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ABSTRACT The contribution of T cell and antibody responses following vaccination
in resistance to herpes simplex virus 1 (HSV-1) infection continues to be rigorously
investigated. In the present article, we explore the contribution of CD8� T cells spe-
cific for the major antigenic epitope for HSV-1 glycoprotein B (gB498 –505, gB) in
C57BL/6 mice using a transgenic mouse (gBT-I.1) model vaccinated with HSV-1
0ΔNLS. gBT-I.1-vaccinated mice did not generate a robust neutralization antibody ti-
ter in comparison to the HSV-1 0ΔNLS-vaccinated wild-type C57BL/6 counterpart.
Nevertheless, the vaccinated gBT-I.1 mice were resistant to ocular challenge with
HSV-1 compared to vehicle-vaccinated animals based on survival and reduced cor-
neal neovascularization but displayed similar levels of corneal opacity. Whereas there
was no difference in the virus titer recovered from the cornea comparing vaccinated
mice, HSV-1 0ΔNLS-vaccinated animals possessed significantly less infectious virus
during acute infection in the trigeminal ganglia (TG) and brain stem compared to
the control-vaccinated group. These results correlated with a significant increase in
gB-elicited interferon-� (IFN-�), granzyme B, and CD107a and a reduction in lympho-
cyte activation gene 3 (LAG-3), programmed cell death 1 (PD-1), and T cell immuno-
globulin and mucin domain-containing protein 3 (TIM-3) expressed by TG infiltrating
gB-specific CD8� T cells from the HSV-1 0ΔNLS-vaccinated group. Antibody deple-
tion of CD8� T cells in HSV-1 0ΔNLS-vaccinated mice rendered animals highly sus-
ceptible to virus-mediated mortality similar to control-vaccinated mice. Collectively,
the HSV-1 0ΔNLS vaccine is effective against ocular HSV-1 challenge, reducing ocular
neovascularization and suppressing peripheral nerve virus replication in the near ab-
sence of neutralizing antibody in this unique mouse model.

IMPORTANCE The role of CD8� T cells in antiviral efficacy using a live-attenuated
virus as the vaccine is complicated by the humoral immune response. In the case of
the herpes simplex virus 1 (HSV-1) 0ΔNLS vaccine, the correlate of protection has
been defined to be primarily antibody driven. The current study shows that in the
near absence of anti-HSV-1 antibody, vaccinated mice are protected from subse-
quent challenge with wild-type HSV-1 as measured by survival. The efficacy is lost
following depletion of CD8� T cells. Whereas increased survival and reduction in vi-
rus replication were observed in vaccinated mice challenged with HSV-1, cornea pa-
thology was mixed with a reduction in neovascularization but no change in opacity.
Collectively, the study suggests CD8� T cells significantly contribute to the host
adaptive immune response to HSV-1 challenge following vaccination with an attenu-
ated virus, but multiple factors are involved in cornea pathology in response to ocu-
lar virus challenge.
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Herpes simplex virus 1 (HSV-1) is a highly successful human pathogen for which well
over two billion individuals are seropositive (1–6). While the majority of individuals

remain asymptomatic, diseases associated with acute or reactivated virus infection
include orolabial lesions, neonatal herpes, herpetic whitlow, encephalitis, and herpetic
stromal keratitis (7). More recently, there appears to be a growing body of evidence that
in some individuals, HSV-1 may exacerbate or contribute to the development or
severity of Alzheimer’s disease (AD) (8) or AD-like disease in experimental animal
models (9–11). Furthermore, HSV-1 is now recognized as the leading cause of genital
HSV infection in western countries (12, 13). Collectively, the spectrum of tissues infected
and disease manifestations associated with acute virus infection or reactivation of
latent virus that permeates all socioeconomic levels of society demonstrates the need
to develop novel treatment modalities to limit the spread of new infections and the
incidence of reactivation in those already infected.

Antiviral compounds, including acyclovir and analogues, and additional small mol-
ecules that target specific pathways in the replicative cycle of HSV-1 have demon-
strated efficacy as potent antiviral molecules but are limited in their application,
principally resigned to treat those infected with the virus without changes to the latent
virus reservoir (14–18). Another antiviral approach, which involves a novel method that
has been found to effectively block viral replication during acute infection or reactiva-
tion of latent virus in vitro, employs the CRISPR/Cas9 technology (19) to target essential
lytic gene expression (20, 21). While this novel technique holds promise and has been
used to successfully treat genetic diseases in experimental animal models (22, 23), the
successful in vivo application of this technology to alter the course of HSV-1 infection
has not yet been described.

Clinical vaccine studies have been primarily restricted to genital HSV-2 infection with
noted exceptions, all of which have, thus far, failed (24). Previous studies using subunit
vaccines against HSV-1 have proven to be effective in experimental mouse models
using sterilizing immunity, mortality, and subjective measurements to report tissue
pathology as the hallmark of success (25–30). Such subunit vaccinations have yielded
neutralizing antibody and the activation of T cells and NK cells associated with the
protective effect. Unfortunately, these studies would likely fail similarly to those con-
ducted in HSV-2 clinical trials as a result of targeting primarily glycoproteins of a virus
that has developed multiple countermeasures to the host immune system. Other
groups have used replication-incompetent virus to demonstrate similar successes with
measurable adaptive immune responses in subclinical models as those reported using
subunit vaccines (31, 32). Whether such replication-defective virus can induce pro-
longed antigen expression to elicit a robust immune response with sufficient coverage
to multiple antigenic targets has not been adequately evaluated. A final group of viral
vaccines that have been reported to show significant efficacy against HSV-1 infection
includes those using attenuated viruses constrained by trafficking, cell tropism atten-
uation, cell fusion, or sensitivity to type I/II interferon (IFN) (33–37). While the immu-
nogenicity of the live-attenuated viruses is evident, the actual antigenic targets that
contribute to the success of the vaccine in protecting the host from subsequent
infection have not been identified.

We previously reported the use of a live-attenuated virus as a prophylactic vaccine
against ocular challenge with the highly neurovirulent strain of HSV-1, McKrae (38).
Similar to other studies, we found that the vaccine elicited a robust neutralizing
antibody titer but also demonstrated no loss in efficacy in the absence of a functional
type I IFN response (39). However, in the absence of T cells, the efficacy of the HSV-1
0ΔNLS vaccine was lost and could only be partially restored with adoptive transfer of
CD4� and CD8� T cells from HSV-1 0ΔNLS-vaccinated mice (40). As the correlate of
protective was found to be antibody-driven, the current study was undertaken to
determine if CD8� T cells are a contributing factor in vaccine efficacy since CD8�

effector T cells have previously been reported to control HSV-1 replication primarily in
the trigeminal ganglia (TG) during acute ocular infection and reactivation of latent virus
(41–47). The caveat is that the transgenic mice employed in the present study maintain
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a predetermined population of CD8� T cells, �85% of which are precommitted to
recognition of the HSV-1 peptide, gB495–505 (48). By comparison, the frequency of
cytotoxic T cells targeting the HSV-1 gB495–505 peptide in wild-type C57BL/6 mice is
approximately 60 to 75% after HSV-1 exposure (49). In the current study, the generation
of neutralizing antibody to HSV-1 following vaccination is found to be nearly absent,
but the efficacy of the vaccine in controlling virus replication in the nervous system is
not lost. Differences in ocular pathology are noted. However, depletion of the CD8� T
cells completely abolishes the efficacy, suggesting that in addition to antibody, CD8�

T cells are a contributing factor in the control of virus spread and replication using the
HSV-1 0ΔNLS vaccine in this unique model in which a significant proportion of CD8�

T cells are committed to HSV gB specificity prior to immunization or exposure to HSV-1.

RESULTS
The HSV-1 0�NLS vaccine shows efficacy against ocular HSV-1 challenge in the

absence of neutralizing antibody. Previously, we reported that the correlate of
protection of the HSV-1 0ΔNLS-vaccinated mice was antibody (38). However, the
absence of T cells was found to be necessary for the efficacy of the vaccine to maintain
protection, presumably due to a lack of CD4� T cell support of the B cell response (40).
To dissect the potential role of CD8� T cells in HSV-1 0ΔNLS vaccine efficacy, gBT-I.1
mice were chosen in which �85% of all T cell receptors on CD8� T cells are committed
to the recognition of a single peptide found within HSV-1 gB (48). The results show that
HSV-1 0ΔNLS vaccinated gBT-I.1 mice are more resistant to ocular challenge, with 24/27
HSV-1 0ΔNLS-vaccinated mice surviving acute infection compared to 8/19 control-
vaccinated animals (Fig. 1A). This difference in survival was not reflected by antibody
neutralization titers since only 3/17 HSV-1 0ΔNLS-vaccinated mice evaluated had
measurable neutralization titers (58 � 23) compared to 0/16 vehicle-vaccinated mice
(Fig. 1B). Even in mice that survived ocular HSV-1 challenge, the neutralization antibody
titer in the gBT-I.1-vaccinated groups was modest in comparison to surviving wild-type
(WT) mice that range in antibody-neutralizing titer from 1,600 to 3,200 (Fig. 1C).

Since there was a decisive difference in survival in challenged gBT-I.1 mice that had
been vaccinated with vehicle versus HSV-1 0ΔNLS, a likely explanation would include
preventing virus replication. Whereas there was no detectable difference in viral titers
recovered in the cornea comparing vehicle- to HSV-1 0ΔNLS-vaccinated mice (Fig. 2A),
there was a significant reduction in infectious virus obtained from the TG (Fig. 2B) and
brain stem (BS) (Fig. 2C) of HSV-1 0ΔNLS-vaccinated animals. Taken together, the results

FIG 1 Enhanced survival in the absence of neutralizing antibody in gBT-I.1 transgenic mice vaccinated with HSV-1 0ΔNLS.
Male and female gBT-I.1 mice (n � 19 to 27/group) were vaccinated and boosted with vehicle or HSV-1 0ΔNLS. Thirty days
postboost, serum was collected from anesthetized mice immediately prior to challenge with HSV-1 (104 PFU/cornea). (A)
Mice were monitored for survival over 30 days postchallenge. **, P � 0.01 comparing vehicle- to HSV-1 0ΔNLS-vaccinated
mice as determined by Mantel-Cox test. (B and C) Neutralizing antibody titer pre- (B) and post- (C) challenge in vaccinated
mice. Data are presented as mean � SEM taken from three independent experiments. Wild-type is C57BL/6 mice that have
survived infection at 1,000 PFU/eye representing vehicle- or HSV-1 0ΔNLS-vaccinated mice. ***, P � 0.007 comparing the
gBT-I.1 surviving mouse serum neutralization titer compared to wild-type mice as determined by the Kruskal-Wallis
nonparametric analysis of variance (ANOVA).
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suggest that in the near absence of neutralizing antibody, HSV gB-specific CD8� T cells
in gBT-I.1 transgenic mice contribute to the HSV-1 0ΔNLS vaccine efficacy against
ocular challenge that closely aligns with preventing virus spread and/or replication in
the TG and BS.

HSV-1 0�NLS-vaccinated mice show a reduction in corneal neovascularization
but not opacity. Blood and lymphatic vessel genesis in the cornea have been reported
to occur in response to HSV-1 infection (50–52). To determine whether HSV-1 0ΔNLS
vaccination preempts corneal neovascularization in the gBT-I.1 transgenic mice, vacci-
nated animals were assessed for blood and lymphatic vessel growth into the cornea
following HSV-1 infection. The results show that HSV-1 0ΔNLS-vaccinated gBT-I.1 mice
display little corneal neovascularization compared to vehicle-vaccinated animals fol-
lowing challenge (Fig. 3A and B). The difference in response correlates with a loss of
expression of vascular endothelial growth factor A (VEGF A) and interleukin-6 (IL-6) but
not angiopoietin 2 (ANG-2) or fibroblast growth factor 2 (FGF-2) during the acute phase
of infection (Fig. 3C).

In addition to corneal angiogenesis, opacity is another hallmark manifestation that
is often associated with experimental herpes stromal keratitis (53, 54). Therefore,
corneal opacity was evaluated in vaccinated gBT-I.1 transgenic mice following ocular
challenge. Unlike differences observed in angiogenesis, HSV-1 0ΔNLS-vaccinated mice
showed a similar degree of opacity as the vehicle-vaccinated group following infection,
significantly above uninfected controls (Fig. 4). We interpret this result to suggest the
HSV-1 0ΔNLS vaccine in gBT-I.1 transgenic mice does not fully compensate for the loss
of antibody in terms of maintaining collagen architecture as is observed in wild-type
mice (40). Since the gBT-I.1 transgenic mice lack a normal frequency of CD4� T cells and
maintain precommitted CD8� T cells, factors in addition to antibody likely contribute
to the preservation of collagen lamellae architecture post-HSV-1 infection in a more
normal immunological setting.

Resistance to HSV-1 infection in the TG of HSV-1 0�NLS-vaccinated mice is
reflected by functional activity. Leukocyte infiltration into the cornea and TG, a
common response to ocular HSV-1 infection, is thought to contribute to tissue
pathology (55–58). Therefore, immune cell infiltration was evaluated in the cornea
during acute infection. The results show that within the cornea of gBT-I.1 transgenic
mice during acute infection, there was no difference in the number of myeloid-
derived cell (CD45�CD11b�Ly6G/C�/–) or T lymphocyte (CD45�CD3�CD4� and
CD45�CD3�CD8�) populations, including HSV-1 gB-specific CD8� T cells (Fig. 5A).
A similar finding was observed in the TG of vaccinated gBT-I.1 mice infected with
HSV-1 (Fig. 5B).

FIG 2 HSV-1 0ΔNLS vaccine suppresses viral titer in the TG but not cornea during acute infection.
Vaccinated gBT-I.1 mice (n � 6 to 11/group) were infected with HSV-1 (104 PFU/cornea) 30 days post-
boost. (A to C) Seven days p.i., the mice were exsanguinated, and the corneas (A), TG (B), and BS (C) were
collected and assayed for viral titer by plaque assay. Data are presented as mean � SEM taken from two
to three experiments. *, P � 0.05; **, P � 0.02 comparing vehicle- to the 0ΔNLS-vaccinated group as
determined by Mann-Whitney, two-tailed nonparametric test.
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Since CD8� T cell function has previously been reported to be altered in the TG
following HSV-1 infection in C57BL/6 mice (59), and a polyfunctional effector CD8� T
cell response has been associated with greater surveillance against HSV-1 in patients
(60, 61), the functional response of CD8� T cells from the TG of vaccinated gBT-I.1 mice
was evaluated post-HSV-1 infection. Initially, gates were established for the expression
of each molecule under evaluation comparing stimulated with nonstimulated cells (Fig.
6). Analysis of cells for IFN-�, granzyme B (62), and CD107a (63) expression following in
vitro gB peptide stimulation were then collated using SPICE software (Fig. 7). The pie
charts represent the average frequencies of stimulated CD8� T cells, with each segment
of the chart denoting every possible combination of the three functional molecules
analyzed (Fig. 7A). Of note, the frequency of CD8� T cells obtained from the TG of
HSV-1 0ΔNLS-vaccinated gBT-I.1 mice post-gB peptide stimulation expressing IFN-�,
granzyme B, and CD107a was significantly elevated compared to CD8� T cells from the
phosphate-buffered saline (PBS)-vaccinated group (Fig. 7B). This group made up the
majority of the CD8� T cell profile from either group of vaccinated mice. In contrast,
the frequency of CD8� T cells expressing either CD107a or granzyme B from PBS-
vaccinated gBT-I.1 mice was significantly elevated above that by CD8� T cells from the
0ΔNLS-vaccinated animals (Fig. 7B). The frequency of any combination of dual-
expressing effector CD8� T cells was �2% and was not different comparing the two

FIG 3 The HSV-1 0ΔNLS vaccine suppresses cornea neovascularization but not opacity. Vaccinated
gBT-I.1 mice (n � 4 to 12 mice/group) were infected with HSV-1 (104 PFU/cornea) 30 days postboost.
Thirty days p.i., surviving mice were exsanguinated, and corneas were removed and stained for blood
(CD31, red) and lymphatic vessels (LYVE-1, green). (A) A representative image of cornea from an HSV-1
0ΔNLS-vaccinated mouse (0ΔNLS treated) and vehicle (PBS-treated) animal. (B) Summary analysis of the
cornea area (excluding limbus, white dotted line in the images) occupied by blood and lymphatic vessels.
***, P � 0.001 comparing vehicle (PBS)- to HSV-1 0ΔNLS-vaccinated groups as determined by Mann-
Whitney U rank test. (C) Vaccinated gBT-I.1 mice (n � 6 to 7 mice/group) infected with HSV-1 (104

PFU/cornea) 30 days postboost. The mice were exsanguinated 7 days p.i. The corneas were processed
and analyzed for analyte content, including angiopoietin-2 (Ang-2), IL-6, vascular endothelial growth
factor (VEGF) A, and fibroblast growth factor (FGF) 2 by suspension array. Data are presented as
mean � SEM. **, P � 0.01 comparing vehicle (PBS)- to HSV-1 0ΔNLS (NLS)-vaccinated groups by
Mann-Whitney rank order test.
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groups of vaccinated mice. In addition, it is noteworthy that the frequency of CD8� T
cells that did not express any of these functional markers was significantly elevated in
the PBS-vaccinated group compared to the 0ΔNLS-vaccinated mice, indicating a higher
degree of unresponsiveness to gB peptide stimulus in the PBS-vaccinated gBT-I.1
transgenic animals (Fig. 7B). Consistent with these findings, the individual number of
IFN-�-secreting CD8� T cells obtained from the TG of HSV-1 0ΔNLS-vaccinated mice in
response to gB495–505 peptide was also greater than the vehicle-vaccinated control.
Specifically, vehicle-vaccinated mice retained 73 � 10 IFN-�-secreting CD8� T cells
within the TG compared to 132 � 15 from HSV-1 0ΔNLS-vaccinated mice as measured

FIG 4 HSV-1 0ΔNLS-vaccinated mice display similar corneal opacity as the vehicle-vaccinated group
post-HSV-1 infection. gBT-I.1 mice were vaccinated and subsequently infected as described in Materials
and Methods. Seven days p.i., the mice were exsanguinated, and the corneas were removed. The upper
panel is the summary of corneal opacity measured at the optical density (light scattering) of 500 nm
wavelength in a 30 by 30 matrix distributed over the corneal surface. The average value of the
aforementioned matrix per cornea was graphed. The results are expressed in optical density units (ODU).
The baseline was made with mice scratched in the cornea but not infected with HSV-1. The lower panel
is a representative image at �32 magnification of three corneas from scarified, uninfected (baseline,
n � 3), HSV-1 0ΔNLS (0ΔNLS, n � 9)-, and vehicle (PBS, n � 7)-vaccinated mice on day 7 p.i. **, P � 0.0019
comparing the vaccinated, infected mice to the uninfected control group as determined by the
nonparametric Kruskal-Wallis ANOVA.

FIG 5 Leukocyte content in the corneas and TG of vaccinated gBT-I.1 mice day 7 postinfection. Mice were vaccinated with vehicle (PBS) or HSV-1 0ΔNLS (NLS)
and infected with HSV-1 as described in Materials and Methods. (A and B) At day 7 p.i., the corneas (A) and TG (B) were excised and analyzed by flow cytometry
for CD3�CD4� T cells, CD3�CD8� T cells, CD3�CD8�HSV gB405-505 tetramer�, and (C) corneas and (D) TG for CD45�CD11b�Ly6G�Ly6C– cells (CD11b�Ly6G�

neutrophils), CD45�CD11b�Ly6G-Ly6C� cells (CD11b�Ly6C� macrophage), and CD45�CD11b�Ly6G�Ly6C� cells (CD11b�Ly6G�Ly6C� cell inflammatory
macrophage). Data are presented as means � SEM; n � 7 to 8 mice/group.
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FIG 6 Stimulation of CD8 T cells from trigeminal ganglia (TG) results in amplification of expression of IFN-�,
CD107a, and granzyme B. TG harvested from vehicle (PBS)- or HSV-1 virus 0ΔNLS-vaccinated mice 7 days

(Continued on next page)
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by enzyme-linked immunosorbent spot (ELiSPOT) assay (P � 0.01, n � 6 to 7/group as
determined by Student’s t test).

Therefore, in terms of functional markers displayed by CD8� effector T cells from the
TG, more cells from the HSV-1 0ΔNLS-vaccinated mice expressed IFN-�, CD107a, and
granzyme B compared to the cells from the vehicle-vaccinated counterparts post-gB
peptide stimulation.

We previously found that functional loss of effector cells correlates with the expres-
sion of exhaustion markers displayed by effector T cells in HSV-1-infected mice (64).

FIG 6 Legend (Continued)
postinfection were manually homogenized to generate single cell suspensions and stimulated with 10 �g/ml of
HSV-1 gB (SSIEFARL) or left unstimulated for 24 h. CD107a Ab was added for the last 6 h of cell incubation
followed by brefeldin A (GolgiPlug). Subsequently, the cells were stained with cell surface antigens (CD45, CD3,
and CD8), fixed, and permeabilized, and following the permeabilization step were stained using anti-mouse IFN-�,
and anti-mouse/human granzyme B antibodies. (A) Frequency of CD8 T cells expressing CD107a, IFN-�, or
granzyme B, each presented individually in unstimulated and stimulated settings. (B) The frequency of CD8 T cells
coexpressing two of three markers simultaneously. Each figure is representative of results from two independent
experiments.

FIG 7 CD8 T cells from trigeminal ganglia of 0ΔNLS-vaccinated mice display a significantly higher
polyfunctional effector frequency compared to PBS-vaccinated mice. The trigeminal ganglia from
vaccinated mice (n � 5/group) infected with HSV-1 7 days previously were harvested and manually
homogenized, and single cell suspensions were stimulated with HSV-1 gB peptide followed by CD8� T
cell staining for CD107a, IFN-�, and granzyme B expression as described in Materials and Methods.
Stained cells were analyzed by flow cytometry, and the frequency of CD8� T cells expressing CD107a,
IFN-�, and granzyme B was determined using FlowJo software. The polyfunctional profile of the effector
cells was analyzed with SPICE software and presented as pie charts. (A) The pie charts display the average
frequency of CD8� T cells expressing any combination of CD107a, IFN-�, and granzyme B from
vaccinated mice. The inner segments show cells producing different combinations of analyzed analytes
(listed in panel B, below the graph) and are color coded. The outer arcs around the circle indicate the
frequency of cells producing one of the analyzed analytes (CD107a, IFN-�, or granzyme B) and are color
coded. The polyfunctional profile is determined by extension of the arcs that surround the pie chart. (B)
Summary data presenting frequency of CD8� T cells producing different combinations of CD107a, IFN-�,
and granzyme B. The values are presented as the means � SEM. **, P � 0.01; *, P � 0.05 as determined
by Student’s t test.
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Therefore, analysis of exhaustion markers as well as the proliferation marker, Ki67 (65),
was determined on the gB-specific CD8� T cells from the TG of vaccinated mice
post-HSV-1 infection. Whereas there was no difference in overall proliferation by the
effector CD8� T cells from PBS-vaccinated (42.2 � 9.9%) versus 0ΔNLS-vaccinated
(42.5 � 8.7%) mice post-gB peptide stimulation, a greater number of CD8� T cells from
the vehicle-vaccinated mice expressed significantly more lymphocyte activation gene 3
(LAG-3), programmed cell death 1 (PD-1), and T cell immunoglobulin and mucin
domain-containing protein 3 (TIM-3) than cells from the TG of HSV-1 0ΔNLS-vaccinated
mice 7 days postinfection (p.i.) (Fig. 8A and B). By comparison, PD-1 and TIM-3 but not
LAG-3 expression was elevated on CD8� T cells from the cornea of PBS-vaccinated mice
in comparison to cells from the 0ΔNLS-vaccianted animals 7 days p.i. (Fig. 9A and B).
These results suggest cells from HSV-1 0ΔNLS-vaccinated animals are maintained at a
higher functional level that coincides with a reduction in virus replication within the TG
environment in this unique transgenic mouse model.

HSV-1 gB-specific CD8� T cells from HSV-1 0�NLS-vaccinated gBT-I.1 trans-
genic mice maintain an elevated metabolic level compared to cells from vehicle-
vaccinated animals. T cell activation and function are intrinsically related to cellular
metabolism, including glucose uptake and utilization (66, 67). Since the CD8� effector
T cells from the HSV-1 0ΔNLS-vaccinated gBT-I.1 mice displayed an elevated polyfunc-
tional phenotype compared to the effector T cells from vehicle-vaccinated mice p.i., the
metabolic profile of these effector cells was examined. CD8� effector T cells from the
HSV-1 0ΔNLS-vaccinated mice stimulated with gB495–505 peptide displayed a higher
basal rate of mitochondrial oxygen consumption (Fig. 10A and B) and extracellular
acidification rate showing an increase in aerobic glycolysis and glycolytic capacity
compared to gB495–505 peptide-stimulated cells from vehicle-vaccinated mice (Fig. 10C
and D). These results are consistent with an increase in effector function in terms of
IFN-� expression post-antigen stimulus by the gB-specific CD8� T cells from the
0ΔNLS-vaccinated mice, reinforcing the importance of glycolytic metabolism and ef-
fector T cell activity (68). Whether this observation holds true under normal circum-
stances (i.e., in the absence of a skewed preexisting population of gB495–505-specific
CD8� T cells) by effector CD8� T cells in response to additional HSV-1 peptide
candidates requires further investigation.

Depletion of CD8� T cells in HSV-1 0�NLS-vaccinated gBT-I.1 mice renders
mice highly susceptible to HSV-1 challenge. Thus far, HSV-1 0ΔNLS-vaccinated
gBT-I.1 mice have been found to be resistant to challenge with HSV-1 as measured by
survival, virus replication in the TG, and corneal neovascularization. To further demon-
strate the contribution of these cells, vaccinated gBT-I.1 mice were depleted of CD8�

T cells to determine if the absence of CD8� T cells increased susceptibility to HSV-1
infection. The results show CD8� T cell-depleted, HSV-1 0ΔNLS-vaccinated mice are
highly sensitive to HSV-1 infection with a significant loss in survival and, inversely, an
increase in infectious virus recovered from the TG during acute infection compared to
isotypic IgG-control-treated, HSV-1 0ΔNLS-vaccinated mice (Fig. 11A and B). However,
there was no difference in viral content recovered in the cornea (Fig. 11C) or shed in the
tear film (Fig. 11D) during acute infection. These results suggest CD8� T cells participate
in surveillance of HSV-1 in the TG but not the cornea of vaccinated mice in which the
majority of CD8� T cells are precommitted to gB495–505 specificity.

DISCUSSION

Strategies to develop vaccines against HSV-1 and -2 have been discussed and
reviewed for some time (69). In 2000, it was predicted it would take 7 years at a cost of
$240 million to generate a licensed vaccine against HSV (70). To date, there are no
ongoing clinical trials to assess vaccine candidates to prevent primary HSV-1 infection
or block HSV-1 reactivation. However, there are novel experimental approaches that
seem to suggest specific virus-encoded proteins may be candidates as immunogens to
generate protective antibody and cytotoxic T cell responses to block acute virus
infection or reactivation. Specifically, using computational algorithms to screen HLA-
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FIG 8 Functional markers expressed by CD8� effector T cells from the TG of HSV-1 0ΔNLS-vaccinated gBT-I.1 mice are elevated compared to CD8� effector
T cells from vehicle-vaccinated animals. Single cell suspensions from TG harvested 7 days p.i. Cells were stained with an antibody panel set targeting CD45,
CD3, and CD8 cells along with exhaustion markers (LAG-3, PD-1, or TIM-3). (A) A representative gating profile of stained CD8� T cells for LAG-3, PD-1, and
TIM-3 from mice vaccinated with PBS or 0ΔNLS along with the fluorescence minus one (FMO) and unstained controls is shown. (B) The number of CD8�

T cells expressing LAG-3, PD-1, or TIM-3 from mice vaccinated with PBS or 0ΔNLS is shown. The data set is a summary of three independent experiments
expressed as means � SEM. *, P � 0.05 as determined by Student’s test comparing PBS- to 0ΔNLS-vaccinated mice; n � 9/group.
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A*02:01 viral protein binding regions, one group has identified several epitopes that are
recognized by human HLA-A*A2:01-restricted CD8� cytotoxic T cells from HSV-1-
seropostive patients that are asymptomatic for infection (71–74). Using HLA-A*02:01-
restricted transgenic rabbits and mice (75, 76), this group identified HLA-A*02:01-
restricted viral peptides used as CD8� T cell-based vaccines that were found to protect
vaccinated animals against ocular HSV-1 infection (71–74). Another group has found
that monoclonal antibodies derived from B lymphocytes of patients vaccinated with a
bivalent recombinant HIV gp120 containing the herpesvirus entry mediator (HVEM)
binding domain of glycoprotein D (gD) protect mice from ocular HSV-1 infection (77).
While these findings show significant promise, both groups mentioned above use
subjective measurements to show that these vaccines or antibodies administered to
mice protect against corneal pathology, consistent with most publications in the field.
However, we would submit that a more quantitative means to measure ocular pathol-
ogy and function is necessary to truly evaluate the efficacy of a vaccine against
experimental ocular HSV-1 infection, including neovascularization (52, 78), corneal
denervation (79, 80), inflammatory hypoxia (81), opacity (82), and visual acuity (40). To
date, the HSV-1 0ΔNLS vaccine is the only vaccine to have demonstrated prophylactic
efficacy against ocular HSV-1 challenge in not only establishing sterile immunity and
significant reduction in the establishment of a latent infection but also preventing
corneal pathology and preserving the visual axis (40). It is notable that many of the
HSV-1-encoded proteins identified to possess protective epitopes used as vaccines
against HSV-1 infection (71–74) are recognized by the HSV-1 0ΔNLS vaccine (40),
suggesting that a cocktail approach is the most likely path to a truly effective vaccine
other than live-attenuated virus candidates.

FIG 9 CD8 T cells in the cornea of vaccinated mice show reduced numbers of cells expressing PD-1 and TIM-3 in comparison to vehicle-treated mice
postinfection. Corneas were harvested from vaccinated mice 7 days postinfection. Following processing, the cells were stained with an antibody panel for CD45,
CD3, and CD8 along with the exhaustion markers Lag-3, PD-1, and Tim-3. (A) A representative gating strategy of stained CD8� T cells for LAG-3, PD-1, and TIM-3
from mice vaccinated with PBS or 0ΔNLS along with the FMO is included. (B) The number of CD8� T cells expressing LAG-3, PD-1, or TIM-3 from mice vaccinated
with PBS (n � 5) or 0ΔNLS (n � 7) is shown. The data are a summary of two independent experiments expressed as means � SEM. **, P � 0.01, as determined
by Student’s t test comparing CD8� T cells from PBS- to those from 0ΔNLS-vaccinated mice; ns, not significant.
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Experimentally, antibodies have long been appreciated as a means to protect the
host against ocular HSV-1 infection (83, 84). The current study was undertaken to
determine if the HSV-1 0ΔNLS vaccine retained efficacy against ocular HSV-1 infection
in the absence of neutralizing antibody in mice that have an exaggerated precommit-
ted population of CD8� T cells specific for a single HSV antigenic epitope, gB495–505.
The lack of a measurable neutralizing antibody titer in gBT-I.1 transgenic compared to
WT vaccinated mice may, in part, be due to the modest number of CD4� T cells that
reside in the organized lymphoid tissue, including the mandibular lymph node post-
HSV-1 infection that could contribute to facilitating the humoral immune process (85).
Previously, we reported that gBT-I.1 mice were more resistant to HSV-1 infection
compared to wild-type mice measured by reduced infectious virus recovered in the

FIG 10 HSV-1 gB-specific CD8� T cells from HSV-1 0ΔNLS-vaccinated gBT-I.1 mice display elevated metabolic demand poststimulation
compared to cells from vehicle-vaccinated mice. gBT-I.1 T cell receptor (TCR) transgenic mice were vaccinated and 3 weeks later
boosted with vehicle (PBS, n � 6) or 105 PFU HSV-1 0ΔNLS (n � 5). Thirty days postboost, the mice were infected with HSV-1 (10,000
PFU/eye), and 7 days p.i., mandibular lymph nodes were harvested, and isolated T cells were stimulated with gB peptide (10 �g/ml)
followed by analysis of key parameters of mitochondrial function, including the oxygen consumption rate (OCR) as well as glucose
consumption (glycolysis stress test) 48 h poststimulation. (A) The metabolic flux measured at the baseline and after injection of
oligomycin, FCCP, and rotenone/antimycin (Rot/AA) presented as the mean � SD. (B) The summary of the metabolic parameters under
analysis (basal respiration, ATP production, and spare respiratory capacity or SRC) presented as the mean � SEM. (C) The metabolic
flux measured at the baseline and after injection of glucose, oligomycin, and 2-deoxy-glucose (2-DG) presented as the mean � SD.
(D) The summary for aerobic glycolysis and glycolytic capacity presented as the mean � SEM. **, P � 0.01; *, P � 0.05; ns, not
significant as determined by Student’s t test.
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cornea during acute infection and significantly less corneal blood vessel genesis by day
30 p.i. (85). The present study demonstrates the susceptibility of the gBT-I.1 transgenic
mice in terms of corneal pathology to a substantially higher infectious dose of virus, 10
to 100 times higher than that previously reported (85). The angiogenic response
displayed by the vehicle-vaccinated gBT-I.1 mice correlated with an increase in VEGF-A
and IL-6, two proangiogenic factors that have been associated with HSV-1-induced
corneal neovascularization (86, 87). The HSV-1 0ΔNLS vaccine was found to block
corneal neovascularization but had no impact on the ocular viral load, suggesting virus
alone does not drive neovascularization, consistent with a previous report (88).

The impact of the HSV-1 0ΔNLS vaccine on virus replication was observed in the TG
of the vaccinated gBT-I.1 mice in which viral loads were reduced 10-fold. This enhanced
capacity to block virus replication was associated with an increase in IFN-�-producing
HSV-1 gB-specific CD8� T cells that reside in the tissue. IFN-� has been described as a
potent anti-HSV-1 cytokine that suppresses virus replication during acute infection and

FIG 11 Depletion of CD8� T cells renders HSV-1 0ΔNLS-vaccinated mice susceptible to virus challenge. Male and
female gBT-I.1 mice were vaccinated and boosted with vehicle or HSV-1 0ΔNLS. Vaccinated mice were treated and
infected with 105 PFU HSV-1 as described in Materials and Methods. (A) Mice (n � 12 to 16/group) were monitored
for survival over 30 days. *, P � 0.05 comparing the two groups as determined by the Mantel-Cox test. (B and C)
Mice treated as described above were euthanized 7 days postinfection, and the TG (B) and corneas (C) were
removed and processed for viral titer by plaque assay. Data are expressed as mean � SEM; n � 10 to 16/group. ***,
P � 0.001 comparing the two groups as determined by Student’s t test. (D) Vaccinated mice (n � 7 to 9/group)
treated as described above were monitored for shed HSV-1 in the tear film from day 1 to day 7 postinfection. Each
point represents the mean � SEM.

HSV-1 Vaccine and CD8 T Cells Journal of Virology

December 2020 Volume 94 Issue 24 e01000-20 jvi.asm.org 13

https://jvi.asm.org


reactivation during latency (89–92). Of note, the enhanced IFN-�, CD107a, and gran-
zyme B expression by the antigen-stimulated CD8� T effector cells was inversely
correlated with the T cell checkpoint receptors PD-1, LAG-3, and TIM-3, consistent with
the inhibitory capacity of these molecules on CD8� T cell function (93–95). Coupled
with this finding, a previous study found that blocking expression of these inhibitory
coreceptors increased the frequency of polyfunctional CD8� effector T cells and
suppressed viral loads in HSV-1-infected, humanized transgenic rabbits (96). However,
in that study, it was also reported that treatment of animals with antibodies targeting
the inhibitory coreceptors was found to increase proliferation as measured by Ki67
staining, whereas in the present study, there was no difference in expansion of the
effector CD8� T cell population comparing vehicle- to HSV-1 0ΔNLS-vaccinated mice.
Thus, in the gBT-I.1 transgenic mouse model, it would appear that the HSV-1 gB-specific
CD8� T cells of HSV-1 0ΔNLS-immunized animals are more resilient to environments
that influence the functional nature of effector T cells during acute HSV-1 infection such
as that found in the TG as opposed to only proliferation. A caveat to this conclusion is
that a single time point was chosen to evaluate the T cell response and the skewed
gB-specific nature of the CD8� T cells. Whether the vaccine impacts the magnitude or
timing of the response by the effector CD8� T cells at earlier time points has not been
measured in this study.

In this model, the principal driver of protection is the gB-specific CD8� T cell, as
depletion of this population adversely affects the outcome of mice in terms of survival
and virus replication. This result is not unexpected since the majority of T cells in these
transgenic mice are specific for the gB495–505 peptide. Glycoprotein B is an essential
component in the fusion process of the pathogen’s entry into the host cell and
cell-to-cell spread (97, 98). Other groups have used this protein, gB peptides, or
antibodies directed against specific regions of the protein to demonstrate that vacci-
nation or passive immunization is highly effective in reducing anterograde transport of
HSV-1 or virus-induced mortality following challenge (60, 99, 100). While we believe gB
or gB-derived peptides alone in the form of a vaccine with adjuvants are not sufficient
to provide broad protection against HSV-1 infection especially as it relates to preserving
the visual axis, we would submit that the inclusion of gB or gB peptides should be
considered a necessary component of a highly effective viral protein vaccine cocktail
developed against HSV-1 infection. As the HSV-1 0ΔNLS vaccine-generated antiserum
recognizes gB along with several other structural or nonstructural virus-encoded
proteins and is shown to maintain the visual axis with minimal tissue pathology (40),
our previous study supports the concept that single subunits alone will likely fail. Thus,
we submit that a successful vaccine will incorporate several components of the viral
antigen repertoire, including tegument and capsid proteins, glycoproteins, and non-
structural, primarily intracellular proteins along with an effective adjuvant to elicit
humoral (antibody) and cell-mediated responses to protect against initial exposure or
virus reactivation as experimental findings suggest (40, 74).

MATERIALS AND METHODS
Mice and virus. Male and female C57BL/6 (WT) mice (8 to 12 weeks of age; The Jackson Laboratory,

Bar Harbor, ME) and HSV-1 gBT-I.1 T cell receptor transgenic mice (48) on a WT background were
maintained in a specific-pathogen-free animal facility at the Dean McGee Eye Institute. These mice
possess 20- to 30-fold more HSV gB-specific CD8� T cells in the draining lymph nodes compared to their
WT counterparts with significantly fewer total CD4� T cells 7 days post-ocular HSV-1 infection. The
offspring of gBT-I.1 breeders were genotypically validated prior to use in experiments. This study was
approved by the Oklahoma University Health Sciences Center (OUHSC) animal care and use committee
(protocol numbers 16-087 and 19-060) and performed in adherence to the National Institutes of Health
Guide for the Care and Use of Laboratory Animals. HSV-1 (strain McKrae) was propagated in green monkey
kidney cells (Vero cells; ATCC), and the stock (1 � 109 PFU/ml) was aliquoted and stored at – 80°C until
single use.

HSV-1 infection. Mice were anesthetized for all procedures by intraperitoneal (i.p.) injection of
ketamine (100 mg/kg body weight) plus xylazine (5.0 mg/kg) and were euthanized by cardiac perfusion
of 10 ml PBS for tissue collection. Animals (8 to 12 weeks old) were vaccinated with HSV-1 0ΔNLS (105 PFU)
using a prime/boost approach via ipsilateral footpad (subcutaneous) and quadriceps (intramuscular) injection
3 weeks later as previously described (38). PBS alone served as the vehicle control. Thirty days following the

Gmyrek et al. Journal of Virology

December 2020 Volume 94 Issue 24 e01000-20 jvi.asm.org 14

https://jvi.asm.org


secondary boost, anesthetized mice were infected with 1 � 104 – 1 � 105 PFU HSV-1 McKrae to each cornea
following partial epithelial debridement with a 25-gauge needle in a 3-�l volume PBS.

Viral titer. Following corneal infection, mice were euthanized at day 7 postinfection (p.i.), and the
corneas, trigeminal ganglia (TG), and brain stems (BS) were collected and frozen at – 80°C until plaque
assays were performed as previously described (101).

Flow cytometry. Corneas, TG, and mandibular lymph nodes (MLNs) were collected at day 7 p.i. The
extracted corneas were exposed to Liberase TL (Roche) for 30 min at 37°C. Digested tissue was filtered
through a 40-�m cell strainer and washed with staining buffer (PBS supplemented with 2% fetal bovine
serum [FBS]). TG were homogenized in a Dounce homogenizer for 30 strokes in RPMI 1640 medium
containing 10% FBS and antimycotic/antibiotic solution (complete medium). The resulting suspension
was filtered through a 40-�m mesh, centrifuged at 300 � g for 5 min, and decanted, and the pellet was
resuspended in 2.0 ml of complete medium. MLNs were macerated into a single cell suspension in 3.5 ml
of complete medium. One hundred microliters of single cell suspensions was then incubated in 1 to 2 �l
Fc block CD16/CD32 (Thermo Fisher Scientific, Waltham, MA) diluted in 1% bovine serum albumin (BSA)
in 1� PBS for 15 min and labeled with a combination of 1 �l each of CD45 efluor450, CD19 PE, B220
APC-Cy7, EpCAM efluor450, CD4 APC-Cy7, CD8 PE, CD11b FITC and PE-Cy7, Ly6-G APC, Ly6-C PE, and
CD11c PE-Cy7 (Thermo Fischer Scientific) diluted in 1% BSA in 1� PBS for 30 min. In the case of tetramer
staining, cells were labeled with a combination of CD3 PE-Cy7, CD8-APC-Cy7, and gB-PE. Cells were then
washed twice by adding 1 ml of 1% BSA in 1� 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 1% BSA in 1� PBS to be analyzed on a MacsQuant 196 flow cytometer (Miltenyi Biotech). Gating
strategies were identical to those previously described (102).

To evaluate expression of exhaustion markers within CD8 T cells, the cornea and TG single cell
suspensions were stained with CD45-Pacific blue, CD8-APC-Cy7, CD3-PECy7, CD279 (PD-1)-FITC, CD366
(TIM-3)-PE, and CD223 (LAG-3)-APC (all BioLegend) and incubated 30 min on ice. Next, the stained cells
were washed with staining buffer (PBS supplemented with 1% BSA) and fixed with 2% paraformaldehyde
and acquired on flow cytometry within 48 h.

To determine the function and proliferation cell rate of CD8� T cells, CD107a, granzyme B, and IFN-�
expression within CD8 T cells was evaluated. TG single cell suspensions were ex vivo stimulated with
10 �g/ml gB495–505 peptide (SSIEFARL) in 4 ml of RPMI 1640 medium containing 10% FBS in 10 ml
snap-capped tubes (Fisher) for 24 h in the incubator at 37°C, and 5% CO2 (one TG single cell suspension/
tube). For the last 6 h of cell stimulation, CD107a-PE Ab was added directly to the cell culture followed
by brefeldin A (GolgiPlug). After the incubation, the cells were washed with PBS (supplemented with 5%
PBS and 0.09% NaN3) and stained with antibodies (Abs) targeting CD8 T cells (CD45�CD3�CD8�)
followed by fixation and permeabilization using a commercially available FoxP3/transcription factor
staining buffer kit according to the manufacturer’s guidelines (eBioscience). At the permeabilization step,
the cells were intracellularly stained with granzyme B-FITC and IFN-�-APC. The cell proliferation rate was
determined by Ki67 expression in permeabilized cells 24 h post-gB peptide stimulation using Ki67-Alexa
Fluor 488 antibody. All labeled cells were acquired with a MacsQuant flow cytometer, and the exported
FCS files were analyzed with FlowJo software. Determination of the polyfunctional phenotype of HSV
gB-specific CD8� effector T cells was conducted using SPICE version 5.3 software (National Institute of
Allergy and Infectious Diseases, National Institutes of Health) (103). Gating was confirmed using non-
stimulated cells or fluorescence minus one controls.

Immunochemistry and confocal microscopy. Mice were euthanized and the eyes were removed at
the indicated time p.i. All tissue preparation, antibody source and dilutions, and confocal imaging were
as previously described (38).

Proangiogenic factor measurement. Corneas were collected from vaccinated gBT-I.1 mice at day
7 p.i., weighed, and homogenized in the presence of 1� Calbiochem protease inhibitor cocktail set I
(EMD Millipore, Billerica, MA, USA) and tissue protein extraction reagent (TPER) (Thermo Fisher). The
tissue homogenates were centrifuged at 10,000 � g for 1.5 min at 4°C. Supernatants were collected and
assessed for angiopoietin (ANG)-2, fibroblast growth factor 2 (FGF-2, interleukin-6 (IL-6), and vascular
endothelial growth factor A (VEGF-A) content using a bead-based multiplex assay for protein detection
(Millipore Sigma).

Cornea opacity. Corneas were harvested from infected mice on day 7 p.i. and fixed with 4%
paraformaldehyde for 30 min at room temperature, followed by washes (3�) in 1 ml PBS (10 min per
wash). The corneas were then immersed in glycerol 50% in PBS for 30 min. Each cornea was placed in
the bottom and center of the well of a U-bottom, 96-well plate. The remaining glycerol was removed, and
the corneas were incubated at room temperature for 10 min. Immediately prior to introducing the
96-well plate into the plate reader, 100 �l of glycerol 50% in PBS was slowly added to each well. The
absorbance was measured at 500 nm using a CLARIOstar microplate reader (BMG Labtech, Ortenberg,
Germany) using a 30 � 30 matrix as previously described (82).

ELiSPOT assay. For detection of IFN-� using the ELISPOT assay, MultiScreen-IP sterile 96-well
filtration plates (Millipore) were activated with 70% ethanol (100 �l/well) for 10 min at room temperature
and then coated (5 �g/ml in PBS) with primary (capture) anti-mouse IFN-� antibody (BD Biosciences). The
plates were then incubated overnight at 4°C. TG single cell suspensions were plated into coated wells of
96-well flat-bottom plates and stimulated with 10 �g/ml of HSV-1 gB498 –505 peptide (SSIEFARL) overnight
in a 37°C incubator (5% CO2, 95% air). Next, the plates were extensively washed with distilled water and
treated with blocking buffer (1% BSA in PBS) for 1 h at room temperature. Subsequently, the blocking
buffer was removed and the plates were treated with secondary (detection) biotinylated anti-mouse
IFN-� antibody (2 �g/ml in 1% BSA/PBS) and streptavidin-alkaline phosphatase (1,000� diluted in 1%
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BSA/PBS) for 1 h at room temperature. Finally, the plates were extensively washed with distilled water,
and Sigma Fast BCIP/NBT (Sigma-Aldrich) was added. Plates were allowed to dry overnight and then were
read with an ELISPOT reader (Cellular Technology Ltd.). The number of individual spots was determined
using ImmunoSpot software (Cellular Technology Ltd.).

Metabolic flux assay. Oxygen consumption rates (OCR) and extracellular acidification rates (ECAR)
were determined using a Seahorse XFe96 analyzer (Agilent) and Seahorse XF Cell Mito Stress and XF
Glycolysis Stress kits, respectively. One day prior to running the assay, a sensor cartridge was hydrated
with water overnight in a 37°C incubator without CO2. The following day, water was removed and
replaced with XF calibrant buffer followed by a 2- to 3-h incubation period at 37°C without CO2.
Mandibular lymph node cells (5 � 106 cells/2 ml) from vaccinated gBT-I.1 transgenic mice were prestimu-
lated with 10 �g/ml of gB peptide for 48 h prior to metabolic flux assay in RPMI 1640 with 10% FBS in
12-well tissue culture plates (Nest Biotech Co. Ltd.). Following the incubation period, CD8� T cells were
negatively selected using a CD8a T cell isolation kit (Miltenyi) achieving �95% enrichment. To evaluate
the OCR, the gB peptide-pulsed cells were plated into Cell-Tak coated (22.4 �g/ml) 96-well plates
(Agilent) at 3 � 106 cells per well in Seahorse XF RPMI medium containing 2 mM L-glutamine, 10 mM
D-glucose, 1 mM sodium pyruvate, and 1 mM HEPES. The plate with seeded cells was degassed for 1 h at
37°C without CO2 prior to starting the assay. OCR was measured before and after injecting 1.5 �M
oligomycin, 1 �M carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP), and 0.5 �M rotenone/
antimycin A (AA). For the ECAR measurement, cells were prepared and plated as described above with
the exception that the Seahorse XF RPMI medium did not contain 10 mM D-glucose. ECAR was measured
before and after injection of 10 mM glucose, 2 �M oligomycin, and 50 mM 2-deoxy-glucose (2-DG). Basal
OCR levels were determined as OCR values before injection of oligomycin. Baseline ATP production was
determined by subtracting the average OCR values obtained after oligomycin administration from the
average basal OCR values. Spare respiratory capacity was defined as the average OCR values after FCCP
administration minus the average baseline OCR values. Aerobic glycolysis was determined by subtracting
basal ECAR values from ECAR values after injection of glucose. Glycolytic capacity was calculated by
subtracting 2-DG values from ECAR values after injection of oligomycin. All changes in metabolic flux
were recorded in real time using Wave software version 2.6.1, and the data were analyzed using
GraphPad Prism statistical software.

CD8� T cell depletion. HSV-1 0ΔNLS-vaccinated mice were treated with 200 �g rat anti-mouse CD8a
IgG (Bio X Cell) rat IgG isotypic control subcutaneously 48 h prior to, 24 h prior to, and at the time of
infection with HSV-1 (105 PFU/cornea). Three days p.i., mice were again treated with anti-CD8a or isotypic
control IgG. Mice were monitored for survival out to day 30 p.i. Depletion of gB-specific CD8� T cells was
confirmed (90 to 98% depletion) at the time of infection based on levels detected in the MLN, TG, and
cornea.

Statistical analysis. Data are presented as the mean � the standard error of the mean (SEM). Prism
8 software (GraphPad, San Diego, CA, USA) was used for statistical analysis, and the tests utilized to
determined significance (P � 0.05) are described in each figure legend.
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