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Abstract

Genital herpes increases the risk of acquiring and transmitting HIV, is a source of anxiety for many
about transmitting infection to intimate partners, and is life-threatening to newborns. A vaccine
that prevents genital herpes infection is a high public health priority. An ideal vaccine will prevent
both genital lesions and asymptomatic subclinical infection to reduce the risk of inadvertent
transmission to partners, will be effective against genital herpes caused by herpes simplex virus
types 1 and 2 (HSV-1, HSV-2), and will protect against neonatal herpes. Three phase 3 human
trials were performed over the past 20 years that used HSV-2 glycoproteins essential for virus
entry as immunogens. None achieved its primary endpoint, although each was partially successful
in either delaying onset of infection or protecting a subset of female subjects that were HSV-1 and
HSV-2 uninfected against HSV-1 genital infection. The success of future vaccine candidates may
depend on improving the predictive value of animal models by requiring vaccines to achieve near-
perfect protection in these models and by using the models to better define immune correlates of
protection. Many vaccine candidates are under development, including DNA, modified mRNA,
protein subunit, killed virus and attenuated live virus vaccines. Lessons learned from prior vaccine
studies and select candidate vaccines are discussed, including a trivalent nucleoside-modified
mMRNA vaccine that our laboratory is pursuing. We are optimistic that an effective vaccine for
prevention of genital herpes will emerge in this decade.
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A. Need for a genital herpes vaccine.

A genital herpes vaccine is a high public health priority for the following reasons: First,
genital herpes is a major risk factor for acquiring and transmitting HIV [1-4]. Estimates are
that a successful vaccine will reduce the incidence of HIV by 30-40% over 20 years, and
even a modestly effective vaccine will have a substantial impact on HSV-2 transmission [5—
7]. Second, neonatal herpes affects 14,000 infants annually worldwide with high mortality,
particularly in resource limited countries [8]. Third, genital infection caused by HSV-2
affects 500 million people worldwide, while 140 million have genital herpes caused by
HSV-1 [9, 10]. Painful genital lesions develop in some individuals, recurrent episodes of
meningitis develop in others, and emotional distress occurs in many because of concerns
about transmitting infection to intimate partners [11-13].

A.1) Goals of a genital herpes vaccine:

A successful prophylactic genital herpes vaccine ideally will prevent both clinical disease
and subclinical infection (we define the combination as sterilizing immunity). Preventing
subclinical infection will reduce the risk of inadvertent transmission to non-vaccinated
intimate partners [14, 15]. The target population will likely be adolescent males and females
prior to sexual debut, similar to the current HPV vaccine, or perhaps young adults at the time
of sexual debut. Immunity should be durable, preferably lasting multiple years between
booster doses. A successful genital herpes vaccine should also protect against HSV-1 genital
infection because approximately 50% of first-time genital herpes infections in resource-rich
countries are caused by HSV-1 [10, 16, 17]. Results from the Herpevac Trial for Women
suggested that cross-protection against genital HSV-1 can be obtained with an HSV-2
vaccine (see section B.3 below) [18]. The frequency of first-episode genital herpes caused
by HSV-2 has declined over the past two decades, while rates for HSV-1 genital herpes have
remained stable [19]. HSV-1 genital infections recur less frequently than HSV-2; therefore,
HSV-2 contributes more than HSV-1 to the overall burden of infection [20]. Genital herpes
caused by more than one HSV-2 strain is uncommon (3-7%), suggesting that the vaccine is
likely to be highly effective if vaccine-induced immunity is at least as potent as immunity
after natural infection [21].

Neonatal herpes is a feared sequela of genital herpes. Although uncommon, neonatal herpes
causes significant morbidity and mortality, with half of infected newborns experiencing
disseminated or central nervous system disease, while the remainder have disease limited to
the skin, eyes, and mucous membranes [8, 22—24]. Neonatal herpes infection primarily
occurs by transmission during vaginal delivery through contact with infected genital
secretions, while intrauterine and postnatal transmission are less frequent [25]. Genital
infection with HSV-1 or HSV-2 is often asymptomatic, and although clinically silent, such
infections can result in HSV transmission. The highest risk for the newborn is when the
mother acquires a first-episode genital infection late in pregnancy. The absence of pre-
existing maternal antibodies increases the risk of transmission of HSV-1 or HSV-2 to the
newborn, although transmission during recurrent infection is also possible [26-28]. To
determine women at risk for primary genital herpes requires identifying women of
reproductive age without prior HSV infection; however, the US Preventive Services Task
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Force guidelines do not recommend routine serologic screening of asymptomatic
adolescents and adults for genital HSV infection [29]. Reasons cited include high false-
positive and false-negative rates, and inability of serologic testing to discriminate between
HSV-1 oral and genital infection. This recommendation includes individuals who are
pregnant, and is consistent with those of other relevant groups, including the American
Academy of Family Physicians, the American College of Obstetricians and Gynecologists,
and the Centers for Disease Control. Therefore, no diagnostic techniques are currently
available to identify pregnant women at risk of acquiring primary HSV infection, leaving
vaccination as the best intervention to prevent neonatal herpes infections.

B. Phase 3 human trials of prophylactic genital herpes vaccines.

Three publications have reported results of large human trials for prevention of genital
herpes [18, 30, 31]. Subjects in each trial were immunized with glycoproteins required for
virus entry into cells with the intent of producing neutralizing antibodies that block
infection. The trials were partially successful as discussed below, but failed to meet their
primary endpoints (Table 1).

B.1) gB2/gD2 MF59:

A study sponsored by Chiron Corp. reported two randomized, placebo-controlled trials that
used recombinant subunit HSV-2 glycoproteins B and D (gB2, gD2) administered with
MF59 as adjuvant [30]. Vaccine recipients were either HSV-1 seropositive or seronegative
and HSV-2 seronegative. One study included partners of HSV-2-infected individuals
(discordant couples), while the other involved HSV-2 seronegative individuals attending
STD clinics. The primary endpoint was time to acquisition of genital herpes infection as
determined by HSV-2 virus culture or seroconversion. Time to acquisition of infection was
reduced by 50% in vaccine recipients compared with placebo over the first five months, but
by one year, no overall benefit was detected. The vaccine produced neutralizing antibody
titers comparable to those in naturally infected subjects. The durability of neutralizing
antibodies was not reported; however, durability was likely problematic based on a rapid
decline in neutralizing antibody titers six months after the final (third) immunization in a
phasel/2 human trial with the same vaccine candidate [32].

Immunized subjects had lower than expected antibody-dependent cellular cytotoxicity
(ADCC) titers, suggesting the possible importance of potent ADCC titers in vaccine
protection [33]. The low ADCC titers may be explained, in part, by immune evasion
properties of the virus. HSV-1 and HSV-2 glycoprotein E (gE) function as 1gG Fc receptors
[34]. Our lab determined that the HSV-1 Fc receptor inhibits antibody functions mediated by
the IgG Fc domain, including ADCC. Therefore, immune evasion mediated by gE may
account for the low ADCC titers in this trial (Figure 1) [35, 36]. Our vaccine approach to
prevent immune evasion by gE is discussed in section F.2.

The primary study endpoint included seroconversion to HSV-2 antigens not included in the
vaccine to establish a diagnosis of genital herpes infection. Serology was used to ascertain
the diagnosis in 60/126 (48%) individuals that had no genital lesions, while 66/126 (52%)
subjects had genital lesions. The authors did not comment on the performance characteristics
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of serology testing in subjects with positive HSV-2 cultures, which may have helped define
the accuracy of the assay in individuals with proven genital infection. In subjects without
genital lesions (asymptomatic individuals), the diagnosis of genital infection was entirely
dependent on serology. In asymptomatic subjects in the general population, ELISA-based
serology identifies as many false positive as true positive HSV-2 genital infections [29]. The
serology test used in the human trial was Western blot, which is considered more accurate
than ELISA; however, the accuracy of Western blot has not been established in vaccine
recipients. A possible explanation for false positive results in vaccinated individuals is that
some individuals may be exposed to HSV-2, have sufficient virus replication in genital
tissues to develop HSV antibodies but not enough virus replication to develop genital lesions
or establish latency. These subjects may seroconvert despite an aborted infection. Exposed
but uninfected individuals develop HSV-specific T cells in the absence of HSV antibodies
[37]. Perhaps similar events for antibody responses occur in exposed but uninfected
individuals, particularly in vaccinated subjects. Evaluating the accuracy of serology in
vaccine recipients can be addressed in animal models to determine whether some vaccine
recipients that develop HSV antibodies are exposed but remain uninfected as defined by no
genital lesions or latency (see section D).

B.2) gD2 MPL/alum:

A study sponsored by GlaxoSmithKline (GSK) reported results of a gD2 vaccine
administered with MPL and alum as adjuvants [31]. Two separate studies were performed in
HSV-2-uninfected partners of discordant couples. The first study evaluated HSV-1 and
HSV-2 double seronegative subjects, while the second study enrolled subjects with any HSV
serologic status. The primary endpoint of the first study was genital herpes lesions in men
and women, while in the second study the primary endpoint was genital herpes lesions in
HSV-2 seronegative women that were HSV-1 seropositive or seronegative. Vaccine efficacy
in the first study was 38% (double seronegative men and women) (P=0.14), and in the
second study 42% (HSV-2 seronegative women that were either HSV-1 seropositive or
seronegative) (P=0.19). A subgroup analysis was performed to assess efficacy in double
seronegative women. In study 1, efficacy was 73% (P=0.01), and study 2, 74% (P=0.02).
The vaccine was not efficacious in HSV-1 seropositive women or in men of any serostatus.
Neutralizing antibody titers and ELISA titers produced by the vaccine were similar in male
and female subjects, although the actual titers were not reported.

The primary endpoint of the study required: i) genital signs or symptoms, ii) a positive
culture for HSV or positive PCR for HSV DNA, and iii) seroconversion. Our concerns about
the accuracy of seroconversion in vaccine recipients are discussed above. The observation
that the vaccine was not efficacious in HSV-1 seropositive/HSV-2 seronegative women
suggests that prior HSV-1 infection may interfere with vaccine protection. The incidence of
HSV-2 infection was reduced in HSV-1 seropositive/HSV-2 seronegative women compared
with double seronegative women, indicating that prior HSV-1 infection is somewhat
protective against HSV-2 infection. The trial was not powered to detect the low numbers of
genital infections in HSV-1 seropositive women; therefore, the low infection rate in HSV-1
seropositive women may account for the lack of vaccine efficacy in this group, although it is
also possible that prior HSV-1 infection blunted the immune response to the HSV-2 vaccine.
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The vaccine failed to protect men, a result that mirrored findings in the gB2/gD2 MF59
vaccine study, raising concerns about possible sex differences in vaccine efficacy [30].

B.3) gD2 MPL/alum follow up study:

The gD2 MPL/alum result of the first GSK study suggested that the vaccine may be
protective in double seronegative women. Efficacy in this group was not the primary
endpoint; therefore, the FDA requested a follow up study that was called the Herpevac Trial
for Women [18]. The trial was performed using gD2/MPL/alum in double seronegative
women. The primary endpoint was genital herpes lesions caused by HSV-1 or HSV-2
beginning one month after the second immunization and extending to month 20. The
definition of genital lesions was signs or symptoms compatible with genital lesions
confirmed by viral culture and/or seroconversion within six months of lesions. Vaccine
efficacy was 20% overall; however, vaccine efficacy was significant against HSV-1 genital
disease after two immunizations (58%) or three (77%). The vaccine was not efficacious
against HSV-2 genital disease. ELISA titers waned markedly over 20 months, while even at
peak times (one month after the third dose) neutralizing antibody titers were low (1:29) and
fell to undetectable levels by 16 months, raising concerns about vaccine potency and
durability.

In a subset analysis, vaccine efficacy against HSV-1 was 69% after two doses and 82% after
three doses if the case definition required only a positive culture (clinical and serologic
criteria were excluded). This case definition eliminates our concern about inaccuracies of
serologic diagnosis and represents improved vaccine efficacy of 11% after two doses and 5%
after three doses. A substudy using sera from 30 vaccinated subjects showed 3.5-fold higher
neutralizing antibody titers to HSV-1 than HSV-2, providing a possible explanation for
protection against HSV-1 [38]. ELISA gD2 antibody titers correlated with protection against
HSV-1, while T cell responses did not, suggesting antibodies are important for vaccine
efficacy [39].

C. Phase 1 human trial with HSV529.

HSV529 is a live attenuated replication-defective HSV-2 vaccine sponsored by Sanofi
Pasteur in which the UL5 and the UL29 genes are deleted [40]. The attenuated virus is
capable of infecting cells and generating broad immune responses [41]. A phase 1 trial
included healthy volunteers that were: i) double seronegative to assess immunogenicity in
subjects naive to HSV-1 and HSV-2; ii) HSV-1 seropositive or seronegative and HSV-2
seropositive to evaluate immunogenicity as a possible therapeutic vaccine in individuals
previously infected with HSV-2; and iii) HSV-1 seropositive and HSV-2 seronegative to
determine whether prior HSV-1 infection blunted vaccine responses to HSV-2. The vaccine
or placebo was administered three times at 0, 1 and 6 months. The primary endpoint was
safety.

The vaccine was well tolerated. In the double seronegative group, 11/14 (78%) developed
>4-fold rise in neutralizing antibody titers, with a peak mean titer of 1:16 [40]. The peak
neutralizing titers in the double seronegative group were considerably lower than
neutralizing antibody titers in HSV-1 or HSV-2 seropositive subjects prior to immunization.
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Although low, neutralizing titers were durable for six months after the third dose. Of
concern, no vaccine recipient had =4-fold boost in neutralizing antibody titer in the HSV-1
or HSV-2 seropositive groups. CD4* and CD8* T cell responses were modest in double
seronegative subjects with 5/14 (36%) demonstrating CD4* and 2/14 (14%) CD8"*
responses. In the HSV-1 or HSV-2 seropositive groups, CD4* T cells boosted in 27%-46%
and CD8* T cell in 8%-18%. Further human phase 1/2a human trials are planned for the
HSV529 vaccine candidate. HSV529 will be administered with HSV-2 subunit antigens
gD2, and capsid antigens UL19 and UL25 adjuvanted with glucopyranosyl lipid A in a
stable emulsion (GLA-SE) [42]. This combination will be evaluated as a therapeutic vaccine
(https://clinicaltrials.gov/ct2/show/NCT04222985).

D. Animal Models for Genital HSV Vaccines

Animal models are used to evaluate most viral vaccine candidates that are capable of
replicating in animals. Table 2 lists models commonly used to assess immunogenicity or
efficacy of vaccines for prevention of genital herpes. Encouraging results with vaccine
candidates in preclinical testing have not translated into success in human trials, raising
concerns about the utility of the animal models [18, 30, 31]. We discuss advantages and
disadvantages of these models, and approaches to improve their predictive value.

D.1) Murine model:

Female inbred mice are often used to study the efficacy of genital herpes vaccines [42—49].
These mice are readily available, easy to house in vivaria, and transgenic or knockout strains
exist to evaluate mechanisms of protection [50-53]. Mice are generally pretreated with
medroxyprogesterone or levonorgestrel to suppress estrus and achieve consistent results
when infected intravaginally with HSV [54, 55]. Medroxyprogesterone and levonorgestrel
reduce genital expression of the desmosomal cadherin desmoglein-1a, which increases
mucosal epithelial permeability and susceptibility to HSV infection. Although HSV genital
infection in humans is often asymptomatic or mild, infection is very different in mice.
HSV-2 intravaginal infection in mice results in extensive genital disease, hindlimb paralysis,
and high mortality rates [56, 57]. To improve the predictive value of the model, the endpoint
for vaccine efficacy needs to be more stringent than merely preventing these severe
complications.

We recently demonstrated that a genital herpes vaccine is capable of providing sterilizing
immunity in mice, which we defined as no clinical disease, measured by genital lesions,
weight loss, and hindlimb weakness, and no subclinical infection, determined by vaginal
titers on days 2 and 4 post-infection and HSV-2 DNA in dorsal root ganglia (DRG) at early
(day 4) and late (>28 days) times post-infection [58]. An important limitation of the mouse
model is that infections do not spontaneously recur and yet recurrences are a hallmark of
genital herpes infections in humans [59-61]. This limitation is addressed by the guinea pig
genital infection model.
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D.2) Guinea pig model:

The female guinea pig genital infection model more closely approximates human disease
than the murine model in that both acute and recurrent genital lesions develop and animals
have recurrent subclinical episodes of vaginal shedding of HSV-2 DNA [47, 58, 62, 63]. The
guinea pig model uses outbred animals and does not require pretreatment with
medroxyprogesterone or levonorgestrel prior to infection. The lack of synchronization of the
estrus cycle mimics conditions in humans. A deficiency of the guinea pig model is the lack
of reagents to evaluate T cell immune responses, although this shortfall is improving [64,
65].

D.3) Non-human primate model:

Rhesus macaques have anatomical and immunological profiles closer to humans and are
commonly used in biomedical research. Some rhesus macaques develop vaginitis detected
by histopathology and immunohistochemisty, acute and recurrent vaginal shedding of HSV
DNA, and HSV DNA in DRG [66, 67]. However, rhesus macaques do not develop genital
lesions after intravaginal HSV infection. The lack of genital lesions suggests that this model
is better suited for immunogenicity than efficacy studies. A coinfection model in rhesus
macaques uses HSV genital infection and a chimeric simian immunodeficiency virus
expressing the HIV envelope or reverse transcriptase gene. This model may prove useful to
assess mechanisms by which HSV and HIV interact [68, 69]. Some Old World non-human
primates have species-specific innate mechanisms that promote HSV disease resistance that
may help identify targets for novel therapies [70].

D.4) Improving the predictive value of animal models:

Several suggestions follow on approaches to improve the predictive value of murine and
guinea pig models. First, use the same criteria to evaluate vaccine efficacy in animal models
and humans. For example, severity of genital disease and/or days with genital disease are
often used to assess vaccine efficacy in guinea pigs, while incidence of genital disease is
evaluated in human trials [18, 63]. Second, seroconversion is used in human trials to confirm
subclinical infection that occurs in the absence of genital lesions, although the accuracy of
this test remains uncertain [29]. Animal models can determine the accuracy of
seroconversion by evaluating vaginal shedding of HSV DNA or HSV DNA in DRG in
animals without clinical lesions. Some studies have addressed these issues, but more are
needed [43, 71]. High false positive or false negative seroconversion rates would suggest that
alternate approaches are needed to confirm subclinical infection in human trials, possibly by
performing self-applied genital swabs for 1-2 months to detect HSV DNA [18]. Third,
durability of protection is seldom evaluated in animal models, yet this feature is crucial for
vaccine success in humans. Fourth, animal models can address sex differences in vaccine
protection. The best models for male genital herpes involve intrarectal infection or virus
delivery by skin scarification on the medial thigh of guinea pigs [72, 73]. Fifth, animal
models are useful to define immune correlates of protection, as discussed below.
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E. Determining immune correlates of protection.

E.1) Immune correlates of protection:

Correlates of protection are particularly relevant when advancing from preclinical models to
early phase human trials and can help determine the optimal vaccine antigen and adjuvant
concentrations. Correlates of protection identified for current vaccines include antibody
(ELISA, neutralizing, IgA, and ADCC) and cellular immunity (effector memory, central
memory, and cytokine production) [74, 75]. More than one immune function may correlate
with protection [75]. Immune correlates of protection depend on the antigens and adjuvants
selected as immunogens. For example, a genital herpes vaccine consisting of a single subunit
protein, such as glycoprotein D, will have different correlates of protection than a live virus
vaccine that is deleted in that protein [76].

E.2) Correlates of protection for a prophylactic HSV vaccine:

HSV-1, HSV-2 and other herpesviruses have the distinct properties of causing acute
(primary) infection, establishing latency and subsequently reactivating to produce recurrent
disease. Herpesviruses encode many proteins that inhibit innate and acquired immunity,
which likely explains why it is difficult to prevent primary infection and recurrences. Our
laboratory has focused on blocking two immune evasion molecules on the virus envelope
that are accessible to vaccine-induced antibodies. Our goal is to prevent the virus from
establishing a primary infection or latency. Antibodies are likely important for the success of
our approach and more broadly, for the success of other prophylactic genital herpes vaccines
the following additional reasons: First, antibodies correlate with protection by many
successful prophylactic vaccines, including influenza, polio, rabies, rotavirus, mumps,
rubella, and yellow fever [74]. Second, maternal antibodies protect newborns from severe
neonatal herpes [77-79]. Third, passive transfer of antibody protects in animal models [80,
81]. Fourth, antibody titers to gD2 correlated with protection against HSV-1 genital lesions
in the Herpevac Trial for Women [18, 39]. Although antibodies are the focus of our vaccine
efforts, other vaccine preparations may protect by different mechanisms that rely more
heavily on innate or acquired cellular immune responses.

E.3) Epitope mapping to determine immune correlates of protection:

We use a high throughput biosensor-based antibody competition assay to map the epitopes
recognized following infection or immunization in animal models. The assay is based on the
premise that antibodies compete to bind a discrete epitope. If one antibody is already bound,
a second antibody that recognizes the same or a closely overlapping epitope is blocked from
binding. For example, a monoclonal antibody referred to as MC23 recognizes a crucial
epitope on gD2 involved in interacting with the host-cell receptor nectin-1 [82]. When
bound, MC23 prevents gD2 from interacting with nectin-1 and subsequent viral entry [82].
We can evaluate whether gD2-immunized animals generate antibody responses to this
crucial epitope through competition with the MC23 monoclonal antibody (Figure 2).
Incubating gD2 with IgG from an immunized animal should prevent gD2 from binding to
MC23 on the chip if the animal has 1gG that recognizes this crucial gD2 epitope. If the
animal does not produce antibodies to a crucial epitope, gD2 will bind to the monoclonal
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antibody on the chip that recognizes this epitope (shown as gD2 binding to DL6 in Figure
2).

Combining this antibody competition assay with a biosensor capable of measuring multiple
competitions simultaneously enables rapid mapping of epitopes recognized by a large
number of serum samples from animals or humans. Current biosensor systems allow up to
384 monoclonal antibodies to be printed simultaneously as separate spots on a chip that then
compete to bind gD2, or other antigens, premixed with serum from animals or humans. The
chip is regenerated repeatedly to enable a succession of antigen and sera mixtures to be
evaluated. The breadth of epitopes evaluated is dependent upon the diversity of the
monoclonal antibodies printed on the chip. Therefore, we typically print large panels of
monoclonal antibodies to fully cover all crucial epitopes.

E.4) Vaccine-induced antibodies to gD2 correlate with protection from genital disease in

guinea pigs:

We used the biosensor-based antibody competition assay to map the epitopes recognized by
guinea pigs immunized with gD2 subunit protein vaccine adjuvanted with CpG and alum
[66, 80]. Guinea pigs were immunized intramuscularly three times at two-week intervals or
mock-immunized with adjuvants alone and challenged intravaginally with HSV-2 [66]. The
efficacy of the gD2 subunit protein vaccine compared with the mock vaccine was 80% based
on days with genital lesions, but only 33% efficacious in completely preventing genital
lesions [66]. That some animals developed genital lesions while others did not enabled us to
evaluate correlates of protection against genital lesions in gD2-immunized animals [80].

We evaluated antibody responses using sera taken two weeks after the third (final)
immunization [66, 80]. Both gD2 ELISA and neutralizing antibody titers strongly correlated
with protection from genital lesions and with each other suggesting that antibodies protect
and that neutralizing antibodies are important mechanistically. Functional domains on gD2
responsible for virus entry and cell-to-cell spread have been mapped to seven crucial linear
and conformational epitopes [83]. Using the biosensor-based antibody competition assay, we
assessed whether 1gG purified from gD2-immunized guinea pig sera recognizes these crucial
epitopes (Figure 2). The presence of 1gG to one or more of these epitopes correlated
significantly with neutralizing antibody titers and protection from genital disease [80].
Animals that produced antibodies to multiple crucial gD2 epitopes demonstrated stronger
protection against genital lesions than animals that produced antibodies to only a few
epitopes. These data suggest that neutralizing antibodies and antibodies to multiple gD2
epitopes involved in virus entry and cell-to-cell spread represent important immune
correlates of protection.

E.5) Vaccine-induced antibodies in gD2 double seronegative vaccinated women:

We compared epitope-specific antibody responses observed in the gD2-immunized guinea
pigs with those in a subset of 29 women enrolled in the Herpevac Trial for Women [80, 84].
The Herpevac trial did not protect women against genital infection caused by HSV-2;
therefore, correlates of protection could not be determined [18]. However, we were able to
measure epitope-specific gD2 antibody responses. The 29 women evaluated produced
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antibodies to significantly fewer crucial gD2 epitopes than the guinea pigs, and antibody
responses to some linear epitopes involved in virus entry and cell-to-cell spread were
completely missing [80]. Our study in guinea pigs suggests that the number of crucial gD2
epitopes recognized by antibodies positively correlates with protection against genital
lesions [80]. We propose that future human trials containing gD2 as an immunogen will
benefit by assessing antibody responses to crucial gD2 epitopes and correcting any
deficiencies prior to embarking on large trials. Measuring antibody responses to epitopes
involved in crucial functions mediated by gD2 and other vaccine antigens is a novel
approach to evaluate vaccine immunogenicity and identify important gaps.

F. Vaccine candidates possibly headed for human trials.

Table 3 lists vaccine candidates that demonstrated promising results in preclinical testing.
Two candidates are discussed in more detail below. One candidate is HSV-2 AgD/*9P-1, a
replication-defective strain deleted in glycoprotein D. Several replication-defective vaccine
candidates have gained attention (Table 3), in part because they induce broad antibody and T
cell responses. The trivalent gC2, gD2, gE2 candidate vaccine highlighted below takes a
different approach, which is to stimulate very high-titered immune responses to select
antigens rather than induce perhaps lower-titered immune responses to many antigens.

F.1) HSV-2 AgD~/+9D-1:

HSV-2 AgD~/*9P-1 js a mutant virus deleted in glycoprotein D (AgD-2) that requires a gD1-
complementing cell line for preparing virus stocks /n vitro. The AgD-2 virus is capable of
only a single cycle of replication /n vivo. The rationale for developing this vaccine candidate
includes: First, gD2 was a component of the prior vaccine trials that failed to meet their
primary endpoints; therefore, trying a different approach is appealing [18, 30, 31, 57].
Second, the vaccine candidate produces potent ADCC antibody titers [57]. ADCC titers
were low in the gB2/gD2 MF59 vaccine trial, while neutralizing antibody titers were
considered satisfactory (although not durable), which stimulated the researchers to pursue a
vaccine that does not rely on neutralizing antibody titers [30, 33, 85]. Third, the investigators
postulated that deletion of gD2 from the virion may unmask protective antigens on other
viral proteins [57].

The live attenuated vaccine protected against genital disease after intravaginal inoculation,
and reduced skin lesions and inflammation after flank scarification in mice [57, 85]. The
vaccine also protected male mice from lethal flank inoculation that served as a surrogate
route of infection for genital herpes in males [76]. The vaccine strain when inoculated
subcutaneously or intravaginally was avirulent in severe combined immunodeficiency mice
[57]. The vaccine protected against multiple clinical isolates, including some from Africa,
and laboratory strains of HSV-1 and HSV-2 [85]. Female mice vaccinated with AgD-2 and
then mated passed antibodies transplacentally and through breast milk to neonates that
protected the pups from lethal infection when challenged intranasally 7 or 14 days postnatal,
but not on day 1 [86]. Maternal sera contained minimal neutralizing antibody activity.
Protection appeared to be mediated by ADCC based on reduced potency of NK effector cells
in 1-3 day-old pups compared with 7 day-old pups [86]. Protection in guinea pigs by the
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AgD-2 vaccine remains to be determined, and as discussed in section D.2, this model
represents a stringent test of vaccine efficacy.

F.2) HSV-2 trivalent gC2, gD2, gE2 vaccine.

F.2.a) Rationale for the trivalent vaccine: Three phase 3 trials for prevention of
genital herpes targeted entry glycoproteins, either gD2 alone or gD2 and gB2, but did not
meet their primary endpoints (see section B) [18, 30, 31]. HSV gD along with gB and
glycoproteins H and L (gH/gL) are essential for HSV entry [87]. Antibodies to gD neutralize
virus by blocking its interaction with entry receptors, HVEM (herpesvirus entry mediator)
and nectin-1 and by interfering with its interaction with gH/gL [82]. We postulate that the
vaccine candidates aimed at entry molecules were not successful, in part, because HSV
evades host immunity through the actions of HSV-2 glycoprotein C (gC2) and glycoprotein
E (gE2) [88]. HSV gC binds complement component C3b to inhibit complement activation,
while gE binds the Fc domain of IgG, including the Fc domain of IgG antibodies that are
targeting viral antigens, to inhibit Fc-mediated ADCC and complement activation (Figure 1,
left side) [36, 47, 56]. By including gC2 and gE2 as antigens, our strategy is to produce
antibodies to gC2 that block gC-mediated evasion of complement and to gE2 that block gE-
mediated evasion of 19gG Fc (Figure 1, right side). Additional benefits of including gC2 and
gE2 in a vaccine are that antibodies to gC2 are neutralizing while antibodies to gE2 block
HSV cell-to-cell spread [47, 89].

F.2.b) Trivalent protein subunit vaccine: Subunit antigens are often weakly
immunogenic and require adjuvants to stimulate potent and durable immune responses.
Adjuvants reduce the concentration of antigen and the number of immunizations needed for
effective immune responses [58, 90, 91]. Most adjuvants enhance immune responses by
stimulating innate immunity, rather than acting directly on B or T cells [92].

Our initial studies with the trivalent genital herpes vaccine included species-specific CpG
and alum as adjuvants administered with purified baculovirus proteins truncated prior to
their transmembrane domains (gC2 aa 27-426, gD2 aa 26-331 and gE2 aa 24-405) [56, 66].
The vaccine was inoculated intramuscularly into mice, guinea pigs and rhesus macaques.
The vaccine induced high gC2, gD2, ge2 ELISA titers, HSV-1 and HSV-2 neutralizing
antibodies, and antibodies that blocked C3b binding to gC2 and 1gG Fc binding to gE2 [56,
66]. In addition, antibodies were produced to crucial epitopes on gD2 (see section E.4) [80].
Vaccine efficacy was evaluated in mice by assessing acute genital disease and infection of
DRG, and in guinea pigs by evaluating acute and recurrent genital lesions and asymptomatic
vaginal shedding of HSV-2 DNA during the recurrent phase of infection [56, 66]. The
trivalent protein vaccine prevented acute genital disease in 5/5 (100%) and 20/20 (100%)
mice in two studies, while the vaccine prevented infection of DRG in 32/33 (97%) mice
between days 2 and 7 or 15/20 (75%) mice between days 4 and 28 in two studies [56, 58].
The same vaccine formulation prevented acute and recurrent genital herpes lesions in 26/36
(72%) or 10/10 (100%) guinea pigs in two studies. Asymptomatic vaginal shedding of
HSV-2 DNA developed in 19/36 (53%) or 5/10 (50%) guinea pigs in two studies [58, 66].
Although the results were encouraging, there is still room for improvement if we require
near perfection from the animal models.
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F.2.c) Trivalent nucleoside-modified mRNA vaccine: Nucleoside-modified mRNA
encapsulated in lipid nanoparticles (LNP) has the potential to revolutionize the viral vaccine
field [93-99]. Potent Zika T cell and antibody responses were observed in rhesus macaques
and neutralizing antibody titers were durable over one year [93]. Influenza hemagglutinin
inhibition titers in mice were 25-times greater than after immunization with whole-killed
virus and 4-times greater than after influenza virus infection [99]. Modified mMRNA vaccines
against multiple pathogens demonstrated potent and durable antibody responses in animals
and humans without serious adverse events [93, 100-104]. The mechanism for these high
and durable titers involves long-term expression of the immunogen resulting in prolonged
loading of germinal centers and induction of abundant antigen-specific T follicular helper
cells (Tfh) that stimulate germinal center formation, somatic mutation, high-affinity
antibodies, and long-term memory B cells [93, 98, 103, 105-107].

Nucleoside-modified mMRNA technology for vaccine delivery has advantages over DNA,
protein subunit, inactivated or live-attenuated virus vaccines. First, safety: The mRNA is
degraded by normal cellular processes, is non-infectious, non-integrating, and poses no risk
of insertional mutagenesis. Second, efficacy: Delivery of mRNA results in transient
translation that can be controlled by modifications in the untranslated regions (UTRs), cap,
poly(A) tail, and coding sequences. These modifications can make the mRNA more stable
and highly translatable. Efficient /n vivo delivery can be achieved by formulating mRNA
into carrier LNPs that promote rapid uptake and expression in the cytoplasm. Third,
production: Manufacturing of conventional protein subunit, inactivated virus or replication-
defective virus vaccines is time consuming and involves expensive equipment. Protein
production and purification require optimization for each protein and mammalian or insect
cell culture. Production carries concerns of improper folding and altered glycosylation
patterns, particularly when produced in insect cells. In contrast, production of mMRNA
vaccines does not require cell culture for protein production and purification. Uniform
optimized transcription and purification techniques can be applied to all mMRNA sequences,
and glycosylation patterns are similar to natural infection. These advantages coupled with
the observation that the vaccines induce potent CD4* Tfh and germinal center B cells
responses led us to evaluate gC2, gD2, gE2 trivalent nucleoside-modified mMRNA-LNP as a
vaccine for preventing genital herpes.

We compared the immunogenicity and efficacy of the trivalent nucleoside-modified mMRNA.-
LNP vaccine with the trivalent protein CpG/alum vaccine in mice and guinea pigs. The
trivalent nucleoside-modified mMRNA vaccine uses identical amino acid sequences as the
trivalent protein vaccine [58, 66]. The nucleoside-modified mRNA for gC2 (corresponding
amino acids 27-426), gD2 (corresponding amino acids 26-331), and gE2 (corresponding
amino acids 24-405) were prepared by replacing each uridine nucleoside with 1-
methylpseudouridine followed by HPLC purification to remove double stranded RNA
(Figure 3).

The trivalent nucleoside-modified MRNA-LNP vaccine was superior to the trivalent protein
vaccine in stimulating ELISA 1gG antibodies, neutralizing antibodies, antibodies that bind to
crucial gD2 epitopes involved in entry and cell-to-cell spread, CD4" T cell responses, and
Tth and germinal center B cell responses [58]. Both formulations completely prevented
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genital lesions in mice and guinea pigs; however, differences in efficacy emerged when
evaluating subclinical infection. In mice immunized with the trivalent protein vaccine, 23 of
30 (73%) animals had no genital lesions or subclinical infection (HSV-2 DNA in DRG or
positive virus cultures on day 2 or 4 post-infection) compared with 63 of 64 (98%) mice
immunized with the nucleoside-modified mMRNA-LNP [58]. In guinea pigs, 5/10 animals in
the trivalent protein group had recurrent shedding of HSV-2 DNA on 19/210 (9%) days
compared with 2/10 animals in the trivalent mRNA group that shed HSV-2 DNA on 5/210
(2%) days [58].

We compared the trivalent nucleoside-modified MRNA-LNP vaccine results to published
guinea pig studies using vaccines that were later evaluated in human trials, including gD2
MPL/alum and HSV529 [58, 108, 109]. The trivalent nucleoside-modified mMRNA-LNP
vaccine produced superior immune responses and better protection than the gD2 MPL/alum
or HSV529 vaccine in guinea pigs (Tables 4, 5). Future preclinical studies will need to
address the durability of protection produced by the trivalent nucleoside-modified mMRNA-
LNP vaccine, cross-protection against vaginal HSV-1 infection, and efficacy against multiple
HSV-2 isolates. Encouraging results will suggest that the trivalent nucleoside-modified
MRNA-LNP vaccine is a promising candidate for human trials.

G. Remaining challenges.

Important obstacles to a genital herpes vaccine remain. First, major pharmaceutical
companies may hesitate to pursue a prophylactic genital herpes vaccine because the trials are
expensive, require enrolling thousands of subjects, and prior vaccine candidates that seemed
promising in animal models did not succeed in humans [18, 30, 31]. Second, the potential
lack of durable immunity remains a concern [18, 32]. Third, it is unknown whether prior
infection with HSV-1 will interfere with vaccine responses to HSV-2 antigens, and whether
males will be protected [30, 31, 40]. Fourth, a vaccine that targets genital HSV-2 needs to
protect against genital HSV-1, which may be challenging. Fifth, a vaccine that prevents
genital lesions without reducing subclinical genital shedding of virus may not modify
transmission to sex partners [14, 15]. Sixth, no clear consensus exists on whether the
primary endpoint of a vaccine trial should be HSV genital disease (lesions) or HSV genital
infection (both genital lesions and subclinical infection). Preventing lesions and subclinical
infection is preferred; however, the diagnosis of subclinical infection relies on serology, a
test that has no proven accuracy in immunized individuals (section B.1). Genital shedding of
HSV DNA may be a better approach than serology to diagnose subclinical infection in
immunized individuals.

The criteria are not defined as to when a vaccine candidate is ready to advance to human
trials. Ideally, the vaccine will induce durable immunity, be efficacious in HSV-2
seronegative recipients that are HSV-1 seropositive, protect males and females, prevent
HSV-1 and HSV-2 genital infection, and greatly reduce or eliminate subclinical genital
shedding of HSV DNA. We anticipate that a vaccine candidate for prevention of genital
herpes that meets these criteria will be available this decade.
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gC2

Figure 1. Blocking immune evasion by HSV-2 gC2 and gE2.
Left: gC2 on virus or infected cells (brown) binds to complement component C3b (blue) and

blocks downstream complement activation to protect the virus against complement-mediated
neutralization or cell lysis. Virus-specific antibody (purple), shown as anti-gD2, binds to
gD2 by the F(ab’), domain while the Fc domain of the same antibody binds to gE2, which
blocks activities mediated by the Fc domain, such as complement activation and ADCC.
Right: Adding gC2 and gE2 immunogens to the gD2 vaccine produces antibodies (red and
blue) that bind and block the ability of gC2 to bind C3b and gE2 to bind the Fc domain of
1gG (shown as purple gD2 antibody), which results in the generation of the membrane attack
complex (C5-9) and virus neutralization.
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N B
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Figure 2. Schema of the high throughput biosensor antibody competition assay.
Left bottom: Cartoon of the biosensor chip that has different monoclonal antibodies at each

position that recognize overlapping epitopes within a group (shown as the same color) or
non-overlapping epitopes (shown in different colors). Middle section: Blowup of the
biosensor chip. Right side, middle of figure: Monoclonal antibody MC23 from the red
group is plated on the chip. 1gG purified from serum of a gD2-immunized animal is
incubated with gD2 antigen and floated over the chip. gD2 does not bind to MC23 on the
chip; therefore, the animal produced antibodies to the epitope recognized by MC23. Right
side, bottom of figure: 1gG from the same immunized animal does not contain antibodies
that block gD2 binding to a blue monoclonal antibody, DL6, on the chip; therefore, the
animal did not produce antibodies to the epitope recognized by the DL6 monoclonal
antibody.
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Figure 3. Trivalent nucleoside-modified MRNA-LNP vaccine.
The trivalent gC2, gD2, gE2 nucleoside-modified mMRNA-LNP vaccine combines the

concept of blocking immune evasion with the use of nucleoside-modified mRNA for vaccine
delivery. Modifications in mMRNA include substitution of uridine residues with 1-methyI-
pseudouridine to reduce triggering innate immune sensors that degrade mRNA, and altering
the 5’ cap, 5’ and 3’ UTRs and poly(A) tail to improve mRNA stability. Modified mRNA is
purified to remove double stranded RNA using HPLC followed by encapsulation in LNPs.
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Summary of prior phase 3 human trials
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seroconversion)

Study population Antigen & Primary endpoint Outcome Concerns and observations
adjuvant

HSV-2 seronegative gB2,gD2 & Time to genital infection 5-month delay in onset Durability problematic; accuracy

discordant couples, MF59 (culture or seroconversion) of genital infection; by 1 | of serology in vaccinated subjects

HSV-2 seronegatives at year, no benefit undefined

STD clinics [30]

Discordant couples: gD2 & MPL/ Genital disease (lesions, Subset analysis: Follow up study did not

double seronegative or alum culture+ or PCR+, & Efficacious in double reproduce results [18]; concerns

any serostatus [31] seroconversion) seronegative women whether vaccine effective in men

or HSV-1 seropositive women
Double seronegative gD2 & MPL/ Genital lesions (signs & Efficacious against Neutralizing antibody titers low
women [18] alum symptoms & culture+ or HSV-1 but not HSV-2 and not durable; gD2 ELISA

titers correlated with HSV-1
protection
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Advantages and disadvantages of animal models of HSV-2 genital infection
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Genus

Pros

Cons

References

Mus (mouse)

Different strains available including knockout
and transgenic to evaluate mechanisms of
protection

Low phylogeny; requires administration of
progesterone agonist to ensure infection; no
spontaneous recurrences or shedding after
infection

[45, 51, 52, 57, 59,
60]

Cavia (guinea Prominent genital lesions after infection; no Low phylogeny; fewer assays to measure HSV- [110-112]
pig) need for progesterone for infection; develop specific CD4* and CD8* T cell responses; no

viral recurrences and HSV-2 DNA shedding knockout and transgenic strains
Macaca Similar phylogeny as humans; useful to study | Rhesus macaques do not develop genital lesions [66, 68]
(monkey) immunogenicity
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Prophylactic genital herpes vaccines in preclinical testing
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Vaccine candidates Properties References
Live attenuated virus
HSV529 * Deletion of two genes essential for replication, UL5, UL29 [113]
HSV-2-AgD Emphasis on inducing potent ADCC [85]
HSV-1 VC2 mutations in gK and UL20 Defective in virus entry and retrograde neuronal transport [114]
HSV-2 UL24 mutant Syncytial mutant with reduced virulence [115]
HSV-2 ICPO mutant Replication-defective [116]
HSV-2gD27 Defective in entry in neuronal cells [44]
Inactivated virus
HSV-2 with MPL/alum Formalin-inactivated virus with adjuvant [117]
Subunit protein antigens
gD2, UL19 and UL25 with GLA-SE adjuvant* Induces potent CD4 and CD8 T cells [42]
HSV-2 gB2, gD2 and UL40 with adjuvants Stimulates potent neutralizing and CD8 T cell responses [64]
gB2 and gD2 in nanoemulsion Intranasal vaccine to block virus entry [118]
Nucleoside-modified mMRNA
gC2, gD2, gE2 mRNA-LNP | Induces neutralizing antibodies and antibodies that block immune evasion | [58]
DNA vaccine
gB2 with chemokine CCL19 | Enhanced mucosal antibody response | [119]

HSV529 is in phase 1/2a human trials as a therapeutic vaccine combined with gD2, UL19 and UL25 and GLA-SE adjuvant (https://

clinicaltrials.gov/ct2/show/NCT04222985)
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gD2/MPL/alum or trivalent nucleoside-modified mMRNA-LNP vaccine in guinea pigs

Outcome gD2 MPL/alum [109] | Trivalent nucleoside-modified mMRNA-LNP [58]
gD2 ELISA 1:7200 1:512,000
Neutralizing antibody titers 1:813 1:5120

Genital disease

2/12 (17%)

0/10 (0%)

Genital shedding HSV-2 DNA recurrent phase of infection

12/12 (100%)

2/10 (20%)

Means days shedding

70+ 0.6#

05+13

gD2 data corrected for 21 days instead of 28 for comparison with mRNA study
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Table 5.

HSV529 or trivalent nucleoside-modified mMRNA-LNP vaccine in guinea pigs

Outcome HSV529 [108] Trivalent nucleoside-modified MRNA-LNP [58]
Neutralizing antibody titers 1:400 1:5120
Day 2 vaginal titers after infection 2x102 <10t
Day 4 vaginal titers after infection 102 Negative
Acute genital disease + (some animals) 0/10 (0%)
Recurrent genital disease + (some animals) 0/10 (0%)
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