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Abstract: Vaccines to viral pathogens in experimental animal models are often deemed successful if
immunization enhances resistance of the host to virus challenge as measured by cumulative survival,
reduction in virus replication and spread and/or lessen or eliminate overt tissue pathology. Further-
more, the duration of the protective response against challenge is another important consideration
that drives a vaccination regimen. In the current study, we assessed the durability of two related
vaccines, 0∆NLS and 0∆RING, against ocular herpes simplex virus type 1 (HSV-1) challenge in mice
thirty days (short-term) and one year (long-term) following the vaccine boost. The short-term vaccine
efficacy study found the 0∆RING vaccine to be nearly equivalent to the 0∆NLS vaccine in comparison
to vehicle-vaccinated mice in terms of controlling virus replication and preserving the visual axis.
By comparison, the long-term assessment of the two vaccines found notable differences and less
efficacy overall as noted below. Specifically, the results show that in comparison to vehicle-vaccinated
mice, the 0∆NLS and 0∆RING vaccinated groups were more resistant in terms of survival and virus
shedding following ocular challenge. Moreover, 0∆NLS vaccinated mice also possessed significantly
less infectious virus in the peripheral and central nervous systems but not the cornea compared to
mice vaccinated with vehicle or 0∆RING which had similar levels. However, all vaccinated groups
showed similar levels of blood and lymphatic vessel genesis into the central cornea 30 days post
infection. Likewise, corneal opacity was also similar among all groups of vaccinated mice following
infection. Functionally, the blink response and visual acuity were 25–50% lower in vaccinated mice
30 days post infection compared to measurements taken prior to infection. The results demonstrate
a dichotomy between resistance to infection and functional performance of the visual axis that
collectively show an overall loss in vaccine efficacy long-term in comparison to short-term studies in
a conventional prime-boost protocol.
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1. Introduction

Herpes simplex virus 1 (HSV-1) is a large double-stranded DNA virus that consists of
approximately 152 kilobase of DNA with over 80 genes encoded by the virus [1]. As HSV-1
has co-evolved with the human host, a number of countermeasures to the host’s innate and
adaptive immune response are encoded by the virus that allows it to be one of the more
successful human virus pathogens with greater than 3.5 billion individuals infected [2,3].
Owing to the success of HSV-1 includes the neurotropic nature of the virus which allows it
to invade and establish latency in neurons that reside in the peripheral and central nervous
system of the naive host as well as reactivate clinically or sub-clinically in seemingly
immunocompetent individuals [4–6]. Of note, it has been found that HSV-1 seropositive
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individuals that do not experience recurrent herpetic disease retain polyfunctional effector
memory CD8+ T cells to select HSV-1 polypeptides compared to symptomatic individuals
and such polypeptides used in cocktail vaccines have been shown to be efficacious in
protecting mice against ocular HSV-1 challenge [7–10]. Although these vaccines tend
to be directed primarily at driving a CD8+ T cell response, such studies have identified
a T lymphocyte-based explanation for individuals that experience HSV-1 reactivation
and emphasize the contribution of CD8+ T cells in HSV-1 surveillance in latent-infected
individuals as suggested in mouse studies [11,12].

The general basis of vaccination to infectious pathogens is to protect the patient
from subsequent exposure to the insulting microbe by enlisting the activation of B and T
lymphocytes specific for the agent. Ideally, vaccine-induced lymphocyte activation leads to
the generation of memory B and T cells that can rapidly respond to exposure or re-exposure
to the microbial insult. Consequently, the efficacy of a vaccine is defined by the magnitude
and duration of a protective immune response [13]. The generation of a successful vaccine
against HSV-1 is a challenge due to the virus-encoded immune countermeasures directed
at the innate and adaptive immune systems, the establishment of latency in neurons that
allows the virus to “hide” from probing lymphocytes and circulating antibodies and the
subclinical reactivation nature of the virus in a large reservoir of infected individuals.
Experimental vaccines against HSV-1 consists of heat-killed virus, live-attenuated virus,
virus-encoded protein subunits (typically glycoproteins) and subunit cocktails [14–24].
These vaccines have been deemed successful by the reporting investigative team based on
providing sterile immunity, the induction of a robust immune (B and/or T cell) response
and in some instances, reduction of tissue inflammation. While some of these vaccines
may have value in preventing or reducing the severity or incidence of herpes labialis, a
common manifestation of HSV-1 infection [25], the efficacy of these experimental vaccines
in protecting the integrity and function of sensitive anatomical regions including the eye
have not been addressed or have done so using qualitative means that do not consider
functional consequences of the visual axis in parameters under analysis.

We have previously described the successful use of a live-attenuated virus as a vaccine
against ocular HSV-1 challenge with the genesis of a robust immune response and preserva-
tion of corneal integrity and visual function [26,27]. The efficacy of the vaccine was found
to be dose-dependent and did not require the presence of the neonatal Fc receptor [28,29].
The basis of the attenuated virus used as a vaccine stems from earlier work identifying the
immediate early gene, infected cell protein (ICP) 0 as a crucial component of the virus in
resistance against type I interferon (IFN) pathway activation [30–33]. The creation of the
ICP0 mutant in which the nuclear location signal (NLS) is disrupted led to a virus (denoted
HSV-1 0∆NLS) that can infect and replicate in cells but at an appreciable loss compared to
wild type (WT) parental virus associated with high sensitivity to type I IFN [26]. While
HSV-1 0∆NLS was found to be a highly efficacious prophylactic vaccine against ocular
HSV-1 challenge, the duration of protection of the vaccine was not evaluated. Another
HSV-1 ICP0 mutant, 0∆RING derived from the deletion of codons 105–229 of the ICP0
gene and, therefore, negate of E3 ligase activity [34], was used as a comparative ICP0
mutant vaccine to the 0∆NLS vaccine. The current study was undertaken to determine if
vaccinated mice retained resistance against subsequent challenge one year following the
vaccine boost relative to a short-term efficacy study in which mice were challenged with
HSV-1 30 days post vaccine boost.

2. Results
2.1. A Comparison of HSV-1 ICP0 Mutants 0∆NLS and 0∆RING to Parental (WT) GFP105
Resistance to IFN-β In Vitro

Previous studies have reported HSV-1 ICP0 null viruses do not efficiently replicate
in cells that have been exposed to type I IFN [30,35]. To determine if HSV-1 ICP0 mutants
0∆NLS and 0∆RING were equally sensitive to type I IFN, the parental WT GFP105 and
HSV-1 ICP0 mutant viruses were analyzed for their growth kinetics in cell monolayers of
Vero cells, Vero cells treated with IFN-β, or ICP0-complementing L7 cells. In parental WT
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GFP105 infected cells, IFN-β pretreatment of Vero cells modestly reduced virus replication
at the 18 hr time point 60-fold but latter time points from 24–48 h pi, IFN-β pretreatment
had a negligible effect (Figure 1A). By comparison, the ICP0 mutants 0∆NLS (Figure 1B)
and 0∆RING (Figure 1C) were dramatically affected by IFN-β pretreatment with losses
ranging from 76- to over 60,000-fold in replication over 48 h pi. The ICP0 0∆RING mutant
was the most impacted by IFN-β consistent with a previous study evaluating HSV-2 ICP0
mutant virus replication in Vero cells with and without IFN-β pretreatment [36]. Thus,
like the HSV-2 ICP0 mutant counterparts, HSV-1 ICP0 mutants 0∆NLS and 0∆RING are
exquisitely sensitive to the anti-viral effect of type I IFN.
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2.2. The ICP0 Mutant 0∆RING Shows Similar Degrees of Efficacy Compared to the ICP0 Mutant
0∆NLS as A Prophylactic Vaccine against HSV-1 in Mice Challenged 30 Days Post Boost

Initially, we sought to determine if the HSV-1 ICP0 mutant RING used as a pro-
phylactic vaccine protected mice to the same degree as the related HSV-1 ICP0 mutant,
0∆NLS previously reported to show significant efficacy against subsequent ocular virus
challenge [26,27]. Similar to 0∆NLS-vaccinated mice, 0∆RING-immunized animals did
not succumb to HSV-1 infection when challenged 30 days post-boost whereas greater
than 80% of phosphate-buffered saline (PBS, vehicle)-vaccinated animals died following
primary infection by day 9 pi (Figure 2A). Consistent with these results 0∆RING-vaccinated
mice shed significantly less virus during acute infection (Figure 2B) and maintained no
measurable infectious virus in the cornea (Figure 2C) or TG (Figure 2D) at day 7 pi similar
to 0∆NLS-vaccinated animals in comparison to PBS-immunized controls. However, there
was a noticeable difference in neutralizing antibody titers (Figure 2E) and anti-HSV-1
antigen reactivity (Figure 2F) comparing 0∆RING to 0∆NLS-vaccinated mice. Whereas
both ICP0 mutant vaccinated groups displayed elevated neutralizing antibody titers and
HSV-1 antigen reactivity compared to the PBS-immunized mice, 0∆NLS-vaccinated ani-
mals sera possessed significantly greater antibody neutralizing activity (Figure 2E) and
HSV-1 antigen reactivity (Figure 2F) compared to the RING-immunized animals.

Next, vaccinated mice were evaluated for cornea pathology by measuring virus-
induced corneal neovascularization. Similar to 0∆NLS-vaccinated animals, 0∆RING-
immunized mice showed no appreciable corneal neovascularization (blood and lymphatic
vessel genesis) at day 30 pi compared to PBS-vaccinated animals which displayed robust
blood and lymphatic vessel growth into the central cornea (Figure 3A–C). From a functional
standpoint, RING-immunized mice maintained a blink response (Figure 3D) and visual
acuity (Figure 3E) similar to 0∆NLS-vaccinated animals in comparison to PBS-vaccinated
mice that displayed a temporal or sustained loss in mechanosensory function (Figure 3D)
and visual acuity (Figure 3E) respectively. Collectively, these results demonstrate the ICP0
mutant 0∆RING has a nearly identical efficacious profile to that of the ICP0 mutant 0∆NLS
when used as a prophylactic vaccine against ocular HSV-1 infection challenged 30 days
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post vaccine boost. Whether the ICP0 mutants provide equivalent protection long-term
was investigated next.
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monitored for survival out to day 30 post infection (pi). The results are the summary of two independent experiments;
** p < 0.01 comparing the HSV-1 0∆NLS and 0∆RING vaccinated groups to the vehicle-vaccinated mice (6 mice/group) as
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Figure 3. HSV-1 ICP0 mutant 0∆RING vaccine preserves the visual axis of mice following ocular
HSV-1 challenge 30 days post vaccine boost. C57BL/6 WT male and female mice (n = 6/group) were
vaccinated with HSV-1 0∆NLS (1 × 105 PFU), HSV-1 0∆RING (1 × 105 PFU) or vehicle (PBS) and
subsequently ocularly challenged with HSV-1 McKrae (1 × 104 PFU/cornea) 30 days post vaccine
boost. (A–C) At 30 days post infection (pi), mice were exsanguinated and the corneas were processed
and assessed for neovascularization. Representative figures for each vaccinated group are shown
in panel A. The summary of the area of the cornea occupied by lymphatic (LYVE-1+ green) and
blood (CD31+ red) vessels is included in panel B and C respectively. (D) Vaccinated mice were
assessed for the blink response using a Cochet-Bonnet esthesiometer prior to and at the indicated
times pi. The results are reported as the mean length (cm) to yield a blink response + SEM for
each group. (E) Visual acuity scores were determined by using optomotry prior to and following
HSV-1 infection of vaccinated mice. The results are reported as the mean for each group at each time
point. *** p < 0.001, ** p < 0.01 comparing the PBS- to the 0∆RING and 0∆NLS vaccinated groups as
determined by ANOVA and Tukey’s post-hoc multiple comparison test for results analyzed in (D,E).

2.3. The HSV-1 0∆NLS Vaccine Displays Superior Efficacy Compared to The HSV-1 0∆RING
Vaccine as Determined by Virus Replication and Weight Loss Results following Ocular HSV-1
Challenge in Long-Term Study

To calibrate the long-term durability of the HSV-1 0∆NLS vaccine against subsequent
challenge with HSV-1, vaccinated mice were infected one year following the boost using
the prime-boost vaccination protocol [26] and monitored over the course of 30 days. In
comparison to vehicle (PBS)-vaccinated animals, HSV-1 0∆NLS- and 0∆RING-vaccinated
mice did not succumb to primary infection following virus challenge with all (21/21) in
the case of the 0∆NLS-vaccinated group or the majority (12/15) in the case of the 0∆RING-
vaccinated group surviving acute infection (Figure 4A). By comparison, greater than 74%
of PBS-vaccinated mice (14/18) succumbed to infection. These results are consistent with
the dramatic drop in weight of PBS-vaccinated mice following challenge over the course
of 7 days pi approaching 15% loss in comparison to 0∆RING- (9% loss) and 0∆NLS (4%
loss)-vaccinated groups (Figure 4B).
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** p < 0.01, comparing 0∆RING-vaccinated mice to vehicle-vaccinated controls at day 5 pi. ∆∆ p < 0.01
comparing vehicle-vaccinated mice to 0∆RING- and 0∆NLS-vaccinated animals at day 7 pi as de-
termined by ANOVA and Scheffé multiple comparison test. (D–F) Virus titers were determined by
plaque assay at day 7 pi in the (D) cornea, (E) trigeminal ganglia (TG) and (F) brain stem (BS) of the
vaccinated animals (6–9 mice/group). ** p < 0.01 comparing the indicated groups as determined by
ANOVA and Scheffé multiple comparison test.

To further define the level of protection in the HSV-1 ICP0 mutant-vaccinated mice,
virus shedding, replication and spread were evaluated in infected mice. In comparison to
PBS-vaccinated mice, 0∆RING-vaccinated mice possessed no detectable infectious virus
in the tear film by day 5 pi whereas the majority (15/16) of 0∆NLS vaccinated mice did
not effectively eliminate virus until day 7 pi (Figure 4C). In contrast, the majority (12/15)
of PBS-vaccinated mice retained infectious virus shedding as detected in the tear film at
day 7 pi which were significantly elevated compared to the 0∆RING- or 0∆NLS vaccine
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mice (Figure 4C). These results, however, did not reflect infectious virus levels found in
the cornea tissue at day 7 pi. Specifically, there was no significant difference in viral loads
obtained from the cornea comparing PBS- to 0∆RING- and 0∆NLS- vaccinated animals
(Figure 4D). Nevertheless, 0∆NLS-vaccinated mice possessed significantly less virus in the
TG and BS compared to PBS- and 0∆RING-vaccinated groups which had nearly equivalent
levels of recoverable infectious virus (Figure 4E,F). Collectively, the results suggest the
0∆NLS-vaccinated mice show the greatest resistance to virus challenge with significant
integrity in the anti-viral efficacy intact with the exception of cornea virus loads that were
found to be similar between all groups of vaccinated mice in this long-term study.

2.4. Anti-HSV-1 Antibody Titers Are Lost over Time following Vaccination with 0∆NLS
or 0∆RING

Previous studies have found antibody neutralizing titers correlate with the efficacy
of the HSV-1 0∆NLS vaccine delivered prophylactically 30 days prior to ocular HSV-1
infection [26,27]. Therefore, antibody neutralization titers to HSV-1 were determined
from sera obtained from vaccinated mice at times post booster prior to challenge. The
results show that at 1 and 4 months post-boost, mice that received the 0∆NLS vaccine
possessed a significantly higher neutralization titer compared to the vehicle-immunized
group (Figure 5A). Likewise, at 1 month post-boost, 0∆NLS vaccinated mice maintained a
significantly elevated neutralization titer against HSV-1 compared to mice immunized with
the 0∆RING vaccine (Figure 5A). However, by 8 months through 12 months post-boost, the
neutralization antibody titers to HSV-1 were lost in the 0∆NLS- and 0∆RING-vaccinated
animals with no meaningful difference in levels compared to the vehicle-vaccinated mice
(Figure 5A). Therefore, a prime-boost vaccination regimen using the ICP0 mutants does
not maintain a measurable neutralization antibody titer to HSV-1 past 4 months post boost.
Similar to the neutralizing antibody titers, reactivity to HSV-1 antigen by antisera from
0∆NLS vaccinated mice was significantly attenuated over time (Figure 5B). As expected,
significant reactivity was found 1–8 months post-vaccine boost. However, there was a
steady decline in recognition of HSV-1 antigen such that by 12 months post-boost, there was
a dramatic lost in antigen recognition that mirrored the antibody neutralization titers in the
0∆NLS immunized mice. Surprisingly, there was little reactivity to HSV-1 antigen by sera
obtained from RING-immunized mice at any time point collected post-boost (Figure 5B).
Consistent with previous observations [29], antigen recognition was principally limited to
the IgG2b isotype with some recognition by IgG1 (data not shown). Taken together, the
results clearly show a significant drop in antibody titers to neutralize and react to HSV-1
over time.

2.5. The Immune Cell Profile of Vehicle- and ICP0 Mutant-Immunized Mice Are Similar following
HSV-1 Challenge in Long-Term Study

Previously, we have found a reduction in the infiltration of leukocytes into infected
tissue or undergoing clonal expansion in the draining lymph nodes of 0∆NLS vaccinated
mice challenged with HSV-1 [26,28,37]. Since there was some degree of protection most
pronounced in the 0∆NLS vaccinated group challenged with HSV-1 in the long-term study,
we next investigated clonal expansion of lymphocyte populations in vaccinated mice
following virus challenge. Analysis of the CD4+ T cell populations found vaccinated mice
had similar levels of total CD4+ (Figure 6A), CD4+ central memory (Figure 6B), CD4+
effector memory (Figure 6C), total CD8+ (Figure 6D), CD8+ central memory (Figure 6E) and
CD8+ effector memory (Figure 6F) T cells in the MLN 7 days pi. In a similar fashion, HSV-
1-specific CD8+ T cells were also found to be similar in frequency and number amongst the
vaccinated group of mice indicating no loss in clonal expansion regardless of the vaccine
given (data not shown).
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Figure 5. Neutralizing antibody titer in 0∆NLS-vaccinated mice is diminished over time. Mice
(18–22 mice/group) were vaccinated as described under materials and methods section with either
PBS (vehicle), 0∆RING, or 0∆NLS ICP0 mutants. At 1, 4, 8, and 12 months post-boost, blood
was collected from each animal and the sera was evaluated for (A) virus neutralization titers
and (B) reactivity to HSV-1 antigen. Each time point represents the mean + SEM, **** p < 0.0001,
*** p < 0.001, * p < 0.05 comparing the 0∆NLS to the PBS-vaccinated group. ∆ p < 0.05 comparing
the 0∆NLS- to 0∆RING-vaccinated groups as determined by two ANOVA and Tukey’s multiple
comparison tests. LOD = limit of detection for (A).

Pathogens 2021, 10, x FOR PEER REVIEW 9 of 20 
 

 

 
Figure 6. Phenotypic characterization of mandibular lymph node resident cell populations from 
vaccinated mice post HSV-1 challenge. PBS (vehicle)-, 0∆RING- and 0∆NLS-vaccinated mice ocu-
larly challenged with HSV-1 McKrae (1 × 104 PFU/cornea) 365 days post-boost were exsanguinated 
at day 7 pi. The draining (mandibular) lymph nodes were removed from the infected mice, pro-
cessed to single cell suspensions, stained with antibody cocktails and examined for T cell popula-
tions by flow cytometry. (A) Total CD4+ T cells, (B) CD4+ central memory T cells, (C) CD4+ effector 
memory T cells, (D) total CD8+ T cells, (E) CD8+ central memory T cells and (F) CD8+ effector memory 
T cells are shown with the bars representing the mean + SEM, n = 4–6 mice/group. The gating strat-
egy has previously been provided [29]. 

Next, we investigated the infiltration of myeloid cell populations including neutro-
phils (CD45+CD11b+Ly6G+Ly6C-), inflammatory monocytes (CD45+CD11b+Ly6G+Ly6C+) 
and macrophages (CD45+CD11b+Ly6G-Ly6C+) into the cornea of vaccinated mice (Figure 
7A–D). Whereas neutrophil and macrophage influx into the infected cornea of mice was 
not altered between vaccinated groups, the number of inflammatory monocytes residing 
in the infected cornea of 0∆NLS-vaccinated mice was lower than that found in 0∆RING-
vaccinated mice and significantly lower compared to PBS-vaccinated animals (Figure 7A–
C). CD4+ and CD8+ T cell populations did not average above 100 cells/cornea and were 
not found to be different between groups of vaccinated mice (data not shown). 

Figure 6. Phenotypic characterization of mandibular lymph node resident cell populations from
vaccinated mice post HSV-1 challenge. PBS (vehicle)-, 0∆RING- and 0∆NLS-vaccinated mice ocularly
challenged with HSV-1 McKrae (1 × 104 PFU/cornea) 365 days post-boost were exsanguinated at
day 7 pi. The draining (mandibular) lymph nodes were removed from the infected mice, processed
to single cell suspensions, stained with antibody cocktails and examined for T cell populations by
flow cytometry. (A) Total CD4+ T cells, (B) CD4+ central memory T cells, (C) CD4+ effector memory
T cells, (D) total CD8+ T cells, (E) CD8+ central memory T cells and (F) CD8+ effector memory T cells
are shown with the bars representing the mean + SEM, n = 4–6 mice/group. The gating strategy has
previously been provided [29].

Next, we investigated the infiltration of myeloid cell populations including neutrophils
(CD45+CD11b+Ly6G+Ly6C-), inflammatory monocytes (CD45+CD11b+Ly6G+Ly6C+) and
macrophages (CD45+CD11b+Ly6G-Ly6C+) into the cornea of vaccinated mice (Figure 7A–D).
Whereas neutrophil and macrophage influx into the infected cornea of mice was not altered
between vaccinated groups, the number of inflammatory monocytes residing in the in-
fected cornea of 0∆NLS-vaccinated mice was lower than that found in 0∆RING-vaccinated
mice and significantly lower compared to PBS-vaccinated animals (Figure 7A–C). CD4+
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and CD8+ T cell populations did not average above 100 cells/cornea and were not found
to be different between groups of vaccinated mice (data not shown).
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Figure 7. Phenotypic characterization of myeloid cell populations in the cornea of vaccinated
mice post HSV-1 challenge. PBS (vehicle)-, 0∆RING- and 0∆NLS-vaccinated mice ocularly chal-
lenged with HSV-1 McKrae (1 × 104 PFU/cornea) 365 days post-boost were exsanguinated
at day 7 pi. The corneas were removed, processed into single cell suspensions, stained with
the antibody cocktail and examined for myeloid populations by flow cytometry. (A) Neu-
trophils (CD45+CD11b+Ly6G+Ly6C-), (B) inflammatory monocytes (CD45+CD11b+Ly6G+Ly6C+) and
(C) macrophages (CD45+CD11b+Ly6G-Ly6C+) are shown with the bars representing the mean + SEM,
n = 4–6 mice/group. The gating strategy is shown in panel D. * p < 0.05 comparing the PBS- to the
0∆NLS-vaccinated groups as determined by ANOVA and Tukey’s post hoc multiple comparison test.
(D) Gating strategy is shown.

Since there was a significant drop in infectious virus recovered from the TG of 0∆NLS-
compared to PBS-vaccinated mice (Figure 4E) and CD8+ T cells are instrumental in control-
ling local infection in the TG [38,39], we next investigated T cell infiltration in the TG post
HSV-1 infection in vaccinated mice. The results show no significant differences in the total
number of CD4+ (Figure 8A) or CD8+ (Figure 8B) T cells residing in the TG of vaccinated
mice following infection. Furthermore, there was no difference in the number of HSV-1
glycoprotein B-specific CD8+ T cells in the TG of vaccinated mice post HSV-1 infection
(Figure 8C). Taken together, the drop in HSV-1 titer in the TG of 0∆NLS-vaccinated mice
compared to PBS- or 0∆RING-vaccinated animals does not correlate with the number of T
cells recruited to the TG during acute infection.

2.6. HSV-1 ICP0 Mutant Immunized Mice Are Not Protected from Virus-Induced Corneal
Neovascularization upon Challenge One Year Post-Boost

Tissue pathology in the form of blood and lymphatic vessel genesis is observed follow-
ing acute HSV-1 infection in naive mice [40–43]. As a means to further compare/contrast
long-term vaccine efficacy against acute challenge with ocular HSV-1 infection, assessment
of neovascularization (blood and lymphatic vessel genesis) in the cornea was conducted
comparing PBS-, 0∆RING- and 0∆NLS-vaccinated mice 30 days pi following infection
365 days post vaccine boost. The results show no differences in the level of new vessel
growth comparing the control (PBS)-vaccinated group to either the RING- or 0∆NLS-
vaccinated mice 30 days pi (Figure 9A–C). These results are consistent with the results
showing similar levels of infectious virus recovered in the cornea of vaccinated mice
during acute infection. Thus, unlike what is observed in 0∆NLS-vaccinated animals chal-
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lenged with HSV-1 30 days post-boost, the efficacy of the 0∆NLS vaccine is lost in terms of
preventing corneal neovascularization one-year post-vaccine boost.

Pathogens 2021, 10, x FOR PEER REVIEW 10 of 20 
 

 

 
Figure 7. Phenotypic characterization of myeloid cell populations in the cornea of vaccinated mice 
post HSV-1 challenge. PBS (vehicle)-, 0∆RING- and 0∆NLS-vaccinated mice ocularly challenged 
with HSV-1 McKrae (1 × 104 PFU/cornea) 365 days post-boost were exsanguinated at day 7 pi. The 
corneas were removed, processed into single cell suspensions, stained with the antibody cocktail 
and examined for myeloid populations by flow cytometry. (A) Neutrophils 
(CD45+CD11b+Ly6G+Ly6C-), (B) inflammatory monocytes (CD45+CD11b+Ly6G+Ly6C+) and (C) mac-
rophages (CD45+CD11b+Ly6G-Ly6C+) are shown with the bars representing the mean + SEM, n = 4–
6 mice/group. The gating strategy is shown in panel D. *p < 0.05 comparing the PBS- to the 0∆NLS-
vaccinated groups as determined by ANOVA and Tukey’s post hoc multiple comparison test. (D) 
Gating strategy is shown. 

Since there was a significant drop in infectious virus recovered from the TG of 
0∆NLS- compared to PBS-vaccinated mice (Figure 4E) and CD8+ T cells are instrumental 
in controlling local infection in the TG [38,39], we next investigated T cell infiltration in 
the TG post HSV-1 infection in vaccinated mice. The results show no significant differ-
ences in the total number of CD4+ (Figure 8A) or CD8+ (Figure 8B) T cells residing in the 
TG of vaccinated mice following infection. Furthermore, there was no difference in the 
number of HSV-1 glycoprotein B-specific CD8+ T cells in the TG of vaccinated mice post 
HSV-1 infection (Figure 8C). Taken together, the drop in HSV-1 titer in the TG of 0∆NLS-
vaccinated mice compared to PBS- or 0∆RING-vaccinated animals does not correlate with 
the number of T cells recruited to the TG during acute infection. 

 
Figure 8. Phenotypic characterization of T cells residing in the trigeminal ganglia (TG) of vaccinated 
mice post HSV-1 challenge. PBS (vehicle)-, 0∆RING- and 0∆NLS-vaccinated mice ocularly chal-
lenged with HSV-1 McKrae (1 × 104 PFU/cornea) 365 days post-boost were exsanguinated at day 7 
post infection. The TG were removed, processed into single cell suspensions, stained with the anti-
body cocktail and examined for T lymphocyte populations by flow cytometry. (A) Total CD4+ T cells 
(CD45+CD3+CD4+), (B) total CD8+ T cells (CD45+CD3+CD8+) and (C) HSV-1 glycoprotein B495–505 -

Figure 8. Phenotypic characterization of T cells residing in the trigeminal ganglia (TG) of vacci-
nated mice post HSV-1 challenge. PBS (vehicle)-, 0∆RING- and 0∆NLS-vaccinated mice ocularly
challenged with HSV-1 McKrae (1 × 104 PFU/cornea) 365 days post-boost were exsanguinated at
day 7 post infection. The TG were removed, processed into single cell suspensions, stained with the
antibody cocktail and examined for T lymphocyte populations by flow cytometry. (A) Total CD4+

T cells (CD45+CD3+CD4+), (B) total CD8+ T cells (CD45+CD3+CD8+) and (C) HSV-1 glycoprotein
B495–505 -specific CD8+ T cells (CD8+gB+) are shown with the bars representing the mean ± SEM,
n = 4–7 mice/group.
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Figure 9. Cornea neovascularization. Mice (n = 12/group) were vaccinated with PBS, 0∆RING,
or 0∆NLS and subsequently ocularly challenged with HSV-1 McKrae (1 × 104 PFU/cornea). The
corneas of mice that survived infection were removed from the eyes of euthanized animals 30 days
post infection (pi) and assessed for lymphatic and blood vessel genesis into the central aspect of the
cornea. (A) Representative confocal images of corneas from vehicle- 0∆NLS- and 0∆RING-vaccinated
mice at day 30 pi. Lymphatic vessels appear green and blood vessels appear red. Dotted line outlines
the limbus margins. (B) Summary of the threshold area of the cornea occupied by Lyve-1+ lymphatic
vessels and (C) CD31+ blood vessels for each group of mice. Bars represent mean + SEM.

2.7. Corneal Pathology and Function of ICPO Mutant Vaccinated Mice Are Similar to Control
Vaccinated Animals in Long-Term Study

HSV-1 infection of the cornea generates a robust inflammatory response that leads
to a loss in corneal innervation [44,45] and typically results in tissue pathology including
opacity [46]. Therefore, mechanosensory function that aligns with innervation [47] was
evaluated along with cornea opacity in vaccinated mice following ocular HSV-1 infection.
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In comparison to the control (PBS)-vaccinated animals, 0∆RING- and 0∆NLS-vaccinated
mice displayed similar levels of corneal opacity 7 days pi (Figure 10A). However, there were
modest differences in mechanosensory function comparing the vaccinated mice temporally
following infection. Specifically, there was a pronounced difference between 0∆NLS-
vaccinated mice compared to the 0∆RING- or PBS-vaccinated groups at day 7 pi with very
little loss in the blink reflex of the 0∆NLS-vaccinated mice compared to the other vaccinated
groups that lost between 60–80% of their response (Figure 10B). However, by day 30 pi the
blink reflex of the 0∆NLS vaccinated mice had modestly dropped whereas the 0∆RING-
and PBS-vaccinated animals blink reflex had partially recovered. Consequently, by day
30 pi there was an overall loss in mechanosensory function that ranged from 30–40% in
the 0∆RING- and 0∆NLS-vaccinated mice up to a 63% loss in the control (PBS)-vaccinated
group all of which was significant compared to the mechanosensory function of the eye in
uninfected, vaccinated mice (Figure 10B).
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Figure 10. Corneal opacity and function are lost in vaccinated mice challenged one year following
vaccine boost. C57BL/6 WT and Rosa male and female mice (n = 8–12/group) were vaccinated
with HSV-1 0∆NLS (1 × 105 PFU), HSV-1 0∆RING (1 × 105 PFU) or vehicle (PBS) and subsequently
ocularly challenged with HSV-1 McKrae (1 × 104 PFU/cornea) 365 days post boost. Mice were
assessed for (A) corneal opacity at 7 days post infection (pi), (B) mechanosensory function and
(C) visual acuity at the indicated times pi. * p < 0.05 comparing the 0∆NLS-vaccinated mice to other
vaccinated groups at day 7 pi in (B) and comparing 0∆NLS- to 0∆RING-vaccinated mice in (C) at day
5 pi as determined by ANOVA and Tukey’s post hoc multiple comparison test. ∆ p < 0.05 comparing
vaccinated groups at day 30 pi to uninfected (day 0 pi) time point as determined by ANOVA and
Tukey’s post hoc multiple comparison test in (C).

Visual acuity measurements in free-moving rodents can be accomplished as a behav-
ioral indicator assessed by optokinetic tracking responses [48]. As we previously found a
correlation between visual acuity and neovascularization in HSV-1 infected mice [49] and
in the current study, neovascularization was found to be similar in vaccinated mice at day
30 pi (Figure 9), visual acuity was determined in vaccinated mice prior to and following
HSV-1 infection. Although visual acuity was equivalent among all vaccinated groups
prior to infection, mice vaccinated with PBS or 0∆NLS ICP0 mutant had a 25% loss in
visual acuity at day 15 pi compared to 0∆RING-vaccinated animals that showed a 50%
loss (Figure 10C). By day 30 pi, there was no significant difference between the groups of
vaccinated mice but all groups showed a significant loss in visual acuity compared to the
corresponding group at the uninfected time point (Figure 10C).
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3. Discussion

HSV-1 ICP0 mutants are highly immunogenic, live attenuated viruses that were
postulated to serve as effective vaccine candidates against HSV-1 infection [50]. In the
present investigation, two HSV-1 ICP0 mutants, 0∆NLS and 0∆RING, were evaluated
side-by-side in short- and long-term prophylactic efficacy studies against ocular HSV-1
infection. Both ICP0 mutants used as vaccines were found to significantly reduce mortality
and virus shedding when immunized mice were challenged 30 days or 1 year following
the vaccine booster. Likewise, mice vaccinated with 0∆RING or 0∆NLS mutant virus and
infected 30 days post vaccine boost had no detectable infectious HSV-1 in the cornea or
TG 7 days pi and this outcome correlated with a lack of tissue pathology in the form of
corneal neovascularization and preservation of the visual axis. In contrast to the short-term
vaccine efficacy study, only the 0∆NLS-vaccinated mice were found to show a reduction in
infectious virus in the nervous system compared to vehicle (PBS)- and 0∆RING-vaccinated
animals when challenged 365 days post vaccine boost. Furthermore, 0∆RING- nor 0∆NLS-
vaccinated mice retained similar levels of infectious virus recovered from the corneas
compared to the control PBS-vaccinated group following virus challenge. Such results
show a correlation between cumulative survival and viral load in the central nervous
system consistent with other studies that have reported HSV-1 in the nervous system can
result in encephalitis and death of the host [51,52]. The lack of efficacy observed in the
cornea of ICP0 mutant-vaccinated mice and the resistance in replication and spread in the
nervous system in the 0∆NLS-immunized animals in the long-term vaccine study does not
seem to have an immune correlate as both antibody neutralization titers and leukocyte
infiltration were no different in control and ICP0 mutant vaccinated animals at the time of
(in the case of antibody) or post (in the case of leukocyte infiltration) HSV-1 challenge except
for a drop in the inflammatory monocyte population recovered in the cornea of 0∆NLS-
immunized mice. Since the function of effector T cells was not analyzed in this study, one
possibility is that antigen-specific CD8+ T cells that infiltrate the TG and BS of 0∆NLS
vaccinated, HSV-1 infected mice may show a greater degree of polyfunctional activity
compared to CD8+ T cells from HSV-1 challenged 0∆RING- or PBS-immunized animals as
has been noted for 0∆NLS-vaccinated mice infected within 30 days post-vaccine boost [39].
From a humoral standpoint, it is also possible the 0∆NLS-vaccinated animals possess an
elevated level of antibody-dependent cell cytotoxicity activity elicited by antigen-driven
antibody previously reported to afford protection in unrelated, vaccinated animals from
another investigative team [19].

From this study, one can surmise the neutralizing antibody titer does correlate with
preservation of the visual axis in that when measurable neutralizing antibody titers were
observed in the ICP0 mutant-vaccinated mice, no functional loss or corneal pathology was
observed as in the challenge within 30 days post boost. By contrast, ocular tissue pathology
in the form of neovascularization and opacity is observed when neutralizing antibody titers
are low or non-detectable which is observed in vaccinated mice challenged 1 year following
the vaccine booster. The importance of neutralizing antibody in maintaining corneal
integrity and function is underscored by passive immunization experiments in which naive
mice that receive sera with high anti-HSV-1 neutralizing titers retain a proper functioning
visual axis compared to animals that receive sera from naïve animals [26]. CD4+ T cells
are required for the ICP0 mutant virus vaccine to generate humoral immunity including
neutralizing antibodies as well as generate effector CD8+ T cells that possess polyfunctional
activity in response to HSV-1 antigen [27,28]. Whether T cells have a significant impact at
the ocular level in direct virus surveillance is not currently known.

The HSV-1 ICP0 mutant viruses are live-attenuated viruses that replicate locally for
up to 7 days following footpad administration (Gmyrek and Carr, submitted). Moreover,
we have previously shown the 0∆NLS ICP0 mutant virus requires T cell help to elicit
a robust antibody response [27] which typically is thought to induce long-lived plasma
cells [53]. However, the current results show the antibody neutralization and antigen-
recognition titers fade over time to a level similar to vehicle (PBS)-immunized animals.
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Prior to this study, the HSV-1 ICP0 mutant 0∆NLS has only been evaluated as an effective
vaccine out to day 90 post vaccine boost in which it was found to maintain a significant
antibody neutralization titer, suppress virus shedding and prevent virus-induced mortality
in immunized outbred mice [54]. The long-term study reported herein illustrates the
live-attenuated ICP0 mutants do not provide an enduring stimulus to generate a long-
lived immune-based memory response that can control virus replication in the cornea
and therefore, will likely require additional (periodic) immunizations to maintain a level
necessary to preserve cornea integrity and function.

Whereas there was some degree of resistance in 0∆NLS-immunized mice against
HSV-1 infection, the protective effect was lost in the cornea when vaccinated mice were
challenged one-year post vaccine boost. Not only was there no difference in virus load
comparing control (PBS)- to ICP0 mutant-vaccinated groups but the pathology and loss of
function of the visual axis was nearly equivalent by day 30 pi. Such results demonstrate
the necessity to not only evaluate resistance to infection but also the fidelity of cornea
function and visual acuity when assessing the degree of efficacy of a candidate vaccine
against ocular pathogens. In fact, these results underscore the significance of interfacing
multiple disciplines to ascertain whether an experimental vaccine is relevant to pursue
in clinical trials in the case of pathogens that infect tissue-sensitive sites. In summary, we
have identified two HSV-1 ICP0 mutants that effectively control ocular HSV-1 infection
and limit pathology when used as prophylactic vaccines with a relatively short window of
protection as vaccine efficacy wanes by one year after secondary immunization. Whether
an additional boost with the ICP0 mutant or a glycoprotein subunit vaccine will retain
a strong memory response similar to what was reported for the varicella zoster subunit
vaccine [55] has yet to be determined.

4. Materials and Methods
4.1. Mice

C57BL/6 (wild type, WT) and Ai14/Rosa26-tdTomato Cre-reporter (B6.Cg-Gt(ROSA)
26Sortm14(CAG-tdTomato)Hze/J) [56] male and female mice (6–8 weeks old) were ob-
tained from The Jackson Laboratory (Bar Harbor, ME). The animals were kept in a specific
pathogen-free vivarium at the Dean A. McGee Eye Institute and University of Oklahoma
Health Sciences Center. Mice were anesthetized for all procedures using an intraperitoneal
injection of xylazine (6.6 mg/kg) and ketamine (100 mg/kg) and euthanized as described
previously [29] or in the case of cumulative survival, monitored out to 30 days pi. Mice
were weighed prior to and at days 3, 5 and 7 pi. The percent body weight change (loss)
was noted.

4.2. Cells, Virus and Virus Growth Curves

Vero cells were obtained from the American Type Culture Collection (Manassas, VA)
and used to grow HSV-1 McKrae strain at a stock titer > 1 × 108 PFU/mL. The ICP0-
complementing L7 cell line was originally obtained from Neal Deluca (University of
Pittsburgh) [57]. Vero cells were propagated in Roswell Park Memorial Institute (RPMI)
1640 medium supplemented with L-glutamine, 10% fetal bovine serum (FBS) and antibi-
otics (complete media) (ThermoFisher/Life Technologies Ltd., Paisley, United Kingdom)
whereas L7 cells were propagated in Dulbecco’s Modified Eagle’s medium (DMEM) sup-
plemented with 10% FBS and antibiotics (DMEM complete media) (ThermoFisher). For
growth curve analysis, L7 and Vero cell monolayers were established in 24-well plates at a
density of 1.3 × 105 cells/well in 1.0 mL of DMEM or RPMI complete media respectively.
One-half of the Vero cell cultures were treated overnight by the addition of 200 units of
recombinant IFN-β (RnD Systems, Minneapolis, MN). Sixteen hours later, the cells were in-
fected with 25,000 PFU HSV-1 GFP105, 0∆RING, or 0∆NLS/mL inoculum of each virus [50]
to achieve a multiplicity of infection (MOI) of 0.1. Following a 60 min incubation at 37 ◦C
in a 5% CO2, 95% air atmosphere to allow for absorption, cell monolayers were rinsed
with 1.0 mL DMEM or RPMI complete media and 1.0 mL DMEM or RPMI complete media
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was added. Cultures were incubated at 37 ◦C in a 5% CO2 95% air atmosphere. At 18,
24, 36, or 48 hr pi, designated cultures including cells were collected and stored at –80 ◦C.
Thawed samples were subsequently assessed for viral titers by plaque assay using L7 cell
monolayers in a standard plaque assay [26].

4.3. Immunization and Ocular Infection

WT and Rosa mice were immunized with 1 × 105 plaque forming units (PFU) of
the live attenuated HSV-1 0∆NLS, HSV-1 0∆RING [34], or vehicle (PBS) in using a prime-
boost regimen in the footpad and flank, respectively as previously described [26]. The
prime-boost site of vaccination has previously been found to be the most efficacious in
a short-term prophylactic vaccination regimen [54]. Following the initial vaccination,
animals were boosted 21 days later and subsequently challenged with 1 × 104 PFU HSV-1
McKrae/cornea 30 (short-term) or 365 (long-term) days post-boost as described [29].

4.4. Virus Plaque Assay

For tissue samples, the corneas, trigeminal ganglia (TG) and brain stem (BS) of vacci-
nated mice infected with HSV-1 were removed and homogenized in 500 µL RPMI complete
media. The homogenized samples were centrifuged (10,000× g, 1 min) and the clarified
supernatant was assayed for viral content by standard plaque assay [26]. Tear samples ob-
tained from the cornea of HSV-1-infected, vaccinated mice were collected by cotton-tipped
applicator. The swabs were placed in 0.5 mL of RPMI complete media for determination of
virus content by standard plaque assay [26].

4.5. Anti-HSV-1 IgG2b ELISA

The serum from non-vaccinated and vaccinated mice was obtained as previously
described [29]. The sera were evaluated for virus-neutralizing antibody titers as previously
described [26]. Anti-HSV-1 IgG2b in sera was determined by ELISA using immobilized
HSV-1 virions on EIA 96-well plates (Costar, Cambridge, MA, USA) as previously de-
scribed [58]. Other IgG isotypes and IgM titers were considerably lower (i.e., < 0.100 nm
absorbance at 405 nm) or below the limit of detection (0.050 nm absorbance at 405 nm) and
therefore, not reported.

4.6. Ocular Pathology

Corneal opacity was quantitatively assessed as previously described [29] with tissue
assayed for absorbance at 500 nm using a FLUOstar Omega plate reader (BMG Labtech,
Offenburg, Germany) as previously described [59]. Following the measurement of cornea
opacity, the corneas were fixed in a 4% solution of paraformaldehyde (Sigma-Aldrich,
St. Louis, MO, USA) for 30 min and washed in PBS containing 1% Triton X-100 (Sigma-
Aldrich) [29]. The tissue was then blocked overnight in 10% donkey serum (Abcam, Boston,
MA, USA) and labeled for blood and lymphatic vessels as previously described [42]. Image
acquisition was obtained using an Olympus FV1200 scanning confocal microscope in
sequential scanning channel mode (Center Valley, PA, USA). The total area positive for
blood and lymphatic vessels per field of view (4 quadrants/cornea) was quantified using
Metamorph software (Molecular Devices Inc., San Jose, CA, USA).

4.7. Assessment of Visual Axis Function

Corneal sensitivity was determined using a Cochet-Bonnet esthesiometer as previously
described [45]. Briefly, at the indicated time pi, non-anesthetized mice were firmly held
and the tip of the monofilament from 0.5 to 6.0 mm in 0.5 mm fractions was touched to
the surface of the cornea in four quadrants. The length of the monofilament that elicited a
blink response was recorded. The lack of a blink reflex that occurred at the monofilament
length of 0.5 mm was recorded as 0.

Spatial visual acuity was evaluated using optokinetic tracking responses measured
by an optometry apparatus and software (Cerebral Mechanics Inc., Medicine Hat, AB,
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Canada). Untrained and unrestrained rodents are placed on an elevated platform in the
center of an enclosed container and presented with a 3-dimensional virtual grating that
rotates clockwise and counterclockwise. Spatial frequency thresholds are measured and
recorded by increasing the spatial frequency until the mice can no longer track the grating
in both directions as described [60].

4.8. Flow Cytometry

The corneas of infected mice were collected from exsanguinated mice at day 7 pi
challenged 365 days post-boost and digested using Liberase TL (Roche, Mannheim, Ger-
many) for 45 min at 37 ◦C. The processed tissue was filtered through a 40-µm mesh cell
strainer (Midsci, Valley Park, MO, USA). The filters were washed with PBS containing
2% FBS. Single-cell suspensions were incubated with anti-CD16/32 (eBioscience, San
Diego, CA, USA), labeled with a combination of 1 µL each of CD45 Pacific Blue, CD11b PE,
Ly6G PerCP-Cy5.5 and Ly6C APC-Cy7 (Biolegend, San Diego, CA, USA) diluted in 100 µL
1% BSA in 1X PBS for 30 min on ice in the dark. Cells were then washed twice by adding 1
mL of 2% FBS in 1X PBS, centrifuging for 5 min at 300× g and decanting the supernatant.
Cells were then fixed in 1 mL of 1% paraformaldehyde overnight and resuspended in 1 mL
of 2% FBS in 1X PBS to be analyzed on a MacsQuant 196 flow cytometer (Miltenyi Biotech,
Bergisch Gladbach, Germany). Samples were analyzed using FlowJo software (Ashland,
OR, USA).

Mandibular (draining) lymph nodes (MLN) of vaccinated mice were collected from
exsanguinated mice at day 7 pi challenged 365 days post-boost and single cell suspensions
were generated by macerating tissue through a 40 µm filter. The staining, gating strategy
and analysis was conducted as described previously [29].

Similar with corneas and MLN samples, TG were collected from vaccinated mice
exsanguinated 7 days pi challenged 365 days post-boost. Single cell suspensions were
generated using a Wheatley Dounce homogenizer (Fisher Scientific, Waltham, MA, USA)
in 1 mL of RPMI complete media. Cell suspensions were filtered through a 40 µm filter
and washed with 2 mL of RPMI complete media. Single-cell suspensions were incubated
with anti-CD16/32 (eBioscience, San Diego, CA, USA), labeled with a combination of 1 µL
each of CD45-efluor450, CD3 PECy7 and CD4 APC Cy7 or CD45-efluor450, CD3 PECy7,
CD8 APCCy7 and gB-PE diluted in 100 µL 1% BSA in 1X PBS for 30 min on ice in the
dark. Cells were then washed twice by adding 1 mL of 2% FBS in 1X PBS, centrifuging
for 5 min at 300× g and decanting the supernatant. Cells were then fixed in 1 mL of 1%
paraformaldehyde overnight and resuspended in 1 mL of 2% FBS in 1X PBS to be analyzed
on a MacsQuant 196 flow cytometer (Miltenyi Biotech). Samples were analyzed using
FlowJo software (Ashland, OR, USA). All reagents were from eBioscience except the gB-PE
tetramer which was obtained from the National Institutes of Health/National Institute of
Allergy and Infectious Disease tetramer core facility (Atlanta, GA, USA).

4.9. Statistics

Statistical analysis of data was performed using Prism 8 software (version 8.0; Graph-
Pad Software, La Jolla, CA, USA). Data were analyzed between groups using the indicated
analysis for statistical significance, p-value < 0.05.

5. Conclusions

We have identified a second HSV-1 ICP0 mutant attenuated virus, 0∆RING, similar to
0∆NLS, that displays significant efficacy against ocular HSV-1 infection as a prophylactic
vaccine in short-term challenge studies in mice. Neither 0∆RING nor 0∆NLS protected the
visual axis in terms of performance or function when mice were challenged one- year post
vaccine boost. We conclude additional boosts may be required intermittently in order to
maintain sufficient resistance to virus-induced pathology of the visual axis.

Author Contributions: Conceptualization, D.J.J.C.; methodology, D.J.J.C.; validation, D.J.J.C. and
A.B.; formal analysis, D.J.J.C. and A.B.; investigation, D.J.J.C., A.B. and E.G.; resources, D.J.J.C.



Pathogens 2021, 10, 1470 16 of 18

and E.G.; data curation, D.J.J.C. and A.B.; writing—original draft preparation, D.J.J.C. and A.B.;
writing—review and editing, D.J.J.C. and E.G.; visualization, D.J.J.C. and E.G.; supervision, D.J.J.C.;
project administration, D.J.J.C.; funding acquisition, D.J.J.C. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by National Institute of Allergy and Infectious Diseases/NIH,
grant number R01 AI053108 and National Eye Institute/NIH, grant number P30 EY021725. Ad-
ditional support was provided by an unrestricted grant from Research to Prevent Blindness. The
content of the manuscript is solely the responsibility of the authors and does not necessarily represent
the official views of the National Institutes of Health or its subsidiaries.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the OUHSC institutional animal care and use committee,
protocol number 19-060-ACHIX.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Acknowledgments: We thank the staff of the Dean McGee Eye Institute animal facility for their
efforts in maintaining and monitoring our mice. The National Institutes of Health Tetramer Core
facility provided the MHC class I tetramer (HSV-1 gB495–505) through National Institute of Allergy &
Infectious Disease contract HHSN272201300006C.

Conflicts of Interest: D.J.J.C. is a member of the Scientific Advisory Board of Rational Vaccines,
Inc., which has licensed U.S. patents 77856605 and 8802109 for the 0∆NLS and 0∆RING vaccines.
E.G. is the Chief Technology Officer of Rational Vaccines Inc. No other author has any competing
financial interests. The funders had no role in the design of the study; in the collection, analyses, or
interpretation of data; in the writing of the manuscript, or in the decision to publish the results.

References
1. Davison, A.J. Herpesvirus systematics. Vet. Microbiol. 2010, 143, 52–69. [CrossRef] [PubMed]
2. Looker, K.J.; Magaret, A.S.; May, M.T.; Turner, K.M.E.; Vickerman, P.; Gottlieb, S.L.; Newman, L.M. Global and Regional Estimates

of Prevalent and Incident Herpes Simplex Virus Type 1 Infections in 2012. PLoS ONE 2015, 10, e0140765. [CrossRef]
3. Zhu, H.; Zheng, C. The Race between Host Antiviral Innate Immunity and the Immune Evasion Strategies of Herpes Simplex

Virus 1. Microbiol. Mol. Biol. Rev. 2020, 84, e00099-20. [CrossRef] [PubMed]
4. Kaufman, H.E.; Azcuy, A.M.; Varnell, E.D.; Sloop, G.D.; Thompson, H.W.; Hill, J.M. HSV-1 DNA in tears and saliva of normal

adults. Investig. Ophthalmol. Vis. Sci. 2005, 46, 241–247. [CrossRef] [PubMed]
5. Baringer, J.R.; Pisani, P. Herpes simplex virus genomes in human nervous system tissue analyzed by polymerase chain reaction.

Ann. Neurol. 1994, 36, 823–829. [CrossRef]
6. Singh, N.; Tscharke, D.C. Herpes Simplex Virus Latency Is Noisier the Closer We Look. J. Virol. 2020, 94, e01701-19. [CrossRef]
7. Dervillez, X.; Qureshi, H.; Chentoufi, A.A.; Khan, A.A.; Kritzer, E.; Yu, D.C.; Diaz, O.R.; Gottimukkala, C.; Kalantari, M.;

Villacres, M.C.; et al. Asymptomatic HLA-A*02:01-restricted epitopes from herpes simplex virus glycoprotein B preferentially
recall polyfunctional CD8+ T cells from seropositive asymptomatic individuals and protect HLA transgenic mice against ocular
herpes. J. Immunol. 2013, 191, 5124–5138. [CrossRef]

8. Srivastava, R.; Khan, A.A.; Garg, S.; Syed, S.A.; Furness, J.N.; Vahed, H.; Pham, T.; Yu, H.T.; Nesburn, A.B.; BenMohamed, L.
Human Asymptomatic Epitopes Identified from the Herpes Simplex Virus Tegument Protein VP13/14 (UL47) Preferentially
Recall Polyfunctional Effector Memory CD44high CD62Llow CD8+ TEM Cells and Protect Humanized HLA-A*02:01 Transgenic
Mice against Ocular Herpesvirus Infection. J. Virol. 2017, 91, e01793-16. [CrossRef]

9. Srivastava, R.; Khan, A.A.; Spencer, D.; Vahed, H.; Lopes, P.P.; Thai, N.T.U.; Wang, C.; Pham, T.T.; Huang, J.; Scarfone, V.; et al.
HLA-A02:01-restricted epitopes identified from the herpes simplex virus tegument protein VP11/12 preferentially recall poly-
functional effector memory CD8+ T cells from seropositive asymptomatic individuals and protect humanized HLA-A*02:01
transgenic mice against ocular herpes. J. Immunol. 2015, 194, 2232–2248. [CrossRef]

10. Vahed, H.; Agrawal, A.; Srivastava, R.; Prakash, S.; Coulon, P.-G.; Roy, S.; BenMohamed, L. Unique Type I Interferon, Expan-
sion/Survival Cytokines, and JAK/STAT Gene Signatures of Multifunctional Herpes Simplex Virus-Specific Effector Memory
CD8(+) TEM Cells Are Associated with Asymptomatic Herpes in Humans. J. Virol. 2019, 93, e01882-18. [CrossRef]

11. Khanna, K.M.; Bonneau, R.H.; Kinchington, P.R.; Hendricks, R.L. Herpes simplex virus-specific memory CD8+ T cells are
selectively activated and retained in latently infected sensory ganglia. Immunity 2003, 18, 593–603. [CrossRef]

12. Knickelbein, J.E.; Khanna, K.M.; Yee, M.B.; Baty, C.J.; Kinchington, P.R.; Hendricks, R.L. Noncytotoxic lytic granule-mediated
CD8+ T cell inhibition of HSV-1 reactivation from neuronal latency. Science 2008, 322, 268–271. [CrossRef]

http://doi.org/10.1016/j.vetmic.2010.02.014
http://www.ncbi.nlm.nih.gov/pubmed/20346601
http://doi.org/10.1371/journal.pone.0140765
http://doi.org/10.1128/MMBR.00099-20
http://www.ncbi.nlm.nih.gov/pubmed/32998978
http://doi.org/10.1167/iovs.04-0614
http://www.ncbi.nlm.nih.gov/pubmed/15623779
http://doi.org/10.1002/ana.410360605
http://doi.org/10.1128/JVI.01701-19
http://doi.org/10.4049/jimmunol.1301415
http://doi.org/10.1128/jvi.01793-16
http://doi.org/10.4049/jimmunol.1402606
http://doi.org/10.1128/JVI.01882-18
http://doi.org/10.1016/S1074-7613(03)00112-2
http://doi.org/10.1126/science.1164164


Pathogens 2021, 10, 1470 17 of 18

13. Slifka, M.K.; Amanna, I. How advances in immunology provide insight into improving vaccine efficacy. Vaccine 2014, 32,
2948–2957. [CrossRef] [PubMed]

14. Cremer, K.J.; Mackett, M.; Wohlenberg, C.; Notkins, A.L.; Moss, B. Vaccinia virus recombinant expressing herpes simplex virus
type 1 glycoprotein D prevents latent herpes in mice. Science 1985, 228, 737–740. [CrossRef] [PubMed]

15. Cha, S.C.; Kim, Y.S.; Cho, J.K.; Cho, J.; Kim, S.Y.; Kang, H.; Cho, M.H.; Lee, H.H. Enhanced protection against HSV lethal
challenges in mice by immunization with a combined HSV-1 glycoprotein B:H:L gene DNAs. Virus Res. 2002, 86, 21–31.
[CrossRef]

16. Keadle, T.L.; Morrison, L.A.; Morris, J.L.; Pepose, J.S.; Stuart, P.M. Therapeutic immunization with a virion host shutoff-defective,
replication-incompetent herpes simplex virus type 1 strain limits recurrent herpetic ocular infection. J. Virol. 2002, 76, 3615–3625.
[CrossRef]

17. Keadle, T.L.; Laycock, K.A.; Miller, J.K.; Hook, K.K.; Fenoglio, E.D.; Francotte, M.; Slaoui, M.; Stuart, P.M.; Pepose, J.S. Efficacy of
a recombinant glycoprotein D subunit vaccine on the development of primary and recurrent ocular infection with herpes simplex
virus type 1 in mice. J. Infect. Dis. 1997, 176, 331–338. [CrossRef]

18. Hu, K.; Dou, J.; Yu, F.; He, X.; Yuan, X.; Wang, Y.; Liu, C.; Gu, N. An ocular mucosal administration of nanoparticles containing
DNA vaccine pRSC-gD-IL-21 confers protection against mucosal challenge with herpes simplex virus type 1 in mice. Vaccine
2011, 29, 1455–1462. [CrossRef]

19. Ramsey, N.L.M.; Visciano, M.; Hunte, R.; Loh, L.N.; Aschner, C.B.; Jacobs, W.R.; Herold, B.C. A Single-Cycle Glycoprotein D
Deletion Viral Vaccine Candidate, ∆gD-2, Elicits Polyfunctional Antibodies That Protect against Ocular Herpes Simplex Virus.
J. Virol. 2020, 94, e00335-20. [CrossRef]

20. Naidu, S.K.; Nabi, R.; Cheemarla, N.; Stanfield, B.; Rider, P.J.; Jambunathan, N.; Chouljenko, V.N.; Carter, R.; Del Piero, F.;
Langohr, I.; et al. Intramuscular vaccination of mice with the human herpes simplex virus type-1(HSV-1) VC2 vaccine, but not its
parental strain HSV-1(F) confers full protection against lethal ocular HSV-1 (McKrae) pathogenesis. PLoS ONE 2020, 15, e0228252.
[CrossRef]

21. Xu, X.; Feng, X.; Wang, L.; Yi, T.; Zheng, L.; Jiang, G.; Fan, S.; Liao, Y.; Feng, M.; Zhang, Y.; et al. A HSV1 mutant leads to an
attenuated phenotype and induces immunity with a protective effect. PLoS Pathog. 2020, 16, e1008703. [CrossRef] [PubMed]

22. Davido, D.J.; Tu, E.M.; Wang, H.; Korom, M.; Casals, A.G.; Reddy, P.J.; Mostafa, H.H.; Combs, B.; Haenchen, S.D.; Morrison, L.A.
Attenuated Herpes Simplex Virus 1 (HSV-1) Expressing a Mutant Form of ICP6 Stimulates a Strong Immune Response That
Protects Mice against HSV-1-Induced Corneal Disease. J. Virol. 2018, 92, e01036-18. [CrossRef]

23. Patel, C.D.; Taylor, S.A.; Mehrbach, J.; Awasthi, S.; Friedman, H.M.; Leib, D.A. Trivalent Glycoprotein Subunit Vaccine Prevents
Neonatal Herpes Simplex Virus Mortality and Morbidity. J. Virol. 2020, 94, e02163-19. [CrossRef] [PubMed]

24. Inoue, T.; Nakamura, T.; Yoshida, A.; Takahashi, K.; Inoue, Y.; Shimomura, Y.; Tano, Y.; Fujisawa, Y.; Aono, A.; Hayashi, K.
Preventive effect of local plasmid DNA vaccine encoding gD or gD-IL-2 on herpetic keratitis. Investig. Ophthalmol. Vis. Sci. 2000,
41, 4209–4215.

25. Opstelten, W.; Neven, A.K.; Eekhof, J. Treatment and prevention of herpes labialis. Can. Fam. Physician 2008, 54, 1683–1687.
26. Royer, D.J.; Gurung, H.R.; Jinkins, J.K.; Geltz, J.J.; Wu, J.L.; Halford, W.P.; Carr, D.J.J. A Highly Efficacious Herpes Simplex Virus 1

Vaccine Blocks Viral Pathogenesis and Prevents Corneal Immunopathology via Humoral Immunity. J. Virol. 2016, 90, 5514–5529.
[CrossRef]

27. Royer, D.J.; Hendrix, J.F.; Larabee, C.M.; Reagan, A.M.; Sjoelund, V.H.; Robertson, D.M.; Carr, D.J.J. Vaccine-induced antibodies
target sequestered viral antigens to prevent ocular HSV-1 pathogenesis, preserve vision, and preempt productive neuronal
infection. Mucosal Immunol. 2019, 12, 827–839. [CrossRef]

28. Carr, D.J.J.; Gmyrek, G.B.; Filiberti, A.; Berube, A.N.; Browne, W.P.; Gudgel, B.M.; Sjoelund, V.H. Distinguishing Features of
High- and Low-Dose Vaccine against Ocular HSV-1 Infection Correlates with Recognition of Specific HSV-1-Encoded Proteins.
Immunohorizons 2020, 4, 608–626. [CrossRef]

29. Carr, D.J.J.; Berube, A.N.; Filiberti, A.; Gmyrek, G.B. Lack of neonatal Fc receptor does not diminish the efficacy of the HSV-1
0∆NLS vaccine against ocular HSV-1 challenge. Vaccine 2021, 39, 2526–2536. [CrossRef]

30. Mossman, K.L.; Saffran, H.A.; Smiley, J.R. Herpes simplex virus ICP0 mutants are hypersensitive to interferon. J. Virol. 2000,
74, 2052–2056. [CrossRef]

31. Härle, P.; Sainz, B.; Jr Carr, D.J.; Halford, W.P. The immediate-early protein, ICP0, is essential for the resistance of herpes simplex
virus to interferon-alpha/beta. Virology 2002, 293, 295–304. [CrossRef]

32. Lanfranca, M.P.; Mostafa, H.H.; Davido, D.J. HSV-1 ICP0: An E3 Ubiquitin Ligase That Counteracts Host Intrinsic and Innate
Immunity. Cells 2014, 3, 438–454. [CrossRef] [PubMed]

33. Shahnazaryan, D.; Khalil, R.; Wynne, C.; Jefferies, C.A.J.; Murphy, C.C. Herpes simplex virus 1 targets IRF7 via ICP0 to limit type
I IFN induction. Sci. Rep. 2020, 10, 22216. [CrossRef] [PubMed]

34. Liu, M.; Schmidt, E.E.; Halford, W.P. ICP0 dismantles microtubule networks in herpes simplex virus-infected cells. PLoS ONE
2010, 5, e10975. [CrossRef] [PubMed]

35. Halford, W.P.; Schaffer, P.A. Optimized viral dose and transient immunosuppression enable herpes simplex virus ICP0-null
mutants To establish wild-type levels of latency in vivo. J. Virol. 2000, 74, 5957–5967. [CrossRef] [PubMed]

36. Halford, W.P.; Püschel, R.; Rakowski, B. Herpes simplex virus 2 ICP0 mutant viruses are avirulent and immunogenic: Implications
for a genital herpes vaccine. PLoS ONE 2010, 5, e12251. [CrossRef] [PubMed]

http://doi.org/10.1016/j.vaccine.2014.03.078
http://www.ncbi.nlm.nih.gov/pubmed/24709587
http://doi.org/10.1126/science.2986288
http://www.ncbi.nlm.nih.gov/pubmed/2986288
http://doi.org/10.1016/S0168-1702(02)00037-0
http://doi.org/10.1128/JVI.76.8.3615-3625.2002
http://doi.org/10.1086/514049
http://doi.org/10.1016/j.vaccine.2010.12.031
http://doi.org/10.1128/JVI.00335-20
http://doi.org/10.1371/journal.pone.0228252
http://doi.org/10.1371/journal.ppat.1008703
http://www.ncbi.nlm.nih.gov/pubmed/32776994
http://doi.org/10.1128/JVI.01036-18
http://doi.org/10.1128/JVI.02163-19
http://www.ncbi.nlm.nih.gov/pubmed/32188735
http://doi.org/10.1128/JVI.00517-16
http://doi.org/10.1038/s41385-019-0131-y
http://doi.org/10.4049/immunohorizons.2000060
http://doi.org/10.1016/j.vaccine.2021.03.075
http://doi.org/10.1128/JVI.74.4.2052-2056.2000
http://doi.org/10.1006/viro.2001.1280
http://doi.org/10.3390/cells3020438
http://www.ncbi.nlm.nih.gov/pubmed/24852129
http://doi.org/10.1038/s41598-020-77725-4
http://www.ncbi.nlm.nih.gov/pubmed/33335135
http://doi.org/10.1371/journal.pone.0010975
http://www.ncbi.nlm.nih.gov/pubmed/20544015
http://doi.org/10.1128/JVI.74.13.5957-5967.2000
http://www.ncbi.nlm.nih.gov/pubmed/10846077
http://doi.org/10.1371/journal.pone.0012251
http://www.ncbi.nlm.nih.gov/pubmed/20808928


Pathogens 2021, 10, 1470 18 of 18

37. Royer, D.J.; Carr, M.M.; Chucair-Elliott, A.J.; Halford, W.P.; Carr, D.J. Impact of Type I Interferon on the Safety and Immunogenicity
of an Experimental Live-Attenuated Herpes Simplex Virus 1 Vaccine in Mice. J. Virol. 2017, 91, e02342-16. [CrossRef]

38. Lang, A.; Nikolich-Zugich, J. Development and migration of protective CD8+ T cells into the nervous system following ocular
herpes simplex virus-1 infection. J. Immunol. 2005, 174, 2919–2925. [CrossRef]

39. Gmyrek, G.B.; Filiberti, A.; Montgomery, M.; Chitrakar, A.; Royer, D.J.; Carr, D.J.J. Herpes Simplex Virus 1 (HSV-1) 0∆NLS
Live-Attenuated Vaccine Protects against Ocular HSV-1 Infection in the Absence of Neutralizing Antibody in HSV-1 gB T Cell
Receptor-Specific Transgenic Mice. J. Virol. 2020, 94, e01000-20. [CrossRef]

40. Zheng, M.; Deshpande, S.; Lee, S.; Ferrara, N.; Rouse, B.T. Contribution of vascular endothelial growth factor in the neovascular-
ization process during the pathogenesis of herpetic stromal keratitis. J. Virol. 2001, 75, 9828–9835. [CrossRef]

41. Gimenez, F.; Suryawanshi, A.; Rouse, B.T. Pathogenesis of herpes stromal keratitis–a focus on corneal neovascularization. Prog.
Retin. Eye Res. 2013, 33, 1–9. [CrossRef] [PubMed]

42. Wuest, T.R.; Carr, D.J. VEGF-A expression by HSV-1-infected cells drives corneal lymphangiogenesis. J. Exp. Med. 2010,
207, 101–115. [CrossRef] [PubMed]

43. Wuest, T.; Zheng, M.; Efstathiou, S.; Halford, W.P.; Carr, D.J. The herpes simplex virus-1 transactivator infected cell protein-4
drives VEGF-A dependent neovascularization. PLoS Pathog. 2011, 7, e1002278. [CrossRef]

44. Yun, H.; Rowe, A.M.; Lathrop, K.L.; Harvey, S.A.; Hendricks, R.L. Reversible nerve damage and corneal pathology in murine
herpes simplex stromal keratitis. J. Virol. 2014, 88, 7870–7880. [CrossRef]

45. Chucair-Elliott, A.J.; Zheng, M.; Carr, D.J. Degeneration and regeneration of corneal nerves in response to HSV-1 infection.
Investig. Ophthalmol. Vis. Sci. 2015, 56, 1097–1107. [CrossRef]

46. Rowe, A.M.; St Leger, A.J.; Jeon, S.; Dhaliwal, D.K.; Knickelbein, J.E.; Hendricks, R.L. Herpes keratitis. Prog. Retin. Eye Res. 2013,
32, 88–101. [CrossRef] [PubMed]

47. Müller, L.J.; Marfurt, C.F.; Kruse, F.; Tervo, T.M. Corneal nerves: Structure, contents and function. Exp. Eye Res. 2003, 76, 521–542.
[CrossRef]

48. Douglas, R.M.; Alam, N.M.; Silver, B.D.; McGill, T.J.; Tschetter, W.W.; Prusky, G.T. Independent visual threshold measurements in
the two eyes of freely moving rats and mice using a virtual-reality optokinetic system. Vis. Neurosci. 2005, 22, 677–684. [CrossRef]

49. Gurung, H.R.; Carr, M.M.; Bryant, K.; Chucair-Elliott, A.J.; Carr, D.J. Fibroblast growth factor-2 drives and maintains progressive
corneal neovascularization following HSV-1 infection. Mucosal Immunol. 2018, 11, 172–185. [CrossRef]

50. Halford, W.P.; Weisend, C.; Grace, J.; Soboleski, M.; Carr, D.J.J.; Balliet, J.W.; Imai, Y.; Margolis, T.P.; Gebhardt, B.M. ICP0
antagonizes Stat 1-dependent repression of herpes simplex virus: Implications for the regulation of viral latency. Virol. J. 2006,
3, 44. [CrossRef]

51. Davis, W.B.; Taylor, J.A.; Oakes, J.E. Ocular infection with herpes simplex virus type 1: Prevention of acute herpetic encephalitis
by systemic administration of virus-specific antibody. J. Infect. Dis. 1979, 140, 534–540. [CrossRef] [PubMed]

52. Conrady, C.D.; Zheng, M.; Van Rooijen, N.; Drevets, D.A.; Royer, D.; Alleman, A.; Carr, D.J.J. Microglia and a functional type I
IFN pathway are required to counter HSV-1-driven brain lateral ventricle enlargement and encephalitis. J. Immunol. 2013, 190,
2807–2817. [CrossRef] [PubMed]

53. Amanna, I.J.; Slifka, M.K. Mechanisms that determine plasma cell lifespan and the duration of humoral immunity. Immunol. Rev.
2010, 236, 125–138. [CrossRef] [PubMed]

54. Royer, D.J.; Carr, M.M.; Gurung, H.R.; Halford, W.P.; Carr, D.J.J. The Neonatal Fc Receptor and Complement Fixation Facilitate
Prophylactic Vaccine-Mediated Humoral Protection against Viral Infection in the Ocular Mucosa. J. Immunol. 2017, 199, 1898–1911.
[CrossRef] [PubMed]

55. Lal, H.; Cunningham, A.L.; Godeaux, O.; Chlibek, R.; Diez-Domingo, J.; Hwang, S.-J.; Levin, M.J.; McElhaney, J.E.; Poder, A.;
Puig-Barberà, J.; et al. Efficacy of an adjuvanted herpes zoster subunit vaccine in older adults. N. Engl. J. Med. 2015, 372,
2087–2096. [CrossRef] [PubMed]

56. Madisen, L.; Zwingman, T.A.; Sunkin, S.M.; Oh, S.W.; Zariwala, H.A.; Gu, H.; Ng, L.L.; Palmiter, R.D.; Hawrylycz, M.J.; Jones,
A.R.; et al. A robust and high-throughput Cre reporting and characterization system for the whole mouse brain. Nat. Neurosci.
2010, 13, 133–140. [CrossRef] [PubMed]

57. Samaniego, L.A.; Neiderhiser, L.; DeLuca, N.A. Persistence and expression of the herpes simplex virus genome in the absence of
immediate-early proteins. J. Virol. 1998, 72, 3307–3320. [CrossRef]

58. Halford, W.P.; Gebhardt, B.M.; Carr, D.J. Acyclovir blocks cytokine gene expression in trigeminal ganglia latently infected with
herpes simplex virus type 1. Virology 1997, 238, 53–63. [CrossRef]

59. Filiberti, A.; Gmyrek, G.B.; Montgomery, M.L.; Sallack, R.; Carr, D.J.J. Loss of Osteopontin Expression Reduces HSV-1-Induced
Corneal Opacity. Investig. Ophthalmol. Vis. Sci. 2020, 61, 24. [CrossRef]

60. Larabee, C.; Hu, Y.; Desai, S.; Georgescu, C.; Wren, J.; Axtell, R.C.; Plafker, S.M. Myelin-specific Th17 cells induce severe relapsing
optic neuritis with irreversible loss of retinal ganglion cells in C57BL/6 mice. Mol. Vis. 2016, 22, 332–341.

http://doi.org/10.1128/JVI.02342-16
http://doi.org/10.4049/jimmunol.174.5.2919
http://doi.org/10.1128/JVI.01000-20
http://doi.org/10.1128/JVI.75.20.9828-9835.2001
http://doi.org/10.1016/j.preteyeres.2012.07.002
http://www.ncbi.nlm.nih.gov/pubmed/22892644
http://doi.org/10.1084/jem.20091385
http://www.ncbi.nlm.nih.gov/pubmed/20026662
http://doi.org/10.1371/journal.ppat.1002278
http://doi.org/10.1128/JVI.01146-14
http://doi.org/10.1167/iovs.14-15596
http://doi.org/10.1016/j.preteyeres.2012.08.002
http://www.ncbi.nlm.nih.gov/pubmed/22944008
http://doi.org/10.1016/S0014-4835(03)00050-2
http://doi.org/10.1017/S0952523805225166
http://doi.org/10.1038/mi.2017.26
http://doi.org/10.1186/1743-422X-3-44
http://doi.org/10.1093/infdis/140.4.534
http://www.ncbi.nlm.nih.gov/pubmed/229174
http://doi.org/10.4049/jimmunol.1203265
http://www.ncbi.nlm.nih.gov/pubmed/23382563
http://doi.org/10.1111/j.1600-065X.2010.00912.x
http://www.ncbi.nlm.nih.gov/pubmed/20636813
http://doi.org/10.4049/jimmunol.1700316
http://www.ncbi.nlm.nih.gov/pubmed/28760885
http://doi.org/10.1056/NEJMoa1501184
http://www.ncbi.nlm.nih.gov/pubmed/25916341
http://doi.org/10.1038/nn.2467
http://www.ncbi.nlm.nih.gov/pubmed/20023653
http://doi.org/10.1128/JVI.72.4.3307-3320.1998
http://doi.org/10.1006/viro.1997.8806
http://doi.org/10.1167/iovs.61.10.24

	Introduction 
	Results 
	A Comparison of HSV-1 ICP0 Mutants 0NLS and 0RING to Parental (WT) GFP105 Resistance to IFN- In Vitro 
	The ICP0 Mutant 0RING Shows Similar Degrees of Efficacy Compared to the ICP0 Mutant 0NLS as A Prophylactic Vaccine against HSV-1 in Mice Challenged 30 Days Post Boost 
	The HSV-1 0NLS Vaccine Displays Superior Efficacy Compared to The HSV-1 0RING Vaccine as Determined by Virus Replication and Weight Loss Results following Ocular HSV-1 Challenge in Long-Term Study 
	Anti-HSV-1 Antibody Titers Are Lost over Time following Vaccination with 0NLS or 0RING 
	The Immune Cell Profile of Vehicle- and ICP0 Mutant-Immunized Mice Are Similar following HSV-1 Challenge in Long-Term Study 
	HSV-1 ICP0 Mutant Immunized Mice Are not Protected from Virus-Induced Corneal Neovascularization upon Challenge One Year Post-Boost 
	Corneal Pathology and Function of ICPO Mutant Vaccinated Mice Are Similar to Control Vaccinated Animals in Long-Term Study 

	Discussion 
	Materials and Methods 
	Mice 
	Cells, Virus and Virus Growth Curves 
	Immunization and Ocular Infection 
	Virus Plaque Assay 
	Anti-HSV-1 IgG2b ELISA 
	Ocular Pathology 
	Assessment of Visual Axis Function 
	Flow Cytometry 
	Statistics 

	Conclusions 
	References

