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Abstract

Prophylactic and therapeutic vaccines for the alphaherpesviruses including varicella zoster virus
(VZV) and herpes simplex virus types 1 and 2 have been the focus of enormous preclinical and
clinical research. A live viral vaccine for prevention of chickenpox and a subunit therapeutic
vaccine to prevent zoster are highly successful. In contrast, progress towards the development of
effective prophylactic or therapeutic vaccines against HSV-1 and HSV-2 has met with limited
success. This review provides an overview of the successes and failures, the different types of
immune responses elicited by various vaccine modalities, and the need to reconsider the
preclinical models and immune correlates of protection against HSV.

Background

The Alphaherpesvirinae subfamily of the Herpesviridae are large, enveloped double-
stranded DNA viruses that include several important human and animal pathogens. The
majority of the world's population is infected with at least one or more of the three major
human Alphaherpesvirinae: herpes simplex virus type 1 (HSV-1), HSV type 2 (HSV-2) and
human herpesvirus 3, more commonly known as varicella zoster virus (VZV). This
subfamily is differentiated from the beta and gammaherpesviruses by genetic and biological
properties including a relatively short reproductive cycle, lytic infection in cell culture, and
ability to universally establish latency primarily in sensory nerve ganglia. Viral latency is
characterized by episodes of subclinical or, less commonly, clinical reactivation, which
further fuel transmission and contribute to disease burden.

HSV-1 infects over 3.7 billion people worldwide and is the primary cause of oral HSV
disease, as well as a leading cause of infectious corneal blindness and fatal sporadic
encephalitis (Roberts et al. 2003). HSV-1 has also emerged as a leading cause of primary
genital herpes in the United States and other developed nations (Roberts et al. 2003). HSV-2,
which infects approximately 400 million people worldwide, primarily causes genital disease
and is associated with an increased risk of HIV acquisition and transmission (Looker et al.
2015; Looker et al. 2017). There is significant geographic overlap when comparing the
prevalence of HIV and HSV-2, and mathematical modeling indicates that a prophylactic
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HSV-2 vaccine would have a major impact on the HIV epidemic (Looker et al. 2017).
HSV-2 is also associated with recurrent aseptic meningitis, known as Mollaret's syndrome
(Whitley 2006). Perinatal transmission of both HSV-1 and HSV-2, the incidence of which is
estimated to be approximately 1 in 3200 live births in the United States, is associated with
substantial morbidity even with appropriate antiviral therapy (James and Kimberlin 2015).

VZV causes the common, but usually self-limited primary childhood exanthemous illness,
chickenpox. Clinical reactivation of VZV results in shingles or zoster, is typically restricted
to one or a few dermatomes, and is more common in older or immunocompromised
individuals (Ljungman et al. 1986). Less commonly, VZV can cause ocular disease
including keratitis, uveitis or zoster opthalmicus. The latter is linked to VZV reactivation
within the trigeminal ganglion and may lead to blindness. VZV may also cause a
vasculopathy, which is associated with stroke and other vascular complications. Viral genetic
studies have identified five VZV clades; clades 1, 3 and 5 are of European origin, clade 2
dominates in Asia, and clade 4 in Africa (Schmidt-Chanasit and Sauerbrei 2011). The
enormous global health and economic burden of alphaherpesvirus infections has generated
extensive vaccine development efforts over the past decades. However, while there has been
great success in developing vaccines to prevent varicella and to reduce the risk of zoster,
there is to date no effective vaccine for HSV-1 or HSV-2.

Varicella zoster vaccines

Live attenuated varicella vaccine

A live attenuated varicella vaccine (LAVV) was initially developed in Japan in 1974 with the
goal of reducing disease burden in children with leukemia. The vaccine was attenuated by
serially passaging a varicella strain isolated from a child whose last name was Oka (Oka
strain) in guinea pig embryo cultures and then subsequently propagating the virus in human
diploid cells (Takahashi et al. 1974). The vaccine strain (vOka) is attenuated primarily for
replication in the skin but less so in T cells or trigeminal ganglia (Moffat et al. 1998). It also
establishes latency, albeit less efficiently than primary infection (Moffat et al. 1998). Zoster
attributable to reactivation of vOka occurs much less frequently (~7 fold less in children
with leukemia) than reactivation of wild-type virus (Krause and Klinman 2000).

Although there were initial concerns about the safety of a live, attenuated viral vaccine, the
extensive data in children with leukemia in remission (Hattori et al. 1976; Brunell et al.
1982) and subsequent studies in healthy children (Asano and Takahashi 1977; Weibel et al.
1985; White et al. 1991; White 1996) led to licensure of LAVV as a single-dose, universal
vaccination of all healthy children 1-13 years of age and healthy adults in the United States
in 1995 (Gershon 1980; White et al. 1991). However, numerous varicella outbreaks were
reported among immunized school-aged children in the 1990s, which, combined with
documentation of lower than initially anticipated seroconversion rates, led to the adoption in
2006 of a routine two-dose schedule with initial vaccination between 12-15 months and a
booster at 4-6 years (Watson et al. 1995; Arvin and Gershon 2006). This revised schedule
has been associated with a greater than 95% decline in primary varicella disease in healthy
children and has provided herd immunity for immunocompromised children for whom a live
viral vaccine is not indicated (Shapiro et al. 2011). There are two licensed vaccine
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formulations: VARIVAX®, the single-antigen varicella vaccine, and ProQuad®, a
combination measles, mumps, rubella, and varicella (MMRYV) vaccine (Merck and Co).

VOka was sequenced years after initial licensure and is comprised of a mixture of VZV Oka
genotypes and differs from wild-type strains by at least 224 single nucleotide
polymorphisms (SNPs) (Argaw et al. 2000; Faga et al. 2001; Quinlivan and Breuer 2006).
Precisely which ones are responsible for the attenuating phenotype is unknown, although
studies indicate that mutations in ORF62, a critical viral transcription factor and homolog of
HSV-1 ICP4, are important for attenuation (Kwak et al. 2017). The sequencing data allows
for the differentiation of the vaccine strain from the wild-type virus circulating in the United
States, since the majority of clade 2 VZV viruses have Bgl1 and Pst1 restriction sites as well
as several SNPs that differentiate them from vOka (Quinlivan et al. 2012; Peters et al. 2012).
This genetic information is used when differentiating vaccine-associated disease from
breakthrough varicella caused by infections with the wild-type virus.

Correlates of immune protection

The precise correlates of immune protection against natural disease elicited by the VZV
vaccine are not fully defined. Both cell-mediated and humoral immune responses are
important, as evidenced by the observations that patients with impaired T cell function are at
risk for severe disease and that administration of high dose anti-VZV immune serum (zoster
immune globulin) may prevent or modify disease manifestations (Arvin 2008). The gold
standard for measuring antibody responses is the fluorescent antibody to membrane antigen
assay (FAMA) against live VZV-infected cells. However, difficulties with assay
reproducibility and automation have led to the development of alternatives including a
glycoprotein (gp) based ELISA, which uses a lectin affinity purified preparation of viral
glycoproteins from VZV-infected cells. FAMA VZV antibody titers = 1:4 or gpELISA titers
> 5 gpELISA units/ml correlate with protection (Gershon et al. 1994). Limited studies
demonstrate that natural infection and vaccination induce both neutralizing and antibody-
dependent cell-mediated cytotoxicity (ADCC) immune responses, and FAMA titers correlate
with both (Kamiya et al. 1982). Notably, in one study, ADCC responses were detected
earlier than neutralizing responses, suggesting that ADCC may be involved in the early
stages of recovery from VZV disease (lhara et al. 1994). Neutralizing antibodies target
several viral glycoproteins, including gE, gB, and the gH/gL heterodimer; the targets of
ADCC responses have not been delineated.

Zoster vaccines

The success of vaccination with the vOka strain against primary varicella suggested that the
live, attenuated vaccine could also be used to boost immunity in older adults to prevent
zoster. The rationale for this stemmed from clinical observations by Hope-Simpson, which
suggested that exposure to exogenous (chickenpox in the community) and/or endogenous
(reactivation) VZV stimulated memory T cell responses (Hope-Simpson 1965; Guzzetta et
al. 2013). This notion was supported by the recognition that second episodes of zoster were
uncommon. Building on these observations, a double-blind, placebo-controlled trial in
heathy adults = 60 years of age was conducted to compare a single dose of high-potency
(14x greater than primary LAVV dose) vOka compared to placebo (Oxman et al. 2008). This
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dose was selected based on cell-mediated immune responses. There were 38,546 healthy
adults enrolled in the study who were randomized 1:1 to receive vaccine or placebo. There
were 315 confirmed cases of zoster in vaccine recipients compared to 642 cases in placebo
recipients; none of the zoster isolates were the vaccine strain. Based on these results, this
high dose LAVYV, marketed as Zostavax (Merck and Co) was licensed by the FDA in 2006
and recommended by the CDC for routine immunization of healthy adults aged > 50 for the
prevention of zoster and post-herpetic neuralgia.

More recently, Shingrix, a liposome-based subunit vaccine containing recombinant
glycoprotein E (gE), combined with adjuvants to stimulate strong CD4+ T cell responses
(ASO01B, the Toll-like receptor agonist monophosphoryl lipid A combined with saponin
QS21), was developed by GlaxoSmithKline and evaluated for prevention of zoster. gE is the
most abundant glycoprotein on VZV-infected cells and is a target for neutralizing antibody
responses. Two large Phase 111 placebo-controlled trials in healthy adults > 50 years or > 70
years using a 2-dose schedule of Shingrix demonstrated 97% protection against zoster
compared to the 51% efficacy observed in response to Zostavax. Shingrix was approved by
the FDA at the end of 2017 (Lal et al. 2015; Cunningham et al. 2016).

The specific correlates of immune protection for these vaccines are not yet fully defined.
Both Zostavax and Shingrix boost cell-mediated immune responses but differ with respect to
antigenic targets (Sei et al. 2015). T cell responses to Zostavax target IE63, IE62, gB and
ORF9 more frequently than gE, whereas Shingrix, as expected, elicits gE-specific responses
(Weinberg, Kroehl, et al. 2018). However, strong gE-specific CD4+ T cell responses are
observed only after the second dose of Shingrix, suggesting that the majority of this
response may be dependent on stimulation of otherwise naiive cells (Weinberg, Kroehl, et al.
2018; Weinberg, Popmihajlov, et al. 2018). In addition to the T cell responses, a 4-fold or
greater rise in gE-specific antibody responses was observed in over 97% of Shingrix
recipients.

In addition to greater immunogenicity and efficacy, an important advantage of Shingrix is
that, as a subunit vaccine, it may be safely administered to immunocompromised hosts.
Studies are ongoing in adult solid-organ transplant recipients (Stadtmauer et al. 2014;
Winston et al. 2018) and in HIV-infected patients (Berkowitz et al. 2014). Additional
questions that require future studies include the durability of the response to Shringrix, and
whether patients who received Zostavax should also receive a booster dose of Shingrix.
Whether there is any role for this subunit vaccine in preventing or boosting immunity to
prevent primary chickenpox will also require future investigations.

Herpes simplex virus vaccines

Obstacles to HSV prevention

In contrast to the successes with VZV, an effective prophylactic or therapeutic vaccine for
HSV has remained elusive. A live viral vaccine for varicella was developed in response to a
specific population, children with leukemia, in whom the morbidity and mortality drove
vaccine development. Only after the vaccine was shown to be safe and effective in this high-
risk group, was it evaluated and approved for healthy children, providing herd immunity and
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thus further protection for high-risk populations. Although HSV also causes devastating
disease in the subset of patients who develop encephalitis, overwhelming hepatic failure,
dissemination to other organs, and recurrent corneal disease with blindness, the drive for a
vaccine has been driven more by the morbidity and social stigma associated with HSV as a
sexually transmitted infection and its link to HIV. Until very recently, the majority of vaccine
efforts have focused on subunit protein strategies and neutralizing antibody responses, and
this focus may have contributed to the lack of success.

One of the difficulties in designing a vaccine for any herpesvirus is the ability of all of these
viruses (except HHV-8) to uniformly establish latency. However, subclinical and clinical
reactivations are more common with HSV than VVZV, reflecting a greater ability for the
immune system to prevent or control latent VZV (Kronenberg et al. 2005; Papaevangelou et
al. 2013). The term "leaky latency" has been proposed to better describe latent HSV (Wald et
al. 1995; Wald et al. 2000; Mark et al. 2008). The natural immune response to HSV limits
the number and severity of clinical recurrences and provides partial protection against
heterologous (opposite serotype) challenge, but does not prevent viral reactivation. Thus,
effective vaccines must elicit a more potent and/or different type of immune response
compared to natural infection if the goals are to prevent the establishment of latency
(prophylaxis) and/or provide greater protection against viral reactivation and transmission
(therapeutic). Whether it is possible to safely eliminate the latent viral reservoir in
seropositive individuals, a goal for HIV cure, is unknown. In addition, because of the high
rate of HSV-1 seropositivity at a very young age, a vaccine ideally should be immunogenic
in the setting of preexisting HSV-1 immunity (Roberts et al. 2003).

HSV-1 and HSV-2 have evolved a myriad of immune evasion strategies, many of which are
unique to HSV and need to be considered in vaccine development. The ability of the virus to
evade innate, humoral, and T cell immunity may contribute to the greater difficulty in
developing an effective HSV vaccine. Examples of these immune evasion strategies are
summarized below. Both HSV-1 and HSV-2 encode several proteins (e.g. ICP0 and ICP34.5)
that inhibit interferon production and/or subsequent signal transduction to evade this major
innate immune pathway (Chew et al. 2009). HSV also evades antibody responses through
multiple mechanisms. First, the virus spreads directly from infected to neighboring
uninfected cells across bridges, thus evading neutralizing antibodies (Sattentau 2008).
Second, HSV glycoproteins E and | (gE/gl) act as an Fc receptor (FcR) analog, thereby
shielding antibodies from engaging FcRs, which are required for non-neutralizing antibody
dependent cell killing (Dubin et al. 1991; McNearney 1987). gE-gl may also promote
clearance of viral antigen-Ab complexes and immune evasion through a process termed
antibody bipolar bridging. The Fab fragment of 1gG binds viral protein (e.g. gD) and the Fc
fragment binds gE-gl, leading to endocytosis of the complex (Ndjamen et al. 2014). Third,
HSV glycoprotein C (gC) interferes with the C3 complement cascade inhibiting
complement-mediated lysis of virus and infected cells (Gerber et al. 1995; Friedman et al.
1984; Fries et al. 1986). Another potential immune evasion strategy is the binding of gD to
herpesvirus entry mediator (HVEM) on immune cells, which competes with binding of its
natural ligands (Spear 2004). HVEM binding to LIGHT (TNFSF14) (Mauri et al. 1998;
Kwon et al. 1997) provides a stimulatory signal (Harrop, Reddy, et al. 1998; Harrop,
McDonnell, et al. 1998; Tamada et al. 2000; Shi 2002), whereas binding to B and T
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lymphocyte attenuator (BTLA) (Sedy et al. 2004; Cheung et al. 2009) provides an inhibitory
signal to T cells and gD may interfere with these responses to modulate immune responses
(Sarrias et al. 2000; Carfi et al. 2001; Connolly et al. 2002; Carfi et al. 2002; Connolly et al.
2003; Compaan et al. 2005; Stiles et al. 2010; T. L. Murphy and K. M. Murphy 2010).
Moreover, HSV-2 gD induces the degradation of CD112/ nectin-2, a ligand for the NK-
activating receptor DNAX accessory molecule 1 (DNAM-1). This impairs binding of
DNAM-1 to the cell surface, thereby suppressing NK-mediated killing of HSV-2 infected
cells (Grauwet et al. 2014). Finally, HSV also interferes with T cell responses. HSV ICP47
binds the human transporter associated with antigen presentation (TAP) and blocks the
binding of antigenic peptides thus interfering with the major histocompatibility complex
(MHC) class | antigen presentation pathway (Hill et al. 1995; Friih et al. 1995; Tomazin et
al. 1996; Ahn et al. 1996).

VZV has also developed several immune evasion strategies, but these are more limited. For
example, VZV interferes with interferon a and B production by epithelial cells by
sequestering NF-xB proteins in the cytoplasm, but neighboring uninfected cells overcome
this evasion strategy (Jones and Arvin 2006). The strongest immune evasion by VZV is
linked to the T cell response. VZV down regulates MHC class | (Abendroth et al. 2001) and
inhibits the up-regulation of interferon-y-induced MHC class |1 expression (Abendroth et al.
2000). However, shielding of antibodies through FCR mimicry and interference with
complement pathway have not been described for VZV.

HSV prophylactic subunit vaccine clinical trials

Two subunit vaccines progressed through Phase 3 clinical efficacy trials as prophylactic
vaccines with limited success (Table 1). Both were predicated on the notion that high titer
neutralizing Abs targeting gD and/or gB, which are the primary targets of neutralizing
antibody responses during natural infection (in contrast to g for VZV) would prove
protective and were supported by studies in murine and guinea pig models. However, neither
the recombinant gB/gD/MF59 vaccine, which included a squalene-based adjuvant [Chiron],
nor the recombinant gD-2/AS04 (Simplirix ™ vaccine, which used an alum-monophosphoryl
lipid A-based adjuvant [GSK], achieved their endpoints.

The gB/gD/MF59 vaccine was evaluated in two randomized, double-blind, placebo-
controlled multicenter trials. One trial enrolled 531 HSV-2-seronegative partners of HSV-2-
seropositive people, and the other enrolled 1862 persons attending sexually transmitted
disease clinics. The vaccine induced high levels of neutralizing antibodies, but the overall
vaccine efficacy was 9% (95% confidence interval, 29% to 36%) (Corey et al. 1999). The
authors concluded that prevention will likely require more than high titer neutralizing
antibodies. In subsequent studies, they found that the vaccine did not elicit ADCC antibodies
and hypothesized that low ADCC responses may be associated with poor vaccine efficacy
(Kohl et al. 2000).

Others speculated that the reason for the vaccine failure might be attributable to the need for
higher neutralizing antibody titers and/or more potent T cell responses and focused their
efforts on combining gD with different adjuvants. Thus, the gD-2/AS04 vaccine, composed
of gD-2 with monophosphoryl lipid A (MPL) and aluminum hydroxide (Alum), was
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evaluated in three different Phase 3 clinical trials. The first two studies were conducted in
serodiscordant couples. In one, 847 doubly seronegative participants (268 women) were
enrolled and in the other, 1867 HSV-1 seropositive (710 women) were enrolled. Combining
the data from both studies showed that that the vaccine was ~70% protective in doubly-
seronegative women, but was not protective in HSV-1 seropositive women or in men
regardless of their serostatus (Stanberry et al. 2002). The reasons for this sex discrepancy in
protection in the HSV-1 seronegative participants were not understood.

The subpopulation results supported a third clinical field trial, which enrolled 8323 doubly-
seronegative women 18 to 30 years of age with a primary endpoint of genital herpes disease
caused by either serotype. The overall vaccine efficacy was only 20% (95% confidence
interval [CI], 29% to 50%) against genital herpes disease; however, modest efficacy against
HSV-1 genital disease (58%; 95% ClI, 12% to 80%) was observed (Belshe et al. 2012). In a
subsequent analysis of sera from 30 participants, the neutralizing antibody titers against
HSV-1 were 3.5-fold higher than the titers against HSV-2, possibly reflecting serotype
differences in the ability of the immune evading glycoproteins, g€ and gC, to interfere with
the neutralization activity of the gD-specific neutralizing antibodies (Awasthi, Belshe, et al.
2014). Overall, these disappointing clinical trial outcomes with adjuvanted gD subunit
vaccines raised questions about the reliance on neutralizing antibodies as a sole correlate of
immune protection and challenged the traditional preclinical models that were conducted
with intravaginal challenges in female mice or guinea pigs with laboratory-adapted HSV-2
isolates at doses that typically do not exceed an LDgg (dose that causes lethal disease in 90%
of control animals).

"Next generation" prophylactic subunit vaccine candidates

Building on the observation that HSV gE and gC are immune evasion molecules that might
shield against neutralizing antibodies, Friedman and colleagues developed a trivalent subunit
vaccine (THV) comprised of gD, gC and gE (Table 2) (Awasthi, Huang, et al. 2014).
Preclinical data using the standard murine or guinea pig models suggest that the trivalent
vaccine is more potent than recombinant gD alone. The THV protected 100% of mice
following intravaginal challenge with a 3 x LDsgq dose of the laboratory-adapted strain of
HSV-2, MS, and 97% of mice were protected from the establishment of latent infection in
the dorsal root ganglia (DRG). In a female guinea pig vaginal challenge model, the THV and
recombinant gD-2 vaccines were both highly effective in preventing genital lesions
(Awasthi, Hook, Shaw, Pahar, et al. 2017). Shedding of replication-competent virus (i.e.
virus capable of infecting cells in a co-culture model) occurred on fewer days in the THV
compared to gD-2/AS04 immunized animals, although there was no difference between the
two vaccines in HSV DNA shedding, and the gD-specific serum antibody and neutralization
titers with and without complement were similar (Awasthi, Hook, Shaw and Friedman
2017). Challenges with higher doses, clinical isolates, or in male animals (skin challenge)
have not yet been reported. More recently, the group compared the THV vaccine, a protein-
based vaccine, to a nucleoside-modified mMRNA vaccine containing sequences for the same 3
viral proteins and formulated in lipid nanoparticles. The trivalent MRNA vaccine was
superior to the THV protein vaccine and elicited higher titer ELISA IgG antibodies,
neutralizing gD-specific antibodies and CD4* T cell responses and was associated with
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decreased viral shedding following subclinical infections in mice and guinea pigs (Awasthi
et al. 2019).

Live attenuated or single-cycle HSV prophylactic vaccine candidates

In contrast to subunit vaccines, live virus vaccines are likely to elicit polyfunctional immune
responses targeting a greater breadth of antigens. In addition to the success of the live
attenuated varicella vaccine, live virus vaccines have also had success against animal
alphaherpesviruses. For example, a herpes turkey virus (HVT) vaccine has been used for
years to immunize against the related Marek's Disease Virus (MDV) that causes an
economically important neoplastic disease of chickens (Okazaki et al. 1970). Unfortunately,
MDYV has evolved to overcome the protection from the HVT vaccine, which has resulted in
the need to modify the HVT strain to address the new outbreaks (Schat and Baranowski
2007). Live attenuated virus vaccines carrying deletions in specific viral proteins have also
been used to protect against pseudorabies virus (PrV), the causative agent of Aujeszky's
disease, another agriculturally and economically important infection that results in losses of
swine populations (Bartha 1961). As with the vaccine for Marek's Disease, the PrV vaccines
have to be modified to address changes in the circulating strains of PrV (Freuling et al.
2017).

Candidates that have been evaluated in clinical trials—The expansion of molecular
technologies has facilitated the engineering of live virus vaccine candidates with specific
deletions in gene(s) of known function. This defined approach has replaced the strategy of
attenuation by serial passage in culture, which was used to develop the varicella vaccine.
The first such HSV vaccine candidate to be evaluated in clinical trials lacked the gene for
glycoprotein H (gH) (Table 1) (McLean et al. 1994). gH (along with gD, gB, and gL) is
required for viral entry and cell-to-cell spread. Thus, the gH-null virus, propagated in gH-
expressing complementing cells, is restricted to a single infectious cycle. The vaccine
protected female guinea pigs from primary genital HSV-2, reduced the number of viral
recurrences in the model, and elicited high serum neutralizing antibody responses (Boursnell
et al. 1997). Based on these preclinical studies, this candidate was advanced into the clinic
and evaluated as a therapeutic vaccine in volunteers with six or more annual genital herpes
recurrences. The vaccine was safe, but there were no significant differences in the mean
number of recurrences, time to healing, or days with viral shedding relative to placebo (de
Bruyn et al. 2006). Specific immune responses to the vaccine, be they boosting of total,
neutralizing, or other functional HSV-specific antibody or T cell responses, were not
reported in the clinical trial. However, the lack of protection suggested that the preclinical
models were not predictive of human clinical outcomes. The vaccine was not further
pursued, and was never tested as a prophylactic.

Subsequently, several different replication-defective or single-cycle viruses have been
engineered as candidate prophylactic vaccines. The first of these to enter clinical trial was an
HSV-2 virus lacking the genes for UL5 (helicase-primase) and UL29 (DNA binding protein)
and designated dI5-29 or HSV529 (Da Costa et al. 2000; Da Costa et al. 2001). The virus
was grown on complementing V295 cells, which stably express the HSV-2 UL5 and UL29
genes. The salient findings in the preclinical studies were that the vaccine was safe,
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generated high titer neutralizing antibody and CD4 and CD8 T cell responses, and protected
against acute or recurrent genital HSV-2 disease in naiive female mice as well as naiive or
HSV-1 seropositive female guinea pigs using vaginal challenge models (Hoshino et al.
2008). It reduced, but did not completely prevent the establishment of latency (Hoshino et al.
2004; Hoshino et al. 2009; Bernard et al. 2015). Notably, efficacy was reduced if mice were
challenged with a clinical African HSV-2 isolate, SD90, suggesting that there may be
differences in protective epitopes among clinical strains and highlighting the need for
preclinical testing against a wide array of isolates (Dudek et al. 2011). HSV529 was recently
evaluated in a Phase 1 study (Table 1). The vaccine was safe and elicited neutralizing and
gD-specific antibody responses in doubly seronegative participants. However, in contrast to
the studies in guinea pigs, the vaccine did not boost neutralizing antibody responses in
HSV-1 or HSV-2 seropositive participants (Dropulic et al. 2017; Dropulic et al. 2019).
Efforts to increase the immunogenicity of this vaccine are currently being evaluated. One
such approach is to replace HSV-2 UL41, which encodes for the virion host shutoff (vhs)
function, with the heterologous gene from HSV-1. The rationale for this intertypic
recombination is that vhs-1 is 40-fold less active than vhs-2, and thus, that HSV-2 encoding
vhs-1 might elicit a stronger immune response (Reszka et al. 2010).

Candidates in preclinical development—A completely different candidate live single-
cycle vaccine in preclinical development is an HSV-2 virus lacking the gD gene AgD-2)
(Table 2). This candidate vaccine, which is grown on HSV-1 gD-expressing complementing
cells, generates high titer antibodies and T cell responses that recognize an array of HSV
antigens exclusive of gD. The preclinical model testing was expanded to include challenges
with multiple clinical isolates of both HSV-1 and HSV-2, male and female mice, and several
different routes of infection including intravaginal, skin, intraocular and intranasal (Burn et
al. 2017; Ramsey et al. 2020; Burn Aschner, Knipe, et al. 2020). Most other vaccine
candidates were tested using laboratory-adapted isolates of HSV-2 in vaginally challenged
female animals. Results of the studies with AgD-2 demonstrated complete protection against
disease and latency following challenge with all clinical isolates tested to date, including the
African clinical isolate SD90 (Petro et al. 2015; Petro et al. 2016; Burn et al. 2017). No
latent virus was detected in dorsal root ganglia in vaccinated mice by quantitative PCR or ex
vivo cultures, further distinguishing this candidate vaccine from the subunit vaccines and
from HSV529. The vaccine was equally protective in female and male mice following
challenge with doses as high as 100x LD90 (Burn et al. 2017; Burn Aschner, Knipe, et al.
2020). Passive transfer studies demonstrated that antibodies alone were sufficient to mediate
complete protection. Notably, the antibodies were weakly neutralizing, but activated the Fcy
receptor 1V (FcyRIV) to induce ADCC and antibody dependent cell mediated phagocytosis
(ADCP) (Petro et al. 2015; Petro et al. 2016; Burn et al. 2017). Protection was lost in mice
that did not express FcyRs and reduced in mice that did not express the Fc neonatal receptor.

In a direct comparison with an adjuvanted (alum and MPL) gD-2 subunit vaccine, AgD-2
provided significantly greater protection following high-dose skin challenges with clinical
isolates of HSV-1 (strain B3x1.1) and HSV-2 (strain SD90), a more robust total HSV-specific
antibody response, and, in contrast to the gD-2 subunit vaccine, complete protection against
the establishment of latency (Burn et al. 2017). While the gD-2 subunit vaccine elicited a
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predominantly 1gG1 response, AgD-2 induced a predominantly 1gG2 antibody response, the
latter of which is associated with FcyRIV activation. Consistent with the isotype differences,
adjuvanted gD-2 elicited higher neutralizing titers, whereas AgD-2 elicited significantly
higher FcyR-activating responses (ADCC and ADCP). Although the neutralizing titer
induced by gD-2 subunit vaccine was higher against SD90 compared to B3x1.1, the subunit
vaccine provided greater protection against the latter in the murine studies. Greater
protection against HSV-1 versus HSV-2 was also observed in a study with cotton rats, and in
the Phase 111 field trial of the gD-2/AS04 vaccine (Boukhvalova et al. 2015; Stanberry et al.
2002; Awasthi, Belshe, et al. 2014; Burn et al. 2017). It is unclear whether the serotype
differences in vaccine efficacy for the recombinant gD-2 vaccine (but not AgD-2) reflect
serotype differences in the immune response required to achieve protection.

The notion that ADCC antibodies are important in preventing HSV disease is supported by
clinical studies showing that low levels of transplacentally acquired ADCC antibodies at the
time of infection correlated with the severity of neonatal disease even after controlling for
neutralizing antibodies (Kohl 1991; Kohl et al. 1989). Indeed, vaccinologists have begun to
challenge the reliance on neutralizing antibodies as the benchmark for vaccine efficacy for
multiple pathogens. Indeed, a study with AgD-2 illustrated that maternal vaccination
protected pups from HSV challenge (Kao et al. 2019). Ongoing studies in influenza, HIV,
CMV and dengue have also demonstrated the importance of Fc effector functions such as
ADCC and ADCP in immune protection (Laoprasopwattana et al. 2007; Corey et al. 2015;
Nelson et al. 2018).

Several other attenuated HSV vaccines have been developed (Table 2) but are unlikely to
advance as prophylactic vaccines because, unlike HSV529 and AgD-2, they cause variable
levels of disease in mice and/or establish latency, rendering them less suitable for clinical
development, particularly for prophylaxis. Nonetheless, the preclinical studies may provide
additional insights into correlates of immune protection. For example, multiple studies have
been conducted with viruses deleted in the gene for thymidine kinase (tk). Tk-deletion
viruses are attenuated in adult but not neonatal mice (Ben-Hur et al. 1983; Oram et al. 2000)
and cause significant disease in humans (Wilson et al. 2009). For example, lwasaki and
colleagues found that the "prime-pull” strategy, in which protective CD8 T cells were
recruited into the vaginal tract in response to the intravaginal introduction of chemokines,
was required for protection with a tk-deletion virus vaccine.(Shin and Iwasaki 2012)

Another attenuated strain that has been evaluated is HSV-2-gD27, a genetically modified
HSV-2 strain in which the nectin-binding domain of gD is altered (Wang et al. 2012).
Compared to wild-type virus, gD27 is less neurovirulent, but retains the ability to establish
latency, albeit at reduced levels. Intramuscular immunization with this attenuated strain
provided greater protection than a recombinant gD-2 subunit vaccine despite eliciting lower
neutralizing antibody titers. These findings suggest that non-neutralizing immune responses
contribute to the increased protection relative to recombinant gD subunit vaccines, although
quantification of different antibody functions (e.g. ADCC or complement activation), T cell
responses, passive transfer, or depletion studies have not yet been published (Wang et al.
2015).
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An attenuated HSV-2 strain lacking the glycoprotein K (gK) gene provided partial protection
against HSV-1 (strain McKrae) and HSV-2 (strain G) intravaginal challenge and elicited T
cell memory immune responses to specific gB and gD epitopes that were detected 7 months
post vaccination (lyer et al. 2013). However, the vaccine strain could establish latency, and,
therefore, a second mutation in the membrane protein UL20 was introduced, resulting in the
inability of the vaccine strain to establish latency in mice. This double gK and UL20
deletion strain (VC2) induced cross-protective neutralizing antibody responses in rhesus
macaques as well as expansion of follicular T helper (Tgn) cells (Stanfield et al. 2017). In
murine studies, VC2 provided 100% protection against HSV-1 (strain McKrae) and HSV-2
(strain G) intravaginal challenge and prevented the establishment of latency (Stanfield et al.
2014). In guinea pigs, the vaccine promoted a Th17 response to challenge, which was
proposed to contribute to immune protection (Stanfield et al. 2018). Precisely why the
double deletion prevented the establishment of latency and why it provided greater
protection than the gK deletion virus is unclear.

In a related strategy designed to prevent the establishment of latency, an attenuated HSV-1
strain containing mutations in the UL37 tegument protein was found to be defective for
retrograde axonal transport and unable to establish latent infections of the ganglia (Richards
etal. 2017). In early preclinical studies, this vaccine (R2), administered intraocularly,
protected mice from subsequent ocular challenge on the opposite side with HSV-1 strains F
or McKrae. Pseudorabies virus (PRV) containing analogous mutations in the UL37 homolog
provided protection from lethal challenge with wild-type PRV, suggesting that this strategy
could be applied to both human and animal alphaherpesviruses (Richards et al. 2017).

An HSV-2 virus containing a deletion in ICPO (ANLS) has also been evaluated as a
candidate vaccine (Halford et al. 2010). ANLS is replication-competent, but interferon-
sensitive, which contributes to its attenuated phenotype in animal models. Because ICP0
plays a major role in viral reactivation, the vaccine would likely be impaired in both the
establishment and reactivation from latency, although this was not formally tested. ANLS
provided greater protection against high-dose HSV-2 challenge compared to a gD-2 subunit
vaccine in guinea pigs challenged intravaginally with HSV-2 (strain MS). It elicited
polyantigenic immune responses including gD-2 specific and neutralizing antibodies,
although the specific correlates of immune protection were not determined (Halford et al.
2011). The latter may be ascertained by performing passive transfer, antibody or T cell
depletion and/or studies in defined knockout mice.

In a highly controversial step, Rational Vaccines circumvented the FDA and a safety
Institutional Review Board (IRB) and tested ICPO (ANLS) in a Phase 1 safety study in 20
HSV-1 and/or HSV-2 seropositive volunteers with a history of genital herpes. Participants
self-reported a reduction in symptoms. A Phase 2 study was planned but was disbanded
when it became known that the vaccine had been tested without FDA or IRB input and
without the requisite preclinical safety studies. Moreover, several participants reported
adverse side effects.
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Therapeutic vaccines

The vaccines candidates described above were developed primarily as prophylactic vaccines
with the primary goal of preventing HSV-2 (or both HSV-1 and HSV-2) disease in
seronegative hosts and/or preventing HSV-2 in HSV-1 seropositive hosts. Whether the types
of immune responses needed for therapeutic vaccines, which are designed to reduce the
frequency and severity of clinical recurrences and/or asymptomatic shedding, differ from
those required for prophylaxis is not known. The "gold standard" model for evaluating
therapeutic vaccines is the female guinea pig because the virus spontaneously reactivates.
However, despite several vaccines demonstrating efficacy in this model, the clinical trial
results have been disappointing.

For example, a vaccine composed of HSV-2 gD and ICP4 combined with a saponin adjuvant
was evaluated in a Phase 2 study at three different doses (Van Wagoner et al. 2018). The
vaccine boosted neutralizing antibody titers and increased the cytolytic T cell response, but
was associated with only a modest decrease in viral shedding (Genocea, Gen-003). Agenus
Inc. developed a heat shock protein-based vaccine (HerpV) composed of a mixture of HSV-2
immunogenic peptides (including not only gD, but also other envelope, tegument, capsid,
and regulatory viral proteins) and the saponin-based adjuvant QS-21. In a randomized, Phase
2, double-blind study, the majority of patients developed a robust anti-HSV cytotoxic T-cell
immune response, but there was only a 17 % reduction in frequency of viral shedding
despite a 75% reduction in viral load (Wald et al. 2011; Cohen 2017).

DNA may be more immunogenic than protein and, based on this notion, two other vaccines
have been evaluated as candidate therapeutic vaccines. An HSV-2 DNA vaccine composed
of gD and the tegument protein UL46 was advanced into the clinic after showing efficacy in
the guinea pig recurrent disease model (Veselenak et al. 2012). However, the results were,
once again, disappointing, and the vaccine failed to meet its clinical endpoint of annualized
lesion recurrences during a minimum of nine months of surveillance. The Phase 2 study, in
which volunteers were randomized 2:1 to vaccine or placebo, was conducted in 261 healthy
HSV-2 seropositive adults with a self-reported history of 4 to 9 recurrences per year.
Unfortunately, the annualized recurrence rate in the placebo group was lower than what was
expected, and, thus, the trial did not have sufficient power to demonstrate efficacy (Vical
2018).

Another DNA-based vaccine based on a codon-optimized HSV-2 gD and the addition of a
ubiquitin-encoding sequence to target the antigen to the proteasome for processing and to
enhance cytotoxic T cell responses, was evaluated in a Phase 2 therapeutic vaccine trial after
demonstrating that it induced high-titer gD-specific antibodies and T cell responses. The
vaccine enhanced survival and a reduction in latent virus in a vaginal murine model (Dutton
et al. 2013). However, while safe, the vaccine did not reduce the severity of clinical
recurrences (Admedus 2018).

Vector vaccine strategies

An alternative to protein, DNA, or live attenuated or single-cycle vaccines is a vector
vaccine strategy. Vector vaccines refer to the insertion of antigenic target genes from one
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pathogen into an unrelated vector "backbone". These have been evaluated, for example, as a
strategy for HIV prevention (Draper and Heeney 2009). This approach has the potential to
promote a T cell-dependent high-affinity class-switched response with memory, albeit to a
more restricted set of antigens than a live virus virus. Depending on the vector backbone,
this approach may be safer than a live vaccine, particularly in the case of HIV. However, the
safety depends on the nature of the vector. The most commonly used vectors for HIV
vaccines have been adeno-associated viruses, adenoviruses, and, more recently, a rhesus
CMV vector (Barouch 2010; Hansen et al. 2011; Nieto and Salvetti 2014). These approaches
may be limited by pre-existing immunity to the vector, which can decrease the efficacy. This
was illustrated by the experience with a recombinant adenovirus serotype 5 (rAD5) HIV
vaccine that may have enhanced HIV infection in the subpopulation of vaccinees with prior
immunity to adenoviruses (STEP trial) (Buchbinder et al. 2008).

There have been several preclinical studies of vector vaccine strategies for the prevention or
treatment of HSV that may provide insights for future development. For example, HSV-1 gB
(gB-1) was introduced into a feline immunodeficiency virus (FIV) vector and tested against
HSV-1 and HSV-2 vaginal challenges in mice. The vaccine elicited cross-neutralizing
antibodies and cell-mediated responses that protected 100 and 75% animals from severe
HSV-1- and HSV-2 disease, respectively, but not from infection (Chiuppesi et al. 2012). The
authors proposed that the addition of other HSV viral genes into this vector might improve
the immunogenicity and efficacy.

In a different study, HSV gB and/or gD, lacking their transmembrane domains, were inserted
into human papilloma virus pseudoviruses (HPV PsV) as a potential mucosal vaccine
strategy, with the goal of eliciting protective genital-resident T cell responses (Cuburu et al.
2014). The PsV secrete the HSV viral glycoproteins. Investigators found that secreted gB
(gBsec)-expressing HPV PsVs induced gB-peptide-specific CD8* T cell responses. In
subsequent studies, mucosal vaccination with PsVs expressing gBsec and gDsec were
compared to intramuscular immunization with an adjuvanted (alum and MPL) recombinant
gD-2 protein vaccine. Both provided a similar level of protection in mice following a lethal
challenge (60% and 80%, respectively) (Cuburu et al. 2014). The PsV vaccine induced lower
gD-specific and neutralizing antibody titers compared to recombinant gD-2 protein vaccine,
but greater gB-specific CD8+ T cell responses, highlighting a potential role for gB-specific
T cells.

A modified vaccinia Ankara (MVA) vaccine vector expressing HSV-2 gD (MVA-gD), used
in combination with a gD-2-expressing plasmid vaccine, illustrated that the combination of
the two delivery methods was effective in inducing robust anti-HSV IgG responses (Meseda
et al. 2002; Meseda et al. 2006). The use of MVVA-gD as either the prime and boost or as the
prime followed by plasmid gD-2 as the boost induced a greater diversity of 1gG isotype
responses - shifting from an almost entirely 1gG1 (predominantly neutralizing antibodies) to
a combination of 1gG1, 1gG2a, and 1gG2b responses (1gG2 antibodies have greater affinity
for FcR and for complement). Both MVA-gD vector strategies resulted in greater survival
following intraperitoneal challenge with HSV-2 as well as more IL-2 and IFN-y production
following stimulation of splenocytes with inactivated HSV (Meseda et al. 2002).
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Another study compared immunogenicity and efficacy of an MVA vector expressing the
HSV capsid VP5 (UL19) and tegument VVP13/14 (UL47) proteins to adjuvanted gD and gC,
and a combination of both the MVA vector and subunit proteins (Awasthi et al. 2015). The
combination of MVA and subunit proteins elicited higher total and neutralizing antibody
responses and greater protection compared to either component alone in mice or guinea pigs
(Awasthi et al. 2015). There was also a greater reduction in the size of the latent reservoir in
response the combination, compared to the gD and gC subunit vaccine, but no differences in
viral shedding in the guinea pig model of recurrent disease. The results suggest that the
MVA vector expressing viral antigens that are known to induce a T cell response provided a
modest additional benefit compared to the subunit protein vaccine, although why this
resulted in higher neutralizing titers is not known.

Lessons learned and future directions

The disappointing outcomes of clinical trials with HSV prophylactic and therapeutic vaccine
candidates suggest several important lessons for future research. First, the established "gold-
standard" preclinical small animal models (mice and guinea pigs) have not proven predictive
of the human response. While the types of immune response (e.g. neutralizing antibody
and/or T cell responses) observed in preclinical models were reproduced in humans, the
magnitude of responses and the efficacy observed in mice or guinea pigs was not
recapitulated. Studies conducted after the clinical trials were completed using higher dose
challenges and a broader array of clinical isolates, provided a more predictive picture. For
example, when mice were challenged with the clinical isolates HSV-2 (strain SD90) or
HSV-1 (strain B3x1.1), only modest protection was observed in mice immunized with
adjuvanted recombinant gD protein vaccines, more closely recapitulating the clinical trial
results (Burn et al. 2017). Studies with a broad range of clinical isolates have not been
reported in the guinea pig model of recurrent disease, which was also not predictive of
clinical trial outcomes. For example, a gD-2 subunit vaccine underwent several rounds of
adjuvant optimization, and the optimized product (gD-2/AS04) (Simplirix™) provided
nearly complete protection against primary and recurrent disease with either HSV-1 or
HSV-2 in guinea pigs (Bourne et al. 2003; Bourne et al. 2005; Bernstein et al. 2009;
Bernstein et al. 2010) and was also effective in HSV-1 seropositive guinea pigs (Hoshino et
al. 2009), results that were not replicated in the clinical trials. Thus, modifications of the
guinea pig model, perhaps including clinical isolates, should be explored.

Recent studies with a medroxyprogesterone (MPA)-treated cotton rat more closely
recapitulated the outcomes of the Simplirix™ gD2 subunit vaccine. Cotton rats were primed
and boosted intramuscularly with increasing doses of gD-2/AS04, a hepatitis B vaccine
control (Fendrix), or PBS and subsequently challenged intravaginally with HSV-2(G) (5 x
104 pfu) or HSV-1(17) (2 x 106 pfu) (note that higher doses of HSV-1 were needed due to
differences in virulence) (Boukhvalova et al. 2015). The gD/AS04 vaccine provided little or
no protection at the lower doses (0.06 and 0.3 pug/ml) and partial protection from disease (2/5
cotton rats had no lesions; p=0.008 compared to PBS, log rank test) when administered at
the highest dose of 2 ug per animal, which is ~75-fold higher than the human dose of 20 mg
of gD. Moreover, there were no differences in amount of HSV-2 shed in vaginal washes in
immunized cotton rats. However, the 2 ug gD-2/AS04 dose completely protected cotton rats
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from HSV-1 disease and reduced viral shedding by ~1.4 log10 in animals vaccinated with 2
ug gD-2/AS04. Consistent with clinical trial results, the gD-2/AS04 vaccine elicited gD-
specific neutralizing antibodies in the serum and passive transfer of serum from the
immunized cotton rats to naiive cotton rats, protecting the latter from HSV-1 but not HSV-2
disease (Boukhvalova et al. 2015). These results suggest that the cotton rat could be a more
predictive model, but further studies are needed. Notably, and distinct from guinea pigs,
reagents for studying immune responses in cotton rats are readily available and continue to
expand (Niewiesk 2009).

The second major lesson suggested by the HSV vaccine experience is the recognition that
non-neutralizing antibody responses may play an important role in immune protection. This
was first suggested by the failure of the Chiron gD/gB subunit vaccine and is supported by
limited clinical data showing that higher maternally-derived ADCC antibodies at the time of
neonatal infection are associated with better clinical outcomes (Kohl 1991; Kohl et al. 1989).
Preclinical studies comparing an adjuvanted gD-2 subunit vaccine, which elicits an almost
exclusively neutralizing antibody response, to the AgD-2 single-cycle candidate vaccine,
which elicits a predominantly ADCC response, further highlight the role of ADCC
responses. The latter vaccine provided 100% protection against clinical isolates of either
serotype in male and female mice and prevented the establishment of latency, whereas the
former provided only partial protection against disease and no protection against latency
(Burn et al. 2017). Moreover, the immune serum from AgD-2-immunized, but not gD
subunit-immunized mice, provided complete protection when passively transferred to naiive
mice. In addition, AgD-2 but not the adjuvanted gD subunit vaccine, protected HSV-1
seropositive mice from subsequent challenge with HSV-2 and this protection correlated with
ADCC and not neutralizing antibody responses (Burn Aschner, Knipe, et al. 2020).

Precisely what antigenic and host factors determine whether a neutralizing and/or non-
neutralizing FcyR-activating antibody response will be elicited to vaccination or infection is
complex and requires further study. However, the history of failed HSV vaccine trials, which
focused predominantly on generating neutralizing gD-specific antibody responses, and the
ability of HSV to escape neutralizing antibodies by spreading directly from cell-to-cell,
suggest that optimal protection will require polyfunctional non-neutralizing immune
responses. The importance of these more complex immune responses is supported by
ongoing vaccine efforts with other viruses, including CMV, HIV, and influenza, and by the
success with VZV vaccines, which are not restricted to the generation of neutralizing
antibody responses. The expanding ability to genetically engineer viruses and construct
DNA, RNA, and protein vaccines with new adjuvants, in combination with new tools to
evaluate immune responses, portends future success in developing vaccine(s) for HSV
prevention and treatment.
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Table 1.

Summary of clinical trial results with HSV vaccine candidates
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adjuvant

Cytolytic T cells

Name Platform Antigens Immune Clinical Results
Response
gB/gD/MF59 (Chiron) Subunit MF59 gD and gB Neutralizing Abs Phase 3 Prophylaxis 9% (95% CI:
adjuvant —-29%, 36%)
gD/AS04 (GSK) Subunit AS04 [s]8} Neutralizing Abs Phase 3 Prophylaxis 20% (95% ClI:
adjuvant CD4+ T cells -29%, 50%)
gH-null (Cantab Single-cycle live Multiple Neutralizing Abs Phase 3 therapeutic No difference
Pharmaceuticals) in recurrences or shedding
HSV529 (Sanofi- Replication-defective Multiple Neutralizing Abs CD4, | Phase 1 Safe but immunogenic in
Pasteur) CD8 T cells doubly-seronegatives only
Gen-003 (Genocea) Subunit Saponin gD, ICP4 Neutralizing Abs Phase 2 therapeutic Dose variable

decrease shedding

HerpV (Agenus)

Heat shock protein 70-
HSV peptides QS-21
adjuvant

32 HSV peptides (gD,
additional envelope,
tegument, and other)

Cytotoxic T cells

Phase 2 therapeutic 17% reduction
in shedding frequency

Vaxfectin (Vical)

DNA Vaxfectin
adjuvant

gD, UL46/47

Neutralizing Abs

Phase 1/2 therapeutic Failed to
reduce shedding

COR-1 (Admedus)

Codon optimized
DNA

Codon optimized gD2
and ubiquitin-fused
truncated gD2 to
target the antigen to
the proteasome

gD-specific Abs
Cytotoxic T cells

Phase 2 therapeutic No difference
in recurrences

ANLS (Rational
Vaccines)

Deleted in ICPO
Replication competent
Attenuated for latency

Multiple targets

Neutralizing Abs gD-
specific Abs

Phase 1 non-FDA approved
therapeutic study Self-reported
reduction in recurrences
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Table 2.

HSV-2 vaccine candidates in preclinical development
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Defective in establishing
latency; replication
competent

Candidate Platform Antigenic Immune Resultsin animal models
Targets Response
THV Trivalent subunit gD, gC, gE Neutralizing Abs Prophylactic in mice and guinea pigs Decreased
shedding in guinea pigs
AgD-2 gD null Single cycle Multiple targets | FcyR-activating Abs CD4, | 100% protection against HSV-1 and HSV-2
excluding gD CD8 responses Passive clinical isolates in male and female mice with
protection multiple challenge routes; Prevents
establishment of latency Passive protection
gb27 gD-nectin binding Multiple Neutralizing Abs Improved protection compared to gD-2 subunit
impaired; Live attenuated
VC2 Deleted in gK and UL20 Multiple Neutralizing Abs T cell 100% protection in mice intravaginally

memory (9B, gD) Tgy and
Th17 responses

challenged with HSV-1(McKrae) or HSV-2(G)
Prevents latency
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