence mechanisms against HSV-1 infection [71].

Innate immune cells

The oropharynx, genital skin, and mucosal tissues were
the main susceptible sites for HSV-1 infection. Various
resident innate immune cells are present in these tissues.
A large number of dendritic cells (DCs) are densely
packed in the epidermis. In the dermis, there is an
even richer distribution of multiple types of resident
immune cells, including DCs, macrophages, natural
killer (NK) cells, and y§-T cells. These immune cells
play an important role in maintaining tissue homoeos-
tasis and defence against HSV-1 infection [72].

DCs

DCs are pivotal for eliciting a defensive HSV-specific
T-cell response. Their primary role in infection is to
patrol pathogens; once detected, they phagocytose and
present antigens to the initial T cells in the lymph node
[72]. Langerhans cells (LCs), one of the earliest DCs to
contact HSV, migrate to the dermis after infection. In
the dermis, they converge with dermal DCs, which are
responsible for presenting HSV-1 antigens to T cells,
thereby triggering a corresponding immune response
[73,74].

Recognition of HSV-1 by DCs also stimulates the
secretion of multiple antiviral cytokines, as well as the
release of IFN-I, thereby exhibiting potent antiviral
activity. This process can block the expression of viral
genes in the early stages of HSV infection and effec-
tively prevent the excretion of viral particles from the
infected cells. DCs play an important role in limiting
the spread of HSV infection from the peripheral tissues
to the nervous system, providing a key defence
mechanism for the host [75]. However, HSV-1 infec-
tion also exerts an inhibitory effect on the maturation
of DCs, leading to impaired migratory ability, thus
affecting the effectiveness of the immune response
[76,77].

Although virus-infected DCs are unable to mature,
they are still capable of releasing cytokines including
TNF, CXCL10, and IL-8. These cytokines play an
important role in promoting the maturation of unin-
fected DCs [78]. Virus-infected DCs undergo apoptosis

through the down-regulation of cellular caspase-8 inhi-
bitory protein (c-FLIP) or phagocytosis by uninfected
and mature DCs. After phagocytosis, these infected
DCs are processed and present viral antigens to adap-
tive immune cells, which trigger a specific immune
response [74,79].

Plasma cell-like dendritic cells (pDCs)

Plasmacytoid dendritic cells (pDCs) differ from mye-
loid dendritic cells in their immune function. They are
the main producers of IFN-I, with more IFN-a than
IFN-pB. pDCs are mainly found in the bloodstream and
lymph nodes, where they play an important role in
immunomodulation. HSV-1 infection induces the infil-
tration of pDCs into the infected area, which is parti-
cularly evident in the upper dermis and lamina propria
[80]. pDCs can produce IFN-I through TLR7 in a direct
response to HSV-1. pDCs have also been shown to
produce other cytokines and chemokines such as
TNF, IL-6, IL-18, CXCL10, and CCL3, leading to the
recruitment and activation of NK and T cells [81].

Macrophages

Macrophages are sentinel cells in the innate immune
response that can produce chemokines to control HSV-
1 infection and reduce the viral load [82-84]. HSV-1
induced higher levels of pro-inflammatory cytokines
from M1 than M2 macrophages [85]. Macrophages
are recruited to primary and recurrent lesions in mice
at an early stage via chemokines produced [84]. During
infection, the main functions of macrophages are pha-
gocytosis of cellular debris and secretion of cytokines,
such as TNF, IFN-I, IL-6, and IL-12 [86]. Recent stu-
dies have shown that the primary role of macrophages
during HSV infection is to participate in the processing
of HSV antigens and their presentation to T cells,
which is consistent with the role of DCs [72].

HSV-1 can inhibit the immune response in macro-
phages and suppress downstream molecules associated
with the cGAS-STING-TBKI1 axis, particularly through
the direct interaction of ICP27 with STING and TBK1,
leading to a reduction in IFN-I secretion [87].

NK cells

NK cells play an important role in the recognition and
rapid clearance of virus-infected cells. NK cells contri-
bute to HSV clearance through two main mechanisms:
direct cytotoxic effects on infected cells with down-
regulated MHC-I expression via the CD56™CD16"
subpopulation, and through the CD56"" subpopula-
tion to release IFN-y [88]. Chemokine receptor expres-
sion in NK cells varies according to the subtype [89].
CXCRI1 and CXCR2 are expressed on CD56%™ NK



Table 2. Treatment medicine formula.
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Table 2. (Continued).

Disease Medicine Chemical formula
HSK Herpes Labialis valacyclovir O
N
TS g
HoN™ N N O~
? 0 CHj
HoN
Herpes Labialis Docosanol Hom
Herpes Labialis SADBE o0 >""CH,
o O/\/\CH3
6]

cells, whereas CXCR3, CCR5, and CCR?7 are expressed
on CD56"€" NK cells [90]. NK cells induce the apop-
tosis of HSV-1-infected peripheral epithelial cells and
control viral levels through cell death [75]. In addition,
TLR2 is present on the surface of NK cells that can bind
to the HSV-1 gD protein, thereby activating NK cells
[91]. In short, NK cells play a critical role in clearing
HSV infection.

HSV-1 via ICP47 blocks the expression of MHC-I
on the surface of infected cells [92]. Reduced MHC-I
antigen presentation is indicative of NK cell-targeted
virus-infected cells [93]. HSV-1 infection has also been
shown to reduce the expression of MHC-I chain-
related A (MICA) gene and UL16 binding proteins
(ULBP1, ULBP2, and ULBP3) on the surface of infected
cells, and these proteins are NK-cell activators that
mediate signalling events through the involvement of
NKG2D [94].

Adaptive immune responses

Innate immunity is the key to establishing a rapid
immune response against HSV-1, and adaptive immu-
nity is critical for maintaining protective immunity
through neutralizing antibodies and memory T cells
(Figure 4) [95]. The adaptive immune response under
HSV-1 infection is a complex process that involves the
interaction of multiple immune cells and cytokines. It is
divided into cellular- and humoral- mediated immu-
nity, carried out by T or B lymphocytes, respectively.
HSV-1 infection induces the activation and differ-
entiation of CD4"T cells and CD8'T cells, which are
a key part of the adaptive immune response against
HSV-1. CD4'T cells are involved in the immune
response to recurrent human HSV-1 infections as
early as 12-48 hours post-infection [96]. CD4'T cells
help DCs activate CD8'T cells to form an immune

response and produce IFN-y, which limits HSV-1 repli-
cation and transmission and activates B cells [97-99].

Different subpopulations of CD4"T cells coordinate
with each other during the clearance and control of
viral infection. Thl, Th2, and Th17 cells play distinct
roles in the immune response to HSV-1 infection. Thl
cells are the key cells that produce IFN-y and help clear
the infection involving antiviral cell-mediated immu-
nity. IFN-y production by Thl cells stimulates the
secretion of CXCL9 and CXCL10 by keratinocytes,
which then recruit CD8™T cells to the site of infection
[100]. IFN-y also activates and enhances the antiviral
capacities of other immune cells. Th2 cells are primarily
involved in humoral-mediated immunity. They mainly
secrete cytokines, such as IL-4, IL-5, and IL-13, which
promote antibody production by B cells. Th17 cells can
help regulate the inflammatory response by promoting
the migration of inflammatory cells through IL-17 and
IL-22 secretion. HSV-1 infection also induces the pro-
duction of regulatory T (Treg) cells, which inhibit
excessive immune response and attenuate tissue
damage and inflammatory responses. Tregs use
a variety of mechanisms to modulate the immune
response, such as the release of the immunomodulatory
cytokines IL-10, TGF-p, and IL-35 [101,102].

CD8'T cells play a key role in suppressing HSV-1
infection [103]. CD8" T cells infiltrate HSV-1 lesions
later than CD4'T cells, and their presence correlates
with HSV-1 clearance [104]. CD8" T cells eliminate
virus-infected cells by inducing apoptosis via Fas-FasL
signalling, perforin, and granzyme B release [105].
Importantly, CD8'T cells are also capable of secreting
antiviral IFN-y in response to HSV-1 infection. This
cytokine also helps to further promote the DC presen-
tation of antigens to CD8'T cells and enhances MHC-I
expression in HSV-infected target cells [106]. With the
clearance of HSV, CD8"Ttrm cells remain as sentinels
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reaction through FasL or TNF, leading to apoptosis.

at the dermal-epidermal junction in preparation for
HSV-1 reactivation. These cells prepare for encounters
by expressing IFN-y, TNF-a, perforin, and granzyme in
response to a viral infection [107,108]. A recent study
found that GPR41 and GPR43 regulate CD8'T cell
priming during HSV-1 infection, emphasizing the
importance of metabolite sensing in fine-tuning anti-
viral CD8'T cell priming [105].

HSV-1 infection also induces the activation and
differentiation of B cells, which produce specific anti-
bodies that neutralize viral particles and prevent viral
binding to the host cells. In addition to the antibody

response, B cells also secrete IFN-y, IL-4, IL-6, and
several other cytokines [109,110]. B cell-deficient mice
have an increased susceptibility to HSV-1 encephalo-
myelitis and mortality [111]. HSV-1 also induces the
formation of memory B-cells, which provide long-
term immunoprotection against viral relapse or
reinfection.

HSV-1 infection disease

In recent decades, HSV-1 infection has caused a series
of serious diseases, including HSE, HSK, and herpes
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Table 3. Classification of HSK.

Classification Type Typical Features Clinical Symptoms
Epithelial (1) Punctate corneal keratitis Corneal dendrites are linear and branching with terminal  Eye pain,
Keratitis (2) Dendritic keratitis bulbs Eye redness,
(Most common type) Eye tearing,

(3) Geographic ulcer
Stromal Keratitis (1) Necrotizing

(2) Non-necrotizing

/disciform

(Most common type)

Endotheliitis (1) Disciform Keratitis
(Most common type)
(2) Disciform endothelins

(3) Linear endothelins

Keratic precipitates,
Iritis, Stromal oedema,

Recurrent or chronic stromal inflammation

Without infiltration or neovascularization

Foreign body sensation in the eyes
Stromal infiltrates,

Stromal oedema,

An immune ring,

Cornea thinning,

Sectoral or diffuse stromal

neovascularization
Decreased vision,

Photophobia,

Eye pain

labialis. These diseases not only seriously affect the
physical health and quality of life of patients, but also
pose great challenges to the public health system of
society. To date, some therapeutic drugs have been
successfully developed and provided an effective treat-
ment way for treatment (Table 2).

HSV-1 and HSE

Invasion of the central nervous system by pathogens
leads to inflammation and swelling of the brain, caus-
ing encephalitis [12]. Nearly all HSEs are caused by
HSV-1, except during the neonatal period, which is
the most common cause of fatal encephalitis and occurs
globally in a disseminated and non-seasonal pattern
[112]. The mortality rate of patients with HSE who do
not receive antiviral treatment is 70%, and most

survivors suffer from permanent neurological sequelae
[113,114].

The nucleoside analog vidarabine was the first
antiviral drug to be used for the treatment of HSE
[115]. Its mechanism of action is to bind to the viral
DNA polymerase and reduce its activity, thereby
inhibiting viral DNA synthesis. However, vidarabine
is easily converted into deamination compounds by
deaminase in the blood to lose its activity [116].
However, it has been shown in clinical trials to be
less  therapeutically effective than acyclovir.
Therefore, the nucleoside analog acyclovir is cur-
rently the first-choice treatment for HSE. Foscarnet
is used as an alternative antiviral drug when acyclo-
vir resistance is observed [117]. Foscarnet is
a pyrophosphate analog that reversibly inhibits
DNA polymerase in many herpesviruses by binding
to and blocking the viral polymerase’s pyrophosphate

Idoxuridine
Iododesoxyeytidine
Vidarabine SC93005
Trifluridine BX795
Acyclovir Clinical
antiviral Inhibitors Againrse
Valacyclovir drugs
N Helicase-primase inhibitors
Famciclovir
Ganciclovir Src kinase inhibitor molecule
Irifuorothymidine Treatment
of HSK
Corticosteroids
6-thioguanine CIS+GF19
. . Potential Combinatio
Harringtonine drugs n therapy
Interferon a-2p G2+Acyclovir

Figure 5. Treatment of HSK. Drugs for the treatment of HSK can be divided into four categories, including clinical antiviral drugs,

potential drugs, inhibitors, and combination therapy.



binding site, which interferes with pyrophosphate
cleavage from incoming deoxynucleoside tripho-
sphates and impedes viral replication [118].
Acyclovir is an acyclic guanosine analog that lacks
both the 2’- and 3’-OH moieties and the 2’- and 3’-
carbons [119]. Three phosphorylation steps are
necessary to activate acyclovir into its triphosphate
form. The initial step is catalysed by the virus-
encoded thymidine kinase (TK), followed by two
successive phosphorylation steps carried out by cel-
lular guanosine monophosphate (GMP) kinase and
nucleoside diphosphate (NDP) kinase, respectively.
The active triphosphate form of acyclovir competes
with  deoxyguanosine triphosphate (dGTP) as
a substrate for viral DNA polymerase (DNA pol),
ultimately being incorporated into the elongating
DNA chain, its incorporation results in chain termi-
nation [119].

Other anti-HSV drugs are currently under inves-
tigation. PHA767491 is a novel anti-herpes simplex
virus drug. It showed a strong inhibitory effect on the
expression of the essential HSV-I genes such as ICP4
and ICP27 [120]. It effectively blocked HSV-1 pro-
liferation and cell death. It has been shown that this
drug reduces viral titres in mice infected with HSV-1,
but further evaluation is required for its use in the
treatment of encephalitis in severe HSV-1 infections
[117]. In addition, a recent study found that ferrop-
tosis is the key mechanism in the pathogenesis of
HSV-1 infection by upregulation of PTGS2 and
PGE2, which promotes the replication of HSV-I,
increases inflammation and tissue damage, and con-
tributes to encephalitis. Inhibition of ferroptosis sig-
nificantly attenuates neuropathological damage and
inflammation in the brains of HSV-1-infected mice,
which could be a promising immunotherapeutic
strategy for the treatment of HSV-1 encephali-
tis [121].

Despite effective treatment, HSE is associated with
high mortality and long-term neurological impairment
[122]. Therefore, improving awareness of the clinical
features, diagnosis, and treatment of HSE over time are
the keys to improving patient prognosis. Further
research on the biological characteristics of HSV-1
and the pathological mechanisms of HSE will help to
develop more effective prevention and treatment
strategies.

HSV-1 and HSK

HSK is a corneal disease caused by an HSV-1 infection.
It is estimated that approximately 1.5 million cases of
HSV-associated eye infections occur globally each year,
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and 95% of ocular HSV infections are caused by HSV-1
[123]. Of these 40,000 populations ultimately result in
long-term visual impairment [124]. HSV-1 can be
transmitted by ocular contact with a source of infection
or ocular secretions from virus carriers.

HSV infection of corneal cells not only causes
direct lysis of corneal cells but also induces
a cascade of immune responses. Moreover, during
HSV-1 corneal infection, polymorphonuclear leuko-
cytes (PMN), macrophages, NK cells, and LCs flood
the underlying corneal stroma [125]. It is thought
that recruited inflammatory cells release pro-
inflammatory cytokines, chemokines, and growth
factors that initially contribute to viral clearance,
leading to tissue destruction and scarring [126,127].
The connective tissue in the corneal scar continues to
rebuild, but unlike uninjured corneal tissue, it
increases light scattering and reduces transparency
[128]. The pathogenesis of corneal fibrosis is not yet
fully understood. HSK includes epithelial keratitis,
stromal keratitis, and endothelial keratitis. The spe-
cific typical features and clinical manifestations are
shown in Table 3.

HSK treatment

Antiviral drugs are the first choice against HSV-related
ocular symptoms and mainly consist of nucleoside
analogs, which interrupt viral DNA synthesis by the
irreversible binding of viral DNA polymerase in
infected cells (Figure 5). Nucleoside analog drugs
mainly include idoxuridine, iododeoxycytidine, triflur-
idine, vidarabine, acyclovir, valacyclovir, famciclovir,
and ganciclovir. Trifluridine operates through
a mechanism of action similar to that of acyclovir. Its
triphosphate derivative has the ability to bind to DNA
and competitively inhibit DNA polymerase alongside
thymidine triphosphate. Trifluridine was approved by
the FDA in 1980 as a 1% solution for treatment and has
become the most widely used treatment for HSK with
significant efficacy. Acyclovir, valacyclovir, and famci-
clovir are FDA-approved oral medications used for the
treatment of HSV. Ganciclovir is a new drug that has
been approved for the treatment of acute herpes sim-
plex epithelial dendritic ulcerative keratitis in the form
of an aqueous 0.15% gel [129]. In order to effectively
suppress the significant inflammation caused by HSV,
particularly in stromal keratitis, endotheliitis, trabecu-
litis, and uveitis, topical corticosteroids have been
widely adopted as the treatment option.

Although existing treatment options have shown
some effectiveness and feasibility in treating HSK,
their efficacy is still subject to many limitations, espe-
cially the emerging problem of antiviral drug resistance.
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In addition, topical interferon a-2B has shown promis-
ing applications in the treatment of HSV epithelial
keratitis; however, this drug has not yet been formally
approved by the FDA [130]. 6-Thioguanine (6-TG) is
a thiopurine analog that has received considerable
attention in the treatment of HSV eye infections.
6-TG suppresses Racl function, and Racl promotes
HSV replication and HSK development. One study
found that 6-TG demonstrated greater efficacy than
acyclovir and ganciclovir in the treatment of HSV eye
infections [131]. Harringtonine also plays a significant
role in the treatment of drug-resistant HSV-1. It can
prevent HSV-1 from entering host cells by inhibiting
the expression level of herpesvirus entry mediator
(HVEM) in the early stage of viral infection. This
mechanism contributes to its effectiveness against drug-
resistant strains of HSV-1 [132].

In recent years, an increasing number of inhibitors
have been developed for the potential treatment
(Figure 5). A new class of antiviral drugs, known as
helicase-primase inhibitors, works by blocking viral
DNA synthesis, and antiviral drugs such as proteolipid
and amenamevir work by inhibiting the activity of the
helicase-primase enzyme, effectively decreasing viral
shedding and replication levels [133]. In addition,
SC93305 and Bx795 demonstrated potential antiviral
replication capabilities. Specifically, the dual-specificity
tyrosine phosphorylation-regulated kinase (DYRK)

Treatment-Ice chunks
Lip moisturizer
Sunscreen for lips
Cryotherapy treatment

Balm for lips

inhibitor SC93305 inhibits protein expression during
the replication phase of HSV-1, thereby blocking the
viral replication process [134]. TANK-binding kinase 1
inhibitor Bx795 exerts its antiviral effect by reducing
phosphorylation of Akt at Ser473 and prevents hyper-
phosphorylation of 4-binding protein 1 in infected
cells, thus blocking viral protein synthesis [134,135].
The drug Aganirsen, an insulin receptor substrate 1
(IRS-1) inhibitor, showed similar effects in clinical
trials. It significantly reduced corneal neovasculariza-
tion but did not show significant results in improving
vision [136]. In addition, Src kinase inhibitors have
been shown to reduce the severity of HSV keratitis
and subsequent corneal angiogenesis in a mouse
model. Src kinase inhibitors interrupt the chain of Src
in the pathology of HSV keratitis by specifically block-
ing the phosphorylation activity of Src kinase and inhi-
biting the activation of its downstream signalling
pathways. These include reduced release of inflamma-
tory factors, inhibition of cell proliferation and migra-
tion, and decreased expression of angiogenesis-related
factors. Therefore, Src kinase inhibitors are able to
reduce the severity of HSV keratitis and the subsequent
corneal angiogenesis, helping to improve the patholo-
gical state of the cornea and protect vision [137].
Combination therapy was performed for HSK treat-
ment. The effective peptide-acyclovir combination
regimens have also been reported for the treatment

CS20 (Acura24®)

Aloe barbadensis

Conventiona
1 treatment

Silicone
PD

Lipsticks

Treatment of

Electrical stimulation: TENS

Novel

Laser treatment:1027nm infrared treatments

Immunotherapy:SADBE

Herpes
Labialis

Aciclovir
Penciclovir

Valaciclovir

Antiviral

drugs Viroxyn®

Piroxicam
Docosanol

Monocaprin and doxycyline

Figure 6. Treatment of herpes labialis. Herpes labialis treatment medications can be divided into three categories, including

conventional treatments, antiviral drugs, and novel treatments.



of HSV ocular infections. G2 is a cationic membrane-
penetrating peptide that binds to 3-O-sulphated
heparin sulphate, effectively preventing HSV-1 from
entering the cell [138]. When G2 was used in combi-
nation with acyclovir, its antiviral activity was signifi-
cantly enhanced, and it was able to block HSV cellular
invasion more effectively. A new study also developed
an injectable Cornea-in-a-Syringe (CIS) cell-free bio-
material to treat damaged corneas. Composite inject-
able biomaterials can be regenerated by modulating
inflammation and blocking viral activity in the
infected tissues [139,140]. CIS consists of a modified
antiviral host-defence peptide, GF19. When GF19 is
released from silica nanoparticles, it can block the
activity of HSV-1 [141]. In a surgically perforated
and HSV-I-infected rabbit cornea model, the CIS
closed a full-layer perforation in the rabbit cornea
and suppressed inflammation, allowing corneal regen-
eration [142].

Despite advances in the pathogenesis of and thera-
peutic approaches to HSV infection, it remains one of
the leading causes of ocular diseases [143]. Antiviral
medications are considered as an effective treatment for
HSK. However, the virus is able to retrogradely transit
through the ocular meridian to the trigeminal ganglion
after initial infection and replicative reproduction,
where establishes a long-lasting latent reservoir that
persists in the body. Current treatments are unable to
effectively deal with the virus in its latent state or
completely eradicate the infection. These limitations
render the treatment of HSK challenging [143]. Early
and accurate diagnosis is essential to prevent visually
devastating complications resulting from HSV-1 infec-
tion. Moreover, HSV-1-associated vaccines are also
being developed to prevent infections.

HSV-1 and herpes labialis

Oral HSV-1 infection is very common, and its appear-
ance usually affects the facial skin (lips and nostrils),
with characteristic febrile vesicles known as herpes
simplex labialis [144]. According to a 2016 report,
approximately 3,583 million people were infected with
oral HSV, with an overall prevalence of 63.6% [5]. The
average incidence of recurrent herpes labialis (RHL) is
approximately 1.6 cases per 1000 patients per year,
whereas the prevalence is 2.5 cases per 1000 patients,
with a higher incidence in women [145].

Most primary infections of herpes labialis are caused
by direct contact with body fluids, such as saliva or
exudates from progressive lesions, as well as close con-
tact with lesions from infected individuals [146]. At the
site of contact, HSV-1 invades tissues, and the viral
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envelope fuses with the epidermal and dermal skin
membranes to initiate primary infection.

Herpes labialis treatment

Many management strategies have been used for herpes
labialis treatment, including conventional therapies,
antivirals, laser immunotherapies, and probiotics
(Figure 6).

One of the first long-term effective methods with
RHL was cryotherapy, in which self-treatment with
ice provided immediate relief from stinging, itching,
and pain. In addition, lip moisturizers, balms, and
sunscreens may also provide relief. CS20 (Acura24®)
protective barrier gel demonstrated superior efficacy
for the treatment of functional symptoms associated
with HSV-1 lip recurrence [147]. Studies have shown
that Aloe vera gel extract significantly inhibits the
growth of HSV-1 at the site of infection without any
toxic side effects [148]. In addition, the use of silicone
as an alternative therapy is also effective in treating
RHL, with fewer side effects and faster onset of action
[149]. A randomized double-blind clinical trial evaluat-
ing the efficacy of 1,5-pentanediol (1.5-PD) in the treat-
ment of herpes labialis found that the PD gel did not
demonstrate a significant effect in preventing herpes
recurrences, but that it demonstrated a role in the relief
of swelling and pain [150].

The use of antiviral drugs, such as acyclovir, penci-
clovir, and valacyclovir, is mainly for the treatment of
herpes labialis. Viroxyn® is marketed for the treatment
of herpes labialis. It contains benzalkonium chloride,
which, according to one study, exhibits virucidal prop-
erties against HSV [151]. In addition, piroxicam,
a potent non-steroidal anti-inflammatory drug, is sui-
table as a topical treatment for HSV infections because
of its lipophilic nature, antipyretic properties, and
direct antiviral response to HSV-1 infection [152].
Docosanol 10% ointment is a medication for the treat-
ment of skin lesions caused by viruses and is packaged
as a topical cream for the treatment of cold sores.
A study showed that treatment of herpes labialis with
10% docosanol cream reduced the recovery time by
18 h [153]. Its mechanism of action is to inhibit HSV-
1 by preventing the fusion of the virus with the cell
membrane [154]. Combination therapy with monoca-
prin and low-dose doxycycline has shown remarkable
results in the treatment of herpes labialis [155]. This
treatment can be considered highly effective and reli-
able as it not only shortens the healing time of herpes
but also reduces pain.

Novel treatments, such as electrical stimulation, laser
therapy, and immunotherapy, have shown great poten-
tial and promise in addressing RHL [145]. The use of
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transcutaneous electrical nerve stimulation (TENS) for
the treatment of herpes labialis has been proposed
either independently as an alternative therapy or in
combination with antiviral drugs to meet the needs of
different patients [156,157]. Laser treatment of herpes
labialis using 1072nm infrared low-intensity light
resulted in a significant reduction in healing time
[158]. Squaric acid dibutyl ester (SADBE) immunother-
apy has been adopted as an innovative approach in the
treatment of recurrent herpes labialis. As a topical
immune sensitizer with a unique mechanism for indu-
cing a delayed hypersensitivity response, SADBE in
turn activates the T-cell response and effectively
removes virus-infected cells by inducing cytotoxic lym-
phocytes [159].

HSV-1 vaccines development

HSV-1 infection has spread widely across the globe
owing to its high prevalence, leading to millions of
infections and posing a serious threat to human health
[160]. Traditional treatments rely on antiviral drugs to
control HSV-1 infection. However, these drugs do not
completely eradicate the virus and are susceptible to
drug resistance during long-term use. Therefore, the
development of a vaccine against HSV-1-induced dis-
eases is particularly important and will be an important
preventive and therapeutic approach, which is expected
to provide a more effective and long-lasting solution for
controlling HSV-1 infections.

Traditional vaccines are divided into three main
types: inactivated, live attenuated, and subunit vaccines.
These vaccines stimulate the host immune system to
produce antibodies and induce cellular immune
responses. However, the development of conventional
vaccines against HSV-1 still faces many challenges,
such as ensuring that the replication capacity of the
virus is effectively controlled, improving the durability
of the immune response, and ensuring vaccine safety.

Novel vaccine strategies, including recombinant vac-
cines, viral vector vaccines, and nucleic acid (DNA/
RNA) vaccines, are being increasingly developed for
HSV-1 vaccine. These vaccines use genetic engineering
techniques, viral vectors, or nucleic acid molecules to
express HSV-1-associated antigens precisely, thereby
effectively activating the immune system and inducing
immune protection. Currently, these vaccines have
demonstrated immunoprotective effects in animal
models and in early clinical trials. In particular, viral
vector and DNA/RNA vaccines have been shown to be
safe and immunogenic. The main advantages of these
novel vaccine strategies are their high degree of custo-
mizability and excellent safety profile; however, key
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issues such as immune escape and persistence of the
immune response still need to be addressed.

Overall, studies on novel HSV-1 vaccines are pro-
gressing rapidly, providing strong support for future
vaccine development and applications. The main vac-
cines that have been developed include live attenuated,
subunit, nucleic acid, and replication-deficient vaccines
(Table 4).

Live attenuated vaccines

Live attenuated vaccines provide greater immunity to
specific pathogens than other vaccines do [182]. The
application of live attenuated HSV vaccines involves
genetic alterations that prevent the virus from causing
disease in an infected host while triggering a broad
immune response. However, the ability of HSV to
evade host immune surveillance makes it difficult to
construct live attenuated HSV vaccines.

An HSV-1 0ANLS mutation is adopted on the live
attenuated vaccine [161]. Many HSV-1-encoded pro-
teins with protective epitopes have been recognized in
the HSV-1 OANLS vaccine [183,184]. Prophylactic vac-
cination with HSV-1 0ANLS can effectively block the
pathogenesis of HSV-1 without causing ocular pathol-
ogy or visual disorders, as well as preventing corneal
pathology and protecting the visual axis [185]. Another
study found that the HSV-1 OANLS vaccine elicited
a strong B-lymphocyte response in the absence of
recognition by the HSV-1 glycoprotein M or thymidine
kinase [162]. Another mutant attenuated virus HSV-1
ICPO, named OARING, similar to 0ANLS, showed sig-
nificant efficacy as a prophylactic vaccine against ocular
HSV-1 infections in short-term takedown studies in
mice. However, for long-term prophylaxis, these vac-
cines did not perform as well. When mice were vacci-
nated and then attacked by the virus one year later,
OARING and 0OANLS were significantly less effective in
controlling viral replication and protecting the optic
axis [163].

In addition, RVx-201, a live attenuated vaccine
HSV-2 0ANLS mutation against HSV-1 and HSV-2,
is currently in the IND/IMPD Enabling phase, and
RVx-201 provides significant protection against
HSV-2 reactivation in latently infected animals. The
results of the study, as well as the limited available
human studies, suggest that RVx-201 could be an
effective  prophylactic and therapeutic vaccine
approach against HSV-1 and HSV-2 infections
(https://www.prnewswire.com).

The R2 vaccine is an attenuated live HSV-1 strain
characterized by the encoding of the UL37 periplas-
mic protein with a region 2 mutation. This protein


https://www.prnewswire.com
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plays a crucial role in neurological invasion and the
establishment of latency. In a model of HSV-2
attacking the genitalia of guinea pigs, the study
showed that the R2 vaccination positively induced
the production of neutralizing antibodies and
reduced the severity of both acute and recurrent
HSV-2 disease in guinea pigs. Compared to the sub-
unit vaccine gD2+monophosphoryl lipid A (MPL)-
aluminium hydroxide (alum), the R2 vaccine showed
a more obvious reduction in viral shedding during
recurrence, reaching 33-64%. The next generation of
the R2 recombinant virus, HSV-1-GS6264, encodes
five missense mutations in UL37 and is derived from
a variant of the HSV-1 strain [95,165]. The live
attenuated HSV-1-GS6264 vaccine in preventing
HSV infections is remarkably effective and renders
the virus incapable of invading nerves [164,166].
These data suggest that the R2 vaccine has potential
advantages for the prevention and treatment of HSV
infections.

The live attenuated VC2 vaccine consists of two
separate protein deletions, one in the gK and the
other in UL20, preventing the virus from entering
neurons and establishing latency [186]. VC2 is an effec-
tive live attenuated vaccine with protective effects
against HSV-1 and HSV-2 infection of genital herpes
in mice and guinea pigs [187,188].

The efficacy of VC2 against herpetic keratitis and
ocular infections caused by a lethal human clinical
strain of HSV-1 has been evaluated in mice. Mice
injected intramuscularly reported no ocular attacks
or complete recovery from conjunctivitis originally
caused by HSV-1. Immunized mice also showed
higher virus-neutralizing titres and an increase in
CD3'T, CD4'T, and CD8'T cells. VC2 is a safe
vaccine that is highly effective in protecting mice
against ocular attacks caused by the HSV-1 McKrae
strain [95,168]. In addition, the VC2 vaccine was
protective against HSV-2 genital infection in
a guinea pig model of genital herpes [167,188].
A variety of live attenuated HSV vaccines have
been tested in both the preclinical and clinical stages.
Although live-attenuated vaccines are particularly
effective in eliciting humoral and cell-mediated
immune responses, vaccine safety remains a major
challenge [16].

Subunit vaccines

Subunit vaccines have emerged as powerful tools and
are one of the most common types of immunological
vaccines against HSV-1; further progress has been
made in recent years. Recombinant protein HSV

subunit vaccines usually select gB and gD as the pri-
mary immunogens. Compared to other HSV glyco-
proteins, gB and gD «can induce neutralizing
antibodies more precisely after infection, triggering
a cross-reaction covering both humoral and cellular
immunity. In addition, because of the high sequence
similarity between HSV-1 and HSV-2, these vaccines
are potentially protective against both types of HSV
infection [95,189,190].

HSV-1 gB1 was delivered using the feline immuno-
deficiency virus (FIV) vector LAW34 and tested
against HSV-1 and HSV-2 infection in C57BL/6
mice. The results showed that the gB1 vaccine was
able to trigger cross-neutralizing antibodies and cell-
mediated immune responses, effectively protecting
mice against serious HSV-1- and HSV-2-related dis-
eases. Specifically, the vaccine protected 100% of the
animals against HSV-1-associated disease, while pro-
tection 75% of the animals against HSV-2-associated
disease. This finding provides new insights for the
treatment and prevention of HSV infections
[169-172].

Another gD-2 vaccine is a subunit vaccine consist-
ing of HSV-2 gD (gD2-AS04) as well as the adjuvants
aluminium hydroxide and 3-O-deacylated monopho-
sphoryl lipid A (MPL). In a herpevac clinical trial,
significant protection against genital HSV-1 infection
was observed. However, the vaccine did not show
significant protection against HSV-2 infection [173].
The gD-2 vaccine protected against ocular HSV-1
infection in CD-1 mice. However, the gD-2 subunit
vaccine was ineffective in C57BL/6 mice [185]. This
suggests that the protective effects of this vaccine
may vary among different strains of mice.

A specific region of the gD protein covers most of
the binding sites for the HVEM, an HSV receptor,
which plays a crucial role in HSV infection of epithelial
cells and lymphocytes. Inoculation with a human
monoclonal antibody targeting the HVEM-binding
domain of HSV-1 gD not only neutralizes infection of
HSV-1 cells expressing HVEM but also effectively med-
iates HSV-1-specific antibody-dependent cellular cyto-
toxicity (ADCC). Additionally, the antibody
significantly attenuated HSV-1-induced corneal disease
and reduced viral shedding in a mouse model [191].
This finding provides a new strategy for the treatment
and prevention of HSV-1 infection.

In addition to gB and gD, other target antigens of
HSV-1 could be used as vaccine development sites
because the herpesvirus genome is large and diverse
(encoding more than 80 polypeptides), [192] suggesting
that any of these proteins could elicit the desired
immune response. After exposure of a set of polymeric



peptides to CD8" T cells via autologous DCs, strong
immune responses to HSV proteins UL25, UL27, UL39,
UL46, UL47, and ICPO were observed in HSV seropo-
sitive individuals [193,194]. These studies have demon-
strated the potential of these six proteins as vaccine
candidates against HSV, however, their efficacy in
both symptomatic and asymptomatic individuals
remains to be tested.

GEN-003 is a subunit vaccine that incorporates two
HSV-2 proteins, gD2 and ICP4, and matrix-M2 adju-
vant. This vaccine is currently in clinical trials
(NCT02515175). This study has shown that the lesion
rate was reduced by approximately 40%, the duration of
recurrence was reduced by approximately 20 days, and
an adequate humoral and cellular immune response
was successfully elicited. A phase III clinical trial of
GEN-003 supported the clinical and virological efficacy
of this therapeutic genital herpes vaccine and suggested
that a dose of 60 mg of viral antigen and 50 mg of M2
adjuvant would be the preferred dose for future phase
IIT trials. These positive results provide strong support
for the further development and application of GEN-
003 [174].

The trivalent subunit vaccine is a combination of
glycoproteins C, D, and E, with CpG/aluminium adju-
vant [195]. Studies in rhesus monkeys have shown that
this trivalent vaccine can produce specific antibodies
against the immune evasion activities of gC2 and gE2.
In addition, the vaccine stimulated immune responses
in CD4'T cells. Further testing of the efficacy of the
vaccine in a guinea pig model showed that it was
effective in reducing the duration and incidence of
genital lesions [175].

Nucleic acid vaccines

Nucleic acid vaccines consist mainly of DNA and
mRNA vaccines, which are designed to transfer genetic
material into cells for the expression and production of
proteins.

DNA vaccines

DNA vaccines, referred to as gene vaccines, are made
from plasmid DNA (pDNA) that can be engineered to
express the appropriate viral gene when it enters the
host cell [176]. Naked DNA vaccines can present HSV
antigenic genes directly to DCs and stimulate immune
responses in CD4"T and CD8'T cells via a cross-
pollination mechanism. They can also augment DNA
through the use of adjuvants or cytokines to enhance
the antibody response of the host to the HSV surface
glycoproteins gB, gD, or gH/L complexes [95].
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Polyvalent DNA vaccines contain more than one
antigen, which is designed to induce a stronger
immune response. The multivalent DNA vaccine SL-
V20 has been reported to be developed and is being
tested for its efficacy [176]. The novel vaccine was
constructed using the pGX27 plasmid expressing the
following antigenic genes, Tissue-type Plasminogen
Activator (t-PA), FIt3L, HSV-2 gB, and UL39 antigens.
Other pGX27 plasmids encoding HSV gD2, ICP4, and
ICPO, as well as the immune response-stimulating fac-
tors IL-12, IL-21, and MIP-1a were also incorporated.
In a mouse model, SL-V20 administered intramuscu-
larly successfully attenuated HSV-2-induced pathology
and effectively facilitated viral clearance. The SL-V20
vaccine protected mice against antigen presentation via
a combination of DC subpopulations to augment the
antiviral T-cell response. The 15days survival rate
increased by 85%, and the vaginal viral load was
reduced by 67% [176]. The vaccine is currently in the
preclinical stage and recruits trialists for further study.
Polyvalent DNA vaccines are a relatively new method
of viral vaccination with great potential and promise
[95,176].

mRNA vaccines

BNT163 from BioNTech is an mRNA prophylactic
vaccine against HSV-2, with potential benefits for
HSV-1. The mRNA vaccine encodes three HSV-2 gly-
coproteins designed to prevent HSV cell entry and
transmission and counteract the immunosuppressive
properties of HSV. Patient administration was com-
pleted in the first phase of phase I clinical study in
2022. This trial (NCT05432583) is evaluating the safety,
tolerability, and immunogenicity of the vaccine for the
prevention of genital lesions caused by HSV. This is
expected to be concluded by 2025.

Trivalent nucleoside-modified mRNA vaccines in
lipid nanoparticles are currently being investigated for
their effectiveness in providing protection against HSV-
1 and HSV-2 infections. Evidence suggests that they
have the potential to be superior to conventional sub-
unit vaccines. The mRNA lipid nanoparticle (mRNA-
LNP) vaccines express the same immunogens as
nucleoside-modified mRNAs in lipid nanoparticles
(LNPs) [196]. Nucleoside-modified mRNA-LNP stimu-
lates T follicular helper and germinal B-cell responses,
leading to high titres and long-lasting antibody
responses [197]. The nucleoside-modified HSV
mRNA vaccine was more effective than the trivalent
subunit vaccine in limiting viral replication in the gen-
ital tract, providing complete protection from genital
disease. This vaccine also blocked HSV invasion of the
dorsal root ganglia at the site of viral latency in most of
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the mice infected with HSV-1 or HSV-2. It is effective
for the prevention of HSV-1 and HSV-2 in genital
herpes and is a promising candidate for clinical trials
[177]. In addition, the vaccine was evaluated for its
ability to prevent HSV in the offspring (a mouse
model) and showed the same preventive efficacy as
the subunit vaccine [178].

Replication-deficient vaccines

Replication-defective vaccines have been developed by
creating a mutant virus that fails to function properly
in viral replication by deleting an essential gene [198].
The gH protein is an essential glycoprotein required
for HSV-1 entry into host cells and membrane fusion
[199,200]. Using animal models, gH-deficient HSV
viruses have been selected as potential vaccine candi-
dates [201,202]. By deletion of the gene encoding the
gH glycoprotein, this HSV-1 mutant becomes disabled
during replication, which can only grow in a cell line
and replicate for one full cycle to produce progeny
viral particles lacking gH. The gH-deficient HSV's have
been reported to significantly protect against HSV
disease and have significantly less viral shedding in
primary lesions [201]. A vaccine for a deletion of the
gH (SC16AgH) was inoculated through the mucous
membranes and found to have significantly reduced
oedema and erythema symptoms, with a 78% reduc-
tion in the extent of lesions in a guinea-pig model
[179]. However, in a clinical trial, subjects with sig-
nificantly lower lesion healing times, number of recur-
rences, and severity of first recurrence were not
significantly improved [166].

HSV, which encodes gD2, is essential for viral entry
and spread. Therefore, the progeny of gD2-deficient
viruses are unable to infect new cells and do not
develop diseases in mice [203]. Accordingly a AgD2
vaccine was developed with high immunogenicity and
produced high titres of IgG in mice. AgD2 showed
better protection in an ocular model than the adjuvant
gD2 subunit vaccine. In addition, AgD2 inoculation
elicited a long-lasting ADCC-mediated response and
provided complete protection at all-time points in
mice, providing both active and passive protection
against HSV-1 and HSV-2, and predicting that AgD2
will elicit durable responses in humans [180,181]. In
addition, X-Vax is expected to initiate clinical trials by
2024. One of the most common challenges for replica-
tion-deficient vaccines is the activation of latent viruses.
Although it may not be infectious, it is still a cause for
concern [204].

Several HSV-1 vaccines, including live attenuated,
subunit, and DNA vaccines, have entered clinical trials.

Although these vaccines have demonstrated safety and
immunogenicity in clinical trials, with the potential to
prevent HSV-1 infections and alleviate disease symp-
toms, no HSV-1 vaccine has been approved [95].

The development of a vaccine against HSV-1 still
faces several challenges. First, HSV-1 has a complex
immune escape mechanism, which makes vaccine
development difficult. Second, ensuring the safety of
the vaccine and the durability of the immune response
are key issues that must be addressed during the devel-
opment process. Third, factors such as vaccination
strategies, vaccine costs, and accessibility on a global
scale must be considered. Nevertheless, the future of
HSV-1 vaccine development remains promising, as the
understanding of the vaccine grows with further
research and technological innovations.

HSV-1 as a therapeutic vector

HSV-1 as a therapeutic vector possesses unique advan-
tages, including efficient infectivity, broad host cell
adaptability, and relatively safe genome editing ability.
These features make HSV-1 a hot topic in the field of
therapeutic research. Using HSV-1 as a vector, a variety
of therapeutic strategies, including gene therapy,
immunotherapy, and targeted therapy, can be achieved,
providing new options and opportunities for clinical
treatment (Table 5). With the development of genetic
engineering techniques, HSV viruses have been trans-
formed into mutant strains with new potential [213].

In oncolytic virus (OVs) therapy, these modified
viruses can selectively kill cancer cells through their
cytopathic effects or induce safer and more effective
antitumor immune responses, thereby reducing
damage to normal tissues. This therapy offers new
ideas and approaches for cancer treatment and has
broad application prospects [214]. The oHSV is
a thoroughly studied OV that selectively infects cancer
cells and enhances antigen presentation. Unlike other
lysosomal viruses, oHSV has a large genome (152 kb)
that allows multiple transgenes to be modified and
inserted into the intergenic and nonessential gene
regions [215].

Several HSV-1 genes have been deleted or mutated
to improve the safety and efficacy of oHSV. An oHSV
carrying a bispecific antibody (BsAb) to B7H3/CD3
(HSV-19°-B7H3nb/CD3) was established, and the
ICP6, ICP47, and ICP34.5 genes of the HSV-1 genome
were deleted and that the exogenous gene was inserted
into the ICP34.5 gene region. This oHSV provides local
delivery of B7H3/CD3 BsAbs for the treatment of glio-
blastoma (GBM) or colorectal adenocarcinoma
(COAD) through a combination of direct tumour
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lysis, tumour immune checkpoint blockade, and innate
immune activation. In the GL261 and MC38 models,
HSV-19%°-B7H3nb/CD3 showed strong antitumor
activity in vitro when bound to T cells, superior to
that of HSV-1" bound to T cells, suggesting that
expression of the B7H3nb/CD3 BsAb enhances the
antitumor effect of HSV-1 lysogenic virus [212].

The HSV-1 virus has a strong ability to insert multi-
ple transgenes and exhibits excellent tumour-lysing
activity. HSV-1 expresses a variety of cytokines, and
immune checkpoints (ICs) are used in tumour therapy
[216]. For example, a lysogenic HSV encoding IL-12
(G47A-mlIL12) significantly reduced primary tumour
volume and metastasis in triple-negative breast cancer
(TNBC) [210].

0X40 plays an important role in brain tumour therapy,
and its ligand OX40L has demonstrated a robust antitumor
immune response in preclinical models of cancers and has
successfully prolonged survival [217]. A mouse lysogenic
virus, OV-mOX40L, was developed by HSV-1 modifica-
tion, which expresses OX40L and was used to treat pan-
creatic ductal adenocarcinoma (PDAC). This therapeutic
approach combines the direct tumour lysis effect of OV
with OX40L-mediated immune-stimulating activity to
achieve better therapeutic outcomes. Compared with the
original oncolytic virus, OV-mOX40L showed enhanced
efficacy in a mouse model of PDAC, effectively slowing
tumour growth and prolonging the survival time of the
mice [208]. Other studies have also shown that multiple
administrations of HSV-1 with CD40L improved survival
and provided long-term protection against tumour recur-
rence in PDAC mice [218].

Modified HSV-1 has been used in melanoma treat-
ment. HSV-1-derived Talimogene laherparepvec
(T-VEC) (Oncovex®™ ) has become the first HSV-1
type granulocyte-macrophage colony-stimulating factor
(GM-CSEF), which received FDA approval for the treat-
ment of human melanoma. This innovative therapy pro-
vides a new treatment option for patients with melanoma
and is expected to improve patient prognosis in the future
[219-222]. Treatment with Oncovex®™ “*F can induce
the production of local and systemic melanoma antigens
recognized by T-cell (MART)-1-specific CD8"'T effector
cells in melanoma patients [205,206]. Another HSV-1
vaccine VC2 also induced effective antitumor immune
responses in a mouse model of melanoma [188,207].
VC2 can be easily adapted to promote specific immune
responses to tumour-associated antigens, thereby
prolonging survival time and reducing tumour growth
rate in mice [223].

Modified HSV-1 has been used in dystrophic epi-
dermolysis bullosa (DEB) treatment. B-VEC is
a modified viral vector characterized by the absence of

ICP4. Owing to the absence of ICP4, the viral life cycle
is blocked at the immediate early (IE) stage of infection,
resulting in the virus being incapable of reproduction.
DEB is a rare hereditary skin disorder primarily trig-
gered by mutations in the COL7A1 gene encoding the
alpha chain of collagen type VII. A non-replicative
HSV-1 vector, B-VEC, has demonstrated the potential
to treat this condition. The ability of B-VEC to deliver
the COL7A1 gene locally to the skin is an important
step towards the treatment of DEB [224]. In an explora-
tory phase I and phase II trial involving patients with
DEB, repeated topical B-VEC application was asso-
ciated with durable wound closure, full-length cuta-
neous C7 expression, and AF assembly with minimal
adverse events [225].

Local delivery, reproducible dosing, and high load-
ing capacity of non-replicating HSV-1 provide signifi-
cant advantages in dermatological therapies. These
properties enable this viral vector to effectively deliver
therapeutic genes directly to diseased tissues, thereby
improving therapeutic efficacy and reducing systemic
side effects. Currently, similar vectors are being studied
for other diseases, such as autosomal recessive conge-
nital ichthyosis (ARCI, in which the vector expresses
transglutaminase 1 (TGM1)), Nethersole’s syndrome
(in which the vector expresses SPINK5), and cystic
fibrosis (CF, in which the vector expresses the full-
length cystic fibrosis transmembrane conductance reg-
ulator (CFTR) gene) [211]. These studies are expected
to provide new options for the treatment of more dis-
eases and to further advance the field of gene therapy.

ARCI is a heterogeneous and rare form of ichthyosis
that affects approximately 1:200,000 people and is asso-
ciated with severe clinical complications and reduced qual-
ity of life. (Orphadata-Orphanet datasets) TGMI is an
intracellular enzyme [226], and germline mutations in the
TGM1 gene are a major cause of ARCI, these TGM1I
mutations trigger the aberrant epidermal differentiation
and impaired skin barrier function observed in patients
with ARCI. Freedman et al. investigated the effect of germ-
line mutations in the TGMI gene encoding a full-length
human TGM1 modification using KB105, a replication-
deficient HSV-1 gene therapy vector encoding TGMI.
Rescuing ARCI patients with TGM1 deficiency by topical
application of KB105 is a safe and non-invasive therapeutic
strategy [209].

HSV-1, as a therapeutic vector, has demonstrated great
potential for applications in a variety of fields such as gene
therapy, immunotherapy, and oncology treatment [227].
However, there are still some challenges that must be
overcome to make it widely available for clinical practice,
such as ensuring its safety, improving its therapeutic
efficacy, and realizing large-scale production.



Conclusion

HSV-1 is a widespread viral infection that can cause
a wide range of diseases and poses a major threat to
human health. Although the host immune system plays
a key role in resisting HSV-1 infection, the highly evasive
immune surveillance properties of HSV-1, as well as its
complex mechanisms of infection and latent infection,
make treatment extremely challenging. With an increase
in medical research, treatments for HSV-1 infection are
constantly being innovated and developed. In addition to
traditional antiviral drugs, emerging therapeutic strategies
such as gene therapy and immune therapy have shown
encouraging therapeutic effects. However, a great deal of
research and clinical trials are still needed to further
increase the efficacy, reduce side effects, and improve
the management and prognosis of HSV-1 infection.

With the rapid development of biotechnology,
remarkable achievements have been made in the treat-
ment of HSV-1 infection, vaccine development, and
vector therapy, but a series of complex challenges still
need to be faced. The latent infection and frequent
recurrence of HSV-1 make it difficult to completely
eliminate the virus, especially in immunocompromised
patients, which may cause serious diseases. At the same
time, as a gene therapy vector, the safety and efficiency
of HSV-1 need to be solved urgently, especially the
replication ability and potential cytotoxicity of the vec-
tor need to be strictly evaluated. In addition, the
research and development of therapeutic vaccines also
face many challenges, and how to induce a specific
immune response to eliminate latent viruses becomes
the key.

In order to solve the faced problems, we need to deepen
our understanding of the latent infection mechanism of
HSV-1 and explore new strategies to break the latent
state; optimize the design of the carrier platform to reduce
cytotoxicity and improve safety; strengthen the research
and development of therapeutic vaccines, develop new
adjuvants, optimize vaccine formulations and explore new
immunization strategies; promote interdisciplinary coop-
eration and technological innovation and accelerate the
development and application of new therapies and technol-
ogies. Through these comprehensive measures, we are
expected to better cope with the challenges brought by
HSV-1 infection and make greater contributions to
human health.
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