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Abstract: Genital herpes is a venereal disease caused by herpes simplex virus (HSV). Although HSV
symptoms can be reduced with antiviral drugs, there is no cure. Moreover, because HSV infected
individuals are often unaware of their infection, it is highly likely that they will transmit HSV to
their sexual partner. Once infected, an individual has to live with HSV for their entire life, and HSV
infection can lead to meningitis, encephalitis, and neonatal herpes as a result of vertical transmission.
In addition, HSV infection increases the rates of human immunodeficiency virus (HIV) infection and
transmission. Because of the high burden of genital herpes, HSV vaccines have been developed,
but none have been very successful. In this review, we discuss the current status of genital herpes
vaccine development.
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1. Introduction

Genital herpes is a common sexually transmitted disease (STD) caused by the herpes simplex
virus (HSV). Because many STDs are accompanied by pain, patients seek treatment rapidly. In addition,
many STDs are caused by bacteria and can be treated easily with antibiotics. However, genital herpes
is often asymptomatic, thus patients have sex without knowing their infection history and are more
likely to transmit the virus to their partners. Currently, there is no clear treatment for genital herpes
because during a portion of its lifecycle HSV is dormant in the ganglia, and anti-HSV drugs are only
effective during active virus shedding [1–3].

Genital herpes can be caused by both HSV-1 and HSV-2. Although the number of cases caused by
HSV-1 is increasing, the main causative agent is HSV-2 [4,5]. There are 500 million people infected
with HSV-2 and 140 million people infected with HSV-1, with ~23 million new cases each year [6].
Genital herpes can occur at all ages, can be painful, and may lead to multiple complications, including
meningitis, encephalitis, and vertical infections from mother to fetus. Neonatal herpes arises from
exposure to HSV in the vaginal mucous membranes during natural delivery. The mortality rate of
neonatal herpes is 85%, and it can cause serious damage to the central nervous system (CNS) [7,8].
The main cause of genital herpes differs based on the income of the country; in high income countries
(HICs), the causative agent is HSV-1, and in low-mid income countries (LMICs), the causative agent is
HSV-2 [9,10]. Neonatal herpes is extremely rare in developed countries, and data on neonatal herpes
in LMICs have not been evaluated in detail [11]. The incidence of neonatal herpes is expected to be
significantly higher in LMICs than in HICs, due to the rapid spread of HSV-2 in LMICs [6]. Maternal
HSV-2 neutralizing antibodies may prevent vertical infection to the fetus to some degree [12].

In addition, infection with HSV significantly increases the risk of human immunodeficiency virus
(HIV) infection. Upon infection with HSV-2, the risk of acquiring HIV is tripled due to induction of the
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immune response in the genital tract, which leads to more CD4 T cells that express the CCR5 receptor,
which is involved in HIV transmission and infection. Epidemiological studies have shown that in an
environment where HSV-2 is spread, 25–50% of HIV infections correlate with HSV-2 infection [13,14].
The economic burden of HSV infection remains unclear, partly due to all the complications arising
from HSV infection. It has been estimated that genital herpes caused by HSV costs the United States
~540 million US dollars, and this approximation only accounts for genital herpes, not the complications,
thus the actual cost is likely greater [15].

Condom use during sexual intercourse minimizes HSV transmission [16], and antiviral drugs
reduce viral shedding and recurrent symptoms. False-positive diagnoses can occur with the most
accessible serologic test; however, the greater risk is that infected individuals are not aware of their
infection status [17]. Ultimately, effective vaccine development is necessary to cope with genital herpes
transmission and infection and the resulting complications. In this review, we discuss our current
understanding of the immune response to HSV and the current status of vaccine development, as well
as the limitations and prospects in this and related fields.

2. Immune Response against HSV

2.1. The HSV Life Cycle

HSV is a double-stranded DNA virus consisting of 13 glycoproteins. HSV-1 and HSV-2 are ~74%
identical at the nucleotide level and structurally similar. The life cycle of HSV can be divided into
lytic and latent phases. Upon transmission, HSV infects the epithelial layer of genital mucosa; HSV
glycoprotein (g) D, gB, and gH/gL are involved in viral entry into epithelial cells expressing herpes
virus entry mediator (HVEM) and nectin-1 (Figure 1). Upon viral entry into the cell, HSV viral DNA,
including the genes necessary for replication, is transferred to the host cell nucleus [18]. There are three
categories of HSV genes based on the order of expression: immediate early genes, early genes, and late
genes [19]. Once the proper number of virions are formed, they leave the host cell in a manner that
causes the host cell to die.
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Figure 1. The structure of HSV and its entry (A) HSV virus structure. HSV has several glycoproteins in
its lipid envelope, including glycoproteins, gD, gB, and gH/gL, which are known to function in cell
entry. gB and gD are the most targeted molecules in the development of a vaccine against genital
herpes. gB is targeted for CD4 T cell activation and gD is targeted for CD8 T cell activation. (B) HSV
cell entry. First, gD binds to HVEM/nectin1, and this binding signals gL dissociation from gH. The
gH-integrin interaction then leads to gB-HER2 binding. These serial binding interactions lead to HSV
entry into the host cell. Images are created with BioRender.com.
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Released virions infect neighboring epithelial cells and invade the nervous system through
retrograde transport along the microtubules of the axon into the neuronal cell body [20]. When HSV
reaches the neuronal cell body, the viral DNA is transferred into the nucleus and maintained as
an episome [19]. In the neuron, HSV only produces the latency-associated transcript (LAT) and
self-replication activity is minimal, until reactivation is triggered by a specific external environmental
signal, such as sunlight [21], psychological stress [22], surgical resection [23], fever and hormone [24].
When reactivated, HSV goes through anterograde transport to re-infect epithelial cells leading to cell
lysis. Normally, genital herpes is more severe upon initial infection.

2.2. The Anti-HSV IMMUNE Response

To develop an effective vaccine with a strong immune response, it is necessary to understand
the immune response during natural infection. The initial response to HSV is induced by the innate
immune system. HSV is mainly recognized by pattern-recognition receptors (PRRs), such as TLR9 for
viral DNA and TLR2 for glycoproteins, and PRR-independent pathways, such as virus fusion [25,26].
In human hosts, the intrinsic defense systems include restriction factors, such as promyelocytic
leukemia protein-nuclear bodies (PML-NBs) [27,28], protein inhibitor of activated STAT (PIAS) 1 [29]
and 4 [30], sterile alpha motif and HD domain 1 (SAMHD1) [31], tetherin [32], and ring finger protein-8
(RNF8) [33,34]. The major role of these factors is to restrict viral proteins. However, HSV evades
PML-NBs [35], PIAS1 [29], PIAS4 [30], and RNF8 [33] via E3 ubiquitin ligase ICP0, evades SAMHD1 via
the conserved herpesvirus protein kinase UL13 [36], and evades tetherin via gB, gD, gH, and gL [32].
In addition, epithelial or resident immune cells recruit various immune cells, such as NK cells,
plasmacytoid dendritic cells (pDCs), and dendritic cells (DCs) (Figure 2). In particular, type I interferon
(IFN) released by pDCs effectively inhibits HSV replication [37,38]. In addition, genital herpes may
be clinically worse and lead to complications when proper innate immunity is not induced [39,40].
Furthermore, this innate recognition of HSV is key to generating the adaptive immune response.

The kinetics of adaptive immunity show that CD4 T cells arrive first at genital tissue [41,42],
primed by antigen presentation from migratory DCs [43]. The DCs that were exposed to HSV in the
vagina interact with CD4 T cells in draining lymph nodes (dLNs) and iliac LNs. The CCR5-CCL5 axis
is important for the inflow of CD4 T cells. Activated CD4 T cells appear within three days of infection
and peak one week after infection [44]. Chemoattractants, such as CXCL9 and CXCL10, which are
produced as a result of IFN-γ production by CD4 T helper type 1 (Th1) cells, recruit CD8 T cells [44].
Under homeostatic conditions, CD8 T cell infiltration into vaginal tissue is limited [44,45]. Although
CD8 cytotoxic T lymphocytes (CTLs) play a role, CD4 T cells are considered more important in HSV
infection because they orchestrate the anti-HSV adaptive immune response by assisting the B cell and
CTL responses [46]. In mice that have been immunized, CD4 T cell depletion significantly eliminates
immune memory. The effects of CTLs alone seem insignificant, but in situations where CD4 T cells are
not present, the effects of CD8 T cell depletion are more significant [47].

As described above, CD4 T cells are more important during primary infection; however, CD8 T cells
contribute more to immune responses in genital herpes recurrences [48,49]. Once HSV infection occurs,
CD4 and CD8 T cells form clusters in vaginal tissue that remain for extended periods of time [16,50,51].
Tissue-resident memory CD8 T cells can respond to HSV very quickly, in an IFN-γ dependent manner,
when the virus recurs [48,52]; this is the main immune response for recurrent infections in humans.
CD8 T cells do not respond to LATs but can respond to other viral antigens [42,48,49,53,54]. Indeed,
major histocompatibility complex (MHC) class I and T cell receptor (TCR) engagement was observed
at the contact region between a neuron and a memory CD8 T cell [55]. Rather than being completely
silent, it is thought that the virus is actually being released constantly at low levels [54]. Mathematical
modeling has shown the critical role of CD8 T cells in controlling these recurrences resulting from
frequent virus reactivation in a small number of infected neurons.
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recruitment. CD4 T cells also assist B cells to generate antibody against HSV. CD8 T cells kill infected 
cells and control HSV reactivation. CD4 T cells orchestrate the primary response and CD8 T cells 
respond quickly to viral replication and reduce genital recurrence. Images are created with 
BioRender.com. 
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Figure 2. Anti-HSV immune response When HSV enters the female human body, epithelial cells
recognize HSV in a PRR-dependent or PRR-independent manner. Then, pDC, NK cells, and DCs are
recruited to vaginal tissue. Type I IFN, which is released from pDCs, suppresses viral replication.
DCs process viral antigen, migrate to draining lymph nodes, and prime T cells. CD4 T cells appear
first and induce the release of chemoattractants CXCL9 and CXCL10 via release of IFN-γ for CD8
T cell recruitment. CD4 T cells also assist B cells to generate antibody against HSV. CD8 T cells kill
infected cells and control HSV reactivation. CD4 T cells orchestrate the primary response and CD8
T cells respond quickly to viral replication and reduce genital recurrence. Images are created with
BioRender.com.

3. Status of HSV Vaccine Development

3.1. Overview

During HSV infection and disease, a robust T cell response is important for protection and disease
control. Many vaccines have focused on inducing a strong T cell response, and currently, there are
several types of vaccines. In the early days of HSV vaccine development, there was a movement to use
live-attenuated HSV virus in the vaccine, but these efforts soon subsided because upon HSV vaccination,
the virus stays with an individual for life. Also, at that time, there was limited information on the
state of viral attenuation. In addition, early clinical trials were not randomized or double-blinded,
thus vaccine effectiveness was not assessed strictly.

Two novel methods in vaccine development resolved the previous issues. One method is the
elimination of some viral proteins, so viral replication is impossible or limited to one cycle [56–58].
The other method is to create a subunit vaccine by selecting targets that induce immune responses
against HSV. In HSV vaccine history, the most famous clinical trials were conducted with subunit
vaccines developed in the 1990’s. One subunit vaccine consisted of gD and gB, with the emulsion
adjuvant in gB, and the other was Simplirix from GlaxoSmithKline (GSK), which consisted of gD with
adjuvant system 04 (AS04). The former subunit vaccine induced a considerable amount of neutralizing
antibodies but did not significantly affect recurrence [59,60]. The latter subunit vaccine showed a high
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efficacy of 74% in HSV-1/HSV-2 seronegative women in discordant couples but not in other serotypes or
men [61]. Because this vaccine was effective in seronegative women, more clinical trials on women were
performed, including the famous Herpevac trial [62] in which efficacy was only 58% against HSV-1 and
20% against HSV-2 [63]. The reason for the different trial results is unclear, but the conditions of the
clinical participants differed. In the initial Simplirix trial, women in discordant couples in which sex
partners were infected were the participants, but in the Herpevac trial, the participants were high-risk
women who frequently visited venereal disease clinics.

Both subunit vaccines targeted gD, which is expressed on the surface of HSV and is involved in
viral entry. If a strong immune response to gD is induced, it would prevent HSV from entering the host
cell, and therefore, stop infection in the early stages. Because gD is known to elicit human immune
responses, many vaccines candidates contained gD along with diverse adjuvants and other platforms
(Table 1). Although the risk of HSV reversion is eliminated with subunit vaccines, the economic cost
of manufacturing subunit vaccines remains high, so cheaper nucleic acid-based vaccine platforms
were developed. These nucleic acids-based vaccines also required fewer inoculations. However,
the DNA vaccine elicited weak immune responses in humans, and the RNA vaccine displayed
RNA-specific instability.

Table 1. Genital herpes vaccine clinical trial status table.

Classification Candidate Company Composition Status Phase Identifier 1 Completion

Subunit
vaccine

gD2 Novartis
(previous
Chiron)

gD2 plus alum
Stopped after Phase

II trial

Phase I - 1992

gD2/gB2 gD2 and gB2 plus
MF59 Phase II - 1997

Simplirix/Herpevac Glaxo-SmithKline
(GSK)

gD2 and AS04
(dMPL)

Stopped after Phase
III trial Phase III NCT00057330 2009

GEN-003 Genocea gD2 and Matrix M2 Stopped after Phase
II trial

Phase I/II NCT01667341 2014

Phase II

NCT02114060 2016

NCT02300142 2016

NCT02515175 2017

NCT03146403 2018

HerpV (previous
AG-707)

Agenus Peptide vaccine +
QS-21 Stimulon

Stopped after Phase
II trial

Phase I NCT00231049 2006

Phase II NCT01687595 2015

Live-attenuated
vaccine

ICP10∆PK AuRx ICP10∆PK Stopped after Phase
I/IIa trial Phase I/IIa - 2002

HSV529 Sanofi Pasteur
Replication

defective HSV2,
UL5, UL29 deletion

Phase II trial
ongoing

Phase I
NCT01915212 2017

NCT02571166 2018

Phase I/II NCT04222985 2023

DNA vaccine

pPJV7630 Powder-Med
Ubiquitinated and
unmodified gD2

Stopped after Phase
I trial Phase I NCT00274300 2005

- Phase I NCT00310271 2006

VCL-HB01 Vical
gD2 +/− UL46 and

Vaxfectin DNA
vaccine

Stopped after Phase
II trial Phase I/II NCT02030301 2016

- Phase II NCT02837575 2018

COR-1
Anteris

(previous
ADMEDUS)

gD2 codon
optimized DNA

vaccine

Stopped after Phase
I/IIa trial Phase I/IIa - 2017

1 This identifier means the identifier used at https://clinicaltrials.gov/.

3.2. Recent Progress

A vaccine using virus particles was made by inactivating dextran-sulfate washed HSV with
formalin; monophosphoryl lipid (MPL) A/Alhydrogel was used as the adjuvant [64]. Vaccine doses
were quantified by measuring the amount of protein in the vaccine, and they were subcutaneously
injected into the thigh muscles of guinea pigs. This vaccine reduced the amount of virus present in the
early stages of HSV infection and in lesion formation [64]. Researchers compared the efficacy of this
vaccine with the recombinant gD vaccine, and there was no significant difference [64]. Nanoparticles
with metal ions were also suggested as a novel vaccine platform [65]. Researchers tested zinc oxide
tetrapod nanoparticles (ZOTEN), which reduce HSV vaginal infection, as a vaccine platform for genital

https://clinicaltrials.gov/
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herpes [66]. Mice given ZOTEN and HSV intravaginally showed milder pathological symptoms, but a
similar anti-HSV immune response, than mice given HSV virus only [65] indicating that ZOTEN has
potential as a prophylactic HSV vaccine.

The clinical failure of the subunit vaccines suggested the possibility that a potent antigen was
lacking in the vaccines. Although several antigen screening processes were performed [67–71],
they may have missed antigens that induce a robust immune response. Therefore, a live-attenuated
vaccine containing HSV with a gK deletion, which prevents entry into neurons, was developed [72].
The gK-deleted virus cannot invade the nervous system, but it also requires a special complementing
cell line, VK302, for replication [72]. Thus, the VC2 vaccine, which contains HSV with a partial gK
deletion and a UL20 deletion, was created [73]. The VC2 vaccine reduced acute and recurrent HSV-2
disease, viral shedding, and the amount of virus detected in neurons [74]. However, the VC2 vaccine is
specific for neural infection, so it is more suitable as a preventive vaccine [74].

There are also many nucleic acid-based vaccines in which gD and other antigens are targeted.
Because gD mainly produces CD4 T cell-related responses, proteins UL25 and gB, which contain the
CD8 T cell specific epitopes, were selected as additional targets to boost the CTL response [47,75].
In addition, molecules expressed in the early lytic phase, such as ICP0, ICP4, and UL39, were targeted
to raise the overall T cell response [47]. Because of the low immunogenicity of DNA vaccines, cytokines
were also used. A DNA vaccine containing interleukin 28B (IL-28B), which is known to enhance
cellular and humoral responses in mouse models, showed a preventive effect against genital herpes
in a guinea pig model [75]. A DNA vaccine containing IL-12, IL-21, and macrophage inflammatory
protein-1 alpha (MIP-1α) induced a virus-specific T cell response in vaginal tissue and eliminated
the virus fairly well, indicating that it has a preventive effect against primary infection in a mouse
model [47].

Another vaccine targeting similar antigens used the recombinant adenovirus type 5 (Ad5) vector
platform [76]. Ad5 is known to induce a robust antibody reaction and T cell response to inserted
genes. By inserting gD and UL25 genes into Ad5, induction of appropriate CD4 T cell and CD8 T
cell responses were expected [42,53,67,77]. This vaccine was injected into the muscles of mice and
effectively prevented genital herpes by inducing IFN-γ production by T cells [76].

In addition to a change in the platform, there is interest in exploring new HSV vaccine targets.
A vaccine targeting the HSV-2 specific protein gG2 may solve the problem of low vaccine efficacy
in HSV-1 seropositive persons. The protein is divided into the major part (mgG2) and the small
secreted part (sgG2) during viral processing [78–80], and recent studies have shown that sgG2 aids in
chemotaxis and related immune cell signaling [81,82]. The gG2 vaccine induced an especially robust
CD4 T cell response and prevented genital HSV infection. Due to the initial strong response, the
amount of virus detected in the nervous system was low [83].

A subunit vaccine was also used to target multiple glycoproteins at once. The existing vaccine
for gD was limited due to the immune evasion mechanism of HSV, which involves HSV gC and gE;
therefore, gC and gE were added to the vaccine to suppress this evasion. Complement protein C3,
which is the most abundant protein in the complement cascade, is cleaved to C3b, and C3b helps
neutralize HSV. HSV gC binding to C3b hampers this neutralization [84]. HSV gE binds to the Fc
region of IgG antibodies blocking their action [85]. The gD2/gC2/gE2 trivalent subunit vaccine showed
immunogenicity in rhesus macaques and preventive and therapeutic effects in guinea pigs [86,87],
as well as protection against genital herpes caused by HSV-1 in a guinea pig model [88]. To overcome
the shortcomings of the subunit vaccine, an RNA platform was used [89]. These trivalent subunit and
RNA vaccine displayed preventive effects in mouse and guinea pig models and induced considerable
antibody and T cell responses [86,88–90].

4. Limitations & Future Directions

For approximately a century, various efforts have been made to develop a genital herpes vaccine
but some limitations remain. First, the mouse is a convenient experimental animal, but the pattern of
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human HSV disease progression is not reproduced in the mouse [91,92]. HSV lesions cause mice to die,
but HSV is not lethal in humans. Thus, a genital herpes vaccine that is efficacious in a mouse animal
model cannot be translated to humans.

For this reason, researchers use the mouse model for prophylactic vaccines and the guinea pig
model for therapeutic vaccines. The guinea pigs are an outbred strain that represents the human
population well, but there are still limitations for the study of vaccine mechanisms [93,94]. Because
experimental materials and methods for guinea pigs are limited, it is difficult to conduct experiments
with gene knockouts to evaluate mechanisms [95,96]. Inbred guinea pigs exist, but their availability
is low. In addition to mice and guinea pigs, there are other experimental animal models for genital
herpes studies. Cotton rats are easily infected intravaginally with HSV-2, they do not need to be
treated with medroxy progesterone acetate (MPA), and recurrence can happen spontaneously [97].
However, like the guinea pig model, there are few experimental materials and methods to investigate
the immune response in the cotton rat model. To narrow the gap between pre-clinical studies and
clinical trials, rhesus macaques and owl monkeys could be used. In rhesus macaques, only 10% of
infected animals show genital lesions [98], but the infection is fatal in owl monkeys [99]. Although they
are highly similar to humans, the rhesus macaque and owl monkey models are too costly. A suitable
experimental animal model still needs to be established to more reliably determine the efficacy of a
genital herpes vaccine.

The gender of the experimental animal also needs to be considered. It is more difficult to
infect a male with a protruding reproductive structure than a female with inward genital organs.
Thus, most experiments are conducted on female animals, which explains why most of the HSV
vaccines work well in women but poorly in men. For the development of a proper genital herpes
vaccine, an appropriate male animal model should be established. Nevertheless, gender-specific
differences cannot be ignored and must be noted. The presence of different sex hormones and the
different genital structures may affect vaccine effectiveness. Genital structural differences lead to
differences in the experimental infection process and to environmental differences of the infected areas.
In the vagina, relatively thick peripheral tissue may allow normal residence of a significant number of
immune cells. On the other hand, there is little extra space on a penis for the residence of immune cells.
In addition, there are differences between penile and vaginal microbiota. Because male genitalia are
exposed to air, penile skin microbiota are likely aerobic microorganisms. Because of its inward structure,
the vaginal microbiota is exposed to less oxygen and may be suitable for anaerobic microorganisms.
These environmental factors may alter the effectiveness of vaccines according to gender.

Researchers have attempted to develop prophylactic and therapeutic vaccines against genital
herpes using several vaccine platforms and adjuvants. The adjuvants are primarily used to induce
more robust T cell and antibody responses against HSV. As in other vaccines, alum, MF59, MPL, AS04,
and QS21 have been used as adjuvants in HSV vaccines (Table 1). Most of these adjuvants stimulate
innate immune cells or dendritic cells to induce a potent and long-lasting immune response. Thus, for a
successful vaccine, the proper adjuvant that supports and magnifies the efficacy of the vaccine should
be used. It should also be noted that there are some differences between mice and human immune
cells. Murine XCR1+ DCs express TLR3, 4, and 9 [100], whereas the human counterparts only express
TLR3 [101]. Thus, a TLR4 agonist, such as MPL or glucopyranosyl lipid A (GLA), would not target
human XCR1+ DCs directly. Adjuvants also affect the induction of immune cells, for example MPL
induces Th1 cells and QS21 induces memory CD8 T cells [102]. Thus, the mode of action and the nature
of the target immune system are important factors to consider when selecting the proper adjuvant.

The Simplirix HSV-2 subunit vaccine is only efficacious for HSV-1 and HSV-2 seronegative women.
Based on the similarities between HSV-1 and HSV-2, one vaccine should have an effect on both viruses.
However, because a considerable number of people have already been exposed to HSV-1, a vaccine that
targets a specific protein in HSV-2 would be beneficial. The viral protein gD is a good target because
it is involved in host intracellular access. In addition, it is expressed in both HSV-1 and HSV-2 and
can elicit strong responses from subjects who have never been exposed to either virus. However, if a
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person has previously been infected with one of the viruses, a strong immune response will not be
induced. Thus, a more specific target should be selected [83].

5. Conclusions

When considering targets, proteins involved in viral entry are candidates for preventive vaccines;
however, genital herpes preventative vaccine studies have not been completely successful. Thus,
novel vaccines that target early generated molecules or immune evasion molecules are being
developed [85–87]. Despite a great deal of research, we still do not have a highly effective vaccine to
counter genital herpes. With continued research, we look forward to the day when HSV and genital
herpes will be preventable.
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