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Herpes simplex virus type 1 and type 2 are amongst
the most common human viral infection. Despite decades
of research, currently, there is no vaccine or sterilizing
therapy against human herpes. Both innate and adaptive
immunities are required for protection against herpes infections. However, the immunity and immunopathology of
herpes infections are not yet fully characterized. To better
understand the immunopathology of herpes infections and
ultimately design an eﬃcient prophylactic or therapeutic
herpes vaccine or treatment, it is fundamental to define
the cellular and molecular immune mechanisms and the
immune correlates required for an eﬃcient control of these
ubiquitous pathogens. Over 400,000 Americans suﬀer from
ocular herpes caused by HSV-1. Each year, nearly 50,000
new and recurring ocular herpes cases are diagnosed in
the United States, with the more serious stromal keratitis
accounting for about 25 percent. About 1 billion people—
one-sixth of the world’s population—are infected with HSV2, the most common cause of genital herpes. In the United
States, an estimated 50 million people carry the virus, and
up to 3 million of those people suﬀer recurrent outbreaks
of painful genital herpes. While the majority of HSV-1 and
HSV-2 seropositive individuals is asymptomatic, a nonnegligible number of symptomatic individuals have as often
as four recurrent herpes per year and required treatments.
In addition, genital herpes has played an important role
in driving the prevalence of other sexually transmitted
infection such as HIV. Current drug therapies, often used
to suppress genital herpes, can also treat ocular herpes

but do not prevent future outbreaks. There is currently no
prophylactic or therapeutic vaccine against herpes in the
market. The impairment of T-cell function in acute and
latent infection has been reported at many levels including
abnormal antigen presentation in the periphery and in
the sensory ganglia (trigeminal and lumbosacral ganglia),
latently infected neuronal cells resistance to apoptosis by
CD8+ T-cells, unbalanced immunoregulatory T-cell function, and deregulation of Th1/Th2/Th17 axes. Despite the
identification of many HSV-1 and HSV-2-antigens and their
derived CD4+ and CD8+ T-cell epitopes, numerous antigenspecific therapies have failed when evaluated for their utility
in the prevention and treatment of HSV infection. In
this special issue, we invited authors to submit original
research and review articles highlighting the recent advances
that have broadened our understanding of immunity and
immunopathology of herpes infection and HSV vaccine
strategies. Also, we welcomed papers that seek to define
immunoregulatory and eﬀector properties of T-cells and
dendritic cells to provide new insights as to their potential for
clinical use. We were interested in articles that explore salient
aspects of protective immunity throughout HSV latency,
reactivation, ocular and genital herpetic disease, negative
immunosynergy between HSV and HIV or other sexually
transmitted diseases, and immunotherapeutical approaches.
In a paper of this special issue, P. Stuart and T. Keadle
documented the numerous recurrent models of herpetic
stromal keratitis (HSK) that have been developed and how
data generated from these models diﬀers in some important
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aspects from data generated following primary infection
of the cornea. Both diﬀerences and similarities have been
described in these models with an eye towards possible
vaccines and therapies that demonstrate promise in treating
HSK.
In another paper, the group of Y. Li identified the
immunodominant epitopes (B-cell epitopes) in glycoproteins B (gB2), C (gC2), E (gE2), G (gG2), and I (gI2)
of HSV-2 through software algorithms and experiments.
The results suggested that the immunodominant epitopes
screened using software algorithms may be used for virus
diagnosis and vaccine design against HSV-2.
A paper by K. Wu and coworkers highlighted the
recent findings and controversies regarding the miRNA in
herpes infection and immunity and demonstrated that HSV1 miR-H6 inhibits HSV-1 replication and IL-6 expression
in human corneal epithelial cells in vitro. It has been
previously demonstrated that miR-H6 encoded from HSV-1
genome targets ICP4 to help maintain latency. In that study,
synthesized miR-H6 mimics were transfected into HSV-1
infected human cornea epithelial cells (HCE). The inhibition
of HSV-1 replication and viral ICP4 expression in miRH6-transfected HCE was demonstrated. They also showed
that miR-H6 decreased the interleukin 6 expression. The
mechanism may provide an approach to prevent HSV-1 lytic
infection and inhibit corneal inflammation.
In another paper, S. Kopp et al. investigated how HSV2 glycoprotein interacts with HVEM and influences virusspecific recall cellular responses at the mucosa. Infection
of susceptible cells by HSV requires the interaction of
the HSV gD glycoprotein with one of two principal entry
receptors, herpes virus entry mediator (HVEM), or nectins.
HVEM naturally functions in immune signaling, and the
gD-HVEM interaction alters innate signaling early after
mucosal infection. The study investigated whether the gD
HVEM interaction during priming changes lymphocyte
recall responses in the murine intravaginal model and
conclude that engagement of HVEM during the acute
phase of HSV infection influences the antiviral CD8+ recall
response by a yet to be determined mechanism.
In another paper, V. Tiwari and D. Shukla demonstrated
how nonprofessional phagocytosis facilitated herpesvirus
entry into ocular cells. Phagocytosis is a major mechanism
by which the mediators of innate immunity thwart microbial
infections. They demonstrate that human herpesviruses
may have evolved a common mechanism to exploit a
phagocytosis-like entrapment to gain entry into ocular cells.
Using laser scanning confocal microscopy they show that
successful infection of ocular cell types by HSV-1, CMV,
or HHV-8 viruses, belonging to three divergent subfamilies
of herpesviruses, is facilitated by induction of F-actin rich
membrane protrusions. Inhibitors of F-actin polymerization
and membrane protrusion formation, cytochalasin D and
latrunculin B, were able to block infection by all three viruses.
Similar inhibition was seen by blocking phosphoinositide 3
kinase signaling, which is required for microbial phagocytosis. Transmission electron microscopy data using human
corneal fibroblasts for HSV-1, human retinal pigment epithelial cells for CMV, and human conjunctival epithelial cells for
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HHV-8 are consistent with the possibility that pseudopodlike membrane protrusions facilitate virus uptake by the
ocular cells. The study suggests a novel mechanism by which
the innate mediators of phagocytosis can be infected by
human herpesviruses.
In another paper, K. Bryant-Hudson and D. J. J. Carr
demonstrated how Programmed Death 1 (PD-1) and its
ligands (PD-L1/PDL2) expressed on dendritic cells contributed to viral resistance during acute HSV-1 infection.
The contribution of the receptor/ligand pair during an acute
infection is less understood. HSV-1 infected mice administered neutralizing antibody to PD-L1 or PD-L2 were assessed
for viral burden and host cellular immune responses. Virus
titers were elevated in cornea and trigeminal ganglia (TG)
of anti-PD-L1 treated mice, which corresponded with a
reduced number of CD80-expressing dendritic cells, PD-L1+
dendritic cells, and HSV-1- specific CD8+ T cells within
the draining (mandibular) lymph node (MLN). In contrast,
anti-PD-L2 treatment had no eﬀect on viral replication or
changes in the MLN population. Notably, analysis of CD11cenriched MLN cells from anti-PDL1 treated mice revealed
impaired functional capabilities. The study suggested PD-L1expressing dendritic cells are important for antiviral defense
during acute HSV-1 infection.
In another paper by A. A. Chentoufi et al., the authors
specifically went over the old, the new, and the unknown
issues related to herpes vaccine development, with specific
emphasis on past, present, and future clinical trials. In spite
of several clinical trials, starting as early as 1920s, no vaccine
has been proven suﬃciently safe and eﬃcient to warrant
commercial development. In recent years, great strides in
cellular and molecular immunology have stimulated creative
eﬀorts in controlling herpes infection and disease. They
describe how it is necessary to answer two fundamental
questions: (i) Why past herpes vaccines have failed? (ii) Why
the majority of HSV seropositive individuals (i.e., asymptomatic individuals) are naturally “protected” exhibiting few
or no recurrent clinical disease, while other HSV seropositive
individuals (i.e., symptomatic individuals) have frequent
ocular, orofacial, and/or genital herpes clinical episodes? The
group recently discovered several discrete sets of HSV-1 and
HSV-2 symptomatic and asymptomatic epitopes identified
by CD4+ and CD8+ T cells from seropositive symptomatic
versus asymptomatic individuals. These symptomatic and
asymptomatic epitopes will provide a solid foundation for
the development of a future mucosal “asymptomatic” primeboost vaccine that could optimize local protective immunity.
Finally, A. A. Chentoufi and L. BenMohamed have
reviewed the phenotypic and functional properties of innate
and adaptive mucosal immunity; their role in antiherpes
immunity and immunopathology is reviewed. The progress
and limitations in developing a safe and eﬃcient mucosal
herpes vaccine are discussed.
Aziz Alami Chentoufi
Lbachir BenMohamed
Philippe Van De Perre
Ali A. Ashkar
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Herpes simplex viruses type 1 and type 2 (HSV-1 and HSV-2) are amongst the most common human infectious viral pathogens
capable of causing serious clinical diseases at every stage of life, from fatal disseminated disease in newborns to cold sores genital
ulcerations and blinding eye disease. Primary mucocutaneous infection with HSV-1 & HSV-2 is followed by a lifelong viral latency
in the sensory ganglia. In the majority of cases, herpes infections are clinically asymptomatic. However, in symptomatic individuals,
the latent HSV can spontaneously and frequently reactivate, reinfecting the muco-cutaneous surfaces and causing painful recurrent
diseases. The innate and adaptive mucosal immunities to herpes infections and disease remain to be fully characterized. The
understanding of innate and adaptive immune mechanisms operating at muco-cutaneous surfaces is fundamental to the design of
next-generation herpes vaccines. In this paper, the phenotypic and functional properties of innate and adaptive mucosal immune
cells, their role in antiherpes immunity, and immunopathology are reviewed. The progress and limitations in developing a safe
and eﬃcient mucosal herpes vaccine are discussed.

1. Introduction
Herpes simplex viruses types 1 and 2 (HSV-1 and HSV-2) are
among the most common human infectious viral pathogens
[1–3]. So many people have HSV-1 and/or HSV-2 but do not
know that they have it [4, 5]. These two viruses can cause
lifelong diseases with clinical manifestations including cold
sores, genital ulcerations, corneal blindness, and encephalitis
[6–8]. In cases of vertical transmission to the newborn,
HSV-1 and HSV-2 can cause fatal neonatal encephalitis [9–
11]. In the past two decades, there have been increasing
reports of a worldwide pandemic of herpes infections despite
the widespread use of antiviral drug therapies (reviewed
in [12]). At the site of primary infection, HSV undergoes
a productive replication within the epithelial cells lining

the mucosa. Thereafter, the virus enters nearby sensory
neurons, and the viral genome is transported to the neuronal
nuclei in the sensory ganglia (trigeminal (TG) or dorsal
root (DRG)) that innervate the infected site. During the
first week after infection, HSV replication takes place in
ganglionic sensory neurons, but within a few days no
virus can be detected. While epithelial cells are destroyed
during lytic HSV replication, most neuronal cells appear
largely intact and serve as a reservoir for the latent virus.
During reactivation, the virus travels from the TG and DRG
back to the site of primary infection and causes eruptions
on epithelial surfaces (viral shedding) with or without
symptoms. This reactivation event may be spontaneous,
but it is generally triggered by physical and chemical stress
stimuli and/or with immunosuppression [7, 8].
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1.1. Ocular Herpes. Herpes simplex virus type 1 (HSV-1)
continues to spread around the globe. Ocular infection with
HSV-1 is the leading cause of corneal blindness worldwide
[7]. Following primary ocular infection, HSV-1 remains
latent in the sensory neurons of trigeminal ganglia (TG) for
the life of the host, with periodic stress-induced reactivation
that produces progeny viruses in the eye causing potentially
blinding recurrent corneal herpetic disease. Over 450 000
individuals in the USA have a history of ocular herpes.
Ocular manifestations range from blepharitis and conjunctivitis to dendritic keratitis, causing disciform stromal edema
and necrotizing stromal keratitis [7]. Antiviral drugs (e.g.,
acyclovir) reduce recurrent ocular disease by approximately
45% [13]. Because of the incomplete protection with these
drugs [14–16], along with the emergence of acyclovirresistant HSV strains [17–20], an eﬃcient vaccine against
HSV-1 and HSV-2, prophylactic or therapeutic, would be the
most useful and cost-eﬀective way to reduce morbidity and
mortality [21–23].
1.2. Genital Herpes. Over 530 million worldwide are infected
with HSV-2, a lifelong infection that continues to spread
and can cause recurrent and painful genital lesions [1–
3]. Recurrent genital herpes is the most prevalent sexually
transmitted disease [24–26]. The Center of Disease Control
and Prevention (CDC) reported in 2010 that (i) HSV-2
prevalence in the US remains high (16.2%) with women
of all races at greater risk for HSV-2 infection and disease
than men; (ii) the disease continues to disproportionately
burden African Americans (39.2% prevalence), particularly
black women (48.0% prevalence); and (iii) although less
common as the cause of genitalherpes, there has been also
a dramatic rise in the incidence of genital HSV-1 infections,
mainly in young adults, largely due to the changes in sexual
behavior. The percentage of primary genital herpes caused by
HSV-1 has doubled during the last 2 decades, contributing
to some 50% of all cases [7, 8]. While genital HSV-1
infections can result from genital-genital and oral-genital
contact with an infected person who is actively shedding
virus, oral-genital contact appears to account for most
genital HSV-1 infections [7, 8]. Genital herpes has played
a more important role than any other sexually transmitted
infection in driving HIV prevalence [27]. Conversely, in HIVinfected individuals, HSV infection increases in frequency
and severity as CD4 T-cell counts wane [27–30]. Patients
with immunodeficiencies or immunosuppression-related
treatments have an increased risk of developing severe HSV
infection [31]. In the absence of strong local immunity,
recurrent ulcerative lesions produced by reactivated HSV
from sensory ganglia predispose and increase the risk of
acquiring human immunodeficiency virus (HIV) [15, 32]
and papillomavirus (PPV), which is associated with cervical
carcinoma [33, 34]. Additionally, HSV infections can be fatal
to newborns, of mothers that acquire the infection first time
during pregnancy, and cause encephalitis or meningitis in
adults [35]. A substantial number of HSV-2 seropositive
individuals lack a history of clinically significant genital
herpes [24, 25]. These asymptomatic individuals are the
main source of virus transmission, which occurs mostly
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during periods of asymptomatic viral shedding [36, 37].
Despite the availability of many intervention strategies,
such as behavioral education, condom use, and standard
antiviral drug therapies, the transmission rate of herpes has
continued to rise during the last three decades [38–40].
Although antiviral drug resistance has not been a major
problem in immunocompetent patients, the problem of
acyclovir resistance in immunocompromised patients is well
documented [18, 41–47]. While genital herpes infection is
wide-reaching, some populations are more aﬀected despite
the availability of condoms and chemoprophylaxis [48, 49].
Evidence suggests that only an eﬀective vaccine against HSV
might control this epidemic [49, 50]. However, the question
that remains to be addressed is as follows: at which level the
shedding has to be reduced by a vaccine in order to reduce
transmission and disease?
1.3. Neonatal Herpes. Herpes aﬀects some 30–60% of
women receiving obstetric care, with newborns particularly
susceptible to neonatal infection and severe herpetic disease
[9, 51–53]. HSV-2 is responsible for up to 70% of neonatal
herpetic infections [9–11, 51–53], which is defined as infection within 28 days of birth. However, HSV-1 appears also to
cause more than 51% of neonatal herpes [9]. Seronegative
women that contract the virus for the first time during
pregnancy are at highest risk of transmitting the virus to the
newborns [9, 11, 54]. HSV acquisition rates in pregnancy
are high in discordant couples, especially for HSV-2 [55].
For neonatal transmission to occur, a pregnant woman must
be shedding the virus at the time of delivery [9, 11, 54].
Approximately 85% of neonatal herpes results from the virus
that is perinatally transmitted in the birth canal during the
time of delivery [9, 51–53]. Studies of seropositive women
have shown that HSV-2 is shed asymptomatically in the
genital tract on approximately 1 of every 3 days [54, 56–61],
a high proportion of which has significant implication on
neonatal spread of HSV infections. Genital HSV-2 shedding
at the time of delivery is associated with a relative risk of >300
for virus transmission. Neonatal herpes infection rates can be
reduced by preventing maternal acquisition of genital HSV-1
and HSV-2 infection near term [62]. Perinatal and postnatal
transmission may be prevented by the use of elective
Caesarean delivery and avoidance of breastfeeding. The risk
of neonatal herpes and death is highest in infants born to
mothers who have seroconverted by the time of delivery.
This implies a crucial role of the mother’s immune system
in minimizing vertical transmission. The prevalence and
severity of neonatal HSV disease, as manifest by devastating
CNS and disseminated infections, have increased over the
past 10 years [51, 53, 63]. Prompt diagnostic testing of
any mother/neonate at risk would be critical to protect the
newborn. Once the newborn is infected, the most eﬀective
treatment for subsequent herpetic disease and alleviating
potential neurodevelopment sequelae is oral acyclovir [9].
Once newborns develop neonatal herpes infection with
central nervous system involvement, they are usually treated
with parenteral or oral acyclovir (300–1500 mg per square
meter) for 6 to 12 months [9]. Discontinuing this prophylaxis
treatment in infants and young children with significant
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neurological sequelae sometimes leads to relapses even after
3 years of viral suppression.
Neonatal vaccine is highly desirable, and the start
point would be preventing the vertical transmission of the
infection. The susceptibility of newborns to viral infections
appears to be the consequence of the immaturity of their
immune system [64]. Immunization of pregnant women
with many other viral vaccines has been proposed and used
successfully throughout the world for many years [65, 66].
Maternal vaccines for poliovirus, influenza viruses, and
rubella have been found to be safe for both the mother
and the newborn [66]. Since newborns are most susceptible
to herpes infections but least responsive to vaccines [66],
maternal immunization has been suggested as a way to
protect newborns [67]. The benefit from maternal immunization may come from transferred immune antibodies
across the placenta [68–71]. However, many questions still
remain to be answered. (i) what would be the optimal level
of maternal antibodies that are needed in order to prevent the
transmission of the virus to newborn? (ii) How long will the
transferred antibodies remain in the newborn at a magnitude
that is high enough to prevent infection and disease? (iii)
What is the relative role of innate immunity versus adaptive
immunity in such protection? (iv) What is the relative role of
HSV-specific antibodies in such protection?

2. The Mucosal Immune System and
Herpes Immunity
HSV-1 and HSV-2 infections occur at and emanate from
mucosal surfaces. To combat herpes infection, the mucosal
immune system maintains innate and adaptive immune
barriers against these invading pathogens while avoiding overactive inflammatory responses that would impair
mucosal tissue function. In human adults, the mucosal
surface is enormous (up to 400 m2 of surface), with the
mucosal immune system largely separate and distinct from
the systemic immunity. In general, parenteral immunization
induces systemic but not ocular mucosal immune responses,
while ocular mucosal immunization induces both systemic
and mucosal immune responses [72–74]. Within the common mucosal immune system, certain sites may facilitate
a more far-reaching distal mucosal immune response than
others, a sort of mucosal immune hierarchy. For example,
antigens (Ags) administered intranasally promote immunity
in the vaginal mucosa more eﬀectively than Ags given
orally, suggesting that there is compartmentalization or
regionalization of the mucosal immune system. Intranasal
immunization induces the production of IgA not only
within the nasal cavity and salivary glands, but also in the
small intestine lamina propria, the remote urinary tract,
and the vagina. The vascular and lymphatic structures
within the nasal mucosa as well as the nasolacrimal duct
system provide unique anatomical conduits and intercommunication between the nasal-associated lymphoid tissue
(NALT) and the ocular mucosal tissue, which are thought
to be immunologically connected and interdependent. The
integrated nature of OMIS and NALT systems is important
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for the development of ocular immunoprophylactic and
immunotherapeutic vaccines, and it is hoped that intranasal
immunizations will provide—or at least contribute to—
ocular immune protection (and vice versa). Specifically in
rats, topical ocular delivery of particulate antigen results
in an Ag uptake that is greatest at the conjunctiva and an
Ag uptake also in the NALT. In some cases, the induction
site for Ag-specific IgA stimulation was traced to NALT
rather than to the ocular surface. Therefore, it was suggested
that NALT functions as a primary inductive site for ocular
immune responses, at least in rodent models. However, this
remains controversial and unresolved for humans where the
complex interaction between OMIS and NALT is not yet fully
elucidated.
In order to better understand the immunity of herpes infections and ultimately design eﬃcient therapeutic
vaccines, it is fundamental to define the cellular and
molecular immune mechanisms that control (or exacerbate)
the infection/disease [7, 8]. It is important to note that,
fortunately, only around 5% of immuno-competent HSVinfected individuals develop symptomatic herpetic recurrent
disease (symptomatic individuals), while the majority of the
infected human population remains asymptomatic despite
continuously shedding from reactivated viral particles at
a rate similar to symptomatic persons [7, 75–79]. Thus,
while many have frequent recurrences of herpes disease (i.e.,
“symptomatic” or high-recurrent-disease patients with 1–
5 episodes of recurrent disease/year), others have very few
recurrences (i.e., “asymptomatic” or low-recurrent-disease
patients with no history of recurrent disease). The diﬀerence
between the symptomatic and asymptomatic groups is not
a result of how often the latent herpes virus reactivates,
as both groups shed the virus at similar rates [7, 77–79].
Instead, the diﬀerence is more likely related to variations
in the magnitude and nature of cellular immune responses.
As observed in animal models, herpes virus-specific T-cell
responses have been reported to both protect against disease
as well as cause disease [8]. It is not known why HSV-1 and
HSV-2 reactivations/sheddings do not lead to symptoms in
some individuals whilst it is symptomatic in others, or why
the frequency and severity of recurrent disease vary among
symptomatic individuals [8]. The immune mechanism(s) by
which asymptomatic patients control herpetic infection and
symptomatic patients do not remain to be fully elucidated
[7, 75–79]. Identifying these mechanisms, or at least the viral
antigens and epitopes involved, is critical to understanding
how to protect against recurrent herpetic disease and for
rational advances in therapeutic and/or prophylactic vaccine
development. Until our recent studies [7, 75–79], little
was known about the diﬀerence in T-cell responses in
asymptomatic compared to symptomatic herpes patients.
In this paper, T-cell determinants from herpes proteins
that are recognized mostly by T cells from asymptomatic
individuals are designated as “asymptomatic T cell epitopes”,
while determinants that are recognized mostly by T-cells
from symptomatic individuals are designated as “symptomatic epitopes.” A multitude of complex cellular and
molecular mechanisms underlying the protective eﬃcacy
of T cells specific to “asymptomatic” epitopes versus the
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immunopathology of T cells specific to “symptomatic”
epitopes may be in play [7, 77–79]. (1) The pathogenic
“symptomatic” epitopes may direct the T-cell responses
away from those that are best suited to clear the viral
infection. (2) T-cell crossreactivity with epitopes from other
viruses, within or outside the herpes family, can also play
roles in protective heterologous immunity versus damaging
heterologous immunopathology [79]. (3) The precursor
frequency, proliferative capacity, and functional properties
of epitope-specific “symptomatic” and “asymptomatic” T
cells in a given individual may also be a factor [79]. Indeed,
the T cell repertoire of individuals with the same MHC
restriction elements can vary significantly based on “heterologous immunity” and “private specificity.” (4) “Asymptomatic epitopes” may trigger proliferation of “protective”
T cells. Conversely, “symptomatic epitopes” may trigger
proliferation of “pathogenic” T-cells [7]. Our recent findings
support diﬀerent levels of HSV-specific T-cell repertoires
in symptomatic and asymptomatic individuals [7, 77–79].
We found that T cells from symptomatic and asymptomatic
individuals, with similar HLA, have dramatically diﬀerent
profiles of responses to HSV epitopes. A set of human T-cell
epitopes from HSV-1 glycoproteins B and D (gB and gD)
is strongly recognized by T cells from HSV-1 seropositive
asymptomatic individuals, but only weakly by T cells from
symptomatic individuals [7, 77–79]. We recently made the
unique observations that following. (1) A set of “promiscuous” human HSV-1 and HSV-2 glycoprotein B (gB) epitopes
was strongly recognized by T eﬀector cells (Teﬀ cells) from
asymptomatic patients but not by T cells from symptomatic
patients [1]. In contrast, a diﬀerent nonoverlapping set
of gB epitopes was strongly recognized by T-cells from
symptomatic patients, but not by T cells from asymptomatic
patients [7, 79]. (2) More importantly, immunization of
susceptible double transgenic mice, expressing both type 1
and type 2 human leukocyte antigens (i.e., HLA-DR and
HLA-A2.1) with “asymptomatic” T-cell epitopes reduced the
severity of herpetic lesions when inoculated with HSV-1 and
HSV-2 (submitted). We, therefore, hypothesize that diﬀerent
sets of HSV-1 and HSV-2 T-cell epitopes are recognized
by symptomatic versus asymptomatic individuals and that
protective immunity against herpes disease can be induced
following immunization with “asymptomatic epitopes,” but
not “symptomatic epitopes.”
2.1. Ocular Mucosal Immune System (OMIS) and Ocular
Herpes Immunity. The ocular mucosal surface is the firstline defense system that is frequently exposed to infections
[80]. The conjunctiva and the lacrimal glands are the key
components of ocular mucosal immune system (OMIS)
(reviewed in [81]). Topical ocular immunization—rather
than parenteral immunization—is most likely to induce
critical local mucosal immune responses [23, 82, 83]. We
recently observed that topical ocular immunization (eye
drops) with lipopeptides (peptides linked to fatty acid
moiety) was more eﬀective at inducing ocular mucosal
immune responses than parenteral immunization (unpublished). Interestingly, intranasal immunization (nose drops)
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was even more eﬀective than topical ocular immunization
(possibly because of better retention of the inoculum).
Since lipopeptide vaccines bearing murine herpes CD4+ and
CD8+ T-cell epitopes (unpublished and [84–86]) are able to
cross ocular and nasal surfaces, we hypothesize that herpes
lipopeptides bearing human T-cell epitopes will also be able
to cross the mucosal membrane and deliver the specific
epitopes to both the local ocular and systemic immune
systems.
Although many investigators have studied mucosal lymphoid sites of the common mucosal system, the focus has
been mostly on gut-associated lymphoid tissue (GALT),
nasal associated lymphoid tissue (NALT), and vaginalassociated lymphoid tissue (VALT). Only a small number
of researchers are actively involved in studying OMIS, also
known as eye-associated lymphoid tissue (EALT) [23]. As
mentioned before, among the unanswered questions in
OMIS biology is the role of the NALT in generating OMIS
immunological protection and vice versa. The conjunctiva
and the lacrimal glands are key elements in the OMIS [23].
The conjunctiva forms a continuous mucosal surface that
extends from the eyelid margin to the cornea and makes
contact with airborne pathogens and periocular tear film
[23]. The conjunctiva and the lacrimal gland are postulated
to play an active role in both inductive and eﬀector functions
with the presence of IgA+ plasma cells, secretory IgA (sIgA),
and immune cells that produce cytokines and chemokines
[81, 87–91]. Conjunctival immuno-competent cells include
those from the lymphoid system (lymphocytes) and those
from the myeloid system such as macrophages, polymononuclear leukocytes, eosinophils, mast cells, basophils,
fibroblasts, epithelial cells, vascular endothelial cells, and
classical antigen presenting cells (macrophage, dendritic
cells, Langerhans cells, and B cells). Human conjunctiva
contains an abundance of lymphoid-derived cells [23]. Most
(92%) of the conjunctiva’s lymphocytes are T cells (76%
are CD8+ T cells, and 16% are CD4+ T cells; [23] memory
CD45(+)RO(+) T cells constitute 45% of total CD45(+)
leukocytes, while naive CD45+RA+ T cells represent 29%)
[23]. We have recently demonstrated that OMIS CD4+ T cells
and serum IgA can be induced in rabbits following topical
ocular delivery of HSV peptides together with cytosinephosphate-guanine (CpG2007 ) mucosal adjuvant [83], a TLR9 ligand. Like other components of the mucosal system,
ocular mucosal immune system (OMIS) maintains a barrier against exogenous antigens and invading infectious
pathogens that attack the surface of the eye and GT
while avoiding inflammatory responses that would impair
parenchymal function. T lymphocytes, both CD4+ and CD8+
phenotypes, and plasma B cells together account for more
than 60% of the entire mucosal eﬀector immune system cell
population.
Recently, we have described an abundance of “natural”
Foxp3+CD4+CD25+ nTreg cells in rabbit conjunctiva, the
main inductive site of the ocular mucosal immune system
[76]. We demonstrated that conjunctiva-resident nTreg cells
suppress HSV-1-specific CD4+ and CD8+ eﬀector T cells
(Teﬀ ). Converging evidence from our laboratory and other
laboratories demonstrates that nTreg cells have the potential
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to dampen the vaccine-induced, HSV-specific, Teﬀ -mediated
immunity [76]. Despite recent extensive studies on nTreg
cells, the molecular mechanism by which nTreg cells mediate
the suppression of pathogen-specific T-cell immunity or
dampen vaccine-induced Teﬀ cells remains poorly understood.
To prevent excessive immune-mediated ocular tissue
damage by Teﬀ cells, a proper balance between the Teﬀ
cell, and Treg cells is needed. This balance was thought
to be maintained by communication through cytokines
or by stimulation through costimulatory molecules on
APCs [76]. However, it was recently shown that TLRs
in mouse and human Treg cells sense pathogens directly
and modify Treg action [81, 87–91]. TLRs ligands, such as
CpG, can also modulate immune responses by blocking
the suppressive eﬀects of Treg cells. The TLR profile and
function of conjunctiva Treg cells have not been reported. In
order to study the role of Treg in ocular herpes immunity,
we recently examined the expression profile of TLRs on
conjunctiva-resident nTreg cells and assessed whether TLRs
are functionally active by stimulating these nTreg cells with
TLR agonists in the absence of APCs. We have shown
that rabbit conjunctiva-resident CD4(+) CD25(+) nTreg cells
express high levels of functional TLR2 and TLR9. Topical
ocular immunization of rabbits with HSV-gD peptide Tcell epitopes, together with a TLR2 ligand (LTA), reverses
CD4(+) CD25(+) nTreg cell suppressive function. In contrast,
topical ocular immunization of rabbits with the same
epitopes delivered with a TLR9 ligand (CpG2007 ) resulted in
only a slight eﬀect on CD4(+) CD25(+) nTreg cell suppressive
function. Our findings demonstrate that regulating conjunctiva CD4(+) CD25(+) nTreg cell function trough TLR2 and
TLR9 leads in turn to the modulation of ocular mucosal
HSV-specific CD4(+) CD25(−) Teﬀ cell responses.
Within the common mucosal immune system, certain
sites may facilitate a more far-reaching distal mucosal
immune response than others [92, 93]. For example, antigens
administered intranasally promote vaginal immunity more
eﬀectively than antigens given orally, suggesting that there
is compartmentalization or regionalization of the mucosal
immune system [34, 92]. Intranasal immunization induces
IgA not only within the nose and salivary glands, but also in
the small intestine lamina propria [94], the remote urinary
tract [95], and the vagina [96]. The vascular and lymphatic
structure of OMIS and nasolacrimal duct system provide
unique anatomical conduits through which the NALT (nasalassociated lymphoid tissue) and OMIS are thought to
be immunologically connected and interdependent. The
integrated nature of OMIS and NALT systems is important
for ocular immunoprophylactic and immunotherapeutic
vaccines considerations, and it is hoped that intranasal
immunizations will provide—or at least contribute to—
the ocular immune protection (and vice versa). In rats,
following a topical ocular delivery of particulate antigen,
the antigen uptake is greatest at the ocular sites, particularly
the conjunctiva, and also in NALT [81–83, 91, 97]. In some
cases, the induction site for antigen-specific IgA stimulation
was traced to NALT rather than the ocular surface [98].
Therefore, it was suggested that NALT functions as a primary
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inductive site for ocular immune responses, at least in rodent
models [98].
Recently, by using a simple surgical procedure in rabbits,
we disconnected the OMIS from NALT and assessed the
immunogenicity of a vaccine formulation administered
either ocularly or intranasally [99]. We showed that NALT
do interact immunologically with the OMIS through the
nasolacrimal ducts. Topical ocular immunization-induced
T-cell responses in the conjunctiva did not appear to be
modulated by NALT [99]. However, NALT appeared to
downmodulate systemic immune responses [99]. Conversely,
nasal immunization eﬃciently induced conjunctival T-cell
responses. The mechanisms by which NALT downmodulated
ocular mucosal immune responses induced following topical
ocular immunization remain to be identified. It is possible
that the nature of the immune response induced by NALT
during topical ocular immunization could generate suppressive cells or factors that downmodulate the systemic Th1
immune response [99].
Conjunctival lymphoid follicles (CLFs) undergo hyperplasia in the presence of a pathogenic infection (e.g., HSV1), and CLFs appear to participate in the aﬀerent limb of
the acquired immune responses for the ocular surface [23].
The presence of plasma cells in human conjunctiva suggests
eﬀerent function as well with the expression of secretory
component by human conjunctival epithelium. The function
of human conjunctival lymphoid follicles is still debated [23].
Human conjunctival B cells may be induced to diﬀerentiate
into plasmocytes secreting sIgA following pathogen or Ag
stimulation. Similar to humans, rabbit conjunctiva contains
an abundance of CLFs [23]. Conjunctival lymphoid follicles (CLFs) exist in normal individuals as organized subepithelial collections of lymphoid cells, often with germinal
centers [23]. The human conjunctiva and CLF are part of
OMIS and participate in aﬀerent adaptive ocular immunity.
CLFs are also found in rabbit conjunctiva but are absent
in mice and rats [23]. Figure 1 describes the mechanisms
of a vaccine-mediated control of an anti-HSV-1 immune
response in the conjunctiva following ocular infection with
HSV-1.
2.2. Genital Tract Mucosal Immune System and Herpes Immunity. Mucosal genital surfaces represent the entry point of
both HSV-1 and HSV-2, neither of which has an eﬀective
vaccine. Genital herpes is an incurable, widespread sexually
transmitted disease that continues to contribute significantly
to morbidity and mortality worldwide [2], particularly
in neonates and immunocompromised individuals [2]. In
women, herpes simplex virus type 2 (HSV-2) infects the
mucosa in the genital tract and spreads to the nervous
system. After the initial infection is resolved, latent virus
can persist in infected ganglia for long periods, and the
activation of the latent virus causes recurrent disease [2].
Maintenance of the integrity of the epithelium of the genital
tract is critical for sexual and reproductive health. It serves
as a physical barrier to protect the host against infection
without compromising critical reproductive functions [2].
The vagina, which is populated by commensal microflora,

6

Clinical and Developmental Immunology
Mucosal resident
(DC/LC)

Ag-TLR2-ligand

Treg

HSV-1

1
Mucus layer
Multilayered
squamous
epithelium
IFN-γ
cytotoxic
activity

Naïve T cells
2

8

7
Subepithelium

Migration

3

Activated
effector T cells

Activated
effector T cells

B cells
Follicle (CLF)
4

Migration
6

Treg

Proximal
draining
lymph
nodes

5

Naïve T cells

Activated
effector T cells
9

Systemic
immunity

Figure 1: Model of immune mechanisms of TLR2-mediated control of an anti-HSV-1 immune response in the conjunctiva. During topical
ocular immunization with TLR2 agonist (1), high concentration of exogenous TLR2 agonist is sensed by conjunctiva APC and Treg cells
residing in the epithelium and then triggers the migration of conjunctiva resident APC (DC) and Treg to the proximal draining lymph node
(2, 4) or (dashed arrow) to the conjunctiva lymphoid follicles (CLF). TLR2/TLR2L interaction promotes maturation of DC and proliferation
of Tregs paralleled by temporarily abrogated suppression (empty arrow). As a result, Tregs do not suppress the ongoing immune response in
the draining lymph node or in CLF. (3) DC stimulate naı̈ve CD4+ and CD8+ eﬀector T cells which undergo cell division and proliferation
in the draining LN (5) or CLF where they form with B cells a germinal center (characteristic of lymphoid follicles). Activated eﬀector T cells
migrate to the epithelium and kill HSV-1-infected epithelial cells through CTL activity. Some activated eﬀector cells in the LN preferentially
migrate to the periphery through lymphoid aﬀerent canal to induce systemic immune response. Once HSV-1 is cleared by the immune
system and the source of TLR2 ligands is no longer present, Tregs will regain their suppressive capabilities, thus contributing to the balance
between tolerance and immunity.

is lined with stratified squamous epithelial cells, while the
uterus and Fallopian tubes are lined with columnar epithelium. The female sex hormones, estradiol and progesterone,
influence and regulate epithelial cell function and barrier
integrity throughout the reproductive tract [2]. In addition
to acting as a physical barrier, the epithelium functions as an
integral part of the innate and adaptive immune systems.
Protection against potential pathogens in the female genital tract (GT) is provided by a variety of measures that can
be grouped into two broad categories: innate and adaptive
immunities. The GT mucosa is unique in the regulation of
immune protection as it is exposed to sexually transmitted
bacterial and viral pathogens, allogeneic spermatozoa, and
the immunologically distinct fetus [2]. In response, GT has
evolved immune mechanisms to protect against pathogens
without compromising fetal survival. While much attention
has been paid to innate immune function in the lungs
and GI tract [2], very few studies have investigated the

presence and function of the innate immune system in the
GT. It has become clearer that the innate immune system
is present throughout the reproductive tract and functions
in synchrony with the adaptive immune system to provide
optimal protection.
Similar to CLF (Figure 1), an induced vaginal-associated
lymphoid tissue aggregate has been documented in the
genital mucosa of immunized mice, which has been correlated with protection against HSV-2 infection following
the challenge [2]. These aggregates contain CD4+ T cells,
B cells, and CD11c+ antigen-presenting cells. Furthermore,
it has been suggested that the local microenvironment in
genital tract plays a role in generating eﬀective antiviral
immune responses after immunization. Zhang et al. [2]
have examined whether protective eﬀector memory Tcell responses could be induced in the genital mucosa
in the absence of secondary lymphoid organs, utilizing a
lymphotoxin knockout mouse model. Intravaginal (IVAG)
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immunization of both lymphotoxin(−/−) and parental wildtype (WT) mice lead to complete protection against genital
HSV-2 challenge. The immune responses generated were
eﬀective in protecting against mucosal HSV-2 challenge in
the genital mucosa, suggesting that even in the absence
of secondary lymphoid organs, IVAG immunization could
induce an eﬀective anti-HSV-2 memory T cell response. This
suggests the importance of tissue-resident eﬀector memory
T cells in the protection against genital herpes as recently
reported [100–102].
Several lines of evidence, in both animal model [8]
and humans [7], support a critical role for CD8+ T cells
in the control of HSV-2 infections and in surveillance
function that limits reactivation from sensory ganglia and
muco-cutaneous tissues. The precursor frequency of HSV2-specific CD8+ CTL is correlated with HSV-2 severity in
HIV-1/HSV-2 coinfected men [2] and cross-sectional studies
show HLA class I associations with HSV severity [7, 8].
Local infiltration of HSV-2-specific CD8+ CTL correlates
with clearance of virus particles in human recurrent herpes
[7, 8]. HSV-2-specific CD8+ T cells persistently infiltrate
healed genital herpes lesions and localize near sensory nerve
endings [7, 8]. How local HSV-2-specific CD8+ T cells in
dorsal root ganglia interact with infected neurons remains
to be determined. In mice, HSV-2-specific CD8+ T cells
infiltrate infected ganglia during the acute and latent phase,
and mediate control over viral reactivation in an IFN-γdependent manner [7, 8]. In genital biopsy specimens from
humans with recurrent HSV-2 infection, viral clearance is
associated with a high concentration of local CD8+ T cells
with cytolytic activity against infected cells [7, 8]. In animal
models, depletion of CD8+ T cells impairs clearance of virus
from sensory neurons, whereas TCR transgenic CD8+ T cells
specific for the immune-dominant H-2Kb -restricted peptide
in HSV-2 glycoprotein B (gB498–505 ) transferred into mice
lacking other components of adaptive immunity result in
viral clearance [8]. These studies demonstrate that HSV2-specific CD8+ T cells play a protective role in HSV-2
infection.

3. CD8+ T-cell Functions during HSV-1 and
HSV-2 Latency/Reactivation Cycle
Following primary ocular infection in immune-competent
humans, HSV-1 and HSV-2 establish a lifelong latent
infection in neurons of the sensory ganglia (SG) with intermittent reactivation cycles (Figure 2). While spontaneous
reactivation of the virus from sensory ganglia and shedding
of the virus in tears or in genital tract do not seem to occur
in mice (as opposed to rabbits, guinea pigs, and humans),
reactivation of HSV from latent infection is readily observed
in vitro when sensory ganglia are explanted in culture [103].
HSV reactivation in mice can be induced to a limited
extent by ultraviolet irradiation [104] or elevated body
temperature or hormone [105, 106]. A recent study used a
restraint “stress” mouse model of virus reactivation [107].
In this model, mice are subjected to stress by restraining
them in aerated plastic tubes for 12 hrs and depriving
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them of food and water for the same period of time.
Obviously, this protocol of extreme and acute stress does
not represent the daily “physiological” stress situations in
humans (be that a physical or chemical stress). Exposure of
HSV latently infected host to stress may upregulate certain
molecules, compromising the eﬃcacy of protective CD8+ Tcell response, and may also diminish the TG-resident CD8+
T-cell population [108–111], thus inducing HSV reactivation
from latency [112].
Herpes latency in human SG is accompanied by a chronic
CD8+ T-cell infiltrates that suppress virus reactivation from
latency [113, 114]. However, even in the face of local CD8+ Tcell responses, HSV-1 and HSV-2-still periodically reactivates
from the SG, travel back to the mucocutaneous surfaces via
sensory neurons, and can cause potentially blinding recurrent herpetic disease [115–117]. This suggests that HSV-1
and HSV-2 have evolved mechanisms to evade CD8+ T-cell
immunosurveillance [115–117]. However, the exact cellular
and molecular mechanisms by which HSV-1 and HSV-2
intermittently escape CD8+ T-cells immunosurveillance are
unknown. Latency-associated transcript of (LAT) HSV-1 and
HSV-2 is the only viral gene that is abundantly transcribed in
latently infected SG. LAT is essential for eﬃcient spontaneous
reactivation and promotes neuronal survival by reducing
apoptosis [118–120]. LAT can be considered as an immune
evasion gene, since we have recently found that, (1) LAT
inhibits Granzyme-B-(GrB-) mediated CD8+ T cell killing
by blocking GrB-induced apoptosis [121]; (2) LAT increases
PD-1, TIM-3, and LAG-3 on TG resident CD8+ T cells and
promotes inhibition of HSV-specific CD8+ T-cell function
in latently infected TG, which is consistent with the known
higher reactivation of LAT(+) versus LAT(−) virus [6, 87,
114, 121, 122] (Figure 3); (3) LAT increases MHC and
PD-L1 on neuroblastoma cells in vitro and in total TG
extracts in vivo ([87, 113, 114] and Appendix); and finally,
(4) LAT increases GAL-9, the ligand of TIM-3, in total
TG extracts in vivo (not shown). Based on these results,
together with related reports by others in the field [115–
117, 123, 124], we hypothesize the following. (1) Interactions
between PD-1+ CD8+ T cells, TIM-3+ CD8+ T cells and/or
LAG-3+ CD8+ T cells in the TG with PD-L1, GAL-9, and/or
MHC-II expressing LAT(+) neurons result in inhibition of
HSV-specific CD8+ T-cell function and impaired anti-HSV
immunity. As illustrated in Figure 4, blocking the T-cell
inhibitory pathways, combined with therapeutic vaccination,
may restore the function of HSV-specific CD8+ T cells
in TG and reduce virus reactivation. The investigation of
these combined therapies may open new doors to novel Tcell-based interventions to reduce/stop HSV-1 and HSV-2
reactivation and prevent recurrent disease.
Dysfunctional CD8+ T cells display impaired eﬀector
function that is characterized by decreased production of
proinflammatory cytokines and hyporesponsiveness to antigenic restimulation. Total or partial loss of T-cell function
(dysfunction) occurs during many latent and chronic infections [125], including latent HSV-1 infection [113, 123, 126].
However, not all T-cell dysfunction is due to exhaustion.
Exhaustion is usually linked with expression of PD-1 and
TIM-3, while dysfunction is linked with one or more of
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Figure 2: A model of CD8+ T-cell monitoring of HSV-1 latency in sensory ganglia. (a) During a primary infection (aﬀecting the cornea of
the eye), HSV-1 invades the termini of sensory neurons, the nucleocapsid travels by retrograde axonal transport to the neuron cell bodies
within the trigeminal ganglion (TG), viral DNA is inserted into the nucleus, and a brief period of virus replication ensues (b). An initial
infiltration of macrophages and T cells gives rise to an infiltrate dominated by CD4+ and CD8+ T cells and macrophages that persists for the
life of the animal (c). The CD8+ T cells associate closely with the neuron cell bodies and directly monitor viral gene expression in neurons
by detecting epitopes of viral epitopes that are produced early in a reactivation event and presented on the surface of the neuron within
MHC class I. The CD8+ T cells force the viral genome into a quiescent state through IFN-γ production (early in reactivation) or through
the release of lytic granules (at later stages of reactivation). A similar model can be extrapolated to genital herpes infection with HSV-2.

the eight T-cell inhibitory receptors described previously,
which include PD-1 and TIM-3. T-cell dysfunction requires
two signals: a first signal through the T-cell receptor (TCR)
following epitope presentation to TCR via the MHC complex
[127]; and a second signal through costimulation from Tcell inhibitory receptors. In humans: latent HSV-1 in human
TG is accompanied by a chronic CD8+ T-cell infiltration
[128]. At least a portion of viral latency/reactivation in
human TG appears to be controlled by CD8+ T cell-mediated
mechanisms [87, 113, 114]. Significant numbers of CD8+
T cells producing IFN-γ were found in latently infected
TG of human cadavers, suggesting an antigen-driven T-cell

response [129–132]. However, many TG-resident CD8+ cells
express PD-1 and appear to be dysfunctional [133]. In mice,
similar to what is seen in humans, latently infected TGs have
a chronic CD8+ T-cell infiltration. CD8+ T cells accumulate
in TG from 7 to 10 days following ocular herpes infection
and become the predominant T-cell type during latency
[134]. HSV-specific CD8+ T cells producing IFN-γ and GrB
appear to suppress (or abort) induced viral reactivation
in explanted mouse sensory ganglia [134, 135] and may
similarly reduce detectable HSV-1 reactivation in vivo [136–
139]. We have found dysfunctional CD8+ T cells specific to
human epitopes in the LAT(+) TG in the “humanized” HLA
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Figure 3: A model of CD8+ T-cell exhaustion and HSV-1 reactivation from sensory ganglia. During reactivation, the virus travels from
the TG back to the cornea and causes eruptions of epithelial surfaces (viral shedding). Viral reactivation may be asymptomatic or may be
associated with symptoms or lesions [7, 76–79]. This reactivation event may be spontaneous, but it is generally believed to be triggered
by stress stimuli and immunosuppressive conditions. CD8+ T-cell function is compromised (e.g., by stress-related hormones), viral
glycoproteins and nucleocapsids are formed and transported by anterograde axonal transport, virions are assembled at nerve termini, and
infectious virus is released, potentially leading to recurrent disease. Evidence from our laboratory and others suggested that latently infected
neurons appear to be resistant to CD8+ T-cell-mediated killing and that LAT is involved in this resistance to CD8+ T-cell killing. Recently,
we found that neuroblastoma cells expressing LAT in the absence of other HSV-1 genes resisted to GrB-induced apoptosis and are protected
from CD8+ T-cells attack. Also, latently infected TG have high expression of PDL-1 and Gal9 on infected neuronal cells also the majority of
CD8+ T-cells surrounding neuronal cells express high PD-1 and Tim3.

Tg mice. A human therapeutic vaccine that increases the size
and functionality of the HSV-specific IFN-γ+ GrB+ CD8+ Tcell population in latently infected TG should significantly
decrease the rate of spontaneous reactivation (as measured
by shedding in tears) and reduce recurrent eye disease.
During neuronal latency, high levels of HSV-1 LAT RNA can
be readily and consistently detected in the TG [140, 141].
HSV-1 LAT null mutants (LAT(−) ) generally have a reduced
reactivation phenotype [142–144], indicating that LAT plays

an important role in the HSV-1 latency-reactivation cycle.
LAT can block apoptosis [120], which supports wild-type
reactivation [120].

4. Topical Mucosal Vaccines to Stimulate
Herpes-Specific Mucosal Immunity
Since the 1920s, there have been countless research eﬀorts
for the development of a herpes vaccine [145–148]. Eight
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Figure 4: Blockade of T-cell inhibitory pathways to boost immunity to herpes simplex virus infections. Multiple inhibitory pathways may
be activated in the exhausted CD8+ T cells in the HSV-1 latently infected TG, including PD-1, TIM-3, and LAG-3. Blockade of one T-cell
inhibitory pathway may partially restore HSV-specific CD8+ T-cell eﬀector functions. Blocking antibodies may be directed against the PD-1,
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neurons or on DC. Full restoration of CD8+ T-cell function may require blockade of two or more inhibitory pathways or a combination
of pathway blockade and vaccination. Sustained restoration of DC maturation may be also crucial for functional CD8+ T-cell function
and clinical cure. HSV-1 LAT gene appears-interfering with both CD8+ T-cell function and with DC maturation. How CD8+ T cells are
dysfunctional and DC are silenced, and the pathways to rescue this silencing, is still unknown.

decades later, while important research gains have been
made, no clinically approved vaccine is yet available [145–
149]. In the past, numerous vaccine approaches using live
attenuated virus, killed virus, or recombinant protein-based
vaccines products showed eﬃcacy in animal models but
failed in clinical trials [122, 150–152]. The majority of the
vaccines are injected parenterally. While they induced strong
systemic immune responses, they failed to generate suﬃcient
local immune responses either in the eye, TG, or draining
lymph nodes, which are likely needed to prevent virus
transmission and to reduce replication [23, 84, 85, 150, 153–
160]. The challenge in herpes vaccine development is to
induce higher magnitude and wider breadth of the immune
response [122, 150, 161–163]. However, the progress towards
a herpes vaccine still faces many challenges, among which are
(1) the identification and inclusion in the vaccine of critical
“protective” epitopes recognized by asymptomatic patients;
(2) the exclusion of potentially “pathogenic” epitopes recognized by symptomatic patients; and (3) the optimization
of an eﬃcient and safe mucosal vaccine delivery system
[21, 23, 82–86, 146].
4.1. Ocular Mucosal Herpes Vaccines. The viral epitopes
involved in protective versus pathogenic immune responses

are critical for a rational design of an epitope-based ocular
herpes vaccine [37, 164–166]. Considering the wealth of
data addressing the role of T cells in animal models, it
is surprising how little is known about the nature and
magnitude of HSV-specific T-cell responses in asymptomatic
versus symptomatic patients. Therefore, we have started to
examine the asymptomatic and symptomatic patients’ T-cell
responses against a library of potential epitopes identified
from gD and gB [1].
Unmodified synthetic peptides usually fail to prime Tcell responses in vivo, unless they are delivered with a
potent immunological adjuvant [167–169]. Peptide-based
T-cell epitopes have been emulsified with a variety of
adjuvants, including Freund’s [167–170], Montanide’s ISA51 and ISA-720 [73, 74, 151, 171–173], MF59 [174–176],
and QS-21 [177]. Most of these adjuvants tested in small
laboratory animals have limitations due to toxicity. Others
fail to reproduce in humans the results obtained in mice
(reviewed in [178]). Recently, lipopeptide-based vaccines
(i.e., peptides covalently linked to a fatty acid moiety)
have gained considerable interest and represent a promising
approach for vaccine delivery [73, 74, 151, 171–173, 179–
192]. We and others have shown that parenteral or mucosal
administration of lipopeptide immunogens from HIV, HBV,

Clinical and Developmental Immunology
HCV, HPV, CMV, HSV, group A streptococcus, and Plasmodium falciparum malaria, without external adjuvant, is
eﬃcient in inducing both local and systemic protective CD4+
T helper and CD8+ T-cell responses [73, 74, 151, 171–
173, 179–182, 185–193]. Lipopeptide Ags are taken up by
mucosal dendritic cells/Langerhans cells (DC/LC), inducing
phenotypic maturation of DCs, which are then capable of
priming T cells at the systemic and mucosal levels [73, 74,
151, 171–173, 179–192]. In nonhuman primates, we showed
that lipopeptide vaccine provided strong protection against
malaria [172, 173, 194]. At the time this is being written,
several clinical trials using malaria and HIV lipopeptides are
being conducted in Europe. In a recent phase I clinical trial,
both intradermal and intramuscular immunizations with
an HIV lipopeptide vaccine induced strong T-cell immune
responses [195]. This first wave of preclinical and clinical
trials showed that lipopeptide-based vaccines are eﬃcient,
safe, and can be manufactured in large scale at GMP levels
by modern techniques of chemoselective ligation [183, 184].
Recently, we found that immunization with a cocktail of
three immunodominant CD4+ T-cell lipopeptides from gD
induced more eﬃcacious protection against ocular herpes
infection and disease than any single lipopeptide alone
[84]. This finding strongly suggests that multiple epitopes
can induce a robust T-cell-mediated protective immunity
against ocular herpes [84, 85]. This is probably due to
the generation of more CD4+ and CD8+ T-cell responses
against multiple epitopes resulting in polyclonal T-cell lines
(one T-cell clone for each epitope). Eﬀorts in designing
peptide immunogens for the induction of multiple HTL and
CTL responses included various strategies such as multiple
Ag peptide (MAP) conjugates [196, 197] and sequential
arrangement of epitopes into a single polypeptide [198, 199].
Multiple antigenic peptide constructs have been shown to
be potent, but have been challenging to be produced in
large quantities. Linear polypeptides are more eﬃcient than
MAP [196, 197] and can be produced by standard techniques
of peptide synthesis. In addition, to avoid any potential
junctional epitopes that may be created by adjacent epitopes,
each epitope is separated with a GPGPG spacer [196].
4.2. Genital Herpes Mucosal Vaccines. In most of the clinical
trials, the vaccines failed to protect from infection in
spite of inducing strong HSV-specific neutralizing antibody
responses, emphasizing a crucial role for cell-mediated
immunity, especially on type 1 immunity [145–148]. While
important research gains have been made, there is still no
clinically approved vaccine for the prevention or treatment
of herpes infection and diseases. The challenge in herpes
vaccine development is to induce a higher degree and breadth
of T-cell responses [122, 150, 161–163]. In addition, the
majority of genital herpes vaccines are delivered parenterally
and do not generate significant mucosal T-cell immunity
neither (i) at the site of infection nor (ii) in the local lymph
nodes that drain the genital tract (GT). T-cell immunity at
both sites is likely necessary to prevent transmission and limit
severity of genital herpes [154–160]. Furthermore, subunit
formulations delivered into the GT are poorly immunogenic
compared to other mucosal routes (e.g., intranasal route)
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[154, 200–202]. The progress towards an intravaginal (IVAG)
T-cell-mediated vaccine still faces significant challenges,
among which are (1) the identification of critical human
“protective” CD4+ and CD8+ Teﬀ cell epitopes (i.e., epitopes
mostly recognized by T cells from asymptomatic patients);
(2) the improvement of protective “naturally processed”
Teﬀ cell epitopes; and (3) an eﬃcient and safe IVAG
immunization strategy [21, 23, 82–86, 146, 147, 203, 204].

5. Mucosal Herpes Immunopathology
A study recently compared HSV-1 infection to HSV-2
infection in two diﬀerent mucosal sites (ocular and genital
sites) in the mouse model demonstrated that despite the
elevated chemokines and cellular responses to HSV-2 in the
cornea, vagina, BS, spinal cord, and lymph nodes, HSV-2
still replicates at a greater rate than HSV-1 in the genital
mucosa and presents higher viral titers in the TG as well
[205]. However, this study must be extended to diﬀerent
strains of HSV-1 and HSV-2 and maybe also to some
clinical HSV-1 and HSV-2 isolates. Whether the finding
accounts for the extent of the disease caused by these closely
related alphaherpesviruses and in each mucosal site remains
to be determined. Unknown also is the relative extent of
virus replication and immunopathology caused by these
closely related alphaherpesviruses in ocular, oral and genital
mucosae.
5.1. Ocular Herpes Immunopathology. Recurrent HSV-1 infections can induce herpetic stromal keratitis (HSK), a blinding immunopathologic disease characterized by progressive
scarring in corneal stroma [206]. In mice, HSV-1 ocular
infection induces infiltration of inflammatory cells in two
major waves. The first and transient wave of polymorphonuclear cells (PMNs) infiltration dissipates within 4 days
after infection [207]. This PMN infiltration controls HSV-1
replication, which coincides with the appearance of corneal
epithelial lesions. These epithelial lesions heal by day 4 after
infection and the corneas appear normal by both clinical and
histopathological exams. This PMN infiltration appears to
be T-cell independent as it occurs in both normal and Tcell-deficient mice [207, 208]. After viral clearance from the
cornea, a second wave of a chronic leukocytic infiltration is
initiated between day 7 and 10 after infection. This secondary
infiltrate consists of neutrophils, CD4+ T cells, few CD8+
T cells, dendritic cells (DCs), and macrophages [208–212].
Unlike the first wave, the second wave of cell infiltration
seems to be T-cell-dependent and is orchestrated by CD4+
T cells [209, 210, 213, 214]. Indeed, ocular HSV-1 infection
of athymic nude mice failed to cause HSK. However, T celldeficient mice develop HSK following adoptive transfer of
exogenous HSV-specific T cells [213, 214].
The involvement of CD4+ T cells that produce Th1
cytokines (IL-2 and IFN-γ) in HSK has been established in
the mouse model, and HSK can be abrogated by depletion
of CD4+ T cells or neutralization of Th1 cytokines [215–
220]. The susceptibility to HSK in vulnerable A/J mice is
not associated with the magnitude of the systemic HSVspecific CD4+ T-cell response generated in the draining
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lymph nodes (DLN) [221]. HSK is rather associated with
the nature of CD4+ T cells (i.e., Th1 versus Th2 ), which
can regulate inflammatory responses. Th1 type cytokines,
such as IL-2 and IFN-γ, play an essential role in regulating
neutrophil infiltration in the cornea, and both have been
implicated in HSK. The role of CD4+ T cells producing
Th2 cytokines in HSK is still controversial. Jayaraman et al.
showed that adoptive transfer of gD5−23 -specific Th2 cells
into susceptible mice increased both the onset and severity
of HSK after corneal HSV-1-infection [222]. Others suggest
that HSK severity is ameliorated by CD4+ T cells expressing
the Th2 cytokine IL-4 [223, 224]. The eﬀect of CD4+ Th2
T cells on HSK might also be aﬀected by the plasticity of
these cells. The susceptibility to HSK is also determined by
the capacity of HSV-specific CD4+ T cells to induce DCs
and neutrophils infiltration into the cornea. A recent study
by Divito and Hendricks demonstrated that HSV-1-infected
corneas without HSK contained similar numbers of activated
CD4+ T cells as detected in HSV-1 infected corneas with
maximal HSK severity [225]. In humans, activated HSVspecific T cells, infiltrate patient’s cornea with HSK [226–
228]. CD4+ Th17 T cells have also been implicated in human
HSK [229]. Our preliminary data revealed that following
ocular HSV-1 infection, the corneas of susceptible HLA Tg
mice appear to be infiltrated with CD4+ T cells. However,
the relative contribution of cornea-resident eﬀector memory
T cells (TEM ) and DLN-resident central memory T cells
(TCM ) in protective memory against genital herpes versus
immunopathology remains to be determined.
5.2. Genitomucosal Herpes Immunopathology. Shedding of
reactivated HSV is estimated to occur at rates of 3–28% in
seropositive adults who harbor latent HSV-2 in their sensory
ganglia [36, 230–232]. However, the vast majority of these
immunocompetent individuals do not experience recurrent
herpetic disease. These are “asymptomatic patients” [13,
36, 112, 233]. In contrast, in some immunocompetent
individuals, reactivation of latent virus leads to recurrent
disease [13, 36, 112]. Recurrent disease ranges from rare
episodes occurring once every 5–10 years to outbreaks
occurring monthly or even more frequently among a small
proportion of subjects [13, 234, 235]. Individuals with a welldocumented clinical history of at least 5 recurrent genital
disease episodes during the past 12 months are “symptomatic patients.” The diﬀerence between “symptomatic”
and “asymptomatic” genital herpes patients is not due to
diﬀerences in virus reactivation rates, since both groups
have similar virus-shedding rates [36]. Patients with T-cell
immune deficiencies, whether genetic or acquired, appear to
suﬀer more frequent reactivation and greater disease severity
than immunocompetent persons [37]. This emphasizes the
crucial role of cell-mediated immunity [145, 146]. The
most important T-cell epitopes may be in the tegument
proteins, which are injected into the cell during viral entry,
including those encoded by genes UL25 and UL39 [236]
and envelope glycoproteins (i.e., gB and gD) [1, 153, 237].
Substantial research has been directed towards the development of T-cell epitope-mediated vaccines that are based
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on the identification and inclusion of immunogenic T-cell
epitopes. However, not all immunogenic T cell epitopes are
protective in nature, and some may even be harmful [238].
A good starting point for the development of an eﬀective
herpes vaccine would be to identify T-cell epitopes from
HSV envelope and tegument proteins that are recognized
by “asymptomatic” patients, to include these “protective”
epitopes in the vaccine, and to exclude the symptomatic
epitopes that might be “pathogenic” and harmful. Vaccines
excluding (pathogenic) “symptomatic” epitopes should have
increased eﬃcacy against disease.
Several lines of evidence, in both animal models and
humans, support a critical role for T cells in controlling
genital herpes infections and disease [136, 153]. The precursor frequency of HSV-2-specific CD8+ CTL is correlated
with HSV-2 disease severity in HIV-1/HSV-2 coinfected
humans [239]. HSV-2-specific CD4+ and CD8+ T cells
persistently infiltrate healed genital herpes lesions [153]. In
mice, following ocular infection, the HSV-1-specific CD8+
T cells infiltrate the infected ganglia during both acute and
latent phases and may mediate control of viral reactivation in
an IFN-γ-dependent manner [136]. In human genital biopsy
specimens with recurrent HSV-2 disease, viral clearance is
associated with a high concentration of local virus-specific
CD8+ CTLs [240]. Considering the wealth of information
addressing the role of T cells in animal models, it is surprising
how few reports exist exploring the immunologic basis of
symptomatic and asymptomatic HSV infections in humans.
Thus, we recently detected such segregation of human CD4+
T-cell epitopes in gB [1].
The outcome mother-to-infant HSV-2 vertical transmission and neonatal infection is orchestrated by two main
factors: (1) the virus itself, which can directly cause the
injury and (2) the maternal and fetal immune responses,
which either protect from or exacerbate the neonatal
disease. Particularly, cell-mediated immune responses can
be a double-edged sword during pregnancy: (a) cellular
immunity is important in viral control and clearance of
infected tissues; (b) an overactive cellular immunity within
the delicate environment of the placenta could also cause
immunopathology. The mother’s immune response, while
necessary to reduce viral burden in the placenta, may also
result in cell-mediated pathology in the placenta and the
fetus, leading to placental/fetal dysfunction, fetal injury, fetal
sequelae, and/or potentially the loss of the fetus. Regrettably,
there is little known about whether and how maternal T
cells responses aﬀects neonatal herpes infection and what
consequences this has for the newborn.

6. Concluding Remarks
(a) HSV-1 and HSV-2 are infectious pathogens that
cause serious diseases at every stage of life, from
fatal disseminated disease in newborns to cold sores,
genital ulcerations, eye disease, and fatal encephalitis
in adults. Mucosal surfaces constitute an impressive
first-line defense that is frequently exposed to HSV-1
and HSV-2 infections [80, 241–243].
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(b) Most of the current drug therapies are either ineﬀective or inadequate for preventing the mucosal surface
from the invading HSV-1 and HSV-2. Among the
tools available for disease prevention and control,
vaccines rank highly with respect to eﬀectiveness as
well as logistic and economic feasibility.
(c) Identifying the cellular and molecular immune composition of the various mucosal immune systems that
are exposed to herpes infection should lead to an
improved understanding of the immune-mediated
herpetic infectious diseases and tissue destruction
during various inflammatory states. This should be
helpful in developing safe mucosal immunoprophylactic and/or immunotherapeutic vaccine strategies.
(d) An important lesson learned from the preclinical
and clinical vaccine trials described above is the true
feasibility (i.e., practicability) of a herpes vaccine.
“Common denominators” between most of the above
vaccine strategies are that (i) the cellular immunity
appears to be crucial, rather than the humoral
immunity, in protecting against herpes; (ii) the
delivered antigens includes both “symptomatic” and
“asymptomatic” T-cell epitopes.
(e) Considering the limited success of the recent herpes clinical vaccine trial [5], new mucosal vaccine
strategies are needed.Our recent findings show that
T cells from symptomatic and asymptomatic men
and women (i.e., those with and without recurrences,
resp.) recognize diﬀerent herpes epitopes. Mucosal
immunization with HSV-1 and HSV-2 epitopes
that induce strong in vitro CD4 and CD8 T-cell
responses from PBMC derived from asymptomatic
men and women (designated here as “asymptomatic”
protective epitopes”) could boost local and systemic
“natural” protective immunity induced by wild-type
infection.
(f) Mucosal subunit vaccines are designed for needlefree application, therefore safe and cost eﬀective compared to other vaccines. Tremendous research eﬀorts
have significantly improved the classical approach
used to create these vaccines and alternative methods
of immunization based on new concepts of mucosal
immunity are being developed.
(g) HSV-specific CD8+ T cells, selectively activated and
retained in latently infected sensory ganglia [136,
153, 244, 245], play a crucial role in suppressing
full-blown reactivation [136, 246] by interfering with
virus replication and spread. Thus, rather than completely eliminating the latent HSV-1 from sensory
ganglia, reactivations appear to be “kept in check” by
CD8+ T cells [138, 139, 153, 247].
(h) It is still unclear why and how the virus manages to
sporadically escape CD8+ T-cell-mediated immunosurveillance and reactivate from latency, causing
ocular and genital herpes diseases. Identification
of the immune evasion mechanisms would help
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develop stronger preemptive immunotherapeutic
vaccine strategies against herpes.
(i) We believe that future research endeavors should
focus on (1) identifying more “asymptomatic” versus “symptomatic” herpes epitopes, (2) qualitatively
and quantitatively analyzing T cells in symptomatic
versus asymptomatic patients to understanding the
immune mechanisms underlying herpes pathogenesis in humans, (3) incorporating only promiscuous
“asymptomatic” epitopes into vaccines, (4) using
mucosal vaccine strategies, such as lipopeptides, to
immunize against herpes, and (5) using “humanized”
susceptible HLA transgenic mice and rabbits to assess
the immunogenicity and protective eﬃcacy of herpes
epitopes against primary and recurrent infection.
(j) A targeted mucosal immunotherapeutic vaccine
is necessary to induce robust localized immune
responses (i.e., in the central nervous system, trigeminal ganglia, and sacral ganglia), to quell virus
replication, to drive the pathogen into a ”latent” state,
and likely hinder reactivation.
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[57] K. L. Cleary, E. Paré, D. Stamilio, and G. A. Macones,
“Type-specific screening for asymptomatic herpes infection
in pregnancy: a decision analysis,” BJOG: An International
Journal of Obstetrics and Gynaecology, vol. 112, no. 6, pp. 731–
736, 2005.
[58] S. Tanchev and B. Shentov, “Herpes simplex virus infection
in pregnancy and transmission to neonatal,” Akusherstvo i
Ginekologiia, vol. 44, no. 6, pp. 31–35, 2005.
[59] B. A. Donoval, D. J. Passaro, and J. D. Klausner, “The
public health imperative for a neonatal herpes simplex virus
infection surveillance system,” Sexually Transmitted Diseases,
vol. 33, no. 3, pp. 170–174, 2006.
[60] Z. A. Brown, C. Gardella, A. Wald, R. A. Morrow, and L.
Corey, “Genital herpes complicating pregnancy,” Obstetrics
and Gynecology, vol. 106, no. 4, pp. 845–856, 2005.
[61] P. Singhal, S. Naswa, and Y. S. Marfatia, “Pregnancy and
sexually transmitted viral infections,” Indian Journal of
Sexually Transmitted Diseases, vol. 30, no. 2, pp. 71–78, 2009.
[62] Z. A. Brown, A. Wald, R. A. Morrow, S. Selke, J. Zeh, and
L. Corey, “Eﬀect of serologic status and cesarean delivery on
transmission rates of herpes simplex virus from mother to
infant,” The Journal of the American Medical Association, vol.
289, no. 2, pp. 203–209, 2003.
[63] G. L. Westhoﬀ, S. E. Little, and A. B. Caughey, “Herpes
simplex virus and pregnancy: a review of the management of
antenatal and peripartum herpes infections,” Obstetrical and
Gynecological Survey, vol. 66, no. 10, pp. 629–638, 2011.
[64] A. Cérbulo-Vázquez, R. Valdés-Ramos, and L. SantosArgumedo, “Activated umbilical cord blood cells from preterm and term neonates express CD69 and synthesize IL2 but are unable to produce IFN-γ,” Archives of Medical
Research, vol. 34, no. 2, pp. 100–105, 2003.
[65] G. W. Fischer, M. G. Ottolini, and J. J. Mond, “Prospects
for vaccines during pregnancy and in the newborn period,”
Clinics in Perinatology, vol. 24, no. 1, pp. 231–249, 1997.
[66] J. Englund, W. P. Glezen, and P. A. Piedra, “Maternal
immunization against viral disease,” Vaccine, vol. 16, no. 1415, pp. 1456–1463, 1998.
[67] E. Holmlund, H. Nohynek, B. Quiambao, J. Ollgren, and
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Infection of susceptible cells by herpes simplex virus (HSV) requires the interaction of the HSV gD glycoprotein with one of two
principal entry receptors, herpes virus entry mediator (HVEM) or nectins. HVEM naturally functions in immune signaling, and
the gD-HVEM interaction alters innate signaling early after mucosal infection. We investigated whether the gD-HVEM interaction
during priming changes lymphocyte recall responses in the murine intravaginal model. Mice were primed with attenuated HSV-2
expressing wild-type gD or mutant gD unable to engage HVEM and challenged 32 days later with virulent HSV-2 expressing wildtype gD. HSV-specific CD8+ T cells were decreased at the genital mucosa during the recall response after priming with virus unable
to engage HVEM but did not diﬀer in draining lymph nodes. CD4+ T cells, which are critical for entry of HSV-specific CD8+ T
cells into mucosa in acute infection, did not diﬀer between the two groups in either tissue. An inverse association between Foxp3+
CD4+ regulatory T cells and CD8+ infiltration into the mucosa was not statistically significant. CXCR3 surface expression was not
significantly diﬀerent among diﬀerent lymphocyte subsets. We conclude that engagement of HVEM during the acute phase of HSV
infection influences the antiviral CD8+ recall response by an unexplained mechanism.

1. Introduction
Herpes simplex virus type 2 (HSV-2) is a common cause
of infection, with 17% of American adults seropositive [1].
HSV-2 is most commonly associated with genital infection,
and spread of the virus within the population generally
results from reactivation of latent infection and subsequent
viral shedding [2].
Infection of susceptible human and mouse cells by HSV
requires binding of the viral glycoprotein gD with one of
its cell surface receptors [3, 4]. HSV gD binds to three
general classes of surface receptors, including herpesvirus
entry mediator (HVEM), nectin-1 and -2, and specific sites
in heparan sulfate [3]. Of these, HVEM and nectin-1 appear
to mediate viral entry most eﬃciently in both humans and
mice [5, 6]. The, mouse receptors are orthologous to the
human receptors and HSV disease in mice resembles that in
humans, allowing application of mouse models to the study
of HSV pathogenesis in humans.

HVEM is a member of the tumor necrosis factor (TNF)
receptor superfamily of proteins [7]. HVEM is expressed
in many tissues, but its principal natural function appears
to be in regulating immune responses through interactions
with the activating ligand LIGHT or the attenuating binding
partners B and T lymphocyte attenuator (BTLA) or CD160
[8]. Although lymphocytes are not thought to be significant
targets of HSV infection, since these natural HVEM ligands
can either enhance or inhibit lymphocyte activation, it
has been suggested that the gD-HVEM interaction could
influence lymphocyte-mediated immunity to HSV. The
immunologic eﬀects of gD binding to HVEM during HSV
infection have not been elucidated in detail, and although
our prior work in a murine intravaginal challenge model
identified diﬀerences in chemokine responses at the mucosa
depending on whether virus could engage HVEM, acute
cellular responses were not appreciably aﬀected [9].
The possibility that engagement of HVEM by gD can
influence memory cellular immune responses to HSV is
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raised by recent studies of candidate DNA vaccines encoding
fusion proteins consisting of viral antigens combined with
HSV gD. The results showed that protective antigen-specific
CD8+ T-cell responses were enhanced by the presence of
gD sequences, providing the domain required for binding to
HVEM was functional [10–12].
Although most immune cells express HVEM, in the current study we focused on lymphocytes, including regulatory
T cells (Tregs). Expression levels of HVEM on immune
cells vary at diﬀerent times in the immune response. Naı̈ve
and some memory CD4+ and CD8+ lymphocytes constitutively express HVEM, but expression is downregulated
after activation [13, 14]. In mice, lack of HVEM or BTLA
expression leads to an increased population of circulating
CD8+ T cells with an activated memory phenotype [14].
Optimal activation of dendritic cells (DCs) by CD4+ memory
T cells is dependent on the expression of LIGHT [15]. B
cell responses may also be potentiated by HVEM/LIGHT
interactions [16]. In contrast to eﬀector lymphocytes, Tregs
increase HVEM expression after activation [17]. Optimal
eﬀector responses of Tregs require both HVEM and BTLA
[17]. Intriguingly, HVEM is not expressed on T cells of mice
that lack Foxp3 [17], a transcription factor which defines the
major Treg subset [18]. Together, these observations suggest
an important role for HVEM in the generation and function
of eﬀector memory lymphocytes and in the function of Tregs.
In this study, we apply a murine intravaginal model
of HSV-2 infection to investigate a role for engagement of
HVEM in influencing recall immune responses. We observe
diﬀerences in the HSV-specific CD8+ T-cell recall response
at the genital mucosa based on the gD-HVEM interaction
during priming. Diﬀerences in replication of the priming
virus at the mucosa do not explain the observed diﬀerences in
CD8+ T-cell infiltration, and neither CD4+ T cell frequency
nor CXCR3 expression on responding cells diﬀer for the
two conditions. Although we observed a trend suggesting an
inverse association with CD4+ Foxp3+ Tregs, we are unable
to clearly implicate these cells as contributing to the diﬀerent
CD8+ T-cell recall responses we observed. We conclude that
the interaction of gD and HVEM during acute infection
with HSV may influence the magnitude and quality of the
subsequent recall response at the genital mucosa, though the
mechanism remains to be elucidated.

three times in Vero cells. Modifications to the glycoprotein
gD of HSV-2(333) were previously described [9]. The virulent strain HSV-2(333)/gD used for this study contains wildtype gD flanked by FRT recombination sites. Attenuated
versions of HSV-2(333) were created by insertion of a
lacZ expression cassette (which results in expression of βgalactosidase) in the UL3-4 intergenic region, as described
previously for wild-type HSV-2(333) [20]. Two versions of
attenuated virus were used: one contains the wild-type gD
flanked by FRT sites (designated HSV-2(333)/gD-βgal) and
the second contains a mutant form of gD lacking amino acids
7-15, rendering it unable to engage HVEM (designated HSV2(333)/Δ7-15-βgal). Prior studies (unpublished) established
that these viruses could infect mice but did not lead to
mortality or significant clinical symptoms compared to
infection with wild-type viruses at the inocula used. The Δ715 mutation introduced into the gD gene had only minor
eﬀects on mucosal replication relative to virus with wild-type
gD in our prior studies [9].

2. Materials and Methods

2.4. Measurement of Viral Replication in the Vaginal Tract. To
assess replication of the attenuated virus in the vaginal tract,
secretions were collected from infected mice at indicated
times. Sterile PBS was instilled intravaginally in a 40 μL
volume and pipetted in and out 2-3 times (see e.g., [22]).
This was repeated twice and samples pooled for analysis by
standard plaque assay. Samples were stored at −70◦ C until
analysis.

2.1. Animal Experimentation Guidelines. Animal care and
use in this study were in accordance with institutional and
NIH guidelines.
2.2. Cells and Viruses. Vero cells were cultured in Dulbecco’s
modification of Eagle’s (DME) medium plus 10% fetal
bovine serum (FBS) and 1% penicillin-streptomycin and
were used for the propagation and titering of virus. Plaque
titrations were performed by standard methods.
HSV-2 strain 333 was originally isolated from a genital
lesion and underwent limited passage in human cells [19].
The virus was plaque-purified and passaged no more than

2.3. Animal Procedures. Female C57BL/6 mice between 6–
10 weeks of age were purchased from Jackson Labs and
maintained in specific-pathogen-free conditions until inoculation. Mice were transferred to a containment facility
for inoculation, which occurred before 12 weeks of age.
Susceptibility of mice to intravaginal infection was ensured
by subcutaneous injection 6 days prior to inoculation
with 2.5 mg of medroxyprogesterone acetate (Depo-Provera,
Pharmacia) in phosphate-buﬀered saline (PBS) [21]. At the
time of inoculation, mice were anesthetized with ketaminexylazine, vaginas were swabbed to clear secretions, and
virus was delivered intravaginally via micropipette in 20 mL
total volume. Virus was diluted in PBS containing 1%
inactivated calf serum and 0.1% glucose to deliver 6 ×
105 PFU/mouse. All mice first received inoculation with
attenuated viruses (“priming”) and were challenged with
virulent HSV-2(333)/gD 32 days after priming (“challenge”).
Mice were sacrificed 3 days after challenge for evaluation
of cellular immune responses. Clinical symptoms were
generally not observed after either inoculation, though
sporadically individual mice primed with attenuated viruses
had perivaginal hair loss or mild lesions which resolved prior
to challenge.

2.5. Isolation of Lymphocytes. Lymphocytes were isolated
from draining lymph nodes (DLN) and vaginal tissue. DLNs
from each mouse were separately homogenized in RPMI1640 with 2% heat-inactivated FBS. Red blood cells were
lysed with ACK buﬀer, and cells were washed, counted, and
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2.6. Measurement of Murine T-Cell Responses by Flow Cytometry. Isolated cells were washed and resuspended in FACS
buﬀer. Surface labeling included fluorescently conjugated
antibodies to murine CD4, CD8, CXCR3, and DimerXPE reagent (BD Biosciences) preloaded with the gB496–503
peptide according to the manufacturer’s instructions. A
cell permeabilization kit was used for intracellular labeling
with fluorescently conjugated antibody to murine Foxp3
(BD Biosciences). Cells were analyzed using an LSR II
flow cytometer (Becton-Dickinson) and FloJo software
(TreeStar). Lymphocytes were gated based on forward and
side-scatter characteristics, with isotype control antibodies
used to determine the threshold for positive labeling with
Foxp3 and CXCR3. Lymphocytes from uninfected mice were
used for negative control labeling with the DimerX reagent. A
minimum of 10000 events were collected for each condition
analyzed. Percentages in diﬀerent subsets were measured
based on fluorescence detected at relevant wavelengths.
2.7. Statistical Tests. Mean percentages of fluorescently labeled cells within a population were compared between experimental groups using the unpaired Student’s t-test.

3. Results
3.1. Replication of the Virus within the Murine Vaginal Tract
Is Only Minimally Aﬀected by the Ability of the Virus to
Interact with HVEM. Our prior studies had noted only
minor diﬀerences in viral replication in the vaginal tract after
infection with the virulent strains HSV-2(333)/gD and HSV2(333)/Δ7-15 [9]. To confirm that the attenuated strains of
these viruses (HSV-2(333)/gD-βgal and HSV-2(333)/Δ7-15βgal, resp.) also had similar replication kinetics in the vaginal
tract, we inoculated groups of mice with the two attenuated
viruses and measured viral titers in vaginal secretions over
time (Figure 1). The strain of virus unable to engage HVEM
was about 0.5 log lower in titer on day 1 (P = 0.05), but there
were no statistical diﬀerences in titer on subsequent days. We
conclude that the Δ7-15 deletion in gD, which abrogates the
ability of the virus to use HVEM as an entry receptor without

105

P = 0.05

104
(PFU/mL)

maintained in complete medium (RPMI-1640, 10% FBS,
1 mM sodium pyruvate, 0.1 mM nonessential amino acids,
1% penicillin-streptomycin, and 20 mM β-mercaptoethanol)
prior to labeling for flow cytometric evaluation.
Vaginal tissue was processed by a similar protocol we previously used [9], based on method described by Gierynska
et al. [23]. Briefly, isolated tissue was washed in Hanks
balanced salt solution (HBSS), cut into small pieces, and
incubated in HBSS with collagenase D (1 mg/mL) for 1 hour
at 37◦ C with gentle agitation. Digested tissue was pressed
through a cell strainer, washed in RPMI-1640 with 2% heatinactivated FBS, and the cells counted and resuspended in
complete medium. There were no diﬀerences between the
groups in the overall numbers of cells recovered from any
tissue.
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Figure 1: HSV-2 titers in the vaginal tract after infection with the
attenuated viruses HSV-2(333)/gD-βgal or HSV-2(333)/Δ7-15-βgal
are only minimally aﬀected by engagement of HVEM. Viral titers
were measured in vaginal secretions on the days indicated after virus
inoculation. Five mice per group were inoculated intravaginally
with 6 × 105 PFU of HSV-2(333)/gD-βgal (open circles) or HSV2(333)/Δ7-15-βgal (filled triangles). Symbols denote mean titers
(±standard deviation) for each group. There was a statistically
significant diﬀerence (P = 0.05) in mean titer on day 1, with
approximately 0.5 log lower titer of HSV-2(333)/Δ7-15-βgal at
this time point. Measured titers were statistically equivalent at
subsequent time points.

altering its ability to use nectin-1, does not greatly alter in
vivo replication of the attenuated virus strains.
3.2. HSV-Specific CD8+ T-Cell Mucosal Recall Responses Are
Diminished by HSV-2 Interaction with HVEM during Priming. Female mice were primed with either HSV-2(333)/gDβgal or HSV-2(333)/Δ7-15-βgal and challenged with HSV2(333)/gD (Figure 2(a)). Studies of the CD8+ T-cell immune
response after HSV infection of C57BL/6 mice have identified an immunodominant H-2Kb -restricted epitope in the
gB glycoprotein (gB496–503 ), which accounts for >70% of
the CD8+ cellular immune response [24, 25], allowing
measurement of HSV-specific responses using fluorescently
labeled MHC dimers loaded with the dominant peptide
[26]. HSV-specific CD8+ lymphocytes were present at a
significantly greater frequency in vaginal mucosa three days
after challenge with HSV-2(333)/gD in animals which were
previously primed with HSV-2(333)/gD-βgal, compared to
those primed with HSV-2(333)/Δ7-15-βgal (Figures 2(b)
and 3).
Priming with virus able to engage HVEM led to more
than twofold increase in the mean percentage of HSVspecific CD8+ T cells recovered at the vaginal mucosa
compared to priming with virus unable to engage HVEM.
No diﬀerences were seen in the frequency of HSV-specific
CD8+ lymphocytes isolated from DLN (Figures 2(b) and 3).
There were also no diﬀerences found in the mean percentage
of CD8+ T cells (independent of gB496–503 antigen specificity)
isolated from vaginal mucosa or DLN between the two
groups (data not shown). We conclude that the interaction
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Figure 2: (a) Schematic of experimental design. (b) The HSV-specific CD8+ T cell response at the vaginal mucosa in individual mice diﬀers
in the recall phase depending on whether HVEM was engaged during priming. Representative examples from individual mice within each
condition analyzed using identical gating strategies are shown.

of HSV gD with HVEM during initial infection of C57BL/6
mice results in an increased frequency of HSV-specific CD8+
T cells at the mucosa but not the DLN during the recall
response after challenge with virulent HSV-2 expressing
wild-type gD.
3.3. Engagement of HVEM during Priming Does Not Alter
CD4+ T-Cell Frequencies in the DLN or Vaginal Mucosa
during the Recall Response. Prior investigators have demonstrated a crucial role for CD4+ T cells to direct entry of
virus-specific CD8+ T cells into mucosal tissue after acute
HSV infection via secretion of interferon-γ (IFN-γ) and
induction of chemokine production [27]. Our previous
study detected no diﬀerences in the frequencies of IFN-γ
producing CD4+ T cells after acute infection using viruses

that were or were not able to engage HVEM [9]. Since
diﬀerences in the frequencies of CD4+ T cells (and by
inference the amount of IFN-γ produced) in the vaginal
tissue during the recall response could explain diﬀerences
in the frequencies of infiltrating virus-specific CD8+ T cells,
we measured CD4+ T-cell infiltration into mucosal tissue
and DLN during the recall response (Figure 4). In contrast
to the results for HSV-specific CD8+ T cells, no diﬀerences
in the frequencies of infiltrating CD4+ T cells were seen
in the vaginal mucosa or DLN of mice primed with HSV2(333)/Δ7-15-βgal compared to those primed with HSV2(333)/gD-βgal. We conclude that the initial interaction of
HSV with gD during the priming phase of the immune
response in C57BL/6 mice does not alter the CD4+ T-cell
response in DLN or vaginal mucosa during the challenge
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Figure 3: HSV-specific CD8+ T cell frequencies do not diﬀer
in lymphocytes isolated from (a) draining lymph nodes from
groups of mice primed with viruses than can (HSV-2/gD-βgal,
left, open circles) or cannot (HSV-2/gD-Δ7-15-βgal, right, filled
triangles) engage HVEM, but are significantly diﬀerent at the (b)
vaginal mucosa. Symbols show data from individual mice, with the
horizontal line designating the mean for each experimental group.
Data are pooled from three independent experiments with 3-4 mice
per group.

Figure 4: CD4+ T cell frequencies do not diﬀer in draining lymph
nodes (a) or vaginal mucosa (b) among lymphocytes isolated from
groups of mice primed with viruses that can (HSV-2/gD-βgal,
left, open circles) or cannot (HSV-2/gD-Δ7-15-βgal, right, filled
triangles) engage HVEM. Symbols show data from individual mice,
with the horizontal line designating the mean for each experimental
group. Data are pooled from three independent experiments with
3-4 mice per group.

phase. However, our data cannot rule out diﬀerences in
IFN-γ production by responding CD4+ T cells in the recall
response.
3.4. Regulatory T-Cell Infiltration into Infected Tissue during
the Recall Response May Be Altered by Prior Engagement of
HVEM. Tregs have an important role in directing the acute
cellular immune response to mucosal HSV infection in mice
by altering the chemokine and cytokine gradient between
the infected tissue and draining lymph nodes [28]. Since
alterations in Treg frequencies in diﬀerent tissues during the
recall response could lead to the diﬀerences we observed
in antiviral CD8+ T cell frequencies, we assessed Treg
frequency during the recall response in our infection model.
Foxp3+ CD4+ Tregs were detected at a lower frequency in
vaginal mucosa of mice primed with HSV-2(333)/Δ7-15βgal compared to mice primed with HSV-2(333)/gD-βgal
(Figure 5); however, this diﬀerence did not reach statistical
significance. No diﬀerences were detected in Foxp3+ CD4+

Tregs in DLN between the diﬀerent experimental groups.
Although the trend observed for Treg infiltration into vaginal
mucosa during the recall response was inversely related to the
infiltration of HSV-specific CD8+ T cells, due to the lack of
statistical significance we are unable to firmly implicate a role
for Tregs in directing this response.
3.5. Homing Receptor Expression on HSV-Specific T Cells during the Recall Response Is Not Aﬀected by Prior Engagement of
HVEM. Recruitment of eﬀector T cells to infected mucosal
tissue is dependent on expression of CXCR3 [27], which
is the receptor for the chemokines CXCL9 and CXCL10.
We previously observed that levels of both CXCL9 and
CXCL10 were aﬀected in the acute phase of HSV infection
based on whether the virus could engage HVEM [9].
CXCR3 is important in priming T cell responses and has a
potential role in inducing T cell memory [29], and a possible
explanation for the diﬀerences in CD8+ T cell infiltration
we observed could be related to expression of this homing
receptor. Accordingly, we assayed the expression of CXCR3
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Figure 5: Foxp3+ CD4+ T cell frequencies do not significantly
diﬀer in draining lymph nodes (a) or vaginal mucosa (b) among
lymphocytes isolated from groups of mice primed with viruses
that can (HSV-2/gD-βgal, left, open circles) or cannot (HSV-2/gDΔ7-15-βgal, right, filled triangles) engage HVEM. Symbols show
data from individual mice, with the horizontal line designating the
mean for each experimental group. Data are pooled from three
independent experiments with 3-4 mice per group.

on diﬀerent subsets of lymphocytes in draining lymph
nodes and vaginal tissue during the recall response. Mean
fluorescence intensity of CXCR3 expression on CD8+ , CD4+ ,
and Foxp3+ CD4+ T cells did not diﬀer based on whether
the priming virus was able to engage HVEM (Figure 6). We
conclude that despite our prior observation of diﬀerences in
chemokine production based on HVEM expression in the
acute response [9], no measurable diﬀerences in chemokine
receptor expression may be demonstrated during the recall
response on the basis of gD interactions with HVEM during
priming.

4. Discussion
Our study describes a role for the acute interaction of HSV2 gD with HVEM in modifying the antiviral recall immune
response after intravaginal infection of mice. Our principal
observation was that engagement of HVEM during acute
infection (priming) increased the HSV-specific CD8+ T-cell
response at the mucosa during rechallenge. We investigated

several possible contributing factors for this observation,
but were unable to clearly demonstrate roles for CD4+ Tcells, Foxp3+ CD4+ Tregs, or expression of the chemokine
receptor CXCR3 on responding cells in relation to whether
the priming virus was able to engage HVEM.
We used the well-established murine intravaginal challenge model for these studies [21] to investigate the antiviral
cellular recall response at the mucosa. This model is limited
for studying HSV-2 pathogenesis in mice by mortality in
productively infected animals when wild-type virus is used,
requiring us to generate initial antiviral immune responses
by priming with an attenuated virus. Mice can be protected
against disease after intravaginal challenge with wild-type
virus by a variety of means, including passive antibody
transfer [30] and by generation of HSV-specific cellular
responses [23, 31, 32], and from preliminary studies we knew
that our attenuated viruses could provide protection against
subsequent wild-type HSV challenge. We did not formally
demonstrate the mechanism for this protection, but we
expect that priming with either virus leads to both humoral
and cellular immunity capable of mediating protection.
Since our prior work [9] and current data (Figure 1) also
demonstrate that mutation of gD to abrogate interaction
with HVEM has only minor eﬀects on local viral replication
in the intravaginal model, we believe our results reflect an
eﬀect that is primarily attributable to the relative ability of the
priming viruses to engage HVEM. Memory T cell responses
are generated from a minor population within the eﬀector
pool of CD8+ T cells [33], and antiviral T cell activation and
expansion are barely underway 24 hours after infection [34].
Also, the numbers of memory T cells generated following
resolution of an acute infection are thought to depend at
least in part on the peak response during the eﬀector phase
of the cellular immune response [34]; our prior data did
not identify diﬀerences in the peak HSV-specific CD8+ T
cell response on the basis of viral engagement of HVEM [9].
Therefore, the small replication diﬀerence between the two
viruses one day after inoculation (0.5 log PFU/mL) would be
unlikely to explain the more than twofold diﬀerence in recall
response at the mucosa.
A second potential alternative explanation for our findings is that the gB-specific recall response is specifically
altered by engagement of HVEM during priming, leading to
a recall response that is perhaps HSV-specific but involves
subdominant epitopes. Consistent with this possibility is our
observation that overall CD8+ T cell frequencies in mucosal
tissue were unaltered in the recall response. However,
our prior findings of no diﬀerences in the acute CD8+
T cell response to gB496–503 after challenge with virulent
HSV-2(333)/gD compared to HSV-2(333)/Δ7-15, combined
with the understanding that memory responses are partly
dependent on peak responses [34], suggest against this
possibility. Nevertheless, we are unable to completely rule out
this alternative explanation with our data.
HVEM is a member of the TNF receptor family, which is
broadly expressed in hematopoietic cells [35, 36]. Signaling
through HVEM results in diﬀerent responses in immune
cells depending on the context in which it is engaged
[8]. Engagement of HVEM by LIGHT or lymphotoxin-α
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Figure 6: CXCR3 expression on CD8+ , CD4+ , and Foxp3+ CD4+ T cells does not statistically diﬀer between groups of mice primed with
viruses that can (HSV-2/gD-βgal, black bars) or cannot (HSV-2/gD-Δ7-15-βgal, stippled bars) engage HVEM. Gates were chosen to exclude
nonspecifically labeled cells based on isotype control antibody staining. Data are expressed as mean fluorescence intensity (MFI) of the
indicated cell population from 3-4 mice per condition, plus the standard deviation. P values reflect diﬀerences in mean CXCR3 MFI for each
cell population between groups of mice primed with the diﬀerent viruses.

increases T-cell activation [35], while BTLA [37, 38] and
CD160 [39] attenuate T-cell activation and proliferation
upon interaction with HVEM. Although lymphocytes are
not generally considered to be targets of infection with HSV
in vivo, the interaction of HSV gD on the viral envelope and
on infected cells may modulate lymphocyte activity through
an interaction with HVEM. HSV gD binds to HVEM in
the same membrane-distal cysteine-rich domain (CRD1)
[40] as both BTLA [41] and CD160 [39], and soluble gD
competitively inhibits the BTLA-HVEM interaction [38].
The interaction of gD with HVEM can itself trigger NF-κB
activation [42]. Also, gD might competitively inhibit the
binding of HVEM to BTLA or CD160, with consequences
that depend on the eﬀects of the HVEM-BTLA/CD160 interactions. The HSV gD interactions with HVEM may also alter
responses of other (nonlymphocyte) immune cells which
express HVEM or its ligands, such as dendritic cells, whose
homeostasis is dependent on HVEM and BTLA signaling
[43], and NK cells, which may be activated by engagement
of CD160 [44].
Given the multiple combinations for binding between
HVEM and its multiple ligands, between LIGHT and its
binding partners HVEM and the lymphotoxin-β receptor
(LT-βR), and the diﬀerential regulation of expression of
these molecules on diﬀerent cell types during an inflammatory response, a mechanism by which any of the above
interactions would be altered by gD to aﬀect memory Tcell responses is not immediately obvious. Prior studies
in BTLA-deficient mice show increased diﬀerentiation of
naı̈ve CD8+ T cells into central memory cells in the
absence of BTLA [14], suggesting that our results could
be explained by interference of HVEM-BTLA signaling by
gD during acute infection. Optimal Treg responses are also
dependent on the HVEM-BTLA signaling pathway [17];
upregulation of HVEM by Tregs and BTLA by eﬀector T
cells after TCR stimulation suggests the hypothesis that the

level of Treg signaling to eﬀector T cells through HVEMBTLA during the acute response may program subsequent
memory cell diﬀerentiation, controlling either the numbers
or other characteristics of the memory cell population (e.g.,
migratory characteristics might be altered by eﬀects on
chemokine receptor expression). However, as other cell types
also express HVEM and BTLA, including DCs and NK cells,
a role for HVEM signaling by these cells in the shaping of the
memory immune response is also possible.
Several lines of evidence suggest possible ways that the
chemokine and cytokine environment within which the
acute immune response is developing may influence the
generation and persistence of memory cells. Antigen-specific
CD4+ T cells have recently been shown to require expression
of both LIGHT and HVEM to persist as memory cells [45].
Expression of the chemokine receptor CXCR3 on T cells
in DLNs has also been implicated in induction of T-cell
memory [29]. Any modulation of HVEM-LIGHT signaling
by gD could aﬀect either or both of these pathways. It is
also possible that memory cell generation and persistence
is not aﬀected by the initial gD-HVEM interaction, but
subsequent chemokine production or chemokine receptor
expression by memory cells is programmed in some manner by the initial context of HVEM signaling, leading to
changes in chemokine gradients during the recall response,
which change the relative infiltration of diﬀerent memory
lymphocytes. We did not measure the chemokine response
in the challenge phase in these experiments, and CXCR3
measurements did not reveal a role for expression of this
receptor in the response we observed. Further work on
defining the underlying mechanism for our observations is
ongoing, including evaluation of diﬀerent time points and
experiments using adoptive transfer and HVEM knockout
mice.
To our knowledge, this study is the first to show an influence of the HSV gD-HVEM interaction on recall immune
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responses in an HSV infection model. However, an influence
of the gD-HVEM interaction on memory immunity is not
entirely unexpected based on prior vaccine studies [10–12].
In these investigations, candidate vaccines were constructed
to express diﬀerent viral antigens fused to the C-terminal
domain of HSV-1 gD and delivered intramuscularly to mice.
These constructs induced stronger immune responses than
those which lacked either the gD fusion or in which gD
was unable to interact with HVEM. The authors attributed
this observation primarily to interference by gD with coinhibitory signaling by the natural BTLA-HVEM interaction.
Among the many questions left unanswered by our
work is whether any advantage is conferred to the virus
by manipulation of HVEM signaling pathways. It seems
counterintuitive that HSV evolved to use a receptor that
ultimately leads to a stronger recall response at the site of
initial infection than if a diﬀerent entry receptor had been
used. One possibility is that initial establishment of infection
is favored by the use of gD to disrupt HVEM signaling [9]. If
virus is able to reactivate and shed even in the presence of a
strong recall response, it is possible that there is no significant
selection pressure against this eﬀect. Further investigation
into the pleiotropic functions of HVEM in immunity may
shed light on this question.
Finally, it is worth commenting further on the implications of this observation on pathogenesis of HSV disease
and possible therapeutics, including vaccination. Studies of
human trigeminal ganglia and skin biopsy samples strongly
support the concept that memory CD8+ T-cell responses are
critical for the control of recurrent infection [46, 47]. Manipulation of HVEM signaling to properly direct these responses
to relevant tissues could benefit therapeutic vaccine strategies
[11]. There may also be implications for disease recurrence.
Although a prior study of individuals with HSV-specific
cellular immunity but no serologic or clinical evidence of
infection failed to identify HVEM polymorphisms which
altered viral entry into cells [48], it is possible that HVEM
variants may lead to signaling diﬀerences that either promote
or diminish eﬀective mucosal cellular immune responses
during viral reactivation. A similar survey of HVEM variants
in patients with frequent recurrences has not been completed.

5. Conclusions
We have described a role for the initial interaction of HSV
gD with HVEM in shaping the antiviral CD8+ T cell recall
response at the mucosa. Further studies are needed to
elucidate the mechanism behind this eﬀect, and how it may
contribute to HSV pathogenesis and perhaps influence the
design of therapeutic interventions, including vaccines.
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Twenty B candidate epitopes of glycoproteins B (gB2), C (gC2), E (gE2), G (gG2), and I (gI2) of herpes simplex virus type 2
(HSV-2) were predicted using DNAstar, Biosun, and Antheprot methods combined with the polynomial method. Subsequently,
the biological functions of the peptides were tested via experiments in vitro. Among the 20 epitope peptides, 17 could react with
the antisera to the corresponding parent proteins in the EIA tests. In particular, five peptides, namely, gB2466–473 (EQDRKPRN),
gC2216–223 (GRTDRPSA), gE2483–491 (DPPERPDSP), gG2572–579 (EPPDDDDS), and gI2286–295 (CRRRYRRPRG) had strong reaction
with the antisera. All conjugates of the five peptides with the carrier protein BSA could stimulate mice into producing antibodies.
The antisera to these peptides reacted strongly with the corresponding parent glycoproteins during the Western Blot tests, and the
peptides reacted strongly with the antibodies against the parent glycoproteins during the EIA tests. The antisera against the five
peptides could neutralize HSV-2 infection in vitro, which has not been reported until now. These results suggest that the immunodominant epitopes screened using software algorithms may be used for virus diagnosis and vaccine design against HSV-2.

1. Introduction
Herpes simplex virus type 2 (HSV-2) mainly causes genital
infections [1]. HSV-2 glycoproteins are structural components of the virion envelope and have been implicated in virusinduced alterations of mammalian cells [2, 3]. Moreover,
HSV-2 glycoproteins are expressed in infected cell plasma
membranes and act as major antigenic stimuli for the cellular
and humoral responses of a host [2, 3]. Some virion glycoproteins, such as glycoproteins B (gB2), C (gC2), and E
(gE2), have been described [4]. Glycoproteins G (gG2) and
I (gI2) and gB2, gC2, and gE2 apparently play major roles in
immune responses to HSV-2. Evidence support the following

suggestions: (i) the purified gB2, gC2, gE2, gG2, and gI2 of
HSV type 1 (oral, HSV-1) or HSV-2 (genital) stimulated high
titers of type-common virus-neutralizing antibodies [5, 6];
(ii) passive immunizations with the monoclonal antibodies
against gB2, gC2, gE2, gG2, and gI2 protected mice from the
infection using a lethal dose of HSV [7–9]; (iii) gB2, gC2,
gE2, gG2, and gI2 mediated antibody-dependent, complement-mediated cytotoxicity and antibody-dependent, cellmediated cytotoxicity [7, 10, 11]; (iv) the purified gB2, gC2,
gE2, gG2, and gI2 were able to protect mice against lethal
infection with either HSV-1 or HSV-2.
We have recently predicted and identified the epitopes of
gD2 involved in its biological and immunological activities
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using a panel of gD2-specific antibodies that recognized four
separate antigenic epitopes on the molecule. Some epitopes
are type-specific and have strong virus-neutralizing activity
in vitro. In the current study, 20 immunodominant epitopes
from five proteins of HSV-2, namely, gB2, gC2, gE2, gG2, and
gI2, were predicted and validated via experiments. Five of the
20 epitopes had strong antigenicity and immunogenicity, and
thus they could protect the mice from HSV-2 infection.

2. Materials and Methods
2.1. General Materials and Animals. Medium199 (Applichem)
contained 5% newborn calf serum, antibiotics, and 20 mM
N-2-hydroxyethylpiperazine-N -2-ethanesulfonic acid (HEPES). Bio-Rad miniprotean cell (Hercules, CA, USA), nitrocellulose membrane (Amersham, Arlington Heights, IL,
USA), peroxidase-labeled goat anti-mice immunoglobulin G
(Boster, China), and ECL detection system (Amersham, Pharmacia Biotech, Uppsala, SE, Sweden) were used in the current experiment. Antibodies to gB2, gC2, gE2, gG2, and gI2
were bought from ABcam Company. The mice (KM, China,
4–6 weeks old, female) were purchased from the Animal
Centre in Anhui University of Traditional Chinese Medicine.
2.2. Epitope Prediction and Synthesis. The B-cell antigenic epitope analysis on six glycoproteins, namely, gB2
(AAA60540.1 gI2: 6234000), gC2 (AAA66442.1 GI: 330266),
gE2 (ABU45439.1 gI2: 156072176), gG2 (ABI32310.1 GI:
113200389), and gI2 (ACA28832.1 GI: 168805625) from
HSV-2, was based on three related software algorithms,
namely, Biosun, DNAstar, and Antheprot. B-cell epitopes
were predicted by referring to the parameters, such as β-turn
occurrence, hydrophilicity, surface probability, and flexibility, which have been shown to be indicative of potentially
antigenic regions. The peptides comprising Asn-X-Thr/Ser
sequences (glycosylation sites), proposed membrane-spanning regions, and C-terminal membrane-anchor sequences
were excluded. The peptides showing common results from
the software algorithms above were selected as candidate epitopes. The antigenic, surface-located regions (B-cell epitope)
of the primary structure of the glycoproteins from HSV-2
should be predicted to generate the antibodies that might be
reactive with the glycoproteins and possibly neutralize viral
infectivity [12–14]. Some nonepitope peptides confirmed
using EIA tests were selected as the controls. The Jinsite
Company (China) chemically synthesized the screened epitope peptides.
2.3. Antigenicity Analysis Using EIA Tests. The antigenicity of
the predicted epitopes was determined using EIA with the
antibodies to the corresponding parent glycoproteins (gB2,
gC2, gE2, gG2, and gI2). 96-well plates were coated with
free peptides in 100 μL (2.5 μg/mL) of 50 mM sodium bicarbonate buﬀer/0.6 M NaCl (pH value of 9.6) for each well at
4◦ C overnight. The next day, 130 μL of blocking solution (1 ×
PBS, 1% bovine serum albumin) was added into each well
after washing the plates five times with PBST at 4◦ C overnight. The antibodies of the five proteins gB2, gC2, gE2,
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gG2, and gI2 were diluted using 1 : 100 and then a twofold
serial dilution. Consequently, 100 μL was added into each
well and then incubated at 37◦ C for 1 h. The plates were
washed five times with PBST. Subsequently, 100 μL of
1 : 10000 diluted peroxidase-labeled goat anti-mice immunoglobulin G (Boster) was added into each well and then incubated at 37◦ C for 1 h. All antibodies or antisera were diluted with phosphate-buﬀered saline (PBS) supplemented with
0.2 M NaCl and 0.3% Tween 80. The plates were washed five
times with PBST, and the color was developed by adding
100 μL of TMB substrate, which was a solution of peroxide
(0.006%, vol/vol) and o-phenylenediamine (0.02%, wt/vol)
in 2% methanol-50 mM sodium phosphate buﬀer (pH value
of 5.6), incubated at 37◦ C for 10 min in the dark. The reaction was stopped by adding 50 μL of 2 M H2 SO4 . The A450
value was then measured using a Titertek Multiscan spectrophotometer (Titertek, Helsinki, Finland).
2.4. Conjugation of Peptides to Carrier BSA. Conjugation of
peptides to carrier BSA was performed according to the
reported methods [15]. After the conjugation reaction, the
samples were dialyzed against PBS (pH value of 7.4). The
molar peptide/BSA ratio in the various conjugates was determined via the amino acid analyses on the peptide-carrier
conjugate and the untreated BSA. The molar peptide/BSA
ratios were 5 to 10. Peptide carrier conjugates were stored at
−20◦ C.
2.5. Mice Immunization and Antisera Preparation. Twenty
mice were divided into two groups with 10 mice each. Approximately, 4 μg of peptide-BSA was then emulsified in complete Freund’s adjuvant and was injected subcutaneously for
the first injection of each mouse. Approximately 2 μg of
the purified peptide-BSA emulsified in incomplete Freund’s
adjuvant was injected subcutaneously after 14 days for the
second injection. The third injection was similar to the second injection. The PBS, as a control, was injected using the
same above-mentioned procedure. Blood samples were collected 14 days after the third immunization and were then
stored at −20◦ C.
2.6. Peptide Immunogenicity Detection Using EIA. PeptideBSA-specific IgG antibodies in the antisera were determined
using an endpoint EIA with the peptide-BSA as antigens, as
described previously [16]. The titers were expressed as the
reciprocals of the highest dilution of the sera with ratio values
of 2.1. Moreover, proteins gB2, gC2, gE2, gG2, and gI2 were
used as antigens for detecting the antisera using EIA.
2.7. Peptide Specificity Analysis Using Western Blot. Approximately 10 μL of peptides-BSA conjugation was separated
using 10% SDS-PAGE with a Bio-Rad miniprotean cell (Hercules, CA, USA) and then transferred to a strip of nitrocellulose membrane (Amersham, Arlington Heights, IL, USA).
The nitrocellulose strip was blocked using a blocking buﬀer
(5% skim milk in 20 mM Tris-HCl, pH 7.5, with 500 mM
NaCl, 0.05% Tween 20) and was then shaken for 2 h at 37◦ C
or overnight at 4◦ C. Subsequently, the strip was incubated
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with the antiserum diluted 1 : 50–1 : 10000 using a blocking
buﬀer and was then shaken for 2 h at 37◦ C or overnight at
4◦ C. The membrane was then washed for 3 min to 5 min with
PBST five times. The HRP-labeled goat anti-mouse antibodies (Boster, China) at 1 : 10000 dilution was added into
the strip and was incubated at 37◦ C for 1 h. The membrane
was washed 3 min to 5 min with PBST five times, and then
the luminescence substrate was added, exposing an X-ray
film using an ECL detection system (Amersham, Pharmacia
Biotech, Uppsala, SE, Sweden) in a dark room.
2.8. Virus Neutralization Test. The antisera for the neutralization of HSV-2 (strain Sav) in vitro were assayed using the
50% plaque reduction assay [17]. The antisera were inactivated at 56◦ C for 30 min to inactivate the complements. The
antisera were diluted using 1 : 4, followed by twofold serial
dilutions, and were then incubated with an equal volume of
HSV-2 (150 μL, 600 PFU). HSV-2 viruses and the sera were
diluted with medium 199 (Applichem), which contained 5%
newborn calf serum, antibiotics, and 20 mM N-2-hydroxyethylpiperazine-N -2-ethanesulfonic acid (HEPES). Approximately 100 μL of the incubation mixture was plated into
the monolayers of the Vero cells grown in 6-well trays for
each well after 2 h incubation at 37◦ C. An overlay medium
containing 0.5% methylcellulose was then added into the
mixture after 1 h adsorption at 37◦ C. The cells were fixed and
then stained with Giemsa solution after 2-3 days of storage
at 37◦ C. Plaques were counted, and the neutralization titer
was calculated as the reciprocal of the serum dilution times
yielding a 50% plaque reduction.
2.9. Animal Protection Experiments. Sixty mice were randomly divided into six groups with 10 mice each. Five groups
were immunized with the five epitopes, respectively, and the
last group was immunized with PBS as the control. Each
mouse was subcutaneously immunized thrice using 8 μg of
the epitope peptide, with a two-week interval between immunizations. Approximately, 4 μg of epitope peptide emulsified in complete Freund’s adjuvant was used for the first
immunization, 4 μg of epitope peptide emulsified in incomplete Freund’s adjuvant was used for the second immunization, and 4 μg of epitope peptide alone was used for the
final immunization. The control group was immunized with
PBS using the same procedure. The mice were anesthetized
and were then challenged with the HSV-2 Sav strain three
weeks after the final immunization. The immunized and
sham-immunized mice were subcutaneously injected with
2 mg of progesterone (Jinsite, China) in 50 μL of H2 O per
mouse to synchronize the estrus cycle at the progesteronedominated stage. On the 5th day after the administration
of progesterone, all the mice were challenged with HSV-2
Sav strain through their vagina and external genital skin.
The vaginal closure membrane was ruptured with a salinemoistened cotton swab an hour prior to the virus challenge.
The swab was inserted into the vagina of each mouse, twisted
back and forth five times, and then removed and wiped over
the external genitalia. The infected mice were examined daily
for vaginal inflammation, neurological illness, and death and
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were then scored in grades 1–5 depending on the severity
of the disease, as described in a reported paper [17]. The
survival ratio of the mice was calculated daily.

2.10. Statistical Analysis. Data were the mean values of at
least three diﬀerent experiments and expressed as mean ±SD.
Student’s t-test was used to compare diﬀerent data sets. The
diﬀerences between groups were compared with one another
using one-way ANOVA. P < 0.05 was considered statistically
significant.

3. Results
3.1. Prediction and Identification of B-Cell Epitopes. Twenty
B-cell immunodominant epitopes in glycoproteins gB2, gC2,
gE2, gG2, and gI2 of HSV-2 were predicted using the DNAstar algorithm. The predicted β-turn, flexibility, coil regions,
glycosylation sites, and antigen value of the epitopes are
listed in Table 1. The antigenicity of the predicted immunodominant epitopes was detected using EIA of the antibodies
to their corresponding parent glycoproteins. The epitope
peptides were coated as antigens in 96-well plates, with
100 μL (2.5 μg/mL) in each well. The antibodies to the corresponding parent glycoproteins gB2, gC2, gE2, gG2, and gI2
(ABcam) reacted with the epitopes, respectively. The A450
values were measured, and the results (Table 1) show that
17 out of the 20 epitopes had various levels of antigenicity. Three epitopes, namely, gB2468–475 , gB2300–306 , and
gC2326–335 , were predicted to have strong antigenicities using
the software algorithms, but their antigenicities were shown
to be weak in the EIA tests (Table 1). Overall, combining the prediction results using the three software algorithms (Table 1) with the EIA results (Tables 1 and
2), at least five epitopes (listed in Table 1 in bold),
namely, gB2466–473 (EQDRKPRN), gC2216–223 (GRTDRPSA),
gE2483–491 (DPPERPDSP), gG2572–579 (EPPDDDDS), and
gI2286–295 (CRRRYRRPRG), were confirmed as strong B cell
antigenic epitopes. All conjugates of the five peptides with
the carrier protein BSA could stimulate mice into producing
antibodies. Moreover, the antisera to the five peptides reacted
strongly with the corresponding parent glycoproteins during
the EIA tests, and the peptides reacted strongly with the
antibodies against the corresponding parent glycoproteins
during the EIA tests (Table 2).

3.2. Specificity of Antipeptide Antibodies. The specificity of
the antisera to the five epitopes was examined further using
Western Blot analysis. The epitope-BSA conjugates were used
as antigens for detecting the antibodies to the corresponding
parent proteins and as antisera to the five epitopes detected
with the corresponding parent proteins gB2, gC2, gE2, gG2,
and gI2. The results (Table 3, Figures 1 and 2) show that
the epitope-BSA conjugates reacted specifically with the
antibodies to the corresponding parent proteins without any
cross-action and that the antisera to the five epitopes could
react with the corresponding parent proteins.
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Table 1: Predicted antigenicity (antigen value) of the 20 epitopes and the EIA detection results.

Number
(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)
(10)
(11)
(12)
(13)
(14)
(15)
(16)
(17)
(18)
(19)
(20)
C

Predicted
epitope

Surface
probability

Flexibility

gB258–75
gB2466–473
gB2468–475
gB2300–306
gC2326–335
gC295–105
gC2161–171
gC2216–223
gE2514–522
gE2471–479
gE2483–491
gE2385–398
gG2526–539
gG2286–295
gG2572–579
gG2350–364
gI2202–226
gI2236–253
gI2286–295
gI2319–337

5.219
5.685
4.185
1.984
1.320
1.315
1.948
2.242
3.446
2.02
2.972
2.701
2.613
1.215
2.767
1.844
2.453
2.143
4.729
3.427

44–82
465–485
465–475
300–306
328–335
95–100
161–170
216–223
514–522
471–479
484–495
385–398
526–537
289–293
569–577
350–364
202–226
236–253
287–295
319–337

Glycosylation Predicted
site Asn-Xantigen
Thr/Ser
value
69, 71
69, 70
1.588
473
470
2.31
473
470
+
1.593
301
301–305
2.057
330–332
333–335
+
2.044
93, 98
100–104
2.01
167
164–170
+
1.736
217, 222
219–223
2.235
519
515
2.322
478
471–47
2.287
488, 492
485, 493
2.367
396
385–394
2.49
535, 539
530, 534
1.866
290
288
1.56
569, 574
570
2.807
351
353–358
2.124
203, 210, 217
205
+
1.859
242, 253
241, 244–9, 251
2.081
287, 293
2.764
323, 326, 333 321, 325, 335
2.042
β-turn

Coil

EIA A450 value
0.361 ± 0.011
0.987 ± 0.031
0.276 ± 0.011
0.118 ± 0.024
0.278 ± 0.011
0.687 ± 0.022
0.689 ± 0.021
0.898 ± 0.030
0.655 ± 0.030
0.877 ± 0.031
1.107 ± 0.042
0.564 ± 0.021
0.456 ± 0.019
0.821 ± 0.025
0.811 ± 0.031
0.992 ± 0.033
0.413 ± 0.011
0.856 ± 0.026
1.034 ± 0.039
0.569 ± 0.021
0.121 ± 0.011

Table 2: Antigenicity and specificity analysis of the five epitopes using EIA.
Number

Antigen
(peptides-BSA)

(1)

gB2466–473 /BSA

(2)

gC2216–223 /BSA

(3)

gE2483–491 /BSA

(4)

gG2572–579 /BSA

(5)

gI2286–295 /BSA

(6)

BSA

#:

Antibody to the
proteins (titer)

OD value (450 nm)

Antigen (proteins)

0.977 ± 0.039

gB2

0.899 ± 0.031

gC2

1.102 ± 0.040

gE2

0.882 ± 0.011

gG2

0.792 ± 0.029

gI2

<0.2000

All the proteins

gB2
(1 : 10 000)
gC2
(1 : 10 000)
gE2
(1 : 10 000)
gG2
(1 : 10 000)
gI2
(1 : 10 000)
All the proteins#
(1 : 10 000)

Antibody to
peptides-BSA
(titer)
gB2466–473 /BSA
(1 : 5000)
gC2216–223 /BSA
(1 : 5000)
gE2483–491 /BSA
(1 : 5000)
gG2572–579 /BSA
(1 : 5000)
gI2286–295 /BSA
(1 : 5000)
BSA∗∗ (1 : 5000)

EIA A450 value
1.099 ± 0.037
1.102 ± 0.040
0.893 ± 0.029
0.986 ± 0.031
0.876 ± 0.031
< 0.2000

BSA did not react with all the antisera to the five proteins.
The five proteins did not react with all the antisera to BSA.

∗∗ :

3.3. Virus Neutralization Activity of the Antisera. The virusneutralization activity of the antisera against the five epitopes
was tested using the 50% plaque reduction assay. The
results (Table 4) show that the antisera to the five epitopes
could block HSV-2 infection. The neutralization titers of
the antisera against gB2466–473 and gE2483–491 were 1 : 256,
the neutralization titers of the antisera against gC2216–223 ,
gG2572–579 , and gI2286–295 were 1 : 128, they were essentially
the same neutralization titer. On the other hand, the control

sera from the PBS-vaccinated mice and the antisera to BSA
did not show neutralization activities.
3.4. Animal Protection Experiments. The immunized mice
were intravaginally challenged with lethal dosages (5 ×
106 pfu, 500 LD50 for each mouse) of HSV-2 Sav strain. The
vaginal external diseases were examined daily for inflammation, and the mean daily lesion scores were measured on the
1st to the 14th day following the challenge. The severity of
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Table 3: Antigenicity and specificity detection of the five peptides using Western Blot analysis.
Number

Antigen
(peptides-BSA)

(1)

gB2466–473 /BSA

(2)

gC2216–223 /BSA

(3)

gE2483–491 /BSA

(4)

gG2572–579 /BSA

(5)

gI2286–295 /BSA

(6)

BSA

Antibody to the
proteins (titer)

Western blotting

Antigen (proteins)

++∗

gB2

++

gC2

+++

gE2

++

gG2

++

gI2

—

All the proteins

gB2
(1 : 10 000)
gC2
(1 : 10 000)
gE2
(1 : 10 000)
gG2
(1 : 10 000)
gI2
(1 : 10 000)
All the proteins#
(1 : 10 000)

Antibody to
peptides-BSA
(titer)
gB2466–473 /BSA
(1 : 5000)
gC2216–223 /BSA
(1 : 5000)
gE2483–491 /BSA
(1 : 5000)
gG2572–579 /BSA
(1 : 5000)
gI2286–295 /BSA
(1 : 5000)
BSA∗∗
(1 : 5000)

Western blotting
++
++
+++
++
++
—

∗

: +++, strong reaction; ++, good reaction; +, moderate reaction; —, no reaction.
BSA did not react with all the antisera to the five proteins.
∗∗ : The five proteins did not react with the antisera to BSA.
#:

M

1

2

3

4

5

(kD)

120
85
60

40

22

Figure 1: Western blotting results of the five peptides-BSA
to the antibodies against the parent proteins, respectively.
(1) gB2466–473 /BSA, (2) gC2216–223 /BSA, (3) gE2483–491 /BSA, (4)
gG2572–579 /BSA, (5) gI2286–295 /BSA.

M

1

2

3

4

5

(kD)

120
85
60
40

22

Figure 2: Western blotting results of the five parent proteins to the
antibodies against the peptides-BSA, respectively. (1) gB2, (2) gC2,
(3) gE2, (4) gG2, (5) gI2.

the primary disease was assessed (1–5 scores) using the lesion
scoring system [17]. The mice in all groups immunized with
the five epitopes, respectively, were protected from death to
a certain extent at a lethal dose, whereas the mice in the
control group developed severe diseases and died, on the
3rd day after the challenge. The vaccinated mice showed
some extended protection level, and the lesion scores of
the infected mice varied among the five groups from the
4th day after the challenge (Figure 3). On the 4th day after
the challenge, the mice immunized with gB2466–473 /BSA or
gE2483–491 /BSA showed high protection level, with lesion
scores of less than 1, whereas the mice immunized with
gC2216–223 /BSA, gG2572–579 /BSA, or gI2286–295 /BSA showed
relatively low protection level, with lesion scores of greater
than 1. These results indicated that the inflammation severity
of the immunized mice with the epitopes significantly
decreased.
The survival rates of the infected mice were calculated
daily. The survival rates of all the epitope-immunized groups
ranged from 50% to 80% (Figure 4), whereas all the PBSvaccinated mice developed severe diseases and died between
the 3rd and 5th day after the challenge. On the 8th day after
the challenge, the survival rate of the gB2466–473 -immunized
mice was highest (80%), and the survival rate of the
gE2483–491 /BSA-immunized mice was 70%. Protective eﬀect
of the five epitope peptides was significantly better than the
control group (student’s t-test, P < 0.05), gB2466–473 was the
best, followed by gE2483–491 , and there were not significantly
diﬀerence in the protective eﬀect among the other three
epitope peptides (student’s t-test, P > 0.05). From highest
to lowest, the protection rates of the five epitopes were
gB2466–473 /BSA > gE2483–491 /BSA > gC2216–223 /BSA >
gG2572–579 /BSA > gI2286–295 /BSA. The results show that each
of the five epitopes had a partial protection eﬀect, but they
could not completely protect the mice from infection alone.
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Table 4: Neutralization activity of the antisera to the five epitopes.

Number
(1)
(2)
(3)
(4)
(5)
(6)

Antibody to epitopes
gB2466–473 /BSA
gC2216–223 /BSA
gE2483–491 /BSA
gG2572–579 /BSA
gI2286–295 /BSA
BSA

Virus (HSV-2)

50% neutralization antibody titer
1 : 256
1 : 128
1 : 256
1 : 128
1 : 128
0

5 × 106 pfu, 500 LD50

Survival rate of immunized animals (n = 10)

4.5
4
3.5
3
2.5
2
1.5
1
0.5
0

120
100
Survival rate

Lesion score

Lesion score of animals after challenge (n = 10)

80
60
40
20

1

2

3

4

5

6

7

8

9

10 11 12 13 14

0

1

2

3

4

5

Days after challenge
Control group
gB2466–473 immune
group
gE2483–491 immune
group

gC2216–223 immune
group
gG2572–579 immune
group
gI2286–295 immune
group

Figure 3: Lesion score of the immunized animals after HSV-2
challenge.

4. Discussion
Predicting the antigenic, surface-located regions (B-cell
epitopes) from the primary structure of the parent glycoprotein was necessary to select the epitope peptides that
can stimulate mice into generating antibodies and enable
these antibodies to react with the corresponding parent
glycoproteins and neutralize the viral infectivity [18]. Some
methods have recently been developed to predict sequential
B-cell epitopes in glycoproteins (linear and conformational)
[18]. In the current study, the epitopes in glycoproteins
gB2, gC2, gE2, gG2, and gI2 of HSV-2 were predicted
because these glycoproteins play important roles in humoral
immunity. Some epitopes, such as gG2472–479 , were selected
because of their high β-turn probability, hydrophilicity, and
predicted flexibility [19, 20]. On the other hand, some B cell
epitopes, such as gE2483–491 , were selected because of their
high hydrophilicity value. Most predicted epitopes using
software algorithms had good antigenicity. For example,
gB2466–473 had high antigenicity values in the prediction
algorithms and strong reaction in the EIA tests. Only few of
the predicted epitopes had weak antigenicity. For example,
gB2468–475 , gB2300–306 , and gC2326–335 had high antigenicity
values in the prediction algorithms but had low values in the
EIA tests, indicating that predicting epitopes using software
algorithms is useful for selecting immunodominant epitopes.

6 7 8 9 10 11 12 13 14
Days after challenge

Control group
gB2466–473 immune
group
gE2483–491 immune
group

gC2216–223 immune
group
gG2572–579 immune
group
gI2286–295 immune
group

Figure 4: Survival rates of the immunized mice after the HSV-2
challenge.

Meanwhile, other software algorithms, such as the
surface plot predictive algorithm, have also been used for
selecting the linear amino acid sequence regions (B-cell epitopes) of proteins [21]. The method, which included the
Chou-Fasman secondary structure, glycosylation site, and
β-turn algorithms, was similar to the prediction algorithm
in the current study. In our opinion, any prediction method
is limited for selecting the epitopes in viral proteins that may
elicit neutralizing antibodies, and none of the prediction
algorithms is significantly better than the other methods.
Therefore, B-cell antigenic epitopes from HSV-2 glycoproteins were screened in the current study using three software
algorithms, namely, the Biosun, DNAstar, and Antheprot
algorithms, combined with the multiparameter algorithm.
The common results of the software algorithms were used
as candidate epitopes of B-cell epitopes. Several examples in
literature implicated that a buried region of an antigen could
be immunogenic. For example, two sites in the vpI coat protein of poliovirus induced a significant neutralization response in rats and rabbits, although these regions had been
shown to be deeply buried in the interior using X-ray crystallographic studies [22]. In the current study, the screened
B-cell epitopes were linear antigenic regions presented on
the surface of the molecule and were not conformational or
discontinued epitopes.
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The epitope (473–730 aa) of gB2 had been reported to
have high antigenicity [22], which is consistent with the
results of the current study, in which the 466–473 aa of gB2
is the immunodominant epitope of gB2. The epitope (210–
230 aa) of gC2 was reported to be the immunodominant
epitope [23], which is consistent with the prediction in the
current study. However, the epitope (216–223 aa) of gC2 was
selected in the current study because it had higher antigenicity than the epitope (126–132 aa) of gC2, as shown in the
EIA results. Three epitopes, namely, 350–364 aa, 286–295 aa,
and 526–539 aa of gG2, have also been reported [24], but the
selected epitope (472–479 aa) of gG2 in the current study had
a stronger antigenicity. In the current study, the five predicted
epitopes, namely, 466–473 aa of gB2, 216–223 aa of gC2, 483–
491 aa of gE2, 472–479 aa of gG2, and 286–295 aa of gI2,
which have not been reported before were confirmed using
EIA, Western Blot, and animal protection experiments.
The five predicted epitopes could induce mice into producing specific antibodies, and all the antisera had virus neutralization activities. Some previous studies have demonstrated that neutralizing antibodies are important for the
protection against HSV-2 infection and the titer of ≥ 1 : 10
is considered to be indicative of protective immunity [25].
The mean neutralization titer of the antisera from the mice
immunized with gB2466–473 or gE2483–491 was 1 : 256, and the
mean neutralization titer of the antisera from the mice immunized with gC2216–223 , gG2572–579 , or gI2286–29 g was 1 : 128.
These antibody titers were high enough to neutralize virus
infection. Moreover, each of the five epitope peptides could
partially protect the mice from HSV-2 infection. However,
none of the five epitope peptides could completely protect
the mice from HSV-2 infection; thus, they should be used
together as a mixed immunogens to elicit stronger and more
complete immunity protection.

5. Conclusions
Five predicted immunodominant epitope peptides, namely,
gB2466–473 , gC2216–223 , gE2483–491 , gG2572–579 , and gI2286–295
from glycoproteins B, C, E, G, and I of HSV-2, respectively,
were confirmed via experiments. The five epitope peptides
showed excellent antigenicity and could stimulate mice into
producing specific antibodies that could neutralize HSV-2
infection in vitro. The five epitope peptides can also partially
protect mice from HSV-2 infection. Thus, these epitope
peptides may be used for HSV-2 infection diagnosis and
vaccine design.

Acknowledgments
The authors acknowledge the grant support from the
National High-Tech R&D Program of China (“863” Program, no. 2006AA02A226, no. SS2012AA020905), the
China Jiangsu Province Natural Science Foundation (no.
BK2008068), and the China Jiangsu Province Social Development Foundation (no. BE2010603). Mingjie Pan, Xingsheng Wang are the common first authors.

7

References
[1] A. J. Nahmias, J. Dannenbarger, C. Wickliﬀe, and J. Muther,
Clinical aspects of infection with herpes simplex viruses 1 and 2,
vol. 2, Elsevier, New York, NY, USA, 1980.
[2] B. Norrild, “Immunochemistry of herpes simplex virus glycoproteins,” Current Topics in Microbiology and Immunology, vol.
90, pp. 67–106, 1980.
[3] H. A. Blough and J. M. Tiﬀany, Cell membranes and viral
envelopes, Academic Press, New York, NY, USA, 1984.
[4] P. G. Spear, “Membrane proteins specified by herpes simplex
viruses. I. Identification of four glycoprotein precursors and
their products in type 1 infected cells,” Journal of Virology, vol.
17, no. 3, pp. 991–1008, 1976.
[5] G. H. Cohen, M. Katze, C. Hydrean-Stern, and R. J. Eisenberg,
“Type-common CP-1 antigen of herpes simplex virus is associated with a 59,000-molecular-weight envelope glycoprotein,”
Journal of Virology, vol. 27, no. 1, pp. 172–181, 1978.
[6] R. J. Watson, J. H. Weis, J. S. Salstrom, and L. W. Enquist,
“Herpes simplex virus type-1 glycoprotein D gene: nucleotide
sequence and expression in Escherichia coli,” Science, vol. 218,
no. 4570, pp. 381–384, 1982.
[7] N. Balachandran, S. Bacchetti, and W. E. Rawls, “Protection
against lethal challenge of BALB/c mice by passive transfer of
monoclonal antibodies to five glycoproteins of herpes simplex
virus type 2,” Infection and Immunity, vol. 37, no. 3, pp. 1132–
1137, 1982.
[8] R. J. Eisenberg, D. Long, R. Hogue Angeletti, and G. H.
Cohen, “Amino-terminal sequence of glycoprotein D of herpes
simplex virus types 1 and 2,” Journal of Virology, vol. 49, no. 1,
pp. 265–268, 1984.
[9] A. K. Kapoor, A. A. Nash, and P. Wildy, “Pathogenesis of
herpes simplex virus in congenitally athymic mice: the relative
roles of cell-mediated and humoral immunity,” Journal of
General Virology, vol. 60, no. 2, pp. 225–233, 1982.
[10] B. Norrild, S. L. Shore, and A. J. Nahmias, “Herpes simplex
virus glycoproteins: participation of individual herpes simplex
virus type 1 glycoprotein antigens in immunocytolysis and
their correlation with previously identified glycopolypeptides,” Journal of Virology, vol. 32, no. 3, pp. 741–748, 1979.
[11] J. T. Rector, R. N. Lausch, and J. E. Oakes, “Use of monoclonal
antibodies for analysis of antibody-dependent immunity to
ocular herpes simplex virus type 1 infection,” Infection and
Immunity, vol. 38, no. 1, pp. 168–174, 1982.
[12] Y. X. Huang, Y. L. Bao, S. Y. Guo, Y. Wang, C. G. Zhou, and
Y. X. Li, “Pep-3D-Search: a method for B-cell epitope prediction based on mimotope analysis,” BMC Bioinformatics,
vol. 9, article no. 538, 2008.
[13] J. Sollner, R. Grohmann, R. Rapberger, P. Perco, A. Lukas, and
B. Mayer, “Analysis and prediction of protective continuous Bcell epitopes on pathogen proteins,” Immunome Research, vol.
4, no. 1, article no. 1, 2008.
[14] J. Ponomarenko, H.-H. Bui, W. Li et al., “ElliPro: a new structure-based tool for the prediction of antibody epitopes,” BMC
Bioinformatics, vol. 9, article 514, 2008.
[15] W. J. Weijer, J. W. Drijfhout, H. J. Geerligs et al., “Antibodies
against synthetic peptides of herpes simplex virus type 1 glycoprotein D and their capability to neutralize viral infectivity
in vitro,” Journal of Virology, vol. 62, no. 2, pp. 501–510, 1988.
[16] R. Kaur, G. Sachdeva, and S. Vrati, “Plasmid DNA immunization against Japanese encephalitis virus: immunogenicity of
membrane-anchored and secretory envelope protein,” Journal
of Infectious Diseases, vol. 185, no. 1, pp. 1–12, 2002.

8
[17] H. H. Lee, S. C. Cha, D. J. Jang et al., “Immunization with
combined HSV-2 glycoproteins B2:D2 gene DNAs: protection
against lethal intravaginal challenges in mice,” Virus Genes,
vol. 25, no. 2, pp. 179–188, 2002.
[18] R. J. Eisenberg, D. Long, and M. Ponce de Leon, “Localization
of epitopes of herpes simplex virus type 1 glycoprotein D,”
Journal of Virology, vol. 53, no. 2, pp. 634–644, 1985.
[19] M. P. Williamson, M. J. Hall, and B. K. Handa, “1H-NMR
assignment and secondary structure of a Herpes simplex
virus glycoprotein D-1 antigenic domain,” European Journal
of Biochemistry, vol. 158, no. 3, pp. 527–536, 1986.
[20] M. P. Williamson, B. K. Handa, and M. J. Hall, “Secondary
structure of a herpes simplex virus glycoprotein D antigenic
domain,” International Journal of Peptide and Protein Research,
vol. 27, no. 5, pp. 562–568, 1986.
[21] N. C. J. Strynadka, M. J. Redmond, J. M. R. Parker, D.
G. Scraba, and R. S. Hodges, “Use of synthetic peptides to
map the antigenic determinants of glycoprotein D of herpes
simplex virus,” Journal of Virology, vol. 62, no. 9, pp. 3474–
3483, 1988.
[22] F. C. Bender, M. Samanta, E. E. Heldwein et al., “Antigenic and
mutational analyses of herpes simplex virus glycoprotein Breveal four functional regions,” Journal of Virology, vol. 81, no. 8,
pp. 3827–3841, 2007.
[23] G. Ackermann, F. Ackermann, H. J. Eggers, U. Wieland, and J.
E. Kühn, “Mapping of linear antigenic determinants on glycoprotein C of herpes simplex virus type 1 and type 2 recognized by human serum immunoglobulin G antibodies,” Journal
of Medical Virology, vol. 55, no. 4, pp. 281–287, 1998.
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Herpes simplex virus 1 (HSV-1) infection of the cornea leads to a potentially blinding disease, termed herpetic stromal keratitis
(HSK) that is characterized by lesions of an immunoinflammatory nature. In spite of the fact that HSK typically presents as a
recurrent disease due to reactivation of virus which latently infects the trigeminal ganglia, most murine studies of HSK have
employed a primary and not recurrent model of the disease. This report documents the several recurrent models of HSK that
have been developed and how data generated from these models diﬀers in some important aspects from data generated following
primary infection of the cornea. Chief among these diﬀerences is the fact that recurrent HSK takes place in the context of an animal
that has a preexisting anti-HSV immune response, while primary HSK occurs in an animal that is developing such a response. We
will document both diﬀerences and similarities that derive from this fundamental diﬀerence in these models with an eye towards
possible vaccines and therapies that demonstrate promise in treating HSK.

1. Opening Comments
Herpetic stromal keratitis (HSK) is a potentially blinding
corneal inflammation that accompanies herpes simplex virus
type 1 (HSV-1) infection of the eye. The disease course in
HSK begins with a primary infection by HSV followed by a
period during which the virus enters latency in sensory and
autonomic ganglia. Many studies have shown that clinical
disease is the result of a cocktail of inflammatory cells, consisting of PMN’s, macrophages, and T cells (both CD4+ and
CD8+ ) that are recruited to the corneas of patients with HSK
[1–4].
Most animal studies of HSK have focused on primary
ocular infection. The major drawback with extrapolating
data from primary HSV infection in mice is that it often does
not manifest corneal lesions characteristic of human primary
or recurrent HSK [5]. We believe that there are four advantages in using a recurrent model of HSK. The first is that
recurrent human disease is most often associated with
corneal scarring [6, 7]. Second, the clinical profile in the

murine recurrent model mimics many of the symptoms
observed in human disease [8]. Namely, that primary infection resulted in multiple epithelial dendrites, followed by
diﬀuse stromal opacification, while recurrent infection presented clinical features that included microdendrites, focal
stromal opacities, disciform endotheliitis, and corneal neovascularization, which were more similar to those observed
in human disease. Third, the model allows reactivation to
occur in the context of an immune host. This is also the
case in humans where disease takes place in a host that
has developed an adaptive immune response against HSV-1.
While it is not suggested that such adaptive responses will
be identical, they will likely be more similar than extending
what occurs following primary infection, where an adaptive
response is initially developing (most murine studies),
to what is taking place in an “immune host” following
reactivation. Finally, a recurrent model lends itself to testing
the eﬃcacy of HSV vaccines. Since human disease typically
occurs following reactivation, identifying vaccines that are
eﬀective when used therapeutically would be very valuable
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and a recurrent model allows for that evaluation. This is
critical as many vaccines which show eﬃcacy in primary HSK
models fail when tested in a reactivation paradigm [9].
There are several diﬀerent protocols that have been used
to reactivate mice from latency. One of the first methods used
to reactivate mice latently infected was treating mice with
the immunosuppressive drug cyclophosphamide (CycloP)
[10]. Later Shimeld et al. developed a model in which mice
are infected with the McKrae strain of HSV-1 and given
passive immunization in the form of pooled serum. The
eyes of these latently infected mice are exposed to UV-B
irradiation at least 30 days following primary infection to
induce reactivation [11–14]. The reason for the addition of
passive immunization is that this reduced the high incidence
of mortality and also prevented acute HSK, which would lead
to permanent corneal damage [13]. It was also noted that the
latent infection was restricted to the ophthalmic part of the
trigeminal ganglia [13]. When Shimeld et al. [12] and later
Laycock et al. [14] compared UV-B irradiation to CycloP
+ dexamethasone, the incidence of virus shedding from the
cornea was greater for the UV-B-treated mice and recurrent
disease did was more easily apparent in UV-B-treated mice
[12]. Diﬀerent virus strains were compared for their ability to
reactivate, and the McKrae strain of HSV-1 demonstrated the
most consistent reactivation phenotype [11–13]. In addition,
various strains of mice have been tested for their ability to
reactivate following UV-B irradiation and the NIH strain
of mice consistently displays the highest rate of reactivation
(70–90%) as determined by detection of infectious virus in
tear film [9, 14, 15]. In addition, severity of disease also varies
between diﬀerent mouse strains with NIH and BALB/c mice
showing severe disease and C57BL/6 mice with much less
disease [9, 15, 16]. Other investigators have also developed
other means of reactivating a latent HSV-1 infection by
using hyperthermia shock [17, 18] and most recently sodium
butyrate [19]. The hyperthermia shock model is used to
determine reactivation within the infected ganglion neurons
and thus is a very good model to study molecular events that
occur there following reactivating stress [17, 18]. However it
has not been exploited to study corneal disease. The sodium
butyrate model, which does result in viral shedding from the
corneal surface [19], has also not been exploited to study
corneal disease. Thus, while each of these techniques has
their own distinct advantages and disadvantages, the UV-B
model has been used much more extensively for pathogenic
and immunological studies of recurrent HSK. Thus this
paper will restrict itself to the reactivation model whereby
UV-B light is used to reactivate virus from latency. This was
chosen as the vast majority of data concerning the pathogenesis of recurrent disease has used that model.
As a basis for comparison, a few factors should be
mentioned. The first being that diﬀerent investigators use
a variety of strains of HSV-1 when studying primary HSK.
The virus strains that have been used for these studies
include, but are not restricted to, RE [4, 20, 21], Strain
17 [19], McKrae [8, 15, 22], CH394 [23], and KOS [15,
24]. In addition to a variety of HSV-1 strains being used,
various mouse strains have also been used for these studies.
Most studies employ C57BL/6 or BALB/c mouse strains or
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gene-targeted mice that are bred to these two strains. It
should be noted that while infections with these various
strains of HSV-1 display diﬀerences in corneal pathology and
neurovirulence, the immunological components of corneal
disease are remarkably similar when compared on the basis
of virus strain used or the strain of mouse being infected as
the following discussion will illustrate.

2. Characteristics of Herpetic Stromal Keratitis
As previously mentioned, HSK is at its core an inflammatory
disease with chemokines involved in migration of leukocytes
to sites of infection and inflammation [25, 26] and cytokines
responsible for the activation of cells which mediate the cellular destruction following their activation. Primary models
have shown that during disease, a diverse set of host inflammatory cells infiltrate the cornea following HSV-1 infection.
Included among these cells are macrophages [8, 9], natural
killer cells [27], T cells [8, 20, 28–33], polymorphonuclear
neutrophils (PMNs), which are the predominant cell type
early during primary infection with HSV-1 [34, 35], and
corneal Langerhans Cells [36]. While the exact mechanism
for primary HSK has not been conclusively determined, the
disease is believed to be the result of the interaction of virus
and host immune cells and components and not due to direct
viral cytolysis of corneal cells [23]. Since much fewer studies
have employed the recurrent model, even less is known about
the mechanisms responsible for recurrent HSK.

3. Role of Chemokines in HSK
Chemokines are important factors in viral infections [37]
and HSK [21, 38–40]. These are small proteins which are
made by resident tissue cells and/or immunocompetent cells
and whose primary function is to direct the movement or
chemotaxis of cells that bear receptors for the chemokine that
is being produced. Thus during infection chemokines are
released by cells at the site of infection to activate the
migration of particular cells bearing appropriate chemokine
receptors to that site of infection. Chemokines have also
been implicated in activation and polarization of certain
immunocompetent cells [41]. Due to these activities, they
are potential targets for therapeutic intervention to reduce
or prevent disease (see Table 1 for cells responsive to chemokines and references related to HSK). During primary HSK
it has been shown that the production of IL-6 stimulates
resident corneal cells to produce CCL3 and CXCL2 [42].
Studies have shown that targeting of CCL3 significantly
reduces disease [39, 43], suggesting that it plays a role in
corneal pathology during primary HSK. In contrast, when
CCL3 is neutralized or absent during recurrent HSK, the
resulting disease is worse [40]. Likewise, targeting CCL2
reduced primary [44–46] but did not aﬀect recurrent disease
[40]. Eo et al. [45] coimmunized mice with a plasmid
encoding gB of HSV along with various plasmids containing
CCL1, CCL3, CCL4, and CXCL2, which are known to be
produced by the cornea [42, 45, 47], to determine if the
adaptive immune response generated was aﬀected by the
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Table 1
Chemokine
CCL1 (Kit ligand)
CCL2 (MCP-1)
CCL3 (MIP-1α)
CCL4 (MIP-1β)
CCL5 (Rantes)
CXCL1 (KC)
CXCL2 (MIP-2)
CXCL10 (IP-10)

Chemotactic
activity
Monocytes,
NK cells, DC
Monocytes, T
cells, DC
Neutrophils
Monocytes,
NK cells
Eosinophils,
NK cells, T
cells
Neutrophils
Neutrophils
Monocytes,
NK cells, T
cells, DC

Reference to HSK
[45]
[40, 44–46]
[39, 40, 42, 43, 45, 48]
[45]
[48]
[47, 49]
[42, 45]
[50–52]

presence of specific chemokines. Their data indicates that
the chemokines CCL1 and CCL4 biased immunity to a
Th2-like response, while CXCL2 and CCL3 activated a Th1
response. Mikloska et al. observed increased levels of CCL4
and, to a lesser extent, CCL3 and CCL5 in human vesicle
fluid from patients with herpetic corneal lesions [48].
Similar studies evaluating CXCL1 expression have shown
that infection of corneal-derived cells with HSV-1 leads to
significant increases in CXCL1 production, which stimulates
neutrophil chemotaxis [47, 49]. It has been reported that
CXCL10 is very important in recruiting activated T cells
into sites of inflammation [50]. However, CXCL10 has been
shown to be a mediator of IL-12-mediated antiangiogenesis
during primary HSK [51, 52]. Thus it is possible that
CXCL10 might be involved in both promoting disease, by
attracting activated CD4+ T cells, and in preventing disease
by inhibiting corneal angiogenesis. The role of murine
CXCL1, CXCL10, and IL-6 play during recurrent HSK has
not been determined; however, they are currently being
investigated in our laboratory at this time.

4. Cytokine Profile Expressed during HSK
In addition to chemokines, HSK is also the result of the
action of various cytokines. Some of these cytokines (IL-1,
IL-6, IL-17, and TNFα) are found early following virus
infection [38, 53–55] and some (IL-1 and TNFα) found
shortly after reactivation [56]. Staats and Lausch detected
increased levels for proinflammatory cytokines, IL-1α, and
IL-6 following primary HSV-1 infection [53]. In addition,
targeting IL-1 during primary HSV-1 significantly reduced
disease indicating its central role following acute infection
[54]. During recurrent HSK our laboratory also detected significant increases in both IL-1, and TNFα [56]. Furthermore,
when these cytokines were neutralized in vivo, they were
shown to be required for the development of recurrent HSK
[56].

Following this proinflammatory period, a somewhat
overlapping set of cytokines (IFN-γ, IL-12, IL-17, IL-4 and
IL-10) are found later during primary HSK [38, 53, 54, 57,
58], while during this same time period recurrent HSK the
cytokines IFN-γ, IL-12, IL-4, and IL-10 are reported to be
expressed [59–61]. These cytokines can be very informative
as they will be indicative of the phenotype of the T cell
that is orchestrating the response at that time point. The
profile of cytokines made by antigen-specific T cells in an
immune response indicates whether it is mediated by Th1,
Th2, or Th17 T cells. A Th1 response is characterized by
the production of IL-2, IL-12, and IFN-γ [62], Th2 cells
produce IL-4, IL-5, IL-6, and IL-10 [62], while Th17 cells
produce IL-17A, IL-17F, and IL-22 [63]. It has been reported
that significant levels of IFN-γ, IL-2, and TNF-α/β, but not
IL-4 or IL-10, are found in mouse corneas with primary
HSK, suggesting that CD4+ T cells in the eye are Th1 [31].
Similar conclusions were derived from studies demonstrating
that treatment with anti-IFN-γ and anti-IL-2 antibodies, but
not with anti-IL-4 antibodies, protected mice from primary
HSK [64]. It has been reported that IL-2 not only stimulates
Th1 development but also is chemotactic for and maintains
the viability of polymorphonuclear neutrophils [65], which
are an early component of primary HSK [34, 35]. Further
evidence supporting Th1 cell involvement comes from
studies using STAT4 KO mice [66]. STAT4 is a transcription
factor that is activated by the presence of IL-12 and directs
the polarization of T cells to become Th1 cells [67, 68].
When infected with HSV-1, these STAT4 KO mice did not
develop significant primary HSK lesions, though they were
more susceptible to developing encephalitis [66]. In contrast
to these results, it has been shown that when IFN-γ KO mice
were used to confirm the role of this cytokine during primary
HSK surprisingly displayed similar disease to that seen in
wild-type mice [67]. This was surprising as one would have
expected that such mice would display less corneal disease as
IFN-γ is an integral cytokine associated with Th1 responses
[62, 68]. Interestingly, a very similar phenotype was observed
in mice undergoing recurrent HSK [69]. In these studies
both IFN-γ KO mice and wild-type mice treated with antiIFN-γ were subjected to recurrent HSK and the disease was
indistinguishable from recurrent HSK in control antibodytreated wild-type mice [69].
In a completely diﬀerent set of studies to determine the
role of IL-10 during HSK, it was reported that intraocular
treatment of mice with IL-10 reduced corneal disease from
95% to 36% [43, 70]. This treatment, while not eﬀecting the
production of IL-1α in the cornea, led to a 10-fold reduction
in IL-2 and a 50-fold reduction in IL-6 [70]. It has also been
reported that IL-10 DNA administration during primary
HSK significantly reduced disease [71]. Our laboratory also
evaluated the role that IL-10 plays during recurrent HSK, and
similar to what was reported during primary HSK [43, 70],
lack of IL-10, as determined by neutralizing IL-10 or using
IL-10 KO mice, resulted in very severe corneal disease [72].
Furthermore, treating mice with recombinant IL-10 led to
significantly reduced corneal disease [72]. Taken together,
these studies, both in primary HSK and recurrent HSK,
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demonstrate that IL-10 is associated with amelioration of
disease [72].
Within the past several years, a new T-cell player has been
added to the mix, namely, Th17 cells. These cells were termed
Th17 because of their production of the cytokine IL-17 [63].
They have been shown to be involved in autoimmunity and
host defense [63]. It was first reported that mice lacking IL17 receptor displayed reduced neutrophil infiltrate and less
corneal disease [73]. This observation was followed by a
report that showed that treatment with Resolvin E1 reduced
clinical disease and at the same time reduced the numbers
of both Th1 and Th17 cells in the cornea [74], further
indicating that Th17 cells might be playing a role in primary
HSK. That role was further supported when IL-17 KO mice
and wild type mice treated with neutralizing antibodies
were infected with HSV-1. These studies demonstrated that
primary HSK was significantly inhibited thus indicating that
both Th1 and Th17 cells likely act in concert to produce the
corneal lesions seen during primary HSK [54]. The role that
Th17 cells, and thus the cytokine IL-17, play in recurrent
HSK has yet to be evaluated.

5. T-Cell Functions during HSK
As the aforementioned research implies, T cells are critical to
the development of corneal lesions during both primary and
recurrent HSK. In fact, T-cell deficient mice do experience
HSK [28], unless T cells are adoptively transferred [29].
During primary HSK, the preponderance of data suggests
that CD4+ T cells of the Th1 subset are the likely mediators of
disease [30, 31, 64, 70, 71] while CD8+ T cells play a minor
role in disease [22, 30, 31, 33, 75] or possibly are involved
in reducing disease [15]. Studies attempting to determine if
the classical CD4+ FoxP3+ Treg cells are involved in reducing
corneal disease have not conclusively demonstrated that they
do so in vivo [4]. Another means of determining the functional role of T cells is the measurement of DTH responses,
which are most often mediated by the Th1 subset of
CD4+ T cells. Using this readout, decreased disease is most
often associated with reduced DTH responses [76, 77],
though in one case where both Th1 and Th2 responses
were allowed to develop, HSK was reduced, but DTH was
unaltered [78]. During recurrent HSK, the T-cell profile
is somewhat diﬀerent. Whether by targeting these T-cell
subsets by antibody depletion or by using CD4KO and
CD8KO mice, these mice expressed a decreased HSK disease
phenotype as compared to wild-type and untreated mice
[79]. Thus it would appear that both CD4+ and CD8+ T cells
contribute to clinical disease during recurrent HSK [79]. In
addition, when the cytokine pattern was investigated, both
Th1 and Th2 cytokines were present in the cornea shortly
following reactivation [60]. These results should not be
surprising as it should be recalled that recurrent HSK occurs
in mice that have developed an immune response against
HSV-1. That immune response will include antigen-specific
CD4+ T cells of both Th1 and Th2 subsets as well as HSV-1specific CD8+ T cells. Thus the mixed T-cell infiltrate may, at
least in part, explain why focal stromal opacities, rather than
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the diﬀuse opacity, as typically seen in primary HSK, characterize recurrent HSK in mice [8]. That said, while there is
a report implicating cytotoxic T cells in primary disease [80],
recurrent disease is most often associated with strong DTH
responses [72, 81].
Since T cells clearly play a central role in mediating
disease, identifying those factors that are involved in their
activation is very important. A critical factor for activation
of T cells is the engagement of costimulatory molecules.
The best characterized of these costimulatory interactions are
between CD28 or CTLA-4 on the T cell and B7-1 or B7-2
expressed by the APC [82]. Studies have shown that blocking
the CD28 interaction with CTLA-4Ig significantly reduced
primary HSK by inhibiting Th1 but not Th2 cells [83]. When
only B7-2 was blocked, there was a significant reduction in
CD8+ cytotoxic T-cell response and these mice experienced
delayed viral clearance at the cornea [84]. However, these
treated mice did not display an impact on corneal disease,
suggesting that naı̈ve CD4+ T cells are being costimulated
via B7-1 [84]. The Hendricks laboratory demonstrated that
targeting the CD40-CD154 interaction changed the cellular
nature of the inflammatory response but did not result
in reduced primary HSK [85], while targeting the OX40OX40L interaction did not significantly alter primary HSK
in any way [86]. When the CD137-CD137L costimulatory
pathway was targeted, reduced primary HSK was observed
[87]. However, it is interesting to note that this same group
later demonstrated that this interaction led to increased
CD8+ T-cell responses that better controlled HSV-1 infection
of the skin [88]. We are currently addressing the role that
costimulation plays in recurrent HSK. We hypothesize that
since recurrent HSK occurs in an animal that possesses
an anti-HSV-1 immune response, we believe that CD28mediated costimulation will primarily be associated with the
initial T-cell activation that occurs shortly after infection and
likely is not involved in subsequent stimulation of preexisting
anti-HSV-1 T cells that will be present when reactivation of
virus from latency occurs. However, it is possible that other
costimulatory interactions that occur subsequent to CD28
activation might be important in recurrent HSK. It will be
those interactions (CD40-CD154 and CD137-CD137L) that
are the focus of ongoing studies in our laboratory.

6. Role of T Cells in Maintaining Viral Latency
In addition to their role in mediating corneal disease, T cells
have also been implicated in maintaining viral latency in the
infected trigeminal ganglia (TG). This role for T cells comes
primarily from work done in the laboratory of Robert
Hendricks, who reported that CD8+ T cells surround latently
infected TG neurons in mice infected with HSV-1 [89–92]. In
a similar fashion, clinical studies performed on recently deceased individual who know to have infections with HSV1, found both CD8+ and CD4+ T cells surrounding neurons
that are also stained for HSV-1 antigens [93, 94]. These
cells expressed surface markers indicating that they were late
eﬀector memory T cells. As was seen in mice, they expressed
granzyme markers but no cytolytic function was detected
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[94]. It has since been reported in murine studies that the
production of IFNγ, granzyme, and perforin by T cells is
important to this maintenance of latency [95, 96]. It was
further shown that these infected neurons were not undergoing apoptosis, but that the target of granzyme B released
by T cells was the HSV-1 immediate early protein, ICP4 [95],
which is essential for further viral gene expression and thus
production of infectious virus [97]. More recently the TCR
usage of these T cells found in latently infected C57BL/6 TG
was characterized [98]. It was demonstrated that the majority
were specific for a glycoprotein B peptide, but that CD8+ T
cells specific for at least 18 other subdominant determinants
could be found [98]. One caveat to these studies is that mice
lacking CD8+ T cells display a similar latency phenotype
as normal mice [14]. None the less, taken together, these
observations indicate that CD8+ T cells are likely involved in
maintaining latency but that other factors are also involved.

7. Vaccination in HSK
Many attempts have been made to develop a vaccine that
is eﬀective in preventing HSK. While most vaccines prevent
primary HSK in animal models when given prior to infection
[99–103], they typically fail when delivered therapeutically
to prevent recurrent HSK [9, 104]. Nesburn et al. reported
that periocular vaccination of latently infected rabbits with
recombinant HSV-2 gB/gD in MTP-PE adjuvant resulted in a
2-3-fold decrease in spontaneous corneal viral shedding but
had no eﬀect on corneal scarring [105]. They also reported
that periocular vaccination with gD1 or gD2 inhibited
recurrent dendritic keratitis [106]. Likewise, we and others
have shown that vaccination with certain HSV-1 components
limits both viral pathogenesis and prevents primary and
recurrent corneal disease only when administered prior to
infection [9, 104]. If administered following infection these
vaccines are ineﬀective in preventing recurrent disease [9].
These studies illustrate the diﬃculty of developing eﬀective
vaccines for both primary and recurrent infections of HSV.
The development of such a vaccine would be of great clinical
significance since most patients who present with HSK are
latently infected [1, 6, 7]. This was illustrated by a clinical
trial in which the vaccine was only eﬀective in women
who had never been infected with either HSV-1 or HSV-2
and ineﬀective in those who had a history of infections
with either HSV-1 or HSV-2 [107]. That said, we reported
that vaccination with a vhs-defective mutant of HSV-1
[108], which had previously been shown to significantly
reduce the rate of reactivation [103, 104], would also reduce
recurrent HSK when constructed with [109] or without
ICP8 [81]. The important thing about these studies was
that the vaccine was administered intraperitoneally after
infection and thus would have therapeutic value for latently
infected individuals. It should be noted that another vaccine
construct that consisted of defective vhs and ICP8 to which
was cloned B7-1 or B7-2 was also eﬀective prophylactically
[110] and might also show eﬃcacy when used therapeutically
since it is very similar to previous vaccine constructs [81,
109]. Similar results were also seen in studies by Richards
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et al. who nasally vaccinated latently infected mice with a
mixture of HSV-1 glycoproteins and recombinant E. coli
heat-labile enterotoxin B subunit as an adjuvant [111].
The mechanism responsible for the therapeutic success of
these vaccine constructs has not been fully defined. However,
the mechanism could be similar to what was reported
in studies involving Theiler’s virus- (TMEV-) mediated
demyelinating disease in mice. This disease, which is associated with a Th1 antiviral response, was shown to be significantly reduced in infected mice following vaccination with
TMEV-coupled spleen cells [112, 113]. These investigators
went on to demonstrate that protection is accompanied by
a preferential reduction in the Th1 antiviral response and a
concomitant increase in the Th2-mediated antiviral response
[113]. Thus it appears that protection involves alteration of a
Th1-mediated immune response to one primarily mediated
by Th2 cells. Results from our vaccination studies using a vhs
defective replication incompetent virus show similar changes
as evidenced by lower DTH responses and increased antiHSV-1 neutralizing antibody titers in vaccinated mice as
compared to mice receiving a control vaccine [81]. Ocular
HSV-1 infection typically stimulates an immune response
that protects the animal from lethal disease by this virus
but also leads to a significant inflammatory response in the
cornea that can result in corneal damage. A similar type
of immune response also protects latently infected animals
that are reactivated from lethal viral disease but can result
in significant corneal disease. The mechanism underlying
this alteration in the immune response might involve the
activation of T regulatory cells. Both conventional CD4+ T
cells [114, 115] and CD8+ T cells [15] have been implicated
in regulating the anti-HSV-1 response during primary HSK.
However, when Devito and Hendricks tested this, they did
not observe an association for T regulatory cells within the
cornea and decreased corneal lesions [4]. Thus the case for
T regulatory involvement in reducing or resolving primary
HSK remains to be established.

8. Concluding Remarks
Ocular disease associated with HSV-1 infection (HSK) is
the leading cause of infectious blindness and is clearly the
result of an immune-mediated inflammatory attack of the
cornea. We present data comparing primary and recurrent
murine models that are used to study this disease. As
should be evident from this discussion, these two model systems, while sharing many characteristics, are not the same.
We have learned a lot about this disease from studies of
primary HSK. These studies have identified many factors that
are responsible for the corneal damage associated with this
disease. In fact, these studies have also suggested many potential therapeutic means of treating primary HSK. However, we
would argue that without testing these therapies in a recurrent model of HSK, we might be chasing things that ultimately will not prove useful in the clinic. Consequently, due
to the paucity of studies investigating recurrent HSK, much
research remains to be performed. Particularly concerning
those aspects of primary HSK that are reflected in recurrent
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HSK and also those things that are not, we contend that
a better understanding of the immunological factors, both
cellular and cell-free, that underlie the development of recurrent HSK will enable us to identify potential therapies that
might prove to be most eﬀective in treating human HSK.
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HSV-1 infection in the cornea could lead to blindness. The infected cell polypeptide 4 (ICP4) of herpes simplex virus 1 (HSV-1)
is a regulator of viral transcription that is required for productive infection. It has been previously demonstrated that miR-H6
encoded from HSV-1 genome targets ICP4 to help maintain latency. In this study, synthesized miR-H6 mimics were transfected
into HSV-1-infected human cornea epithelial (HCE) cells. The inhibition of HSV-1 replication and viral ICP4 expression in miRH6-transfected HCE was confirmed by plaque assay, immunofluorescence, and Western blot. Compared to nontransfection or
mock, miR-H6 produced a low-titer HSV-1 and weak ICP4 expression. In addition, miR-H6 can decrease the interleukin 6 released
into the medium, which was determined by ELISA. Taken together, the data suggests that miR-H6 targeting of ICP4 inhibits HSV-1
productive infection and decreases interleukin 6 production in HCE, and this may provide an approach to prevent HSV-1 lytic
infection and inhibit corneal inflammation.

1. Introduction
Herpes simplex virus type 1 (HSV-1) is a linear doublestranded DNA virus that mainly infects epithelial and neuronal cells. The productive infection of HSV-1 entails a cascade of gene expression (immediate-early, early, and late
genes), viral DNA replication, assembly and egress of virus.
The immediate-early (IE) gene ICP4 (infected-cell polypeptide 4) of HSV-1 is one of the major regulatory genes required for eﬃcient transcription of early and late viral genes
and drives HSV-1 through the productive replication cycle
[1, 2]. ICP4 also plays a role in reactivation of HSV-1 from
latency. The regulation of ICP4 seems to be exerted at the
posttranscriptional level by the latency-associated transcripts
(LATs) [3, 4]. Inhibition of ICP4 gene can suppress viral production in various cells [5–8].
MicroRNAs (miRNAs) are small, 21∼23 nucleotide noncoding RNAs that play an important role in the post-transcriptional regulation of gene expression in a wide range of
organisms from unicellular eukaryotes to multicellular eukaryotes by a variety of mechanisms [9]. The existence of viral
miRNAs was first reported in Epstein-Barr virus in 2004 [10].

The discovery of miRNAs encoded by viruses suggests that
viruses have evolved to exploit RNA silencing for regulation
of their own genes, host genes, or both and contribute to the
functions including (I) latent and lytic viral infection, (II)
immune evasion, (III) prevention of apoptosis, (IV) viral
replication, and (V) others [11–13]. As for HSV-1, the first
microRNA, miR-H1, expressed as a late gene in productive
infection, was reported in 2006 [14]. Also, HSV-1 infection
of human brain cells inducing a miRNA-146a that mediates
inflammatory signaling was firstly reported in 2009 [15]. Up
to now, 16 HSV-1 miRNAs have been found [4, 12, 14, 16].
Of them, both miR-H1 and miR-H6 are located upstream
to the LAT promoter. miR-H1 is encoded by sequences
upstream of the LAT promoter in the LAT sense direction,
while miR-H6 is located in an LAT antisense direction [16].
Umbach et al. first found that miR-H6 downregulates the
expression of ICP4 proteins, suggesting a contribution to the
establishment and maintenance of viral latency [4]. Similarly, the latent infection is characterized by the abundantly
expressed locus that encodes the LAT, which can repress
lytic replication and IE gene expression in a neuronal cell
line [3]. However, miR-H6 and H1, detected as early as
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2 hr postinfection (p.i.) in cultured cells, were abundantly
expressed in the HSV-1 productive infection sample, whereas
the other HSV-1 miRNAs (i.e., miR-H2, -H3, and -H4) were
greatly produced during the latent infection [16, 17]. Meanwhile, miR-H6 expression was significantly reduced in cells
infected with a mutant HSV-2 virus with an insertion of a
sequence between the LAT promoter and miR-H6 [18], and
also in latently, but not in acutely, infected mouse ganglia
with HSV-1 LAT deletion mutants (dlLAT1.8) [17]. These
results suggested that when miR-H6 is expressed abundantly
during lytic infection, it may play other roles during viral
infection besides establishing and maintaining the latent
infection [12, 17].
As a major pathogen to human beings, HSV-1 can cause
a variety of diseases and can even be life threatening [19, 20].
Common ocular manifestations of HSV-1 infection include
blepharitis, conjunctivitis, keratitis, and uveitis; of them, recurrent viral keratitis can lead to severe corneal blindness [2].
In addition, the cornea tissue was suggested to be the site
where HSV-1 can establish latent infection [2, 21, 22]. The
corneal epithelium is composed of several layers of cells in
front of the stroma. Thus, it is given the important role of
protecting from the invasion of exogenous viruses. The primary infection of HSV-1 in corneal epithelial cells is typically
displayed by dendritic lesions. However, HSV-1induced keratitis also frequently appeared, as the immunopathology of
inflammation was not directly produced by a great number
of lytic infection of virus [23–26]. In such cases, cytokines
play important roles in the virus-induced immunopathology.
One cytokine known to contribute to immune response
to HSV-1 is interleukin-6 (IL-6), which is a cytokine with
pleiotropic activities, including both proinflammatory and
anti-inflammatory activities [27]. Meanwhile, within the
LAT and ICP0 promoter of HSV-1, there are IL-6 response
elements, possible binding sites of the IL-6-induced transcription factors. Viral constructs with deletion of the IL-6
response element in the LAT promoter reactivate at much
lower rates than similar constructs without the deletion
[28]. IL-6 induced by HSV-1 infection has been reported
in various cells such as leukocytes [29], epithelial cell EMT6, and HaCat [30, 31], as well as cornea epithelial cells and
fibroblasts [32].
Regarding the abundant expression in lytic infection and
the location of miR-H6 encoding sequence (upstream of LAT
promoter), we wonder whether miR-H6 has diﬀerent functions compared to other miRNAs (miR-H2-miR-H5) in
HSV-1 infection. We therefore investigated the eﬀects of
miR-H6 targeting of ICP4 on HSV-1 replication, in particular, the eﬀects on IL-6 production in human cornea cells. We
found that miR-H6 targeting of ICP4 suppresses HSV-1 replication and decreases IL-6 production in HCE, and this may
provide an approach to prevent HSV-1 lytic infection and
inhibit inflammation in cornea.

2. Materials and Methods
2.1. Cells and Virus Infection. HCE used in this study was
derived from human limbal cells as described previously
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[33, 34]. Cells were cultured in DMEM/high-glucose supplemented with 10% fetal bovine serum (FBS; Gibco, NY, USA),
10 ng/mL human epidermal growth factor (EGF; Sigma, St.
Louis, MO), 5 μg/mL human transferrin (Sigma), 5 μg/mL
insulin, and 0.4 μg/mL hydrocortisone (Gibco BRL, Grand
Island, NY). HEp-2 cells were grown in DMEM/F12 with
10% newborn bovine serum (Gibco, NY, USA). The cells
were incubated at 37◦ C in a 5% CO2 -95% air incubator.
Stocks of the HSV-1 (F strain) were propagated on HEp-2
cells, and the titer of virus stocks was determined according
to a previously described method [35].
HCE cells were infected by HSV-1 using a previously
described method [5, 34]. Briefly, cells were cultured to 80
to 90% confluence, then infected with HSV-1 for 1 h, with
gentle 15 sec shaking every 15 min to allow viral absorption.
After 1 h, the inoculum was removed and the medium
was replaced with serum-free DMED/high-glucose. Cells
infected at a multiplicity of infection (MOI) of 5, 1, 0.1, were
washed with phosphate-buﬀered saline (PBS) three times
and harvested.
2.2. HSV-1 miR-H6 Mimics and Transfection. The miR-H6
mimics we used were double-stranded, chemically synthesized by Guangzhou RiboBio Co., Ltd. (Guangzhou, China)
according to the mature miR-H6 (5 -CACUUCCCGUCCUUCCAUCCC-3 ). The mock is a small RNA that does not
target any known gene as a negative control. The HCE cells
were grown to 70–80% confluence and then transfected with
miR-H6 (50 or 100 nM) and mock, by Lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA), according to the manufacturer’s instructions. Then, the cells are infected with HSV1 at MOI 0.1 24 h posttransfection. At the indicated time, the
cells and medium were harvested for further experiments.
2.3. Plaque Assays. The plaque assay was performed as we
described previously, but with modification [5]. HCE cells
were grown in 12-well plates to 70 to 80% confluence and
then transfected with miR-H6 mimics and infected with
HSV-1 as described above. After absorbing the HSV-1 for 1 h,
cells were overlaid with 1 mL of a 1 : 1 mixture of low-melting-temperature agarose (NuSieve GTG Agarose, USA) and
2 × DMEM/high glucose to permit only cell-to-cell spread
of virus. At 48 h p.i., agarose was removed carefully and
plates were stained with crystal violet for 20 min and then
photographed. Finally, plaque sizes were measured.
2.4. Real-Time PCR Analysis. HCE cells were cultured to 80
to 90% confluence and then infected with HSV-1 in a multiplicity of infection (MOI) of 5, 1, and 0.1. At 24 h p.i., cells
were washed with PBS three times and harvested. Cellular
total RNA was isolated with TRIzol reagent (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s instructions. Subsequently, RNA samples were detected using an
All-in-One miRNA Q-PCR Detection kit (FulenGen, Guangzhou, China). The miR-H6 5 primers were CACTTCCCGTCCTTCCATCCCA (product size is 74) and homo
snRNA U6 5 primers were CAAATTCGTGAAGCGTTCCATAT (product size is 79). The reaction conditions were
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95◦ C for 10 min, 38 cycles of 95◦ C for 10 s, 65◦ C for 20 s,
and 72◦ C for 10 s and 72◦ C for 5 min by iQ5 Real-Time PCR
Detection System (Bio-Rad). The amount of each mRNA was
calculated relative to the amount of U6 mRNA in the same
samples by iQ software. Each run was completed with a melting curve analysis to confirm the specificity of the amplification.
2.5. Indirect Immunofluorescence. At 12 and 24 h p.i., slidemounted cells were used for indirect immunofluorescence
analysis according to the method described previously [5].
Cells were incubated with mouse anti-human monoclonal
antibody that recognizes HSV-1 ICP4 (Abcam, Cambridge,
UK) at 4◦ C overnight. Cells were then incubated with
TRITC-conjugated secondary goat anti-mouse IgG antibody
(Zhongshan Goldenbridge, Beijing, China) at 37◦ C for 1 h.
The nuclei were stained with hoechst for 10 min. Cells were
then observed using a confocal laser scanning microscope
(Carl Zeiss, Jena, Germany). Cells incubated with PBS
(instead of the first antibody) were used as negative controls.
2.6. Western Blot Analysis. At 24 h p.i., cells were lysed with
lysate buﬀer (20 nM tris-HCL). The samples were freezethawed 3 times and then centrifuged at 12,000 rpm for
30 min at 4◦ C to remove cellular debris. Protein content in
the supernatant was determined by the bicinchoninic acid
method using BSA as the standard. Western blot was conducted according to our previous method [5]. The membranes were incubated with 1 μg/mL of mouse anti-human
monoclonal antibodies that recognizes HSV-1 ICP4 (Abcam,
Cambridge, UK) or 0.2 μg/mL mouse anti-GAPDH (KangChen, Shanghai, China) separately at 4◦ C overnight. Then,
they were exposed to a secondary goat anti-mouse IgG
antibody (Zhongshan Goldenbridge, Beijing, China) for 1 h.
Protein bands were visualized with a kit of chemiluminescence Phototope (R)-HRP Western Blot Detection System (Cell
Signaling Technology, Inc., Danvers, MA, USA) and exposed
by Kodak Imaging Station 4000MM (Kodak, Rochester, NY,
USA).

3

3. Results
3.1. miR-H6 Eﬀects on Cells and Viral Replication. HCE cells
were transfected and infected HSV-1 at MOI 0.1 as described
above, and cellular morphological changes were observed
at 6, 12, and 24 h p.i. under phase-contrast microscopy
(Figure 1(a)). At 6 h p.i., there were no obvious diﬀerences in cellular morphology among cells transfected with
miR-H6, the mock, without small RNA, and control cells
(data not shown). At 12 h p.i., the cytopathic eﬀect (CPE)
could be observed in the mock and without small RNA
cells, but not in the cells transfected with miR-H6 and control. Infected cells usually displayed clusters, and many individual cells remained uninfected. At 24 h p.i., CPE increased
dramatically, and many giant, multinucleated cells could be
seen in the mock and without small RNA cells. However,
fewer CPE could be seen in cells transfected with miR-H6,
including multinucleated giant cells.
Plaque assay was used to detect the virus quantity in MOI
0.1 HSV-1-infected HCE cells and demonstrated that normal
cell had no formation of plaque, and HSV-1 without small
RNA resulted in the formation of a larger number of plaques,
which was similar to the mock. However, treatment with
miR-H6 significantly decreased the plaque sizes and numbers
(Figure 1(b)) and had significant diﬀerence (Figure 1(c),
P < 0.05). Meanwhile, miR-H6 was measured in HSV1-infected HCE with MOI 5, 1, and 0.1, at 24 h p.i. The
result showed that miR-H6 increased significantly in HSV-1infected HCEs, and the expression of miR-H6 was consistent
with the concentration of the infectious virus quantity
(Figure 1(d), P < 0.01). The uninfected HCE cells had no
expression of miR-H6.

2.7. Enzyme-Liked Immunosorbent Assay (ELISA). The HCE
cells were transfected with miR-H6 and mock and then
infected with HSV-1 as described above, or directly cultured
the transfected cells without virus infection. The medium
was collected at 6, 12, and 24 h p.i., or 30, 36, and 48 h post
transfection for cells without HSV-1 infection, and the IL-6
levels in supernatant were determined using a specific IL-6
ELISA kit (Boster, Wuhan, China). Human IL-6 was used to
construct a standard curve according to the manufacturer’s
instructions.

3.2. miR-H6 Suppresses ICP4 Protein Expression. First, the
ICP4 protein expression was observed by indirect immunofluorescence at 12 and 24 h p.i. Following HSV-1 infection
and up to 12 h p.i., there was very weak ICP4 staining in
HCE cells transfected with mock, and without mall RNA,
less ICP4 expression was noted in HCE cells transfected with
miR-H6; ICP4 was not observed in normal HCE control
cells (Figure 2(a)). At 24 h p.i., the ICP4 protein expression
increased dramatically. Compared with the cells transfected
with mock and cells without small RNA, the intensity of
immunostaining for ICP4 was dramatically weaker in the
HCE cells transfected with miR-H6 (Figure 2(b)).
The eﬀect of miR-H6 on the ICP4 protein was also
detected by Western blot using antibodies against ICP4
(Figure 2(c)). At 24 h p.i., the expression of ICP4 decreased
in the lysate of HCE cells transfected with miR-H6, whereas
the expression in small RNA untreated cells and in mock
remained constant (Figure 2(d), P < 0.05). Similarly, there
was no expression of ICP4 in normal HCE cells.

2.8. Statistical Analysis. All experiments were repetitively
conducted a minimum of three times, and the quantitative
data was expressed as means ± SD. Statistical analysis of
data was performed by one-way ANOVA (SPSS 17.0), with
P < 0.05 considered statistically significant.

3.3. The Eﬀect of miR-H6 on IL-6 Release. The IL-6 protein expression in the medium was determined by ELISA
(Figure 3). At 6 h p.i., the IL-6 level in medium of HCE cells
transfected with miR-H6 was lower than that with mock
and without small RNA; however, there was no significant
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Figure 1: miR-H6 eﬀects on cell changes and viral replication in HSV-1-infected HCE cells. HCE cells were transfected miR-H6 mimics and
mock, followed by infection with MOI 0.1 of HSV-1 24 h posttransfection. (a) The cellular morphological changes were imaged at 12 h and
24 h postinfection. CPE clearly increased, and many multinucleated giant cells could be seen in the cells treated with mock RNA and cells
untreated with small RNA; fewer CPE and giant multinucleated cells could be seen in cells transfected with miR-H6 mimics. (b, c) Plaque
assay showed that treatment with miR-H6 decreased the plaque sizes and numbers and had a statistically significant diﬀerence (P < 0.05).
Cells were treated with miR-H6 mimics (0, 50, 100 nM) and mock RNA (mock) or without small RNA (HSV-1). The control group (Ctl)
consisted of cells without virus infection and small RNA treatment. (d) Real-time PCR determined miR-H6 expression in pooled HSV-1infected HCE cells, and miR-H6 levels were changed in a viral-titer-dependent manner ( ∗ P < 0.01, one-way ANOVA, among MOI 0.1, 1,
and 5).

diﬀerence (P > 0.05). At 12 h p.i., the IL-6 level in HCE
cells transfected with miR-H6 was dramatically lower than
in those transfected with mock or without small RNA
(Figure 3(a), P < 0.01). At 24 h p.i., the IL-6 levels in HCE
transfected with mock and without small RNA decreased as
compared to those at 12 h p.i. The IL-6 level in medium of
cells transfected with miR-H6 is insignificantly lower when
compared to the level of mock transfection or that of only
HSV-1-infected cells. The latter two showed significantly
higher levels as compared to the control (P < 0.05).
The eﬀects of miR-H6 on IL-6 production of HCE cells
were assayed by comparison of the IL-6 levels in HCE

cells transfected with miR-H6 and mock and normal cells
(Figure 3(b), P > 0.05). IL-6 did not alter significantly
among all the groups at various time points.

4. Discussion
During HSV-1 lytic infection, ICP4 upregulates the early
and late genes, downregulates the IE genes through interaction with the transcription factors associated with RNA
polymerase II, and represses the LAT promoter and prevents
LAT production [36, 37]. Also, ICP4 is the target of HSV-1
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Figure 2: miR-H6 decreased ICP4 protein expression in HSV-1-infected HCE cells. HCE cells were transfected with miR-H6 mimics and
mock RNA and then infected with MOI 0.1 of HSV-1 24 h posttransfection. The staining of ICP4 protein in HCE cells at 12 h p.i. (a) and
at 24 h p.i. (b) TRITC labeled the antibody-stained ICP4 (red, left) and the hoechst-dyed nucleus (blue, middle). Images of ICP4 and the
nucleus were merged (right), scalebar: 20 μm. (c) The ICP4 band was determined by Western blot. (d) Quantitative analysis of bands in (c).
Significantly lower levels of ICP4 in HCE cells transfected with miR-H6 ( ∗ P < 0.05, miR-H6 versus mock or HSV-1 alone).

miR-H6 [4]. Therefore, we began this study with the goal
of observing the eﬀect of miR-H6 on HSV-1 replication
and the inflammatory cytokine IL-6 production in HCE, by
which HSV-1 infections can lead to cornea blindness [21, 38].
We found that miR-H6 suppressed the expression of ICP4
protein and inhibited the HSV-1 productive infection in
HCE and in human retinal pigment epithelial cells (data not
shown). A similar result was reported by Umbach et al., who
found that miR-H6 inhibits expression of ICP4 in 293T cells
cotransfected with a synthetic miR-H6 duplex intermediate
and with plasmids expressing either wild-type ICP4 or the
ICP4 mutant [4]. Because viral miRNA regulation is dependent on the context of infection, such as cell-type and viral
genome expression, we focused on the HSV-1-infected HCE
to investigate miR-H6 roles on the productive infection.

The highly abundant expressions of microRNAs in
HSV-1 latent infection were found in previous studies, which
led to the concept that microRNA plays important roles in
establishing and/or maintaining latent infections [4, 16, 39].
However, by experiments in acute and latent ganglionic
infection in mice and lytic infection in Vero cells infected
with wide-type or LAT deletion mutant HSV-1, Kramer et al.
found that LAT deletion mutants establish and maintain
latent infections and concluded that microRNAs are not
essential for latency in mouse trigeminal ganglia, but may
help promote it [17]. Du and colleagues found that the
expression of viral genes in explanted ganglia was disordered
rather than sequentially ordered as in infected cells in culture,
and the accumulation of viral mRNAs takes place concurrently with a decrease in the accumulation of miRNAs/LATs,
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which was degraded by a viral gene product other than
the short half-life of these miRNAs/LATs [40]. Nevertheless,
studies on quantities of HSV-1 mircroRNAs revealed that
miR-H6 and miR-H1 in the productive infection were the
most abundant, whereas miR-H2, -H3, and -H4 were greatly
expressed in the latent samples [4, 16, 17]. We also revealed
that the expression of miR-H6 in HSV-1-infected HCE cells
increases with viral concentration. All these data suggest
that HSV-1 microRNAs may have stage-specific functions
in the virus life cycle and that highly abundant levels of
miR-H6 may have other roles in lytic infection other than
maintaining the latent infection [17]. In our present study,
we are interested in miR-H6 silencing ICP4 by transfecting
synthesized miR-H6 mimics into HCE cells and followed
by HSV-1 infection. More studies on miR-H6, such as
interference with its function, and precise analysis of timedependent eﬀects in lytic infection would have a greater eﬀect
on our understanding of the virus and its induced diseases.
HSV-1 infection in cornea is characterized by recurrent
viral lytic infection, immune inflammation, neovascularisation, and so on. IL-6, as an important cytokine, targets
multiple cell types and induces a broad array of responses.
These responses are often, simplistically, classified as pro-or
anti-inflammatory in nature [41]. It was showed that two
major signal transduction pathways regulated by IL-6: STAT3
and SHP2/Gab/MAPK signaling, which involve the gp130
YxxQ and Y759 motives, respectively [42]. IL-6 plays important roles in these corneal pathological changes, which has
been evidenced by previous studies [38, 43–46]. Also, HSV-1
infection influencing IL-6 has been previously reported.
By using HSV-1 mutants lacking the virion-transactivating
protein VP16 or any of ICP0, ICP4, ICP8, or ICP27, virusinfected leukocytes or murine epithelial cell line EMT-6
displayed unaltered capacities to induce IL-6 [29, 30]. Thus
any one of them alone is not essential for IL-6 production.
It was reported recently that in Kaposi’s sarcoma-associatedherpes-virus-(KSHV-) infected cells, miR-1293, targeting

viral IL-6 RNA, and miR-608, targeting human IL-6 ORF,
can mechanistically compete with KSHV ORF57 protein,
which binds RNA export factor (REF) at the same site and
in a similar way to ICP27, and thus influence IL-6 production [47, 48]. Although in the present study we did not
know if there was a target sequence of miR-H6 in HCE, we
did not find miR-H6 suppressing IL-6 release in HCE without HSV-1 infection. Therefore, the miR-H6 decreasing
IL-6 production in HSV-1-infected HCE cells is due to the
suppression of virus production through inhibiting ICP4,
because a functional viral genome was required for induction
of IL-6 [29].
Our findings are that miR-H6 mimics could inhibit HSV1 productive infection in HCE cells as well as accompanied
IL-6 release. Silencing viral microRNA targets as a novel antiviral therapy, our result may imply that in diseased tissue like
keratitis, using miR-H6 could not only suppress viral replication, but also decrease inflammation due to IL-6 production.
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The best hope of controlling the herpes simplex virus type 1 and type 2 (HSV-1 and HSV-2) pandemic is the development of
an eﬀective vaccine. However, in spite of several clinical trials, starting as early as 1920s, no vaccine has been proven suﬃciently
safe and eﬃcient to warrant commercial development. In recent years, great strides in cellular and molecular immunology have
stimulated creative eﬀorts in controlling herpes infection and disease. However, before moving towards new vaccine strategy,
it is necessary to answer two fundamental questions: (i) why past herpes vaccines have failed? (ii) Why the majority of HSV
seropositive individuals (i.e., asymptomatic individuals) are naturally “protected” exhibiting few or no recurrent clinical disease,
while other HSV seropositive individuals (i.e., symptomatic individuals) have frequent ocular, orofacial, and/or genital herpes
clinical episodes? We recently discovered several discrete sets of HSV-1 symptomatic and asymptomatic epitopes recognized by
CD4+ and CD8+ T cells from seropositive symptomatic versus asymptomatic individuals. These asymptomatic epitopes will
provide a solid foundation for the development of novel herpes epitope-based vaccine strategy. Here we provide a brief overview of
past clinical vaccine trials, outline current progress towards developing a new generation “asymptomatic” clinical herpes vaccines,
and discuss future mucosal “asymptomatic” prime-boost vaccines that could optimize local protective immunity.

1. Introduction
Human herpes simplex virus type 1 and type 2 (HSV1 and HSV-2) infections cause lifelong infections, with a
spectrum of clinical manifestations including cold sores,
genital ulceration, corneal blindness, and encephalitis [1–
10]. Despite multiple approaches of therapy and prevention, HSV-1 and HSV-2 remain among the most common
infectious viral pathogens of man. Current drug therapies
such as oral acyclovir, valacyclovir, or famciclovir can treat
herpes disease but do not prevent future attacks. Historically,
many candidate vaccines that are eﬀective on animal models
of herpes infection turned unsuccessful in clinical trials
[1, 11]. Sampling of past and ongoing vaccine trials is

provided in Table 1. Progress towards an eﬀective vaccine
has stalled in the face of many unknown questions related
to HSV-1 and HSV-2 infection and immunity. Namely,
(i) the cellular and molecular mechanisms behind the
failure of past herpes vaccines remain unknown; (ii) the
cellular and molecular mechanisms that lead the majority
of HSV seropositive individuals to be naturally protected
exhibiting few or no recurrent clinical disease (designated
as asymptomatic individuals), while other HSV seropositive individuals to have frequent ocular, orofacial, and/or
genital herpes clinical episodes (designated as symptomatic
individuals) remain unknown. Although the majority of
individuals have few or no herpetic disease symptoms, they
still continue shedding HSV all times. An eﬃcient vaccine
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Table 1: A sampling of past and ongoing preclinical and clinical vaccine trails.
Phase of
development∗

HSV vaccine type

Mode of action†

“Asymptomatic”
Lipopeptide

PC

Peptide-based
Self-adjuvanting

P&T

AlphaVax, Inc.

HSV Vaccine ALPHAVAX

PC

Alphavirus vector

P&T

Genocea Biosciences

HSV2 Vaccine GENOCEA

PC

Undisclosed

P&T

Henderson Morley
plc

L-particles

PC

VLP

P

Henderson Morley
plc

PREPS (previral DNA
replication enveloped
particles)

PC

VLP

P

JN International
Medical Corporation

Genital Herpes Vaccine JN
INTERNATIONAL

PC

Subunit

P

Juvaris
Biotherapeutics, Inc

JVRS100 with Herpes
Simplex Virus-2 Antigens

PC

Subunit gB, gDt, gH/gL
JVRS-100 adjuvant

P

Mymetics
Corporation

Herpes Simplex Virus
Vaccine MYMETICS

PC

VLP

P

Sanofi-aventis

ACAM529

PC

Replication-defective virus

BioVex Inc.

ImmunoVEX HSV2
Vaccine

I

Live-attenuated virus

P

Pfizer Inc.

Genital Herpes DNA
Vaccine PFIZER INC

I

DNA via PMED

T

AuRx, Inc.

Theraherb

III

Live-attenuated virus

T
P

Company Name

Product name

Micro-Antigen
Technologies, LLC

P&T

GlaxoSmithKline plc

Simplirix

F

Subunit gD2
SBAS4 adjuvant

Acuvax Ltd (formerly
Avantogen Limited)

HSV 2 ACUVAX

D

Live-attenuated virus
GPI-0100 adjuvant

T

Antigenics Inc.

AG702

D

Subunit gB2
Human HSP-70 adjuvant

T

Antigenics Inc.

AG707

D

Subunit 32 peptides
Human HSP-70 adjuvant

T

BioVex Inc.

ImmunoVEX HSV2/HPV
Vaccine

D

HSV-2/HPV
Combined

Celldex Therapeutics,
Inc.

Dl5-29 Vaccine CELLDEX

D

Live, replication-impaired virus

T

Celtic Pharma
Management L.P.

DISC Pro

D

DISC

P

Novartis AG

Genital Herpes DNA
Vaccine NOVARTIS

D

DNA

T

Celtic Pharma
Management L.P.

TAHSV

F

DISC

T

Eli Lilly&Co.

Resiquimod ELI LILLY

F

TLR agonist

T

GenVec Inc.

Herpes Simplex Virus Type
2 Vaccine GENVEC

NA

Adenovirus vector

Profectus bioSciences,
Inc.

Herpes Simplex Virus
Vaccine PROFECTUS
BIOSCIENCES

NA

DNA with recombinant VSV
boost

T

Vical Inc.

Herpes Simplex Virus Type
2 Vaccine VICAL

NA

DNA
Vaxfectin adjuvant

T

P&T

P&T

The table recapitulates the majority of HSV vaccine candidates currently undergoing diﬀerent phases of clinical trials, the companies that are conducting the
trial, the phase of the trial, the type of vaccine, and the therapeutic approach. ∗ PC: preclinical, I/III: phase I/phase III, D: discontinued, F: failed, NA: not
available, † P: prophylactic, and T: therapeutic.
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would not only relive the patients from herpetic diseases but
also prevent virus reactivation and asymptomatic shedding.
In the past, many vaccine immunotherapies have tried to
stimulate the immune system against herpes, including about
a dozen vaccines that reached mid- and late-stage clinical
trials [1]. Every single one of these therapies had generated
much excitement, but, for the most part, none of those
therapies really did protect from herpes. Before devising
more powerful treatments it is imperative to identify (i)
the mechanisms underlying the suboptimal nonprotective
immunity associated with natural infection, (ii) the major
eﬀectors of immunity that control each of the three phases of
herpes infection (i.e., acute and latent), (iii) the sophisticated
immune evasion strategies employed by HSV-1 and HSV-2
to dampen the immune response, (iv) the protective versus
pathogenic protein (such as glycoprotein gK) Ag(s) among
more than 80 immunogenic HSV proteins, and (v) a safe Ag
delivery system.
Multiple review articles have adequately described and
discussed the above issues [11–15]. The present paper focuses
on bringing together past and recent published work that
illuminates the current status of clinical herpes vaccine
development. It presents an overview of our own vaccine
approach to produce an “asymptomatic” herpes vaccine.
First, we describe the common presentations of herpes
simplex infections and diseases. Second, we portray the
history of the diﬀerent vaccine formulations that have led to
the rationale for a herpes subunit vaccine. Third, we describe
the process by which herpes protein Ags and derived “asymptomatic” epitopes suitable for inclusion in a multiepitope
vaccine are being selected. Fourth, we shed new light on
how an “asymptomatic” multiepitope lipopeptide vaccine
can be designed to ensure optimal mucosal immunogenicity
and discuss how, after prototype lipopeptide vaccines are
designed, the program will move to the stage of clinical
trials.

2. The Immunoepidemiology of Herpes
HSV-1 and HSV-2 are two closely related members of the
Herpesviridae family and currently rank among the most
prevalent infectious agents of man [16]. Several common
presentations of herpes simplex infections and diseases are
recognized. Genital herpes: although, both HSV-1 and HSV-2
account for herpes genitalis, a common sexually transmitted
disease (STD), HSV-2 is more severe and has become
more commonly associated with genital herpes [17, 18].
Currently, over 1 billion people around the world—onesixth of the world population—are infected with genital
herpes. In the USA alone, at least 40 to 60 million individuals
have been infected by HSV-2. A therapeutic vaccine would
ideally cure many of the adults who often suﬀer frequent
recurrent outbreaks of genital herpes. In addition to the
pain related to herpes ulceration, genital herpes causes a
substantial psychosocial morbidity [18, 19]. Herpes genitalis
contributes to a 2- to 4-fold increased risk of acquiring
human immunodeficiency virus (HIV) [3, 20, 21] Genital
herpes in HIV-infected individuals usually needs a longer
duration of antiviral therapy along with continuation of
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highly active antiretroviral therapy (HAART). Neonatal
herpes: in some cases, herpes infections are fatal to newborns
and cause neonatal encephalitis [17, 22]. Genital herpes
in late pregnancy increases the risk of neonatal herpes.
Annually, a minimum of 2500 cases of neonatal herpes [23]
and 3000 cases of herpes encephalitis result in significant
morbidity and mortality in spite of antiviral therapies. Ocular herpes: ocular infection with HSV-1 is the leading cause of
corneal blindness worldwide. The corneal scarring induced
by herpes infection often leads to blindness, making HSV-1 a
major cause of virus-induced blindness [4–6, 24–26]. Ocular
infection with HSV-1 can cause other eye diseases ranging
from blepharitis, conjunctivitis, and dendritic keratitis to
disciform stromal edema and necrotizing stromal keratitis
[27–30]. In the USA alone, over 400 000 people have a history
of recurrent ocular HSV episodes requiring doctor visits,
medication and, in severe cases, corneal transplants [28,
29]. Nearly 50,000 new and recurring cases are diagnosed
each year. Shedding of reactivated HSV is estimated to
occur at rates of 3 to 28% in adults who harbor latent
HSV-1 in their sensory neurons [9–12]. However, the vast
majority of these individuals do not experience recurrent
herpetic disease and are designated “asymptomatic patients”
[11, 14, 16]. In contrast, in some individuals (symptomatic
patients), reactivation of latent virus leads to induction of
ineﬀective or “symptomatic” HSV-specific CD4+ and CD8+
T cells [11, 16, 31] (Figure 1). Recurrent disease ranges from
rare episodes occurring once every 5–10 years to outbreaks
occurring monthly or even more frequently among a small
proportion of subjects [16]. It is not known why ocular
HSV-1 infection is asymptomatic in some individuals and
symptomatic in others or why the frequency and severity of
recurrences vary among symptomatic patients. The shedding
rates in tears of asymptomatic individuals have been reported
to be as high as 33.5% [13–16]. The immune mechanism(s)
by which asymptomatic patients control herpes disease and
symptomatic patients do not remains to be fully elucidated.
Orofacial herpes: HSV-1-mediated recurrent facial herpes
varies in severity. Symptomatic lesions usually occur on lips
(cold sores), cheeks, within the nose, or on the nasal septum,
which are painful and unpleasant [2, 32–34]. Dermal HSV
infection can occur on any part of the body. Some orofacial herpes are asymptomatic or appear as maculopapular
lesions that may subsequently regress or develop into
vesicular lesions, which then scab prior to healing. During
asymptomatic or symptomatic outbreaks, HSV-1 is shed and
can be transmitted to susceptible individuals.
The social and economic burden created by all types of
herpes infection has set direct costs for treatment of these
infections in the USA to over $400 million every year [16, 35].
Current drug therapies can treat the disease but do not
prevent future viral attacks. Thus, novel strategies to treat,
suppress, and prevent HSV infection are needed. An eﬀective
vaccine strategy remains the best hope for controlling the
herpes pandemic. However, in spite of several clinical trials
no vaccine has been proven suﬃciently safe and eﬃcient to
warrant commercial development. It is imperative to know
why past herpes vaccines have failed before we move towards
developing a new vaccine strategy.
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Figure 1: The majority of ocular herpes vaccines are injected parenterally, and although they induced strong systemic immune responses,
they failed to generate significant local immune responses either in the eye or in trigeminal ganglia (TG). Local immune responses at these
sites are likely needed to prevent virus transmission and to reduce virus replication, which should eventually reduce viral latency/reactivation
and limit the severity of ocular herpes. Several results from our lab strongly suggest that there is linear association between presence of
“asymptomatic” CD8+ T cells (bleu circles) in the TG and ocular mucosal immune system with the lack of eye disease. In contrast, the
absence of asymptomatic CD8+ T cells and presence of symptomatic CD8+ T cells (red circles) may increase the rate of HSV reactivation and
pathology. The upper panel shows scenario of an asymptomatic HSV-1 infection and the lower panel shows symptomatic HSV-1 infection
and eye disease.

3. Past and Current Herpes Vaccines
Many classes of herpes vaccines and delivery systems have
been attempted during the last century (Table 1). The
following paragraphs review and discuss the approaches, the

rationale, and the end results associated with some of the
most widely studied herpes vaccines.
3.1. Inactivated and Replication-Defective Vaccines. In the
early 1920s the first vaccine was introduced as an inactivated
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virus, which was prepared from formalin-treated tissues
of HSV-infected animals [36–38]. A heat- or ultravioletinactivated virus, grown in embryonic eggs, was proposed
later (reviewed in [37, 39]). Subsequent vaccines strategies changed from inactivated to replication-defective HSV
strains such as virulent type HSV mutants (i.e., lacking ICP8,
ICP10, dl5-29, or VHS), discontinuously replicating virus
known as “disabled infectious single cycle” or “DISC”, and
a virus with a deletion of UL22, the late gene encoding
glycoprotein H (gH) [40]. A DISC HSV-2 vaccine has entered
clinical trials and has been found relatively safe with no
serious adverse eﬀects [41, 42]. Among HSV-seronegative
subjects, dose-dependent induction of T-cell proliferation
was noted four weeks after a single DISC HSV-2 immunization and continued for sixteen weeks after the second
immunization. However, no responses were boosted in HSVseropositive subjects. IFN-gamma (Th1) and IL-2 (Th2)
production was also induced in HSV-seronegative persons
in a dose-dependent fashion but not in HSV-seropositive
persons. There was a lack of boosted IgG responses in both
seronegative and seropositive subjects, indicating that DISC
HSV-2 immunization might be shifted to Th1 responses.
However, a recent immunotherapeutic phase II trial showed
no clinical response in HSV-2 DISC-immunized persons
[43].
3.2. Replication Competent Live Virus Vaccines. The replication competent live virus vaccine approach has the advantages of stimulating a broad immune response (antibody,
CD4+ T cells, and CD8+ T cells) and presenting all epitopes
from the entire genome to generate multiimmune responses.
A case of recurrent human genital HSV-2 disease caused
by a thymidine kinase-deficient, mouse-virulent strain has
been reported [44]. Mutations in thymidine kinase gene do
not attenuate HSV-2 replication suﬃciently when used as
vaccines. A second live attenuated HSV strain developed for
vaccine use is RAV 9395 [45]. This virus was derived from
HSV-2 strain G and contains deletions of both copies of
the virulence factor g134.5, UL55, and UL56. Clinical results
have not been reported for this mutant. The most extensive
human studies are available with attenuated live HSV vaccine
strain R7020, created by Branco and Fraser [46]. This virus
was originated from HSV-1 strain F and is attenuated by a
deletion extending from UL54 (encoding ICP27) through the
promoter region of ICP4. In a dose escalation study, local
reactions and systemic side eﬀects were noted in HSV-1infected persons.
3.3. Recombinant Viral Vectors. A number of trials have been
pursued using recombinant live attenuated adenovirus and
vaccinia recombinant viruses expressing HSV glycoproteins.
These vaccines elicit Ag-specific CD8+ T cells after a single
immunization [47–49]. Not surprisingly, no major vaccine
company, in the USA or EU, is developing inactivated
live vaccine candidates. An important lesson learned from
the human live vaccine trials is the true feasibility (i.e.,
practicability) of a herpes vaccine.
The recent emergence of new concepts and technologies
in biochemistry, genetics, and immunology has opened up
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the way to novel approaches in vaccine development. In the
following paragraphs we bring together both the challenges
and some recent progress made in developing a subunit
herpes vaccine.
3.4. Plasmid (Naked) DNA Vaccines. The concept of using
naked DNA [28] as a vaccine is to introduce herpes antigenic
genes into dendritic cells (DCs) for endogenous processing
and presentation to CD4+ and CD8+ T cells in draining
lymph nodes or into other cells (e.g., epithelial cells) for
cross-presentation by DCs, without the need for a viral
vector. However, the competition within viral vector epitopes
for endogenous processing reduced the eﬃcacy. In addition
the prior immunity to the viral vector and the potential
dangers associated with a live virus are avoided when using
DNA vaccines. Constitutive, tissue-specific promoters may
be used for selective expression. The results of a number
of plasmid DNA vaccine experiments in animal models of
ocular and genital herpes have been reported [50]. The
delivery of DNA vaccines usually requires high dosage of
DNA plasmid to generate an immune response and often
promotes Th2 response, which would not be expected
to provide optimal protection against HSV infection and
disease [50].
3.5. Recombinant Proteins-Based Subunit Vaccines. HSV has
at least 11 enveloped glycoproteins that are expressed in
infected cells. Among these, gB and gD glycoproteins are
the most used immunogens since these are the dominant
targets for neutralizing antibody production in HSV-infected
individuals. gB and gD are attractive choices for subunit
vaccines because they are the targets for both humoral
(neutralizing and ADCC) and cell-mediated immunity (class
I and class II restricted). gB and gD share high sequence
similarity in HSV-1 and HSV-2 and may therefore provide
cross-protection against both HSV-1 and HSV-2 infections.
Despite induction of high neutralizing serum antibody
titers, the latest clinical vaccine trials, using recombinant protein gB and gD along with MF59 adjuvant, showed transient
and partial protection [51–53]. More recently, intramuscular
vaccination with a recombinant HSV-2 gD vaccine, using
MPL as an adjuvant, protected ∼70% of women who were
HSV-1 and HSV-2 seronegative. However, there was no
protection among men or among HSV-1 seropositive women
[1, 53]. These results raised important questions regarding
the role of gender-related factors and glycoprotein-based
approach in vaccine eﬃcacy. In this clinical trial, despite the
induction of high neutralizing antibody titers that exceeded
those of natural immunity, recurrent disease was not reduced
suggesting that induction of a vigorous cellular immunity
might be critical for therapeutic protection.
Development of a herpes subunit vaccine has been motivated by previous successes achieved with other pathogens.
However, major hurdles include identification of antigens
that execute the specificity of immune system on HSV-1- and
HSV-2-infected cells without harming uninfected cells. So
far, early clinical trials indicate the need for the identification
of target Ags, other than envelope glycoproteins gB and
gD. However, this task is far from complete because of
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Table 2: Herpes vaccine formulas used in clinical trials.

Type of HSV
vaccine

Formulation

Live

Live HSV

Live-attenuated

Whole inactivated

Inactivated subunit
Recombinant
subunit
(glycoproteins)

Disabled infectious
single cycle (DISC)

Strain

Route of
administration

Varies

Autoinoculation

Recombinant
R7020

HSV-1(F) and
HSV-2(G)

Intramuscular

Heat inactivated
(Lupidon G and H)
Formalin
inactivated

HSV-2(Silow)
and HSV-1(L3)

Subcutaneous

—

—

Skinner: Ac NFU1 ,
(S-) MRC

HSV-1
(Troisbell)

Subcutaneous

Chiron
gD2gB2-MF59

HSV-2

Intramuscular

GlaxoSmithKline
gD2-Alum MPL

HSV-2

Intramuscular

TA-HSV-2

HSV-2(25766)
HSV-1(HFEM)
HSV-1(SC16)
HSV-1(KOS)
HSV-1(tsQ26)

?

Clinical outcome
(i) Unsuccessful
(ii) Recurrence not aﬀected
(iii) Lesions at infection and injection sites
[125, 126]
(i) Unsuccessful
(ii) Poor immunogenicity
(iii) Adverse eﬀects in HSV-1
seropositive individuals [127, 128]
(i) Statistically significant eﬀect on recurrence of
genital and facial herpes [129–131]
(ii) No significant diﬀerence in recurrence compared
to placebo [132]
(i) Some statistically significant results in vaccinated
males
(ii) No consistent eﬃcacy or immunogenicity [133]
(i) No significant eﬀects on recurrence or shedding
of virus [17]
(ii) Fewer recurrences
(iii) Higher antibody and gD2-specific EIA titers
compared to placebo [1, 134]
(i) Good immunogenicity in early clinical trials
(ii) Unsuccessful phase II trials
(iii) No significant diﬀerences in recurrences or
asymptomatic shedding compared to placebo [135]

The table summaries past and present HSV vaccine formulations, HSV-1/2 strains used, route of administration, and clinical outcomes.

the large and complex herpes genome that encodes over
80 polypeptides, each of which could be a potential target
to a protective immune eﬀector. Tegument proteins are
sandwiched in between the envelope and capsid proteins
of HSV and have been reported to be major targets for Tcell responses. A recent human study that utilized pools of
overlapping synthetic peptides presented to CD8+ T cells
through autologous dendritic cells showed that the responses
to individual open reading frames (ORFs) ranged from ≤5%
to a maximum of 70%. Interestingly, the highest responses
detected in seropositive individuals were focused on six
tegument proteins: UL39, UL25, UL27, ICP0, UL46, and
UL47 in descending order. These six tegument proteins
are therefore considered to be the best candidates for
T-cell-based vaccines [54]. Whether the T-cell responses
of asymptomatic versus symptomatic individuals to these
tegument proteins are similar or diﬀerent remains to be
determined.
Other current vaccine strategies, listed in Table 2, include
the use of virus-like particles (VLPs), adenoviral vectors, and
lipopeptide vaccines; however, very few have been approved
for human use. Two promising approaches to herpes vaccination are currently being pursued in our and others laboratory
based on entirely diﬀerent theoretical approaches. The first
approach is the subunit vaccines that use “asymptomatic”
epitopes from envelop, tegument, and/or regulatory proteins
with or without adjuvants [2, 32]. The second approach is the
genetically engineered live attenuated vaccine without any

putative neurovirulence or immuno-evasion genes [39, 55,
56]. Few vaccines with these dual modalities have attempted
to provide sterilizing immunity. Nevertheless, prior attempts
at HSV subunit and genetically engineered live attenuated
vaccines have oﬀered important lessons for the design of
clinical and preclinical studies to evaluate vaccines of this
kind.

4. T-Cell-Inducing Herpes Simplex
Vaccines—What Is the Future
Shedding of reactivated HSV-1 and HSV-2 that leads to
recurrent herpetic disease is estimated to occur at rates
of 3 to 28% in adults who harbor latent virus in their
sensory neurons [57–60]. Recurrent disease ranges from
rare episodes occurring once every 5–10 years to outbreaks
occurring monthly or even more frequently among a small
proportion of “symptomatic patients” [61]. For simplicity, one can categorized seropositive individuals based on
the frequency of their recurrent disease into two major
groups: (1) the symptomatic individuals (with a history
of recurrent corneal, genital, and/or orofacial herpetic
disease) and (2) the asymptomatic individuals (never had
any recurrent herpes disease, ocular, genital, orofacial, or
otherwise). The vast majority of seropositive individuals do
not experience recurrent herpetic disease and are designated
“asymptomatic” [59, 61, 62]. In contrast, in “symptomatic”
individuals reactivation of latent virus leads to mild to severe
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herpetic disease [59, 61, 63]. It is not known why HSV-1
and HSV-2 reactivation/shedding is asymptomatic in some
individuals and symptomatic in others or why the frequency
and severity of recurrent disease vary among symptomatic
individuals. Interestingly, for genital herpes, symptomatic
and asymptomatic patients shed the virus at similar rates
[59, 64]. It is likely to be the same for ocular herpes,
since shedding rates in tears of asymptomatic individuals
has been reported to be as high as 33.5% [61, 62, 65,
66]. The immune mechanism(s) by which asymptomatic
patients control herpetic disease and symptomatic patients
do not remains to be fully elucidated [67]. Identifying these
mechanisms, or at least the viral antigens (Ags) and epitopes
involved, is critical to understanding how to protect against
recurrent herpetic disease and for rational advances in
therapeutic vaccine development. In the most recent clinical
vaccine trials [1], despite recombinant-proteins-based HSV2 vaccines induced neutralizing antibody titers that exceeded
those produced by natural immunity, neither symptomatic
infections nor symptomatic recurrences were aﬀected by
therapeutic vaccination. This suggests that induction of
vigorous cellular immunity is critical for better protection
[68, 69]. Thus, T cells appeared to be an important part
of naturally acquired protective immune responses against
herpetic disease, and inducing “asymptomatic” T cells by
vaccination has dominated much of our research eﬀort.
It is likely that Ag exposure during long-term herpes
simplex infections may shape diﬀerent T-cell repertoires
over time, in symptomatic and asymptomatic individuals.
The unique epitope-specific T-cell repertoire of each symptomatic and asymptomatic individual, known as “private
specificity” [70–72], is thought to regulate whether herpes
reactivation will result in viral control, asymptomatic persistence, or severe disease. Thus, in symptomatic individuals,
reactivation of latent virus leads to induction of ineﬀective
or “symptomatic” HSV-specific CD4+ and CD8+ T cells
[59, 61, 63]. In contrast, in asymptomatic individuals,
reactivation of latent virus leads to induction of protective
or “asymptomatic” HSV-specific CD4+ and CD8+ T cells
[59, 61, 63]. A good starting point for the development of an
eﬃcient therapeutic herpes vaccine would be to identify the
matrices of protective or “asymptomatic” Ags and epitopes
strongly recognized by T cells from asymptomatic individuals. Our recent findings support the idea that symptomatic
and asymptomatic individuals have diﬀerent levels of HSVspecific T-cell repertoires ([67, 73–75], Dervillez, submitted).
We found that T cells from symptomatic and asymptomatic
individuals, with similar HLA, have dramatically diﬀerent
profiles of responses to HSV epitopes. A set of human Tcell epitopes from HSV-1 glycoproteins B and D (gB&gD)
are strongly recognized by T cells from HSV-1-seropositive
asymptomatic individuals, but not by T cells from symptomatic individuals [67, 73–75]. In contrast, a diﬀerent,
nonoverlapping set of gB and gD epitopes are strongly
recognized by T cells from symptomatic but not by T cells
from asymptomatic individuals. However, this diﬀerence is
not due to clonal T-cell deletion since there is not a complete
lack of T-cell response. The “asymptomatic” T-cell precursor
appears to exist in symptomatic patients and vice versa.
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Our preclinical vaccine trial in “asymptomatic” HLA
transgenic (HLA Tg) rabbits showed that immunization
with asymptomatic human CD8+ T-cell epitopes from HSV1 gD induced strong human epitope-specific CD8+ T cell
responses and reduced HSV-1 shedding in tears and corneal
disease following an ocular challenge [34]. Rabbits support
spontaneous reactivation of HSV-1 at a level similar to
humans (∼10%). Similarly, the rate of recurrent corneal
disease in rabbits is also similar to that of humans. Unfortunately this rate is very low (<1% of eyes). However, we
have been able to vaccinate HLA transgenic rabbits that
developed recurrent corneal disease (i.e., a “symptomatic”
HLA transgenic rabbits). One rabbit did develop a modest Tcell response against the “asymptomatic” peptides following
vaccination. This suggests that symptomatic individuals will
be able to respond appropriately to a therapeutic asymptomatic epitope-based vaccine and develop asymptomatic
CD8+ T-cell responses specific to the asymptomatic epitopes.
Despite “seeing” both “asymptomatic” and “symptomatic”
epitopes (through virus exposure), the vaccinated asymptomatic individuals may not appear to revert to mixed Tcell populations but rather develop mainly the protective
asymptomatic responses. The results also provide tangible
preclinical evidence that immunization of “symptomatic”
individuals with an “asymptomatic” epitope-based vaccine
will likely boost “asymptomatic” T-cell responses in symptomatic patients (as it did in HLA Tg rabbits) and that
may be suﬃcient to stop or reduce recurrent disease, upon
encounter with the virus, through reinfection or reactivation
of latent virus. In contrast, a therapeutic vaccine containing
whole virus or whole viral proteins would be expected
to induce symptomatic as well as asymptomatic CD8 Tcell responses, thus boosting harmful as well as protective
immunity. Obviously, boosting harmful immunity should be
avoided. This can be accomplished using an asymptomatic
epitope-based therapeutic vaccine.
Since we have previously shown that there is significant
HSV-1-specific CD8 T-cell exhaustion during latency in
mice, it may be useful to complement the therapeutic asymptomatic epitope vaccine strategy with exhaustion-pathway
blockage. This is likely to result in an even stronger CD8+ T
cell response in latently infected “symptomatic” individuals.

5. The New Vaccines: Multivalent
“Asymptomatic” Lipopeptide Vaccines
It has been demonstrated that immunizations with a single
immunodominant CD8+ CTL epitope, administered in
a suitably strong adjuvant, can protect MHC-haplotypeidentical inbred mice against genital herpes [31, 76]. The
MHC-haplotype-outbreed nature of the human population
obviously complicates the development of single peptidebased vaccines. Bearing in mind the particular properties
that would be required in a prospective human peptide
vaccine, we conceived a strategy in which virus-specific CD4+
and CD8+ T cell responses could be generated in diﬀerent
haplotypes using a single or a mixture of lipopeptide vaccines
[2, 34, 77, 78].
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HLA-A∗ 0205 1.2%
HLA-A∗ 0101 6.1%
HLA-A∗ 2402 17.5%
HLA-B∗ 0401 2.1%
HLA-B∗ 2705 1.5%
HLA-B∗ 4006 0.7%
HLA-B∗ 5801 3.6%
HLA-B∗ 5201 1.2%
HLA-Cw∗ 0401 11.2%
HLA-Cw∗ 0702 13.1%

Lipopeptide
vaccine
formulation

∗∗∗

Diverse
population

HLA type
selection

Asymptomatic/
symptomatic
epitopes

Figure 2: Illustration of steps in developing an asymptomatic lipopeptides-base herpes vaccine. The lipopeptide vaccine formulation is
developed following multistep strategy. This starts from the identification of a symptomatic and asymptomatic herpes population and
highly immunogenic HSV proteins. Next, asymptomatic CD4+ and CD8+ T-cell epitopes are discovered and covalently linked to a TLR2
agonist (Palmitic acid) leading to self-adjuvanting lipopeptides [12].

Though subunit vaccines with a combination of protective epitopes are promising, several challenges are still
associated that need to be addressed. (i) Adding many
epitopes together in a cocktail can lower the dose of each one,
thereby reducing overall eﬃcacy. (ii) Some balances during
epitope selection must be considered in order to deal with
the highly variable MHC-haplotype human population so
that the immunogenicity and protection are not impaired or
lost. (iii) Since both antibody and cell-mediated responses
are necessary for full protection, it is important to control
which epitopes stimulate which type of response. In spite of
these challenges, we believe that among the current subunit
vaccine types, a multiepitope peptide vaccine is best suited
to provide the complex epitope combination necessary to
protect a wide variety of human populations.
In other systems, induction of simultaneous responses
against multiple epitopes derived from multiple Ags has
already been demonstrated. The immunogenicity of multiepitope constructs appears to be strongly influenced by a
number of diﬀerent variables, and the immunogenicity (or
antigenicity) of the same epitope expressed in the context
of diﬀerent vaccine constructs can vary over several orders
of magnitude. This situation underscores the necessity of a
systematic study of diﬀerent variables in order to establish
clear criteria for the optimal design of multiepitope vaccines
(reviewed in [79, 80]). To address this in the context
of herpes, we are designing and optimizing multiepitope
vaccines comprising a panel of CD8+ and CD4+ T-cell
epitopes derived from major herpes Ags as described in
Figure 2. These epitopes were identified by class I and class

II algorithm predictions and peptide binding/recognition
strategies and recognized by recall immune responses from
seropositive individuals as well as from HLA transgenic
mouse models [24]. Studies need to optimize the vaccine
eﬃcacy by (i) eliminating junctional epitopes and spaces
between epitopes, (ii) the eﬀect of flanking regions, and (iii)
cellular targeting to Ag processing and presentation pathways. Recognition of individual epitopes is demonstrated
by immunogenicity assays utilizing HLA transgenic mice
and/or antigenicity assays using human APCs transfected
in vitro with the prototype vaccine. The simplest vaccine
configuration capable of eﬀective delivery of the selected
sets of epitopes will also be determined. Subsequent studies
will identify the optimal vaccine delivery strategy for simultaneous induction of immune responses against multiple
epitopes and the appropriate vaccine formulation. Overall,
it is anticipated that these studies will define operational
rules for the design and optimization of multiepitope-based
vaccines.
The profile of HSV antigens presented during diﬀerent
phases of herpes infection implies that an ideal vaccine must
be multivalent and capable of inducing multiimmune responses. Since the first demonstration of the technology,
a few years ago, lipopeptide vaccines have emerged as a
promising method of vaccination. In a variety of experimental systems, lipopeptide vaccines have been shown not only
to induce potent immune responses but also to oﬀer
many advantages in terms of ease of construction, testing,
and production (Figure 3). In the following paragraph
we summarize the progress achieved in developing a

Clinical and Developmental Immunology

9

Resist cold chain
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Figure 3: A representative diagram showing the advantages of lipopeptide-based vaccines strategy, as elaborated in the text (see Section 6).

lipopeptide-based vaccine that protects a progestin-induced
susceptible mouse model of genital herpes from infection
following intravaginal infection with either HSV-1 or HSV2. We describe initial studies of immunogenicity and outline
the strategies being employed to design the next generation
of lipopeptide vaccines.
A presumed advantage of lipopeptide immunogens is the
possibility of producing multivalent vaccines by a simple
physical mixture and simultaneous delivery of lipopeptides
bearing epitopes derived from one or more Ags, rather
than chemical covalent association of T-cell epitopes in one
molecule [81, 82]. Besides easy construction, such a mixture
may also prove more eﬀective than separate vaccines for each
epitope. These results in mice coincide with a recent clinical
trial of HIV-1 vaccine with similar strategy. The results
showed that up to six T-cell lipopeptides, selected from
three diﬀerent HIV proteins (Gag, Nef, and Env) delivered
simultaneously as a cocktail, were strongly immunogenic
in humans [81, 83]. These findings are also in line with a
recent report showing that immunization with a mixture of
six lipopeptides derived from four malaria Ags is eﬀective
in inducing multispecific CD4+ Th1 cells, CD8+ CTLs, and
IgG responses in nonselected “outbred” human populations
[81, 82].
Shortcomings in developing an eﬀective immunization
strategy against genital herpes include an imperative requirement for a safe Ag delivery system [39]. In most cases,
unmodified nonvectorized peptide Ags fail to elicit virusspecific T cells, unless they are attached to a carrier protein
or delivered with a strong adjuvant [84–86]. Often, the
delivery of peptides in this manner is unsafe and/or promotes
Th2 responses [87, 88], which would not be expected to
provide optimal protection against HSV infection [89]. Lipid
tailing of peptides oﬀers a safe formulation that generates CD4+ T cells, CD8+ T, cells and Ab responses in the

absence of any adjuvant, apart from the lipid moiety itself
[81, 83, 90–94].
Physicochemical safety and immunogenicity studies in
animal models and in two human phase I clinical trials
have established the safety and eﬃcacy of HIV and malaria
lipopeptide vaccine candidates [81, 83, 90–94]. The present
paper focuses on herpes lipopeptides and demonstrates
their safety and ability to induce CD4+ Th1 cell-dependent
protective immunity against genital herpes when delivered
in water via a parenteral route. Since HSV-1 and HSV-2
invade human mucosa, delivery of Ags through the IVAG
route would induce better protection against these sexually
transmitted infections [95, 96]. We previously demonstrated
that intranasally administered lipopeptide epitopes induce
both mucosal and systemic B- and CD4+ Th1 -cell responses
[2, 32–34, 97–100]. Similar results were obtained using the
human cytomegalovirus pp65-derived CD8+ CTL lipopeptides in which higher levels of virus-specific CTL were
obtained with lipopeptide delivered mucosally [2, 32–34, 97–
101]. Assessing the immunogenicity and protective eﬃcacy
of HSV-1 and HSV-2 lipopeptides following administration
through the IVAG or other mucosal routes (e.g., topical
ocular, sublingual, intranasal, or intrarectal) is being pursued
in our laboratory and will be addressed in future paper.
5.1. Advantages of Asymptomatic Epitope-Based Vaccines
(1) exclusion of potentially harmful symptomatic epitopes,
(2) focused immune response against immunodominant
and protective asymptomatic epitopes,
(3) molecularly defined-no immunoevasion or pathogenic molecules.
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Our lipopeptide vaccine construct is molecularly defined,
which makes it a particularly advantageous approach compared to other vaccine strategies (see Tables 1 and 2).
Because the lipopeptide vaccine is constructed of chosen
asymptomatic epitopes, we are able to exclude symptomatic
epitopes that would otherwise reduce its eﬃcacy or the
harmful side eﬀects. The “symptomatic” epitopes may direct
T-cell responses away from those that are best suited to
clear the viral infection with minimal pathogenic reaction
(Figures 2 and 3 and [5]). An immunopathogenic T-cell
response might occur through stimulating low-aﬃnity oligoclonal responses that inhibit broad-based T-cell responses
to other well-presented high-aﬃnity epitopes, thus deviating
protective responses to damaging responses. While proteinbased vaccines contain both symptomatic and asymptomatic
epitopes from the same protein, our lipopeptides exclusively
contain CD4 and CD8 asymptomatic epitopes from one or
many herpetic proteins [12]. Because symptomatic epitopes
can have pathological eﬀects when used in a vaccine, our
group has made it a priority to identify the asymptomatic
epitopes of HSV glycoproteins, tegument proteins, and
regulatory proteins [33, 67, 74, 77]. The lipopeptide vaccine has the fewest side eﬀects compared to the majority
of vaccine strategies so far used in clinical trials [102]
(Table 2). In addition, while all the other vaccines induce
a variety of specific CD4+ and CD8+ T cell responses
including low-aﬃnity ones, lipopeptides induce a focused,
strong and long-lasting CD4+ and CD8+ T cell response
against the selected immunodominant asymptomatic epitopes only [12, 32]. The lipopeptide vaccine strategy also
excludes those HSV proteins that may enable the virus
to evade the host immune system. While live attenuated
virus vaccine, inactivated virus vaccine, or protein-adjuvant
based vaccines contain unknown and potentially harmful
molecules, lipopeptide vaccines are molecularly defined
and do not contain pathologic molecules, such as ICP-47
[103–105].
5.2. Mucosal Route of Vaccination. Mucosal surfaces constitute an impressive first-line defense that is frequently
exposed to HSV-1 and HSV-2 infections [106–109]. The
mucosal immune system is largely separate and distinct
from the systemic immune system [106–108] and is more
complex [106–108]. The tissue compartments involved in
mucosal immunity are mucosal inductive sites and mucosal
eﬀector sites. The inductive sites are comprised of lymphoid
tissue, where the triggering of naı̈ve immune cells and the
generation of memory-eﬀector cells take place. This is where
Ags are encountered, taken up by APCs, processed, and
presented to B and T cells, which may then migrate to eﬀector
sites where immune T cells function [106–108]. Mucosal
tissues mostly contain DCs, which have properties to optimize Ag uptake, processing and T-cell stimulation [110–
115]. Mucosal subunit vaccines are designed for needle-free
application, therefore safe and cost eﬀective compared to
other vaccines. Eﬃcacy of mucosal vaccine has been well
established for the oral poliovirus vaccine, but today very
few other vaccines administered by the mucosal route are
available commercially. Tremendous research eﬀorts have
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significantly improved the classical approach used to create
these vaccines, and alternative methods of immunization
based on new concepts of mucosal immunity are being
developed.

6. The Unknown
Progress towards an eﬀective vaccine has stalled in the face
of many unknown questions and related to HSV-1 and
HSV-2 infection and immunity. Namely, (i) the cellular and
molecular mechanisms behind the failure of past herpes
vaccines remain unknown, (ii) the cellular and molecular
mechanisms that lead the majority of HSV seropositive
individuals (i.e., asymptomatic individuals) to be naturally
“protected” exhibiting few or no recurrent clinical disease
while other HSV seropositive individuals (i.e., symptomatic
individuals) to have frequent ocular, orofacial, and/or genital
herpes clinical episodes remain unknown, (iii) HSV-specific
CD8+ T cells, selectively activated and retained in latently
infected trigeminal and sacral ganglia [34, 74, 116, 117],
play a crucial role in suppressing full blown reactivation of
HSV-1/2 latency [103, 116], apparently by interfering with
virus replication and spread following the initial molecular events of reactivation. Thus, rather than completely
eliminating the latent HSV-1 from trigeminal and sacral
ganglia, reactivations appear to be “kept in check” by CD8+
T cells [12, 12, 74, 118]. The importance of CD8+ T cells in
providing constant immunosurveillance of latently infected
neurons, in which the virus starts to reactivate, is suggested
by numerous mouse, guinea pig, rabbit, and human studies
[34, 116, 119–122]. However, it is still unclear why and
how the virus manages to sporadically escape CD8+ T cellmediated immunosurveillance and eﬃciently reactivate from
latency to often cause ocular, orofacial, and genital herpes
diseases. Identification of the immune evasion mechanism
used with HSV-1 and HSV-2 would certainly help develop
stronger preemptive immunotherapeutic vaccine strategies
against herpes.
In the past, dozens of vaccine immunotherapies have
tried to stimulate the immune system against herpes, including about a dozen vaccines that reached mid- and
late-stage clinical trials. Every single one of these therapies
has generated much excitement, but, for the most part,
none of those therapies really did protect against herpes.
Before devising more powerful treatments it is imperative
to identify (i) the mechanisms underlying the suboptimal
nonprotective immunity associated with natural infection,
(ii) the major eﬀectors of immunity that control each of the
three phases of herpes infection (i.e., acute and latent), (iii)
the sophisticated immune evasion strategies employed by
HSV-1 and HSV-2 to dampen the immune response, (iv) the
protective versus pathogenic protein Ag(s) among more than
80 immunogenic HSV proteins, and (v) a safe Ag delivery
system.
Our laboratory is hoping to bridge some of the gaps in
our knowledge including (i) why CD4+ and CD8+ T cells
from asymptomatic and symptomatic individuals tend to
recognize diﬀerent sets of nonoverlapping HSV Ag epitopes;
(ii) Are the epitopes recognized by CD4+ and CD8+ T
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cells from asymptomatic individuals protective against virus
replication, herpetic disease, and/or latent infection? (iii)
Can the magnitude of CD4+ and CD8+ T-cell responses
to “asymptomatic” human T-cell epitopes be significantly
improved by epitope enhancement (increasing HLA binding
aﬃnity) or increasing their bioavailability (increase resistance to proteolysis)? (iv) Can the combination of “improved
asymptomatic T-cell epitopes” broaden the ocular immune
responses? (v) Can a multivalent lipopeptide vaccine, bearing
combination of “improved symptomatic CD4+ and CD8+
T-cell epitopes,” delivered intranasally, topically to the eyes,
or intranasally induce robust local immunity? (vi) Can local
HSV-specific immunity induced at the sites of infection
(i.e., the eye, the genital tract, trigeminal ganglia, and sacral
ganglia) or in the draining lymph nodes prevent virus
transmission/reactivation and/or limit the severity of ocular
and genital herpes?
A targeted immunotherapeutic vaccine is necessary to
induce robust localized immune responses (i.e., in central
nervous system, spinal cord, trigeminal ganglia, and sacral
ganglia), to quell virus replication, drive the pathogen into
a “latent” state, and likely hinder viral reactivation. However,
an immune response in the central nervous system might not
be good. The release of inflammatory mediators including
reactive oxygen species may cause cell death in the central
nervous system (CNS). However the death from HSV-1mediated frank sporadic encephalitis is a rare event. A good
understanding of the contribution of resident and infiltrating
leukocytes within the nervous system in response to herpes
infection is necessary to identify candidate “asymptomatic”
epitopes and immune molecules, which do not induce
unwarranted inflammation coinciding with the maintenance
of the antiviral state.
We believe that in the next five years research should
focus on (1) identifying more “asymptomatic” versus “symptomatic” herpes epitopes, (2) qualitatively and quantitatively
analyzing T cells in symptomatic versus asymptomatic
patients that could break new ground in our understanding
of the immune mechanisms underlying herpes pathogenesis
in humans, (3) incorporating only promiscuous “asymptomatic” epitopes into vaccines, (4) using mucosal vaccine
strategies, such as lipopeptides, to immunize against herpes,
and (5) Using “humanized” susceptible HLA transgenic mice
and rabbits to assess the immunogenicity and protective
eﬃcacy of herpes epitopes against primary and recurrent
infection.
Future herpes vaccines should use a needle-free mucosal
application in which the epitopes are recognized by and
stimulate the mucosal immune system. We recently found
that synthetic peptide epitopes extended with an agonist
of Toll-like receptor 2 (TLR-2), which is abundantly
expressed on dendritic and epithelial cells of the vaginal
and ocular mucosa, can lead to induction of protective
immunity against herpes [123, 124]. Thus mucosal (topical
ocular or intravaginal) immunization with self-adjuvanting
lipid-tailed peptides bearing “asymptomatic epitopes”
appears to have attractive practical and immunological
features.
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Phagocytosis is a major mechanism by which the mediators of innate immunity thwart microbial infections. Here we demonstrate
that human herpesviruses may have evolved a common mechanism to exploit a phagocytosis-like entrapment to gain entry into
ocular cells. While herpes simplex virus-1 (HSV-1) causes corneal keratitis, cytomegalovirus (CMV) is associated with retinitis
in immunocompromised individuals. A third herpesvirus, human herpesvirus-8 (HHV-8), is crucial for the pathogenesis of
Kaposi’s sarcoma, a common AIDS-related tumor of eyelid and conjunctiva. Using laser scanning confocal microscopy, we show
that successful infection of ocular cell types by all the three viruses, belonging to three divergent subfamilies of herpesviruses, is
facilitated by induction of F-actin rich membrane protrusions. Inhibitors of F-actin polymerization and membrane protrusion
formation, cytochalasin D and latrunculin B, were able to block infection by all three viruses. Similar inhibition was seen by
blocking phosphoinositide 3 kinase signaling, which is required for microbial phagocytosis. Transmission electron microscopy data
using human corneal fibroblasts for HSV-1, human retinal pigment epithelial cells for CMV, and human conjunctival epithelial
cells for HHV-8 are consistent with the possibility that pseudopod-like membrane protrusions facilitate virus uptake by the ocular
cells. Our findings suggest a novel mechanism by which the nonprofessional mediators of phagocytosis can be infected by human
herpesviruses.

1. Introduction
Phagocytosis is essentially a form of endocytosis wherein
particles are trapped and enclosed by cell membrane protrusions. Our knowledge of phagocytosis comes mainly
from professional phagocytes such as macrophages and neutrophils, which fight against microbial invasion and removal
of dead cells [1]. However, in many cases, nonprofessional
phagocytes including epithelial cells and fibroblasts of ocular
origin have also been shown to possess the ability to
phagocytose their adjacent apoptotic cells or spent cell debris
[1–3]. Well-known examples include Sertoli cells in testis [3]
and the retinal pigment epithelial (RPE) cells in the retina
[3]. Recently we demonstrated that herpes simplex virus-1
(HSV-1) has the ability to exploit phagocytosis to promote
its entry into corneal fibroblasts [4]. Similar findings have

been made with amoebal mimivirus [5, 6]. Nonprofessional
phagocytosis is also triggered by the recognition of ligands by
corresponding receptors on phagocytosing cells. This results
in surrounding of the target particles with a specialized
pseudopod-like extension of the plasma membrane. The
local reorganization of F-actin underneath the extension
and the contractile motors supporting the reorganization
provide the driving forces for trapping the particles [2, 7,
8]. Similar to professional phagocytosis by macrophages
and neutrophils, nonprofessional phagocytosis also requires
phosphoinositide 3 kinase (PI3K) signaling [6].
Herpesviruses are highly prevalent among humans [9].
A vast majority of adult human population is seropositive
for multiple herpesviruses, which cause life-long infections
and virtually all are capable of causing ocular manifestations
[9, 10]. The family of herpesviruses, which may have more
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than a hundred known members, has been divided into three
subfamilies. Among human herpesviruses, alphaherpesvirus
subfamily is exemplified by herpes simplex virus-1 (HSV1), betaherpesvirus subfamily by cytomegalovirus (CMV),
and gammaherpesvirus subfamily by human herpesvirus-8
(HHV-8) [9]. The most common eye infections are caused
by HSV-1, which is a well-studied cause for herpes stromal
keratitis (HSK), a blinding eye disease. In addition HSK is
also associated with blepharitis, dendritic keratitis, disciform
stromal edema, and conjunctivitis [11]. The involvement
of CMV and HHV-8 in ocular diseases is mostly limited
to immunocompromised human population which includes
AIDS patients and organ transplant recipients [10]. CMV
used to cause retinitis in a significant number (30% or more)
of AIDS patients. Lately, this situation has been brought
under control by introduction of highly active antiretroviral
therapy (HAART). However, the ocular problems associated
with HHV-8 remain very common among the AIDS patients
who often suﬀer from the tumors of eyelid and conjunctiva
[12].
The mechanisms by which herpesviruses enter into host
cells vary with individual viruses [4, 13–15]. For instance,
all the three herpesviruses discussed previously use separate
entry receptors, prefer certain cell types over others for
infection and the establishment of latency, and use diﬀerent
mode(s) of entry [16]. In the case of HSV-1, endocytosis
and nonprofessional phagocytosis play a dominant role in
infection of many cell types [4, 14, 17]. Recent studies have
indicated that HSV-1 entry may be atypical endocytosis
since it is not mediated by formation of clathrin-coated
pits or caveolae and it may or may not be pH-dependent
[18, 19]. CMV and HHV-8, in contrast, may enter into cells
by clathrin-coated endocytic cup formation and the entry
is pH dependent [15]. While the significance of endocytosis
may be known, it is not clear how herpesviruses infect cells
of ocular origin, many of which are immune privileged [20].
It is also unknown if actin cytoskeleton plays a direct role
in the initiation of infection, and likewise, the significance
of pseudopod-like protrusions in entry process has not
been described for herpesviruses. Here we demonstrate a
unique commonality in terms of entry mechanism among
three representative members of herpesvirus subfamilies. We
show that the entry of the viruses into target cell types of
ocular origin is facilitated by F-actin containing pseudopodlike membrane protrusions. Similar to phagocytosis, this
entry mechanism is also controlled by PI3K signaling. The
protrusions formed during nonprofessional phagocytosis
may facilitate viral uptake since inhibition of protrusion
formation significantly inhibits viral entry or uptake into
cells. Our findings also demonstrate a possible way by
which herpesviruses may have evolved to escape from
neutralization by the innate mediators of phagocytosis.

2. Materials and Methods
2.1. Cell Cultures. Retinal pigmental epithelial (RPE) cells
were grown in Dulbecco’s modified Eagle’s (DMEM) medium supplemented with 10% fetal bovine serum (FBS)
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containing penicillin and streptomycin [21]. Primary cultures of human corneal fibroblasts (CFs) cells were grown
in DMEM medium containing 10% FBS and 5% calf
serum (CS) as previously described [22]. Primary cultures
of human conjunctival epithelial (HCE) cells were kindly
provided by Dr. Ilene K. Gipson (Schepens Eye Research
Institute; Harvard Medical School). HCE cells were cultured
on GIBCO keratinocytes serum-free medium with supplied
BPE (bovine pituitary extract) and EGF (0.2 ng/mL) [23].
CMV virus was detected by a monoclonal antibody specific
for glycoprotein B (Virostat Inc., Portland, ME). HHV-8
virus was detected by a monoclonal antibody specific for
HHV-8 envelope glycoprotein K8.1A and FITC-conjugated
secondary antibody.
2.2. Viruses. The β-galactosidase-expressing recombinant
HSV-1 gL86, GFP-expressing HSV-1 (K26GFP-HSV-1), cytomegalovirus (CMV; Towne strain RC256), and HHV-8
virus (wild-type and rKSHV.152) were used in this study.
HSV-1 gL86 was propagated in gL complementing cell line
(79B4 cells). GFP-expressing HSV-1 (K26GFP) virus was
grown in Vero cells [4]. The viruses were purified by sucrose
density gradient as previously described [22].
2.3. Electron Microscopy. CF, RPE, and HCE cells cultured
in Lab-Tek chamber slides and in Anopore wells (Nalge
Nunc) (approximately 1.5 × 105 cells/well) were infected
with purified HSV-1, CMV, and HHV-8 at 50–100 MOI for
90–120 min as previously described [4]. Infected cells were
rinsed with serum-free buﬀer and fixed with 1% osmium
tetroxide for 10 s, immediately followed by the aldehyde
fixation for 1 hr (2.5% glutaraldehyde, 2% paraformaldehyde
in 100 mM cacodylate buﬀer, pH 7.4). Cells were rinsed three
times for 5 min with 100 mM cacodylate buﬀer, postfixed
for 1 hr in 1% osmium tetroxide, stained with uranyl
acetate, dehydrated through a graded ethanol series, and
finally embedded using Embed. For transmission electron
microscopy (TEM) (JEM-1220; JEOL USA Inc.) images
were captured at 1,000–600,000x, point-0.36 nm (3.6 A), and
lattice-0.2 nm (2 A) at room temperature, ACC voltage 40–
120 kV using a Gatan camera (Digital CCD; Gatan Inc.), and
Gatan Digital Micrograph (DM) v2.5 acquisition software.
2.4. Indirect Immunofluorescence. Target CF, RPE, and HCE
cells cultured in Lab-Tek chamber slide were infected with
herpes viruses for 90–120 minutes. The cells were then
stained. For cell surface immunofluorescence, the cells were
incubated with primary antibodies at 4◦ C for 45 min, washed
10 times with cold PBS, and fixed with acetone for 10 min
at −20◦ C. HHV-8 and CMV viruses were detected by
anti-gB (CMV) and anti-K8.1A (HHV-8) antibodies and
FITC-conjugated secondary antibodies. Actin fibers were
also stained with 10 nM rhodamine-conjugated phalloidin
(Molecular Probes, Carlsbad, California, USA) to compare
the number of actin-rich protrusion produced in the infected
cells compared to uninfected cell. The cells were washed
before mounting in Vectashield mounting medium (Vector
Laboratories, Inc. Burlingame, CA). Leica confocal microscope SP2 was used for imaging.
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2.5. Viral Entry Assay. Viral entry assay was based on
quantitation of β-galactosidase expressed from HSV-1
genome by soluble O-nitro-phenyl-β-D-galactopyranoside
(ONPG, Pierce Biotechnology), 3 mg/mL. Similarly CMV
β-galactosidase-expressed reporter virus from ATCC was
used. HHV-8 virus entry was determined by fluorescence
readout assay. CF, RPE, and HCE were either mock treated or
treated with medium containing Cyto D (0.5 and 1.0 μg/mL),
Lat B (0.25–2.5 μM), PI3-kinase inhibitor (LY294002), and
in active compound LY303511. In parallel experiment CF,
RPE, and HCE cells were transfected with PI3K dominantnegative expression plasmid (ΔiSH2) or with control plasmid
followed by the viral infection [24].

3. Results and Discussion
We began our investigation by monitoring morphological
changes that occur in ocular cells upon infection with
herpesviruses. The original goal was to highlight diﬀerences
in the way the herpesviruses, belonging to three distinct
subfamilies, infect their target cells of ocular origin. We
used primary human corneal fibroblasts (CFs), human
conjunctival epithelial (HCE), and human retinal pigment
epithelial (RPE) cells for infection with green fluorescent
protein expressing HSV-1 (K26GFP), CMV (AD169), and
HHV-8 (courtesy of J. Vieira, University of Washington,
Seattle, WA), respectively. To our surprise, infection of
three diﬀerent cell-types by three diﬀerent herpesviruses
resulted in a common morphological change, which was
represented by a clear enhancement in the number of Factin rich plasma membrane protrusions (Figures 1(a)–
1(c)). The protrusions were 1.0–10 μm large and often
uniformly distributed along the surface of individual cells
(Figures 1(d)–1(f)). Protrusions were observed during HSV1 invasion of CF (Figures 1(a) and 1(d)), CMV invasion of
RPE cells (Figures 1(b) and 1(e)), and HHV-8 invasion of
HCE cells (Figures 1(c) and 1(f)).
Since a phagocytosis-like uptake for HSV-1 has been
suggested and many ocular cell-types can perform phagocytosis [4], we decided to generate ultrastructural evidence
to support the possibility that projections may help with
virus entrapment as well. Thus, as described previously [4],
transmission electron microscopy (TEM) was performed
with virally infected ocular cells (CF for HSV-1, RPE for
CMV, and HCE for HHV-8). Again, a possible significance
of protrusions that were formed by extension of the plasma
membrane (continuity of the plasma membrane was visible
in all cases) was indicated by the presence of virus particles next to them (Figure 2). HSV-1 (Figure 2(a)), CMV
(Figure 2(b)), and HHV-8 (Figure 2(c)) were all seen present
inside the cups formed by plasma membrane protrusions.
In many cases, protrusions seemed to entrap single virus
particles (Figures 2(b) and 2(c)).
To generate biochemical evidence in support of the
role of membrane protrusions in productive viral uptake,
inhibitors of F-actin polymerization were examined for their
ability to block the infection. The inhibitors used were
cytochalasin D (Cyto D) and latrunculin B (Lat B), both
block F-actin polymerization that is required for protrusion
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formation by the plasma membrane [25, 26]. For HSV1, virus uptake was determined by colorimetric analysis of
entry of a β-galactosidase expressing reporter virus HSV1(KOS) gL86. As previously described, transcription of early
virus genes allows expression of β-galactosidase activity that
is read by a spectrophotometer after addition of its soluble
substrate ONPG [27]. A similar β-galactosidase expressionbased plaque assay was used for CMV and GFP expression in
infected cells was used as a marker for virus infection of HCE
cells by HHV-8 [4]. It was seen in all cases that at previously
determined dosages, both inhibitors have significant negative
eﬀects on viral infection. About 50–80% HSV-1 entry into
CF was blocked by the inhibitors (Figure 2(d)). Similarly,
40–75% of CMV-infected cells treated with the drugs
significantly inhibited viral entry (Figure 2(e)) and 40 to 60%
reduction in GFP expressing cells was observed in CytoD and Lat-B-treated HCE cells (Figure 2(f)). It is therefore
likely that membrane protrusion formation is a common
and important requirement for herpesvirus infection of the
ocular cells.
Finally, to add more evidence in favor of the involvement
of membrane protrusion formation and phagocytosis in
herpesvirus uptake by ocular cells, we decided to block
PI3K-mediated signaling, which is required for phagocytic
cup formation [6]. As shown in Figures 3(a)–3(c), ocular
cells pretreated with a PI3Kinase inhibitor (LY294002)
[28, 29] showed decreased entry by HSV-1 (Figure 3(a)),
CMV (Figure 3(b)), and HHV-8 (Figure 3(c)). A similar
level of decrease was also seen when the cells were first
transfected with an expression construct for a dominantnegative PI3K mutant lacking the p110-catalytic subunitbinding domain (ΔiSH2) of PI3K [30] and then infected with
the herpesviruses (Figures 3(a)–3(c)). In all cases it was clear
that PI3K signaling was required for eﬃcient infection by
the viruses. To determine the specificity of PI3K blocking,
we used a compound LY303511 (Calbiochem Inc.) that
is highly related to LY294002. It was again clear that the
former had no significant eﬀect on HSV-1 (Figure 3(a)),
CMV (Figure 3(b)), or HHV-8 (Figure 3(c)) entry.
In summary, we demonstrate some unique features of
herpesvirus infection of the cells of ocular origin. It is
evident that the ocular cells may respond to the three
representative herpesvirus subfamily members by inducing F-actin-based membrane protrusions. Any blockage of
protrusion formation greatly restricts viral entry (Figure 1)
and inhibition of PI3K signaling, a requirement for F-actin
remodeling during phagocytosis, also blocks herpesvirus
entry into the ocular cells (Figure 3). PI3Ks are cellular
heterodimeric enzymes that consist of a regulatory subunit (p85) activated by tyrosine phosphorylation, which
recruits inositol phospholipids that are phosphorylated by
the catalytic subunit (p110) [31–34]. The lipids then serve
as second messengers that control phosphorylation of other
kinases such as Akt/PKB, some protein kinase C isoforms,
cyclic AMP-dependent protein kinase A, and the ribosomal
S6 kinases p70 and p85 [35]. The ability of PI3K to
regulate pathways important for phagocytosis coupled with
the ability of herpesviruses to modulate its activity could
be an important mechanism by which the viruses exploit
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Figure 1: Herpesvirus infection leads to increase in the number of F-actin-rich projections. (a)–(c) Counting of the projections on per cell
basis was done 15–30 min before and after the addition of the virus indicated (Herpes simplex virus type-1; (HSV-1), Cytomegalovirus;
(CMV) and Human herpesvirus-8; (HHV-8)). In this and all other subsequent experiments cells used included corneal fibroblasts (CFs) (a)
for HSV-1, human retinal pigment epithelial (RPE) cells for CMV (b), and primary cultures of human conjunctival epithelial (HCjE) for
HHV-8 (c) infection. Four independent experiments were conducted to record the data. Numbers of actin-rich protrusions are presented
as means with error bars showing standard deviation. (d)–(f) Confocal images of cells challenged with indicated viruses are shown. Virally
infected cells were fixed, permeabilized, and stained for F-actin with 10 nM rhodamine-conjugated phalloidin before mounting (Vectashield
mounting medium). All confocal (Leica SP2) images were captured at 63x objective. Magnified views of the images in the boxes are shown
next to them and labeled identically. CMV and HHV-8 viruses were identified by monoclonal antibodies against CMV envelope glycoprotein
gB and HHV-8 K8.1A (1 : 50) followed by secondary antibody treatment conjugated to FITC.
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Figure 2: Herpesviruses can be internalized by membrane protrusions and blocking of protrusion formation blocks herpesvirus entry. (a)–
(c) High-resolution transmission electron micrographs (TEMs) of human ocular cells infected with herpesviruses are shown. Arrowheads
in the panels indicate the association of viruses to cellular projections. (d)–(f) F-actin-dependent uptake of herpesviruses into ocular cells.
Eﬀects of actin depolymerizers (cytochalasin D; Cyto D and latrunculin b; Lat B) on virus entry into ocular cells (CF (d) for HSV-1, RPE
cells for CMV (e), and HCjE for HHV-8 (f)) were examined. Cells were treated with Cyto D or Lat B at concentrations indicated for 90 min
before exposure to the virus indicated. Asterisks indicate significant diﬀerences from controls (P < 0.05, t-test n = 14, error bars represent
SD).

6

Clinical and Developmental Immunology
0.7

0.6

0.6
0.5
0.4
0.3
∗

0.2

∗

CMV entry (410 nm)

HSV-1 entry (410 nm)

0.5
0.4
0.3
∗

∗

0.2
0.1

0.1
0
Control LY303511 LY294002
untreated

0

ΔisH2

Control
untreated

(a)

LY303511

LY294002

ΔisH2

(b)

HHV-8 entry (fluorescence intensity)

60000
50000
40000
30000
∗
∗

20000
10000
0
Control
untreated

LY303511

LY294002

ΔisH2

(c)

Figure 3: (a)–(c) Inhibition of PI3 Kinase signaling pathway negatively aﬀects herpesvirus entry into cell. Cells were either treated with
the compound indicated or transfected with PI3-dominant negative plasmid (ΔiSH2) followed by infection with HSV-1 (a), CMV (b), and
HHV-8 (c). Results from viral entry assay are shown.

phagocytosis for entry. Our observation is also supported
by the fact that additional intracellular signaling that may
be needed for protrusion formation, such as activation of
Rho family of GTPases, has already been reported with many
herpesviruses [15, 36]. The most significant contribution of
our study is to demonstrate the possibility that involvement
of membrane protrusions may be common, and perhaps
crucial, for herpesvirus infection of the ocular cell types.
Herpesviruses tend to spread by asymptomatic shedding,
which allows normal looking individuals to transmit viruses
to healthy individuals [37]. In the absence of eﬀective
vaccines against many herpesviruses, new and eﬀective wide
spectrum prophylactics are desperately needed to prevent
an alarming rate of increase in herpesvirus transmission.
In this regard, our study identifies an important common
target for future intervention against multiple herpesviruses.

It may be that not just herpes but many additional unrelated
viruses also begin their journey to infection by interacting
with membrane protrusions and exploiting phagocytosis or
a very similar mechanism for infection. Our ultimate goal is
to identify how the virions successfully exit from degradation
in phagolysosomes.
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The inhibitory receptor, Programmed Death 1 (PD-1), and its ligands (PD-L1/PD-L2) are thought to play a role in immune
surveillance during chronic viral infection. The contribution of the receptor/ligand pair during an acute infection is less
understood. To determine the role of PD-L1 and PD-L2 during acute ocular herpes simplex virus type 1 (HSV-1) infection, HSV1-infected mice administered neutralizing antibody to PD-L1 or PD-L2 were assessed for viral burden and host cellular immune
responses. Virus titers were elevated in cornea and trigeminal ganglia (TG) of anti-PD-L1-treated mice which corresponded
with a reduced number of CD80-expressing dendritic cells, PD-L1+ dendritic cells, and HSV-1-specific CD8+ T cells within the
draining (mandibular) lymph node (MLN). In contrast, anti-PD-L2 treatment had no eﬀect on viral replication or changes in the
MLN population. Notably, analysis of CD11c-enriched MLN cells from anti-PD-L1-treated mice revealed impaired functional
capabilities. These studies indicate PD-L1-expressing dendritic cells are important for antiviral defense during acute HSV-1
infection.

1. Introduction
The inflammatory response to microbial pathogens can have
detrimental consequences to the host especially at vulnerable
sites such as the eye. Fungal, bacterial, and viral infections
within the anterior segment of the eye can lead to significant
infiltration of leukocytes as well as angiogenesis (both
lymph- and hemangiogenesis) in the cornea [1, 2]. Herpes
simplex virus type 1 (HSV-1) is a neurotropic member of the
alpha herpes virus family and a common human pathogen
that infects 60–90% of the adult worldwide population [3].
An HSV-1 infection can have devastating consequences to
vision as a result of a robust immune response to episodic reactivation of latent virus from reservoirs found in
the sensory ganglion (i.e., trigeminal ganglion [TG]) [4].
Reactivation begins with the resumption of the lytic viral
replication cycle in infected neurons. Infectious virions then
travel down trigeminal nerve fibers to epithelial surfaces via
anterograde axonal transport. The trigeminal nerve provides
sensation to the lips, nose, and eye; therefore, each site is
susceptible to infection following reactivation.

Reactivation of latent HSV-1 results in repeated inflammation and scarring in the stromal layer of the cornea which
can eventually progress to herpetic stromal keratitis (HSK)
[1, 5]. While there are a number of leukocyte subpopulations
that contribute to tissue pathology, CD4+ Th1 cells play a
key role with the production of interferon-γ (IFN-γ) [1, 5].
Consequently, control of the inflammatory nature of the
immune response to HSV-1 is a desirable outcome in order
to preserve the visual axis.
There are a number of candidate molecules and pathways
that have been shown to contribute to tissue pathology. One
such pathway is the PD-1 : PD-L signaling pathway, a negative regulatory pathway that results in T-cell exhaustion. Programmed Death 1 (PD-1) is a cell surface inhibitory receptor
found on activated T cells. Programmed Death Ligand 1
(PD-L1) is found on resting T cells, B cells, macrophages, and
dendritic cells, whereas expression of Programmed Death
Ligand 2 (PD-L2) is restricted to macrophages, dendritic
cells, and activated T cells [6–8]. T-cell exhaustion includes
a loss of IL-2 production and a decrease in proliferation
and killing capabilities [9]. PD-1:PD-L signaling also plays
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an important role in the maintenance of peripheral cell
tolerance and the generation of induced regulatory T cells
[10, 11]. PD-1 : PD-L signaling also has been extensively
studied in the context of chronic viral infections such as
LCMV, HIV, and HCV [12–14]. During LCMV or HIV
infections, reduction in T-cell exhaustion via blockade of
PD-1 : PD-L signaling significantly reduces the viral load
[12, 13]. During chronic viral infection many factors can
contribute to T-cell exhaustion including the level of antigen
exposure, availability of CD4 T-cell help, and changes in
antigen presenting cell (APC) numbers [13]. Moreover,
changes in costimulatory molecule expression on the surface
of APCs can dramatically alter T-cell eﬀector function and
the course of viral infection [14].
Following ocular infection with HSV-1, PD-1 expression
is upregulated on CD4 T cells in both the cornea and draining lymph node [15]. Similarly, PD-L1 is up-regulated on
macrophages in both tissues [15]. Studies have also indicated
blocking PD-1 : PD-L signaling during HSV-1 enhances
pathology by increasing the proliferation of HSV-specific
CD4 T cells that secrete IFN-γ [15]. Recent studies have
indicated a correlation between the levels of latent HSV-1
and the expression of PD-1 [16, 17]. However, no studies
have evaluated the impact of PD-1 : PD-L signaling during
acute HSV-1 infection. To address this issue we compared
HSV-1-infected mice administered neutralizing antibody to
PD-L1 and PD-L2 in terms of viral replication in infected
tissues, the host cellular immune response phenotypically
and functionally within the cornea, TG, and draining lymph
node, and characterization of select intracellular signaling
molecules central to T-cell activation. Results from this study
indicate PD-L1 has a unique role during HSV-1 infection,
wherein blockade of PD-1 : PD-L1 signaling decreases the
activation of dendritic cells resulting in an increased viral
load.

2. Materials and Methods
2.1. Virus and Mice. C57BL/6J mice were obtained from
The Jackson Laboratory and maintained at Dean McGee Eye
Institute. HSV glycoprotein-B- (gB-) specific T-cell receptor
transgenic mice were obtained from Dr. Francis Carbone
(University of Melbourne) and maintained at Dean McGee
Eye Institute. Animal treatment was consistent with the
National Institutes of Health Guidelines on the Care And
Use of Laboratory Animals. All procedures were approved
by the University of Oklahoma Health Sciences Center and
Dean McGee Eye Institute Institutional Animal and Care Use
Committee. HSV-1 (strain McKrae) was grown and maintained as previously described [18].
2.2. HSV-1 Infection and Neutralizing Antibody Treatment.
Male and female C57BL/6 mice (6–10 wk of age) were anesthetized by intraperitoneally (i.p.) injection with xylazine
(6.6 mg/kg) and ketamine (100 mg/kg) followed by scarification of the cornea using a 25 5/8-guage needle. The tear film
was then blotted, and the cornea was topically inoculated
with 1,000 plaque forming units (PFU) of HSV-1 in 3 μL
of RPMI-1640 medium. At days 2, 4, and 6 after infection
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(p.i.) mice were administered 200 μg of neutralizing antibody
to PD-1, PD-L1, PD-L2, or isotype control (IgG) by i.p.
injection. Neutralizing antibodies and Rat IgG were obtained
from BioXcell. HSV-1 viral titers were determined in the
designated tissue at times p.i. by plaque assay as previously
described [19].
2.3. Flow Cytometry. At the indicated time p.i., mice were
exsanguinated and the cornea, draining (mandibular) lymph
node (MLN), and TG were removed, processed, labeled with
Abs, and analyzed using a Coulter Epics XL flow cytometer
(Beckman coulter) with the absolute number of cells residing
in the indicated tissue determined as previously described
[20]. The following Abs were used for the identification
of cell populations; anti-CD3 (1742), anti-CD4 (RM4-5),
anti-CD8α (53-6.7), anti-NK1.1 (PK136), anti-CD45 (30F11), anti-F4/80 (MCA497FA), anti-GR1 (RB6-8C5), antiCD11c (HL3), anti-B220 (RA3-6B2). For tetramer staining,
cells were labeled with HSV peptide gB498−505 (SSIEFARL)specific major histocompatibility complex tetramer (MHC
Tetramer Lab, Baylor College of Medicine), anti-CD8, and
anti-CD45. Single cell suspensions of MLN and cornea
samples were also evaluated for Treg cells using a commercial
kit (eBiosciences).
2.4. Suspension Array. At the indicated time p.i., cornea, TG,
and MLN were removed from the exsanguinated mice and
assayed for the detection of CXCL1, CCL2, CCL5, and IFN-γ
using a suspension array system (Bio-Rad).
2.5. ELISA. At the indicated time p.i., the TG and cornea
were removed from the exsanguinated mice and placed in
500 μL of 1X PBS containing a protease inhibitor mixture
(Calbiochem) on ice. Following homogenization with a tissue miser (Fisher Scientific), the homogenates were clarified
by centrifugation at 10, 000 × g for 1 min. CXCL10 levels were
determined by ELISA according to the manufacturer’s instructions (Quantikine immunoassay; R and D Systems).
2.6. MLN T-Cell Cocultures. To assess MLN T-cell function
of HSV-1-infected mice treated with anti-PD-L1, anti-PDL2, or control IgG, CD11c+ cells were purified from the
spleen of untreated-C57BL/6 mice using MACS beads and
column (Miltenyi Biotec). One hundred thousand CD11cenriched cells were seeded into a 96-well round-bottom plate
and pulsed with UV-inactivated HSV-1 at a multiplicity of
infection (MOI) of 5 for 2 hrs. Following incubation, the
media was removed from the CD11c-enriched cells and
single-cell suspensions of 1 × 106 MLN cells from HSV1 infected mice treated with anti-PD-L1, anti-PD-L2, or
control IgG were added. Cultures were incubated for 6 days
at 37◦ C, 5% CO2 , and 95% humidity. Following incubation,
the supernatants were removed and assayed for IL-2, IL-10,
and IFN-γ levels by suspension array (Bio-Rad). Background
levels of cytokine production were determined using nonpulsed CD11c-enriched cells cocultured with MLN cells from
HSV-1-infected mice treated with anti-PD-L1, anti-PD-L2,
or control IgG. Background levels of cytokine production
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were subtracted from corresponding UV-inactivated HSV-1pulsed samples.
2.7. MLN CD11c Cell Coculture. To assess MLN CD11c+
cell function, CD11c+ cells were enriched from the MLN
of HSV-1-infected mice treated with anti-PD-L1, anti-PDL2, or control IgG using MACS beads and column (Miltenyi
Biotec). CD11c-enriched MLN cells (6.5 × 104 cells/well)
were seeded into a 96-well round-bottom plate and treated
with UV-inactivated HSV-1 at an MOI of 5 for 2 hrs. Following incubation, the media was removed from the MLN
cells, and 1 × 106 spleen cells from HSV gB-specific T-cell
receptor transgenic mice were added. Cultures were incubated for 3 days at 37◦ C, 5% CO2 , and 95% humidity.
Following incubation, the supernatants were removed and
assayed for IL-2, IL-10, and IFN-γ levels by suspension array
(Bio-Rad). Background levels of cytokine production were
determined using nonpulsed CD11c-enriched cells from
HSV-1-infected mice treated with anti-PD-L1, anti-PD-L2,
or control IgG, cocultured with MLN cells from uninfected
C57BL/6 mice. Background levels of cytokine production
were subtracted from corresponding UV-inactivated HSV-1
pulsed samples. Average background levels were 9.3 pg/mL
for IL-2, 3274 pg/mL for IL-10, and 347.8 pg/mL for IFN-γ.
2.8. Statistics. The statistical module Prism was used to perform unpaired two-tailed Student’s t-test and analysis of
variance (ANOVA) with Tukey’s t-test. All error bars represent the standard errors of the means. A P value <0.05 was
considered significant comparing isotypic control to antiPD-1-, anti-PD-L1-, or anti-PD-L2-treated mice.

3. Results
3.1. Anti-PD-L1 Antibody Treatment Increases HSV-1 Viral
Load. To assess the impact of PD-1 : PD-L signaling during
HSV-1 infection, C57BL/6 mice were infected with HSV1 and then treated with anti-PD-L1, anti-PD-L2, anti-PD1, or isotypic control IgG. At 7 days p.i., cornea and TG
were removed and assayed for infectious virus by plaque
assay. Viral titers were significantly elevated in the cornea and
TG of anti-PD-L1 antibody-treated mice in comparison to
anti-PD-L2 or isotypic control-treated mice (Figure 1). By
comparison, there was no diﬀerence in the level of HSV1 recovered in the cornea and TG of anti-PD-1 antibodytreated mice compared to control-treated or anti-PD-L2treated animals (Figure 1).
3.2. Impact of PD-L1 and PD-L2 Neutralizing Antibody
Treatment on MLN Leukocyte Subpopulations. To elucidate
the mechanism by which administering neutralizing PD-L1
antibody increases HSV-1 viral titers, we initially investigated
possible changes in the leukocyte subpopulations of the MLN
from HSV-1-infected, anti-PD-L1-, anti-PD-L2-, or control
IgG-treated mice using flow cytometry. As expected but
never before reported, treatment of infected mice with PDL1 neutralizing antibody significantly decreased the PD-L1expressing CD11c+ cells in the MLN (Figure 2(b)) and significantly increased the number of PD-L2-expressing CD11c+
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dendritic cells (Figure 2(c)). Animals treated with PD-L2
neutralizing antibody were found to possess significantly
fewer PD-L2-expressing CD11c+ dendritic cells (Figure 2(c))
in the MLN but with no significant change in the number of
PD-L1-expressing dendritic cells (Figure 2(b)). Of interest,
there was a noted loss of CD11c+ cells expressing CD80+
in the mice treated with anti-PD-L1 but not anti-PD-L2
antibody or isotypic control (Figure 2(a)). However, there
was no diﬀerence in the number of CD11c+ dendritic cells
expressing CD80 in the MLN of anti-PD-L2 antibody-treated
mice in comparison to control-treated mice (Figure 2(a)).
Whereas CD86 is a costimulatory molecule that is also
expressed by activated dendritic cells, the number of MLN
CD11c+ cells that express CD86 in response to HSV-1 is low
and therefore, the measurement of CD86 expression was not
pursued.
Since there was a loss of the primary costimulatory molecules that drive clonal expansion of T cells, we next investigated the eﬀector immune cells associated with viral
surveillance. Treatment of HSV-1-infected mice with antiPD-L1 or anti-PD-L2 antibody did not modify expansion
of the CD4+ or CD8+ T-cell populations residing in the
MLN (data not shown). Moreover, there was no change in
the number of CD4+ Treg (CD3+ CD4+ Foxp3+ ) cells in the
MLN comparing control-treated to anti-PD-L1 and antiPD-L2 antibody-treated mice (Figure 3(a)). However, there
was a significant reduction in the HSV-1 gB-specific (Tet+ ),
CD8+ T-cell population (Figures 3(b) and 3(c)). Anti-PDL2 antibody treatment also suppressed the number of HSV1 gB-specific (Tet+ ), CD8+ T-cell population but the loss
was not significant (Figures 3(b) and 3(c)). It should also
be noted treatment of HSV-1 infected mice with anti-PD-L1
antibody significantly increased the number of CD4+ PD1+ T
cells within the MLN but had no impact on PD1+ expression
on CD8+ T cells (Figures 3(d) and 3(e)).
3.3. Leukocyte Profile of TG and Cornea Following Anti-PD-L1
or Anti-PD-L2 Treatment. Since anti-PD-L1 antibody-treated, HSV-1-infected mice displayed selective changes in
leukocyte subpopulations in the draining lymph node and
possessed significantly more virus in the cornea and TG following ocular infection, we evaluated the leukocyte subpopulations with the infected tissue as a means to associate
viral load with change in leukocyte infiltration. Analysis
of TG leukocyte subpopulations including NK cells (CD3−
NK1.1+ ), CD4 T cells (CD3+ CD4+ ), CD8 T cells (CD3+
CD8+ ), HSV-1 gB-specific CD8 T cells (Tet+ CD8+ ), plasmacytoid dendritic cells (CD11c+ B220+ ), conventional dendritic cells (CD11c+ B220− ), activated macrophages (F4/80+
Gr1+ ), and neutrophils (F4/80− Gr1+ ) revealed no significant
diﬀerences (data not shown). Similar to the above results,
analysis of infiltrating CD4 T cells (CD3+ CD4+ ), CD8 T
cells (CD3+ CD8+ ), and HSV-1 gB-specific CD8 T cells (Tet+
CD8+ ) into the cornea showed no significant diﬀerences
among the diﬀerent treatment groups (data not shown). The
number of CD4+ PD1+ T cells was also determined for the
cornea of HSV-1 infected mice and no significant diﬀerences
were observed among the diﬀerent treatment groups (data
not shown).
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Figure 1: HSV-1 viral load following anti-PD-L1, anti-PD-L2, or anti-PD-1 antibody treatment. C57BL/6 mice were infected with 1,000 PFU
HSV-1/cornea. At days 2, 4, and 6 p.i. mice were administered neutralizing antibody to PD-L1, PD-L2, PD-1, or control IgG. The corneas
(a) and TG (b) were harvested at 7 days p.i. and HSV-1 viral titers were assessed by plaque assay. This figure summarizes three experiments
(n = 9). Each bar represents the mean ± SEM. ∗ P < 0.05 comparing the indicated group to the isotypic control antibody-treated group.
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Figure 2: MLN CD11c+ leukocyte subpopulations following HSV-1 infection and treatment with anti-PD-L1 or anti-PD-L2 antibody.
C57BL/6 mice were infected with 1,000 PFU HSV-1/cornea. At days 2, 4, and 6 p.i. mice were administered neutralizing antibody to PD-L1,
PD-L2, or control IgG. At day 7 p.i. mice were exsanguinated and the MLN was processed for flow cytometry. (a) Total CD11c+ CD80+ cells.
(b) Total CD11c+ PD-L1+ cells. (c) Total CD11c+ PD-L2+ cells. This figure summarizes three experiments (n = 9). Each bar represents the
mean ± SEM. ∗ P < 0.05 comparing the indicated group to the isotypic control antibody-treated group.

3.4. Cytokine Levels of the TG and Cornea Following AntiPD-L1 or Anti-PD-L2 Treatment. Cytokines and chemokines
at the site of infection dramatically impact both the innate
and adaptive immune response. Regarding ocular HSV-1
infection, IFN-γ, CCL2, CCL5, CXCL1, and CXCL10 have

been found to be expressed in the cornea and TG and are
thought to be instrumental in the clearance of the pathogen
directly or indirectly through the recruitment of eﬀector
immune cells [21]. Therefore, we investigated these analytes
in the cornea and TG as another means to explain diﬀerences
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Figure 3: MLN T-cell subpopulations following HSV-1 infection and treatment with anti-PD-L1 or anti-PD-L2 antibody. C57BL/6 mice
were infected with 1,000 PFU HSV-1/cornea. At days 2, 4, and 6 p.i. mice were administered neutralizing antibody to PD-L1, PD-L2, or
control IgG. At day 7 p.i. mice were exsanguinated and the MLN was processed for flow cytometry. (a) Total CD4+ CD25+ Foxp3+ cells. (b)
Total CD8+ Tet+ cells. (c) Representative flow diagrams of lymph node stained for CD8 and expression of the TCR specific for the HSV-1
gB-derived epitope SSIEFARL, as indicated by staining with tetramer. (d) Total CD4+ PD-1+ cells. (e) Total CD8+ PD-1+ cells. This figure
summarizes three experiments (n = 9). Each bar represents the mean ± SEM. ∗ P < 0.05 comparing the indicated group to the isotypic
control antibody-treated group.

in viral load between the anti-PD-L1 antibody-treated mice
to the control and anti-PD-L2 antibody-treated groups. Levels of the antiviral cytokine IFN-γ were not found to
be diﬀerent in the TG comparing all groups of treated
animals (Figure 4(a)). In a similar display, the chemokines
CCL2, CCL5, and CXCL1 levels were also found to be
consistently expressed in the TG of the various treated
mouse groups (Figure 4(b)–4(d)). However, CXCL10 was
significantly elevated in the TG of anti-PD-L1-treated mice

(Figure 4(e)). Comparison of IFN-γ, CCL2, CCL5, CXCL1,
and CXCL10 levels from the cornea of diﬀerent antibody
treatment groups revealed no diﬀerences (data not shown).
3.5. Functional Capabilities of MLN T Cells and Dendritic
Cells Following Blockade of PD-1 : PD-L Signaling. Since the
infiltration of leukocytes into infected tissue may not reflect
the status of the cells in terms of antigen response, the
functional capabilities of T cells from HSV-1-infected mice

6

Clinical and Developmental Immunology
IFN-γ

5
Tissue (pg/mg)

4
Tissue (pg/mg)

CXCL1

6

5

3
2

4
3
2

1

1
0

0
Isotype

Anti-PDL1

Anti-PDL2

Isotype

(a)

CCL2

250

Anti-PDL1

Anti-PDL2

(b)

CCL5

60

Tissue (pg/mg)

Tissue (pg/mg)

200
150
100

40

20

50
0

0
Isotype

Anti-PDL1

Anti-PDL2

Isotype

(c)

Anti-PDL1

Anti-PDL2

(d)

CXCL10

500

∗

Tissue (pg/mg)

400
300
200
100
0
Isotype

Anti-PDL1

Anti-PDL2

(e)

Figure 4: Cytokine expression following HSV-1 infection and treatment with anti-PD-L1 or anti-PD-L2 antibody. C57BL/6 mice were
infected with 1,000 PFU HSV-1/cornea. At days 2, 4, and 6 p.i. mice were administered neutralizing antibody to PD-L1, PD-L2, or control
IgG. At day 7 p.i. mice were exsanguinated and the TG was processed for suspension array or ELISA. (a) IFN-γ levels. (b) CXCL1 levels. (c)
CCL2 levels. (d) CCL5 levels. (e) CXCL10 levels. Cytokine levels are a summary of two to three experiments (n = 6–9). Each bar represents
the mean ± SEM expressed in pg/mg of tissue. ∗ P < 0.05 comparing the indicated group to the isotypic control antibody-treated group.

treated with anti-PD-L1, anti-PD-L2, or isotype control IgG
were assessed. Due to the low number of T cells residing in
the cornea and TG, it was not possible to accurately measure their status on a per animal basis. Consequently, MLN
were isolated from infected mice and processed into singlecell suspension. Lymph node cells from isotypic control,
anti-PD-L1, or anti-PD-L2-antibody treated mice were

then cocultured with CD11c-enriched cells from untreated,
non-infected mouse spleens. The CD11c-enriched cells were
pulsed with UV-inactivated HSV-1 prior to culturing. Following 6 days of incubation, the supernatants from cultured
cells were collected and assayed for select cytokine content
by suspension array. The results show the MLN T cells
from antibody-treated groups of mice responded similarly
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Figure 5: Functional analysis of MLN CD11c+ cells following HSV-1 infection and treatment with anti-PD-L1 or anti-PD-L2 antibody.
C57BL/6 mice were infected with 1,000 PFU HSV-1/cornea. At days 2, 4, and 6 p.i. mice were administered neutralizing antibody to PD-L1,
PD-L2, or control IgG. At day 7 p.i. the mice were exsanguinated and CD11c+ cells were highly enriched from the MLN. CD11c-enriched
MLN cells were pulsed with UV-inactivated HSV-1 and cocultured with HSV gB-specific T-cell receptor T cells of transgenic mice. Following
incubation, the supernatants were removed and assayed for IL-2 (a), IL-10 (b), and IFN-γ (c) levels by suspension array. Background cytokine
levels were determined using nonpulsed CD11c+ -enriched MLN cells. Background levels of cytokine production were subtracted from
corresponding UV-inactivated HSV-1-pulsed samples. This figure summarizes two experiments (n = 6). Each bar represents the mean ±
SEM. ∗ P < 0.05 comparing the indicated group to the isotypic control antibody-treated group.

to antigen-pulsed dendritic cells in the production of IL2, IL-10, and IFN-γ (data not shown). Since the data
suggested a deficiency was not found at the level of the T
cell, the eﬃciency of antigen presentation was investigated.
CD11c-enriched MLN cells from HSV-1 infected mice
treated with anti-PD-L1, anti-PD-L2, or isotype control IgG
were pulsed with UV-inactivated HSV-1 and cocultured with
spleen cells from naive HSV-1 gB-specific T-cell receptor
transgenic mice. Following 3 days of incubation, supernatants were collected and assayed for cytokine content.
As seen in Figure 5(c), there was a significant decrease in
IL-2 production by the HSV gB-specific T cells. Likewise,
the levels of IL-2 from the HSV gB-specific T cells were
also reduced when incubated with peptide-pulsed CD11cenriched dendritic cells from the anti-PD-L2 antibodytreated mice but such levels did not reach significance
(Figure 5(c)). In contrast, nearly equivalent levels of IL-10
and IFN-γ were found in the supernatants of HSV gBspecific T cells stimulated with peptide pulsed dendritic cells
from all treatment groups of mice (Figures 5(a) and 5(b)).
It was somewhat surprising such a robust response was

found in the HSV gB-specific transgenic T cells relative to
IFN-γ and IL-10 production, two cytokines that typically
drive opposing TH responses.

4. Discussion
In this study, we report the administration of PD-L1 antibody during acute HSV-1 infection significantly increases
viral load in the cornea and TG associated with a loss of
PD-L1-expressing dendritic cells and attenuated capacity to
present antigen by CD11c+ cells. During chronic LCMV
infection, treatment of mice with antibody that blocks
PD-1 : PD-L1 signaling was found to improve the eﬀector
function of CD8+ T cells and decrease viral titers [22].
The therapeutic eﬀects of blocking the PD-1 pathway via
anti-PD-L1 antibody treatment is further exemplified during
HIV infections, wherein antibody treatment enhanced HIVspecific CTL proliferation and cytokine production [23]. It is
likely the prevention of PD-1 : PD-L1 interaction attenuates
T-cell exhaustion and facilitates CD8+ T-cell recovery as
demonstrated in chronic LCMV infection [24]. However,
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there are various levels by which PD-L1 expression may
influence the adaptive immune response.
An increase in Treg cells could impair eﬀector T cells
and, as a consequence, result in the augmentation in viral
load. However, anti-PD-L1 treatment during acute HSV-1
infection did not modify the number of Treg cells found
in the MLN. Nor did anti-PD-L1 antibody administration
alter the expansion of T-cell populations or NK cells residing
in the MLN. However, the costimulatory molecule, CD80,
was significantly downregulated on CD11c+ cells from mice
treated with neutralizing PD-L1 antibody. The eﬀect was
specific since an equivalent dosage and treatment regimen
of anti-PD-L2 antibody had no such eﬀect on CD11c+ cells
within the MLN. The loss of CD80 expression correlated
with a significant reduction in the number of HSV-1 gBspecific CD8+ T cells within the MLN. A recent study
has indicated that depletion of dendritic cells or blockade
of CD80/86 signaling results in decreased virus-specific
CD8+ T cells and impaired viral clearance during influenza
infection [25]. It was also suggested that the absence of
CD28 signaling via CD80/CD86 could inhibit autocrine
IL-2 secretion by T cells. Furthermore, recombinant IL-2
treatment of CD80−/− CD86−/− mice restored the expansion
of eﬀector CD8 T cells [25]. The above results suggest neutralizing PD-L1 may disrupt proper antigen presentation
through the down regulation of costimulatory molecules
such as CD80/CD86.
Whereas we found a reduction in the number of antigenspecific cytotoxic T cells in the draining lymph node of antiPD-L1 antibody-treated mice, such a loss was not translated
within the infected tissue as similar numbers of HSV-1 gBspecific CD8 T cells were recovered from the TG of all
HSV-1-infected, antibody-treated groups. Therefore, it was
hypothesized the function of the eﬀector cells rather than
absolute number of cells may be compromised and thus,
unable to eﬃciently monitor virus replication and spread.
Due to the low number of cells recovered from the infected
tissue, we investigated T cells obtained from the draining
lymph nodes, the MLN. Since PD-1 expression was enhanced
on CD4+ T cells residing in the MLN of anti-PD-L1 antibody-treated mice, and PD-1 expression has previously been
associated with suppression of antiviral immunity [26], the
predicted inherent deficiency in eﬀector function appeared
to be a legitimate target of investigation. Using a system of in
vitro coculturing, we were able to assess MLN T-cell function
from infected, antibody-treated mice. The analysis revealed
T cells from HSV-1 infected, anti-PD-L1 or anti-PD-L2
antibody-treated mice were able to produce IL-2, IL-10, and
IFN-γ similar to T cells from the isotype antibody controltreated mice. This result was in contrast to that observed
by Jun et al., wherein MLN T cells isolated from anti-PDL1 antibody-treated mice pulsed with UV-inactivated HSV1 produced twice as much IFN-γ as cells from the control
mice [15]. Diﬀerences between the previous study [15] and
current study include the use of HSV-resistant C57BL/6 mice
(for the current study) as compared to BALB/c, the strain
of virus (McKrae versus RE) used to infect mice, and the
course of anti-PD-L1 antibody treatment (days 2, 4 and 6
p.i. in the present study versus the day before and 2 days
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p.i. in the previous study). Moreover, our study validated
the loss of PD-L1 expressing dendritic cells, whereas the
study by Jun et al. did not. In a reciprocal fashion, we found
CD11c-enriched cells from the MLN of anti-PD-L1 antibody-treated mice were deficient in their ability to stimulate
HSV gB-specific CD8+ T-cell production of IL-2. Such an
observation is consistent with the reduction in clonal expansion of the antigen-specific CD8+ T cells in the MLN of
the anti-PD-L1 antibody-treated mice. However, the results
are not consistent with a global functional loss in antigen
presentation since copious amounts of IFN-γ and IL-10 were
produced by the HSV gB-specific T cells in response to
HSV-pulsed APCs. IL-2 levels have more recently been reported to complement or enhance immune responses including antiviral activity [27]. However, how changes in IL2 production may facilitate viral clearance in the presence
study is currently unclear.
Recent studies involving HSV-1 ocular infection and
PD-L1 have focused on herpetic stromal keratitis (HSK),
the expression of PD-L1, and the impact on latency [15–
17, 25, 26]. Initial studies revealed PD-1 expression was
upregulated on CD4+ T cells in the draining LN following
HSV-1 infection and furthermore, in vivo blockade of PD1 : PD-L1 signaling enhanced HSK [15]. More recent studies
have focused on T-cell exhaustion and HSV-1 latency. Studies
by Frank et al. revealed that CD4+ T-cell ablation during
acute HSV-1 infection alters the maintenance of HSV-1
latency and results in a population of HSV-1-specific CD8+
T cells which are functionally compromised [28]. This T-cell
population also exhibited increased levels of PD-1 expression
[28]. However, blockade of PD-1 : PD-L1 signaling following
CD4+ T-cell ablation restored the functional capabilities of
the HSV-1-specific CD8+ T cells [28]. Further studies investigating HSV-1 latency revealed a strong correlation between
the severity of eye disease, latency, and the expression of PD1 in the TG of infected mice [16, 17, 29]. More recently,
a direct role for HSV-1 LAT (latancy-associated transcript)
has been described wherein LAT expression upregulates PDL1 expression on neuronal- derived cells, further promoting an environment for T-cell exhaustion [30]. Together,
these studies suggest PD-1 : PD-L1 signaling mediates T-cell
exhaustion and latency during HSV-1 infection. However, no
study until now has investigated the impact of PD-1 : PDL1 signaling during acute HSV-1 infection. Addition of this
data to the current knowledge base regarding PD-1 : PD-L1
signaling and chronic viral infections further highlights the
multifaceted nature of this signaling pathway.
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