
Frontiers in Microbiology | www.frontiersin.org 1 December 2021 | Volume 12 | Article 798927

REVIEW
published: 07 December 2021

doi: 10.3389/fmicb.2021.798927

Edited by: 
Tejabhiram Yadavalli,  

University of Illinois Chicago, 
United States

Reviewed by: 
Madavaraju Krishnaraju,  

University of Illinois Chicago, 
United States

Joshua Ames,  
University of Washington,  

United States

*Correspondence: 
Patrick M. Stuart  

patrick.stuart@health.slu.edu

Specialty section: 
This article was submitted to  

Virology,  
a section of the journal  

Frontiers in Microbiology

Received: 20 October 2021
Accepted: 12 November 2021

Published: 07 December 2021

Citation:
Krishnan R and Stuart PM (2021) 
Developments in Vaccination for 

Herpes Simplex Virus.
Front. Microbiol. 12:798927.

doi: 10.3389/fmicb.2021.798927

Developments in Vaccination for 
Herpes Simplex Virus
Rohini Krishnan  and Patrick M. Stuart *

Department of Ophthalmology, Saint Louis University School of Medicine, St. Louis, MO, United States

Herpes simplex virus (HSV) is an alpha herpes virus, with two subtypes: HSV-1 and HSV-2. 
HSV is one of the most prevalent sexually transmitted infections. It is the cause of severe 
neonatal infections and a leading cause of infectious blindness in the Western world. As 
of 2016, 13.2% of the global population ages 15–49 were existing with HSV-2 infection 
and 66.6% with HSV-1. This high prevalence of disease and the fact that resistance to 
current therapies is on the rise makes it imperative to develop and discover new methods 
of HSV prevention and management. Among the arsenal of therapies/treatments for this 
virus has been the development of a prophylactic or therapeutic vaccine to prevent the 
complications of HSV reactivation. Our current understanding of the immune responses 
involved in latency and reactivation provides a unique challenge to the development of 
vaccines. There are no approved vaccines currently available for either prophylaxis or 
therapy. However, there are various promising candidates in the pre-clinical and clinical 
phases of study. Vaccines are being developed with two broad focuses: preventative and 
therapeutic, some with a dual use as both immunotherapeutic and prophylactic. Within 
this article, we will review the current guidelines for the treatment of herpes simplex 
infections, our understanding of the immunological pathways involved, and novel vaccine 
candidates in development.

Keywords: vaccines, herpes simplex virus type 1, herpes simplex virus type 2, mRNA vaccine, live attenuated 
vaccine, subunit vaccine, DNA vaccine

INTRODUCTION

Herpes simplex virus (HSV) is a prevalent sexually transmitted infection, a leading cause of 
infectious blindness in the Western world, and is the most common cause of focal, sporadic 
encephalitis in the United  States. It is also a significant cause of neonatal mortality (Whitley 
and Green, 2019).

As of 2016, 13.2% of the global population aged 15–49 were existing with HSV-2 infection 
and 66.6% with HSV-1 (James et  al., 2020). This high prevalence of disease and the fact that 
resistance to current therapies is on the rise makes it imperative to develop and discover new 
methods of HSV prevention and management. Vaccination has been shown to effectively reduce 
the spread of viral infections and increasing herd immunity (Johnston et  al., 2016).

Currently, there are no vaccines approved for prevention of HSV infection after years of 
development and innovation. Herpesviruses are known to establish latency, which complicates 
vaccine development as an effective vaccine must not only prevent active clinical disease, but 
ideally latent infection as well. Development of the therapeutic Shingrix vaccine for Herpes 
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Zoster and a prophylactic vaccine for varicella zoster virus 
(VZV) has increased efforts for HSV vaccine due to similarities 
between the two viruses, especially with the establishment of 
latency (Heineman et  al., 2019). However, key differences in 
the immune responses elicited by VZV and HSV and immune 
evasion mechanisms complicate the advances toward an effective 
vaccine for HSV.

HERPES SIMPLEX VIRUS

HSV is an alpha herpes virus with a dsDNA genome with 
two main subtypes, HSV-1 and HSV-2. The main components 
surrounding the dsDNA core include an icosapentahedral capsid 
(100–110 nm) anchored by 20–23 tegument proteins. These 
tegument proteins provide structure and are beneficial to viral 
proliferation during infection, contributing to immune evasion 
(Maruzuru et  al., 2018). These tegument proteins serve as an 
additional target for vaccine development, as immune recognition 
of these proteins could limit viral pathogenesis. The viral capsid 
is surrounded by a lipid bilayer of polyamines and around 12 
glycoproteins (gB, gC, gD, gE, gG, gH, gI, gJ, gK, gL, gM, 
and gN; Madavaraju et  al., 2021). These viral glycoproteins 
are common vaccine targets as they are essential to viral fusion 
with the cell membrane and can contribute to immune system 
evasion. Glycoprotein D is a common target for most vaccines 
as it is essential for viral entry into host cells (Whitbeck et  al., 
1997). Figure  1 depicts the structure of herpes simplex virus.

HSV-1 and 2 have approximately 50% genomic homology 
(Berger and Houff, 2008); therefore, most vaccine targets for 
HSV-1 or 2 can often provide cross-protection for both subtypes. 
Notably, antigen specificity is derived from glycoprotein G 
(gG), which helps distinguish the two types of HSV (Whitley 
and Green, 2019). Although HSV-1 has predominantly been 
linked to ocular infection and HSV-2 with genital infection, 
that characterization is changing with the knowledge that an 
increasing proportion of some populations (above 50%) have 
HSV-1 derived genital infections (Whitley and Green, 2019). 
Figure  2 depicts the various genes and proteins in the HSV 
genome that have been modified, deleted or targeted during 
vaccine development.

HSV Pathogenesis and Replication
Replication is a multi-step process. Post-infection, HSV 
glycoproteins interact with and attach to the cell. The viral 
envelope then fuses with the cell membrane, releasing its 
contents into the cell. DNA is uncoated and transported into 
the nucleus when nucleocapsid fuses with the viral envelope 
(Madavaraju et  al., 2021). Here, immediate-early genes are 
transcribed (regulatory proteins, enzymes). Primary herpes 
infection involves replication within epithelial cells, with an 
incubation period of 4–6 days. Mature virions are then transported 
to the cell membrane, where they are released, causing cell 
lysis and local inflammation. Replication continues until host 
immune responses contain the initial infection (Whitley and 
Green, 2019).

FIGURE 1 | Herpes simplex viruses have an outer lipid bilayer envelope with an inner icosahedral capsid. Mature virions contain an amorphous layer of proteins, 
the tegument, outside the nucleocapsid. The lipid bilayer envelope, derived from the host cell membrane, contains a range of viral glycoproteins.
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Herpesvirus ascends peripheral sensory nerves to spread to 
the trigeminal ganglion, where latent infection develops. Latent 
virus can be  induced to reactivate. Reactivation has been 
associated with various stimuli including stress, infections, and 
UV light exposure. However, from a molecular standpoint, 
reactivation is a phenomenon that continues to be  studied 
and is not clearly understood. Clinical manifestations of 
reactivation vary widely in terms of presentation and severity 
(Whitley and Green, 2019).

Clinical Herpes Simplex Infection
Primary infection with herpes simplex involves grouped vesicles 
on an erythematous base. Mucocutaneus manifestations include 
eczema herpeticum, herpetic whitlow, herpes gladiatorum, 
folliculitis, or a severe/chronic mucocutaneous infection. 
Extracutaneous manifestations include ocular HSV 
keratoconjunctivitis. Herpes Encephalitis, Proctitis, and Neonatal 
HSV. These manifestations are often the ones with prominent 
morbidity and mortality (Bolognia et  al., 2018).

Ocular HSV infection has complications that include corneal 
ulceration and scarring, globe rupture, and subsequent blindness. 
Epithelial keratitis has strong links to viral replication, while 
stromal keratitis is primarily immunopathologic (due to stromal 
antigen) and is promoted mainly by T cells (Russell et  al., 
1984). Consequently, HSV is one of the main causes of infectious 
blindness in developed countries (Valerio and Lin, 2019).

Herpes encephalitis has >70% mortality without treatment, 
with residual neurological defects in most surviving patients 
(Jouan et  al., 2015). Similarly, disseminated neonatal HSV has 
50% mortality without treatment, 15% with treatment and with 
neurologic deficits in many recovering patients (Bolognia 
et  al., 2018).

Primary and Secondary Immune 
Responses to HSV
Innate Immune Response
The innate immune system consists of a variety of components 
including neutrophils, natural killer cells, monocytes, dendritic 

cells, macrophages, and the complement cascade (Xu et  al., 
2019). It is the first line of defense against pathogens. A strong 
innate immune response to foreign antigens is essential to the 
development of the adaptive humoral and cellular responses of 
long-lasting immunity (Alberts et al., 2002). Adjuvants are added 
to subunit vaccines to elicit an innate response for this purpose. 
Pattern recognition receptors on host cells allow for the detection 
and response to viral infections. On binding to pattern recognition 
receptors (PRRs), signal transduction leads to the production 
of various proteins including interferons (Zhu and Zheng, 2020). 
Interferons are glycoprotein signaling molecules produced by 
infected cell lines. They act locally, priming viral defense 
mechanisms within local cells (downregulating protein synthesis, 
upregulating MHC expression).

HSV-1 is known to have multiple ligands that bind TLRs, 
leading to activation of the NF-kB pathway (Lund et al., 2003). 
However, herpes simplex virus is also known to evade the 
innate immune responses, specifically TLR signaling and 
interferon production to further viral proliferation (Villalba 
et  al., 2012; Liu et  al., 2013). Additionally, a critical aspect of 
the innate immune system that contributes to the adaptive 
response is antigen presentation. HSV infection can stimulate 
autophagy, leading to a more efficient presentation of antigens. 
However, HSV-1 ICP34.5 gene product antagonizes the response 
by binding Beclin 1 (Atg6), essential to autophagy (English 
et  al., 2009; Leib et  al., 2009).

Adaptive Immune Response
Unlike the innate immune system, the adaptive immune system 
is targeted to the pathogen and more sophisticated, conferring 
enduring protection. It is divided into humoral and cell-mediated 
responses that are carried out by either B-lymphocytes or 
T-lymphocytes, respectively. B cells are a vital arm of the 
humoral response which is the primary method for inactivated 
and subunit vaccines to confer protection in the form of 
neutralizing antibodies. These antibodies have a broad range 
of potential targets and have multiple protective actions by 
blocking viral receptors, marking pathogens for destruction 
via antibody-dependent cellular toxicity (Alberts et  al., 2002). 

FIGURE 2 | HSV genome schematic (not to scale) with notable vaccine targets. The dsDNA genome is divided into the UL (unique long sequence – light, shaded 
yellow) and US (unique short – dark blue). Short regions of repeated sections occur at the ends of each of these sequences. Terminal repeats (TRL and TRS) occur at 
the ends of the genome and internal repeats (IRL and IRS) flank the transition between the long and short segments. Vaccines are developed with broad targets 
involving envelope, capsid, tegument, DNA replication, and regulatory proteins. The genes coding for these protein targets are specifically denoted in the above 
image. Original Image. References: (Dolan et al., 1998; Lim et al., 2013; Jiao et al., 2019; Denes et al., 2020).
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While HSV-specific IgG and mucosal IgA are seen with HSV 
infection (Hadar and Sarov, 1984), they are not effective at 
preventing HSV reactivation.

Cell-mediated responses have stronger supporting evidence 
for immunoprotection, as immunocompromised patients (with 
lower T-cell counts) have been shown to have more severe 
disease (Piret and Boivin, 2016). Cell-mediated responses are 
primarily elicited from live-attenuated vaccines and DNA/mRNA 
vaccines. T cells are activated by antigen-MHC complexes to 
produce specific effector responses that include CD4+ T-cell 
induced B-cell class-switching and CD8+ T-cell induced 
cytotoxicity. CD4+ Th1 cells are particularly notable for 
potentiating an effective immune response to viral pathogens 
(Alberts et  al., 2002). The adaptive immune response has been 
implicated in various studies with the development of virus 
(HSV) specific CD4+ and CD8+ T cells (Zhu et  al., 2007) 
during active infection and have been shown to persist for 
months after healing. Additionally, HSV latency in the human 
trigeminal ganglion has been associated with T-cell accumulation. 
Specifically, latent infection has been associated with CD8+ 
T-cell persistence in the ganglia likely from stimulation by 
parenchymal cells (Van Lint et  al., 2005).

However, HSV-1 has been shown to have mechanisms 
impeding the CD8+ T-cell-mediated eradication of virus from 
latency (Verjans et al., 2007). Additionally, the density of CD8+ 
T cells in genital mucosa is predictive of the duration and 
severity of viral reactivation (Schiffer et  al., 2010).

HSV Immune Evasion and Vaccine Development
As discussed earlier, HSV has multiple methods of immune 
evasion, involving both the innate and the adaptive immune 
system. Vaccine design has focused on structural proteins 
involved in immune evasion. A notable example includes 
glycoprotein C, which has been shown to regulate the complement 
cascade by binding C3, preventing cleavage of C3 to C3b, 
forming the membrane attack complex (MAC) and subsequent 
cell lysis (Hook et  al., 2006).

Approaches to Vaccine Development
Although there are no currently available vaccines for herpes 
simplex 1 and 2, there are various candidates in both the 
pre-clinical and the clinical phases currently in development. 
Vaccines are being developed with two broad focuses: preventative 
and therapeutic, some with a dual use. Preventative vaccines 
are focused on the prevention of primary infection in a 
seronegative subject. Therapeutic vaccines aim to prevent HSV 
reactivation, decrease the number of recurrences, or to reduce 
the severity or duration of clinical symptoms (Sela and Hilleman, 
2004). With regard to vaccine development, given our knowledge 
of the immunology surrounding HSV, it seems that an effective 
vaccine would likely stimulate not only humoral responses, 
but also cell-mediated responses. Different vaccine subtypes 
(Live-attenuated, Recombinant, etc.) have their unique advantages 
and disadvantages, discussed further in the next section.

Recombinant vaccines are usually composed of proteins that 
are not strong immunoactivators. Therefore, they require 

adjuvants to stimulate the innate immune system. This leads 
to the humoral response and proper inoculation. They are not 
needed for live-attenuated viruses. Different constituents can 
enhance and target different facets of the immune response. 
It is important to focus on the adjuvants in each vaccine trial 
and evaluate their role in eliciting a lasting humoral and cell-
mediated response (Truong et  al., 2019).

VACCINES IN DEVELOPMENT

Table 1 lists the vaccines in development in both the pre-clinical 
and the clinical arena.

Live-Attenuated Vaccines
Various live-attenuated vaccines for HSV have been tested in 
the pre-clinical and the clinical stages. While live-attenuated 
vaccines are particularly effective at mounting a humoral and 
cell-mediated immune response, one of the primary challenges 
of the live-attenuated vaccine remains vaccine safety.

The R2 vaccine is a live-attenuated HSV-1 strain encoding 
pUL37 tegument protein with mutations in region 2, which 
is critical for nervous system invasion and the establishment 
of latency. Viral protection was assessed with vaginal HSV-2 
challenge in guinea pig genital model. Results showed 
decreased severity of HSV-2 disease, both acute and recurrent 
forms. Viral shedding during recurrence decreased by 33–64% 
in each of the groups vaccinated with R2, with superior 
results to a subunit gD2 + MPL/Alum vaccine (Bernstein 
et  al., 2020).

The HSV-2 ΔgD-2 vaccine is a single cycle virus with 
deletion in glycoprotein D has been shown in previous murine 
model studies to be  protective against ten times the lethal 
dose of HSV-1 or HSV-2, without detection of latent virus 
(Burn et  al., 2018). Protection conferred by this vaccine was 
shown to be  mediated by antibody-dependent cell-mediated 
cytotoxicity (ADCC). Passive transfer studies showed antibodies 
that activated murine Fc receptors to activate ADCC and 
phagocytosis (Petro et  al., 2016).

Recent studies in a murine model have shown that the 
ΔgD-2 vaccine prevented the latent infection in the sacral 
ganglion following HSV-2 challenge in HSV-1 seronegative and 
seropositive mice. However, it did not have a discernible effect 
on the size of the HSV-1 latency in the trigeminal ganglia. 
It was compared to a subunit rgD2/alum-MPL vaccine – which 
did not elicit the same response – increased total HSV-specific 
antibodies and ADCC responses and protection from a high 
dose lethal HSV-2 challenge (Burn Aschner et  al., 2020).

Subunit Vaccines
Subunit vaccines have become a powerful tool to mount immune 
responses against viral proteins. Particularly, the success of 
Shingrix to mount an immune response again Herpes Zoster 
has increased interest to develop to subunit vaccinations for 
herpesvirus (Heineman et al., 2019). While subunit vaccinations 
are safer than live-attenuated vaccines, the challenge with the 
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development of these vaccinations lies with generating an 
effective, long-lasting immune response. Subunit vaccines are 
often administered with adjuvants for this reason (Karch and 
Burkhard, 2016).

The glycoprotein D2 vaccine by GlaxoSmithKline is a subunit 
vaccine consisting of the HSV-2 glycoprotein D (gD2-AS04) 
with adjuvants including aluminum hydroxide and 
3-O-deacylated monophosphoryl lipid A (MPL). gD2 is required 
for viral entry into cells. Clinical trial data (Herpevac) were 
observed to induce significant protection against genital HSV-1 

infection and disease, but not disease or infection with HSV-2. 
HSV-2 and HSV-1 gD amino acids show 89% homology. 
Variance in protein structure was attributed to the different 
effects (Belshe et  al., 2012). Results further showed 3.5-fold 
higher neutralizing antibody titers to HSV-1 compared to 
HSV-2. Shielding neutralizing domains (gC2 and gE2 of the 
HSV-2 virus) was proposed as a potential mechanism for the 
varied response. This is clinically significant because HSV-1 
has emerged as the leading cause of primary genital disease 
(Awasthi et  al., 2014).

TABLE 1 | Vaccines in development for infection with HSV-1.

Candidate name Developer
Vaccine Components and 
Methodology

Developmental Phase References

 Live-Attenuated Vaccines

HSV-2 ΔNLS (RVX 201) SIU - Rational Vaccines Live, attenuated replication-
competent HSV-2 with deletion of 
ICP0

Phase II - DC Halford et al., 2010, 2011

HSV-1 VC2 Louisiana State University HSV-1 with mutations in gK and 
UL20

Pre-Clinical Stanfield et al., 2014, 2017, 2018

R2 Thyreos LLC HSV-1 with pUL37 gene mutation 
at R2 region

Pre-Clinical Richards et al., 2017; Bernstein 
et al., 2020

HSV-2 ΔgD2 Albert Einstein College of 
Medicine

HSV-2 with US6 (gD) deletion Pre-Clinical Petro et al., 2015, 2016

AD472 Deleted both copies of the 
γ134.5, UL55-56, UL43.5, and 
the US10-12 region

Pre-clinical Prichard et al., 2005

NE-HSV-2 BlueWillow Biologics Nanoemulsion with gB2 and gD2 
antigens

Pre-Clinical BlueWillow Biologics, 2019

Subunit Vaccines

HSV-2 trivalent vaccine University of Pennsylvania gC2, gD2, gE2; CpG/alum 
Adjuvant

Clinical Awasthi et al., 2011, 2017; Hook 
et al., 2019; Egan et al., 2020

HSV1 gB lentiviral vector University of Pisa, Italy Lentiviral vector expressing gB1 Pre-Clinical Chiuppesi et al., 2012
GEN-003 Genocea gD2 (truncated) + ICP4 fragment 

(29.2 kD) + Matrix M2 Adjuvant
Completed Phase II (DC) Skoberne et al., 2013; Flechtner 

et al., 2016; Van Wagoner et al., 
2018; Bernstein et al., 2019

HerpV Agenus 32 synthetic 35mer HSV-2 
peptides complexed with Hsc70 
protein + QS21 (saponin adjuvant)

Phase II (DC) Mo et al., 2011; Wald et al., 2011

gD2 subunit vaccine GlaxoSmithKline gD2 with AS04 (dMPL) Completed Phase III (DC) Keadle et al., 1997; Belshe et al., 
2012; HSV-040 study group et al., 
2013;Awasthi et al., 2014

G103 Immune Design HSV-2 gD, deletions in UL19 and 
UL25 + GLA-SE adjuvant

Phase I ongoing Odegard et al., 2016

Replication Defective Viral Vaccines

CJ2-gD2 Non-replicating gD2 dominant 
neg HSV-2

Pre-Clinical Zhang et al., 2014

HSV529 Sanofi Pasteur Replication Defective HSV-1, 
UL5, UL29 deletion

Phase I Bernard et al., 2015; Dropulic 
et al., 2019; Wang et al., 2021

HSV-1 vhs-/ICP8- Deletions in Vhs and ICP8 Pre-Clinical Geiss et al., 2000; Keadle et al., 
2002

DNA Vaccines

COR-1 Admedus gD2 ubiquitin tag, codon 
optimized DNA vaccine

Phase II Dutton et al., 2013; Chandra et al., 
2019

pRSC-gD-IL-2123 Southeast University, China HSV-1 gD combined with IL-21 Pre-clinical Hu et al., 2011
VCL-HB01/HM01 Vical DNA vaccine: gD2+/−UL46/

Vaxfectin
Phase II (DC) Shlapobersky et al., 2012; 

Veselenak et al., 2012;  
Riedmann, 2014

gB1s-NISV Intranasal non-ionic surfactant 
vesicles containing recombinant 
HSV-1 gB + CpG

Pre-Clinical Cortesi et al., 2013
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HERPV is a subunit vaccine that consists of 32 HSV-2 
peptides originating from 22 HSV-2 proteins, complexed with 
HSP70 chaperone protein with a QS21 saponin adjuvant. 
Previous studies with mice prophylaxis model and guinea pigs 
therapeutic model showed protection from viral challenge. 
Recent clinical trial data from HSV-2+ participants treated with 
the vaccine showed mononuclear cell reactivity and CD8+ T-cell 
expansion (Mo et  al., 2011; Wald et  al., 2011).

GEN-003 is a subunit vaccine with a transmembrane deletion 
mutant of glycoprotein D (gD2ΔTMR), a fragment of infected 
cell protein 4 (ICP4.2) and Matrix-M2, a saponin-derived 
adjuvant. GEN-003 was demonstrated to be  safe in recent 
Clinical Trials Gov. (2020), reducing genital HSV-2 shedding 
and lesion rates. It was also shown to stimulate both humoral 
and cellular responses, with neutralizing antibodies and T-cell 
responses (measured with gamma interferon ELISPOT; Bernstein 
et al., 2017). Immunization also resulted in significant decreases 
in viral shedding and the rate of lesions for 1 year (Van Wagoner 
et  al., 2018).

The trivalent vaccine consists of glycoproteins C, D, and E 
with a CpG/aluminum adjuvant. Glycoproteins C and E function 
as immune evasion molecules. Studies in rhesus macaques have 
shown that the trivalent vaccine is able to induce neutralizing 
antibodies (mucosa and plasma), antibodies obstructing gC2 
and gE2 immune evasion activity. It additionally stimulated 
CD4+ T-cell responses. Vaccine efficacy was tested in the guinea 
pig model and was shown to be  very efficacious in reducing 
the duration of genital lesions and decreasing lesion incidence 
(Awasthi et  al., 2017).

G103 is formulated with recombinant HSV-2 proteins gD, 
UL19 and UL25 gene products with TLR4 agonist glucopyranosyl 
lipid A (GLA) adjuvant. Prophylactic vaccination in the murine 
model showed complete protection against lethal HSV-2 infection, 
with transient replication in the genital mucosa and sterilizing 
immunity in the dorsal root ganglion. The vaccine was also 
shown to expand CD4 and CD8 T cells in HSV-2+-infected 
mice as well. In a guinea pig model, therapeutic vaccination 
was 50% effective at reducing the number of lesions per subject 
as well as the total lesions in the treatment group (Odegard 
et  al., 2016).

Nucleic Acid Vaccines (DNA/mRNA)
Nucleic acid vaccines mainly consist of DNA plasmid vaccines 
and mRNA vaccines. The purpose of these vaccines is to transfer 
genetic material to cells in order to express and produce proteins. 
These proteins serve as antigens for the human immune system.

Vaccine research has mostly focused on the development 
of DNA vaccines over mRNA given the difficulties involving 
mRNA stability and creating an effective delivery system. 
However, recently mRNA technology has evolved significantly, 
with significant advantages. They do not integrate into the 
host genome, can be  translated in proliferating and 
non-proliferating cells, and show immediate protein production 
for a controllable amount of time (Pardi et  al., 2018).

COR-1 is a DNA vaccine with two codon-modified and 
optimized plasmids, one coding for the HSV-2 envelope 

glycoprotein D (gD2) and the second with a truncated gD2 
fused with ubiquitin. This vaccine was tested in a murine 
model, inducing both cellular and humoral responses, with 
protection from lethal virus challenge and reduced viral latency 
(Dutton et  al., 2013). Clinical trial data on HSV-2-infected 
subjects demonstrated safety of the vaccine in humans and 
reduced viral shedding after vaccine administration (Chandra 
et  al., 2019).

A new formulation of the trivalent vaccine with HSV-2 
glycoproteins C, D, and E as an mRNA vaccine has recently 
been studied in the murine model. This study compared the 
new mRNA formulation with the existing subunit vaccine. 
The mRNA vaccine developed is a nucleoside-modified mRNA 
molecule in lipid nanoparticles (LNP). In the murine and 
guinea pig model, the mRNA-LNP vaccine yielded a superior 
humoral response in comparison with the subunit vaccine, 
with higher titers of neutralizing antibodies, and antibodies 
for gD2 epitopes associated with cellular entry. Additionally, 
the mRNA vaccine produced superior cell-mediated responses 
compared to the subunit vaccine, with improved CD4+ T-cell 
responses including T-follicular CD4+ (Tfh) responses and 
germinal center B-cell responses. While both formulations were 
effective and preventing genital lesions in mice and guinea 
pigs, the mRNA vaccine was superior at preventing HSV-2 
infection of the dorsal root ganglia and had reduced viral 
shedding (Awasthi et  al., 2019). Studies have also shown that 
this HSV-2 mRNA vaccine outperforms the subunit vaccine 
in protecting against HSV-1 genital infection. It prevented 
invasion of the dorsal root ganglion (Egan et  al., 2020).

Replication Defective Virus Vaccine
Dl5-29 (HSV529) is a strain of HSV-2 with mutations in 
essential viral genes UL5 and UL29 making it replication 
defective. It was tested as both a prophylactic and therapeutic 
vaccine. It was shown to be  safe, producing neutralizing 
antibodies and CD4+ T-cell responses in seronegative subjects 
who were vaccinated (Dropulic et  al., 2019). Recent studies 
have demonstrated the production of antibodies mediating NK 
cell activation. Additionally, HSV-2 gD antibodies were detected 
in cervicovaginal fluid at around one-third of the serum level 
(Wang et  al., 2021).

APPROACH TO HERPES SIMPLEX 
VIRUS THERAPY

Nucleoside analogs, including acyclovir, valacyclovir, and 
famciclovir, remain standard therapies for mucocutaneous and 
visceral HSV infection. Idoxuridine, trifluorothymidine, 
vidarabine, and cidofovir are used topically for ocular HSV 
infections (Beigel and Kottilil, 2020).

Development of HSV resistance to acyclovir and valacyclovir 
is rare despite extensive use for treatment of infection (prevalence 
~1%). Increased prevalence is seen in patients with herpetic 
keratitis (prevalence of up to 7%; Burrel et  al., 2020). Antiviral 
resistance is increased in immunocompromised patients, 
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specifically patients with HIV infections (5% prevalence) and 
bone marrow transplants (prevalence up to 30%; Beigel and 
Kottilil, 2020). IV Foscarnet and cidofovir are usually effective 
for acyclovir resistant viral strains (Beigel and Kottilil, 2020). 
Continued exposure to cidofovir does not easily induce resistance. 
However, there have been case reports of cidofovir-resistant 
HSV and CMV (Wyles et  al., 2005).

DISCUSSION

There have been various attempts at formulating an effective 
vaccine for herpes simplex virus, especially given its wide 
prevalence and ability to cause significant morbidity and mortality.

A prophylactic vaccine would be  ideal. It would be effective 
at preventing active infection and transmission of the virus, 
which would avoid latent infection of the dorsal root ganglia 
(trigeminal and sacral ganglia), reactivation and the clinical 
manifestations accompanying it. This would prevent the sequelae 
of primary infection and viral spread within the population 
and severe complications involving reactivation. However, the 
utility of such a vaccine is in question. Most herpesvirus 
infections occur in adolescence (James et  al., 2020), so any 
prophylactic vaccine would only have optimal utility if it was 
safe for administration during early childhood.

While a prophylactic vaccine would be  optimal for the 
prevention of all complications, it might be  more realistic to 
focus on therapeutic vaccines that would reduce disease severity 
(measured in recurrences, duration of clinical symptoms and 
viral shedding). While most therapeutic vaccines are not as 
effective at targeting latent virus, recent work in genome editing 
involving homing endonucleases and CRISPR/cas9 systems offer 
a bridge to complete viral clearance (Zhang et  al., 2021).

A therapeutic vaccine would potentially be  able to benefit 
a wider proportion of the populations given the high proportion 
of seropositive individuals (James et  al., 2020). HSV infection 
has a wide range of presentation that varies by the individual 
(ranging from asymptomatic to severe complications like ocular 
keratitis; Bolognia et  al., 2018). A therapeutic vaccine would 
be  cost-effective and more efficiently administered compared 
to a prophylactic vaccine, targeting the subset of seropositive 
individuals with clinical symptoms. This would be  a more 
effective strategy for the prevention of severe clinical 
complications compared to prophylactic vaccines. While there 
are risk factors for primary infection with HSV, there are no 
clear risk factors for the development of severe complications 
which would make it difficult to target vulnerable populations 
only, instead of the entire population. What has emerged with 
the development of vaccines for herpes is some vaccines like 
the G103 vaccine with prophylactic as well as a therapeutic 
utility (Odegard et  al., 2016).

HSV-1 and HSV-2 show 50% homology (Berger and Houff, 
2008) of their genome, with coinfection yielding interspecies 
recombinants (Davison, 2007; Koelle et  al., 2017). Although 
they are with their differences in molecular structure, the vast 
majority of vaccine candidates (while targeted to one subtype) 
have been shown to be  effective in both HSV-1 and HSV-2 

models. This is especially reassuring since an increasing 
proportion of the population (about 50%) has genital infection 
from HSV-1, as opposed to HSV-2 which used to be  the 
dominant strain (Whitley and Green, 2019). Furthermore, this 
cross-protection would be useful to prevent not only the genital 
reactivations of herpesvirus, but the ocular and systemic 
manifestations as well.

Current therapies for HSV including acyclovir and valacyclovir 
are effective at reducing viral shedding, symptom duration, and 
severity (Gupta et  al., 2004). However, there is a short treatment 
window for effective treatment. Treatment needs to be  started in 
the prodromal phase to have optimal effects on controlling viral 
replication, as late treatment has limited effectiveness. Additionally, 
their effectiveness is limited with only marginal reductions to 
symptom durations and severity (Harmenberg et  al., 2010). 
Suppressive treatment is not effective at the prevention and reduction 
of reactivation events, and transmission is reduced by only 50% 
(Birkmann and Zimmermann, 2016).

Given our knowledge of HSV pathogenesis and latency, an 
immune system modifying drug or therapeutic vaccination has 
potential to address these limitations. Although the prevalence 
of acyclovir-, valacyclovir,- and cidofovir-resistant strains of 
HSV is low, therapeutic vaccination has an additional use as 
an alternative treatment for those rare cases (Beigel and Kottilil, 
2020). This is particularly the case with increasing resistance 
to acyclovir in immunocompromised patients, where IV 
Foscarnet, the next-line treatment, has limitations due to its 
side effects (Harmenberg et  al., 2010).

Taking into account the increased incidence of resistance 
in immunocompromised patients, it would be  prudent to 
prioritize the development of subunit, nucleic acid vaccines, 
and replication defective vaccines over live-attenuated vaccines 
(Birkmann and Zimmermann, 2016). Live-attenuated vaccines, 
while effective, are associated with increased safety concerns, 
especially in immunocompromised patients.

Further Considerations for the Future of 
Herpes Simplex Virus Vaccine 
Development
Our understanding of the complexities of herpes simplex virus 
pathogenesis and immune evasion is consistently evolving, along 
with our understanding of viral latency. Designing an effective 
therapeutic or prophylactic vaccine requires further 
understanding these processes.

Trials that had been successful in the pre-clinical realm 
with murine model and guinea pig models have been effective, 
but have not translated well in the clinical realm. Other trials 
like the GSK gD subunit vaccine and the GEN-003 vaccine 
have been suspended due to dwindling financial support (Awasthi 
et  al., 2014; Genocea Biosciences, 2018). To us, the HSV-529 
and G103 appear to be  promising from early studies in the 
pre-clinical stage. Additionally, they are likely to have less issues 
with safety as they are not live-attenuated vaccines.

The rapid development of an mRNA vaccine for COVID-19 
has re-vitalized interest in mRNA vaccines as viable options 
to produce viral immunity. The classical problems involving 
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the creation of mRNA vaccines include mRNA stability and 
delivery systems. It remains to be seen whether mRNA vaccines 
might have a utility for HSV; however, initial studies with the 
trivalent vaccine have been promising, showing increased efficacy 
compared to a subunit formulation (Liu et  al., 2021).

The advantages of an mRNA vaccine were previously discussed: 
It does not integrate within the host genome, translates in both 
proliferating and non-proliferating cells, with immediate protein 
production for a controllable amount of time (Pardi et  al., 2018).

It would additionally be  prudent to utilize our increasing 
knowledge of the pathogenesis of herpes simplex virus and 
its interaction with the immune system in order to formulate 
novel therapies that could include therapeutic vaccination.
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