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Summary

HSV-1 continues to be the leading cause of infectious corneal blindness. Clinical trials for
vaccines against genital HSV infection have been ongoing for more than three decades. Despite
this, no approved vaccine exists, and no formal clinical trials have evaluated the impact of HSV
vaccines on eye health. We review here the current state of development for an efficacious HSV-1
vaccine and call for involvement of ophthalmologists and vision researchers.
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Prologue

The merits of an efficacious vaccine to protect against ocular herpes simplex virus (HSV)
infection and resultant sequelae are often overlooked. Though HSV vaccines have been
reviewed extensively, much focus has been directed towards the development of a tenable
vaccine for genital herpes, specifically HSV-2 [1]. What is often lacking in the design of
clinical trials and discussions about HSV vaccines is practical relevance to arguably the
most routine yet clinically serious complication resulting from HSV infection—herpetic
stromal keratitis (HSK) [2].

Compared to other external anatomic sites, tissue pathology and healing in the cornea
following HSV infection is complex and clinically problematic due to the need to preserve
corneal clarity and sensation [3-6]. Corneal inflammation, scar formation, and
neovascularization are hallmarks of HSK, yet these pathologies are intimately linked to the
immune response elicited by recurrent corneal HSV infection [7,8]. Developing a vaccine
for HSV that confers immunologic protection without eliciting irreversible corneal
immunopathology is critically important for both clinicians and patients. Moreover, this
conundrum is precisely why the insights of ophthalmologists and vision scientists may
definitively contribute to HSV vaccine research.

Corresponding Author: Daniel J.J. Carr, Address: Department of Ophthalmology, DMEI Pavillion A, Room 415, 608 Stanton L.
Young Blvd., Oklahoma City, OK 73104, Phone: 405-271-8784, Dan-Carr@ouhsc.edu.

Financial Disclosure

The authors declare no financial conflict of interest with the materials or subject matter discussed in this review.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Royer et al.

Page 2

In the current review, our goal is to highlight strategies that will integrate ongoing vaccine
research with the medical discipline of ophthalmology. Clinical trials for HSV vaccines have
been ongoing for more than three decades, yet none have reported data on the eye. We
advocate herein for ophthalmologist involvement in HSV vaccine research and the
implementation of clinically relevant, outcome-based experimental methodologies by
researchers engaged in HSV vaccine studies using animal models. This thorough approach
will effectually streamline translational research and vaccine design as well as diminish the
limitations of animal models by pairing clinically relevant evaluations of corneal pathology
with immunologic investigations of vaccine efficacy.

Introduction

Vaccines have been in use for more than two centuries to protect against infectious diseases.
Herpes simplex virus type 1 (HSV-1) is among the most prominent pathogens threatening
vision [2]. Despite aggressive focused research, multiple clinical trials, and significant
funding in pursuit of a HSV vaccine, no approved vaccine exists to date [1,2,9]. Here, we
provide an overview of HSV-1 virology, epidemiology, ocular infection, and interventions
with emphasis on connections to clinically pertinent aspects of corneal pathophysiology and
implications for vaccine research. HSV and varicella zoster virus (VZV) are contrasted
throughout this review to differentiate how the approaches that led to profound successes in
vaccinating against the latter may be applied in the pursuit of a safe and efficacious vaccine
for its counterpart, HSV-1. The overall purpose of our review is to bridge the scientific
disciplines of HSV vaccinology and ophthalmic medicine in order to initiate a
methodological framework to guide research investigating the efficacy of emerging HSV
vaccines with respect to herpetic eye disease.

For clarity, distinctions are made herein between ophthalmologists and vision scientists to
address common perspectives and problems encountered in the eye clinic and laboratory,
respectively. When both clinicians and laboratory scientists are intended, the colloquialism
‘vision professionals’ is used. The terms ophthalmologist and clinicians in ophthalmic
medicine are used interchangeably and are not intended to exclude optometrists.

Though HSV-1 is an etiological agent responsible for a variety of sequelae including acute
retinal necrosis, anterior uveitis, conjunctivitis, and Keratitis in the eye alone [2], we will
primarily focus on HSK for the intent of this review due to its established prevalence in
visual impairment. We anticipate that an efficacious HSV-1 vaccine that protects against
HSK would also protect against other herpetic sequelae in the eye and beyond. This includes
devastating diseases such as frank sporadic encephalitis and genital herpes caused by
HSV-1.

Basic Virology of HSV-1

Of the human herpesviruses, HSV-1 along with HSV-2 and VVZV constitute the neurotropic
taxonomic subfamily Alphaherpesvirinae. The alphaherpesviruses are relatively
homologous structurally and, to a lesser extent, genetically. Their virions are comprised of a
linear double-stranded DNA genome protected by a capsid (collectively, nucleocapsid),
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tegument proteins, and an envelope [10]. While an in-depth discussion of molecular
virology is beyond the scope of this manuscript, basic information is provided to resolve
immunologic concepts encompassed by this review.

Genomes of the human alphaherpesviruses contain seventy or more open reading frames
[11,12]. Expression of the encoded products is regulated in several phases in concert with
lytic and latent cycles or host immune-pressure [13]. During the lytic cycle, gene products
are utilized in many processes such as viral entry, immune evasion, intracellular motility,
and virion replication/assembly [10]. From the perspective of vaccine immunologists, the
rich antigenic complexity of these viruses makes selecting appropriate components for
inclusion in a vaccine difficult [1]. While HSV-1 is more closely related to HSV-2 than
VZV, the success of vaccination against VZV primary infection and reactivation—i.e.
varicella and herpes zoster (HZ), respectively—gives us hope that paralleled success is on
the horizon for vaccines directed against HSV.

Initial host cell entry by HSV-1 is mediated via virion attachment to and fusion with host
cell membranes. This process is dynamic with respect to the entry pathways (i.e. plasma
membrane or endocytic vesicle fusion) exploited by HSV-1 as well as the broad range of
host cell types susceptible to infection [14-16]. Viral entry of HSV-1 involves multiple
interactions between surface receptors decorating the host cell membrane and glycoproteins
decorating the virion envelope. An increasing number of host cell surface macromolecules
are recognized as entry receptors for HSV-1 including: herpesvirus entry mediator (HVEM),
nectin-1/2, 3-O-sulfated heparin sulfate (3-OS HS), and paired immunoglobulin-like 2
receptor alpha (PILRa)—all of which are expressed in various cells in the cornea [16].

Consistent with the rich antigenic complexity of HSV-1, virion entry involves the
coordinated actions of multiple glycoproteins on the envelope to mediate attachment and
fusion. The fusion process is a mechanism necessary to deposit viral tegument proteins and
the nucleocapsid into host cells, which jointly mediate the fate of progeny virions. HSV-1
surface glycoproteins that comprise the molecular machinery necessary for host cell
attachment and fusion include glycoprotein -B (gB), -D (gD), and a heterodimer of
glycoprotein-H (gH) and -L (gL). Of these, gB and gD are directly associated with binding
the aforementioned host cell entry receptors. Comparing HSV-1 and HSV-2, gB and gD are
relatively homologous in structure and function [15]. From a vaccine standpoint, generating
an immune response against gB and gD, the viral glycoproteins responsible for host cell
attachment and fusion, is logical.

Central to the pathogenesis of the alphaherpesviruses is their ability to spread via
mucocutaneous secretions or lesions, replicate at the site of infection, and invade autonomic
ganglia. These viruses enter neuronal sensory fibers innervating infected external mucosal
sites and subsequently shuttle their nucleocapsid to the ganglion-associated soma via
retrograde axonal transport [17,18]. HSV and VZV persist for the life of the host in immune
privileged neuronal niches by establishing an episomal latent infection characterized by
suppression of viral gene expression [19]. Differences arise in the molecular mechanisms
known to govern viral latency or promote reactivation between VZV and HSV-1/2. For
HSV, latency is classically distinguished by the production of a non-coding latency
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associated transcript (LAT), some micro-RNAs, and absence of viral replication within the
infected nerve. Latency is not maintained by LAT expression in VZV [19]. Upon
reactivation, progeny virus particles are generated and shuttled to external sensory fibers via
anterograde transport for egress into the external mucosae [18].

HSV-1 is most commonly associated with the formation of orolabial herpetic lesions or
‘cold sores’ on the vermilion border resulting from periodic reactivation of latent virus
within neurons of the trigeminal ganglia (TG). With the exception of corneal infection in
neonates, primary HSV-1 Keratitis is thought to be caused by HSV-1 reactivation within the
TG with subsequent anterograde transport through the ophthalmic branch of the trigeminal
nerve to facilitate viral access to the cornea. Ocular HSV-1 infection can also result from
direct exposure [2]. In stark contrast to varicella resulting from VVZV infection in
unvaccinated individuals, primary orofacial HSV-1 infection is generally thought to
manifest as a subclinical pediatric condition [20]. However, epidemiologic studies have
uncovered changing trends that vaccine researchers can capitalize on.

Epidemiologic Insights

Samuel Theobald, an ophthalmologist in Baltimore circa 1916, noted: “Unless my
experience has been exceptional, herpetic keratitis is a more common affection than it is
usually supposed to be” [21]. Despite diagnostic ambiguity a century ago, Theobald’s
observation certainly remains true today: vision professionals recognize HSV-1 as the
leading cause of infectious corneal blindness in the developed world. Current projections
suggest 1.5 million cases of HSK occur annually worldwide. Among these, forty thousand
cases of severe monocular visual impairment (acuity < 20/200) or blindness (acuity <
20/400) are estimated [2]. Nevertheless, the public at large remains relatively unfamiliar
with HSK, as this condition has not crossed into the realm of common knowledge.

Meta-analysis of longitudinal data showing age of exposure to HSV-1 may be strategically
useful in the design and implementation of a HSV-1 vaccine. The HSV-1 seroprevalence
among 14-49-year-olds in the United States has declined steadily over the past 20-25 years
according to National Health and Nutrition Examination Surveys (NHANES) data from
highly sensitive and specific solid phase immunodot assays. Analysis of NHANES data
comparing HSV-1 seroprevalence spanning 1988-1994, 1999-2004, and 2005-2010 reveal
a progressive seven percent relative decrease in the number of seropositive individuals
between each interval [22,23]. A highly significant relative decrease in seroprevalence was
observed among 14-19-year-olds: ~23% between 1999-2004 and 2005-2010, and ~29%
relative to NHANES data from 1976-1980 [23].

Seroprevalence data gained from clinical trials for the GlaxoSmithKline Herpevac vaccine
in women of childbearing age in the United States supported established NHANES findings.
However, this Herpevac cohort was nearly five times larger and was composed entirely of
individuals denying any previous symptomatic HSV infection [24]. Collectively, these
studies indicate that fewer children and adolescents are infected with HSV-1 today than in
previous decades possibly due to delayed exposure to the virus. On one hand, trends in
delayed exposure evidenced by seroconversion rates may be taken advantage of to facilitate
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prophylactic childhood vaccination for HSV-1; on the other hand, these trends may correlate
with increased clinical severity and complication frequency resulting from primary infection
of immunologically naive individuals later in life.

Seroconversion is only one indicator of a patient’s history of HSV-1 infection. Moreover,
evidence suggests that seroconversion status is not always a conclusive indication of HSV-1
infection. One meta-analysis study evaluating HSV-1 shedding in the oral cavity of over
3500 individuals from multiple case reports indicates that the virus is shed asymptomatically
by upwards of 70% of the population at least once a month [25]. Asymptomatic shedding is
accepted to be the presence of HSV-1 virions or DNA within mucosal secretions in the
absence of clinically evident viral lesions. Another study evaluating HSV-1 shedding in the
saliva and tears found similar results with no overall difference in the viral load by PCR on
HSV-1 DNA comparing tears and saliva [26]. Interestingly, asymptomatic shedding was
observed in healthy adults who were reported as seronegative for HSV-1 by ELISA or viral
serum neutralization assay [25,26]. Thus it is important for those interested in vaccine
development for HSV-1 to recognize that transmission of HSV-1 may occur by
asymptomatic individuals as well as by individuals with a seroconversion status below the
limit of detection for the method used to determine the HSV-1 specific antibody titer.

In addition to seroprevalence data and virus shedding, PCR-based postmortem studies
evaluating HSV-1 DNA in the TG also offer valuable epidemiologic information on the
prevalence of HSV-1. Data from a recent large study (n = 414 TG from 207 cadavers)
conducted in Japan show that the incidence of HSV-1 infection increases with age.
Furthermore, this study revealed that nearly all people greater than 60 years old harbor latent
HSV-1 in the TG [27] and complements an earlier study (n =242 TG from 121 cadavers)
indicating similar age-based trends in HSV-1 infection in the TG in Japan [28]. One large
study from Germany (n = 109 cadavers) also supports age-based trends in the incidence of
HSV-1 infection [29].

However, the only large postmortem study (n = 174 TG) identified by the authors that
encompassed a broad age range and was conducted in the U.S. suggests that neither age nor
gender have a significant impact on the prevalence of HSV-1 DNA in human TG [30]. One
caveat to the cited U.S. study is that the tissue was procured from one tissue bank in Oregon
and may not be representative of the entire U.S. population. Furthermore, an independent
study of adults 56 years and older in the U.S. (n =47 TG) revealed that 68% of the samples
evaluated contained HSV-1 DNA. Many other detailed studies assessing latent HSV-1 in
human cadavers have been conducted, but the data cannot be effectively utilized in a
discussion regarding epidemiological aspects of HSV-1 due to small sample sizes and/or
limited age distribution. It is clear from serological as well as PCR-based cadaver studies
that the prevalence of HSV-1 is high.

All HSV vaccines tested in clinical trials to date have focused on HSV-2-derived antigens,
as HSV-2 has historically been the chief causative agent of genital herpes and predisposes
individuals to be more susceptible to infection by HIV [31]. Clinical trials for HSV vaccines
have failed to produce protection against HSV-2. One recent Herpevac study shows partial
protection against genital HSV-1 infection and disease, though only in women who were
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seronegative for HSV-1 and HSV-2 prior to vaccination [32]. The proportion of genital
herpes caused by HSV-1 is on the rise, and HSV-1 is now the leading cause of primary
genital herpes in young women [32,33], possibly due to delayed exposure or lack of HSV-1
specific antibodies upon sexual debut [23].

Due to these epidemiological trends in HSV acquisition, focus on the development of
vaccines targeting HSV-1 specifically is likely to increase in the near future. The risk of
clinical severity during primary VZV infection is known to increase with age [34], but the
clinical course of disease can be eliminated or drastically limited by prophylactic
vaccination [35]. Age of primary infection may have implications for trends seen in ocular
(and genital) HSV-1 involvement as well, and particularly when age of the first clinical
episode of ocular infection is evaluated [2,36].

While the epidemiology of HSV-1 infection varies among nations and demographic
subpopulations, one trend is clear: HSV-1 seroconversion is happening later in life than in
previous decades, and this may contribute to an increase in frequency and severity of
clinically important complications—including HSK. However, the authors believe that the
trend of delayed seroconversion rates may pave the way for successful prophylactic HSV-1
vaccine campaigns in children.

Herpetic Keratitis and the Prospects for a HSV-1 Vaccine

The prospects of developing an effective vaccine against ocular HSV have been reviewed
previously [37] and mentioned in epidemiologic [2] and treatment-focused reviews on
ocular HSV-1 infections [38]. Typical presentations of active HSV-1 keratitis include the
formation of dendritic ulcers in the corneal epithelium. Visual impairment stemming from
HSK involves stromal opacification. Figure 1 shows classic examples of each of these
pathologies. HSK is believed to affect roughly 500,000 individuals in the United States
alone, with an associated annual economic burden of nearly $18 million in costs associated
with disease management [2,39,40]. The utility of a vaccine that prevents visual morbidity
resulting from recurrent ocular HSV-1 infection is evident.

Clinical presentation and management of HSV-1 infection in the human cornea is generally
understood by ophthalmologists, and has been reviewed extensively [2,8,38,41]. One
conundrum in the field is that HSK is a secondary immune-mediated pathology and not the
direct result of clinically active ocular HSV-1 infection. Therefore, it stands to reason that
increasing the immune response to HSV-1 could potentially exacerbate the severity of HSK.
Insights from VZV, another important viral cause of herpetic keratitis, will be evaluated in
the next section to determine the impact vaccination may have on exacerbation of immune-
mediated ocular disease.

Several challenges have arisen in the clinical management of HSK. These issues include:
topical drug toxicity, acyclovir-resistant infections, failed cornea transplants, and immune-
driven pathology occurring beyond the resolution of detectable infection [8,38]. The
frequency and clinical severity of ocular HSV-1 reactivation in patients with a history of
corneal involvement increases over time and ultimately contributes to HSK [42,43]. Concern
about LASIK surgery in individuals with a recent history of ocular HSV-1 infection has
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been advised due to reports of reactivation following the procedure; however, the incidence
is rare [44-46]. Such challenges emphasize the need for an efficacious vaccine to prevent
HSK, but they can also be used to inform the design and implementation of a vaccine aimed
to prevent active HSV-1 keratitis in the first place. Future vaccine studies must rigorously
examine the extent of vaccine-mediated protection against herpetic eye disease in light of
what is known about progression of HSK.

Previous and ongoing clinical trials for HSV vaccines have virtually ignored the problem of
ocular infection due to their focus on genital herpes caused by HSV-2. It is known that
HSV-2 contributes to ocular disease, but it is a minor player in the development of HSK
relative to HSV-1 and VVZV [2]. As of the last week of July 2014, sixteen formal clinical
trials investigating vaccines against genital HSV infection were documented by the National
Institutes of Health. These studies were selected by the authors based on relevance to the
current vaccine review from among twenty-five results returned using the search query
“herpes simplex virus” and “vaccine” at the National Clinical Trials registry accessible at
ClinicalTrials.gov (see Table 1). None of these studies propose to investigate changes in
HSV-related phenomena in the eye relative to vaccination. Furthermore, half of them
specifically exclude patients with a history of ocular HSV from enroliment. The reasoning
for this exclusion criterion is likely due to long-held concerns that boosting immunity to
HSV may exacerbate HSK [47]. As outlined by Pepose and others, the occurrence of
primary genital HSV-1 now greater than HSV-2 in some demographics, thus emerging HSV
vaccines should be designed to target genital HSV-1 and HSV-2 [47].

Ophthalmologists must become proactive in HSV vaccine research to ensure that boosting
immunity to HSV is protective and does not have a reciprocal effect on eye health by
exacerbating HSK immunopathology. One article has validated that a heat-killed HSV-1
vaccination delivered subcutaneously in the deltoid region can cause a significant drop in
frequency and duration of ocular HSV-1 reactivations in a small clinical cohort (n =10
vaccinated & 10 placebo) [48]. While a drop in frequency and duration is certainly
beneficial, what is needed to abrogate eye disease is to diminish HSV-1 infection in the TG
or reactivation in the eye. Many vision scientists have used animal models to imitate aspects
of HSV-1 infection. This includes the potential for a vaccine-mediated boost in immunity to
HSV-1 to exacerbate HSK, and these issues will be addressed later in the animal models
section. It is unlikely that a HSV vaccine will ever eliminate latent ganglionic infection with
current technologies being utilized in the field; however, data show symptomatic
reactivation can be diminished [32,48].

Endpoint measurements of a successful prophylactic HSV-1 vaccine would include
prevention of the establishment of viral latency in the TG among individuals vaccinated
before exposure to HSV-1. Alternatively, endpoint measurements of a successful therapeutic
vaccine for HSV-1 would include significant suppression of the latent reservoir of virus
already established in the TG. This would be indicated by a significant drop in detectable
reactivation via symptomatic or asymptomatic virus shedding in external mucosae. We will
now look to data from several pilot studies and preliminary clinical evidence available for
eye-related VZV complications following vaccination to evaluate the prospects of ocular
protection and immunopathology following HSV vaccination.
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Insight from VZV Vaccination

The live-attenuated prophylactic Varivax vaccine for varicella has been commercially
available in the US since 1995, while its higher-dose, therapeutic counterpart Zostivax was
introduced in 2006 for immunization against HZ. Varivax immunization has been
demonstrated in multiple studies to be approximately 85% effective in preventing signs of
varicella and almost entirely effective in preventing severe disease in children [35]. Zostivax
has been shown to reduce the incidence of HZ by more than 50% in those age 60 years and
older [49].

Data from one retrospective study on a single community over the course of 28 years show
that HZ eye complications affect approximately 9% of patients with HZ in any dermatome,
but the incidence is increasing among unvaccinated individuals [50]. This data projected to
the United States population reveal that there may be up to 90,000 HZ eye complications
annually [50]. Induction or exacerbation of VZV keratitis has been reported following
Varivax or Zostivax administration in two children and one adult, leading some clinicians to
speculate that persistent viral antigens in the cornea contribute to immune-mediated
pathology arising from a vaccine-induced boost in cellular immunity [51-53]. Three patients
experienced HZ following vaccination that led to retinal necrosis, and in at least one case,
the vaccine strain was identified in the vitreous of the infected eye by PCR [54,55].

Acute posterior multifocal placoid pigment epitheliopathy, uveitis, and retinitis have also
been reported following immunization for VZV [52,56-59]. Nonetheless, many of these
reports of complications arose in severely ill or otherwise immunocompromised individuals,
while several other events did not correspond closely with the time of vaccination. One
recent study of 13,681 individuals emphasizes the general safety of Zostivax and shows that
recent history of HZ is not a contraindication for vaccination [60]. Given the current national
estimates of ocular HZ involvement, the isolated adverse reports likely reflect rare events.
Collectively, there are no serious concerns about increased incidence of HZ eye disease
resulting from vaccination using a live-attenuated virus. Understanding the immunologic
impact of VZV vaccines on the incidence and severity of ocular HZ may give HSV-1
vaccine researchers discernment in the pursuit of an efficacious vaccine for HSV-1-related
ocular sequelae. Specifically, the potential for a vaccine against HSV-1 to induce greater
immunopathology in patients suffering from herpetic keratitis is a potential reality and
necessitates the involvement of vision professionals in future vaccine trials for HSV-1.

Among other factors such as immunosenescence, differential coverage in vaccine-mediated
protection against varicella and HZ is likely due to the respective immune correlates of
protection. Prophylactic Varivax immunization elicits humoral and cell-mediated immunity.
While the immune correlate of protection against signs of varicella is clearly humoral
immunity, cell-mediated immunity expedites viral clearance and latency [61,62].
Therapeutic Zostivax immunization benefits patients by boosting cell-mediated responses
responsible for maintaining viral latency [61,63]. This paradox highlights a relevant
postulate for vaccine research: the particular immunol ogic mechanisms governing
protection, resolution, and preservation of latency during the course of HSV infection may
differ (adapted from Plotkin) [61].
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Vaccination Strategies for HSV

While the high prevalence of HSV-1 indicates that a therapeutic vaccine would currently be
most beneficial, a prophylactic vaccine would ultimately be more advantageous. This
apparent contradiction invites an important question: Can an HSV-1 vaccine be
implemented universally for prophylactic and therapeutic use to limit HSV-1 pathogenicity?
Epidemiologic trends in the age of HSV-1 acquisition/seroconversion would suggest that a
dual-use approach is plausible.

Clinical evidence supports the effectiveness of prophylactic HSV vaccination. In one
Herpevac clinical trial cohort study in which HSV-1/2 seronegative women were vaccinated,
82% of the cohort was protected from HSV-1 genital disease [32]. Furthermore, patient
antibody titer against gD elicited from vaccination but not T cell-mediated immune
responses correlated with protection against HSV-1 infection such that antibody titers
against gD were inversely proportional to HSV-1 seroconversion status and/or culture
positive disease incidence among the cohort [64]. Based on the classic model of receptor-
mediated virus entry, many subunit vaccines have been designed with HSV-2 glycoproteins
that bind to the host viral entry receptors as target antigens, particularly gD and gB [1,14].
Suboptimal performance of the GlaxoSmithKline Herpevac gD subunit vaccines in clinical
trials against genital HSV-2 suggest that broad protection against HSV may involve more
antigenic targets [1,32].

It is critically important to evaluate both the safety and efficacy of any future HSV vaccine.
Current conventional vaccine design largely capitalizes on modern advancements in
technology that facilitate a rational, ground-up approach and the use of ‘safe’ DNA vector or
protein-subunit vaccines due to their inability to cause infection [65].

Table 1 details the compositions of HSV vaccines used in human clinical trials to date. Of
these, nine contain HSV-2 gD with various adjuvants to form monovalent protein subunit
vaccines (GlaxoSmithKline). Four others combine HSV-2 gD with one or more other viral
proteins and various adjuvants to form polyvalent protein subunit vaccines (Genocea
Biosciences and Agenus). Two use DNA plasmid-based technologies to drive expression of
multiple viral proteins following transfection/injection (Vical and Powdermed/Pfizer).
Lastly, one ongoing clinical trial uses a replication disabled live virus (HSV529) to elicit a
protective immune response.

Strengths and weaknesses of various HSV vaccine compositions and vaccination strategies
have recently been reviewed in detail by Halford [1]. Halford’s underlying conclusion was
that protein subunit vaccines being used in multiple clinical trials for HSV have
demonstrated limited to no effectiveness in preventing HSV-2 genital herpes due to their
miniscule representation (1%) of the antigenic breadth of the native virus. The same
conclusion is likely to be true with respect to future vaccines specifically targeting HSV-1.
Protein subunit vaccines have been used effectively against HPV and hepatitis B, although
these are much smaller viruses such that the subunit vaccine covers 12—-22% of the viral
proteome. Halford argues that the implementation of live-attenuated HSV vaccines
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representing more than 99% of the native antigens is the most logical approach for vaccine
development [1].

History suggests that the most efficacious vaccines for viral infections are live-attenuated
strains [66,67]. These include vaccines for influenza, measles, mumps, rubella, polio (oral),
rotavirus, VZV, yellow fever and rabies. Inactivated whole virus, virion derivatives, and
protein subunit vaccines have shown success for hepatitis A, hepatitis B, human papilloma
virus (HPV), influenza, and polio. Incidentally, the correlate of protection against primary
infection involves humoral immunity for all of these vaccines [61]. Cell-mediated immunity
generated from many of these vaccines is certainly involved in viral clearance and protection
from recurrent disease following infection, but the correlate of protection with respect to
disease prevention is a pre-existing pathogen-specific antibody response [61]. Moreover, the
innate pathways activated by attenuated strains also contribute to the generation of
protective adaptive immune responses [67,68].

It is important to discern what risks may be associated with vaccination using live-attenuated
vaccines. While concern has been raised about the possibility of recombination with strains
endemic among the human population when vaccinating using replication disabled or
attenuated viruses, it is important to note the near ubiquitous nature and increasing clinical
burden of HSV when considering acceptable risks [1]. Evidence for naturally occurring
recombination between separate HSV-1 stains in vivo is lacking due to unperceivable
changes in viral fitness or pathogenesis within the same host; although, the phenomenon has
been observed and characterized in vitro [69-71]. From a clinical perspective, however,
frame shift mutations in the viral gene encoding thymidine kinase are appreciable and
problematic due to their association with acyclovir-resistance and recurrent keratitis [72,73].

Fortunately, the concept of a naturally occurring oncogenic alphaherpesvirus is not
supported by peer-reviewed medical or scientific literature; therefore, the risk of a vaccine
strain being oncogenic is unlikely. Instead, genetically engineered HSV-1 strains have been
and are currently being used to fight cancer in human clinical trials [74,75]. Specifically, a
therapeutic oncolytic live HSV-1 strain is slated for a phase | trial to treat inoperable
gliomas (National Clinical Trial registry #02062827). Epstein-Barr virus (EBV/HHV-4) and
Kaposi’s Sarcoma-associated herpesvirus (KSHV/HHV-8) are recognized as oncogenic;
however, these two viruses are gammaherpesvirus family members and differ greatly in their
composition and pathophysiology from HSV-1 [76].

It would be unreasonable to not take precautions to ensure the utmost safety when
considering vaccine candidates for clinical trials. Nevertheless, ongoing clinical trials have
not uncovered significant concerns about the clinical use of genetically modified HSV-1
strains for the treatment of cancer. While vaccine safety is a primary concern of vaccine
immunologists, it is imperative that we address the clinically significant problem resulting
from the lack of an efficacious HSV vaccine in a timely manner, because millions of people
suffer complications arising from HSV infection.

Luckily, much research can be accomplished with HSV-1 outside of human cohorts due to
the variety of suitable animal models and ease of in vitro viral propagation. This is not the
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case for VZV, due to in vitro propagation issues and absence of parallel disease
characteristics in small animal models relative to humans [19,77]. Many unresolved
questions regarding the composition and efficacy of HSV vaccines can be resolved with
HSV vaccines in such animal models. Moreover, these models may help to uncover immune
correlates of protection during various phases of disease as well as vaccine-mediated
contributions to protection and pathology in the eye.

Some have made a case for symptomatic and asymptomatic immune responses based on
human serum profiling of immunodominant antigens, and they suggest that vaccine design
should be centered on antibody production against asymptomatic epitopes [78]. This clinical
data is supported by experimental animal models showing that antibodies against HSV
glycoprotein K (gK) exacerbate HSV infection leading to increased corneal pathology [79].
Independent clinical evidence suggests that antibodies directed against gK can enhance HSK
in humans as well [80]. This particular study also showed that anti-gD antibody titer did not
correlate with total HSV-1 neutralization titer among patients with HSK, leading us to
question why one would immunize with this antigen alone [80]. Administration of acyclovir
has also been noted to skew antigen-specific antibody titers in latently infected mice;
overall, acyclovir had no impact on total anti-HSV-1 titer, but treatment significantly
reduced gD- and gB-specific antibody titers by day 120 post infection [81]. These studies
support the notion that animal models can be utilized to solve some immunologic concerns
about HSV vaccines.

Animal Models and Ocular HSV-1 Vaccines

Various animal models for HSV-1 infection exist and are useful to discern different aspects
of viral pathogenesis and correlates of vaccine mediated protection. These animal models
spanning multiple species have been reviewed extensively over the past few years [82-85].
A fundamental concept vision professionals need to appreciate with respect to vaccine-
induced protection in animal models is the postulate posed earlier: the particular
immunologic mechanisms governing protection, resolution, and preservation of latency
during the course of HSV-1 infection may differ. Furthermore, appreciating the continuum
between these subjective phases outlined in the postulate provides a basis for
comprehending the complexity of host-pathogen interactions during HSV-1 infection.
Animal models utilized in HSV-1 vaccine research will be discussed relative to the postulate
above.

The lines between immunologic protection and resolution may be blurred in
immunologically naive animal models and humans in which prophylactic vaccination does
not offer absolute protection against a challenge by primary infection. Such instances
facilitate breakthrough disease. While breakthrough disease scenarios afford the host a
limited degree of protection via preexisting vaccine-induced measures of adaptive immunity,
it still allows for de novo activation and generation of further adaptive immune
countermeasures to contribute to the resolution of infection and ultimately drive the virus
into a latent state.
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Importantly, breakthrough disease scenarios complicate how investigators may interpret data
resolving correlates of protection with respect to prophylactic vaccines. Is the correlate of
protection in such instances the result of vaccine-mediated or pathogen-induced immune
responses? What is the immunologic correlate and threshold of vaccine-mediated protection
required to prevent crossover between protection against and resolution of primary
infection? Do these immune responses inhibit or exacerbate HSK? Data from experimental
models suggest that these questions remain incompletely understood [82,86].

The most commonly utilized animal model to study HSK is a murine corneal infection
model. While mouse models of primary ocular infection are inherently different than HSK
in humans, many parallels can be made to clarify vaccine efficacy. One limitation of the
mouse model is that primary infection elicits the generation of HSK and this phenomenon is
not dependent upon virus reactivation as it is in humans. Despite this, mouse models are
routinely used for basic research to assess ocular pathogenesis of acute HSV-1 infection
largely due to the array of available commercial products and gene deficient mice that
enable characterization of immune responses [87-89].

As previously discussed, the concept of asymptomatic and symptomatic T cell epitopes has
been established to differentiate between protection against HSV-1 infection and
exacerbation of HSK, respectively [79,80]. However, evidence from a prophylactic
replication disabled whole virus vaccine in mice suggests that enhanced cell mediated
immune responses not only resolve acute infection in the TG but also reduce the severity of
HSK following challenge [90]. On the other hand, much literature has implicated CD4* T
cells in the pathogenesis of HSK in the mouse model of ocular HSV-1 infection [82].

Recent immunologic advances have resolved aspects of the cell-mediated immune response
to HSV-1 infection. HSV-1 employs an apparent binary ‘life cycle’ reflecting lytic and
latent phases. However, emerging evidence in mice at the single cell resolution suggests that
latency is not merely a static process, but one of constant flux that permits low-level,
asymptomatic shedding of infectious virus from individual neurons within the TG [91]. It is
clear that CD8* T cell responses are critical to resolve acute HSV-1 infection and maintain
the suppression of latent infection in the TG [92].

The immunodominant HSV-1 antigenic targets in the CD8+ T cell repertoire are now known
for C57BL/6 mice through the use of MHC tetramers and flow cytometry [93]. Furthermore,
the breadth of this response correlates with the degree of suppression of virus reactivation in
C57BL/6 mice [93]. However, HSV-1 specific T cells do not readily infiltrate the TG in
latently infected mice from the peripheral circulation [94]. This notion makes the prospect of
a protective T cell-based therapeutic vaccine seem limited.

The role of antibody derived from HSV-specific humoral immune responses in preventing
primary infection is undervalued in the field. Clinical trials for the Herpevac vaccine
introduced a paradigm shift for the field by showing that antibody titer against gD but not
cell mediated immunity is the correlate of protection against genital HSV-1 infection [64].
Antibody responses specific for gB have been shown to successfully prevent cell-to-cell
spread of HSV-1, a mechanism classically associated with evasion of humoral immune
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responses [95,96]. Additionally, antibody titers generated from vaccination with various
live-attenuated HSV-2 strains in mice and guinea pigs correlates with protection against
challenge infection in mucosal sites including the eye [97].

Data from vaccine studies in other animal models including rabbits and guinea pigs is
particularly useful due to the ability of HSV-1 to spontaneously reactivate. Similarly to
humans, spontaneous HSV-1 reactivation in rabbits includes viral shedding in the saliva and
tears [98]. Humanized rabbits have been used as a predictive measure of HLA-restricted T
cell responses elicited by subunit vaccination [99]. Humanized animal models are a
welcome advancement in the field, as previous gD subunit vaccines showed promising
results with respect to protection against HSV-1/2 in animals, but had no efficacy in human
clinical trials [85]. Unfortunately, characterization of HSK in the eye of animal models for
HSV vaccines often rely on superficial comparisons and only include data such as virus
shedding, viral titers, and stand-alone slit lamp examinations [100].

Conclusion

Current evidence shows the need and benefits of an HSV-1 vaccine to prevent ocular
pathology associated with recurrent HK. However, we advocate for ophthalmologist
involvement in HSV vaccine research due to the potential for immunomodulation of HK
mediated by HSV-1 vaccination. Clinical data from ocular VZV infection show rare
instances of vaccine-mediated exacerbation of ocular HZ infection. The development of
novel HSV-1 vaccines should be based on clinically relevant empirical evidence showing
protection in vaccinated animals. Such approaches will allow for the elucidation of immune
mechanisms associated with protection.

Expert commentary

HSV-1 remains a significant contributor to corneal blindness and is emerging as a
significant cause of genital herpes. A vaccine that can successfully combat both of these
sequelae is needed. Boosting immunity to HSV-1 may exacerbate the potential for the
generation of HSK, thus it is critical that vision professionals pool their expertise and
resources to faithfully characterize and link data from preclinical animal model studies with
clinically relevant analyses of immune responses and detailed evaluations of ocular
pathology.

It cannot be argued that the fields of HSV vaccine development and ophthalmology are
changing quickly with the advancement of new technologies. Therefore, cooperation
between vision scientists and ophthalmologists is important to move each field forward
towards better insight and more effective treatments, respectively. We believe that such
cooperation would enable researchers to better understand and record clinically relevant
aspects during animal eye exams in order to publish specifics details of ocular pathology
relevant to the genesis and severity of HSK that can be appreciated by scientists and
clinicians alike.

Animal models permit extensive characterization of corneal pathology both in vivo and ex
vivo using clinically relevant tools and techniques that are largely missing from the ocular
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HSV vaccine literature. While slit lamp examination can be valuable, other tools used
clinically in diagnosis and evaluation of active ocular HSV-1 infection and HSK can be
applied to animal models. Pachymetry can be used to measure corneal inflammation or
thinning, and corneal sensitivity can be assessed using a Cochet-Bonnet esthesiometer
[101,102]. Data showing preservation of corneal sensation and absence of edema following
ocular HSV-1 challenge may be more convincing to ophthalmologists as a measure of
vaccine-induced protection than a subjectively better slit lamp exam [4]. Overall visual
acuity can also be quantified in mice [103,104]. Implementation of clinically relevant
aspects of corneal pathology will improve the translational application and utility of animal
studies conducted with HSV-1 vaccines.

Clinicians can appreciate and benefit from experimental evidence obtained using animal
models to determine mechanisms of vaccine-mediated protection and pathology in the eye in
order to provide invaluable data not obtainable in the clinic. For example, extracted animal
corneas can be analyzed for leukocyte infiltration using flow cytometry to determine
kinetics and characteristics of innate and adaptive immune responses with respect to HSK.
Corneal whole mounts offer an excellent platform for the study of corneal
neovascularization by confocal microscopy [89,105]. Tetramer profiling in the TG and
corneas of mice in vaccine studies could be utilized to specifically define the antigenic
breadth of cell-mediated responses in addition to serum neutralizing antibody profiling.
Such measures would help to uncover mechanistic determinants involved in the
development and progression of HSK.

Five-year view

Technological innovation and advances in research have informed vaccine design, and they
are paving the road to rational vaccine design [65]. Over the next five years, we anticipate
that immunologic insights from both the clinic and laboratory may optimize design of
HSV-1 vaccines. Due to the lack of widespread success with subunit vaccines targeting
HSV, we advocate for the use of live-attenuated vaccines against HSV at the moment to
increase antigenic coverage. However, we also call on ophthalmologists to get involved in
clinical trials with HSV-1 vaccines to define protection and pathology associated with
HSV-1 vaccines. Cohorts of individuals with recurrent ocular HSV-1 infection may even
benefit from an organized clinical trial. Nontraditional vaccine approaches or refinement in
our knowledge of correlates of protection may pave the way to identifying protective
epitopes and potentially defining reactogenic or symptomatic epitopes. Continued
elucidation of the immune system’s functions may also lead to breakthroughs in targeted
vaccine design or novel adjuvants to increase efficacy of glycoprotein subunits or identify T
cell- and antibody-reactive epitopes that can be used as a cocktail to maximize the protective
efficacy of a vaccine.
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Figure 1.
Clinical manifestations of ocular HSV-1 in two patients. Patient A: Lissamine green stain on

cornea with active herpetic keratitis (HK) highlights dendritic ulcers (white arrows) in the
corneal epithelium. Stromal disease is also evidenced by corneal haze (black arrow) and
neovascularization (black double arrow). Patient B1: Correctopia (abnormal pupil) resultant
from prior HSV-1 iridocyclitis (anterior uveitis). The disease is currently quiet. B2: Closer
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image shows corneal haze (lower white arrow) and scarring (upper white arrow) from prior
HK.
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