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Abstract

Herpes simplex virus type-1 (HSV-1) is a ubiquitous pathogen that infects a large majority of the human population world-
wide. It is also a leading cause of infection-related blindness in the developed world. HSV-1 infection of the cornea begins
with viral entry into resident cells via a multistep process that involves interaction of viral glycoproteins and host cell surface
receptors. Once inside, HSV-1 infection induces a chronic immune-inflammatory response resulting in corneal scarring, thin-
ning and neovascularization. This leads to development of various ocular diseases such as herpes stromal keratitis, resulting
in visual impairment and eventual blindness. HSV-1 can also invade the central nervous system and lead to encephalitis,
a relatively common cause of sporadic fetal encephalitis worldwide. In this review, we discuss the pathological processes
activated by corneal HSV-1 infection and existing antiviral therapies as well as novel therapeutic options currently under

development.
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Introduction

Herpes simplex virus-1 (HSV-1) is a neurotropic double-
stranded DNA virus belonging to the Alphaherpesvirinae
family, a sub-family of Herpesviridae. It has been recog-
nized as one of the most adapted human pathogens, infect-
ing 50-90% of the world population [88, 96]. HSV-1 is a
ubiquitous virus causing a wide range of innocuous diseases
including herpes labialis (cold sores), gingivostomatitis, her-
petic whitlow, genital herpes, epithelial and/or stromal kera-
titis. Spread of the virus to central nervous system (CNS)
initiates a rapidly progressive, necrotizing, and potentially
fatal encephalitis in humans. Similar to the infection of
CNS, HSV-1 in the eye can result in serious episodes of
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blepharitis, conjunctivitis, retinitis, and epithelial keratitis
[61]. Herpetic stromal keratitis (HSK) is caused by recur-
rent herpetic eye disease and is regarded as the most vision-
threatening form of HSV-1-induced pathology.

Primary infection of the corneal epithelium by HSV-1 or
HSV-2 results in productive lytic replication of the virus and
establishment of latency that lasts for the lifetime of the host.
Progeny virions enter the axons of sensory neurons inner-
vating the affected area and travel in a retrograde fashion to
neuronal cell bodies of the trigeminal ganglion (TG), which
becomes the site for HSV latency [111]. During latency, the
viral genome is transcriptionally silenced except for latency-
associated transcripts (LATs) and some micro-RNAs. The
virus periodically reactivates from latency resulting in repli-
cation and production of infectious virus. Upon reactivation,
progeny virions are produced and subsequently transported
to the initial site of inoculation [79]. In case of the cornea,
reactivation of latent HSV-1 can result in HSK, which can
turn into a chronic inflammatory disease. Herpetic lesions,
associated immune responses and neovascularization cause
scarring and corneal damage leading to vision loss during
HSK [16].

In this review, we first describe our latest understand-
ing of the molecular basis of HSV-1 invasion of corneal
cells. We then focus on the pathological process activated by
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HSV-1 infection of the cornea and explain how it contributes
to development of specific ocular and neurological diseases.
Finally, we discuss most recent advances in controlling
HSV-associated morbidities and corneal pathologies.

Molecular basis of HSV-1 entry and spread
in the cornea

The mature HSV-1 virion is composed of a large DNA
genome encased in an icosadeltahedral protein capsid, sur-
rounded by proteins and mRNAs, a layer which is referred
to as the tegument, and finally a lipid bilayer envelope com-
posed of about a dozen different glycoproteins, several of
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Fig.1 Herpes simplex virus-1 structure. The glycoproteins essential
for viral entry into host cells are listed

Fig.2 HSV-1 entry glycopro-

teins and their known receptors.
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which, including gB, gC, gD, gH and gL, are required for
viral entry (Fig. 1) [33]. The basic mechanism of HSV-1
entry into host cell primarily involves the interaction of the
viral entry glycoproteins with various cell surface recep-
tors that facilitates virion envelop fusion with the plasma
membrane of the host cell causing capsid penetration into
the cytoplasm (Fig. 2). The capsid is then transported by
cellular motors on microtubules to the nuclear membrane for
uncoating and the release of HSV-1 DNA into the nucleus.
HSV-1 can also enter directly into the cellular cytoplasm
through the formation of a membrane fusion pore or via
endocytosis and/or phagocytosis-like uptake mechanism
[26]. Either way, the initial interaction occurs between viral
glycoproteins, gB and/or gC, and heparan sulfate proteo-
glycan on the cell surfaces [95]. This interaction results in
lateral viral movement along the length of F-actin-rich mem-
brane protrusions called filopodia, termed as ‘viral surfing’,
to migrate towards the cell body [76, 95]. Following the
initial interaction, binding of gD by a gD receptor on the sur-
face of host membrane, such as nectin-1, herpes virus entry
mediator (HVEM) or 3-O-sulfated HS (3-OS-HS), causes
a conformational change that transmits an activation signal
to recruit the fusion complex which comprises gB, gH and
gL [21, 95]. gB is also recognized by one of its receptors:
paired immunoglobulin-like 2 (PILRa), n-muscle myosin
heavy chain IIA (NMHC-IIA) or myelin-associated glyco-
protein (MAG). The glycoprotein gB is a membrane fusion
protein required for the penetration and delivery of the viral
nucleocapsid into the cytoplasm. The nucleocapsid is then
transported along microtubules to the nuclear membrane,
where viral DNA is released for replication in the nucleus.

HSPG
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The entry of HSV into ocular cells serves as a key step in
pathogenesis and is both cell type and viral subtype specific
[33]. For example, nectin-1 is the primary receptor for entry
of HSV-1 in various cell types that lead to the development
of HSV-1-induced pathologies such as conjunctivitis, epi-
thelial keratitis and acute retinal keratitis [3, 110]. Simi-
larly, 3-OS-HS serves as the primary receptor for HSV-1
entry into stromal fibroblasts and is, therefore, implicated
as a host factor in stromal keratitis and conjunctivitis [108].
Understanding key features of viral entry and how it relates
to corneal disease development can provide better direction
for designing antiviral therapeutics.

Initial host response to viral invasion
of the cornea

Several key events are induced by HSV infection in the cor-
nea that subsequently result in the development of ocular
pathologies and drive the infection into a chronic immuno-
inflammatory disease. Following virus infection of the cor-
neal epithelium, detection of the pathogen evokes a sequen-
tial cascade of immunological responses [77]. The innate
immune system induces the first of these responses, resulting
in the production of a variety of cytokines and infiltration
of leukocytes, as well as other cells. This condition is also
accompanied by the release of pro-angiogenic factors that
cause neovascularization, which in turn contributes to HSV
disease of the cornea. Specific host factors that drive both
conditions are discussed below.

Virus-induced inflammation

A robust response elicited by the innate immune system acts
as the first line of defense against the pathogen and also
the trigger for chronic inflammatory conditions. The innate
immune cells that respond to the infection of the cornea
include neutrophils, plasmacytoid dendritic cells (pDCs),
natural killer (NK) cells and macrophages. Neutrophils are
clearly instrumental in controlling replication and dissem-
ination of the virus as depletion of neutrophils in mouse
models resulted in an apparent increase of viral replication
and shedding [107]. Similarly, pDCs have demonstrated to
be vital for viral clearance in the cornea by attracting natural
killer cells through the release of cytokines and inflamma-
tory monocytes to the site of HSV-1 lesions [20]. NK cells
could directly kill HSV-infected cells and indirectly inhibit
HSV proliferation by IFN-y secretion [35]. Macrophages
secrete pro-inflammatory cytokines and other factors to
restrict viral growth, recruit other immune cells and enhance
T cell-mediated adaptive immune response [23]. They
are also the predominant producers of IFNs during viral

infection. Regardless of the precise recruitment mechanism,
it is well established that the presence of innate immune
cells in the cornea promotes neovascularization, neolym-
phangiogenesis, opacification and scarring of the cornea.

Recognition of viral ligands by pattern recognition
receptors (PRRs) in innate immune cells leads to down-
stream signaling that ultimately converges on the activation
of either TANK-binding kinase 1 (TBK-1) or IxB kinase
(IKK) complex. TBK1 leads to the activation of IFN regu-
latory factor 3 (IRF-3), a transcription factor whose role in
the expression of type I IFN and downstream pathways is
thought to be of paramount importance. IKK complex, com-
posed of NEMO (IKKY), IKKa and IKKf, phosphorylates
IkB, allowing nuclear factor kappa-light-chain-enhancer of
activated B cells (NFkB) to translocate to the nucleus and
increases the transcription of various interleukins (IL) and
tissue necrosis factor (TNF) [4, 5]. The regulation of NFxB
in the presence of infection is complicated in that the virus
both activates NFkB which facilitates its replication but also
inhibits NFkB to limit production of antiviral and inflamma-
tory cytokines [64].

Immune cells including those residing in the cornea
express functional Toll-like receptors (TLRs), a type of PPR,
that detect and bind pathogen-associated molecular patterns
(PAMPs), such as those associated with HSV-1 [71]. This
triggers the dimerization of TLRs which subsequently acti-
vates signaling pathways that provoke the production of
pro-inflammatory cytokines such as IFNs, TNF, and vari-
ous interleukins and upregulation of NF-xB [5]. The host
adaptive response is then primed through further signaling
pathways. Several TLRs have been implicated as important
mediators of viral containment and/or destructive inflamma-
tion in response to HSV-1 infection of the CNS. Currently,
10 TLR family members are expressed differently among
immune cells, each responding to different stimuli. At least
six TLRs (TLR1, 2, 3, 7, 8, and 9) are known to be involved
in HSV PAMP detection [89].

One of the most important TLRs to mediate host cell
response to HSV-1 is TLR-2. TLR2 resides on the cell sur-
face and recognizes viral envelope proteins and lipopeptides,
including specific HSV glycoproteins that serve as PAMPs
[4, 5]. TLR2 signals through a myeloid differentiation factor
88 (MyD88) or Toll-interleukin 1 receptor domain contain-
ing adaptor protein (TIRAP)-dependent cascade, result-
ing in the recruitment of IR-1R-associated protein kinase
(IRAK1) and TNF receptor-associated factor 6 (TRAF6),
both of which are upstream of the IKK complex and NF-«xB
[104] (Fig. 3). HSV-1 activation of NF-xB induces upregula-
tion of pro-inflammatory cytokines like IL-15 and IL-6 [2,
56]. Consequently, TLR2 knockout mice showed consider-
able resistance to disease expression, fewer clinical lesions,
reduced levels of neovascularization and stromal inflamma-
tory reactions at both early and peak times of viral response,
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Fig.3 TLR2, TLR3 and TLRY regulate a robust immune response
following HSV-1 infection. TLR2 resides on the cell surface and
recognizes viral proteins. TLR2 signals through a myeloid differen-
tiation factor 88 (MyD88) or Toll-interleukin 1 receptor domain con-
taining adaptor protein (TIRAP)-dependent cascade, resulting in the
recruitment of IR-1R-associated protein kinase (IRAK1) and TNF
receptor-associated factor 6 (TRAF6), both of which are upstream

proving to play a pivotal role in mediating an inflammatory
response upon viral infection. Reduced inflammatory reac-
tions in the TG were also observed in another study [56].
Ultimately, TLR2-deficient mice were protected from the
lethal effects of HSV infection [56, 68].

HSV-1 has also been shown to serve as a ligand for TLR9Y,
which is expressed in the endosome and recognizes the
virus by rich CpG sequences and signal through MyD88-
dependent pathway that induces NF-kB activation (Fig. 3)
[4, 43, 77]. In vitro studies have shown that inhibition of
TLR9Y using oligonucleotides prevented the expression of
essential immediate early herpes gene products, and as a
result also reduced NFkB activity in nuclear extracts [90]. In
the absence of TLR9, other compensatory mechanisms are
involved in producing both type I interferon and cytokines,
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of the IKK complex and NF-kB. TLR9 is expressed in the endosome
and recognizes the virus by rich CpG sequences and signals through
MyD88-dependent pathway that induces NF-kB activation. TLR3 is
also expressed in the endosome and recognizes dsRNA. TLR3 signals
through MyD88-dependent pathway, activating NF-xB, as well as
TIR-domain-containing adapter-inducing interferon-p (TRIF), which
is upstream of TBK-1, and leads to the activation of IRF-3

showing that TLRO only partially contributes to the response
against the virus [46, 55]. TLR3 are also expressed in the
endosomes and recognize viral dsRNA [5]. TLR3 signals
through MyD88-dependent pathway, activating NF-«xB, as
well as TIR-domain-containing adapter-inducing interferon-
b (TRIF), which is upstream of TBK-1, and leads to the
activation of IRF-3 (Fig. 3). This signaling cascade results
in the primary response of antiviral cytokines, primarily type
I IFNs [41]. TLR3 deficiency has been observed in various
pathologies such as HSV-1 encephalitis (HSE) and shown
to play a protective role against HSV-1 [120]. In these cases,
increased viral infection and replication is detected due to
reduced interferon production, proving TLR3-mediated
immunity to be crucial in protection against HSV-1 infec-
tion of the central nervous system.
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HSV-1 DNA recognition by TLR induces an immune
defense mechanism aiming at virus clearance from the cor-
nea; however, the initiation of an inflammatory response
has shown to contribute to pathogenesis leading to cornea
destruction rather than to protection. While the absence of
TLRs does result in less infection, MyD88 knockout mice
showed increased susceptibility to lethal HSV-1 infection
showing that the immunity plays an important role in host
resistance to viral infection and pathogenesis [68]. The host
inflammatory response to ocular infection with herpes sim-
plex virus (HSV) can be either protective and fight against
infection, or it can promote diseases.

Ocular neovascularization

Corneal neovascularization (CNV) is induced by various
stimuli, such as HSV-1 infection, and results in the formation
of new vascular structures in the cornea, a region previously
regarded as being avascular. CNV is a sight-threatening con-
dition associated with inflammation upon infection of the
ocular surface that mediates the pathogenesis of stromal
keratitis [9, 122]. Two main processes may be involved in
NV: angiogenesis, the physiological process through which
new blood vessels form from pre-existing vessels, and vas-
culogenesis, the de novo production of endothelial cells from
precursor angioblasts and formation of primitive vascular
networks [47].

Though angiogenesis is a normal and vital process in
growth and development, wound healing and the forma-
tion of granulation tissue, it proves to be detrimental when
observed in the human cornea. Angiogenesis is a common
mechanism involved in corneal and retinal disorders and is
known to be a major cause of visual impairment [66]. In
normal ocular function, maintaining the passage of photons
through ocular tissues to the retina with minimal resistance
is required. This maintenance is characterized by a fine bal-
ance between angiogenic and anti-angiogenic factors in the
cornea [9, 24]. Therefore, the upregulation of angiogenic
factors and development of blood vessels can damage vision
by blocking and diffracting light from entering the retina
and can cause deformation of the structural integrity of the
cornea. Pro-angiogenic factors include vascular endothelial
growth factors, fibroblast growth factor, and matrix metal-
loproteinases, hepatocyte growth factor, interleukin-6 and
tumor necrosis factor alpha, all of which promote continued
genesis and maintenance of CNV during virus infection and
following virus clearance [22, 28, 54, 105]. Neutrophils also
participate in CNV since they can be a source of angio-
genic factors as well as proteases that facilitate blood vessel
growth through the corneal matrix [103].

Several reports illustrate the mechanisms behind
increased level of VEGF-A during HSV-1 virus infection

and its downstream effects in CNV and developing pathol-
ogies [6]. VEFG-A is present and bound to sVR-1 (soluble
form of the VEGF receptor 1) in normal ocular tissue.
HSV-1 infection disrupts this interaction and results in
increased levels of VEGF-A and decreased levels of sVR-
1, inducing angiogenesis and subsequently CNV [103].
VEGF-A transcription is directly activated by an HSV-
1-encoded immediate early gene product, infected cell
protein 4 (ICP-4), upon its binding to guanine cytosine-
enriched sites within the VEGF-A promoter region [115].
Transcriptional activation of VEGF-A promotes several
steps of angiogenesis, endothelial cell proliferation, migra-
tion, and capillary tube formation. VEGF-A also increases
levels of microRNA-132 (miR-132) via cAMP response
element-binding protein (CREB) transcription factor. Ras
inhibitor is deactivated by miR-132, therefore, leading to
Ras activity and to the development of CNV. Silencing
miR-132 by antagomir-132 nanoparticles found to increase
levels of Ras-GAP, thereby, inhibiting angiogenic Ras
activity [75]. The requirement for VEGF-A in promot-
ing these processes became evident in an experiment that
showed the inhibition of neovascularization in rat model
following stromal implantation of an anti-VEGF-A block-
ing antibody [6]. This was further shown in a GF blocking
peptide in a rabbit corneal model resulting in the inhibition
of VEGF-induced angiogenesis [15].

Another angiogenic factor, fibroblast growth factor-2
(FGF-2), has also been shown to play a role in CNV follow-
ing infection. FGF-2 is a heparin-binding peptide that not
only induces angiogenesis, but also stimulates mitogenesis,
cellular differentiation and proliferation in various cell types.
It controls the expression of many different cytokines includ-
ing IL-6, VEGF-A, HGF, MMP-9, and angiopoietin-2 [29,
62, 63, 86, 92]. Neutralization of FGF-2 blocked progressive
CNV by reducing the expression of the angiogenic factors
including HGF, IL-6, VEGF-A and, therefore, resulted in
improved visual outcome. Anti-FGF-2 antibody treatment
was also found to partially preserve visual acuity in HSV-
1-infected mice but had no effect on corneal sensitivity [42].
Thus, FGF-2 may serve as a master regulator for other pro-
angiogenic factors expressed during HSV-1 infection.

Matrix metalloproteinases (MMPs) have also been
observed to be upregulated during the angiogenesis caused
by ocular infection with HSV-1 [13, 57]. However, their
presence is ambiguous and may serve as precursors to anti-
angiogenic or pro-angiogenic factors. Studies by Lee el al.
show that neutrophil infiltration following HSV-1 infection
secretes MMP-9 which contributes to CNV. Angiogenesis
was significantly diminished upon inhibition of MMP-9 and
in MMP-9 knockout mice [58]. However, most recently a
study shows no difference in WT and MMP-9-deficient mice
suggesting a dispensable role of MMP-9 and neutrophils in
angiogenesis following viral clearance [42].
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The infiltrating inflammatory cells including neutrophils,
monocytes, macrophages, and T cells can also be a tremen-
dous source of growth factors and cytokines that can induce
pro-angiogenic factors due to which neovascularization pro-
longs. Neutrophil infiltration has been shown to be a result of
NV and lead to corneal destruction [10]. On the contrary, a
recent study shows that leukocytes including neutrophils and
T cells have not been found to have major contribution to
corneal neovascularization, as antibody-mediated depletion
of these cells did not show significant impact on lymphatic
or blood vessel genesis [42].

At the molecular level, a new trigger for corneal inflam-
mation and NV was recently identified. In the late 2017,
we reported that heparanase (HPSE), a cornea resident
enzyme, acts as the molecular trigger for multiple patholo-
gies associated with HSV-1 infection [1]. Heparanase is an
endoglycosidase which is upregulated during HSV infection
by infected cell protein 34.5 (ICP34.5). HPSE has been rig-
orously studied in cancer biology, where it is well known to
play a role in cancer metastasis, angiogenesis, and stimula-
tion of both extracellular signal-regulated kinase (ERK) and
MMP-9 [36, 81]. Simultaneous increase in levels of HPSE
and MMP-9 is the major cause of degrading extracellular
matrix (ECM) and basement membrane (BM) allowing
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Fig.4 Induction of corneal neovascularization and inflammation by
HSV-1 infection: HSV-1 infection results in the increased expression
of heparanase (HPSE) which causes heparan sulfate proteoglycan
(e.g., syndecan) shedding. HPSE-degraded heparan sulfate releases
VEGF and FGF-2, which signal ERK phosphorylation and cause

@ Springer

pro-angiogenic factors’ release and thus playing a key role
in angiogenesis [25, 106]. Further evidence of the involve-
ment of HPSE in ocular angiogenesis comes from Xian-Jun
et al. who observed the increased mRNA and protein levels
of HPSE and VEGF-A in the retina of mice having oxygen-
induced retinopathy (OIR) [59]. Furthermore, the treatment
of OIR neovascularization mouse model with the sulfated
oligosaccharide phosphomannopentaose sulfate (PI-88)
suppressed angiogenesis by downregulating the HPSE and
VFGF-A. HPSE is also known to orchestrate FGF-2-medi-
ated cell signaling [69]. The FGF-2 operates through stable
activation of PI3 K/AKT pathway which is only transient
in heparanase-silenced cells. In support of these, Vishnu
et al. explains involvement of two different HPSE functional
domains (the enzyme active site and a separate site) in driv-
ing HGF signaling by enhancing HGF expression and its
activity [86]. In the light of heparanase pathophysiologic
importance in induction of FGF-2 and VEGF-A (important
regulators of herpetic angiogenesis), development of thera-
peutics targeting heparanse could be a promising approach
for current and future treatment of HSV-1-induced ocular
neovascularization (Fig. 4).

Therefore, understanding the mechanistic factors mediat-
ing the development of CNV can provide a clear therapeutic
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pro-inflammatory cytokine induction. Production of pro-inflamma-
tory factors (IL-6, MMP-9, FGF-2, HGF) then contributes to inflam-
mation and infiltration of macrophages, T cells, and Nk cells in the
cornea. In addition, HSV-1-infected corneas predominantly produce
VEGF-A that leads to angiogenic sprouting
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target in inhibiting the development of HSK. Few studies
have suggested that controlling the levels of VEGF-A or
inhibiting its receptor can alleviate HSV-1-induced neovas-
cularization [10, 121]. An experiment using TIMP-1, a spe-
cific MMP9 inhibitor, has also shown to reduce CNS symp-
toms and was recommended as a therapeutic agent against
herpes keratitis [58]. It is likely that future drug to treat HSK
will target virus as well as CNV and inflammation.

HSV-associated ocular pathologies
and systemic diseases: blepharitis
and conjunctivitis

HSV-1 infection of the eye is manifested in many different
ways. More superficially it can cause oculodermal diseases
such as blepharitis and conjunctivitis. Blepharitis is most
often seen as inflammation of the eyelid, whereas inflam-
mation of the conjunctiva commonly known as pinkeye
is the most common manifestation of HSV conjunctivitis.
Both viral and host factors play a role in the pathogenesis
of inflammatory ocular and dermal lesions. Reports indi-
cate that similar broad spectrum of immune reactions that
occur in the development of corneal lesions in response to
HSV-1 infection also occurs in the eyelid and conjunctiva
[67], namely rapid infiltration of neutrophils and cytokine
production in the cornea and eyelids were similar in nature
and development of pathology [100]. Both blepharitis and
conjunctivitis can be annoying diseases of the eye but they
often self-resolve and do not cause blindness.

Herpes stromal keratitis

A potentially devastating outcome of HSV-1 infection is her-
pes stromal keratitis (HSK), a vision-threatening syndrome
in which recurrent reactivation of latent virus from the TG
initiates chronic inflammation and results in increased cor-
neal damage [16]. HSK is the second leading cause of blind-
ness, after cataract, in developed countries, mainly due to its
recurrent nature.

The success of HSV and dominance over the host’s
immune system is attributed to the establishment of latency,
HSV-1 latency [63].

Although the functions of host innate and adaptive immu-
nity, such as type I IFN, innate immune cell activity, and
CD8+T cell activity are needed to suppress HSV-1 replica-
tion and infection, they are also shown to be detrimental to
the host. CD4 + T cells are expanded in the draining lymph
nodes and re-stimulated in infected cornea, mediating the
production of Th1l and Th17 cytokines and orchestrating
chronic immune-inflammatory lesions, resulting in ocular
HSK [37, 101]. Elevated levels of neutrophils and dendritic

cells contribute to inflammation and, therefore, development
of ocular pathologies [16, 27]. Studies observed significantly
diminished SK lesion severity and neovascularisation by
decreasing the influx of CD4 + cells and innate cells such
as neutrophils and, therefore, decreasing the production of
pro-inflammatory cytokines [101].

Encephalitis

HSV-1 encephalitis (HSE) is the most commonly diag-
nosed form of sporadic viral encephalitis in humans caused
by primary or secondary infections. It is the most serious
neurological complication caused by HSV-1. Invasion and
establishment of infection in the central nervous system is
a rare and life-threatening event that is still without a fool-
proof treatment option [114]. Acyclovir (ACV) is the most
commonly used antiviral drug to treat HSV-1 corneal infec-
tion and is sufficient in blocking viral replication. However,
studies indicate that treatment with ACV after the virus
had already reached the brain stem resulted in fatal cases
of encephalitis in mouse models, showing that fatality is a
result of brain stem inflammation rather than viral replica-
tion [65].

HSE results from widespread damage in the brain stem
caused by destructive inflammatory responses initiated
early in infection by massive infiltration of innate cells.
Consequently, studies have also shown enhanced survival
in mice with depletion of either macrophages or neutro-
phils, as a result of reduced hyperinflammation initiated by
early infiltrating innate cells [65]. Stimulation of the innate
immune response and activation of TLR2-induced inflam-
matory cytokines have shown to be associated with lethal
viral encephalitis upon HSV-1 infection [56]. Similarly,
administration of a TLR9 inhibitory oligonucleotide after
HSV-1 infection of mice decreased mortality by controlling
the inflammatory response in the brain [17]. Other stud-
ies have indicated that mice lacking the adapter molecule
MyD88, which is downstream of TLR, were resistant to
lesion development, but were unable to control infection and
succumbed to lethal encephalitis [68]. Inflammation caused
by the immune response is a major cause of development of
central nervous system (CNS) pathology resulting in severe
pathological diseases and fatality.

On the contrary, deficiencies in the immune response
to HSV may leave the host susceptible to herpes simplex
virus-1 encephalitis. While the inflammatory response
mediated by the innate immune system can be destruc-
tive and result in neurologic sequelae, the host immune
response is critical for viral control and protection. Both
the innate and adaptive immune system determine disease
severity, the extent of lesions, latency and recurrence.
Recurrent infections, corneal scarring and mortality were
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shown to be more significant in immunocompromised
patients [18]. Reduced antiviral cytokine production in
TLR3-deficient patients resulted in the pathogenesis of
encephalitis [120]. In accordance with these findings,
IRF-3 knockout mice showed increased viral replication
and inflammatory cytokine production in the brain tissue
as well as a deficit in the production of both IFN- and
IFN-a [72]. Recent clinical studies identified that patients
with genetic defects in IRF-3 exhibited increased suscep-
tibility to viral infection in the CNS, due to blunted IFN
production upon TLR3 stimulation by HSV-1 [7]. Anti-
viral cytokine secretion as a result of immune activity is
crucial for virus clearance and control even though the
inflammatory response it elicits may lead to innocuous
pathologies.

Existing and investigational therapies
to control HSV-induced ocular pathologies

Various antiviral agents are already in use to prevent infec-
tion and treat already existing diseases caused by HSV-1
infection. The first FDA-approved over-the-counter topi-
cal medication for orolabial herpes was docosanol, a drug
that inhibits the fusion between the plasma membrane and
the HSV envelope thus exhibiting anti-HSV activity [73,
80]. The administration of docosanol, therefore, resulted
in inhibition of viral genome entry to the nucleus and sub-
sequently lack of replicative events [80]. However, this
drug fails to eliminate viral genomes of already infected
cells and latent infection. The current treatment modality
for ocular HSV-1 includes systematic administration of
the following nucleoside analogs: acyclovir (ACV), vala-
cyclovir and famciclovir as well as topical administration
of ganciclovir and trifluridine (TFT) [112]. These antiviral
drugs limit the viral DNA replication and prevent viral
recurrences, therefore, suppressing disease symptoms.
However, therapeutic drugs currently used to treat HSV
suffer from many limitations including the development
of antiviral resistance, induction of ocular disorders with
prolonged use of TFT and nephrotoxicity caused by pro-
longed use of ACV [32, 34, 50, 70, 118]. A clinical study
reported 34 (44.7%) of 76 patients suffering from HK as
ACYV resistant and also identified a higher prevalence of
resistance among immunocompromised patients [113].
Also, these drugs fail to prevent permanent establishment
of viral latency, allowing the virus to persist and cause
clinical diseases at later times. For these reasons, alterna-
tive methods are needed to provide more effective treat-
ment at earlier phases of the viral infection and to prevent
the development of drug resistance by the virus (Table 1,
Fig. 5) [8, 51].
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Recent development in new antivirals:
targeting host factors

The current understanding of the molecular basis of HSV-1
infection highlights a few host molecules that serve as
essential mediators in productive virus infection. A recent
study by our lab published in 2018 identified BX795, a
commonly used inhibitor of TANK-binding kinase 1
(TBK1), as a potent antiviral suppressing infection of
multiple strains of HSV-1, including an ACV-resistant
HSV-1 strain. BX795’s antiviral activity was observed in
transformed and primary human cells, cultured human and
animal corneas, and a murine model of ocular infection.
In this study, BX795 was shown to target Akt, which in
turn, blocks viral protein synthesis. BX795 demonstrates
its antiviral activity by reducing Akt phosphorylation in
infected cells, leading to reduced mTORCI activity and
the loss of hyperphosphorylation of 4E-BP1. However,
a more precise antiviral mechanism of action induced by
BX795 requires further investigation as many additional
targets [49, 102].

Heparanase (HPSE) is another host factor that mediates
HSV-1 infection and has been reported to drive HSV-1-in-
duced pathogenesis [1]. HPSE is a HS-degrading enzyme
of the host that has been shown to increase in expression
upon HSV infection and, therefore, dramatically decreased
surface HS levels of infected cells. The study concludes
that active HPSE is required for efficient viral egress and
subsequently cell-to-cell spread [44]. Several HPSE-
blocking agents are currently being used in phase-1 and -2
clinical trials for cancers and, therefore, targeting HPSE in
infection may result in a promising therapy. Studies in our
lab using a pharmacological inhibitor of HPSE, OGT2115,
showed decreased expression of pro-inflammatory factors
IL-1B, IL-6 and TNF-a and loss of viral cell-to-cell spread
in human corneal epithelial cells [1]. In ex vivo porcine
cornea infection model, OGT2115 also showed an antiviral
effect where it arrested the spread of infectious virus and
resulted in eventual clearance of virus. Thus, by blocking
the active site of the HPSE enzyme, OGT2115 provides a
promising therapeutic agent against HSV-1.

Targeting ocular angiogenesis and inflammation can
also provide an effective treatment option against HSK.
Specifically, Src family of tyrosine kinases are respon-
sible for VEGF-mediated vascular permeability and are
involved in signaling other angiogenic factors resulting
in pathological angiogenesis [30, 91]. Studies show that
topical or systemic administration of Src kinase inhibi-
tor, TG100572, on infected mice resulted in diminished
angiogenesis by blocking VEGF signaling pathway [94].
The use of TG100572 resulted in the inhibition of CXCL1,
a pro-angiogenic and pro-inflammatory chemokine,
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Table 1 Antiviral drugs under research as well as current modes of treatment
Drugs Mechanism of action References
Targeting host factors
BX795 Targets Akt phosphorylation in infected cells, leading to the [49, 102]
blockage of viral protein synthesis
OGT2115, phosphomannopentaose sulfate (PI-88) Inactivates heparanase and vascular endothelial growth factor [1,59]
Src kinase inhibitor (TG100572) Block IL-8/CXCLI1 involved in inflammatory cell recruitment [94]
that are a source of VEGF, diminishes cellular infiltration in
the cornea, and reduces proliferation and migration of CD4(+)
T cells into the corneas
Targeting host entry receptors
G2-C peptide Prevents entry of HSV-1 by blocking heparan sulfate receptors ~ [48]
Apolipoprotein E peptide Inhibited migration, invasion, endothelial cell proliferation and  [14]
capillary tube formation
Targeting viral glycoproteins
DNA aptamer Restricts viral entry and replication by disrupting the binding of [116]
gD to its cognate host receptors
Retrocylin 2 Prevents entry of the virus by binding gB [19]
Humanized monoclonal antibody (mAb hu2c) Targets viral glycoproteins and neutralizes the virus particle, [12, 53]
restricting viral entry
Other antiviral therapy
Receptor Robo4 (sR4) protein Activates an anti-angiogenic pathway that counteracts VEGF [39]
downstream signaling
Soluble FasL (sFasL) Fas is a member of the tumor necrosis factor-R family. sFasL. [87]
induces apoptosis of Fas* vascular endothelial cells and
thereby restricts inflammatory responses
Resolvin E1 (RVE1) and aspirin-triggered resolvin D1 (AT- Decreases pro-angiogenic factors. Decreases the influx of [82, 84, 93]
RvD1) neutrophils and effector CD4p T cells (both TH1 cells and
TH17 cells), pro-inflammatory mediators (IL-1p, IL-6, IL-12,
CXCL1, MCP-1, MIP-2, vascular endothelial growth factor
(VEGF)-A, matrix metalloproteinase 9 (MMP-9)) pro-inflam-
matory miRNA, such as miR-155, miR-132, and miR-223.
RVEI increased levels of the anti-inflammatory cytokine
1L-10.
Anti-miR-132 (antagomir-132) nanoparticles Controls miR-132 expression during ocular HSV-1 infection [75]
and reduces angiogenic Ras activity in corneal CD31-enriched
cells
Galectin-1 (gal-1) and anti-miR-155 Suppress the functions of Th1 and Th17 cells which primarily [85]
orchestrates the inflammatory lesions
2-Deoxy-glucose A glucose inhibitor that limits the differentiation and functional-
ity of CD4 T cells which are more active in developing lesion
Monoamine oxidase inhibitors Prevents viral transcription of the IE genes, thus preventing the  [60]
virus from reactivating from latency
BAY 57-1293 Helicase—primase complex inhibitor [52]
Cyclosporin A Inhibits T-cell activation by blocking IL-2 production [119]
Rigid amphipathic fusion inhibitors (RAFIs) Inhibit the increased negative curvature required for the initial [97]
stages of fusion
Current regimens
Acyclovir, Valaciclovir, Famciclovir, Ganciclovir, Cidofovir, Inactivates HSV-specified DNA polymerases preventing further [31, 111]
Foscarnet, Vidarabine, Trifluridine viral DNA synthesis
Cyclooxygenase inhibitors (lornoxicam) Downregulates nuclear factor kappa [38]
Docosanol Inhibits the fusion between the plasma membrane and the HSV ~ [73, 80]

envelope
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resulting in diminished cellular infiltration and migration
of CD4 + T cells into the corneas. Thereby TG100572
inhibits downstream molecules involved in the VEGF
signaling pathway and results in diminished levels of
HSV-induced angiogenesis and significantly reduces the
severity of HSK lesions.

Targeting host entry receptors

Antiviral peptides inhibiting viral entry into host cells have
proven to be effective in eliminating infection and, there-
fore, suppressing development of ocular diseases. Recently,
studies in our lab have identified antiviral activity of two
small cationic peptides, G1 and G2, by binding specifi-
cally to HS and a modified form of the HS polysaccharide,
3-O-sulfated HS (3-OS-HS) and, therefore, inhibiting HSV-1
entry and spread [109]. G2 peptide also showed efficacy in
combined therapy with ACV in both in vitro and in vivo
studies [78]. Continued studies with this antiviral peptide
showed prolonged release in commercially available contact
lenses demonstrated antiviral activity in in vitro, ex vivo,

@ Springer

and in vivo models of corneal HSV-1 infection, providing a
new and effective way to control corneal herpes [48].

Another study targeted apolipoprotein E (ApoE) which
is well known to contribute to the pathogenesis of HSV-1 in
ocular infection [45]. Human host-derived peptidomimetic
apoE (apoEdp) has been reported to block the development
and progression of ocular herpes by competing with HSV-1
for the binding site of the entry receptor HS. Treatment on
the eye with apoEdp has reported to reduce pro-inflamma-
tory cytokines IL-1a, IL-1f, IL-6, TNFa, IFN-vy, and a pro-
angiogenic cytokine, VEGF [14].

Targeting viral glycoproteins

Our lab has also recently developed a novel approach target-
ing viral glycoprotein gD, proving to be an effective therapy
against ocular herpes both in vitro and in vivo. Topical appli-
cation of the 45-nt-long DNA aptamer that has high affin-
ity to HSV-1 gD resulted in disruption of gD binding to its
cognate host receptor, resulting in significant restriction of
viral entry due to the requirement of gD for viral entry. The
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use of this DNA aptamer resulted in 50-80% reduction in
viral entry and an ECs;, of 2 pM [116]. Furthermore, DNA
aptamer showed to inhibit cell fusion and restrict intracel-
lular viral spread without inducing any toxic effects.

Another peptide shown to regulate HSV-1 infection is
synthetic theta-defensin, specifically retrocyclin 2 [117].
Retrocyclin 2 binds viral gB protein and blocks viral attach-
ment, restricting viral entry without inducing cytotoxicity.
However, these results were only significant when retrocyc-
lin 2 was preincubated with HSV-1 KOS in vitro, proving to
be effective only if used prophylactically [117].

Antiviral antibodies have also been identified as prom-
ising tools to prevent HSV infection by targeting viral
glycoproteins and neutralizing the virus particle. A study
published by Krawczyk et al. generated a novel humanized
monoclonal antibody (mAb hu2c) that neutralizes clinical
HSYV isolates, including multi-drug-resistant variants both
in vitro and in immunocompromised mice [53]. Similarly,
a more recent study showed that humanized HSV-1/2-gB
antibody neutralizes the virus and protects mice from ocular
disease by blocking the neuronal spread of HSV [12]. These
studies suggest that mAb hu2c may be used as a potent thera-
peutic option for severe ocular HSV infections, immuno-
compromised patients, and patients with multi-drug-resistant
HSV isolates.

Other antiviral therapy

The endothelial receptor Robo4 (R4) has been shown to
directly influence the development of angiogenesis by
enhancing anti-angiogenic factors that counteract VEGF
downstream signaling. Furthermore, R4 knockout mice
showed significantly higher angiogenesis after HSV-1 ocu-
lar infection than did infected wild-type (WT) controls while
the administration of soluble R4 (sR4) showed to rescue this
phenotype. Therefore, sR4 has been proposed as a useful
therapeutic antiviral drug to control angiogenesis and lessen
the severity of SK [39]. However, further mechanistic stud-
ies are ongoing.

Rigid amphipathic fusion inhibitors (RAFIs) have been
shown to inhibit viral infectivity of several enveloped
viruses, including HSV-1 and -2, by inhibiting the increased
negative curvature required for the initial stages of fusion
[97]. These unique inhibitors also showed antiviral activity
towards otherwise drug-resistant HSV-1 mutants. However,
while RAFIs inhibit entry of HSV-1 tegument proteins into
the target cells, they do not prevent primary attachment, sec-
ondary binding or viral DNA replication and, therefore, are
not suitable remedies for all cases of HSV infection.

The therapeutic use of soluble Fas ligand (sFasL) has also
been investigated and shown to reduce inflammatory infil-
trate and neovascularization in primary and recurrent forms

of HSK. In this study, BALB/c mice treated with sFasL
following acute and recurrent HSV-1 infection showed a
decrease in corneal opacity and neovascularization [87]. The
interaction of Fas, a member of the tumor necrosis factor-R
family, with FasL, a ligand of Fas, is an important factor in
controlling HSK during acute infection of the cornea [74].
Accordingly, FasL expressed on ocular tissue serves as an
important barrier for inflammatory cells and formation of
new blood vessels maintain immune privilege of the eye
[40, 98, 99].

Other therapies may include specialized pro-resolving
mediators (SPM) such as lipoxins, resolvins, protectins and
maresins which exhibit potent anti-inflammatory and pro-
resolving actions [11, 83, 93]. In vivo studies using SPM
showed decreased production of inflammatory mediators,
pro-angiogenic factors and stimulating IL-10, anti-inflam-
matory cytokine [82, 84]. A recent study showed treatment
with aspirin-triggered resolving D1 (AT-RvD1) diminished
corneal neovascularization and severity of SK lesions in
mice with HSV-1 due to the detection of fewer numbers
of inflammatory cells including neutrophils, Th1 and Th17
cells in the infected cornea [82]. Moreover AT-RvD1 has
also been reported to decrease levels of pro-inflammatory
mediators such as micro-RNA (miRNA) (miR-155, miR-132
and miR-223) [82].

Conclusion

While current modes of therapy exist to alleviate symptoms
of HSV-1 infection, an effective antiviral drug that elimi-
nates HSV-1 infection without limitations is still desired.
Latency established after HSV-1 infection is able to evade
the antiviral activity of the immune system and the virus
remains dormant in sensory neurons, making it difficult to
target and dismantle. Reactivation of HSV-1 from this state
results in pathogenesis of HSK, the leading cause of blind-
ness. Recent developments in the field have generated an
immense opportunity to target both the virus and the host
responses, especially the CNV and the corneal inflamma-
tion. It is likely that the most successful drug of the future
will not only retard the virus growth but will also stop the
host triggers and mediators of inflammation from going out
of control.
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