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Abstract

Herpes Simplex Virus-1 (HSV-1) infects the majority of the world’s population. These infections
are often asymptomatic, but ocular HSV-1 infections cause multiple pathologies with perhaps the
most destructive being Herpes Stromal Keratitis (HSK). HSK lesions, which are
immunoinflammatory in nature, can recur throughout life and often cause progressive corneal
scaring resulting in visual impairment. Current treatment involves broad local immunosuppression
with topical steroids along with antiviral coverage. Unfortunately, the immunopathologic
mechanisms defined in animal models of HSK have not yet translated into improved therapy.
Herein, we review the clinical epidemiology and pathology of the disease and summarize the large
amount of basic research regarding the immunopathology of HSK. We examine the role of the
innate and adaptive immune system in the clearance of virus and the destruction of the normal
corneal architecture that is typical of HSK. Our goal is to define current knowledge of the
pathogenic mechanisms and recurrent nature of HSK and identify areas that require further study.

1 Herpetic Infection

1.1 Types of herpetic disease

Herpes simplex virus (HSV) is a prevalent viral pathogen infecting the majority the of
world’s population. While oral and genital lesions are the most common manifestations of
infection, HSV type 1 (HSV-1) can also cause disease in all of the major ocular tissues,
including the lids, conjunctiva, cornea, uveal tract, and retina. HSV-1 infection can be
categorized into primary and recurrent disease. Following initial primary infection of the
oral facial region including the cornea, the virus travels to the innervating trigeminal ganglia
(TG) where it establishes a state of latency in which viral DNA is maintained within
neuronal nuclei but no infectious virus particles are produced. Thereafter, the virus may
undergo cycles of reactivation causing recurrent viral or immune pathology at the initial site
of infection.

1.2 Epidemiology

Recent studies show an HSV-1 seroprevalence of >50%, >75% and >90% in the general
adult populations of the United States, Germany and Tanzania respectively (Rabenau et al.,
2002; Xu et al., 2006). Thus, the majority of the world’s population has been infected with
HSV-1 and likely carries a latent viral load. Clinical manifestations of primary ocular
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HSV-1 infections tend to manifest in youths or young adults. Long term studies of ocular
HSV-1 in the United States and Britain found the mean age for the first occurrence to be
37.4 years of age and 25 years of age respectively (Darougar et al., 1978; Liesegang, 1988,
1989). The annual incidence of all types of new ocular HSV infections has recently been
estimated at 11.8 per 100,000 people in the United States (Young et al., 2010), similar to the
incidence of 8.4 per 100,000 people found over two decades ago in a similar population
(Liesegang et al., 1989). In France, the incidence of herpetic keratitis was estimated at 31.5
per 100,000 person-years, with 13.2 per 100,000 being new cases and 18.3 per 100,000
being recurrences (Labetoulle et al., 2005). Epithelial dendritic lesions represented the most
frequent type of recurrent keratitis (56.3%), followed by herpes stromal keratitis (29.5%),
and geographic epithelial lesions (9.8%) (Labetoulle et al., 2005). In the Herpetic Eye
Disease Study, herpes stromal keratitis (HSK) represented 44% of recurrences with 18% of
patients diagnosed with HSV-1 ocular disease experiencing a recurrence involving the
corneal stroma (1998; Liesegang, 2001; Mikloska et al., 2001). Furthermore, previous bouts
of HSK significantly increased the risk of future recurrences. Therefore, HSK represents a
significant burden of ocular disease caused by HSV-1 infection.

1.3 Clinical symptoms

Clinical manifestations of primary ocular HSV-1 infections are rare and usually occur early
in life. They typically present as conjunctivitis that can involve inflammation of the eyelids
(blepharoconjunctivitis), marked by inflammatory vesicles and ulcers, and can include
dendritic lesions in the corneal epithelium (Darougar et al., 1985). More often HSV-1 ocular
infections result from reactivation of virus that originally established a latent infection in the
TG following a non-ocular route of infection. Reactivation of latent virus in the ophthalmic
branch of the TG can result in shedding at the corneal surface (Shimeld et al., 1990a, b).
HSV-1 corneal lesions can either be restricted to the corneal epithelium, a disease referred to
as infectious epithelial keratitis (Darougar et al., 1985), or have stromal involvement with or
without damage to the overlying epithelium, known as HSK.

Patients with epithelial keratitis may present with pain, photophobia, blurred vision, tearing,
and redness (Jones, 1958). Epithelial lesions are caused by the virus replicating in and
destroying epithelial cells (Liesegang, 1999). The lesions start as punctuate vesicular
eruptions in the corneal epithelium, but quickly coalesce into dendritic shaped lesions
(Chang and Dreyer, 1996; Green and Pavan-Langston, 2006). The shape of the epithelial
lesion is visualized by staining the basement membrane with fluorescein dye or staining the
damaged cells at the outer limits of the lesion with rose bengal dye (Chodosh et al., 1992;
Spencer and Hayes, 1970). The lesions can progress to enlarged non-linear lesions referred
to as geographic lesions. These lesions can be distinguished from the neurotrophic
keratopathy that can develop in patients with recurrent herpes infectious epithelial keratitis
by virtue of the swollen epithelial cells and scalloped borders at the margins of herpetic
lesions. Because herpetic epithelial lesions are caused by viral cytopathic effect, the lesions
can be self-limiting (i.e., controlled by innate and/or adaptive immunity), but heal more
rapidly when treated with antiviral drugs, such as trifluorothymidine (TFT) and acyclovir
(ACV) (Pavan-Langston and Foster, 1977; Porter et al., 1990).

HSK may occur as a progression from infectious epithelial keratitis, or can be the primary
manifestation of keratitis (Knickelbein et al., 2009a). Clinical signs of HSK include stromal
opacity, edema, and neovascularization that are triggered by recurrent bouts of HSV-1
reactivation and shedding into the cornea (Fukuda et al., 2008; Kumaraguru et al., 1999;
Ohashi et al., 1991) (Fig. 1). The direct effect of the virus, and more importantly, the potent
immune response to the viral proteins trigger ingrowth of blood vessels, infiltration of
leukocytes, and damage to the corneal stroma and endothelium that combine to promote
corneal opacity and edema. The inflammation clears, usually aided by topical
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corticosteroids, but often with some degree of scar tissue deposition (Jones, 1958;
Wilhelmus, 1987). Repeated bouts of HSK can lead to progressive irreversible corneal
scarring and blindness.

HSK is often subdivided into two clinical categories: necrotizing and non-necrotizing
disease. In necrotizing HSK, an epithelial defect overlies the stromal opacity, and active
viral replication as well as immune-mediated tissue damage are thought to contribute to
corneal injury (Holland and Schwartz, 1999; Liesegang, 1999). Necrotizing HSK is an eye-
threatening emergency requiring aggressive management to prevent corneal melting and
perforation. Non-necrotizing, also referred to as immune HSK involves stromal
inflammation without an associated epithelial defect (Wilhelmus, 1987). As the name
implies, immune-mediated destruction of the corneal stroma is the presumed cause of non-
necrotizing HSK, without obligate involvement of active viral replication.

2 Animal models of infection

HSV-1 corneal infections have been studied in a variety of animal models. While all animal
models are inherently imperfect representations of human disease, the broad species
specificity of HSV-1 permits the development of animal models that display many of the
features of HSV-1 corneal disease in humans. The most popular animal models have been
developed in rabbits and mice. In both models primary HSV-1 corneal infection with
appropriate HSV-1 strains results in epithelial lesions in most if not all animals, with
subsequent development of HSK in a portion of animals. In both models, the initial
epithelial lesions resemble those in human corneas with their punctuate, dendritic, or
geographic morphology. In both models HSK primarily resembles immune HSK in humans.
In both models the virus gains access to the termini of sensory neurons while replicating in
the corneal epithelium, is transported by retrograde axonal transport to the neuronal nuclei
where after a brief period of replication the virus established a latent infection. During
latency the virus is retained in neuronal nuclei as circular episomal DNA (Gardella et al.,
1984), but no infectious virions are produced.

However, each model has advantages and disadvantages. The rabbit model has the
advantage of a large eye and spontaneous HSV-1 reactivation from latency and shedding at
the ocular surface. Since HSK in humans represents recurrent herpetic disease resulting from
HSV-1 reactivation from latency in the TG and shedding at the cornea, the capacity to
induce recurrent HSK is a useful feature of the rabbit model. In addition, infectious
epithelial keratitis typically persists longer in the rabbit, which can be helpful in testing the
efficacy of antiherpetic drugs. The main disadvantages of the rabbit model are the lack of
inbred strains, and the relative lack of reagents for dissecting the immune response. These
represent significant disadvantages in attempting to understand an immunopathologic
process such as HSK with a genetic contribution from the host. The mouse has the
advantage of being small and relatively inexpensive with a plethora of genetically defined
strains including transgenic strains with immunologically important genes knocked in or
knocked out, and available reagents for dissecting the immune response to HSV-1. The main
disadvantage of the mouse model is that the virus does not spontaneously reactivate and
shed at the corneal surface as it does in rabbits and humans. It is possible to induce HSV-1
reactivation from latency, shedding, and recurrent HSK in the mouse, but the protocols
involve raising the body temperature to dangerous levels or exposing the cornea to ultra
violet light (refs). These procedures can have unintended consequences, only work in certain
mouse strains, and reactivation tends to be inefficient and difficult to reproduce in different
laboratories. Moreover, the data obtained in mouse models of recurrent HSK do not suggest
a marked difference in the immunopathology compared to HSK that develops following
primary infection (Miller et al., 1996). Thus, most of what we know about the immune
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response to HSV-1 and HSK-associated immunopathology derived from mouse primary
infection models. Given the immunologic orientation of the authors, this review will
concentrate largely on information gleaned from studies of HSV-1 corneal infections in
mice.

2.1 Primary infection

Infection of the mouse corneal epithelium with most strains of HSV-1 requires some degree
of scarification. The increased infectivity on abraded corneas probably reflects loss of the
protective effect of an intact tear film, access to the basal lateral side of the epithelial cells,
access to the less differentiated epithelial cells in the basal layer of the corneal epithelium,
and a depot effect of viral binding to the denuded basement membrane. Corneal epithelial
cells express HSV-1 entry receptors nectin 1, herpes virus entry mediator (HVEM), and
paired immunoglobulin-like type 2 receptor-alpha (PILR-a) rendering them susceptible to
viral infection (Shah et al., 2010; Valyi-Nagy et al., 2004). In mice and rabbits the virus
replicates in the corneal epithelium producing lesions that are punctuate, dendritic, or
geographic in shape when stained with fluorescein or rose bengal. It has been suggested that
the dendritic shape of epithelial lesions reflects movement of virus in corneal neurons,
though to our knowledge this theory has not been confirmed experimentally. In mice the
epithelial lesion typically heals by around 3 days post infection (dpi), although clearance of
replicating virus from the cornea typically occurs at around 6-8 dpi (Mott et al., 2007;
Tumpey et al., 1996).

3. Immune control of primary corneal infection

3.1 Role of Innate immunity in controlling HSV-1 replication in the corneal epithelium

It is convenient to divide immune responses into innate and adaptive responses although
extensive overlap between the two systems is now apparent. The principal difference
between the lymphocytes that mediate adaptive immunity and the various cells that
comprise the innate immune system is that the former employ receptors that are highly
variable being formed through random rearrangement of gene segments during maturation,
whereas the latter use invariant receptors that are encoded in the germ line genes (Janeway,
2005). The invariant nature of pathogen recognition receptors on innate cells permits
retention of large numbers of these cells in the body at any given time, enabling rapid
deployment upon infection. In contrast, the highly variable nature of receptors on
lymphocytes of the adaptive immune system prohibits retention of large numbers of cells of
any given specificity. Therefore, upon infection a small number of lymphocytes with
receptors specific for pathogen proteins must be expanded into a population of sufficient
size to effectively deal with the pathogen. Thus, the adaptive response is delayed resulting in
preferential involvement of innate immune cells in the early response to primary infection.
Accordingly, HSV-1 clearance from the cornea during primary infection is largely through
an innate immune response.

In mice and presumably humans, HSV-1 invades a cornea that is avascular and largely
devoid of blood-derived leukocytes. In fact, it was only fairly recently that resident
leukocytes were demonstrated to be present in normal corneas of mice (Hamrah et al.,
2003a; Hamrah et al., 2003b; Nakamura et al., 2005). It is now apparent that the normal
mouse cornea contains some components of the innate immune system. Dendritic cells (DC)
are present in the basal layer of the epithelium and possibly in the stroma, and the corneal
stroma is endowed with a network of macrophages. However, direct involvement of these
resident corneal leukocytes in controlling the initial HSV-1 infection remains uncertain.

Corneal epithelial cells can initiate the innate immune response to HSV-1 through
expression of a family of receptors called toll like receptors (TLR). HSV-1 DNA alone is
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capable of inducing a strong TLR response in the cornea by ligating TLR-9 (Krug et al.,
2004; Lundberg et al., 2003). Other TLR ligands that appear to be generated in HSV-1
infected corneas include viral double-stranded RNA (TLR3 ligand), single-stranded RNA
(TLRY ligand), heat shock protein 70 (TLR2 ligand) and g defensin 2 (TLR4 ligand). In
addition to TLRs, a recent study demonstrated a particularly important role for a DNA
sensor IF1-16/p204 in HSV-1 clearance from the corneal epithelium (Conrady et al., 2012).
The ligation of TLRs and IFI-16/p204 by HSV-1 induced ligands causes an immediate up-
regulation of chemokines (molecules that attract and activate immune cells) and
proinflammatory cytokines in the cornea (Hayashi et al., 2006; Takeda et al.; Yan et al.,
1998). Among the induced cytokines, type 1 interferons (IFN-a./B) are particularly important
in limiting the replication of HSV-1 in the cornea and preventing systemic spread (Conrady
etal., 2011; Luker et al., 2003). The TLR-induced chemokines and cytokines are detectable
at the protein level within hours of HSV-1 infection. HSV-1 infection induces a variety of
chemokines that attract a range of immune cells. These immediate chemokines, their
ligands, and the cells expressing these ligands are summarized in Table 1. HSV-1 infection
attracts several components of the innate immune system including DC, monocytes/
macrophages, neutrophils, and natural killer (NK) cells (Carr et al., 2008; Cheng et al.,
2000; Kassim et al., 2009; Pollara et al., 2004; Tumpey et al., 1996). All of these cells
reportedly contribute to the clearance of HSV-1 from the cornea during primary infection.

NK cells are a component of the innate immune system that is specialized in the detection
and elimination of virus infected cells. As their name implies, NK cells are always armed
and are capable of destroying aberrant cells within minutes of contact. The activation status
of an NK cell is dependent on integrated signals delivered by germ-line-encoded activation
and inhibitory receptors for ligands on cellular targets. The stochastic expression of these
activation and inhibitory NK receptors can determine the net outcome of interaction with a
target cell (Elliott and Yokoyama, 2011). Typically, inhibitory receptors on NK cells
recognize self-MHC class | molecules resulting in self tolerance. However, tumor cells or
virus-infected cells often have reduced or no expression of surface MHC class | molecules,
and this “missing self” triggers NK cell activation. The activated NK cells can then inhibit
viral infections through the directed release lytic granules that are stored in their cytoplasm
and whose granzyme components can induce apoptosis of the infected cell. Alternatively,
activated NK cells can limit virus replication within the target cell through the production of
antiviral cytokines such as interferon gamma (IFN-y) and tumor necrosis factor alpha (TNF-
a), and attract other inflammatory cells through the production of a variety of chemokines
including CCL2, CCL3, CCL4, CCL5, CXCL-1, and IL-8 (Walzer et al., 2005).

Studies employing mouse models of HSV-1 corneal infection have demonstrated an
important role for NK cells in controlling HSV-1 replication in the cornea (Carr et al., 2008;
Frank et al., 2012). Absent from the normal cornea, NK cells migrate into the cornea as
early as 3 days after HSV-1 corneal infection. This early NK cell migration is impaired in
mice that are deficient in the CXCR3 chemokine receptor, suggesting a role for CXCR3 and
its ligands CXCL9 and CXCL10 in directing the early migration of NK cells into infected
corneas (Carr et al., 2008).

Named by Metchnikoff in 1892, macrophages are “large eaters” with potent phagocytic
activity that is crucial for eliminating extracellular pathogens. These members of the innate
immune system are activated through recognition of Pathogen Associated Molecular Pattern
(PAMPs) by TLRs and through exposure to inflammatory cytokines such as interferon
gamma (IFN-vy) and tumor necrosis alpha (TNF-a) to produce reactive oxygen species
(ROS) and nitric oxide (NO).
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There is a substantial population of CD11b* macrophages in the normal mouse corneal
stroma (Brissette-Storkus et al., 2002). These cells exhibit a unique stratification in which
those expressing MHC 11* are found primarily in the anterior stroma directly beneath the
corneal epithelium, while those lacking MHC |1 expression are found evenly throughout the
corneal stroma (Knickelbein et al., 2009b). Although the role of these resident corneal
macrophages is not clear, they are connected by intercellular membrane nano-tube bridges
that seem to be important for cell-to-cell communication during inflammation (Chinnery et
al., 2008). Following HSV-1 infection, macrophages are activated through TLRs to produce
anti-viral cytokines such as the type I interferons, IFN-a and IFN-B (Mogensen, 1979).
These cytokines are crucial for controlling the initial HSV-1 replication as shown by studies
using IFN-a/p receptor~~ mice (Leib et al., 1999) and RAG™~ mice treated with IFN-a/B
(Vollstedt et al., 2004). In addition to producing type | IFNs, macrophages also are the main
source of Interleukin-12 (IL-12) during the first 8-12 hours after HSV-1 corneal infection
(Kanangat et al., 1996). IL-12, in synergy with IFN-a/B, can enhance the production of IFN-
v by NK cells (Hunter et al., 1997). IFN-y released by NK cells subsequently activates
macrophages to produce inducible nitric oxide synthase (iNOS), which produces NO to limit
HSV replication (Croen, 1993; Gamba et al., 2004).

Neutrophils represent a major component of the initial infiltrate in HSV-1 infected corneas,
leading to the assumption that these cells had a major role in viral clearance. Indeed, studies
by Tumpey et a/ (Tumpey et al., 1996) demonstrated that depletion of neutrophils using the
Gr-1 antibody significantly delayed clearance of HSV-1 from the corneas of mice. However,
the interpretation of results from this and other studies employing the Gr-1 antibody to
deplete neutrophils was called into question when it was discovered that the Gr-1 antigen is
expressed on subpopulations of a variety of cells including monocyte/macrophages, CD8* T
cells, and DC (Geissmann et al., 2003; Matsuzaki et al., 2003; Nakano et al., 2001; Palamara
et al., 2004). Indeed, more recent studies in an HSV-1 lung infection model demonstrated
increased virus replication in mice that were depleted of cells expressing the Gr-1 marker,
but not in those selectively depleted of neutrophils using the Ly6G antibody (Wojtasiak et
al., 2010). Moreover, the delayed clearance of HSV-1 from the cornea resulting from DC
depletion was associated with decreased migration of NK cells and inflammatory
monocytes, but normal migration of neutrophils into the HSV-1 lesion in the central cornea
(Frank et al., 2012). Based on these studies it would appear that neutrophils are neither
necessary nor sufficient for optimal clearance of HSV-1 following primary infection.

DCs were originally identified by Steinman and colleagues (Steinman and Cohn, 1973;
Steinman et al., 1983) as cells that play a critical role in activating naive T cells of the
adaptive immune system (discussed below). However, more recent studies have identified
an additional role for DCs in regulating innate immune responses through licensing of NK
cells (Fernandez et al., 1999; Walzer et al., 2005). A population of DCs that are referred to
as plasmacytoid DCs (pDC) appear to be a major source of type 1 interferon following
HSV-1 infection (Donaghy et al., 2009; Pollara et al., 2004). Though there is evidence of a
small population of pDC in normal corneal stroma, their involvement in eliminating HSV-1
from the infected cornea has not been established. There is evidence that cornea resident
CD11c* DC have an indirect role in HSV-1 clearance (Frank et al., 2012). These studies
employed mice that express a high affinity diphtheria toxin receptor (DTR) from the CD11c
promoter. Since mice do not normally express high affinity DTR, DC are selectively
depleted in these mice following DT treatment.

Depletion of resident corneal DCs during the first 24 hours after HSV-1 corneal infection
resulted in a delay of NK cell and inflammatory monocyte migration into the HSV-1
epithelial lesions in the central cornea, resulting in delayed viral clearance. Interestingly, DC
depletion did not influence NK cell extravasation from the blood, but only prevented their

Prog Retin Eye Res. Author manuscript; available in PMC 2014 January 01.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Rowe et al.

Page 7

directed migration into the central cornea. The reduced migration of NK cells and
inflammatory monocytes into the central cornea that was observed following DC depletion
was associated with a significant reduction in several chemokines that are known to direct
the migration of these cell types (Frank et al., 2012). These include the chemokines CCL5
(activates NK cells), CCL7 (attracts and activates macrophages), CCL8 (attracts and
activates monocytes and NK cells), CXCL9 (attracts NK cells) CXCL10 (attracts
macrophages and NK cells), and CXCL11 (attracts NK cells). Depletion of NK cells
resulted in a similar delay in clearance of HSV-1 from the cornea. These data suggest a
scenario in which DC that are resident in the normal cornea or those that migrate into the
cornea within the first 24 hours after HSV-1 infection are stimulated by the virus (likely
through ligation of TLR3, 7, and 9) to produce chemokines that direct the migration of NK
cells and inflammatory monocytes into the cornea. The DCs further activate the NK cell
cytotoxic activity and IFN-y production, potentiating their involvement in viral clearance.
Interestingly, DC depletion did not alter neutrophils migration into the peripheral or central
cornea, despite the delayed viral clearance (Frank et al., 2012). This finding is consistent
with the growing evidence that neutrophils may not play a major role in HSV-1 clearance
from the cornea.

3.2 Role of adaptive immunity in HSV-1 clearance from the cornea

The above findings support a predominant role for innate immunity in clearing HSV-1 from
the cornea following primary infection. This is not surprising given the rapid kinetics of
viral clearance, which begins around 2 dpi with complete clearance by around 6-7 dpi.
However, two caveats bear mentioning. First, most HSV-1 corneal infections represent
recurrent disease that occurs in the face of an already primed adaptive immune response.
Little is known about the relative contribution of innate and adaptive immunity in viral
clearance from the cornea during recurrent lesions. One study demonstrated reduced
importance of NK cells for controlling HSV-1 replication following HSV-1 vaccination,
suggesting a likely contribution of adaptive immunity (especially anti-HSV-1 antibodies) to
viral clearance during recurrent disease (Ghiasi et al., 2000). Second, even primary
infections of the cornea and TG are not completely cleared in the absence of adaptive
immunity. For instance, severe combined immunodeficiency (SCID) mice that have a
normal innate immune system, but lack adaptive immunity never completely clear HSV-1
from their corneas (Banerjee et al., 2004b). These mice do control HSV-1 replication in the
cornea following transfer of CD8* T cells from HSV-1 infected mice (Banerjee et al.,
2004b). Interestingly, the transferred CD8* T cells were found in the lymphoid organs and
in the TG, but not in the infected corneas. The authors suggested that CD8* T cells might
control HSV-1 replication in the cornea by preventing transport via infected TG neurons and
shedding at the cornea.

4. Herpes stormal keratitis (HSK)

4.1 Theories of HSK pathogenesis

Several groups have demonstrated that CD4* T cells are the principal mediators of HSK
(discussed in Section 4.3). A logical conclusion from these observations would be that HSK
represents an immunopathological process in which HSV-specific CD4* T cells are
stimulated by HSV-1 antigens presented by corneal antigen presenting cells following viral
clearance. However, this interpretation was called into question by two teams of
investigators, each advocating a different form of CD4* T cells involvement in HSK. A
team led by Dr. Harvey Cantor was investigating the differential susceptibility of two strains
of BALB/c mice to HSK. The two strains differed only with respect to an IgG2A heavy
chain allotype. In a series of very elegant experiments his group established that the
susceptible strain could be rendered resistant by tolerizing them to peptides corresponding to
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IgG2A sequences of the resistant strain (Avery et al., 1995). Conversely, transferring CD4*
T cell clones reactive to the IgG2A of the resistant strain increased the susceptibility of the
resistant strain to HSK. They went on to demonstrate that the IgG2A-specific CD4* T cell
clones also reacted to the HSV-1 UL16 protein, and concluded that the HSV-1 protein
represented an antigenic mimic capable of activating an autoimmune CD4* T cell response
to corneal antigens (Zhao et al., 1998). The theory was that the IgG2A of the resistant mouse
strain contained a peptide sequence that was also found in the cornea and in the UL16
protein of the virus. The HSK resistant mouse strain that expressed this 1gG sequence was
tolerant to the peptide, and failed to respond to it when infected. In contrast, the HSK
susceptible mouse strain lacked this peptide sequence in their IgG2A and thus were not
tolerant. The corneas of mice that did not endogenously express the IgG2A motif would
mount a CD4 T cell response to UL16 and these UL16 specific CD4 cells also reacted to
cornea antigens. The inflammation and neovascularization resulting from HSV-1 infection
exposed the cornea to autoimmune attack by these cells.

These studies led to a widely held perception that HSK is an autoimmune disease. However,
these interesting findings have not been broadly extrapolated to other animal models of HSK
or to human HSK. For instance, other investigators found that immunization of BALB/c
mice with UL6 did not induce a response to the peptide mimic, and immunization with the
peptide did not result in cross-reactivity to HSV-1 or to the G2a 292-308 corneal peptide
that was targeted in the congenic mice (Deshpande et al., 2001). A survey of HSK patients
found no associative correlation or trends with polymorphisms in the IgG2A genes of HSK
afflicted individuals (Kasman et al., 2006). Moreover, several investigators have isolated
HSV-specific CD4* T cells from corneas of mice and humans with HSK, but have not
detected cells responsive to corneal antigens (Verjans et al., 2000; Verjans et al., 1998).
Thus, a universal role for autoimmunity in HSK remains unproven.

A second theory that has been advanced and supported by data is that CD4* T cells of
irrelevant specificity mediate HSK when exposed to a cytokine storm unleashed by HSV-1
corneal infection (Gangappa et al., 1999). Support for this view came from studies in which
transgenic DO11.10 mice whose CD4* T cells can only express a receptor for a chicken
ovalbumin peptide (Ova) were shown to develop HSK symptoms following HSV-1 corneal
infection. The corneal inflammation was dependent on CD4* T cells, which in these
DO11.10 mice are incapable of responding to HSV-1 antigens. The authors concluded that
HSK results from bystander activation of CD4™ T cells by cytokines (Huster et al., 2002).
However, two caveats need to be considered. First, the intensity of the cytokine storm in
these studies was likely influenced by the persistence of replicating virus in corneas of
DO11.10 resulting from their inability to generate HSV-specific CD4" and CD8* T
lymphocytes. Indeed, HSK failed to develop when these mice were provided with a source
of CD8™ T cells that controlled virus replication in the cornea with normal kinetics
(Gangappa et al., 1999). Second, CD4 independent HSK has been described, and is
mediated by CD8 T cells. This HSK is transient and less severe than that observed in CD4
replete mice (Lepisto et al., 2006). CD4 independent HSK in mice also appears to be viral
strain dependant (Huster et al., 2002). It is worth noting that in these models which
demonstrated CD4 independent or dependent HSK that the addition of transgenic HSV-1
nonspecific CD4 cells would increase the severity of pathology without independently
inducing it in situation with effective viral control (Gangappa et al., 1998; Gangappa et al.,
1999, 2000; Huster et al., 2002; Russell et al., 1984). Thus, it appears that bystander
activation cannot initiate HSK immunologically normal mice, although it might contribute
to the severity of existing HSK.

Given the uncertainties surrounding the contributions of autoimmunity and bystander
activation, CD4* T cell reaction to viral antigens in the cornea remains the most likely
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pathogenic mechanism of HSK. Although proof of the involvement of HSV-1 specific CD4*
T cells would seem to be relatively easy to acquire, it remains elusive. Studies have revealed
that T cells obtained from HSV-1 immunized mice transfer HSK more efficiently to SCID
mice than those obtained from non-infected mice (Mercadal et al., 1993). However, the
transferred cells also contain CD4* T cells that are not HSV-specific, rendering the results
suggestive of, but not proof of a role for HSV-specific CD4" T cells in HSK. The main
problem is the difficulty of obtaining a population of CD4* T cells that is exclusively
reactive to HSV-1 antigens. Typically this problem is resolved by generating mice with a
transgenic T cell receptor (TCR) specific for a viral peptide. When these mice are
backcrossed to RAG™~ mice that are incapable of TCR gene rearrangement, all T cells
express the transgenenic TCR. Generating mice with an HSV-specific CD4" TCR eluded
researchers until recently when Dr. Anthony Brooks at the University of Melbourne
developed a mouse with a transgenic TCR specific for HSV-1 glycoprotein D (gDT-11 mice)
(Bedoui et al., 2009). The availability of these mice will enable future studies investigating
an obligate role for HSV-specific CD4* T cells in HSK.

4.2 Role of vascularization in HSK

Corneal neovascularization is a prominent feature of HSK. Evidence suggests that corneal
angiogenesis results from production of a variety growth factors (the most prominent being
vascular endothelial growth factor [VEGF]) and metaloproteinases (particularly MMP 9). A
healthy cornea is avascular and this helps maintain the corneal immune privilege. It appears
that corneal avascularity is maintained in part by constitutive production of a soluble VEGF
receptor 1 (SVEGFR-1) that binds to and inactivates VEGF (Ambati et al., 2006). HSV-1
infection results in a rapid reduction of SVEGFR-1 in the cornea that persists during HSK
(Suryawanshi et al., 2012). The reduction of sVR-1 requires MMP-9 production by
neutrophils that infiltrate cornea rapidly after HSV-1 infection. Neutrophils are also an
important source of VEGF. Studies have shown a significant palliative effect of VEGF
inhibition on HSK (Kim et al., 2004; Zheng et al., 2001a; Zheng et al., 2002). Blood vessels
can be seen encroaching on the normally avascular cornea within a few days of HSV-1
infection (Kumaraguru et al., 1999; Wuest et al., 2011a; Zheng et al., 2001b). This is
consistent with recent evidence that infected corneal epithelial cells are a source of VEGF-A
(Wuest and Carr, 2010). Typically blood and lymphatic vessels co-migrate into tissue, and
this is the case in HSV-1 infected corneas. Both types of vessels are important for HSK
development since lymph vessels transport viral antigens to the lymph nodes to activate
HSV-1 specific T cells and B cells, while blood vessels carry the activated T cells to the
cornea. (Suryawanshi et al., 2012). Under most inflammatory conditions blood angiogenesis
is primarily mediated by VEGF-A signaling through VEGF receptor 2 (VEGFR-2), while
lymphangiogenesis is primarily regulated by VEGF-C and — D binding to VEGFR-3
(Hirakawa et al., 2007; Skobe and Dana, 2009; Skobe et al., 2001). However, in HSV-1
infected corneas it appears that both blood and lymph angiogenesis is regulated primarily
through VEGF-A binding to VEGFR-2. Thus, HSV-1 infection induces corneal
neovascularization at least in part by inducing VEGF production by corneal epithelial cells
and infiltrating neutrophils, and by reducing the concentration of the VEGF inhibitor
SVEGFR-I in the cornea. Since blocking neovascularization effectively inhibits the
development of HSK, inhibiting angiogenic factors would seem to represent a novel
therapeutic approach to treating HSK.

4.3 Leukocytic involvement in HSK

During HSV-1 replication in the corneal epithelium, viral antigens are thought to be
transported to the draining lymph nodes (DLN) by DC that are resident in the normal cornea
and those that infiltrate following infection; although transport of free virus to the DLN in
lymph is also likely. Transport of viral antigens via DC from skin and other mucosal sites of
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HSV-1 infection to the DLN has been demonstrated (Allan et al., 2003; Allan et al., 2006;
Hendricks et al., 1992a; Lee et al., 2009; Sprecher and Becker, 1989; Zhao et al., 2003), but
a similar role for corneal DC has not been established. Elimination of resident corneal DC
by ultraviolet B irradiation prior to HSV-1 infection was shown to reduce by 50% the HSV-
specific CD4" T cell-mediated delayed type hypersensitivity (DTH) response, suggesting a
likely role for cornea derived DC in expanding HSV-1 specific CD4* T cells in the DLN
(57). Expansion of CD4* and CD8* T cells in the DLN and spleen peak around 7-8 days
after corneal infection. This corresponds to the time of HSK onset in mice (Bouley et al.,
1995; Doymaz and Rouse, 1992), consistent with a role for HSV-specific T cells in
mediating the inflammation associated with HSK. Indeed, mice lacking adaptive immunity
or those lacking only CD4* T cells fail to develop HSK (Doymaz and Rouse, 1992; Lepisto
et al., 2006).

In mice HSK development is associated with a progressive inflammatory infiltration of the
cornea (Divito and Hendricks, 2008). Neutrophils are the predominant infiltrating cell
population, comprising 80-90% of the infiltrate (Divito and Hendricks, 2008). The
neutrophils infiltrate in two distinct waves. The first wave of neutrophil infiltration coincides
with virus replication in the cornea, and subsides following viral clearance (Chen et al.,
1996). A second wave of neutrophil infiltration coincides with the onset of HSK, and
neutrophils appear to be the proximal mediators of corneal damage and scarring associated
with HSK (Osorio et al., 2002). The second wave of neutrophil infiltration into HSV-1
infected corneas fails to occur in mice that lack T cells (Chen et al., 1996). It appears that
CD4* T cells that produce a Thl cytokine pattern (IFN-y and IL-2) have a dominant role in
inducing neutrophilic infiltration into the cornea (Tang et al., 1997; Thomas et al., 1997).
Indeed, neutralizing the cytokines IFN-y and IL-2 was shown to inhibit the progression of
HSK (Hendricks et al., 1992b; Tang et al., 1997). More recent studies demonstrated a role
for IL-17 in the pathogenesis of HSK (Molesworth-Kenyon et al., 2008; Suryawanshi et al.,
2011). The latter study demonstrated biphasic expression of IL-17 in infected corneas. The
first phase was observed early after infection and the primary source was non-traditional T
cells that express a TCR comprised of a gamma and delta chain and belong to the innate
immune system. The second phase of IL-17 production coincided with HSK development
and the source of 1L-17 was Th17 cells (differentiated CD4* T cells with traditional aff TCR
that produce IL-17 and IL-22 as their signature cytokines). Interestingly, the Th17 cells
appear to require the prior presence of Th1l cells to infiltrate the infected cornea. Inhibition
of IL-17 during either the early or late phase was found to reduce the severity of HSK
(Suryawanshi et al., 2011).

It appears, therefore, that HSK represents a complex inflammatory process requiring
cooperation between Thil and Th17 differentiated CD4" T cells and neutrophils.
Accordingly, mice that are genetically deficient in CD4" T cells or are depleted of these
cells as adults are highly resistant to HSK following HSV-1 corneal infection (Lepisto et al.,
2006; Newell et al., 1989a; Newell et al., 1989b). This is consistent with the large excess of
CD4* T cells over CD8* T cells in corneas with HSK (Doymaz and Rouse, 1992). However,
CD4™* T cell-deficient mice that are infected with a high dose of HSV-1 can develop HSK
that is apparently mediated by CD8* T cells (Lepisto et al., 2006). The CD8* T cell-
regulated HSK is characterized by a predominantly neutrophilic infiltrate similar to that
regulated by CD4" T cells, but tends to be less severe and more transient. HSV-specific
CD8* T cells produce IFN-y when stimulated, and thus likely mediate HSK by the same
mechanisms used by CD4* T cells, but less efficiently.
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5. HSV-1 latency

As noted above, most cases of HSK represent recrudescent disease resulting from HSV-1
reactivation from latency in TG neurons. For this reason, understanding the mechanisms that
control the establishment and maintenance of HSV-1 latency has long been the holy grail of
herpes virologists. Unfortunately the virus has very grudgingly shared its secrets. During
primary infection the virus gains access to the termini of sensory neurons within the infected
tissue. The HSV-1 capsid is then transported to the neuronal nucleus using the transport
mechanisms of the host cell. The viral capsid attaches to nuclear pores and inserts its DNA
into the neuronal nucleus. The virus then either directly enters into a latent state in which the
genome is retained as a non-integrated neucleosome-associated episome in the neuronal
nucleus; or does so following a brief lytic cycle in which viral genes are expressed and
infectious viral particles are produced. The mechanisms that influence the decision about
which life style the virus assumes in a particular neuron remain unclear. However,
differential susceptibility of neuronal subpopulations within the TG to lytic or latent
infection by HSV-1 has been proposed (Margolis et al., 1992; Margolis et al., 2007).

In animal models and presumably humans, latency is associated with the silencing of most
viral gene transcription and the abundant expression of latency associated transcripts (LATS)
in some latently infected neurons. The discovery that LATS are the only abundantly
expressed viral transcripts during latency raised considerable excitement about their
potential role in establishing and maintaining HSV-1 latency. LATSs lie partly
complementary to the 3’ end of the ICPO gene and are stable, nuclear RNAs, without
polyadenylation or 5" caps, with structural features of stable lariats of introns. They do not
encode protein and may be byproducts of a larger unstable primary transcript that is
processed into microRNAs (Umbach et al., 2008) that inhibit HSV-1 lytic gene expression.
Although viral mutants lacking LATSs are still able to establish, maintain and reactivate from
latency, LATSs increase the efficiency of latency establishment and of reactivation. Recent
findings from the laboratory of Dr. Todd Margolis (Bertke et al., 2011; Yang et al., 2000)
demonstrate that LATS also influence the life style decision of HSV-1 and HSV-2 in
neuronal subpopulations. The A5+ subpopulation of TG neurons is selectively resistant to
HSV-1 replication and preferentially retains latent virus. In contrast, the KH10+ neuronal
subpopulation is permissive to HSV-1 replication and tends not to retain latent virus. The
opposite pattern is seen with HSV-2, and the differential establishment of Iytic or latent
infections in the two neuronal subpopulations is governed by differences in the HSV-1 and
HSV-2 LAT regions. These studies were performed in mice, and it remains unclear the two
HSV serotypes exhibit differential tropism for human neuronal subpopulations. LATs may
also enhance latency establishment through their ability to block neuronal apoptosis, thus
increasing the survival of latently infected neurons (Perng et al., 2000). Several HSV 1
micro RNAs (miRNAs) that localize to the LAT transcript (Umbach et al., 2008) may
regulate gene expression during latency, though exactly how is not clear. A recent study has
suggested that siRNAs regulating the neurovirulence factor -y34.5 may contribute to latency
and virulence (Tang et al., 2009).

The TG and brainstem appear to constitute important checkpoints in HSV-1 transport from
peripheral sites of infection to the brain. In mice, HSV-1 can be detected in the TG and
brainstem by 2 — 3 days after corneal infection. Failure to control HSV-1 replication in the
TG and progression of HSV-1 beyond the brainstem is associated with lethal encephalitis
(Kastrukoff et al., 2010; Sciammas et al., 1997). Mechanisms of viral control have been
most thoroughly investigated in the TG. In mice, HSV-1 can be seen replicating in TG
neurons as early as 3 days after corneal infection, and virus replication is typically
terminated and latency established by 6-8 days post infection. Virus replication is associated
with significant leukocytic infiltration. Interestingly, neutrophils that dominate the
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leukocytic infiltrate in HSV-1 infected corneas, are virtually absent from the acutely infected
TG. Instead, the initial infiltrate in HSV-1 infected TG is dominated by macrophages and y&
T cells. & T cells are non-conventional T cells that seem to bridge the gap between innate
and adaptive immunity. They can be included in the adaptive camp in that they rearrange
gene segments to form y and & TCR chains with junctional diversity. However, they also fit
into the innate immune camp in that they express highly restricted TCR specificity that can
serve as pattern recognition receptors. y8& T cells are also unconventional in that they can
recognize nominal antigens without processing and presentation in the groves of major
histocompatibility complex (MHC) molecules, a feature that might be important in dealing
with infected neurons that express little or no MHC. Clearance of the bulk of replicating
HSV-1 from the TG involves an interaction between macrophages and & T cells in which
IL-12 produced by macrophages induces IFN-y production by y& T cells. The IFN-y both
directly blocks HSV-1 replication, and induces NO production by macrophages, further
inhibiting HSV-1 replication (Kodukula et al., 1999).

Although the bulk of HSV-1 replication in the TG is controlled by an innate immune
response, mice lacking adaptive immunity never completely control virus replication and
succumb to lethal encephalitis following corneal infection with most strains of HSV-1
(Mercadal et al., 1993). CD8* T cells appear to play a particularly important role in the final
eradication of replicating virus from the TG (Lang and Nikolich-Zugich, 2005; Liu et al.,
2000). Data suggest that the chemokines CXCL10 (IP-10) and CCL2 (MCP-1) induced
largely through TLR9 signaling are primarily responsible for infiltration of T cells and
macrophages that mediate viral clearance from the TG (Lima et al., 2010; Wuest et al.,
2011b).

5.1 Maintenance and reactivation from latency

HSV-1 lytic gene expression is severely repressed during viral latency. The fact that the
latent viral genome has a transcriptionally active LAT region and transcriptionally inactive
lytic gene regions suggests epigenetic regulation. Indeed, the LAT region is enriched in
marks of transcriptional permissiveness such as H3 K4 and acetyl H3K9, K14, while the
lytic genes are enriched for facultative heterochromatin marks (Bloom et al., 2010; Cliffe et
al., 2009; Umbach et al., 2008). Current data suggest that rather than being transcriptonally
repressed through methylation as is seen with non-expressed host cell genes, the latent
HSV-1 genome appears to be in a state of transcriptional equilibrium with micro-RNAs and
LATs maintaining gene silencing (Roizman et al., 2011). The LATS contribute to viral lytic
gene silencing by influencing facultative heterochromatin assembly and possibly silencing
the ICPO gene (required for efficient HSV-1 reactivation from latency) through an anti-sense
mechanism (Farrell et al., 1991; Wang et al., 2005). The LAT region that is actively
transcribed during latency overlaps and is anti-sense to that encoding the immediate early
protein ICPO (required for efficient reactivation from latency). The LAT transcripts are
predominantly nuclear and there are no known protein products.

Exposure to a variety of environmental and physiologic stimuli can lead to the emergence of
the virus from latency, expression of lytic genes, and virion formation. The resulting virions
are then transported down nerve axons for release at innervated sites such as the cornea, in
some cases resulting in keratitis. Whether complete virions are transported down nerve
axons or virion capsids and glycoproteins are separately transported for assembly and
release at the nerve termini remains a contentious issue (Ohara et al., 2000; Wisner et al.,
2011). Recent findings have suggested models of HSV-1 reactivation from latency involving
disordered expression of viral genes rather than the sequential expression observed during
lytic infection of cells in culture. For instance, Roizman’s group (Du et al., 2011) has
demonstrated that during reactivation from latency in explants cultures the LATs and
miRNAs that maintain latency are rapidly degraded by a mechanism requiring protein

Prog Retin Eye Res. Author manuscript; available in PMC 2014 January 01.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Rowe et al.

Page 13

synthesis, and all classes of viral genes are rapidly expressed by a mechanism that does not
require protein synthesis. These findings suggest total derepression of the viral genome very
early during reactivation. A more recent study proposed an extension of Roizman’s group’s
theory in which HSV-1 gene expression occurs in two stages. The first stage is characterized
by a generalized derepression of the viral lytic genes as suggested by Roizman’s group,
while in the second stage gene expression is amplified by the viral protein VP16. This
second level of amplification might be necessary for formation of viral particles (Kim et al.,
2012). These findings have important implications not only for understanding gene
regulation in stressed neurons, but also for potential immune control of viral latency.
Expression of all classes of viral genes early in the reactivation process would potentiate
intervention in the reactivation process by HSV-specific immune cells regardless of the class
of viral protein they target.

5.2 Immune control of HSV-1 reactivation from latency

The environmental and physiologic stimuli that induce HSV-1 reactivation from latency
include exposure to UV light, stress, changes in sex hormones, and immune suppression
(Blyth et al., 1976; Bonneau et al., 1993; Openshaw et al., 1979; Padgett et al., 1998; Sainz
et al., 2001; Vicetti Miguel et al., 2010). All of these stressors can impact T cell function
(Bonneau, 1996; Bonneau et al., 1991; Bonneau et al., 1998; Glaser and Kiecolt-Glaser,
2005; Leo and Bonneau, 2000; Padgett and Glaser, 2003), suggesting a possible role for T
cells in preventing viral reactivation. Studies in rabbits (Gebhardt and Hill, 1988) and mice
(Liu et al., 1996) demonstrated that T cells do infiltrate the TG around 8-10 days after
corneal infection, associate closely with neurons within the ophthalmic branch, and remain
in close apposition to neurons long after latency is established. HSV-1 does not
spontaneously reactivate from latency in mice or does so very rarely (Feldman et al., 2002;
Gebhardt and Halford, 2005). For many years the dogmatic view of HSV-1 latency held that
the latent virus did not produce viral proteins, and could thus effectively hide from the
immune system. Therefore it was unclear what maintained the attraction of CD8* T cells for
latently infected neurons in mice. At this juncture a definition of the terms “latency” and
“reactivation” is important. One can define reactivation from latency as that point at which
viral lytic gene expression commences. By that definition, the virus is able to hide from the
host immune system during latency, since the immune system can only respond to viral
protein synthesis. Alternatively, one can define reactivation from latency as the point at
which infectious virions are produced. That definition accommodates immune control of
viral latency by blocking an early step in reactivation that occurs prior to viron formation.
This latter definition of reactivation from latency is often used in vivo and in in vitro TG
cultures, and will be used in this review.

The observation that CD8" T cells are juxtaposed to neurons in TG with no apparent
replicating virus was consistent with their role in maintaining the virus in a latent state as
defined by a lack of virion formation. Subsequent studies established that at least half of the
TG resident CD8* T cells were HSV-1 specific, and many of the HSV-1 specific cells
formed an immunologic synapse with neurons (Khanna et al., 2003). In an immunological
synapse, the TCR is focused to the middle of the junction with the target cell by binding to
MHC-peptide complexes. The observation of immunological synapse formation between
HSV-specific CD8* T cells and neurons in latently infected TG demonstrated that the latent
virus is not “invisible” to T cells. Instead, the latently infected neurons were apparently
producing enough viral peptide and MHC class | to ligate the TCR molecules on the
juxtaposed CD8* T cells. Subsequent studies revealed that a large percentage of TG resident
CD8™ T cells expressed an activation phenotype including the activation markers CD69 and
granzyme B (GrB) (Sheridan et al., 2009). Importantly, activated CD8* T cells were also
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found surrounding HSV-1 latently infected neurons in human TG (Theil et al., 2003;
Verjans et al., 2007).

An important question was whether or not these TG resident CD8" T cells are capable of
blocking HSV-1 reactivation from latency. To test this possibility, TG were removed from
latently infected mice, the cells were dispersed with collagenase, and cultured in the
presence or absence of anti-CD8 antibody. TG excision and culturing provides a level of
neuronal stress that is sufficient to induce HSV-1 reactivation. These experiments clearly
demonstrated that the TG resident CD8* T cells can block HSV-1 reactivation, and
additional studies established that protection required HSV-specific CD8* T cells (Khanna
et al., 2003; Liu et al., 2000). CD8* T cells (also referred to as cytotoxic T lymphocytes) use
two main mechanisms to control virus infections: inhibition of viral gene expression by the
antiviral cytokine interferon gamma (IFN-y); and killing the virus infected cell through the
release of lytic granules. Lytic granules are stored in the cytoplasm of CD8" T cells and can
be rapidly released into virally infected cells. Lytic granules contain perforin that
polymerizes to form pores in cell membranes, and serine proteases called granzymes
including GrB that activate the caspases of the infected cell causing it to undergo apoptosis.
When stimulated directly ex vivo with HSV-1 antigens, TG resident CD8* T cells were
shown to produce IFN-y and release lytic granules, suggesting the potential use of both of
these mechanisms in preventing HSV-1 reactivation from latency. Moreover, as noted above
a significant proportion of TG resident CD8* T cells express GrB suggesting functional lytic
granules. Because neurons do not readily regenerate we favored a non-lytic means of
protection and initially investigated a role for IFN-y in blocking HSV-1 reactivation in TG
neurons. Indeed, the TG resident CD8* T cells were able to block reactivation through IFN-
v (Decman et al., 2005; Liu et al., 2001). However, IFN-y was only able to block
reactivation in about 50% of latently infected neurons, whereas CD8* T cells could block
reactivation in 100% of neurons, suggesting the use of another effector mechanism to block
reactivation.

The combined observations that CD8* T cells in latently infected TG are armed with lytic
granules and release them when stimulated directly ex vivo, and that patients with herpes
keratitis exhibit a loss of corneal sensation suggested the possible use of lytic granules by
CDS8™* T cells during immune surveillance of latently infected ganglia. Indeed it was found
that mice that lacked the lytic granule components perforin or GrB failed to control HSV-1
latency (Knickelbein et al., 2008). Moreover, HSV-specific CD8" T cells that lacked these
lytic granule components were impaired in their ability to block HSV-1 reactivation in ex
vivo cultures of latently infected TG. A perplexing observation was that CD8* T cells can
use lytic granules to block HSV-1 reactivation from latency without killing the neurons.
This raised two interesting questions: 1) why don’t Iytic granule components activate the
caspase system of neurons leading to apoptosis; and 2) how do lytic granules prevent viral
replication without killing the neurons. We hypothesized that latently infected neurons were
protected from granzyme activation of caspases by their intrinsic expression of anti-
apoptotic proteins, and by the presence of LATs with known anti-apoptotic properties.
Indeed, the ability of LATS to inhibit caspase activation by CD8* T cells was subsequently
confirmed (Henderson et al., 2002; Perng et al., 2000). A likely answer to the second
question arose from an analysis of HSV-1 proteins for putative GrB cleavage sites. Among
the viral proteins with predicted cleavage sites was infected cell protein (ICP)4. ICP4 is a
viral regulatory protein that is required for expression of HSV-1 early and late proteins. It
was established that CD8" T cell-derived GrB does cleave ICP4 in infected cells, likely
short circuiting the HSV-1 replicative cycle.

As noted above, latently infected TG of mice do not exhibit “spontaneous” reactivation of
HSV-1 as is seen in humans, although reactivation is probably not truly “spontaneous” in
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humans. It is more likely that reactivation is a constant process that is more effectively
blocked in mice, that mice are less susceptible to the stimuli that induce reactivation, or
both. The fact that latently infected human neurons are surrounded by activated CD8* T
cells suggests the possibility that TG resident mouse CD8* T cells might be more effective
at blocking HSV-1 reactivation. An HSV-1 protein ICP47 was shown to inhibit binding of
peptides to the transporters of antigen processing (TAPs) for transport into the endoplasmic
reticulum and loading on MHC class | molecules. Since the TCR of CD8* T cells recognize
antigenic peptides in the cleft of MHC class | molecules, this function of ICP47 can reduce
CD8™ T cell recognition of HSV-1 infected cells (Goldsmith et al., 1998). Moreover, ICP47
binds with much higher affinity of human than mouse TAPs. Therefore, one could evoke the
immune evasion function of ICP47 to explain a possible difference in CD8* T cell function
in latently infected TG of mice and humans. This function might be particularly important in
CD8* T cell immunosurveillance of neurons that express low levels of MHC class |.
However, the CD8" T cells surrounding latently infected neurons in human TG exhibit an
activation phenotype that is similar to that seen in mice (Theil et al., 2003; Verjans et al.,
2007). Moreover, CD8* T cells play an important role in controlling HSV-2 replication in
the human genital tract (Zhu et al., 2007). These observations argue that CD8" T cells retain
function in HSV-1 infected humans in the face of immune evasion by ICP47.

Another possible explanation for the increased ability of HSV-1 to reactivate from latency in
humans relative to mice might lie in differential exposure or responsiveness to
environmental and physiologic stimuli that are associated with reactivation. As noted
previously, all of the stimuli that have been associated with HSV-1 reactivation in humans
tend to inhibit T cell function. One such stimulus is exposure to stress. When mice with
latent HSV-1 infections were exposed to restraint stress, a dramatic reduction of
functionality was observed in their TG resident CD8* T cells (Freeman et al., 2007). The TG
resident CD8" T cells of stressed mice exhibited a significant reduction in production of
IFN-y and lytic granule release that persisted for approximately three days. An increased
HSV-1 genome copy number in the TG of stressed mice suggested that the CD8* T cell
functional compromise was associated with HSV-1 reactivation from latency. These
findings led to the hypothesis that transient functional compromise of TG resident CD8* T
cells resulting from intermittent exposure to stress, ultraviolet irradiation, hormonal
imbalances, etc might permit the virus to temporarily escape immune surveillance and
produce infectious virions. An as yet undefined direct effect of these stimuli on neuronal
function might also enhance the capacity of the virus to enter the lytic cycle.

5.3 Can CD8* T cell control of HSV-1 latency be exploited to reduce HSV-1 recurrent
disease?

Given the apparently important role for CD8* T cells in preventing HSV-1 reaction from
latency, approaches designed to enhance the size or functionality of the TG resident CD8* T
cell population could have therapeutic efficacy. This approach has been tested by giving
HSV-1 latently infected mice a live attenuated HSV-1 therapeutic vaccine prior to
subjecting the cornea to UV-B irradiation to induce HSV-1 reactivation. The therapeutic
vaccine reduced detectable HSV-1 shedding at the corneal surface, and elevated the anti-
HSV antibody titer in the mice (Keadle et al., 2002; Shimeld et al., 1990b). It was unclear
from the assay performed in these studies if the vaccine actually inhibited reactivation of the
virus from latency in TG neurons, or inhibited expansion and/or detection of live virus in the
tear film. Moreover, it was not determined if the vaccine boosted the CD8 resident
population in the TG.

Although vaccines tested to date in clinical trials have lacked efficacy in preventing
recurrent disease or viral transmission, these vaccines were designed primarily to augment
antibody responses (Corey et al., 1999; Cremer et al., 1985; Ghiasi et al., 1995; Ghiasi et al.,
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1998; Koelle and Corey, 2003; McLean et al., 1996). Anti-HSV-1 antibodies can inhibit
initial infection and reduce extracellular spread of virus, but their efficacy in preventing
reactivation and cell-to-cell spread of virus through membrane fusion appears minimal.
Thus, a vaccine that targets T cells might be more efficacious. However, the results of a
recent study provide an important caveat (Himmelein et al., 2011). HSV-specific CD8" T
cells bearing the Thy 1.1 marker were adoptively transferred into Thy1.2 mice harboring
latent virus infections. This was done to mimic the increased level of circulating HSV-
specific CD8™ T cells that might result from a therapeutic vaccine, and to trace the migration
of these cells in vivo. The transferred CD8* T cells were retained at high levels in the blood
of recipient mice for at least 8.5 weeks, but none of the transferred cells were detected in the
latently infected TG. In another study, latently infected TG were transplanted under the
kidney capsule of recipient mice with congenically marked CD8* T cells (Gebhardt et al.,
2009; Wakim et al., 2008). The CD8* T cell population in the transplanted TG declined
dramatically following transplant, accompanied by HSV-1 reactivation from latency.
Interestingly, the CD8* T cell population was quickly replenished in the TG, but with no
contribution from host CD8* T cells. These findings suggest that the memory CD8" T cell
population in the TG, once established is compartmentalized and maintained without
observable replenishment from the blood. This apparent compartmentalization of the TG
resident CD8" T cell population would seem to present a significant obstacle to vaccine
approaches designed to increase CD8* T cells in the TG. Nonetheless, exploiting the ability
of CD8* T cells to block HSV-1 reactivation from latency seems to hold great promise as a
means of preventing recurrent disease.

6. The final recourse for scarred corneas

Treatment of blindness due to HSK-associated corneal opacification is surgical
transplantation of a clear donor cornea. However, such grafts are considered “high-risk” as
they frequently fail (Williams et al., 1995, 1997). This high-risk phenotype is attributed to a
number of causes including the extensive corneal vascularization and leukocytic infiltration
associated with HSK (Biswas and Rouse, 2005). However, corneal transplants are usually
attempted after inflammation has largely subsided. Therefore, a contribution of factors other
than pre-existing inflammation and vascularization cannot be ruled out. Latently infected
TG neurons are severed during excision of the host cornea, which might induce HSV-1
reactivation and transport to the graft site. HSV-1 shedding at the graft interface could result
in direct viral damage or immunopathology due to an HSV-specific recall response (Kaye
and Choudhary, 2006; Kaye et al., 2000). Indirect evidence supporting a contribution of
HSV-1 to corneal transplant rejection derives from human clinical studies showing that
HSV-1 DNA and even virus particles are detectable in host cornea, donor rejected corneas,
and aqueous samples from patients with rejecting corneal grafts (Remeijer et al., 2009).
Such data has led to the common practice of antiviral prophylaxis and postoperative
treatment in HSK patients preparing for corneal transplantation (1992; Ficker et al., 1989).
In support of a viral reactivation mechanism, experimental studies in rabbits have shown an
increase in viral shedding in tear fluid after lamellar corneal grafts with some epithelial
lesions but no development of HSK (Openshaw et al., 1995; Zheng et al., 1999). In contrast,
there did not seem to be a correlation between virus shedding after grafting and eventual
allograft rejection in rats (Nicholls et al., 1996). Clarification of the mechanism(s) resulting
in the high risk status of HSV-1 infected corneas is an important issue that will require
additional investigation. In most cases, corneal transplantation involves replacement of the
scarred cornea with a full thickness donor cornea in a surgical procedure called penetrating
keratoplasty. A more recently developed procedure called Deep Anterior Lamellar
Keratoplasty (DALK) is an alternative approach that can be used in cases where the host
corneal endothelium is healthy. Since visual impairment associated with HSK results from
corneal stromal scarring, DLAK offers the option of replacing only the corneal stroma,
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while maintaining host endothelium, which is often the focus of transplant rejection.
Whether or not this new surgical procedure will improve the outcome of corneal
transplantation in patients with a history of HSK remains to be determined. Moreover, even
if the corneal graft is successful, HSK can recur within the transplanted cornea (Fig. 2).
Presumably, once the transplanted cornea becomes reinnervated by sensory neurons, the
cycle of recurrent infection and inflammation can resume.

7. Concluding thoughts

It emerges from the above discussion that our understanding of herpes keratitis has advanced
significantly through many years of research. However, much discovery lies ahead. For
instance, additional research is required to explain the seemingly stochastic nature of the
disease. Many humans harbor latent HSV-1 in their trigeminal ganglia and even shed the
virus at the corneal surface, but never develop epithelial or stromal keratitis (Hill and
Clement, 2009; Kaufman et al., 2005). Also, many people suffer recurrent HSV-1 epithelial
lesions, but never develop HSK. Moreover, even genetically identical mice that are infected
with the same dose of the same virus strain exhibit a variable incidence of HSK. A more
complete understanding of the complex relationship between HSV-1 and its host is needed.
Only a full understanding of the function of viral genes, host cell regulation of viral gene
expression, and the contribution of viral and host factors to the antiviral immune response
will permit delineation of the unique pathological state of infection in each individual. The
journey has been long and arduous, but frequently interrupted with the excitement of
discoveries. Recent advances in immunology and molecular virology are bringing the goal
of eradicating herpes keratitis into focus.
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Figurel.
A) Slit lamp photograph of a patient with herpes stromal keratitis demonstrating opacity and
neovascularization of the cornea.
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Figure 2.

A) Slit lamp photograph of a patient with HSK demonstrating central stromal opacity
causing significant visual impairment.

B) Slit lamp photograph of the same patient approximately two years after undergoing deep
anterior lamellar keratoplasty demonstrating recurrence of HSV with large geographic ulcer
stained with fluorescein dye and deep stromal vessels. Of note, the patient was noncompliant
with post-operative medications and stopped all topical steroids and systemic antiviral
therapy against medical advice
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This table summarizes the chemokines found to play a role in the pathologies associated with ocular HSV-1
infections in mice. The second column lists binding partners or receptors for these chemokines. Studies which
have blocked these chemokines or employed specific knockout mice have found that these chemokines are
responsible or associated with the influx of specific cell types into the infected cornea. Those specific cell
types are listed in column three and the studies which identified the association between the chemokines and
specific cell types are listed in column four.

CCR11

Chemokine Ligand Target Cells Reference
CXCL1&3/KC CXCR2 Neutrophils/Monocytes, T cells (Banerjee et al., 2004a; Frank et al., 2012; Lin et
al., 2007; Miyazaki et al., 2011; Su et al., 1996;
Suryawanshi et al., 2011; Terasaka et al., 2009; Yan
etal., 1998)
CXCL-2/MIP-2  CXCR2 Monocytes, Neutrophils/Monocytes, T (Lin etal., 2007; Su et al., 1996; Tumpey et al.,
cells 1998b; Yan et al., 1998)
CXCLS8/IL-8 CXCR1&2 Neutrophils (Maertzdorf et al., 2002; Miyazaki et al., 2011,
Oakes et al., 1993)
CXCL9 CXCR3 NK cells/Th1l CD4 cells, CD8 cells (Groom and Luster, 2011a, b; Himmelein et al.,
2011; Wuest et al., 2006)
CXCL10/1P-10 CXCR3 NK cells/Thl CD4 cells, CD8 cells (Groom and Luster, 2011a, b; Himmelein et al.,
2011; Komatsu et al., 2008; Miyazaki et al., 2011;
Qinetal., 1998; Su et al., 1996; Wuest et al., 2006;
Wouest and Carr, 2008)
CCL2/MCP-1 CCR2 Activated T cells, Neutrophils (Carr et al., 2006; Lee et al., 2003; Lee et al., 2008;
Monocytes Miyazaki et al., 2011; Su et al., 1996; Tumpey et
al., 1998b)
CCL3/MIP-1a CCR5 Activated CD4 Cells/Neutrophils (Ambati et al., 2003; Carr et al., 2006; Fenton et al.,
2002; Himmelein et al., 2011; Komatsu et al., 2008;
Qinetal., 1998; Su et al., 1996; Tumpey et al.,
1998a; Tumpey et al., 1998b)
CCL4/MIP-1B CCR1 & CCR5 NK cells Monocytes (Fenton et al., 2002; Su et al., 1996)
CCL5/RANTES CCR1-5 Activated T cells, Neutrophils (Carr et al., 2006; Lee et al., 2008; Maertzdorf et
Monocytes al., 2002; Miyazaki et al., 2011; Schall et al., 1990;
Weber et al., 2001)
CCL7/MCP-3 CCR1, CCR2, CCR5 Activated T cells, Neutrophils (Terasaka et al., 2009)
Monocytes
CCL8/MCP-2 CCR1, CCR2, CCR5, Activated T cells, Neutrophils (Miyazaki et al., 2011; Terasaka et al., 2009)

Monocytes

Prog Retin Eye Res. Author manuscript; available in PMC 2014 January 01.



