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Introduction

Herpes simplex virus type 2 (HSV-2) develops an annual 
incidence of 2.3 million people worldwide, which can lead to 
life-long latent infections, asymptomatic and reactivations 
[1,2], and with occasional symptomatic episodes causing 
ulcerative lesions in the genitalia and naus [3]. The most 
serious complications are the long-term neurological 
sequelae and death of newborns during pregnancy. Infection 
with HSV-2 often leads to fetal congenital malformations, 
developmental delay, stillbirth, and miscarriage, which causes 
a heavier disease economic burden and a wide range of social 
and psychological effects [4,5]. As the first line of defense for 
HSV-2 immune protection, the genital tract mucosa plays an 
important role. Although there are a large number of studies 
and clinical experiments in the past two decades, there is 
still a lack of safe and effective preventive vaccines. The main 
reason is the lack of establish long-term and effective memory 
immune protection at the mucosal portals [6,7].

Antigen (Ag) Components of HSV-2 Vaccine

Since the 1990s, DNA vaccines have been studied and tested 

for efficacy and safety as well as vaccines in clinical trial phase 
I to III [8,9]. Although the safety and application prospects of 
DNA vaccines are unquestionable, clinical trial of the HSV-2 
vaccine has shown that its effectiveness in the total population 
is only 38% [10], and it is still ineffective for most populations 
[11,12]. Some studies have shown that HSV-2 antigen 
recombinant DNA or protein vaccines have the disadvantages 
of low immunogenicity and inability to establish long-term 
immune responses [13-15]. It is generally believed that the 
ideal HSV-2 vaccine should be able to eliminate viruses that 
enter the body without causing new infections, or eliminate 
latent viruses [15-18]. The target proteins of antibodies (Abs) 
and T cells are the Ag components most likely to become 
vaccine targets, and they are also the hotspots of vaccine 
research in recent years [19,20]. 

HSV-2 is enveloped double-stranded DNA viruses. The outer 
envelope is composed of 16 membrane proteins, out of 
which up to 12 glycoproteins participate in cell entry or are 
required for the spread of the virus in animals, albeit some are 
dispensable for replication in vitro [21]. Previous studies have 
shown that the ability of neutralizing virus induced by HSV-
2 gB is weak, and cannot increase immunity with increasing 
dose [22,23]. The gB protein not only induces the production 
of neutralizing antibodies, but also triggers cytotoxic T 
lymphocyte (CTL) reactions [24,25]. The gD/gC DNA vaccine, 
combined with aluminum hydroxide adjuvants, has been 
observed in animal trials of guinea pigs with significant 
protective effects on animals [26]. The gB, gC, gD, and gE DNA 
vaccines for HSV-2 have been evaluated in mouse, guinea 
pig and rabbit models [10]. However, many studies have 
shown that one or more of envelope glycoproteins used in 
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combination cannot effectively prevent HSV-2 infection. For 
example, HSV-2 gD and gB DNA vaccine can have a certain 
preventive effect on HSV-1 strains, but only in HSV-1 and HSV-
2 serotype double-negative population to prevent 73% of 
people infected with HSV-2, and was invalid in protect men 
[12]. Until now, only gD has the ability to induce higher levels 
of neutralizing antibodies, indicating that it can be used as an 
ideal Ag to induce the production of neutralizing Abs. 

Mucosal Immunity Associated Adjuvants

At present, the functions of adjuvants are often used to 
optimize the demand for HSV-2 vaccines. At present, in the 
research of vaccine adjuvants, cholera toxin is a good mucosal 
immune adjuvant, which can effectively induce mucosal 
immune response. However, the results showed that it can only 
help increase serum antigen-specific IgG and IgA antibodies 
after immunization. Both serum and vaginal lavage fluid have 
the ability to neutralize the virus in vitro, but they cannot 
protect against HSV-2 infection in the challenge experiment 
[10]. Therefore, the research on the production of high-titer 
antibodies in response to B cells to resist HSV-2 infection 
is controversial. Most research results speculate that the 
humoral immune response caused by B cells is a necessary but 
insufficient condition for protecting against HSV-2 infection 
[7,27]. There are also many studies still seeking proof that 
whether it is a necessary condition, so far, the role of humoral 
immunity in immune protection has not been adequately 
elucidated [27-29]. At present, studies on animal models have 
proved that T cell immunity and long-term memory are thus 
critical to the HSV-2 vaccine, and it is also necessary to find 
an ideal adjuvant to mobilize cellular immunity and mucosal 
immunity to prevent pathogens of intracellular infection. 

In our previous publication, we found that CCL19, as 
a molecular adjuvant related to mucosal immunity, 
can significantly improve mice systemic and mucosal 
immunization against HSV-2 gB antigen [30]. In our recent 
publication, our results have shown that the CCL28 is more 
potent than CCL19 in assisting HSV-2 gD to induce long-
lasting systemic immunity in protection against genital viral 
challenge [31]. Our recent studies also show that chemokines 
have received extensive attention as molecular adjuvants [30-
33], but their detailed mechanism of functions is still poorly 
understood [28]. 

Chemokines are molecules that normally exist in animals 
with little side effects. They have the functions of promoting 
the activation, differentiation, proliferation, maturation 
and migration of immune cells [34]. As a bridge between 
natural immunity and adaptive immunity, they can mediate 
the directional migration and activation of immunocytes 
and enhance immunity in a balanced manner [28,35,36]. As 
molecular adjuvants, they can participate in inducing and 
changing the intensity and type of immune response [36]. 

The chemokine CCL19 binds to the receptor molecule CCR7 
on lymphocytes or macrophages, or CCL28 binds to CCR10/
CCR3, which can recruit lymphocytes and other innate 
immune-related immunocytes to migrate to lymphoid tissues 
for activation, and at the same time promote the migration 
of immunoglobulin An Ab-secreting cells (IgA ASCs) to the 
rectum and other mucosal sites [30,32,37]. According to this 
function, CCL19 and CCL28 can be used as a molecule adjuvant 
improves the cellular immunity and mucosal immunity of the 
vaccine and prevents pathogens such as HSV-2 and other 
pathogens from infecting through the genital tract mucous 
membranes. Our previous studies showed that CCL19 tends 
to migrate responsive T cells and DCs to the spleen and 
mesenteric lymph nodes (MLNs), but CCL28 tends to migrate 
responsive B cells to these two immune tissues, and balance 
enhances Th1/Th2 cellular immunity [32]; and our study has 
also clarified that CCL19 and CCL28 as effective mucosal 
immunity-related molecular adjuvants can enhance mouse 
HSV-2 Ag-specific immune responses and mucosal immune 
protection [30,31], but the cellular and molecular mechanisms 
based on the enhanced mucosal immune protection mediated 
by the chemokine/receptor axis need to be further studied. 
After intramuscular (i.m.) injection, DNA plasmids from Ags 
and adjuvants can be distributed throughout the mouse, 
such as liver, heart, spleen, lungs, kidneys, and other major 
organs [30,32] (Figure 1). Many studies have shown that up-
regulating the expression of CCR7 receptor can promote the 
migration and maturation of dendritic cells (DCs) and enhance 
the Ag-specific immune response [30,32,38-40]. The activation 
of DCs can provide a second signal for the complete activation 
of T cells, indirectly promote the proliferation of Ag-specific T 
cells, and promote the production of more antiviral cytokines 
(INF-γ) and Ig subclasses during immune response of Th1/Th2 
cells in mucous membranes and immune tissues (Figure 1). 

CCL28 binds to the receptor molecules CCR3 or CCR10 
and plays an important role in both innate immunity and 
adaptive immunity [37,41-43]. Its main function is to recruit 
lymphocytes to migrate to lymphatic tissues and promote the 
secretion of IgA antibodies in the large intestine and breast 
milk [32,44-46]. This function can use CCL28 as a molecular 
adjuvant to promote vaccine mucosal immunity [42,45]. 
Studies have shown that CCL28 can help more memory CD4+ 
T cells settle in the nasal mucosa, which helps to establish 
long-term immune memory [41,45]. Most studies have shown 
that CCL28 as a molecular adjuvant can enhance the systemic 
immune response and mucosal immune response in mice 
[32,42,47,48], however, before the publication of our article, 
the protective effect of this enhanced protection against HSV-
2 infection has not been elucidated. 

T cell immunity plays a pivotal role in antiviral immunity, 
especially the role of helper T (Th) cells [33]. After receiving Ag 
stimulation signal, the initial T lymphocytes can differentiate 
into at least four different T cell subgroups: Th1, Th2, Th17 
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and regulatory T cells (Treg), each of which these Th subsets 
performs different biological functions [49,50]. However, 
its main function is to influence and restrict each other by 
secreting different cytokines in the body, thereby forming a 
network of T cell immune regulation, which plays an important 
role in the course of autoimmune diseases and inflammatory 
diseases [50,51]. CCL19 or CCL28, as an immune balance 
regulator, significantly improved the response level and 
immune protection of mouse Ag-specific systemic immunity 
[33,51], but the exogenous of CCL19 or CCL28 breaks the 
original immune balance in the body, and its detailed response 
cell subtypes in response to HSV-2 infection need to be further 
studied.

Ag-adjuvant Fusion DNA Vaccine

The most common strategy for producing HSV DNA vaccines 
is to use the envelope glycoprotein of the virus as the 
immunogen. Envelope glycoproteins gD and gB are often 
used to construct eukaryotic recombinant plasmids [30,52-
54]. However, the clinical study found that glycoprotein DNA 
immunization produces slower rate of neutralizing antibodies, 

lower level of neutral capacity, short half-life, and limited 
protection rate [24]. In addition to studying the traditional “Ag 
and adjuvant simple mixing” of DNA vaccines, we also used 
GCN4-based isoleucine zipper trimerization domain (IZ) linker 
to design the bivalent “Ag-adjuvant fusion” of DNA vaccines. 
Or two DNA structures are connected by an internal ribosome 
entry site (IRES), each of them uses the same open reading 
frame (ORF). For the fusion constructs, the translation product 
produces an embedded bifunctional protein molecule. The 
general method is to remove the stop code of the first gene 
(not required for the construction of IRES-linked), and connect 
its reading frame to the second gene without a start code 
(IRES-linked requires a second gene to have a start code) and 
can be read correctly. 

Considering the tendency of each amino acid to form 
oligomers, the appropriate linking subprotein is conducive 
to the correct folding of the two proteins and the production 
of their own independent functions, so as to achieve the 
theoretical translation level of the equivalent expression. 
GCN4-based linkers allow us to develop stable natural-
like polymers and facilitated the co-expression of Ag and 

 

 

 Figure 1: Schematic of systemic immunity and mucosal immune responses. After intramuscular (i.m.) immunization with different DNA 
vaccines in a “prime-boost” strategy, both CCL19 and CCL28 were efficient in inducing long-lasting HSV-2 gD-specific systemic immunity. 
They could elicit HSV-2 gD-specific IgG and IgA responses in blood and mucosal sites, Th1- and Th2-like responses of cytokines in spleens 
and mesenteric lymph nodes. MLNL: Mesenteric Lymph Node Lymphocyte; DC: Dendritic Cell; INF-γ: Interferon γ; TNF-α: Tumor Necrosis 
Factor α; IL: Interleukin.
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chemokine [36,55]. There are many design strategies for the 
linking method, most of which choose neutral hydrophobic 
amino acids, such as polypeptide chains rich in glycine and 
serine, whose length is very important for the protein folding 
and stability, the main tips for these approach are [56-58]: 
(1) It is very likely that the function of one or two genes will 
be affected by configuration changes, and (2) if the cellular 
location of the two gene products is different, it will also affect 
the normal function of the gene, such as the unbalanced gene 
function [59]. 

The GCN4-based linker (IZ) selected in our study is a peptide 
with a tendency to trimerization. It can stabilize the trimer 
protein or polypeptide, at least conducive to maintaining the 
multimeric composition of the fusion protein and enhancing 
the immunogenicity of exogenous protein [36,55]. This 
polypeptide chain helps to form two or more right-handed 
α-helical coiled-coil structures [60]. As a trimeric protein, 
coiled coil remains be widely used in the functional study of 
natural structures, and can be used to construct viral gene 
vaccines or subunit vaccines [61]. They have supercoiled 
α-helical structure, heptapeptide repeats and hydrophobic 
residues, which can be used to introduce some variant into de 
novo peptide sequence, and usually produce surprising results 
[61,62]. Some studies of HIV-1 DNA vaccines have shown that 
several GCN4-based linkers can help produce stable trimeric 
configuration of HIV-1 Env and CD40L connexin, while 
promoting the maturation of DCs and increasing the secretion 
of cytokines, as well as improving the Ab neutralization 
ability [63-66]. In view of previous studies, in order to make 
the fusion proteins expressing envelope glycoprotein and 
adjuvant form a more stable spatial structure, and perform 
their own independent biological functions, our research has 
expanded the IZ base sequence and added a hydrophobic, 
elastic and flexible peptide chain (G4S)2 before and after 
it, which can minimize the interference between the two 
proteins, can be translated and folded normally in the host 
cell, and can form protein polymer, and obtain satisfactory 
results after immunization [30,31]. Our recent study has 
proved that the “Ag-adjuvant” fusion DNA vaccine has genetic 
stability and repeatability, and can produce high-tipped 
antibodies faster, produce stronger neutralizing virus ability, 
and have better resistance to HSV-2 challenge; however, the 
bivalent DNA vaccines mediated by IRES have not shown the 
ideal immune protection [31]. Therefore, the DNA vaccine 
(simple mixed or fusion DNA vaccine) combining Ag and 
chemokine in this study provides a reference and basis for 
the development of effective preventive vaccines and clinical 
herpes immunotherapy methods.

Conclusion and Perspectives

CCL19 and CCL28 have potential application value as an 
HSV-2 vaccine adjuvant, and it is worth further verifying their 
adjuvant properties and mechanism of action in preclinical 
trials. Therefore, further study of the relationship between 

CCL19/CCR7 or CCL28/CCR3 (or CCR10) axis targeted 
activation of Th cells and HSV-2 immune protection will not 
only help reveal the mechanism of adjuvant action, but also 
help reveal the essential role in resistance to HSV-2 challenge. 
Several other chemokines also display important functions in 
mucosal immunity, such as CCL25, CCL17, CXCL13 and CXCL14 
[46,67]. Our previous studies provide a broad theoretical and 
practical space for the design based on this immune principle.
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