Evaluation of a HSV-2 Therapeutic Candidate
Vaccine, GEN-003, for the Production of Herpes
Simplex Virus Type 1 (HSV-1) Neutralizing
Antibodies in Seropositive Individuals
Permanent link
http://nrs.harvard.edu/urn-3:HUL.InstRepos:37945098

Terms of Use
This article was downloaded from Harvard University’s DASH repository, and is made available
under the terms and conditions applicable to Other Posted Material, as set forth at http://
nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-of-use#LAA

Share Your Story
The Harvard community has made this article openly available.
Please share how this access benefits you. Submit a story .
Accessibility

Evaluation of a HSV-2 Therapeutic Candidate Vaccine, GEN-003, for the Production of Herpes
Simplex Virus Type 1 (HSV-1) Neutralizing Antibodies in Seropositive Individuals

Nicolle M. Siddall

A Thesis in the Field of Biotechnology
for the Degree of Master of Liberal Arts in Extension Studies

Harvard University
May 2018

Copyright 2018 [Nicolle Siddall]

Abstract

Oral and genital herpes diseases are major global health problems, infecting
approximately 90% of the world’s population. Herpes simplex virus type 2 (HSV-2) is
the main cause of genital herpes worldwide; however, herpes simplex virus type 1 (HSV1), usually associated with oral disease, has become an increasing cause of genital
infections. While antiviral therapies are available that reduce virus-related symptoms,
they are imperfect. Improved treatment options such as a vaccines are believed to be the
answer to control this public health problem, however despite many years of research and
development an effective vaccine has not yet reached the market. Subunit vaccines have
centered on the use of HSV surface glycoprotein D (gD), an antigen required for viral
infection and a dominant target for neutralizing antibody production against both HSV-1
and HSV-2. A subunit vaccine candidate developed by Genocea Biosciences, GEN-003,
containing the HSV-2 antigens gD2TMR (a deletion mutant of gD2), Infected Cell
Protein-4 (ICP4), and Matrix-M2 adjuvant, induces neutralizing antibodies (NAb) against
HSV-2 in seropositive subjects (HSV-2pos and HSV-2pos/HSV-1pos). In addition, the
vaccine was effective, reducing both viral shedding and genital lesion recurrence in
treated subjects. I have hypothesized that GEN-003 vaccination in the same population
will elicit a NAb response against HSV-1 that can also serve as a correlate of protection.
To address immune correlates of disease, serum samples from subjects’ enrolled
in Genocea’s GEN-003-003 Phase 2 clinical trial were evaluated to quantitate HSV-1
NAb responses and these results were used to correlate a relationship with viral shedding

and lesion outcomes. These studies indicate that: 1) the GEN-003 vaccine elicited HSV-1
NAb titer fold-changes from baseline in seropositive individuals that were equivalent or
better than the induction of HSV-2 NAb titer fold-changes, 2) significantly higher HSV-1
NAb titer fold-change from baseline were reached in double seropositive (HSV1pos/HSV-2pos) individuals compared to single seropositive (HSV-1neg/HSV-2pos)
individuals after the 3rd dose of vaccine, 3) a weak Spearman correlation (r = - 0.350, p =
0.037) between HSV-1 NAb titers after the 3rd dose of vaccine and viral shedding rate
was present, and 4) no significant Spearman correlation was calculated between HSV-1
NAb titers and time to first lesion appearance. In addition, the results show that HSV-1
NAbs induced by GEN-003 vaccination are long lasting and durable. Although the
correlations are significant but weak, this work suggests that HSV-1 NAbs may have a
role in protecting infected persons against viral reactivation and shedding. Finally, the
potential benefit of a strong HSV-1 NAb response to the GEN-003 vaccines is that it
could provide protection against HSV-1 genital and oral disease.
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Chapter I.
Introduction

Oral and genital herpes diseases are major global health problems, infecting
approximately 90% of the world’s population (Wald & Corey, 2007). Herpes simplex
virus type 2 (HSV-2) is the main cause of genital herpes worldwide; however, herpes
simplex virus type 1 (HSV-1), usually associated with oral disease, has become an
increasing cause of genital infections (Wald, 2006). Clinical symptoms of oral HSV-1
infection include the scourge of cold sores which impact an individual’s confidence.
While antiviral therapies and topical treatments are available to reduce virus-related
symptoms, they are imperfect at reducing viral recurrence which is caused by ultraviolet
light or stress. Current antiviral treatment options are lacking due to the side-effects and
cost; moreover, daily medication is a reminder of disease (Johnson, 2016). Current
vaccine efforts are not focused on providing therapeutic or prophylactic vaccine for HSV1, however much research is being conducted therapeutic vaccines for HSV-2. Genocea
Biosciences (www.genocea.com) has developed a therapeutic HSV-2 subunit vaccine,
GEN-003, that has been shown to boost HSV-2 neutralizing antibody (NAb) titers in
seropositive individuals (HSV-2pos and HSV-2pos/HSV-1pos) in a Phase1/2a clinical trial
and reduce recurrent lesion outbreaks (Bernstein et al., 2017). Although a direct
correlation was not made between protection and HSV-2 NAb titers, there still may be an
immune response to the vaccine that has yet to be identified. For example, the GEN-003
vaccine was designed using antigens from HSV-2. However, it is possible, since HSV-1
and HSV-2 are closely related viruses, that the vaccine could also impact HSV-1 disease.
1

Measurement of HSV-1-specific NAbs as part of a GEN-003-003 clinical study remains
to be evaluated, and although NAbs have not yet been shown as a correlate of protection
in humans, an investigation evaluating the duration and HSV-1 NAb production levels
could be the missing link. In this study I evaluated the ability of the GEN-003 HSV-2
therapeutic vaccine candidate to induce antibodies that neutralize HSV-1 which may be
important in providing protection against HSV-2 genital disease but also capable of
eliciting a protective antibody response for control of HSV-1 symptoms of viral
recurrence.

Virion Structure, Replication, and Pathogenesis
Herpes simplex type 1 (HSV-1) and type 2 (HSV-2) are members of the
Herpesviridae family that include Epstein-Barr virus (EBV), and cytomegalovirus
(CMV) (McGeoch, Rixon, & Davison, 2006). These viruses depend on the host cell to
replicate their DNA and to synthesize additional viral gene products. All herpes viruses
have a similar virion structure: 1) a linear double-stranded DNA genome that encodes at
least 74 genes (by HSV), 2) an icosahedral capsid, 3) a protein tegument layer that links
the capsid to the viral envelope, and 4) an outer lipid envelope comprised of a variety of
glycoproteins (Owen, Crump, & Graham, 2015). These glycoproteins appear to be
critical targets of the immune system since anti-glycoprotein antibodies are elicited in
HSV infected individuals.
HSV infection of mammalian cells has been studied for many years and is
initiated by four viral envelope glycoproteins; gD, gB and gH/L. These glycoproteins are
required for viral entry into the host cell, and if they are deleted from the HSV genome,
2

the virus becomes noninfectious. Glycoprotein D (gD) binds to host cell receptors,
whereas gB and gH/gL are involved in fusion of the virion envelope with the host cell
membrane and subsequent penetration into the cytoplasm. Once inside the host cell, the
virion releases its DNA into the nucleus to begin replication. Gene expression occurs in
sequential stages, beginning with host enzymes transcribing the first set of immediate
early (IE) genes encoding for regulation of early protein expression, then early gene
expression encoding for synthesis of enzymes involved in replication, and late gene
expression occurs last which includes glycoproteins that form the viral envelope
(McGeoch et al., 2006). The nucleocapsid travels from the nucleus through the transGolgi network acquiring viral envelope proteins and tegument layer. The enveloped viral
particle then buds into a vesicle for release from the cell by exocytosis which initiates the
life-cycle again (Flint, Enquist, Racaniello, Rall, & Skalka, 2015).
HSV disease is characterized by two distinct phases: lytic and latent. An acute or
primary infection of epithelial cells at mucosal surfaces as described above is lytic and
results in an initial lesion outbreak. Once the lesion has been resolved, the virus
establishes latency within the neurons. During this phase HSV produces latencyassociated transcripts (LATs) and host defense mechanisms contribute to the repression
of symptoms that varies by the individual depending on genetic and environmental
factors (Steiner & Kennedy, 1995). Virus reactivation of the latent infected neurons has
been linked to increased temperature, sun exposure, illness, and fatigue (Wilson & Mohr,
2012). Reactivation involves the anterograde transport of the virus from the central
nervous system to the sensory nerve ending to the mucosal area causing shedding of
virions and lesion(s)(Figure 1) (Owen et al., 2015). Once the virus reactivates, it becomes
3

lytic again by shedding the virus and causing the appearance of lesions, described as
recurrent infection. During a recurrent outbreak HSV-1 and HSV-2 can be detected in
ulcers/lesions (symptomatic) and shedding from the surrounding skin/mucosa
(asymptomatic).
Both HSV-1 and HSV-2 are transmitted at mucosal surfaces by a seropositive
individual; however the anatomical mucosal sites of infection differ for each virus. Both
viruses infect the central nervous system, and when transmitted from infected mothers
can cause neurologic damage or death in infants. HSV-1 usually infects the oral and
ocular anatomical areas, whereas HSV-2 infection is most typically associated with anal
and genital anatomical areas (Fatahzadeh & Schwartz, 2007), with an estimated 23
million new cases per year and over 500 million cases globally (Johnston, Koelle, &
Wald, 2011). Recently, there has been an increase in HSV-1 genital infection incidence
that is explained by either the decrease of HSV-1 acquisition in children leaving them
susceptible to subsequent HSV-1 infection during adolescence as a result of genital
contact or increased initiation of oral instead of vaginal sexual intercourse to prevent
pregnancy (Wald, 2006).
The primary and latent stages of HSV infection have different innate and adaptive
immunological responses. The innate immune system plays a role limiting replication in
the periphery during primary infection of HSV, and contributes to maintaining the viral
genome in the latent state while viral infection is not active (Egan, Wu, Wigdahl, &
Jennings, 2013). Viral infection results in triggering the adaptive immune system to
induce T lymphocyte immune cells and antibodies in response to primary infection.
However, due to the virus establishing latency, antibody titers may not influence
4

recurrence rate due to other viral factors. This means that despite high antibody
responses, antibody alone may be insufficient to prevent recurrence because HSV has the
ability to inhibit other host mechanisms of defense. HSV viral defenses include antibody
effector inhibition by molecules that bind to antibody Fc receptors preventing antibody
crosslinking, as well as complement inhibition by the viral glycoprotein gC which
prevents initiation of the classical complement cascade system (Lubinski et al., 2002).
Vaccines that induce neutralizing antibodies have the ability to functionally impact viral
latency by binding to specific epitopes on glycoproteins which inhibit HSV from binding
to and subsequently infecting uninfected host cells. However, biologically relevant
neutralizing antibody levels within seropositive individuals and their impact on viral
recurrence is still controversial and remains to be investigated.
It has been reported that HSV-2 infection increases the susceptibility to human
immunodeficiency virus (HIV) infection. There is a three-fold increase in HIV
acquisition when an individual is already infected with HSV-2, and up to 50% of HIV
infections can be attributed to a prior infection of HSV-2 in regions that have high rates
of herpes seroprevelance (Wald & Link, 2002). These observations have been explained
by the presence of a high concentration of CD4+ immune T cells, the target of HIV
infection, which have been recruited the genital tract in response to herpetic lesions. If a
patient becomes dually infected with HIV and HSV, the combination can worsen the
effects of each virus. For example, HIV co-infection causes those individuals to require
higher doses of suppressive antiviral therapy which can cause resistance. An effective
prophylactic HSV therapy could protect HIV negative individuals from HSV acquisition.

5

Potential Impact of an Effective Therapy, Current Treatments, and Vaccines
An effective therapy to prevent or reduce transmission and recurrence of HSV
disease has the impact to improve the public health of over 4 billion people globally. To
break down HSV infection rate by seroprevelance; an estimated 3.7 billion people under
age 50 (67%) have HSV-1 infection; and an estimated 500 million people aged 15-49
(11%) have HSV-2 infection worldwide (Looker et al., 2015). With respect to genital
HSV-1 infection an estimated 140 million people aged 15-49 are infected worldwide
(WHO, 2015), however in Africa most HSV-1 infections are acquired in childhood
(Looker et al., 2015). The CDC estimates young people (15-24) represent 45% of new
HSV-2 infections (Satterwhite et al., 2013). With the seroprevelance for both oral and
genital HSV-1, as well as HSV-2 disease increasing with an estimated 23 million new
cases per year the market for a successful HSV therapy could be significant (Johnston et
al., 2011).
Antiviral drugs are the standard of care for individuals infected with HSV due to
their success in reducing lesion duration and time to next recurrence, however
improvements for treatment are clearly needed. The three oral antiviral drugs licensed for
treatment of HSV-1 and HSV-2 infections are acyclovir, valacyclovir, and famciclovir. A
study showed that taking oral famciclovir episodically, within 6 hours of initiation of
symptoms can reduce the lesion healing time and duration of pain by approximately 2
days and prevent progression to a full outbreak in about 25% of patients (Azwa & Barton,
2009). Daily oral antiviral medication (suppressive therapy) to reduce the risk of viral
reactivation is recommended by clinicians because of its success in reducing the risk of
asymptomatic genital HSV-2 viral shedding by 80% and reducing virus positive
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recurrences of HSV-1 herpes labialis by 71% (Corey et al., 2004) and (Rooney et al.,
1993). Oral antivirals remain the preferred treatment modality over topical ointments
despite their direct application to the lesions. The disadvantages to taking daily antivirals
is they are only effective while taking them, they cost $30-350 a course, they’re only
available via prescription, and taking a daily pill is another reminder of a patient’s disease
(Johnston, 2016). Clinicians believe topical antiviral treatments are less effective for
lesion recurrence and not recommended because they require immediate application
before a lesion reaches the mucosa; once symptoms are present, viral replication has
already occurred making it nearly impossible to prevent a lesion (Azwa & Barton, 2009).
Although current antiviral medications are effective, they are only readily
available to those who have access, and the increasing incidence of HSV-1 and HSV-2
disease occurs in parts of the world with less access to these expensive medications.
Improved treatment options such as a vaccines are believed to be the answer to control
this public health problem, however despite many years of vaccine development, no
successful product has reached the market (Jaishankar & Shukla, 2016) and (Gilbert,
2012). HSV vaccines are divided into two groups: prophylactic vaccines to prevent a
seronegative individual from acquiring HSV infection, and therapeutic vaccines to reduce
recurrent lesion outbreaks and symptomatic and asymptomatic viral shedding in
seropositive (infected) individuals. Many HSV vaccine platforms have been explored,
including attenuated HSV, subunit vaccines that utilize viral glycoproteins, and DNA.
Two HSV-2 subunit vaccines that have been tested in seronegative and seropositive
humans and a commercially available therapeutic Varicella zoster virus (VZV) vaccine
are discussed in the next section.
7

Glycoprotein Subunit Vaccines
A prophylactic vaccine produced by GlaxoSmithKline (GSK) contained the HSV2 glycoprotein gD (gD2) and was adjuvanted with alum (aluminum hydroxide) and MPL
(monophosphoryl lipid A). Two studies in HSV discordant couples revealed 73% and
74% efficacy against genital disease in women who were HSV-1neg and HSV-2neg (Belshe
et al., 2012). Efficacy was not observed in HSV-1pos/HSV-2neg men or women regardless
of their serostatus (Dropulic & Cohen, 2012). In a subsequent Phase 3 trial, GSK
collaborated with the National Institutes of Health (NIH) for the HerpeVac trial, GSK’s
HSV-2 subunit vaccine failed to meet it’s pre-defined clinical endpoints; rather than
protection against HSV-2 infection, the sponsors reported protection against acquisition
of genital HSV-1 infection, which was attributed to the induction of higher NAb response
to HSV-1 than HSV-2 in response to immunization (Awasthi, Belshe, & Friedman,
2014). As a result of this outcome, I theorized that if GSK changed the vaccine type to
therapeutic, with a goal of reducing HSV-1 symptoms in HSV-1 seropositive patients, the
vaccine could reduce symptoms. Expert commentary suggests that gD alone may be
insufficient or that more immunogenic methods are needed to deliver gD (Dropulic &
Cohen, 2012).
A therapeutic vaccine candidate comprised of recombinant gD2 vaccine (100 µg
gD2) was tested to reduce the frequency of symptomatic outbreaks of genital herpes. In
the first trial, recipients that received the gD2 vaccine (combine with alum) had reduced
virally-confirmed recurrences per month (Straus et al., 1997). In a second trial, subjects
received a gD2/gB2 (10 μg each of gB2 and gD2) vaccine in MF59 adjuvant and the
monthly rate of recurrences was not significantly reduced, but the duration of first lesion
8

recurrence did significantly reduce (Straus et al., 1997). Investigators explained that the
clinical differences in both studies could be due to either the dosing or the adjuvant, or
both (Straus et al., 1997). Overall, the study investigators claimed these clinical trials
support the concept of a therapeutic vaccine to reduce HSV-2 recurrences. These results
showed that gD is a promising antigen for an effective HSV vaccine to protect against
transmission and that the adjuvant may play a role in a study outcome; in addition,
experts suggested that the addition of other viral proteins may improve the vaccine’s
ability to protect against HSV-2 disease (Dropulic & Cohen, 2012).

GEN-003 Immunotherapy Vaccine Candidate
GEN-003 is an immunotherapeutic HSV-2 subunit vaccine candidate developed
by Genocea Biosciences, with the goals of reducing HSV-2 recurrent outbreaks and viral
shedding. Genocea used a T cell antigen discovery platform called ATLAS™ (Grubaugh,
Flechtner, & Higgins, 2013) to analyze differences in the specificity and characteristics of
T cell responses between HSV-2 seropositive but asymptomatic individuals with
seropositive individuals that experience clinical symptoms using an HSV-2 antigen E.coli
expression library (Flechtner, June, 2016). With their ATLAS platform, Genocea
identified viral T cell antigens that were more frequently identified in individuals who
control HSV-2 infection symptoms leading to the theory that these antigens might be
protective if included in a vaccine formulation. One prioritized antigen selected for the T
cell- directed GEN-003 vaccine candidate was Infected-Cell Protein 4 (ICP4), a product
of an immediate early gene, suggesting a role for T cell responses in regulation of viral
gene expression during reactivation (UniProt, 2018). ICP4 is not surface expressed on the
virus and therefore would not be a natural antibody target upon infection but could induce
9

a T cell response that impacts viral reactivation. The GEN-003 vaccine also includes the
described glycoprotein gD2, as a target of antibodies and T cells combined. Research has
demonstrated monoclonal antibodies against gD that block receptor binding are an
effective mechanism for anti-HSV treatment (Nicola et al., 1998). The vaccine proteins
were produced recombinantly in baculovirus and the vaccine also contains an adjuvant
called Matrix-M2 (M-M2). The vaccine antigens are called GB217 (gD2TMR), which
is a transmembrane region (TMR) deletion mutant of the HSV-2 gD protein, and GB208,
which is an internal portion of ICP4, designated ICP4.2. Matrix-M2 adjuvant was added
to the two antigens to stimulate both the cellular and the humoral arms of the immune
system (Skoberne et al., 2013). Pre-clinical animal studies demonstrated the ability of
GEN-003 to induce both cellular and humoral immune responses in mice and in a guinea
pig model of HSV-2 recurrent infection, treatment with GEN-003 reduced both recurrent
lesions and viral shedding (Skoberne et al., 2013).
In a phase 1 clinical trial, HSV-2-infected subjects who experienced between
three and nine outbreaks per year were immunized with GEN-003, which resulted in
statistically significant increases in T cell and antibody responses against both antigens of
immunization, as well as reductions in both viral shedding and genital lesion rates with a
durability of effect of at least six months (Flechtner et al., 2016). To measure HSV-2 viral
shedding, clinical trial subjects swabbed their anogenital area for measurement of HSV-2
viral DNA. The viral shedding rate, which was the trial’s efficacy endpoint, is defined as
the proportion of anogenital swabs collected during a defined swab collection period that
are positive by PCR for the presence of HSV-2 DNA. The ability to reduce shedding is
anticipated to translate into a reduction of the ability to transmit the virus to uninfected
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partners, and is the goal for an effective HSV-2 therapeutic vaccine. As a result, for this
work, my project aimed to correlate the HSV-1 NAb titers to viral shedding and lesion
recurrence to determine if HSV-1 NAbs can be considered a correlate of protection.
Further phase 2 clinical studies evaluated GEN-003 vaccine efficacy, resulting in
the consistent observation of reduction in viral shedding and genital lesion rates in HSV2 seropositive subjects. Increases in vaccine antigen-specific antibody responses and
HSV-2 NAb responses were also observed in GEN-003 vaccinated groups, although a
immune correlate of protection was not identified.
The GEN-003 vaccine may have effects on disease in both HSV-1 and HSV-2
seropositive individuals (Bernstein et al., 2017). A subset of HSV-1pos/HSV-2pos subjects
and HSV-1neg/HSV-2pos subjects from the phase 1 GEN-003 trial were evaluated for the
presence of both HSV-1 and HSV-2 NAbs. Results revealed that vaccination with GEN003 increase titers of both HSV-1 and HSV-2 NAbs in HSV-1pos/HSV-2pos and HSV1neg/HSV-2pos subjects (Baccari et al., 2016). This study was the first investigation
evaluating GEN-003 for its ability to induce HSV-1 NAbs in this seropositive population.
HSV and Varicella zoster virus (VZV) are of the alpha herpesvirus family, and
they both transmit, replicate, and reactivate similarly in humans (Eshleman, Shahzad, &
Cohrs, 2011). The childhood VZV infection, also known as chickenpox, can reactivate
when that child becomes an adult, causing a disease known as shingles, or herpes zoster
(HZV). VZV recurrence gives rise to a more severe disease recurrence rather than a
severe primary infection for HZV. Fortunately for this severe disease, a therapeutic
vaccine, Zostavax® against the reactivation of VZV as HZV was brought to market in
2006 for people 60 years of older to reduce the reactivation of the HZV. The therapeutic
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vaccine clinical efficacy trial reported a reduction risk of shingles by 51% in more than
38,000 adults aged 60 years or older; protection from this shingles vaccine lasts about 5
years (Oxman et al., 2005). The wide success of Zostavax® a therapeutic vaccine against
HZV reactivation has shown the medical field a therapeutic HSV vaccine against viral
reactivation can be efficacious.

Neutralizing Antibodies
Antibodies, referred to as immunoglobulins (Ig) are structurally “Y” shaped
(Figure 2), with the open end highly specific (Fab, fragment antigen binding) that binds
to a specific part of an antigen, leaving the end exposed which acts as a tag to recruit of
effector immune cells. The bottom tail is a constant region (Fc, fragment crystalized
region) to recruit classes of immune cells appropriate for defending the specific bound
antigen. When an antigen presenting cell presents antigen to a B cell, this binding
initiates further antigen specificity steps called affinity maturation and antibodies are
produced. Antibodies are defined by their constant region which are specified as classes
based on their recruitment of certain immune cells to combat against specific foreign
invaders. Neutralizing antibodies are functionally able to provide protective effect against
HSV infection and spread within the nervous system (Flo, 2003). Effective vaccines
against viruses such as the hepatitis B, measles and influenza viruses are able to generate
an antibody response similar to that arises during natural infection, however an effective
vaccine against HSV that generates antibody responses with functional ability to
neutralize HSV has yet to come to market (Plotkin, 2008).
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Much of the research evaluating subunit vaccines has centered on the use of HSV
surface glycoproteins (e.g. gD, gB) as antigens because they are the dominant target for
neutralizing antibody production against both HSV-1 and HSV-2 infections. Research
studying monoclonal antibodies (mAb) specific for antigenic epitopes on gD show that
some mAbs prevent gD from binding herpes virus entry mediator (HVEM) and nectin-1
receptors on host cells and this activity could explain virus neutralizing activity by gD
specific antibodies (Lazear et al., 2012). It is of interest for a candidate vaccine against
HSV to induce antibodies that target epitopes on gD because it could block binding of
critical host receptors (HVEM, nectin-1) necessary for HSV type 1 and type 2 viral entry
into host cells (Lee et al., 2013).Vaccine induced antibodies targeting epitopes on HSV
entry glycoproteins can assist with inactivation of or neutralizing the virus, as well as
aggregate virus particles which inhibits replication (Janeway C, Travers P, & Walport M,
2001). In a pre-clinical study, HSV-1 seropositive guinea pigs were immunized with
either no antigen or with HSV-2 glycoprotein C and D subunit antigens, and then
challenged with HSV-2 (Awasthi, Balliet, et al., 2014). Results showed the guinea pigs
vaccinated with gC and gD generated neutralizing antibody titers to HSV-1 and HSV-2.
The results also showed that guinea pigs immunized with gC/gD had 30% fewer days
with genital lesions (Awasthi, Balliet, et al., 2014). Together these results suggest that
HSV-2 lesion reduction in Guinea Pigs can be related to the induction of gC and gD
NAb, and therefore those NAbs are protective against HSV-2 (Awasthi, Balliet, et al.,
2014).
The degree of glycoprotein amino acid sequence homology for both HSV-1 and
HSV-2 ranges from less than 30% for gG to more than 82% for both gD and gB
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(Bergstrom & Trybala, 1996). Due to the 82% amino acid sequence homology,
antibodies specific for epitopes on gD have the ability to bind to many of the same
epitopes on both HSV-1 gD (gD1) and HSV-2 gD (gD2). However, crystallography
studies have shown conformational changes of gD that are triggered by host receptor
binding (Lazear et al., 2012) and therefore certain antibodies that target gD epitopes are
conformation dependent and others are not (Cairns et al., 2017). The Cairns team used a
panel of 39 anti-gD mABs that bind four main communities of binding epitopes on two
forms of gD1, (gD1 285t and gD1 306t) and two forms of gD2, (gD2 285t and gD2 306t).
They identified that the shorter forms of gD1 285t and gD2 285t are antigenically similar
and that the longer forms of gD1 306t and gD2 306t have fine structural differences.
Further experimentation evaluated all mAB for their ability to generate neutralizing
antibodies against HSV-1 and HVS-2 in a plaque assay. The majority of mABs similarly
neutralized HSV-1 and HSV-2, however there were several that were only able to
neutralize HSV-1 (type-specific, Table 1). These differences in mAB neutralizing activity
could be due to the structural differences in the 306t forms of gD1 and gD2, indicating
there are certain epitopes only for HSV-1 neutralizing antibodies. The 286-306t amino
acids could be important for generating antibodies protecting HSV-1 seropositive
individuals. The GEN-003 deletion mutant gD2ΔTMR protein does include the 286-306t
amino acids, providing evidence that GEN-003 could have the ability to induce
neutralizing antibodies to epitopes of gD1.
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Summary
With an estimated 3.7 billion people under age 50 (67%) and 140 million people
aged 15-49 infected with HSV-1 worldwide (WHO, 2015) and (Looker et al., 2015),
there is an unmet need for a therapy to reduce transmission rates and to improve the lives
of HSV-1 seropositive individuals. Although antiviral medications are successful at
impacting shedding rates and reducing symptoms there is a market for an improved
therapy that has the ability to induce protective antibodies. Improved treatment options
such as vaccines are believed to be the answer for treatment and few recent phase 3 trials
have provided evidence that a subunit gD vaccine can provide protection in HSV
seropositive individuals by eliciting antibodies to epitopes on gD.
The purpose of this study was to measure the HSV-1 neutralizing antibody titers
induced in HSV seropositive individuals by GEN-003, a HSV-2 therapeutic subunit
vaccine, and determine if these immune responses could serve as a correlate of
protection. I assessed multiple outcomes of the GEN-003-003 vaccine trial, including
HSV-1 versus HSV-2 NAb, serostatus, HSV-2 shedding rate, and time to first lesion
recurrence. I compared HSV-1 NAb responses that were measured in sera from each
subject with vaccine endpoints (i.e. shedding) that indicate efficacy, to determine if HSV1 NAb responses may serve as correlates of protection. This method of assessing HSV-1
NAb responses in HSV-1neg/HSV-2pos individuals will support the proposal that GEN-003
vaccination could have far greater reaching effects in controlling not only HSV-2 genital
disease but also HSV-1 oral and genital infections.
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Chapter II.
Materials and Methods

A variety of laboratory techniques were utilized to identify correlates of
protection for GEN-003 HSV-2 therapeutic vaccine in the GEN-003-003
(NCT02515175) clinical trial. Blood and genital swab samples were evaluated using both
immunology and molecular biology protocols and the results evaluated by statistical
analysis. In this study, I measured the HSV-1 neutralizing antibody (NAb) titers in serum
samples collected from subjects enrolled in GEN-003-003 clinical trial and the data were
evaluated by correlation and statistical analysis. All manipulations of infectious HSV-1
and HSV-2 were performed under Biosafety Level 2 (BSL-2) conditions and in
compliance with Section 6 Safety within the Genocea test method RS-TM-024.

Clinical Trial Study Design
The GEN-003-003 Phase 2 clinical study (NCT02515175) enrolled 131 male and
female adults, ages 18-50 who were HSV-2 seropositive and experienced 3-9 lesion
outbreaks/year consistent with HSV-2 genital recurrent disease. Subjects were randomly
assigned to a placebo group or one of two GEN-003 vaccine dose groups: 60 μg of each
of antigen, GB208 (ICP4.2) and GB217 (gD2TMR) with either 50 µg or 75 μg of
Matrix-M2 (M-M2) adjuvant. Subjects were immunized by the intramuscular route three
times at 21 day intervals on Days 1, 21 and 43. A serum sample was collected from each
subject for evaluation of antibody responses to the vaccine on Days 1 (baseline predose),
22 (21 days post dose 1), 43 (21 days post dose 2), and 71 (28 days post dose 3).
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Additional samples were collected at 6 and 12 months to monitor the durability of the
immune response.
Anogenital swabs for measurement of viral shedding (Bernstein, et al, 2017) were
collected twice a day for a 28-day period after dose 3 (Days 43 to 71). All extraction of
DNA from swabs and PCR amplification of HSV-2 viral DNA was performed by
Genocea’s clinical assay team prior to the work reported here. At weekly intervals
(minimum) throughout the study, subjects reported the presence or absence of genital
lesions for each day during the past week via an electronic lesion report form until Day
71. After Day 43, the subjects reported to the clinical site the first time he/she notes the
presence of anogenital lesions, and the investigational site clinician confirmed the
anogenital lesions were consistent with HSV-2 and collected a lesion swab sample for
detection of HSV-2 DNA.

Neutralization Assay
Antibody-mediated neutralization of HSV infection of Vero cells was determined
via a β-galactosidase (β-Gal) colorimetric assay (Baccari et al., 2016). Two recombinant
virus strains, HSV-1 (KOS/tk12) and HSV-2 (β-Gal), were used in this assay and were
constructed in the laboratory of Patricia Spear at Northwestern University. These viruses
encode the lacZ gene and express β-Gal upon infection of Vero cells (Baccari, et al.,
2016). The neutralization assay protocol is completed over 3 days and was performed as
follows. On Day 1 96-well plates were seeded with Assay-Ready Vero cells (purchased
from acCELLerate, Hamburg, Germany) in Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with 10% heat-inactivated fetal bovine serum (FBS), 2 mM l17

glutamine, 1 mM sodium pyruvate, 100 U/mL penicillin and 100 μg/mL streptomycin,
and incubated at 37°C for 18-20 hours to attain a 90-100% confluent Vero cell
monolayer. On Day 2 the subject’s serum samples and a positive control serum pool
(containing a known titer of neutralizing antibodies) were serially diluted 2-fold in
duplicate in DMEM supplemented with 2% heat-inactivated FBS, 2 mM l-glutamine, 1
mM sodium pyruvate, 100 U/mL penicillin and 100 μg/mL streptomycin. Either
recombinant HSV-1 (KOS/tk12) containing a lacZ gene under control of the ICP4
promoter, or recombinant HSV-2 (333) which contains the lacZ gene inserted between
UL3 and UL4, was added to all wells of prepared serum dilutions and incubated for 1
hour at 37°C. After the incubation the serum-virus mixture was then transferred onto the
monolayer of Vero cell 96-well plates and incubated at 37°C for 18-20 hours. Cell
control (CC) wells (no virus added, medium only) accompanied each 96-well plate and
served as negative controls that provided an optical density value representing the
background level fort the optical density (OD) wavelength of 562nm. Viral control (VC)
wells (no serum added) provided an OD562nm value representing the maximum amount of
virus infection (Figure 3). On day 3, the Vero cells were lysed with detergent (triton lysis
buffer) which released β-Gal from the infected cells, after which a β-Gal substrate,
chlorophenol red-b-D-galactopyranoside (CPRG) was added facilitating the colorimetric
reaction. After a 2 hour incubation at room temperature, the absorbance at 562nm was
captured by a spectrophotometer plate reader using SoftMax software for analysis.
The NAb titer for each sample was calculated by Four Parameter Logistic
Regression Analysis, see equation below, where parameter A is fixed as the mean CC
OD562nm and Parameter D is fixed as the mean VC OD562nm based on each individual
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plate. 50% Nab titer is reported as the reciprocal serum dilution which coincides with
Parameter C, the point of inflection for the generated sample curve. This value is equal to
50% of the maximal effective dilution required for 100% neutralization of the Virus
Control for each individual plate. The limit of detection was a NAb titer of 20.

𝑦=𝑑+

𝑎−𝑑
𝑥 𝑏
(1 + (𝑐 ) )

HSV-2 Shedding Assay
Previously, genital swab specimens were tested for the presence of HSV-2 DNA,
using a quantitative real-time PCR method (Bernstein et al., 2017). Briefly, viral DNA
was expressed for each swab sample (24,552 total swab samples analyzed) as DNA
copies per mL of swab collection buffer. Swabs with more than 5 HSV-2 viral DNA
copies were considered positive for HSV-2 DNA. Each plate tested in the viral shedding
assay included 4 negative controls, including 2 extraction and 2 PCR controls, and four
10-fold dilutions of HSV-2 strain 333 as positive controls. The LLOQ is 16 copies per
200µl reaction, with linearity (R2 = 0.98) over 5 logs of HSV-2 genomic DNA content.
Viral shedding rate of the trial is a measure as % frequency calculated as the total number
of genital swabs positive for HSV-2 viral DNA divided by the total number of genital
swabs analyzed

Statistical Analysis
The test of significance used for HSV-1 NAb titers analyses for each collection
point the three treatment groups were the Tukey’s multiple comparison test. Microsoft
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Excel 2010 and GraphPad Prism7 software applications were used for all statistical
analyses. P values < 0.05 (alpha) were defined as statistically significant.
To further compare the relationship of HSV-1 and HSV-2 NAb titers upon
subsequent immunization, HSV-1 NAb FC (fold-change) and HSV-2 NAb FC were
compared using the Wilcoxon signed rank test. This test is used to compare two related
samples to assess whether their population mean ranks differ. The geometric median
fold-change calculation was performed for each subject by dividing each NAb titer
measured from a collection point, over their baseline NAb titer. These calculations were
performed using Microsoft Excel 2010 and the statistical tests were completed in
GraphPad Prism7.
The test for correlations between HSV-1 and HSV-2 NAb responses, NAb
responses with viral shedding and NAb responses with time to first lesion day were
performed by Spearman’s rank correlation analysis and the coefficient, r, and P values
were calculated by GraphPad Prism 7. Spearman correlation coefficient r value describes
the strength a correlation relationship using the following guide for the absolute value of
r: very weak 0.00-0.19, weak 0.20-0.39, moderate 0.40-0.59, strong 0.60-0.79, and very
strong 0.80-1.0. A P-value of < 0.05 alpha was considered significant.
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Chapter III.
Results

The purpose of this study was to measure the HSV-1 neutralizing antibody titers
induced in seropositive individuals by GEN-003, a HSV-2 therapeutic subunit vaccine to
determine if these immune responses could serve as a correlate of protection. First, HSV1 NAb titers were determined for 724 serum samples collected from subjects
participating in the GEN-003-003 clinical trial pre-immunization (baseline) and post each
immunization. By correlation analysis I compared my HSV-1 NAb results to the HSV-2
NAb titers measured by Genocea’s clinical assay team prior to my study. Secondly, I
compared fold changes in HSV-1 NAb titers from baseline to post-immunization with
viral HSV-2 genital shedding data that had been generated throughout the duration of the
trial by Genocea’s clinical assay team. Finally, I determined if the HSV-1 NAb response
was a predictor of maintaining viral latency by correlating the HSV-1 NAb responses
with the subject’s time to first recurrence (lesion) after dose 3 (Day 43). The results from
these analyses are described in further detail in this section.

GEN-003 Vaccine-Induced HSV-1 Neutralizing Antibody Titers
Based on the 82% amino acid homology between the HSV-2 and HSV-1 gD
(Supplemental Figure 1), it was expected that HSV-1 NAb responses would be generated
by GEN-003 vaccine immunization in HSV-2 infected subjects. Here I show HSV-1 NAb
titers and previously generated HSV-2 NAb titers from the same serum samples. As
shown in Figure 4 and Table 2, HSV-1 NAb titers were measured in the placebo and both
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treatment groups at all collection time points. The presence of HSV-1 and HSV-2 NAb
titers (Figure 4 and Table 2) in the placebo group at baseline represents the NAb response
generated by HSV-2 infection alone and are expected due to presence of gD on the viral
envelope, which is a known target of antibody responses. As expected, HSV-1 and HSV2 NAb titers in placebo subjects remained relatively linear throughout all collection time
points. In contrast, HSV-1 and HSV-2 NAb titers increased with each vaccine
immunization dose in both GEN-003 treatment groups: GEN-003 60 μg / M-M2 50 μg
and GEN-003 60 μg /M-M2 75 μg. Peak HSV-1 NAb responses were observed after dose
3 at the Day 71 collection time point (Figure 4A and 4B) with the highest mean HSV-1
NAb titer (GMT=550) observed in treatment group that received 75 μg of M-M2
adjuvant (Table 2A). Peak HSV-2 NAb responses were also observed after dose 3 at the
Day 71 collection time point (Figure 4A and 4B) however with the highest mean HSV-1
NAb titer (GMT=761) was observed in the other treatment group that received 50 μg of
M-M2 adjuvant (Table 2B). At 6 and 12 months, HSV-1 and HSV-2 NAb titers remained
above Day 1 baseline titers, suggesting a durable neutralizing antibody response against
both HSV-1 and HSV-2 were elicited by GEN-003 vaccination.
Since the GEN-003-003 clinical trial subjects were seropositive with a preimmunization HSV-1 and HSV-2 NAb baseline titers (Table 2) it was important to
determine if vaccine immunization significantly increased NAb titers above baseline
titers. This analysis is important because although HSV-2 seropositive individuals have
NAb titers they still experience recurrent infection, and therefore it could be an increased
level of antibody response that contributes to herpes disease protection. Statistical
analyses were performed to determine the vaccine immunization impact on HSV-1 NAb
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titers relative to baseline. ANOVA Tukey’s multiple comparisons test at the alpha 0.05
level (P < 0.05 statistically significant) was performed to compare the mean NAb titers
between the mulitple timepoints in each of the three groups. Results show that in both
vaccine treatment groups, statistical significant differences were observed when HSV-1
NAb titers at baseline (Day 1) was compared to post-immunization collection points
Days 22, 43 and 71 (Figure 4A). It is more difficult to induce statistically significant
differences when comparing antibody titers from baselines to Month 6 and Month 12
collection points because these collection points are further time in days from vaccination
versus Day 22, Day 43, and Day 71 collection points. Results show the comparison of
baseline HSV-1 NAb titers to Month 6 in treatment group GEN-003 60 μg / M-M2 50 μg
was not statistially significant (P=0.314), however in treatment group GEN-003 60 μg /
M-M2 75 μg the difference was statistically significant (P=0.028).When comparing
baseline HSV-1 NAb to Month 12 no statsitical significant difference was seen in either
treatment group: GEN-003 60 μg / M-M2 75 μg (P=0.777) or GEN-003 60 μg / M-M2 50
μg (P=0.5458). These data show GEN-003 induces statistically significantly greater
HSV-1 NAb responses compared to baseline titers in subjects that received the vaccine,
indicating that the increase observed for NAb responses are due to the vaccine. Declining
HSV-1 NAb responses at Month 6 and Month 12 collection points suggest that subjects
could benefit from a potential annual booster immunization to generate more durable
HSV-1 NAb responses.
Here I compare HSV-1 NAb responses and HSV-2 NAb responses to determine if
HSV-1 NAb responses induced by GEN-003 vaccine were equal or greater than HSV-2
NAb responses. Although HSV-2 NAb GMT peak response at Day 71 was greater than
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HSV-1 GMT peak response, stronger statistical significant differences were observed
when HSV-1 and HSV-2 NAb titers at baseline (Day 1) were compared to Day 43,
P=<0.0001 and P=0.0223, respectively for GEN-003 60 µg /MM2 50 µg treatment group
(Figure 4). In the same treatment group, this result was also reflected when HSV-1 and
HSV-2 baseline titers were compared to Day 71, P=<0.0001 and P=0.0113, respectively
(Figure 4). Stronger statistical significant differences of HSV-1 baseline titers to postvaccination collection points were also observed in GEN-003 60 µg /MM2 75 µg
treatment group.
In order to classify subjects as responders or non-responders to their GEN-003
vaccine immunization, a fold-change (FC) calculation was performed by dividing each
NAb titer measured from a collection point over the baseline NAb titer from the same
subject. A responder to GEN-003 vaccination is considered to have a fold-change of ≥2,
which was based on a natural history study where 26 HSV-2 seropositive subjects with
the same disease history as the clinical trial participants were tested for HSV-2 NAb
responses over the same time frame as the trial and who had a natural variability in NAb
titer of 1.7-fold (personal communication, not published). Both GEN-003 vaccine
treatment groups had median fold changes from baseline that increased with each
immunization dose and peaked at the Day 71 collection point (Figure 5A). The HSV-1
NAb median fold-changes on Day 71 were 5.96 and 4.50, for GEN-003 60 µg /MM2 75
µg and GEN-003 60 µg /MM2 50 µg treatment groups, respectively. In addition, both
vaccine treatment groups had HSV-1 NAb titers that remained above ≥ 2-fold over
baseline at 12 months. As expected, the placebo group were non-responders; their HSV-1
NAb titers were relatively unchanged throughout all collection points. These results show
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that the greatest change from baseline in HSV-1 NAb responses up to 6 months was in
the GEN-003 60 µg /MM2 75 µg dose group, and by 12 months both treatment groups
were equally above baseline titers.

Correlation of HSV-1 NAb Titers and HSV-2 NAb Titers
The second aim of this project was to determine if the GEN-003 HSV-2
therapeutic vaccine could induce equally robust HSV-1 NAb titers, as was demonstrated
for the induction of HSV-2 NAb titers. Based on the high amino acid homology between
HSV-2 gD and HSV-1 gD (82%), I hypothesized that GEN-003 immunization would
induce equivalent HSV-1 NAb titers compared to HSV-2 NAb titers measured in the
seropositive subjects (Supplemental Figure 1, (Bergstrom & Trybala, 1996). The
correlations between HSV-1 NAb titers measured in this project (Aim 1) and previously
generated HSV-2 NAb titers from the same serum samples were determined using
Spearman’s correlation analysis. Results show a strong positive relationship (r = 0.7640.854, P<0.0001) between HSV-1 NAb titers and HSV-2 NAb titers in both treatment
groups at all collection points (Table 3). Subjects in treatment group GEN-003 60 μg /MM2 50 μg had very strong positive correlations after dose 1 with a r value of 0.829 that is
statistically significant (P<0.0001), with an observed peak correlation value of 0.85 (P <
0.0001) at Month 6. Similar results were observed among treatment group GEN-003 60
μg /M-M2 75 μg with a very strong positive relationship with a Spearman’s correlation r
value after dose 1 of 0.851 and a an observed peak correlation value of 0.846 after dose 2.
At month 12, the strongest correlation r value (0.854) was observed after immunization
with GEN-003 60 μg /M-M2 75 μg. All correlations were statistically significant with p
values of <0.0001. Correlation values for the untreated placebo group varied throughout
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the acute and memory phases of the trial, with strong r values ranging from 0.759 to
0.809. These results indicate that there is a strong positive association that is statistically
significant (p <0.001) pre- and post-GEN-003 vaccination between HSV-1 NAb titers
and HSV-2 NAb titers and that GEN-003 HSV-2 therapeutic vaccine induces functional
antibodies to both HSV-1 and HSV-2.
Although the induction of HSV-1 and HSV-2 NAb titers were equivalent, since
the majority of subjects had pre-existing antibody responses, it was important to also
compare the fold-changes from baseline titers. When comparing HSV-2 and HSV-1 NAb
median fold changes, HSV-1 NAb median fold changes were statistically greater for
collection points Day 43, Day 71, Month 6, and Month 12 in the GEN-003 60 μg /M-M2
75 μg treatment group (Table 4). Subjects in this treatment group also had the highest
HSV-1 and HSV-2 NAb median fold-changes post dose 3 (Day 71), 5.93 and 4.70
respectively; however the greatest difference between HSV-1 and HSV-2 NAb median
fold-changes was 3.3 and 1.8, respectively, observed at Month 06. Both GEN-003 60 μg
/M-M2 75 μg and GEN-003 60 μg /M-M2 50 μg treatments induced HSV-1 NAb median
fold-changes above the defined responder threshold of 2.11 and 2.03 respectively at
month 12. In contrast, 12 month HSV-2 NAb titer median fold-changes for treatment
groups GEN-003 60 μg /M-M2 75 μg and GEN-003 60 μg /M-M2 50 μg were below the
responder threshold, at 1.61 and 1.65, respectively. Treatment group GEN-003 60 μg /MM2 50 μg induced greater HSV-2 median fold changes than HSV-1 median fold changes
at collection point Day 22 however those differences were not statistically significant.
Together, these results show treatment with GEN-003 at either dose level induces fold
changes in HSV-1 and HSV-2 NAb titers above the responder threshold during the acute
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phase (post dose 1, 2, and 3), and generates durable HSV-1 NAb responses that remain
above the responder threshold up to 12 months.

Effect of HSV Serostatus on Induction of HSV-1 NAbs by GEN-003 Immunization
Participants in the GEN-003-003 trial were either HSV-1neg/HSV-2pos (single
seropositive) or HSV-1pos/HSV-2pos (double positive). Within the adaptive immune
response, secondary or subsequent exposure to an antigen can increase antibody
concentration and/or affinity (Janeway C et al., 2001) and thus I hypothesized that the
GEN-003 vaccine would induce higher HSV-1 NAb titers in double seropositive subjects
than single seropositive subjects (Aim 3). As seen in Table 5, double seropositive
subjects had higher HSV-1 NAb geometric mean titers than single seropositive subjects
throughout the duration of the trial for all collection points and in all vaccine treatment
groups. Double seropositive subjects also had higher HSV-1 NAb titers at all
baseline/D01 collection points, presumably because they have experienced HSV-1
primary infection, most likely oral, generating antibodies specific to epitopes of
glycoproteins (i.e. gD) on surface of HSV-1 envelope.
Since double seropositive subjects had higher HSV-1 NAb baseline titers than the
single seropositive subjects further analysis was needed to identify the effect of HSV
serostatus on GEN-003 vaccine-induced HSV-1 NAb titers. This was done by calculating
HSV-1 NAb titer fold-change from baseline for single or double positive individuals in
each treatment group and collection time point. In the GEN-003 60 μg / M-M2 75 μg
dose group, double seropositive subjects had statistically greater median fold-change in
HSV-1 NAb titer at D22, D43, D71, and Month 6 collection points compared with single
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seropositive subjects (Table 6). In contrast, as shown in Table 6 and Figure 6, treatment
group GEN-003 60 μg / M-M2 50 μg induced statistically greater median fold changes in
double seropositive subjects at D71 and Month 6, however single seropositive subjects
had a greater median fold-change at Day 22 (not statically significant). The greatest
median fold-change difference between double seropositive subjects (8.1) and single
seropositive subjects (2.5) was at collection point D71 in treatment group GEN-003 60
μg / M-M2 75 μg. Together these results show both single and double seropositive
subjects could benefit from GEN-003 therapeutic vaccination based on its capacity to
induce HSV-1 functional neutralizing antibodies. However, single seropositive subjects
would most likely have a greater benefit because GEN-003 has the ability to boost HSV1 NAbs beyond what a natural HSV-1 infection can elicit.

Correlation of HSV-1 NAb titers and HSV-2 viral DNA shedding rate
The fourth aim of this project was to determine if GEN-003 vaccine induces
HSV-1-NAb responses that are a better indicator of protection than HSV-2 NAb
responses. One endpoint that denotes vaccine efficacy in the GEN-003-003 clinical trial
is a rate reduction or elimination of HSV-2 viral shedding, which is defined as the
frequency of anogenital swabs swab that are positive by PCR for the presence of HSV-2
DNA divided by the total analyzed anogenital swabs. Viral shedding occurs both
asymptomatically and symptomatically, therefore a reduction in viral shedding could
impact transmission of virus from asymptomatic seropositive individuals, which is the
goal of an effective HSV-2 therapeutic vaccine.
All correlations between HSV-1 and HSV-2 D71 NAb titers and viral shedding
rates were determined by calculating Spearman rank-order correlation coefficient, r. The
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ideal result for these correlations is a negative r value closest to -1.0 which represents
how much a subject’s low viral shedding rate is affected by their high NAb titers. First, a
low negative correlation (r = -0.350) was identified between the HSV-1 NAb D71 titer
values and viral shedding rates in double seropositive subjects in the GEN-003 60 µg/ MM2 50 µg treatment group (Table 7). Statistical significance was achieved in the GEN003 60 µg/M-M2 50 µg treatment group when all subjects were analyzed (P = 0.037) but
not in the GEN-003 60 μg /M-M2 75 μg group (P = 0.930) (Figure 7 and Table 7). For
the segregated serostatus analysis, the correlation between HSV-1 NAb titers to viral
shedding was not significant, which could be due to the lower number of subjects in these
groups. Next, similar to the HSV-1 NAb titer correlation (Table 7), the HSV-2 NAb D71
titers in treatment group GEN-003 60 µg /M-M2 50 µg had moderate negative
correlations with viral shedding rates that were statistically significant in all subjects (r =
-0.413, P=0.011) and in double seropositive subjects (r = -0.536, P=0.034) (Table 8). In
addition, HSV-2 NAb D71 titers in double seropositive subjects from the Placebo group
had a correlation with viral shedding rate that was statistically significant (P=0.039), but
it was a positive correlation, indicating that, in the absence of vaccination, a high NAb
titer correlated with a high viral shedding rate. These results suggest that GEN-003 60 µg
/M-M2 50 µg treatment induces protective HSV-2 and HSV-1 NAb titers that correlate
with viral shedding rates in all seropositive subjects. In addition, compared with HSV-1
NAb titers, HSV-2 NAb titers also appear to be a better indicator of protection in double
seropositive subjects. Finally, HSV-2 NAb titers were moderate but statistically
significant negative correlation with viral shedding (r = -0.413, P=0.011), whereas HSV-
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1 NAb titers had a low negative relationship (r = -0.344, P=0.037) which was also
statistically significant; Table 7 and Table 8.
Further analysis was performed by correlating both HSV-1 or HSV-2 D71 NAb
titer fold-change over baseline to the viral shedding rate. Because all GEN-003-003
clinical trial subjects were seropositive with a pre-immunization baseline HSV NAb
titers, this analysis was necessary to evaluate if the vaccine-induced increase in antibody
response contributed to reduced shedding rates. I hypothesized that HSV-1 D71 NAb
fold-change responses would have an equally strong if not stronger correlation with viral
shedding rates than HSV-2 D71 NAb fold change. All correlations between NAb titers
with viral shedding frequency rates were determined as before by calculating Spearman
rank-order correlation, r. The ideal result for this relationship is a negative r value that
represents low viral shedding rate and high HSV-1 D71 NAb fold changes from baseline.
In all subjects from treatment group GEN-003 60 µg /75 µg M-M2, both HSV-1 and
HSV-2 D71 NAb fold changes were moderately but statistically significantly correlated
with viral shedding, (r = -0.346, P=0.033) and (r = -0.354, P=0.029) respectively, Table 9
and Table 10.

Correlation of HSV-1 NAb Titers and Days to First Lesion Post Vaccination
The final aim of this project was to determine if GEN-003 immunization induced
HSV-1 D71 NAb titers that are a better indicator of prolonged time to lesion recurrence
than HSV-2 D71 NAb titers. This correlation was important because lesions are a clinical
symptom, and correlating HSV-1 and HSV-2 NAb responses to each subject’s days to
first lesion post vaccination evaluates the potential impact HSV NAbs have on clinical
symptoms. I hypothesized that HSV-1 NAb responses have a stronger correlation and
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impact on subject’s days to first lesion post vaccination than HSV-2 NAb responses.
Additionally, I hypothesized that the correlation between HSV-1 NAb titers and days to
first lesion in double seropositive subjects will be greater than HSV-2 D71 NAb
responses.
A Spearman correlation coefficient r was calculated between HSV-1 NAb titers
from post vaccination collection point D71 and days to first lesion post vaccination. The
ideal result is a positive r value that represents more days lesion-free (days to first lesion
post vaccination) is associated with high HSV-1 NAb titers. No significant relationship
was observed for either treatment group in any of the subject cohorts (Table 11).
Additionally, HSV-1 NAb titers in the double seropositive subjects from the Placebo
group were moderately negatively correlated (r = -0.503) with days to first lesion
recurrence, although it was not statistically significant (P=0.069). Similar results were
seen for HSV-2 NAb titers in double seropositive subjects from the Placebo group, which
also had a moderate negative correlation with time to first recurrence (r = -0.490,
P=0.079) (Table 12). These results suggest that GEN-003 vaccine immunization does not
induce HSV-1 and HSV-2 D71 NAb titers that significantly correlate to subject’s time to
first lesion.
Correlation analysis of both HSV-1 and HSV-2 D71 NAb titer fold change over
baseline with days to first lesion day post vaccination due to the pre-immunization
baseline HSV NAb titers present in the study participants; this is a way to determine
vaccine-mediated effects. I hypothesized that fold change from baseline in HSV-1 NAb
responses would result in an equally strong or stronger correlative relationship to days to
first lesion post vaccination than the HSV-2 NAb fold change. In addition, I hypothesized
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that in double seropositive subjects, the correlation of fold change in HSV-1 NAb fold
and days to first lesion post vaccination would be greater than HSV-2 NAb.
As described above for NAb titer correlations, the ideal result is a positive r value
that represents that more days lesion-free (days to first lesion post vaccination) are
positively affected by high fold changes in HSV-1 NAb upon treatment. First, HSV-1
NAb fold change values were weakly positively correlated with days to first lesion in all
subjects of treatment group GEN-003 60 μg /M-M2 50μg, although results were not
significant (r= 0.257, P=0.125) (Table 13). These results improved when correlations
were performed with data segregated by serostatus. HSV-1 NAb fold changes in both
double seropositive and single seropositive subjects had a moderate positive correlation
with days to first lesion r = 0.362, P=0.168 and r= 0.335, P=0.138, respectively (Table
13).
In all subjects, fold changes from baseline in both HSV-1 and HSV-2 NAb in
treatment group GEN-003 60 µg/ M-M2 50µg had weak positive relationships with days
to first lesion, (r = 0.257, P=0.125) and (r = 0.216, P=0.199) respectively, Table 13 and
Table 14. When segregated by serostatus, both HSV-1 and HSV-2 NAb titer fold changes
had a moderate positive correlation to time to first lesion in single seropositive subjects,
(r = 0.335, P=0.138) and (r = 0.361, P=0.108) respectively. Fold changes in HSV-1 NAb
titers in double seropositive subjects in treatment group GEN-003 60 μg /M-M2 50 μg
had a low positive correlation to time to first recurrence (r = 0.335, P=0.138), although
not significant, while fold changes in HSV-2 NAb had no correlation (r = -0.12,
P=0.967), Table 13 and Table 14. In single seropositive subjects from treatment group
GEN-003 60 µg/M-M2 75 µg, the fold change from baseline in HSV-2 NAb titer had a
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low positive correlation to days to first lesion (r=0.275) in comparison to HSV-1 NAb
fold changes (r= -0.015). These results were not statistically significant. In addition,
participants from either serostatus cohort who received GEN-003 60 µg/ M-M2 50 µg
had fold changes in HSV-1 NAb that had a weak but not significant positive correlation
to days to first lesion. In summary, these results suggest a trend may exist between days
to first lesion with fold change from baseline in HSV-1 and HSV-2 NAb titer after
vaccination.
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Chapter IV.
Discussion

The purpose of this study was to measure the HSV-1 neutralizing antibody titers
induced by GEN-003, a HSV-2 therapeutic subunit vaccine, and determine if these
immune responses could serve as a correlate of protection to reduce recurrence.
In the first set of experiments, based on the 82% identical homology of HSV-1 gD
and HSV-2 gD amino acids (Supplemental Figure 1), which is a glycoprotein target of
neutralizing antibodies, and prior data showing GEN-003 immunization induced HSV-1
NAb responses in a subset of 27 subjects from a Phase 1/2a study (Baccari et al., 2016), I
proposed GEN-003 would induce greater HSV-1 than HSV-2 NAb responses. In previous
GEN-003 phase 1/2a and phase 2 clinical studies, as the doses of GEN-003 and MatrixM2 adjuvant increased, so did the HSV-2 NAb responses; as a result, I proposed HSV-1
NAb responses will also be adjuvant dose dependent. Additionally, HSV-2 and HSV-1
NAb responses from the 27 subjects in the Phase 1/2a study were statistically
significantly positively correlated (r = 0.662, p<0.001; (Baccari et al., 2016)). I proposed
that GEN-003-induced HSV-1 and HSV-2 NAb responses from the GEN-003-003 trial
would also be strongly correlated, and that the correlation would increase with
subsequent immunization.
I first measured HSV-1 NAb responses for 724 serum samples collected from the
GEN-003-003 Phase 2 clinical trial sponsored by Genocea Biosciences (described in
Introduction and Materials and Methods). As expected, HSV-1 NAb responses were
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elicited by the GEN-003 vaccination, and titers increased after each of the three
administered vaccine doses in both GEN-003 treatment groups, and the group that
received the highest M-M2 adjuvant dose (75 µg) also had the higher NAb response
(Table 2). At 6 and 12 months, NAb titers remained above Day 1 pre-immunization
baseline titers, suggesting a durable antibody response against HSV-1 was elicited in
seropositive individuals by GEN-003 vaccination. These results are consistent with what
was observed for HSV-2 NAb responses elicited by GEN-003 vaccine (Table 3,
unpublished data). High correlation coefficients (r = 0.764-0.854, P<0.0001) were
measured between HSV-1 and HSV-2 NAb titers for all collection points in both GEN003 vaccine treatment groups. These data show that there is a strong statistically
significant positive association between HSV-1 NAb titers and HSV-2 NAb titers (p
<0.001) post GEN-003 vaccination providing evidence that GEN-003 HSV-2 therapeutic
vaccine does induce functional antibodies to both HSV-1 and HSV-2. To compare GEN003-003 trial results to the HerpeVac trial results, GEN-003 vaccine induced functional
antibodies to both HSV-1 and HSV-2 and GSK’s vaccine of gD2 combined with
MPL/alum vaccine only induced functional antibodies to HSV-1. With this data GSK
could have either altered their adjuvant or antigen vaccine combination to achieve the
production of dually functional antibodies as GEN-003 vaccine has shown.
Because the subjects who participated in the GEN-003-003 trial were infected
with HSV-2 and were therefore seropositive with baseline NAb against both HSV-1 and
HSV-2 NAb titers (Tables 2 and 4), it was necessary to determine if the vaccine
significantly boosted HSV-1 NAb titers above baseline. Since the patients experience
recurrent disease despite the existence of NAb, it was important determine if an increased
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level of NAb over titers elicited naturally by the infection (baseline) could contribute to
protection. Indeed, in both vaccine treatment groups, a statistically significant increase in
HSV-1 NAb titers was observed for all post-immunization collection points (D22, D43,
and D71) compared to baseline titers (Figure 4). At 6 and 12 months, NAb titers
remained above baseline titers, however none were statistically significant except when
comparing Month 6 to baseline titers in treatment group GEN-003 60 μg / M-M2 75 μg.
As expected, HSV-1 NAb responses increased with a higher dose of M-M2 adjuvant. I
suggest that a higher antigen dose and higher adjuvant dose has ability to enhance the
immune system, specifically to induce long-lasting immunity. There was no increase in
NAb responses in subjects immunized with placebo. Together these results indicate that
vaccination with GEN-003 induces statistically significant increases in HSV-1 antibody
over baseline. Moreover, since there was no change in placebo, these responses can be
attributed to the vaccine. In addition, decreasing HSV-1 NAb responses from baseline to
Month 6 and Month 12 suggest that subjects could benefit from a potential annual booster
immunization to improve long lasting immunity by HSV-1 NAbs.
These data allow me to accept the null hypothesis that GEN-003 induced HSV-1
NAb responses as expected based on the 82% identical homology of HSV-1 gD and
HSV-2 gD, and that the HSV-1 NAb responses were greater than HSV-2 NAb responses.
These results corroborated the prior data showing GEN-003 induced HSV-1 NAb in a
subset of seropositive individuals. The HerpeVac trial also evaluated a HSV-2 gD subunit
vaccine to prevent genital herpes and the vaccine protected against acquisition of genital
HSV-1 but not HSV-2 infection by inducing better HSV-1 NAbs (Belshe et al., 2012).
The HerpeVac trial results align with a previous study showing clinical strains of HSV-1
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were more sensitive than those of HSV-2 to neutralization by sera from gD2-vaccinated
individuals (Awasthi, Balliet, et al., 2014). The results with GEN-003 are similar to those
observed in the HerpeVac trial, since in both studies, the NAb induced to HSV-1 were
greater than to HSV-2.
The durability of HSV-1 NAb responses appeared to wane in the GEN-003-003
study by month 12. This suggests that subjects receiving GEN-003 could benefit from an
annual booster immunization. There are many commercially available vaccines have
dosing regimens that include booster/immunization to achieve durable protective humoral
responses against infection (Slifka & Amanna, 2014). Additionally a booster requirement
is dependent on factors which include disease progression and immunological memory.
The more time between booster immunizations can cause a disease to spread due to
waning immunological memory impacting response time to a detected pathogen/antigen.
Booster immunizations are required for many vaccines, specifically for these few
vaccines: Anthrax, Typhoid, Meningitis, and, Measles Mumps and Rubella, to provide
protection and effective immunological memory (CDC&Prevention, 2018).
Another measure of a vaccine success is defining subjects as responders or nonresponders using fold-change (FC) from baseline. HSV-1 NAb titers for each collection
point had FC from baseline ≥2, and the FC increased with each of the three
immunizations, peaking at D71 in both GEN-003 vaccine treatment groups with the
highest M-M2 adjuvant dose (75 µg) inducing the greatest FC. No changes were
observed in the placebo group. Similar results were seen with HSV-2 NAb, although the
FC in the highest MM-2 adjuvant dose (75 µg) group fell below the responder threshold
by Month 6. The FC for the 50 µg dose level remained above the response threshold until
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Month 12. I accept the null hypothesis based on these data that GEN-003 treatment
induced increases in HSV-1 NAb that were equivalent or greater than HSV-2 NAb foldchanges and durable up to 12 months.
One of the reasons subjects vaccinated with GEN-003 responded with greater
HSV-1 than HSV-2 median fold changes in NAb responses could be due to the
mechanism by which HSV-1 NAbs bind to specific epitopes on gD. Crystallography
studies have shown that conformational changes in gD are triggered by host receptor
binding (Lazear et al., 2012). Epitope mapping studies have confirmed that certain
antibodies that target gD epitopes are non-contiguous/conformation dependent and others
bind to continuous/linear epitopes of gD (Cairns et al., 2017). For a virion to attach to a
host cell, there is a conformational change where gD forms a hairpin and the N-terminus
binds to host receptor for recognition. A major neutralizing antigenic site (residues 222224) was discovered using monoclonal antibody DL11 which overlaps receptor-binding
domain on both gD and host receptor, proving conformational epitopes impact
fusion(Whitbeck et al., 1999). This antigenic site is present on both gD2 and gD1
therefore it is not the reason why HSV-1 NAb titers appear better than HSV-2 NAb
responses. Although this conformational site is not the major difference between epitopes
on gD1 and gD2 it could be the rate at which fusion occurs that impacts HSV-1 NAb
binding to gD1 and gD2. HSV-2 glycoproteins fuse with host cells twice as fast as HSV1 glycoproteins and the receptor-driven fusion machinery is complex (Atanasiu, Saw,
Eisenberg, & Cohen, 2016). It could be inferred from my data that HSV-1 NAbs specific
to epitopes of gD1 have a longer duration of time to bind, therefore allowing more
successful antibody binding to gD to inhibit fusion.
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One of the goals of the GEN-003-003 vaccine was to induce HSV-2 functional
NAbs in HSV-2 seropositive individuals, leading to clinical efficacy. If GEN-003 is also
able to induce functional HSV-1 NAb (and clinical efficacy) in HSV seropositive
individuals this could provide the opportunity for the GEN-003 HSV-2 therapeutic
vaccine candidate to increase its market from roughly 16% of HSV-2 seropositive
individuals to 90% of the world’s population that is either HSV-1 and/or HSV-2
seropositive. The ability for GEN-003 to induce HSV-1 NAb responses in HSV1neg/HSV-2pos (single seropositive) or HSV-1pos/HSV-2pos (double positive) individuals
had yet to be evaluated in a complete clinical trial until this study and I hypothesized that
GEN-003 vaccine would induce stronger HSV-1 NAb titers in double seropositive
subjects than single seropositive subjects.
Individuals enrolled in the GEN-003 clinical trials were all HSV-2 seropositive
with evidence of genital disease, however subjects were not excluded if they were also
HSV-1 seropositive (i.e. had cold sores). Pre-immunization, all subjects were serotyped
by a commercial gG2 and gG1 ELISA to define their HSV-1 and HSV-2 serostatus. I
hypothesized that double seropositive subjects who were immunized with the GEN-003
vaccine would generate greater HSV-1 NAb titers than single seropositive subjects
because secondary or subsequent exposure increases antibody affinity and concentration
within the adaptive immune response (Janeway C et al., 2001). The results in this study
confirmed that double seropositive subjects had higher HSV-1 NAb mean titers than
single seropositive subjects throughout the duration of the trial for all collection points
and in all treatment groups (Table 5). In addition, double seropositive subjects had higher
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HSV-1 NAb titers at all baseline/D01 collection points because they had all experienced
HSV-1 primary infection.
Upon exposure to the HSV-2 virus, most individuals will naturally generate
antibodies specific for a variety of viral glycoproteins. Cairns et al, evaluated antibody
responses from 10 naturally HSV infected individuals for their specificity and their
capacity to neutralize HSV-2. Their study showed that antibodies specific to
glycoprotein epitope gD are cross neutralizing (Cairns et al., 2014). Although natural
infection can generate gD2 NAb, it is plausible that the GEN-003 vaccine can induce
antibodies with much higher titer than a natural infection and will have recognize
common epitopes on gD1 and gD2 that are functionally able to neutralize both HSV-1
and HSV-2. In single seropositive subjects who received, geometric median FC in HSV-1
NAb were induced that persisted in one cohort to 12 months (Table 6). This shows GEN003 can induce greater HSV-1 NAb than natural infection, especially when compared to
the placebo group (0.9-1.2).
Correlation analyses of the effects of GEN-003 vaccination by serostatus showed
that after the third dose, double seropositive subjects had statistically greater median FC
in HSV-1 NAb titers compared to single seropositive subjects (Table 6 and Figure 6).
Together these results support the null hypothesis that double seropositive subjects
immunized with GEN-003 have greater inductions in HSV-1 NAb titers compared to
single seropositive subjects. Double seropositive subjects also had greater HSV-1 NAb
responses from natural infection, but the GEN-003 vaccine provided a secondary or
tertiary exposure which then may have increased antibody affinity within the adaptive
immune response (Janeway C et al., 2001). These results provide evidence that both
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single seropositive and double seropositive subjects could benefit from GEN-003
therapeutic vaccine based on its capacity to induce HSV-1 functional neutralizing
antibodies, although the I believe single seropositive subjects would most likely have a
greater benefit from GEN-003 vaccination since it has the ability to boost HSV-1
functional antibodies that could also provide protection for the 3.7 billion HSV1seropositive individuals under the age of 50 (WHO, 2015).
Vaccine induced NAb responses have provided protection against other viral
infections, however a HSV-2 vaccine has yet to show that HSV-2 NAb are associated
with protection in humans. The commercially available vaccine against the most common
oncogenic human papillomavirus (HPV) types, HPV-16 and HPV-18, is a bivalent HPV16/18 L1 virus-like particle with ASO4 adjuvant (Harper et al., 2004). In Phase 3 study,
the vaccine was 100% effective in the according-to-protocol vaccine cohorts against
persistent HPV-16 and HPV-16/18 infections detected in both cervical and combined
cervical and cervicovaginal samples (Harper et al., 2004). The vaccine induced
significantly higher antibody responses to virus like particle HPV-16 and HPV-18 in the
according-to-protocol vaccine group than the placebo group. The vaccine is 100%
effective against persistent HPV-16 and HPV-18 infections, therefore the vaccine
induced specific antibodies to virus-like-particles HPV-16 and HPV-18 that are
considered protective. Other therapeutic HSV-2 vaccines have not been able to show
efficacy similar to HPV vaccine to decrease virus like particles with higher antibody
responses, therefore I propose a study evaluating the effects of GEN-003 vaccine induced
HSV-1 functional NAb on lesion recurrence.
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The most critical evaluation of a vaccine is if it reduces or prevent disease. I
evaluated if GEN-003-induced HSV-1-NAb responses can serve as a better indicator of
protection than HSV-2 NAb responses. In Genocea’s previous GEN-003 Phase 1/2a trial,
HSV-2 NAb did not correlate with reductions in HSV-2 viral shedding (Bernstein et al.,
2017). Despite these results from the GEN-003 Phase 1/2a trial, I hypothesized that HSV1 NAb responses would correlate with reductions in the viral shedding rate and be a
better indicator of protection than HSV-2 NAb responses. Additionally, I hypothesized
that the correlation would also be associated with the serostatus of the subject, that is,
responses from double seropositive individuals would better correlate with viral shedding
rate than single seropositive subjects.
The data show that the GEN-003 60 µg /M-M2 50 µg treatment group induces
protective HSV-2 and HSV-1 NAb titers that correlated to viral shedding rate when all
seropositive subjects (both single and double seropositive) were included (Table 7 and
Table 8). HSV-2 NAb titers had moderate negative correlation to viral shedding that was
higher than that of HSV-1 NAb. In addition, HSV-2 NAb titers appeared to be a better
indicator for protection in double seronegative subjects compared to HSV-1 D71 NAb
titers, since the correlation was only significant for HSV-2 NAb titers. Although the
HSV-2 NAb and viral shedding rate were better correlated, the HSV-1 NAb responses
were very similar and may protect against HSV-1 genital disease.
Saponin derived adjuvants, such as Matrix-M2 have the ability to enhance
antibody production with the advantage that only a low dose is required (Rajput, Hu,
Xiao, & Arijo, 2007), however is has also been shown to present some non-specific
immune reactions such as inflammation (Haridas, Arntzen, & Gutterman, 2001) and
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monocyte proliferation (Yui et al., 2001). I speculate that correlations were only seen in
M-M2 50ug treatment group because the M-M2 75ug dose could have induced a nonspecific immunological reaction causing a plateau in both HSV-1 and HSV-2 NAb
responses.
To determine if a significant boost in NAb titer increase contributed to a reduced
shedding rate, the relationship between HSV-1 and HSV-2 NAb titer fold change over
baseline was compared to viral shedding rate. I hypothesized that HSV-1 NAb fold
change responses would better correlate to viral shedding rate than HSV-2 D71 fold
change. Additionally, I hypothesized that double seropositive subjects would have a
better correlation between HSV-1 NAb FC and viral shedding rate than HSV-2 NAb. The
null hypothesis was rejected due to HSV-1 NAb fold changes that had an equivalent
correlative relationship to viral shedding as HSV-2 NAb. My additional hypothesis that
the correlation of HSV-1 NAb fold changes and viral shedding rate in double seropositive
subjects will be greater than HSV-2 NAb was neither rejected nor supported due to lack
of statistically significant results. These data show that individuals immunized with GEN003 60 µg / M-M2 75 µg generate approximately equivalent HSV-1 and HSV-2 NAb
fold changes that correlate with viral shedding rate. Thus, the GEN-003 vaccine induces
both HSV-1 and HSV-2 NAb fold changes that can be an indicator of protection against
HSV disease.
I theorized that there could be a threshold concentration of neutralizing antibodies
that if maintained, could have the ability to not only protect seropositive subjects by
reducing shedding by functionally inhibiting axonal spread of HSV-1 or HSV-2, but also
have prophylactic effects in seronegative individuals. A higher concentration of NAb

43

specific to gD1induced by recombinant gD2 vaccine could be able to inhibit transmission
of HSV across the intercellular gap between the axon terminus and epithelial cells.
Additionally, the GSK prophylactic vaccine comprised of gD2 (20 ug dose) and
adjuvanted with alum and MPL showed in two studies in HSV discordant couples
revealed 73% and 74% efficacy against genital disease in women who were HSV-1neg and
HSV-2neg (Belshe et al., 2012). Considering the results from this trial and their HerpeVac
trial (Awasthi, Belshe, et al., 2014) I speculate the vaccine induced NAb specific to
epitopes on gD1 that protect against HSV-1 genital infection, however HSV-1 of HSV-2
NAb were not measured to evaluate their impact on genital protection. I believe higher
concentrations of NAb specific to gD1 could have a prophylactic effect on seronegative
subjects.
The GEN-003-003 clinical trial tested the effects of GEN-003 vaccination
exclusively on HSV-2 genital infection, therefore I suggest another Phase 2 clinical trial
studying the effects of GEN-003 exclusively on HSV-1 genital and oral infection.
Although one would see this trial as a costly expense the results could provide a great
benefit. A mirrored GEN-003-003 trial in HSV-1 seropositive individuals that meet all
inclusion criteria for HSV-1 oral lesions would produce oral swabs to measure HSV-1
viral DNA and HSV-1 viral shedding rate, as well as serum samples to measure HSV-1
NAb responses. I believe the HSV-1 NAb responses have a stronger correlate
relationship to subject HSV-1 viral shedding rate than the observed HSV-1 NAb
relationship with HSV-2 viral shedding rate. Completing this proposed trial on the effects
of GEN-003 in HSV-1 seropositive individuals could provide evidence that GEN-003
induced HSV-1 NAb are a correlate of protection in reducing HSV-1 viral shedding rate,
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which would significantly open GEN-003 vaccine to the 90% of people that are HSV-1
and/or HSV-2 seropositive individuals.
To evaluate if GEN-003 induced HSV-1 NAb are a better indicator to prolong
clinical symptoms of disease (lesion) than HSV-2 NAb response further correlation
analyses were performed. To determine this I calculated Spearman’s rank correlation
relationship for both HSV-1 and HSV-2 D71 NAb titers to each subject’s time (in days)
to their first lesion recurrence post dose 3. I hypothesized that HSV-1 D71 NAb
responses have a stronger correlation to subject’s more time lesion-free post dose 3 than
HSV-2 D71 NAb responses. Both HSV-1 and HSV-2 D71 NAb titers in double
seropositive subjects have a moderately negative relationship with subject’s time to first
recurrence, although it was not statistically significant (r = -0.503, P = 0.069) and (r = 0.490, P = 0.079) respectively (Table 11 and Table 12).Therefore GEN-003 does not
induce HSV-1 and HSV-2 D71 NAb titers that correlate to subject’s time to first lesion. I
believe if the double seropositive subject cohort had a larger sample size the correlation
relationships between HSV-1 and HSV-2 D71 NAb titers with subject’s time to first
recurrence would have been stronger.
To further evaluate the correlation of NAb responses to appearance of lesions, I
performed an analysis to compare the correlation relationships between both HSV-1 and
HSV-2 D71 NAb titer fold changes over baseline to subject’s first lesion post
vaccination. I felt it was important to use fold-change in this analysis because all GEN003-003 clinical trial subjects are seropositive with a pre-immunization baseline HSV
NAb titer and therefore this analysis evaluates if the increased antibody response
contributes to more time lesion-free. I hypothesized that HSV-1 D71 NAb fold change
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responses would have an equally strong if not stronger Spearman’s rank correlation
relationship than HSV-2 D71 NAb fold change when compared to days to first lesion
post vaccination. Results show that in all subjects in treatment group GEN-003 60 µg /
M-M2 50 µg both HSV-1 and HSV-2 D71 NAb fold changes had weak positive
relationships to days to first lesion, (r= 0.257, P=0.125) and (r= 0.216, P=0.199)
respectively. Additionally, when these results were segregated by serostatus, both HSV-1
D71 NAb fold changes and HSV-2 D71 NAb fold changes had a moderate positive
correlation to time to first lesion in single serostatus subjects, (r= 0.335, P=0.138) and (r=
0.361, P=0.108) respectively. Although these results provide evidence to the null
hypothesis was rejected, these results also show in treatment group GEN-003 60 µg / MM2 50 µg both HSV-1 (r =0.335) and HSV-2 D71 NAb fold changes (r =0.361) there is a
trend (P>0.05) towards a positive correlation to days to first lesion in single seropositive
subjects. These results could be explained by a possible toxic inhibitory effect induced by
the higher dose of adjuvant. This phenomenon has been observed for other adjuvants
such as, aluminum adjuvants can induce local granulomas and glycolipid adjuvants can
induce liver toxicity in mice (Petrovsky, 2015). During pre-clinical studies of GEN-003
an increased adjuvant dose had the effect of causing a plateau in immunological
responses (not published, personal communication). I speculate the increased dose of MM2 (75 µg) could have impacted the associated relationship of HSV-1 and HSV-2 NAb
responses to subject’s time to first lesion. In addition, there are several other clinical
measurements (lesion rate, time to next recurrence) which could additionally be evaluated
that could better correlate to HSV-1 NAb responses.
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To apply these results globally and to discuss their impact on HSV-1 seropositive
individuals, GEN-003 vaccine’s ability to induce HSV-1 NAb proves GEN-003 could
improve the lives of roughly 4 billion individuals that have HSV-1 infection. This
investigation shows HSV-1 NAbs induced by GEN-003 vaccine bind to epitopes on gD1
viral glycoproteins preventing HSV-1 from binding to and subsequently infecting
uninfected host cells. Although HSV-1 NAb responses impact the lytic stage of HSV-1
these antibody responses alone may be insufficient to prevent recurrence because HSV-1
has the ability to inhibit other host mechanisms of defense. It is still not understood if
biologically relevant neutralizing antibody levels within seropositive individual impact
viral latency and the exact mechanism of NAb inhibit axonal spread has yet to be defined.
These data suggest that neutralizing antibodies are more important for control of clinical
symptoms than reactivation of virus from latency.
In conclusion, I set out to define if HSV-1 NAb responses induced by the GEN-003
vaccine are an indicator for HSV-2 protection in seropositive subjects. Through the use of
samples and data from previously conducted GEN-003-003 phase 2 clinical subjects, I
determined that GEN-003 vaccine induced HSV-1 NAb that were equivalent to the
induction of HSV-2 NAb titers and showed a relationship with HSV-2 protection.
Interestingly, GEN-003 vaccine induced greater HSV-1 NAb responses than HSV-2 NAb
responses up to 12 months. Subjects that were double seropositive generated statistically
greater HSV-1 NAb responses nonetheless both single seropositive and double
seropositive subjects could benefit from GEN-003 therapeutic vaccine based on its
capacity to induce HSV-1 functional neutralizing antibodies. Together these data provide
evidence that GEN-003 could be also serve as a prophylactic vaccine against HSV-1
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genital infection and I speculate even has the possibility to protect against HVS-1 oral
infection.
Through employing the strategy of correlating functional humoral responses to
vaccine efficacy endpoints that indicate protection I identified relationships that
otherwise would have been undiscovered. This analysis determined the reduction of
HSV-2 viral shedding, a clinical symptom in all HSV-2 seropositive subjects correlates
with both HSV-1 and HSV-2 NAb titers, which has never been identified in an HSV-2
clinical trial. I have also shown there is a trend for both HSV-1 and HSV-2 D71 NAb fold
changes induced by GEN-003 60 µg / M-M2 50 µg treatment group to lengthen the days
to first lesion in single seropositive subjects. Finally, this project supports the GEN-003
therapeutic subunit vaccine candidate for not only treating HSV-2 genital infection, but
also as a future prophylactic vaccine candidate against HSV-1 infection.
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Appendix I.
Definition of Terms

Antigen: a protein, or other type of molecule (i.e. peptide), that induces an immune response.
ELISA: Enzyme Linked Immunosorbent assay is a serological assay in which bound antigen
or antibody is detected by a linked enzyme that converts a colorless substrate into a colored
product. The ELISA assay is widely used in biology and medicine as well as in immunology.
Genital Herpes Disease (GHD): A sexually transmitted disease (STD) caused by the herpes
simplex virus type 1 (HSV-1) or type 2 (HSV-2).
GB208: Genocea identification (ID) code for an internal fragment of the immediate early
protein of HSV-2 ICP4, designated as ICP4.2, a T cell antigens included in the GEN-003
vaccine
GB217: Genocea identification (ID) code for a transmembrane region deletion mutant of
HSV-2 gD designated as gD2TMR, a B cell antigen included in the GEN-003 vaccine.
Glycoprotein: Any protein with one or more covalently bonded carbohydrate groups. Viral
envelope glycoproteins play a role in attachment and membrane fusion, also a target of
antibodies.
HSV-1: Herpes simplex virus type 1
HSV-2: Herpes simplex virus type 2
Latent infection: the part of the infection cycle of HSV-2 when an individual seroconverts,
the virus retreats to the dorsal root ganglia, and establishes itself for the life of the individual.
Lesions: An oral or anogenital ulcer that results from HSV-1 or HSV-2 infection.
Neutralizing antibodies (NAb): Biological functional antibodies that can inhibit the
infectivity of a virus or the toxicity of a toxin molecule
Opsonization: The alteration of the surface of a pathogen or other particle so that it can be
ingested by phagocytes. Antibody and complement opsonize extracellular bacteria for
destruction by neutrophils and macrophages.
Polymerase chain reaction: PCR uses high temperature and unique thermostable enzymes
to replicate DNA.
Reactivation: A switch from a latent to a productive infection.
Serodiscordant: Relationship is one in which one partner is infected and the other is not.
Seropositive: The point at which an individual tests positive for HSV on a diagnostic assay
that measures antibodies to specific viral envelope proteins.
Serum: Separated from whole blood, the serum contains most substances found in the blood
that are not red or white blood cells. This primarily includes antibody and other blood plasma
proteins.
Shedding: the act of infectious virus re-entering the genital mucosal area, making it possible
to be transmitted to other individuals.
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Appendix II.
Tables and Figures

Figure 1. Neuronal trafficking during virion entry and virion egress.
Herpesvirus infection transport is illustrated from epithelial cells to both peripheral and
central nervous systems. Retrograde transport of virions from peripheral to the central
nervous system results in the establishment of latent infection. Upon reactivation the
production of new virions undergo anterograde trafficking back to peripheral. The
movement of viral particles along axons during entry and egress is bidirectional (Owen et
al., 2015).
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Figure 2. Schematic representation of the antibody molecular structure.
This figure illustrates the basic structure of an immunoglobulin including the main three
regions. The constant region, Fc, fragment crystalized region is specific immune cell
recruitment. The variable region binds to antigen. The highly specific, Fab fragment that
binds to a specific part of an antigen tagging it for attack by the immune system (Janeway C
et al., 2001).
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Table 1. Properties of monoclonal antibodies specific to gD

Monoclonal antibodies specific for epitopes on gD, listed by names, specified by epitope
residues. Each mAB was evaluated for 50% neutralization of HSV-1 (KOS strain) and
HSV-2 (Wild Type strain 333). Table provided from (Cairns et al., 2017)
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Figure 3. Colorimetric neutralization assay
Patient serum was incubated with diluted HSV/β-Gal virus then incubated with Vero cells to
measure HSV neutralization activity, as described previously (Baccari, et al., 2016). Each
96-well plate included cell control wells and virus control wells. Cell control wells were the
negative control (no virus added) that provided an optical density value representing the
background level of the β-gal activity. Viral control wells (no serum added) provided an
optical density value representing the maximum amount of virus infection and therefore
maximum amount of β-gal activity.
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Figure 4. Evaluation of HSV-1 and HSV-2 NAb titers in GEN-003-003 serum samples.
A) GEN-003-003 HSV-1 NAb Titers; Each dot represents the HSV-1 NAb titer of a single
serum sample from a subject, collected from each treatment group, horizontal Red line
represent median HSV-1 NAb Titers for each collection time point of the treatment group.
B) GEN-003-003 HSV-2 NAb Titers; Each dot represents the HSV-2 NAb titer of a single
serum sample from a subject, collected from each treatment group. Horizontal Red line
represent median HSV-2 NAb Titers for each collection time point of the treatment group.
P-values were determed with the Tukey’s multiple comparison test, NS, not significant p >
0.05.
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Table 2. Evaluation of HSV-1 and HSV-2 NAb titers in GEN-003-003 serum samples.

A)

Placebo

GEN-003 60 µg/
M-M2 50 µg
SD
Range

N

GMT

GEN-003 60 µg/
M-M2 75 µg
SD
Range

N

GMT

SD

Range

N

GMT

Day 01

91

231

(20,1004)

39

106

138

(20,490)

40

85

174

(20,802)

41

Day 22

94

215

(20,878)

39

356

541

(49,2934)

40

323

772

(20,4546)

41

Day 43

86

204

(20,822)

39

450

520

(76,2863)

40

446

807

(20,4859)

41

Day 71

91

199

(20,815)

38

475

456

(105,2250)

37

550

668

(114,3302)

38

Month 06

107

181

(20,670)

32

295

281

(84,1423)

29

346

338

(75,1390)

33

Month 12

126

230

(20,761)

32

223

229 (47,1044)
GEN-003 60 µg/
M-M2 50 µg
SD
Range

29

249

33

N

GMT

215
(71,839)
GEN-003 60 µg/
M-M2 75 µg
SD
Range

B)

Placebo
GMT

SD

Range

N

GMT

N

Day 01

91

231

(20,1004)

39

106

138

(20,490)

40

85

174

(20,802)

41

Day 22

94

215

(20,878)

39

356

541

(49,2934)

40

323

772

(20,4546)

41

Day 43

86

204

(20,822)

39

450

520

(76,2863)

40

446

807

(20,4859)

41

Day 71

91

199

(20,815)

38

475

456

(105,2250)

37

550

668

(114,3302)

38

Month 06

107

181

(20,670)

32

295

281

(84,1423)

29

346

338

(75,1390)

33

Month 12

126

230

(20,761)

32

223

229

(47,1044)

29

249

215

(71,839)

33

A) GEN-003-003 Serum Samples HSV-1 NAb titers presented by collection point and
treatment group. B) GEN-003-003 Serum Samples HSV-2 NAb titers presented by
collection point and treatment group. B) GMT (Geometric mean titer), SD (standard
deviation), Range is the minimum and maximum geometric titer of each group, and N is
sample size.
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Figure 5. GEN-003-003 HSV-1 and HSV-2 NAb median titer fold-changes from
baseline/day 01
A) GEN-003-003 HSV-1 NAb Titer Fold Changes from baseline/day 01. This graph depicts
the median HSV NAb titer fold-change at each collection point over baseline/D01 by
treatment group. Red dotted line is responder threshold at ≥2 fold-change. B) GEN-003-003
HSV-2 NAb Titer Fold Changes from baseline/day 01. This graph depicts the median HSV
NAb titer fold-change at each collection point over baseline/D01 by treatment group. Red
dotted line is responder threshold at ≥2 fold-change. Red dotted line is responder threshold
at ≥2 fold-change.
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Table 3. Correlation of HSV-1 NAb titers and HSV-2 NAb titers
Placebo
Baseline
Day 22
Day 43
Day 71
Month 06
Month 12

r
0.759
0.809
0.764
0.776
0.783
0.779

P-value
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001

N
39
39
39
38
32
32

GEN-003 60 µg/
M-M2 50 µg
r
P-value
0.526
0.0005
0.829
<0.0001
0.741
<0.0001
0.796
<0.0001
0.850
<0.0001
0.792
<0.0001

N
40
40
40
37
29
29

GEN-003 60 µg/
M-M2 75 µg
r
P-value
0.818
<0.0001
0.851
<0.0001
0.8456
<0.0001
0.784
<0.0001
0.7675
<0.0001
0.8538
<0.0001

N
41
41
41
38
33
33

Correlation HSV-1 NAb Titers and HSV-2 NAb titers from GEN-003-003 Serum Samples.
Each serum sample HSV-1 NAb titer and HSV-2 NAb was correlated by treatment group
and collection point. N (Sample size). (r) Spearman’s correlation. Microsoft Excel 2010, and
GraphPadPrism7 were used for all correlation analyses, to calculate all relevant p values,
and to create the tables and figures. P = alpha value, where < 0.05 is statistically significant.
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Table 4. Comparison of HSV-1 NAb and HSV-2 NAb titers fold-changes
HSV-1 NAb Fold
Change

Baseline
Day 22
Day 43
Day 71
Month 06
Month 12

GMF
1.0
1.0
1.0
1.0
0.9
1.2

Baseline
Day 22
Day 43
Day 71
Month 06
Month 12

GMF
1.0
2.4
3.5
4.5
2.8
2.0

Baseline
Day 22
Day 43
Day 71
Month 06
Month 12

GMF
1.0
4.0
5.2
5.9
3.3
2.1

HSV-2 NAb Fold
Change

Wilcoxon
Signed-Rank
Test

Placebo
Range
GMF
Range
N
(1,1)
1.0
(1,1)
39
39
(1,2)
1.0
(1,2)
39
(1,2)
1.0
(0,2)
38
(0,2)
1.0
(0,2)
32
(0,3)
1.0
(0,2)
32
(1,2)
1.0
(0,2)
GEN-003 60 µg/ M-M2 50 µg
Range
GMF
Range
N
(1,1)
1.0
(1,1)
40
40
(1,133)
2.5
(1,69)
40
(1,130)
3.7
(1,73)
37
(1,102)
4.3
(1,66)
29
(1,65)
2.4
(1,26)
29
(1,32)
1.6
(1,14)
GEN-003 60 µg/ M-M2 75 µg
Range
GMF
Range
N
(1,1)
1.0
(1,1)
41
41
(0,37)
3.3
(1,46)
41
(0,40)
4.4
(1,52)
38
(0,34)
4.7
(1,51)
33
(0,21)
1.8
(0,9)
33
(0,19)
1.6
(0,21)

P-value
-0.879
0.341
0.826
0.703
0.315
P-value
-0.297
0.142
0.193
0.016
0.005
P-value
-0.093
0.022
0.005
<0.0001
0.035

Comparison of HSV-1 and HSV-2 NAb titer geometric median old-changes (GMF). Each
individual subject fold –change at each collection point was calculated over baseline.
Results were grouped by treatment group and collection point to calculate geometric
mean fold-change (GMF). Range is the minimum geometric mean fold change and
geometric mean maximum fold-change of each group, N is sample size. P-values were
determined by Wilcoxon Signed-Rank Test.
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Table 5. Comparison of HSV-1 NAb titers by HSV serostatus

Day 01
Day 22
Day 43
Day 71
Month 06
Month 12

Day 01
Day 22
Day 43
Day 71
Month 06
Month 12

Day 01
Day 22
Day 43
Day 71
Month 06
Month 12

Double Seropostive Subjects
Single Seropostive Subjects
Pos
Pos
(HSV-2 / HSV-1 )
(HSV-2 Pos/ HSV-1 Neg)
Placebo
GMT SD
Range
N GMT SD
Range
N
235 501
(20,1989) 14 107 413
(25,2048)
25
(25,1980)
25
230 545
(20,2184) 14 113 459
25
241 405
(36,1622) 14 107 424
(20,1743)
(22,1265)
24
235 360
(20,1418) 14 112 301
14 114 157
18
209 227
(20,859)
(28,578)
14 122 192
(20,691)
18
221 233
(20,811)
GEN-003 60 µg/ M2 50 µg
GMT SD
Range
N GMT SD
Range
N
179 156
(71,539)
17 177 123
(38,565)
23
(92,2249)
23
690 1217 (181,5483) 17 468 476
837 1336 (220,5875) 17 619 421
(198,1827) 23
(285,1424) 21
871 1282 (180,5260) 16 686 365
18
572 615 (177,2048) 11 357 215
(114,785)
(95,693)
18
412 348 (112,1159) 11 280 182
GEN-003 60 µg/ M275 µg
GMT SD
Range
N GMT SD
Range
N
229 309
(43,1152) 14 128 119
(26,576)
27
693 602 (229,1853) 14 537 2389 (149,12767) 27
718 640 (177,2073) 14 709 2698 (249,14477) 27
733 694 (173,2552) 14 753 2771 (278,14121) 24
398 403 (117,1119) 12 456 543
(119,2510) 21
12 393 962
(131,4591) 21
339 290
(90,889)

Geometric mean titers (GMT) were calculated based on serostatus, treatment group, and
collection point. Results were grouped by treatment group and collection point to then
calculate geometric mean fold-change (GMF). Standard Deviation (SD), Range is the
minimum and maximum geometric mean titer, N is sample size.
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Table 6. Comparison of HSV-1 NAb median fold-change results by HSV serostatus
Double Seropostive
Subjects
(HSV-2 Pos/ HSV-1 Pos)
GMF
Baseline
1.0
Day 22
1.0
Day 43
1.0
Day 71
1.0
Month 06 1.0
Month 12 1.2

Range
(1,1)
(1,1)
(1,2)
(0,2)
(0,2)
(1,2)

GMF
Baseline
1.0
Day 22
2.3
Day 43
3.8
Day 71
5.3
Month 06 3.7
Month 12 2.4

Range
(1,1)
(1,133)
(1,130)
(1,102)
(1,65)
(1,32)

GMF
Baseline
1.0
Day 22
5.2
Day 43
6.8
Day 71
8.1
Month 06 4.4
Month 12 2.9

Range
(1,1)
(0,10)
(0,9)
(1,13)
(1,6)
(1,5)

Single Seropostive
Subjects
(HSV-2 Pos/ HSV-1 Neg)
Placebo
N
GMF
Range
N
14
1.0
(1,1)
25
14
25
1.0
(1,2)
14
25
1.0
(1,2)
14
24
1.0
(0,2)
14
18
0.9
(0,3)
14
18
1.2
(1,2)
GEN-003 60 µg/ M-M2 50 µg
N
GMF
Range
N
17
1.0
(1,1)
23
17
23
2.7
(1,33)
17
23
2.8
(1,28)
16
21
3.3
(2,25)
11
18
2.1
(1,17)
11
18
2.03
(1,13)
GEN-003 60 µg/ M-M2 75 µg
N
GMF
Range
N
14
1.0
(1,1)
27
14
27
1.9
(1,37)
14
27
1.9
(2,40)
14
24
2.5
(2,34)
12
21
1.9
(1,21)
12
21
1.61
(1,19)

KolmogorovSmirnov Test
P-value
>0.999
0.830
0.778
0.955
0.891
0.727
P-value
>0.999
0.598
0.481
0.048
0.037
0.777
P-value
>0.999
0.040
0.001
0.002
0.017
0.088

Each individual subject fold –change at each collection point was calculated over
baseline. Results were grouped by serostatus, treatment group, and collection point to
calculate geometric mean fold-change (GMF). Range is the minimum and maximum
geometric median fold change of each group, N is sample size. P-values were determined
by Kolmogorov-Smirnov Test.
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Figure 6. HSV-1 NAb median fold-change results by serostatus.
Graph depicts the geometric median HSV-1 fold change at each collection point over
baseline by serostatus and treatment group. Results were grouped by serostatus, treatment
group, and collection point to calculate geometric median fold-change.

61

Figure 7. Correlation relationships of HSV-1 and HSV-2 D71 NAb titers with HSV-2
Viral Shedding Rate
GEN-003-003 HSV NAb titers from collection point D71, post dose 3, were compared to
the frequency (number of swabs PCR positive/Total number of swabs tested) of viral
shedding by Spearman correlation analysis (r). (A) top, correlation relationship of HSV-1
D71 NAb titers and HSV-2 Viral Shedding Rate from treatment group GEN-003 60 µg/
M-M2 50 µg, (B) bottom, correlation relationship of HSV-2 D71 NAb titers and HSV-2
Viral Shedding Rate from treatment group GEN-003 60 µg/ M-M2 50 µg. Microsoft
Excel 2010, and GraphPadPrism7 were used for all correlation analyses, to calculate all
relevant p values, and to create the tables and figures. P = alpha value, where < 0.05 is
statistically significant.
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Table 7. Correlation of HSV-1 D71 NAb titers and viral shedding rate
Double Seropostive Subjects
(HSV-2 Pos / HSV-1 Pos)

All Subjects

Single Seropostive Subjects
(HSV-2 Pos/ HSV-1 Neg)

r

P-value

N

r

P-value

N

r

P-value

N

Placebo

0.089

0.596

38

0.303

0.291

14

0.221

0.301

24

GEN-003 60 µg/
M-M2 50 µg

-0.344

0.037

37

-0.350

0.184

16

-0.226

0.324

21

GEN-003 60 µg/
M-M2 75 µg

0.015

0.930

38

0.132

0.651

14

-0.214

0.316

24

GEN-003-003 HSV-1 NAb titers from collection point D71, post dose 3, were compared
to the frequency (number of swabs PCR positive/Total number of swabs tested) of viral
shedding by Spearman correlation analysis (r). Microsoft Excel 2010, and
GraphPadPrism7 were used for all correlation analyses, to calculate all relevant p values,
and to create the tables and figures. P = alpha value, where < 0.05 is statistically
significant.

Table 8. Correlation of HSV-2 D71 NAb titer and viral shedding rate
Double Seropostive Subjects
(HSV-2 Pos / HSV-1 Pos)

All Subjects

Single Seropostive Subjects
(HSV-2 Pos/ HSV-1 Neg)

r

P-value

N

r

P-value

N

r

P-value

N

Placebo

0.274

0.097

38

0.566

0.039

14

0.250

0.239

24

GEN-003 60 µg/
M-M2 50 µg

-0.413

0.011

37

-0.536

0.034

16

-0.324

0.152

21

GEN-003 60 µg/
M-M2 75 µg

0.018

0.916

38

0.416

0.140

14

-0.323

0.124

24

GEN-003-003 HSV-2 NAb titers from collection point D71, post dose 3, were compared
to the frequency (number of swabs PCR positive/Total number of swabs tested) of viral
shedding by Spearman correlation (r). Microsoft Excel 2010, and GraphPadPrism7 were
used for all correlation analyses, to calculate all relevant p values, and to create the tables
and figures. P = alpha value, where < 0.05 is statistically significant.
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Table 9. Correlation of HSV-1 D71 fold change and viral shedding rate
Double Seropostive Subjects
(HSV-2 Pos / HSV-1 Pos)

All Subjects

Single Seropostive Subjects
(HSV-2 Pos/ HSV-1 Neg)

r

P-value

N

r

P-value

N

r

P-value

N

Placebo

0.080

0.632

38

0.169

0.559

14

-0.026

0.903

24

GEN-003 60 µg/
M-M2 50 µg

0.024

0.890

37

0.025

0.931

16

-0.084

0.719

21

GEN-003 60 µg/
M-M2 75 µg

-0.346

0.033

38

-0.216

0.455

14

-0.027

0.902

24

GEN-003-003 HSV-1 D71 (post dose 3) NAb Fold Changes from baseline, were
calculated as follows FC = D71 NAb titer/D1 NAb titer. HSV-1 D71 NAb FC were
compared to the frequency (number of swabs PCR positive/Total number of swabs
tested) of viral shedding by Spearman correlation analysis (r). Microsoft Excel 2010, and
GraphPadPrism7 were used for all correlation analyses, to calculate all relevant p values,
and to create the tables and figures. P = alpha value, where < 0.05 is statistically
significant.

Table 10. Correlation of HSV-2 D71 fold change and viral shedding rate
Double Seropostive Subjects
(HSV-2 Pos / HSV-1 Pos)

All Subjects

Single Seropostive Subjects
(HSV-2 Pos/ HSV-1 Neg)

r

P-value

N

r

P-value

N

r

P-value

N

Placebo

-0.086

0.606

38

-0.252

0.381

14

-0.007

0.972

24

GEN-003 60 µg/
M-M2 50 µg

-0.159

0.348

37

-0.340

0.199

16

0.062

0.788

21

GEN-003 60 µg/
M-M2 75 µg

-0.354

0.029

38

-0.163

0.576

14

-0.148

0.491

24

GEN-003-003 HSV-2 D71 (post dose 3) NAb Fold Changes from baseline, were
calculated as follows FC = D71 NAb titer/D1 NAb titer. HSV-2 D71 NAb FC were
compared to the frequency (number of swabs PCR positive/Total number of swabs
tested) of viral shedding by Spearman correlation analysis (r). Microsoft Excel 2010, and
GraphPadPrism7 were used for all correlation analyses, to calculate all relevant p values,
and to create the tables and figures. P = alpha value, where < 0.05 is statistically
significant.
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Table 11. Correlation of HSV-1 D71 NAb titer and days to first lesion
Double Seropostive Subjects
(HSV-2 Pos / HSV-1 Pos)

All Subjects

r

P-value

N

r

P-value

N

-0.198

0.234

38

-0.503

0.069

14

GEN-003 60 µg/
M-M2 50 µg

0.004

0.982

37

0.088

0.744

GEN-003 60 µg/
M-M2 75 µg

-0.090

0.593

38

-0.119

0.684

Placebo

Single Seropostive Subjects
(HSV-2 Pos/ HSV-1 Neg)

r

P-value

N

-0.103

0.631

24

16

-0.115

0.621

21

14

-0.031

0.885

24

GEN-003-003 HSV-1 NAb titers from collection point D71, post dose 3, were compared
to the number of days to appearance of first lesion post dose 3 by Spearman correlation
analysis (r). Microsoft Excel 2010, and GraphPadPrism7 were used for all correlation
analyses, to calculate all relevant p values, and to create the tables and figures. P = alpha
value, where < 0.05 is statistically significant.

Table 12. Correlation of HSV-2 D71 NAb titer and days to first lesion

Placebo

Single Seropostive
Subjects
(HSV-2 Pos/ HSV-1 Neg)

Double Seropostive Subjects
(HSV-2 Pos / HSV-1 Pos)

All Subjects
r

P-value

N

r

P-value

-0.233

0.159

38

-0.490

0.078

N

r

P-value

N

14

-0.064

0.768

24

GEN-003 60 µg/
M-M2 50 µg

-0.024

0.889

37

0.103

0.703

16

-0.055

0.814

21

GEN-003 60 µg/
M-M2 75 µg

0.057

0.732

38

-0.220

0.447

14

0.208

0.329

24

GEN-003-003 HSV-2 NAb titers from collection point D71, post dose 3, were compared
to the number of days to appearance of first lesion post dose 3 by Spearman correlation
analysis (r). Microsoft Excel 2010, and GraphPadPrism7 were used for all correlation
analyses, to calculate all relevant p values, and to create the tables and figures. P = alpha
value, where < 0.05 is statistically significant.
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Table 13. Correlation of HSV-1 D71 fold change and days to first lesion
Double Seropostive Subjects
(HSV-2 Pos / HSV-1 Pos)

All Subjects

Single Seropostive Subjects
(HSV-2 Pos/ HSV-1 Neg)

r

P-value

N

r

P-value

N

r

P-value

N

Placebo

0.143

0.391

38

-0.029

0.924

14

0.290

0.169

24

GEN-003 60 µg/
M-M2 50 µg

0.257

0.125

37

0.362

0.168

16

0.335

0.138

21

GEN-003 60 µg/
M-M2 75 µg

0.137

0.412

38

-0.094

0.747

14

-0.015

0.944

24

GEN-003-003 HSV-1 D71 (post dose 3) NAb Fold Changes from baseline, were
calculated as follows FC = D71 NAb titer/D1 NAb titer. HSV-1 D71 NAb FC were
compared to the number of days to appearance of first lesion post dose 3 by Spearman
correlation analysis (r). Microsoft Excel 2010, and GraphPadPrism7 were used for all
correlation analyses, to calculate all relevant p values, and to create the tables and figures.
P = alpha value, where < 0.05 is statistically significant.

Table 14. Correlation of HSV-2 D71 fold change and days to first lesion
Double Seropostive Subjects
(HSV-2 Pos / HSV-1 Pos)

All Subjects

Single Seropostive Subjects
(HSV-2 Pos/ HSV-1 Neg)

r

P-value

N

r

P-value

N

r

P-value

N

Placebo

0.098

0.558

38

0.300

0.296

14

-0.019

0.930

24

GEN-003 60 µg/
M-M2 50 µg

0.216

0.199

37

-0.012

0.967

16

0.361

0.108

21

GEN-003 60 µg/
M-M2 75 µg

0.248

0.134

38

0.167

0.565

14

0.275

0.193

24

GEN-003-003 HSV-2 D71 (post dose 3) NAb Fold Changes from baseline, were
calculated as follows FC = D71 NAb titer/D1 NAb titer. HSV-2 D71 NAb FC were
compared to the number of days to appearance of first lesion post dose 3 by Spearman
correlation analysis (r). Microsoft Excel 2010, and GraphPadPrism7 were used for all
correlation analyses, to calculate all relevant p values, and to create the tables and figures.
P = alpha value, where < 0.05 is statistically significant.
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Appendix III.
Supplementary Figures

Supplemental Figure 1. BLAST alignment of HSV-1 gD and HSV-2 gD
The alignment of protein sequences is completed using the basic local alignment search
tool (BLAST). To compare HSV-1 gD and HSV-2 gD a BLAST search was completed
with HSV-2 strain HG52 gD sequence and HSV-1 strain 17 gD sequence showing 82%
identity that these sequences have the same residues at the same positions. Key: An *
(asterisk) indicates positions which have a single, fully conserved residue, A : (colon)
indicates conservation between groups of strongly similar properties - scoring > 0.5 in the
Gonnet point accepted mutation 250 matrix, A . (period) indicates conservation between
groups of weakly similar properties - scoring =< 0.5 in the Gonnet point accepted
mutation 250 matrix.
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