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ABSTRACT Viral fitness dictates virulence and capacity to evade host immune de-
fenses. Understanding the biological underpinnings of such features is essential for
rational vaccine development. We have previously shown that the live-attenuated
herpes simplex virus 1 (HSV-1) mutant lacking the nuclear localization signal (NLS)
on the ICPO gene (0ANLS) is sensitive to inhibition by interferon beta (IFN-B) in vitro
and functions as a highly efficacious experimental vaccine. Here, we characterize the
host immune response and in vivo pathogenesis of HSV-1 0ANLS relative to its fully
virulent parental strain in C57BL/6 mice. Additionally, we explore the role of type 1
interferon (IFN-a/pB) signaling on virulence and immunogenicity of HSV-1 OANLS and
uncover a probable sex bias in the induction of IFN-a/B in the cornea during HSV-1
infection. Our data show that HSV-1 OANLS lacks neurovirulence even in highly im-
munocompromised mice lacking the IFN-a/B receptor. These studies support the
translational viability of the HSV-1 OANLS vaccine strain by demonstrating that, while
it is comparable to a virulent parental strain in terms of immunogenicity, HSV-1
O0ANLS does not induce significant tissue pathology.

IMPORTANCE HSV-1 is a common human pathogen associated with a variety of
clinical presentations ranging in severity from periodic “cold sores” to lethal enceph-
alitis. Despite the consistent failures of HSV subunit vaccines in clinical trials span-
ning the past 28 years, opposition to live-attenuated HSV vaccines predicated on un-
founded safety concerns currently limits their widespread acceptance. Here, we
demonstrate that a live-attenuated HSV-1 vaccine has great translational potential.
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trategies for vaccine development have transitioned largely from empirical to

so-called “next-generation” or rational approaches during the past 2 decades, a shift
largely driven by technological advances and a better understanding of how innate
immunity influences the generation of adaptive protection (1, 2). Despite these break-
throughs, the average person still acquires multiple herpesvirus infections during
childhood (3). A licensed vaccine, however, exists only for varicella-zoster virus (VZV) (4).
The live-attenuated Oka vaccine for VZV is generally well tolerated and has significantly
reduced the incidence of VZV infection, morbidity, and mortality in the United States (5,
6). Furthermore, epidemiologic studies indicate that acquisition of herpes simplex virus
1 (HSV-1) has shifted toward early to late adolescence in recent decades within the
United States, potentially creating an opportunity to introduce an effective prophylactic
HSV-1 vaccine into the childhood vaccine regimen (7). HSV vaccines have been tested
in multiple clinical trials, but these studies have focused on protein subunit vaccines
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and have been largely unsuccessful to date (7). Established studies show that inacti-
vated HSV alone does not elicit sustained protective immunity in mice or humans
(8-10).

Herpesviruses are often considered to be exclusively pathogenic due to their
unmistakable negative impact on health. Complications arising from HSV-1 infection
are indeed common. Though generally recognized to be the causative agent of “cold
sores,” HSV-1 is also associated with significant visual morbidity, is a common cause of
viral encephalitis, and is now a leading cause of primary genital herpes among women
of child-bearing age in the United States (7, 11-13). Such problems rightfully beg the
question of whether a live-attenuated vaccine for HSV-1 is safe. However, experimental
evidence suggests that some elements of our acquired virome—and herpesviruses
specifically— exert an important, yet largely underappreciated, symbiotic impact on the
immune system by bolstering protection against heterologous pathogens (14-17).

Many live-attenuated vaccines also confer beneficial heterologous effects associated
with protection against divergent pathogens (18, 19). Live-attenuated vaccines activate
the same innate pathways triggered during natural infection. This activation step
results in the production of specific cytokines that regulate the generation and quality
of ensuing adaptive immune responses (20). Type | interferon (IFN-o/pB) is a potent
cytokine elicited by viral infection that promotes an antiviral state and exerts an
immunomodulatory potential to regulate antiviral T helper type-1 (Th1) adaptive
immune responses (21, 22). Traditional adjuvants in licensed subunit vaccines do not
efficiently induce IFN-a/B or consistently stimulate strong Th1 responses although
recent developments in adjuvant discovery are promising (23, 24). Collectively, this
evidence implies that there may be an immunologic compromise involved in favoring
theoretically safer adjuvanted protein subunit vaccines over historically proven live-
attenuated vaccines. Moreover, the premise of eliminating common viral infections
with subunit vaccines may also have unexplored consequences impacting the devel-
oping immune system'’s response to subsequent encounters with pathogens.

Demand for insights into the protective immunologic mechanisms elicited by novel
vaccines is at an all-time high. We have recently shown that an experimental prophy-
lactic live-attenuated HSV-1 vaccine generates a highly efficacious humoral immune
response that protects animals against a lethal challenge when it is administered
systemically (25). This vaccine, termed HSV-1 0ANLS, lacks the nuclear localization
signal (NLS) on the infected cell protein 0 (ICPO) gene. The ICPO protein has been
characterized as an efficiency regulator governing viral transactivation and evasion of
intrinsic host antiviral defenses (26). Clinical concerns that currently limit implementa-
tion of attenuated replication-competent viral vaccines primarily include the unknown
risks of vaccine-mediated disease and latent persistence. Here, we (i) characterize the
immune response elicited by the attenuated HSV-1 OANLS vaccine, (ii) explore impli-
cations for vaccine-mediated disease and latency, and (iii) investigate how loss of
IFN-a/3 signaling impacts the virulence of HSV-1 OANLS. While ocular infection with the
vaccine strain is utilized here to efficiently characterize immunogenicity and neuroviru-
lence, ocular delivery of HSV-1 0ANLS as a mucosal vaccine is not being pursued in light
of the success of systemic vaccination (25). Moreover, evidence from our lab shows that
prophylactic systemic vaccination is more protective against ocular infection than
direct ocular vaccination (unpublished observations). In this paper, we show that the
experimental vaccine strain is highly attenuated in vivo yet induces an innate and
adaptive immune response largely identical to that of infection with a fully virulent
strain without producing clinical signs of disease.

RESULTS

HSV-1 OANLS is hypersensitive to rapid IFN-a/B-mediated repression in the
cornea. We have recently shown that the live-attenuated HSV-1 OANLS strain is highly
susceptible to IFN-B-mediated inhibition in vitro and functions as a highly efficacious
prophylactic vaccine (25). Given the role of the ICPO protein as a viral efficiency
regulator and an antagonist of intrinsic host defenses in the nucleus during HSV-1
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FIG 1 Cytosolic restriction of ICPO and its impact on host antiviral responses. (A) Graphical representation of the linear HSV-1 genome. Landmark regions are
denoted, including the terminal repeat (TR) and internal repeat (IR) sequences within the unique long (U,) and short (Ug) genomic domains, as well as the gene
coding regions for ICPO, UL26, and UL27. The pseudo-wild-type KOS-GFP virus contains an in-frame insertion of the green fluorescent protein coding sequence
driven by a cytomegalovirus immediate early promoter (pCMV-GFP) between UL26 and UL27. (B) Graphical representation of the ICPO coding sequences for
the WT and OANLS strains. Landmark regions of the WT ICPO coding sequence are denoted, including the RING finger E3 ubiquitin ligase structural domain on
exon 2, and the nuclear localization signal (NLS) on exon 3. In the representation of the ICPO coding sequence of the HSV-1 OANLS strain, the canonical NLS
signal peptide has been deleted, and a GFP coding sequence has been inserted in frame between codons 104 and 105 of the ICPO gene. (C) Relative host
antiviral gene expression in corneas of mice inoculated with 1 X 10% PFU of HSV-1 OANLS or KOS-GFP at day 3 postinfection (p.i.) calculated by the 2-22¢T
method, with GAPDH (glyceraldehyde 3-phosphate dehydrogenase) and TBP (TATA box-binding protein) used as reference genes. Antiviral genes include
beclin1 (Becn1), tetherin (Bst2), C-C motif chemokine ligand 2 (Cc/2), mouse major histocompatibility complex class Il (MHC-1I/H2-K1), IFN-« (Ifn-a1,-a6, -7, -a 12,
-a14, and -aB), IFN-B (Ifnb1), interleukin-1B (/I1b), IFN regulatory factor 3/9 (Irf3/9), nuclear factor kB-1/2 (Nfkb1/2), protein kinase R (Pkr), receptor-interacting
protein kinase (Ripk), RNase L (Rnasel), and Toll-like receptor 3 (TIr3). (D) Heat map of the relative host gene expression levels organized by hierarchical clustering;
extending dendrograms reflect similarities/relationships between variables. Animal sex is denoted below the graph. (E) Principal-component analysis of gene
expression data with percentages of total variance indicated on the axes. (F) Relative expression of the early viral lytic gene thymidine kinase (TK) in the corneas
of mice ocularly infected with OANLS or KOS-GFP at day 3 p.i., calculated as described above. (G) Representative images of infected corneas showing
virus-encoded GFP fluorescence at a magnification of X 1.6 (in vivo imaging; the entire eye is shown for perspective). White arrows signify viral antigen in ocular
discharge lining the lid margins. The blue arrow denotes viral lesions in the corneal epithelium observed in KOS-GFP-infected mice. Data reflect means = SEM
for 5 to 6 mice per group (3 independent experiments). *, P < 0.05; **, P < 0.01 (determined by Mann-Whitney U test).

infection (26), we hypothesized that the HSV-1 OANLS virus would evoke a more potent
antiviral gene signature in vivo than a pseudoparental strain (Fig. 1A, KOS-GFP) during
acute infection due to the lack of the nuclear localization signal on ICPO (Fig. 1B).
Transcriptomic profiling of antiviral genes in the cornea following ocular infection with
HSV-1 OANLS or KOS-GFP (where GFP is green fluorescent protein) revealed little
substantive difference in host gene signatures relative to those of the virus strain (Fig.
10). Host genes surveyed included multiple type | IFN family members, innate signaling
mediators, antiviral effectors, and autophagy-related transcripts. Genes were selected
due to the well-established connections of their respective pathways to the host
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defense against HSV-1 (27-29). The endoribonuclease RNase L was the only transcript
noted to be differentially expressed in a comparison of the viral strains. Explicitly, RNase
L expression was maintained during infection with HSV-1 OANLS but was repressed in
animals infected with HSV-1 KOS-GFP (Fig. 1C). The importance of the RNase L pathway
in the host defense against HSV-1 via inhibition of protein synthesis and the ability of
ICPO to subvert its function are well established in certain cell types (27, 30-32).

Hierarchical clustering of the gene expression data revealed a discernible sex bias in
the upregulation of IFN-a/B and autophagy-related transcripts, with expression levels
higher in females (Fig. 1D). Principal-component analysis corroborated the lack of an
outright difference in antiviral gene signatures among virus strains but supported the
apparent sex bias as the male- and female-derived samples clustered separately along
the primary principal component (Fig. 1E). Furthermore, the higher relative resistance
of adult female mice to HSV-1 infection is noted in the literature (33-35) and is
consistently supported in our empirical studies (unpublished observations). Our data
provide compelling evidence that the sex bias in susceptibility could be mechanistically
linked to a disparity in antiviral gene induction during acute infection. While the limited
sample size admittedly restricts further inferences of sex bias in the host innate antiviral
response to HSV-1, the impact on immunity of sex as a biological variable is a highly
relevant topic (36).

Because no generalized differences in host antiviral gene signatures were observed
corresponding to infection with HSV-1 OANLS or KOS-GFP, we subsequently investi-
gated viral fitness between the two strains in vivo. Levels of acute viral replication were
initially compared by expression of the HSV-1 lytic thymidine kinase (TK) gene in paired
corneas at day 3 postinfection (p.i.) (Fig. 1F). TK gene expression was approximately
10-fold lower in corneas infected with HSV-1 OANLS than in those infected with
KOS-GFP (Fig. 1F). This finding is consistent with our previous data showing that HSV-1
O0ANLS is much more sensitive to IFN-B-mediated inhibition in vitro than the parental
wild-type (WT) HSV-1 KOS strain (25). Furthermore, live-animal imaging showed viral
antigen (i.e., virus-encoded GFP) in mucopurulent discharge surrounding the eyelid
margins of both groups; however, viral lesions were evident only in the corneal
epithelium of HSV-1 KOS-GFP-infected animals (Fig. 1G).

HSV-1 OANLS lacks the neurovirulence of wild-type HSV-1. Viral neuroinvasion
was assessed by plaque assay in the cornea-innervating trigeminal ganglia (TG) at day
3 p.i. In these experiments, infectious virus was detectable, albeit at low titers, in only
14% of TG specimens from HSV-1 OANLS-infected C57BL/6 (WT) mice (Fig. 2A). The
frequency of neuroinvasion increased to 80% at day 3 p.i. in WT mice infected with
HSV-1 KOS-GFP (Fig. 2A). To complement this study and clarify the impact of IFN-a/p
signaling on viral neuroinvasion, mice lacking the IFN-a/B receptor (CD118/~) were
ocularly infected with HSV-1 OANLS. In these experiments, virus was detected in ganglia
from all CD118~/~ mice by day 3 p.i. (Fig. 2A), thereby substantiating the extent to
which HSV-1 OANLS is repressed by IFN-a/f signaling in vivo.

We have previously shown that CD118~/~ mice are highly susceptible to HSV-1
neuroinvasion and quickly succumb from encephalitis pursuant to ocular infection with
HSV-1 McKrae (29, 37). However, HSV-1 McKrae exhibits greater neuroinvasiveness and
pathogenicity than HSV-1 KOS in vivo (38-40). Nonetheless, all CD118~/~ mice infected
with HSV-1 KOS-GFP (1 X 10> PFU) by either the ocular or intranasal route expired by
day 9 p.i. (Fig. 2B). Conversely, CD1187/~ mice infected with HSV-1 OANLS virus
survived regardless of the inoculation route and exhibited no overt signs of neurolog-
ical impairment (Fig. 2B). Lower ocular inocula of HSV-1 KOS-GFP in CD118~/~ mice
subtly delayed but did not reduce the frequency with which this infection produced a
lethal outcome (Fig. 2C). Accordingly, the survival of the highly immunocompromised
CD118~/~ mice infected with HSV-1 OANLS highlights the highly attenuated phenotype
of this experimental vaccine strain.

The severity of neurovirulence associated with primary HSV-1 infection is dually
dependent upon the proficiency of neuroinvasion from infected mucosal sites and the
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FIG 2 The OANLS mutation attenuates HSV-1 neurovirulence, even in the absence of IFN-a/f signaling. (A) Viral
titers in the trigeminal ganglia (TG) of WT and CD118~/~ mice ocularly infected with 1 X 10> PFU of HSV-1 0ANLS
or KOS-GFP at day 3 p.i. Inset values indicate the percentages of samples with detectable virus (n = 5 to 14 samples
per group, 3 to 4 independent experiments). (B) Survival of CD118~/~ mice following ocular/corneal (Cor) or
intranasal (IN) infection with 1 X 10° PFU of HSV-1 OANLS or KOS-GFP (n = 7 mice/group, 2 independent
experiments). (C) Survival of CD118~/~ mice following ocular infection with various viral loads of HSV-1 KOS-GFP
(n = 3 mice/group). (D and E) Expression of HSV-1 genes from each temporally regulated lytic gene class in the
corneas and TG of WT and CD118~/~ mice ocularly infected with 1 X 104 PFU of HSV-1 OANLS or KOS-GFP (n =
3 to 5 mice per group, 2 independent experiments). (F) Viral titers in the corneas, TG, and brainstems of CD118~/~
mice infected with 1 X 10% PFU of HSV-1 OANLS or KOS-GFP at day 7 p.i. (n = 3 to 5 mice/group, 2 independent
experiments). Note that titers of infectious virus were not detectable in WT mice at this time (data not shown). ND,
not detected. Statistical differences were determined by one-way analysis of variance with Newman-Keuls multiple
comparison tests. *, P < 0.05; **, P < 0.01, ***, P < 0.001; NSD not statistically different.

strain’s subsequent replicative efficiency within the peripheral nervous system. While
the HSV-1 KOS-GFP strain was substantially more neuroinvasive than HSV-1 OANLS at
early time points (Fig. 2A), viral titers were not detectable by plaque assay in the TG of
WT mice infected with either HSV-1 OANLS or KOS-GFP by day 7 p.i. (data not shown).
This observation is consistent with previous reports using the HSV-1 RE strain, which
exhibits virulence similar to that of the KOS strain in C57BL/6 mice (41, 42). On the basis
of the above findings, the dynamics of virulence were investigated further in corneas
and TG by profiling viral lytic gene expression at day 7 p.i. in WT and CD118~/~ mice.
At this time point, low-level to moderate viral replication was detected in the corneas
of WT mice infected with HSV-1 KOS-GFP and OANLS (Fig. 2D). Viral replication persisted
at similar levels in the TG of WT mice infected with HSV-1 KOS-GFP; however, viral
replication in the TG of WT mice infected with HSV-1 OANLS fell below the lower limit
of detection afforded by PCR (Fig. 2E). Consistent with the high affinity for HSV-1
replication in the mucosal epithelium in the absence of type I IFN signaling (29), viral
lytic gene expression was evident at high levels in the corneas of CD118~/~ mice
infected with either HSV-1 KOS-GFP or OANLS (Fig. 2D). However, viral gene expression
in the TG of CD118~/~ mice infected with HSV-1 OANLS was equivalent to the moderate
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FIG 3 Impact of the ICPO phenotype and IFN-a/fB signaling on immunogenicity. Flow cytometric analysis of leukocyte
populations at day 7 p.i. in the mandibular lymph nodes (MLN) of WT and CD118~/~ mice ocularly infected with 1 X 10*
PFU of HSV-1 OANLS or KOS-GFP. (A) Total CD45* leukocytes, CD3* CD4*/CD8* T lymphocytes, CD19+ B lymphocytes, and
CD19+ CD138* plasmablasts. (B) Enumeration of HSV-1-specific CD8* T lymphocytes based on tetramer labeling for the
top three immunodominant HSV-1 epitopes in C57BL/6 mice, including glycoprotein B (gB) and infected cell proteins 6/8
(ICP6/8). Antigen peptide sequences are listed parenthetically. (C) Evaluation of cellular activation/memory within the
indicated lymphocyte subsets based on the following surface antigen expression phenotypes: CD44+ CD62L~ effector
memory T cells (Tg,,), CD44+ CD62L* central memory T cells (T.,,), and GL-7* activated B cells. Data in panels A to C
represent 5 to 6 mice per group (2 independent experiments); results were compared using one-way analysis of variance
with Newman-Keuls multiple comparison tests. *, P < 0.05; **, P < 0.01, ***, P < 0.001; NSD, not statistically different. (D)
Representative gating strategy for flow cytometry data. Gates were based on isotypic and/or fluorescence-minus-one
controls (data not shown). Single cells with forward and side scatter properties consistent with lymphocytes (data not
shown) were analyzed for surface antigen expression. The CD45* leukocyte population was selected, subgated into CD3+
T cells, and subsequently subgated into CD4 and CD8 subsets (top row, first three panels). Each T cell subset was then
profiled phenotypically by CD44 and CD62L expression patterns (top rightmost panel), and CD8 T cells were evaluated for
reactivity with tetramers to assess HSV specificity (bottom rightmost panel). CD19" cells were selected and divided into
CD138* plasmablasts and CD138~ B cells (bottom row, first two panels). Activated CD19* B cells were identified by
upregulation of GL-7 antigen (bottom row, third panel).

levels observed in WT mice infected with HSV-1 KOS-GFP (Fig. 2E). In contrast,
CD118~/~ mice infected with HSV-1 KOS-GFP exhibited very high levels of lytic gene
expression in the TG (Fig. 2E). Consistent with the PCR data, high HSV-1 titers were
observed in the corneas of CD118~/~ mice infected with either HSV-1 OANLS or
KOS-GFP. Titers were also high in the TG and brainstem of CD118~/~ mice infected with
HSV-1 KOS-GFP but fell below the limit of detection in CD118~/~ mice infected with
HSV-1 OANLS (Fig. 2F). Collectively, these data demonstrate that the HSV-1 OANLS
vaccine strain is highly attenuated with respect to its capacity to sustain productive
replication in vivo, and thus it exhibits little to no propensity for neurovirulence in either
WT or immunocompromised CD118~/~ mice.

Though attenuated, the HSV-1 0ANLS vaccine strain remains highly immuno-
genic. Adaptive immune responses were profiled by flow cytometry in the mandibular
lymph nodes (MLN) of WT and CD118~/~ mice ocularly infected with either OANLS or
KOS-GFP at day 7 p.i. This approach enabled the phenotypic resolution of total CD45+
leukocytes, CD4" and CD8* T cells (CD37*), CD19" B cells, and CD19*" CD138"
plasmablasts (Fig. 3A). The total cellularity and size of various lymphocyte subpopula-
tions observed in the MLN of WT and CD118~/~ mice (Fig. 3A) loosely correlated with
the total viral burden at this time point (Fig. 2D and E). Generation of the virus-specific
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FIG 4 Subcutaneous and mucosal routes of HSV-1 OANLS inoculation drive similar adaptive immune
responses. WT mice were infected in the corneas or footpads with 1 X 10> PFU of HSV-1 OANLS or
KOS-GFP, and the respective mandibular (MLN) or popliteal (PLN) draining lymph nodes were harvested
at day 7 p.i. to assess generation of adaptive cellular immunity for each inoculation route. The figure
was prepared using Servier Medical Art, which is freely accessible in the public domain (http://
www.servier.com) under a Creative Commons Attribution 3.0 Unported License. (A and B) Comparison
of general leukocyte subsets and HSV-1-specific CD8* T cells in the PLN following footpad infection. (C
and D) Comparison of general leukocyte subsets and HSV-1-specific CD8* T cells in the MLN following
ocular infection. Flow cytometry gating strategies are shown in Fig. 3D. Antigen peptide sequences are
listed parenthetically. Data represent 5 to 6 mice per group (2 independent experiments), and results
were compared using one-way analysis of variance with Newman-Keuls multiple comparison tests (**,
P < 0.01).

CD8™ T cell response was further characterized using viral peptide-loaded major
histocompatibility complex (MHC) class | tetramers for the top three immunodominant
HSV-1 epitopes in C57BL/6 mice, including glycoprotein B (gB), ICP6, and ICP8 (43).
Expansion of each clonal HSV-specific CD8* T cell population also correlated with total
viral burden (Fig. 3B). Expression patterns of memory or activation markers were
analyzed on lymphocyte subpopulations, but no intrinsic differences in the cellular
adaptive immune responses were identified between WT mice infected with HSV-1
O0ANLS and those infected with KOS-GFP. Percentages of the CD4* or CD8" T cell
populations expressing effector (CD44™ CD62L™) or central memory (CD44+ CD62L™)
phenotypes were equivalent among WT mice infected with HSV-1 0ANLS and those
infected with KOS-GFP (Fig. 3Q). Likewise, the percentages of B cells expressing the
activation marker GL-7 were equivalent between mice infected with HSV-1 0ANLS and
those infected with KOS-GFP (Fig. 3C). Representative dot plots for all flow cytometry
data are shown in Fig. 3D. Collectively, these data indicate that the attenuated HSV-1
OANLS vaccine strain drives innate and adaptive immune responses similar to those of
the pseudo-wild-type HSV-1 KOS-GFP strain.

In order to assess potential tissue-specific differences in the adaptive immune
responses to HSV-1 OANLS and KOS-GFP, we infected WT mice in the cornea or footpad
to simulate a mucosal or subcutaneous infection, respectively, and the regional drain-
ing lymph nodes were harvested at day 7 p.i. (Fig. 4A to D). Footpad and ocular
infections with HSV-1 OANLS and KOS-GFP yielded highly similar cellular immune
responses in the regional draining lymph nodes (Fig. 4). However, the numbers of
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FIG 5 Humoral immune responses elicited by HSV-1 OANLS and KOS-GFP infection. Mice were infected
with a total of 1 X 10° PFU of HSV-1 OANLS or KOS-GFP, and serum was collected at day 30 p.i. to assess
humoral immunity directed against HSV-1. (A) Serum neutralization titers in WT and CD118~/~ mice
infected via the corneal (Cor) or footpad (FP) route. Virus neutralization titers were recorded for the
serum dilution at which a 50% reduction of cytopathic effect was observed using the tissue culture
median infective dose of 10,000 PFU of HSV-1 McKrae (n = 11 to 13 per group, 4 independent
experiments). Bars reflect means = SEM of results compared using one-way analysis of variance with
Newman-Keuls multiple comparison tests (*, P < 0.05). The dashed line indicates the limit of detection
(LOD). (B and C) Relative antibody recognition of plate-bound whole virions with limiting dilution analysis
of IgM and 1gG subtypes (n = 8 infected serum samples per group; 2 uninfected controls were used to
establish baseline absorbance for naive serum). No HSV-specific serum IgA was detected. Data points
reflect means = SEM. Statistical differences between results with OANLS and KOS-GFP antisera were
detected by two-way analysis of variance with Bonferroni posttests (*, P < 0.05; **, P < 0.01, ***, P <
0.001). OD,,;,, optical density at 450 nm.

CD19+ CD138* plasmablasts were elevated in animals infected with HSV-1 KOS-GFP in
comparison to levels in HSV-1 OANLS-infected mice for both sites of inoculation (Fig. 4A
and Q). Additionally, the number of gB-specific CD8* T cells in the mandibular lymph
nodes (MLN) of mice ocularly infected with HSV-1 KOS-GFP (Fig. 4D) was significantly
elevated relative to that in HSV-1 OANLS-infected mice.

Humoral immune responses were compared in mice infected with HSV-1 OANLS and
those infected with KOS-GFP by measuring serum neutralization titers and HSV-specific
immunoglobulin levels at day 30 p.i. The ocular-versus-footpad route of virus inocula-
tion had no effect on serum neutralizing antibody responses (Fig. 5A). In contrast, mice
infected with HSV-1 KOS-GFP produced twice as much virus-neutralizing antibody as
mice infected with HSV-1 OANLS (Fig. 5A). Furthermore, serum neutralizing antibody
titers produced in response to the HSV-1 OANLS vaccine strain were equally high in
CD118~/~ mice (Fig. 5A); this finding correlates with the increased capacity of HSV-1
OANLS to sustain productive viral replication in CD118~/~ mice relative to that in WT
mice (Fig. 2). No differences were observed in serum concentrations of virus-specific
IgM or IgG1 in WT mice ocularly infected with HSV-1 OANLS and those infected with
KOS-GFP, but a slight elevation in HSV-specific IgG2b concentration was noted in mice
infected with HSV-1 KOS-GFP (Fig. 5B). Consistent with prior results, our data show that
the HSV-1 OANLS virus is avirulent, yet it maintains a high degree of both cellular and
humoral immunogenicity.
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FIG 6 Longitudinal evaluation of corneal pathology and viral latency in HSV-1 OANLS-infected mice. Mice
were ocularly infected with 1 X 10° PFU of OANLS or KOS-GFP, and tissue was assessed for pathology or
viral latency at day 30 p.i. (A) Evaluation of corneal sensation in WT mice following ocular infection (n =
12 to 28 corneas/group/time p.i.; 3 to 4 independent experiments). Asterisks indicate significant
differences between results for the 0ANLS and KOS-GFP groups determined by two-way analysis of
variance with Bonferroni posttests while carats reflect changes between days 7 and 30 p.i. within each
group as determined by a Mann-Whitney U test (A, P < 0.05; AA, P < 0.01, ***, P < 0.001). (B)
Representative confocal images of corneal stromal nerve bundles and the fine epithelium-innervating
subbasal nerve fibers labeled with Blll-tubulin antibody at day 30 p.i. (C) Representative confocal images
of corneal lymphatic vessels labeled with anti-Lyve-1 antibody in healthy or infected WT and CD118~/~
mice. (D) Quantification of the number of lymphatic vessel sprouts branching off the pericorneal limbal
vasculature into the cornea proper of OANLS- and KOS-GFP-infected WT mice (n = 4 corneas/group, 2
independent experiments). *, P < 0.05 (Mann-Whitney U test). The dotted line reflects the number of
lymphatic branches observed in healthy uninfected corneas (n = 2). (E) Quantitation of latent virus via
expression of the HSV-1 latency-associated transcripts (LAT) relative to murine phosphoglycerate kinase
(PGK1) expression in the TG at day 30 p.i. (hn = 8 specimens per group; horizontal bars reflect means +
SEM). *, P < 0.05 (nonparametric Kruskal-Wallis method with Dunn'’s posttests).

HSV-1 0ANLS does not induce substantial ocular pathology but does establish
a low-level latent infection. Recent evidence implicates corneal sensation loss as an
important pathology associated with the host inflammatory response following ocular
HSV-1 infection (44-48). Accordingly, corneal sensation was measured longitudinally
following ocular infection of WT mice to determine if HSV-1 OANLS elicits a pathogno-
monic loss of corneal sensation that is equivalent to that produced by the pseudo-
wild-type HSV-1 KOS-GFP strain. Both strains induced a transient acute loss of sensation
by day 7 p.i. (Fig. 6A). The sensation loss observed at day 7 p.i. in HSV-1 0ANLS-infected
mice was mild and returned to nearly baseline levels by day 15 p.i. (Fig. 6A). However,
corneal sensation loss was more severe in mice infected with HSV-1 KOS-GFP by day 7
p.i., moreover, a partial yet incomplete recovery of corneal sensation was observed in
these animals by day 30 p.i. (Fig. 6A). The functional loss of corneal sensitivity was
corroborated by confocal imaging of corneal buttons in which the density of fine
subbasal sensory nerve termini was noticeably reduced in corneas of mice infected with
HSV-1 KOS-GFP but preserved in HSV-1 0ANLS-infected animals (Fig. 6B).

Corneal neovascularization is another hallmark of herpetic eye disease for which the
host immune response is thought to play an important role (49-52). Accordingly,
corneas were harvested from mice ocularly infected with HSV-1 OANLS or KOS-GFP at
day 30 p.i. and imaged by confocal microscopy to discern the potential impact HSV-1
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OANLS may have on corneal neovascularization (Fig. 6C). Specifically, the numbers of
Lyve-1-positive lymphatic vessel sprouts extending into the corneas from the pericor-
neal vasculature were compared in WT and CD118~/~ mice infected with HSV-1 OANLS
or KOS-GFP (Fig. 6D). No apparent differences in neovascularization were observed
between HSV-1 0ANLS-infected and uninfected corneas; however, an increase in the
number of sprouting lymphatic neovessels was observed in the corneas of HSV-1
KOS-GFP-infected WT mice at day 30 p.i. (Fig. 6D). Consistent with the high level of viral
replication in corneas from CD118~/~ mice infected with OANLS at day 7 p.i. (Fig. 2D),
intense neovascularization was observed in corneas from these animals at day 30 p.i.
(Fig. 6D). Therefore, in immunocompetent WT mice that retain the innate IFN-«/B
signaling axis, the HSV-1 OANLS vaccine strain is grossly attenuated in its capacity to
cause ocular pathology in terms of either loss of corneal sensation or corneal neovas-
cularization.

To further address the safety of the attenuated HSV-1 OANLS vaccine strain, we
investigated its capacity to establish a latent infection in the peripheral nervous system
relative to that of the pseudoparental HSV-1 KOS-GFP. Previous studies have shown
that ICPO-null strains of HSV-1 are capable of establishing latent infection but fail to
reactivate efficiently (53, 54). Latency facilitates viral persistence for the life of the host
by sequestering the viral genome in immune-privileged neurons. Latent HSV-1 infec-
tion is empirically defined by prolonged periods during which HSV antigen and
infectious virus are not detectable, but chronic expression of the noncoding latency-
associated transcripts (LAT) is observed in ganglionic neurons (55). In order to assess
the extent of viral latency, trigeminal ganglia were harvested from WT and CD118~/—
mice ocularly infected with either HSV-1 OANLS or KOS-GFP at day 30 p.i., and LAT
expression was evaluated by semiquantitative real-time PCR as an indirect correlate of
the total burden of latent virus relative to that in uninfected ganglia. Relative LAT
expression data indicate that the HSV-1 OANLS virus does in fact establish a latent
infection (Fig. 6E). However, our data indicate that the latent reservoir of virus is
significantly diminished in WT mice infected with the HSV-1 OANLS strain in comparison
to the level in mice infected with HSV-1 KOS-GFP. Again, this finding is consistent with
the weakened neuroinvasiveness of HSV-1 OANLS (Fig. 2A) and its dearth of lytic gene
expression in the TG (Fig. 2E) of immunocompetent animals during acute infection.
Notably, consistent with viral replication during acute infection (Fig. 2E), the relative
LAT expression exhibited by the HSV-1 OANLS strain in CD118~/~ mice mirrors that of
the HSV-1 KOS-GFP strain in WT mice (Fig. 6E) at day 30 p.i. We interpret this final
evidence to indicate that the homologous recombination utilized to modify the
ICPO coding sequence in the HSV-1 OANLS strain did not affect the ability of the
strain to express LAT or the fidelity of detection by PCR, despite the partially
overlapping coding sequences of the LAT and ICPO genes on cDNA strands of the
HSV-1 genome (51, 53, 54).

DISCUSSION

Our studies conclusively demonstrate that while the HSV-1 OANLS vaccine does
establish a latent infection, it exhibits no propensity for neurovirulence even in mice
lacking the IFN-a/B receptor. Establishment of latency by the HSV-1 OANLS vaccine
strain may not condemn future prospects for a 0ANLS vaccine trial as clinical evidence
shows that the highly efficacious live-attenuated VZV vaccine also goes latent in
vaccinated subjects (56). Lower viral loads induced by vaccination, as opposed to
natural infection with a fully virulent strain, may account for the significantly lower
occurrence of vaccine-associated VZV disease (4). Moreover, animal studies using
replication-defective HSV-1 mutants demonstrate that lytic replication is not a prereg-
uisite for the establishment of neuronal latency (57). Recent evidence suggests that
HSV-1 latency may represent less of an autocratic state of quiescence than once
assumed (58). Rather, HSV-1 latency is maintained on a single-cell basis by an active
host immune response to successive bursts of lytic gene activity in the majority of
infected neurons (59). Hence, HSV-1 latency may better reflect sustained abortive
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reactivation that is regulated by the dynamics of viral genetics, total viral burden, and
host immune pressure. This basal level of immune activation may contribute to the
heterologous protection associated with other latent herpesvirus infections (14).

Survival of the highly immunocompromised CD118~/~ mice following infection
with HSV-1 0ANLS was an unexpected observation stemming from this investigation. It
is well established that IFN-«/8 signaling plays a critical role in inducing antiviral genes
to suppress viral replication and spread in the corneal epithelium (29); however,
nonmitotic sensory nerves in the ganglia are less responsive to the downstream
proapoptotic effects of IFN-a/3 signaling (60-62). Moreover, survival of HSV-1-infected
mice lacking IFN-a/ signaling underscores the importance of two other recent mech-
anisms associated with host control of HSV-1, including autophagy and humoral
immunity. Autophagy plays an important protective role in HSV-infected neurons as a
cell-intrinsic mechanism capable of degrading viral components (63, 64). More recently,
it was demonstrated that the protective effects of humoral immunity against HSV
requires active participation by CD4 T cells to enable circulating antibodies to bypass
the blood-nerve barrier in sensory ganglia (65). Furthermore, our data show that the
HSV-1 0ANLS vaccine strain drives robust T and B cell responses in WT and CD118~/—
mice (Fig. 4), leading to high antibody neutralization titers in the serum (Fig. 5A). We
have previously shown that HSV-1 McKrae gains access to the draining lymph nodes
and disrupts adaptive immune responses in CD118~/~ mice (62, 66, 67); however, this
is not observed with HSV-1 OANLS or KOS-GFP (Fig. 4). The recent study by lijima and
Iwasaki alone has great implications for HSV-1 vaccine development (65) as the
minimal-antigen immunization approaches involved in subunit vaccines may not con-
tain the antigenic breadth required to generate protective, robust, and coordinated
cellular and humoral responses essential for protection (68).

The ocular route of infection was predominately used in the present investigation to
assess the safety of the HSV-1 OANLS vaccine from the perspective of viral pathogenesis
and tissue immunopathology although this approach would not be considered either
a viable or appropriate option for vaccination in the clinic. Ocular infection is ideal for
investigating HSV-1 neuropathogenesis in animal models as the corneal epithelium
exhibits a much higher density of sensory nerve fibers than any other anatomic site
(69). Given the proximity of sensory nerve fibers to highly susceptible epithelial cells in
the cornea, HSV-1 is able to efficiently undergo neuroinvasion following ocular infec-
tion. Furthermore, the trigeminal ganglia housing the nuclei of cornea-innervating
sensory nerve fibers are much larger and more easily recovered for sampling of viral
content than dorsal root ganglia along the spinal cord, which are often utilized for
mouse models of skin or vaginal infection. We found it of interest that expression of the
lytic viral TK gene in corneas of WT animals ocularly infected with HSV-1 OANLS lags
behind that in mice infected with HSV-1 KOS-GFP at early time points (Fig. 1F) but is
similar between the two groups by day 7 p.i. (Fig. 2D). This observation is consistent
with the increased sensitivity of ICPO mutant viruses to IFN-a/B and is corroborated by
the efficient corneal replication (Fig. 2D) and neuroinvasion (Fig. 2A) of HSV-1 OANLS in
CD118~/~ mice. Contrary to expectations, viral gene expression levels were compara-
ble between HSV-1 0ANLS and KOS-GFP in the corneas of WT mice by day 7 postin-
fection (Fig. 2D). We speculate that this phenomenon is a bottleneck effect resulting
from the reduced neuroinvasive efficiency of the OANLS strain as the majority of viral
progeny spread to other cells in the cornea. In contrast, KOS-GFP-derived viral progeny
efficiently undergo neuroinvasion to replicate in the TG (Fig. 2A and E). The sustained
low-level replication of HSV-1 OANLS exclusively outside the nervous system is likely a
major contributing factor to its immunogenicity and lack of virulence.

Many prominent sequelae associated with ocular HSV-1 infection are attributed to
an unbridled immune response. These include corneal scarring, neovascularization, and
sensation loss, all of which are recapitulated in the animal model of ocular infection (11,
45, 46, 51, 70). Phylogenetic differences among virulence determinants in different
HSV-1 strains are associated with various degrees of corneal neovascularization (71). In
particular, the HSV-1 ICP4 protein is a major factor responsible for inducing corneal
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lymphangiogenesis by driving vascular endothelial growth factor (VEGF) expression in
infected corneal epithelial cells (72). As discussed previously, the HSV-1 KOS strain does
not induce the same extent of corneal pathology as other strains often used for
laboratory research (38-40). This was underscored by the small degree of corneal
neovascularization observed in WT mice infected with HSV-1 KOS-GFP (Fig. 6C). Virulent
HSV-1 strains such as McKrae have been shown to infect every layer of the cornea in
CD118~/~ mice and destroy lymphatic vessels during acute infection (29, 67). The acute
death of these animals pursuant to HSV-1 infection has rendered investigating late
pathology in the eye impossible until now. While the HSV-1 0ANLS strain replicates at
high levels in the corneas of CD118~/~ mice during acute infection (Fig. 2D and F), its
lack of neurovirulence facilitates the survival of these otherwise highly susceptible mice.
Whether HSV-1 OANLS leads to induction or loss of corneal lymphatic vessels was not
investigated in CD118~/~ mice during acute infection; however, the robust lymphan-
giogenesis observed in the corneas of these mice at day 30 p.i. is consistent with a high
level of VEGF-induced neovascularization. Notably, VEGF signaling has been shown to
inhibit IFN-a/B signaling through ubiquitin-mediated receptor degradation, and, con-
versely, IFN-a/ signaling impedes angiogenesis (73). The effects of HSV-1-associated
VEGF production are clear with respect to corneal neovascularization (72); however,
whether HSV-1 has evolved its capacity to induce VEGF as a supplemental means of
inhibiting IFN-a/ signaling remains to be explored.

Considering that the eye is classically considered an immune-privileged site, region-
ally localized infections may contribute to divergent adaptive immune responses. This
potential was explored by comparing the cellular immune responses in the draining
lymph nodes in ocular and footpad infections (Fig. 4). However, very similar cellular
responses were observed between the two sites, indicating that HSV-1 infection drives
immune responses that overcome ocular immune privilege. Furthermore, humoral
responses were also remarkably similar for WT mice at day 30 p.i. in terms of serum
neutralization titers elicited by corneal and footpad infection with HSV-1 OANLS.
Concerns that amplifying the host immune response to a common ocular pathogen
could have a negative impact on vision abound; however, our studies indicate that
prophylactic vaccination with HSV-1 OANLS completely prevents HSV-associated ocular
pathology (25).

The ability of prophylactic live-attenuated HSV vaccines to be avirulent yet drive a
protective humoral immune response has been highlighted recently by several groups
(25, 65, 74-76). Consistent with these reports, the concept that a live-attenuated HSV
vaccine is a tenable option for prophylactic protection is evident. The future directions
of HSV vaccine research will involve a cost-benefit analysis of live-attenuated versus
subunit cocktail vaccines. Advantages of live-attenuated vaccines as demonstrated here
include the activation of all phases of the immune system to generate robust humoral
and cellular immune responses with antigenic breadth similar to that induced by
natural infection and likely the enhanced longevity of protection in children and
adolescents with no previous exposure to HSV. Moreover, live-attenuated influenza
vaccines have emerged as the preferred vaccines in this age group in comparison to the
trivalent inactivated vaccine, and this preference is attributed to the inferior perfor-
mance of inactivated vaccines in children not previously infected with the influenza
virus (77). On the other hand, concerns of genetic reversion of attenuated pathogens
and their enhanced virulence in immunocompromised patients are evident. Finally, our
findings collectively support the lack of virulence and safety of the HSV-1 OANLS
vaccine strain to evoke broad humoral and cellular responses to prevent HSV-1
associated disease, even in highly immunocompromised CD118~/~ mice.

MATERIALS AND METHODS

Mice and viral infection. Inbred C57BL/6 wild-type (WT) mice were obtained from the Jackson
Laboratory and housed in a specific-pathogen-free vivarium at the Dean McGee Eye Institute. IFN-a/f3
receptor-deficient (CD118~/~) mice were bred in-house. This study was conducted according to proto-
cols approved by the University of Oklahoma Health Sciences Center animal care and use committee.
Except during measuring of corneal mechanosensory blink reflexes, animals were anesthetized by
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TABLE 1 Primer sequences

Primer? Sequence

HSV-1 ICP27 FWD 5'-GCATCCTTCGTGTTTGTCAT-3’
HSV-1 ICP27 REV 5'-ACCAAGGGTCGCGTAGTC-3'
HSV-1 TK FWD 5'-ATACCGACGATCTGCGACCT-3'
HSV-1 TK REV 5'-TTATTGCCGTCATAGCGCGG-3’
HSV-1 gB FWD 5'-TCTGCACCATGACCAAGTG-3’
HSV-1 gB REV 5'-TGGTGAAGGTGGTGGATATG-3'
Mu PGK1 FWD 5'-CTGACTTTGGACAAGCTGGACG-3'
Mu PGK1 REV 5'-GCAGCCTTGATCCTTTGGTTG-3'

aFWD, forward; gB, glycoprotein B; HSV-1, herpes simplex virus 1; ICP27, infected cell protein 27; Mu, murine;
PGK1, phosphoglycerate kinase 1; REV, reverse; TK, thymidine kinase.

intraperitoneal injection with a solution of ketamine (100 mg/kg) and xylazine (6.6 mg/kg) for all
procedures. For ocular infection, corneas were subjected to partial epithelial debridement using a
25-gauge needle, blotted to remove tear film, and inoculated bilaterally with a 3.0-ul drop of virus on
each cornea. For intranasal and footpad infection, a 10.0-ul inoculum was administered into the nares or
injected into the footpad unilaterally. All animals were immunologically naive with respect to HSV-1 prior
to infection. For experiments comparing intranasal/footpad and ocular routes of infection, the combined
bilateral corneal inoculum was equivalent to the intranasal inoculum or unilateral footpad injection in
quantified virus PFU of HSV-1. Animals were euthanized by cardiac perfusion with 10 ml of phosphate-
buffered saline (PBS) for tissue collection or by cervical dislocation upon onset of lethal encephalitis for
humane concerns.

Virus strains. Virus stocks used for these studies were derived from HSV-1 strain KOS and generated
by homologous recombination as described previously. Briefly, the pseudoparental HSV-1 KOS-GFP strain
contains a green fluorescent protein (GFP) gene expression cassette driven by an immediate early
cytomegalovirus (CMV) promoter between the HSV-1 UL26 and UL27 genes (Fig. 1A). Previous charac-
terization of the HSV-1 KOS-GFP virus revealed no substantial defects on its behavior in vitro or in vivo
(78). The attenuated HSV-1 OANLS strain contains an in-frame insertion of the GFP coding sequence on
the immediate early ICPO gene between codons 104 and 105 on exon 2 and lacks the canonical nuclear
localization signal (NLS) motif, R-P-R-K-R-R, encoded by amino acids 501 to 508 on exon 3 (Fig. 1B). The
HSV-1 KOS-GFP and OANLS strains were propagated on Vero (ATCC) and L7 cell lines, respectively. The
L7 cell line is an ICPO-complementing Vero cell line that supports the optimal growth of the attenuated
HSV-1 OANLS strain (79). The pseudoparental HSV-1 KOS-GFP strain was chosen for comparison to HSV-1
O0ANLS, which expresses a chimeric mutant ICPO-GFP protein, for live-animal imaging and as a control to
assess the consequence of inserting the GFP coding sequence on HSV-1 virulence and disease patho-
genesis.

Host antiviral gene array. For analysis of host and virus gene expression, tissue was harvested at
the times postinfection (p.i.) indicated in the figure legends, and RNA was isolated and converted to
cDNA as described previously (80). Amplification of host antiviral genes was conducted by real-time PCR
using PrimePCR technology (Bio-Rad) according to the manufacturer’s directions on a CFX-Connect
thermocycler (Bio-Rad), with relative expression standardized to that of uninfected controls and calcu-
lated by the 2=24<T (where CT is threshold cycle) method, with GAPDH (glyceraldehyde 3-phosphate
dehydrogenase) and TBP (TATA box-binding protein) used as reference genes. Array data were
transformed into a heat map using the National Cancer Institute’s CIMminer tool, which is freely
accessible online (https://discover.nci.nih.gov/cimminer/), with hierarchical clustering determined using
the Euclidean distance average linkage algorithm. Principal-component analysis of the multivariate array
data was performed using the open access ClustVis tool (http://biit.cs.ut.ee/clustvis/) as described
previously (81).

Virus quantification. Viral gene expression was assessed by semiquantitative real-time PCR, and
HSV-1 titers were quantified by plaque assay. Viral gene expression in excised corneas and trigeminal
ganglia was evaluated as described previously (25). Briefly, HSV-1 gene expression was calculated using
the 2-44¢T method relative to murine levels of PGKT (phosphoglycerate kinase 1) expression and
standardized to levels in uninfected controls for both lytic and latent viral genes. Primers for HSV-1 and
host genes are listed in Table 1. Titers of infectious virus were determined by plaque assay on U20S
osteosarcoma cells (American Type Culture Collection), which discernibly complement replication of
HSV-1 ICPO-null mutant strains (82-85). The U20S cell line was subcultured with Dulbecco’s modified
Eagle medium (DMEM) supplemented with 10% heat-inactivated fetal bovine serum, 1X antibiotic/
antimycotic, and 10 ug/ml gentamicin (Life Technologies), which is here designated complete medium.
Briefly, clarified homogenates from infected tissues were incubated on confluent U20S cell monolayers
in 96-well microtiter plates for 1 h, decanted, and replaced with complete medium containing 0.5%
methylcellulose. Viral plaques were counted 44 to 48 h later.

Serum immunoassays. Humoral responses to HSV-1 were evaluated by serum neutralization assay
and further profiled by enzyme-linked immunosorbent assay (ELISA) to assess the antibody isotypes
associated with virion binding. Whole blood was obtained from the facial vein of mice at day 30 p.i., and
serum was fractionated using Microtainer serum separator tubes (Becton Dickinson) as previously
described (25). Neutralization assays were performed by incubating serial dilutions of serum with 10,000
PFU of HSV-1 (strain McKrae) in the presence of guinea pig complement for 1 h, exposing the mixture
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to confluent monolayers of Vero cells (American Type Culture Collection) in 96-well microtiter plates for
1 h, and replacing the medium with RPMI 1640 medium supplemented with 10% heat-inactivated fetal
bovine serum, 1X antibiotic/antimycotic, and 10 ug/ml gentamicin (Life Technologies), i.e.,, complete
RPMI medium, as previously described (25). Neutralizing serum titers were determined 24 h after
exposure and are reported as the reciprocal dilution upon 50% reduction of cytopathic effect using the
empirically determined median tissue culture infectious dose (TCID,,) of HSV-1 strain McKrae.

Isotype-specific HSV-1 antibody titers were measured using HSV-1 virions as described previously
(86). Briefly, purified virions were adsorbed onto 96-well microtiter plates in carbonate buffer (pH 9.6) and
incubated overnight at room temperature. Excess antigen was removed by washing wells three times
with PBS-Tween, serial dilutions of mouse serum (naive and infected) were added to the wells, and the
plates were incubated at room temperature for 2 h. Wells were washed three times with PBS-Tween and
then incubated with alkaline phosphatase-conjugated anti-mouse IgA, IgM, 1gG1, or IgG2b detection
antibodies (1:2,000 dilution; Southern Biotechnology, Birmingham, AL) for 2 h at room temperature. Wells
were then washed three times with PBS-Tween and incubated with para-nitrophenyl phosphate sub-
strate for 60 to 120 min at room temperature. The optical density at 450 nm was measured using a
Clariostar microplate reader (BMG Labtech, Ortenberg, Germany) with background correction at the
540-nm wavelength.

Corneal imaging and pathology. An Olympus MVX10 MacroZoom fluorescence microscope was
used for in vivo imaging of GFP-expressing virus on corneal lesions of infected mice during acute
infection (Fig. 1E). Corneas were prepared for histological analysis of corneal innervation and vascularity
as previously described (44, 72). Immunolabeled corneal flat mounts were imaged using an Olympus
FV1200 confocal microscope. Corneal mechanosensation was measured using a handheld Cochet-
Bonnet esthesiometer (Luneau Technology), as previously described (44).

Flow cytometry. Adaptive immune responses were assessed by flow cytometry at day 7 p.i. using
the mandibular lymph nodes (MLN) for ocular infections and the corresponding popliteal lymph node
(PLN) for footpad infections. Lymph nodes were macerated into single-cell suspensions over a 40-um-
pore-size mesh in complete medium. Fluorochrome-conjugated antibodies were purchased from eBio-
science and Tonbo Biosciences. Mouse MHC class | Kb tetramers were provided by the NIH Tetramer Core
Facility for identification of HSV-1-specific CD8* T cells. Cells were labeled and washed in PBS containing
1% bovine serum albumin as described previously (25). Samples were analyzed on a MACSQuant-10 flow
cytometer with MacsQuantify software (Miltenyi Biotec). Gating strategies shown are based on
fluorescence-minus-one and isotype controls for antibody labeling and uninfected control samples for
tetramer-positive CD8* T cells.

Statistical analysis. GraphPad Prism, version 5, was used for statistical analysis. Data reflect means +
standard errors of the means (SEM). Statistical tests used for analysis are described in each figure legend.
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