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A tissue-targeted prime/pull/keep therapeutic herpes simplex
virus vaccine protects against recurrent ocular herpes infection
and disease in HLA-A*0201 transgenic rabbits
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ABSTRACT Herpes simplex virus type 1 (HSV-1) continues to be one of the most
prevalent viral infections globally, with approximately 3.72 billion individuals affected
worldwide. A clinical herpes vaccine is still lacking. In the present study, a novel prime/
pull/keep vaccine was tested in a human leukocyte antigen transgenic rabbit model of
ocular herpes (HLA-A*0201 Tg rabbit). Ten asymptomatic (ASYMP) CD8" T-cell peptide
epitopes and 3 CD4" T-cell epitopes were selected from the HSV-1 glycoproteins D
and B (gD and gB), viral tegument proteins (VP11/12 and VP13/14), and the DNA
replication-binding helicase (UL9), all preferentially recognized by CD8* and CD4" T cells
from “naturally protected” HSV-1-seropositive healthy ASYMP individuals (who never had
recurrent corneal herpetic disease). HLA Tg rabbits were ocularly infected with HSV-1,
then during latency at day 30 post-infection, the rabbits were ocularly vaccinated with
a recombinant neurotropic AAV8 vector (10’GC/ eye) encoding for the 10 CD8" T-cell
peptide and 4 CD4" T-cell peptide (prime), T-cell attracting CXCL-11 (pull), and T-cell
keeping IL-2/IL-15 cytokines (keep). The rabbits were followed up for corneal disease
and viral loads in tears for 28 days. The frequency, function, and protective efficacy
of HSV-specific CD8* T cells induced by the prime/pull/keep vaccine were assessed in
the trigeminal ganglia (TG), cornea, spleen, and peripheral blood. Compared to the
mock group (unvaccinated), the peptides/CXCL11/IL-2/IL-15 vaccine generated frequent
resident CD8* T cells that infiltrated the TG. In ocularly HSV-1-infected and prime/pull/
keep vaccinated rabbits, CD8" T cell mobilization and retention into TG were associated
with a significant reduction in corneal herpes infection and disease. These findings draw
attention to the novel prime/pull/keep therapeutic vaccine strategy to mobilize and
retain antiviral T cells to tissues protecting them against herpetic infection and disease. (izery e U v ey Rl IRV
Cleveland Clinic, Cleveland, Ohio, USA
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H erpes simplex virus type 1 (HSV-1) continues to be one of the most prevalent viral
infections globally, with approximately 3.72 billion individuals affected world-
wide (1, 2). HSV-1-associated ocular herpetic infection ranges from asymptomatic to
symptomatic clinical conditions including blepharitis, conjunctivitis, neovascularization,
disciform stromal edema, and the vision-threatening condition herpetic stromal keratitis
(HSK) (3-10). Despite the role of the corneal epithelium in the first phases of ocular
herpes infection, the mechanisms by which HSV-1 enters human corneal epithelial cells
are poorly understood. Agelidis and Shukla have eloquently summarized what has been
known in recent years about the mechanisms of HSV cellular entry in the cornea (11).

More than 450,000 individuals in the United States alone have suffered from
blinding ocular herpetic disease, necessitating medical intervention such as antiviral
drug treatment and corneal transplantation (12-14). Despite current antiviral therapies,
such as Acyclovir and its derivatives that merely reduce the symptoms of herpetic
disease by about 45% (3), HSV-1 ocular infection continues to rise globally, and the
development of an effective vaccine would represent a critical advancement, offering a
more sustainable and cost-effective method to combat corneal herpetic infections and
disease (reviewed in reference 15).

Evidence from human cadaveric brain studies (15-17) has shown that CD8" T
cells residing in both the trigeminal ganglia (TG) and cornea play an essential role
in controlling the reactivation of latent HSV-1 from sensory neurons, thereby prevent-
ing corneal herpetic infections and disease (18, 19). However, herpes vaccine clinical
trials, which employed recombinant glycoproteins B and D (gB and gD), failed to
protect humans from herpetic disease despite generating high levels of HSV-specific
neutralizing antibodies (20, 21). These disappointing results highlight the importance of
inducing strong T-cell responses, in addition to antibody-mediated immunity, to achieve
protective immunity against ocular herpes. For an effective T-cell-mediated immunity
against viral pathogens, it is fundamentally important for these T cells to migrate to the
site of infection and for an optimal number of memory resident T cells to be established.

The migration of HSV-specific CD8* T cells to key anatomical sites of latent infection,
such as the TG, is thought to be tightly regulated by interactions between chemokines
and their corresponding chemokine receptors, a process that can be influenced by
the vaccine strategy employed (22-26). Increasing evidence supports the notion that
CD8* T cells specific to HSV epitopes possess intrinsic characteristics that guide their
migration to the cornea and TG, which are the primary sites of acute and latent HSV-1
infections, respectively. However, the TG is recognized as an immunologically restrictive
environment, meaning it is not easily accessible to CD8" T cells that are activated by
a conventional parenteral vaccine and subsequently enter the circulation (27). This is
thought to be due to low levels of T-cell-attracting chemokines, such as CXCL9, CXCL10,
CXCL11, and CCL5, in non-infected TG tissue, which limits the migration of sufficient
antiviral CD8* T cells from the bloodstream into the TG.

In this study, we proposed that a prime/pull/keep AAV8-based vaccine strategy,
designed to both “prime” functional antiviral CD8* T cells in peripheral tissues and “pull”
and “keep” them in the infected cornea and TG, would lead to a significant reduction
in corneal HSV-1 infection and disease. To evaluate this hypothesis, we utilized the
recently developed “humanized” HLA-A*0201 transgenic rabbits (HLA Tg rabbits), which
represent the most reliable small animal model for studying ocular herpes infection and
associated diseases (18, 19, 28-30). Our results showed that immunizing HLA-A*0201 Tg
rabbits with a topical ocular application of a recombinant AAV8 vector carrying HSV-1
CD8* and CD4* T-cell epitopes, along with the chemokine CXCL-11 and cytokines IL-2/
IL-15, led to (i) strong activation of HSV-specific CD8" T cells in the trigeminal ganglia
(TG), with a resident memory T-cell phenotype and (ii) increased local recruitment of
CD8* T cells to the TG. Importantly, this enhanced immune response was associated with
a significant reduction in ocular HSV-1 infection and milder recurrent herpetic corneal
disease.
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These preclinical findings in the HLA-A*0201 Tg rabbit model, a well-established
model of ocular herpes infection, strongly suggest that the prime/pull/keep vaccine
strategy—based on HSV-1 human epitope peptides combined with CXCL11 and IL-2/
IL-15 cytokines—has the potential to provide robust, safe, and protective immunity. This
approach should be considered in the future development of a clinical vaccine for ocular
herpes, as it offers a promising solution for controlling both HSV-1 infection and herpetic
corneal disease.

MATERIALS AND METHODS
HLA-A*02:01 transgenic rabbits

HLA Tg rabbits were derived from New Zealand White rabbits (31). The HLA Tg rabbits
retain their endogenous rabbit MHC locus and express human HLA-A*0201 under the
control of its normal promoter (32, 33). Prior to this study, the expression of HLA-A*0201
molecules on the PBMC of each HLA Tg rabbit was confirmed by FACS analysis. In brief,
PBMCs were stained with 2 pyL anti-HLA-A2 mAb, BB7.2 (BD Pharmingen, San Diego,
CA), at 4°C for 30 min, washed, and analyzed by flow cytometry using an LSRII (Becton
Dickinson, Mountain View, CA). The acquired data were analyzed with FlowJo software
(TreeStar, Ashland, OR). All rabbits used in these studies had a similarly high level of
HLA-A*0201 expression (>90%). This eliminated any potential bias due to the variability
of HLA-A*0201 molecule levels in different animals. New Zealand White rabbits (non-Tg
control rabbits), purchased from Western Oregon Rabbit Co. were used as controls
(7, 32, 34, 35). All rabbits were housed and treated in accordance with ARVO (Associa-
tion for Research in Vision and Ophthalmology), AAALAC; Association for Assessment
and Accreditation of Laboratory Animal Care, and NIH (National Institutes of Health)
guidelines.

Peptide synthesis

CD4" and CD8" T-cell epitope peptides from the HSV-1 glycoproteins D and B (gD and
gB), viral tegument proteins (VP11/12 and VP13/14), and the DNA replication binding
helicase (UL9) proteins were synthesized by 21st Century Biochemicals (Marlboro, MA).
All peptides (CD8" T-cell epitopes: gDs3.61, gD278-296 9B183-191, 9B342-350 9B561-569,
VP1 1220—2281 VP1 7702-710, VP73/74504,512, VP73/74544.552, UL9196_204; CD4* T-cell epitopes:
gBiss-1800 VP11129.143, 9gD49.g2) were HPLC purified to a purity of 95% to 98% as
determined by reversed-phase high-performance liquid chromatography (Vydac C18)
and mass spectroscopy (Voyager MALDI-TOF System). Stock solutions were made at
1 mg/mL in phosphate-buffered saline (PBS). All peptides were aliquoted and stored at
—20°C until assayed.

Design and construction of AAV8 vectors expressing CD8* and CD4* T-cell
epitopes, CXCL11 chemokine, and IL-2/IL-15 under neurotropic CamKlla
promoters

Two prototype PPK vaccine molecules were used: (i) AAV8-vector expressing 10 CD8* and
3 CD4* T-cell epitopes together with CXCL11 and IL-2 and (ii) AAV8-vector expressing
the same 10 CD8* and 3 CD4" T-cell epitopes together with CXCL11 and IL-15. Both
candidate vaccines expressed the same 10 CD8" T-cell epitopes and 3 CD4" T helper
epitopes. The CD8* T-cell epitopes were separated by the linker AAY and the CD4* T-cell
epitopes were separated by the linker GPGPG as described in Fig. 1B and our previous
publications (7, 32, 34, 35). The PPK vaccines were made by vector Biolabs, Inc., where
rabbit CXCL11 and IL-2 or IL-15 were co-expressed by a neurotropic non-replicating AAV8
vector in tandem with the CD8" and CD4" T-cell epitopes, under the control of the
CamKlla neuron-specific promoter (Fig. 1A).
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FIG 1 Prime-pull-keep vaccine construct design and strategies for vaccination. (A) lllustration shows prototype of the two prime-pull-keep (PPK) vaccine
approaches. The first approach PPK1 contains a multi-epitope herpes vaccine consisting of immunogenic 10 CD8" T-cell epitopes and 3 CD4" T-cell epitopes
meant to prime the T cells; CXCL11 molecule to pull the T cells; and IL-2 to keep the T cells to protect against herpes simplex virus infection. Whereas the second
approach shows vaccine PPK2 contains a multi-epitope herpes vaccine consisting of the same immunogenic 10 CD8" T-cell epitopes and 3 CD4" T-cell epitopes
as PPK1 meant to prime the T cells; CXCL11 molecule to pull the T cells; and IL-15 to keep the T cells to protect against herpes simplex virus infection. (B) Details
of amino acid sequences of 10 CD8" T-cell epitopes and 3 CD4" T-cell epitopes and the linkers (Bold text) used in between for these constructs that have been
selected and tested as previously described (7, 32, 34, 35). (C) Schematic representation of the experimental design where HLA Transgenic rabbits were having
HSV-1 (strain McKrae) ocular infection (1 x 10° PFU/eye) followed by PPK immunization. Rabbits were followed for an acute phase of HSV-1 infection for 18 days.
Subsequently, 30 days post-HSV-1 infection, the transgenic rabbits were immunized with adenovirus-associated virus-8 (AAV8)-based PPK vaccines at 1 x 10’ GC.
Immunological, virological, and eye disease were monitored during the latent phase of herpes infection between day 37 and day 58 post-HSV-1 infection. On
Day 58 post-infection, the HLA-A*0201 Tg rabbits were euthanized, and Trigeminal ganglia and cornea were collected from vaccinated and mock-vaccinated

groups for immunological and virological assays.

Prime/pull/keep vaccination after ocular herpes challenge

HLA-A*0201 Tg rabbits (8-10 weeks) with similar expression levels of HLA-A*02:01
molecules (> 90%) were used, as described below. Age-matched HLA-A*02:01 rabbits
(n = 12) were ocularly infected with HSV-1 (1 x 10° PFU). On day 30 post-infection
with HSV-1, only 10 rabbits survived. Five rabbits were treated with empty AAV8 vector
(mock-vaccinated), and the other five rabbits received topical ocular treatment with 1
x 107 viral genome copies (GC) of a recombinant rAAV8-CamKlla-NP7-CamKlla-CXCL11-
CamKilla-IL-2 vector and 1 x 10" GC of a recombinant rAAV8-CamKlla-NP7-CamKlla-
CXCL11-CamKlla-IL-15 vector (combined vectors administration constitute PPK vaccine).

Herpes simplex virus production

HSV-1 (strain McKrae) was used in this study. To create large quantities of HSV-1 stock,
we routinely purified HSV-1 (strain McKrae) through plaque assay three times (triple
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plaque-purified assay). The parental McKrae viruses were triple plaque purified and
passaged only one or two times prior to use as previously described (23, 36) using
rabbit skin cell monolayers grown in MEM (1x) containing 10% FBS, 2 mM L-gluta-
mine, 2.5 ug/mL amphotericin, and 5% penicillin-streptomycin solution (from a stock of
10,000 IU penicillin and 10,000 pg/mL streptomycin).

Ocular infection of rabbits with HSV-1

Without making any corneal scarification, rabbits were ocularly infected (both eyes) by
dropping 5 uL HSV-1 (1 x 10° PFU) strain McKrae suspended in culture medium on day 0.
We have chosen the McKrae strain over other HSV-1 strains such as KOS that have been
shown to need corneal scarification and have poor reactivation phenotype and recurrent
eye disease in mouse and rabbit models (37).

Rabbit corneal disease clinical scores

Rabbits were examined for ocular disease and viral loads for 28 days after the vaccina-
tion with the PPK or mock constructs. The ocular disease was determined by masked
investigators (four lab members and the principal investigator) using fluorescein staining
and slit lamp examination before vaccination on day 30 and days 37, 44, 51, and 58
thereafter. The corneal lesion size was expressed as the area of staining in square
millimeters using the Image J program (version 1.54g; National Institutes of Health).
These examinations were performed by investigators blinded to the treatment regimen
of the rabbits.

Quantification of ocular infectious virus

Tears were collected from both eyes using a Dacron swab (type 1; Spectrum Laboratories,
Los Angeles, CA) on days 7, 14, 21, and 28 post-vaccination. Individual swabs were
transferred to a 2 mL sterile cryogenic vial containing 500 pL culture medium and stored
at —80°C until use. The HSV-1 DNA loads in tear samples were determined by standard
real-time PCR based on previously described reaction conditions (38).

Preparation of rabbit cell suspensions from TG and spleen

Rabbits were euthanized, and TG and spleen were isolated and finely minced using
dissection scissors. Then digested in DMEM-5% fetal bovine serum (FBS) containing
collagenase | (Life Technologies, Carlsbad, CA), as we previously described (5, 15, 17, 37).
All samples were placed at 37°C in a shaker at 250 rpm and incubated for 1 h (TG) and
15 min (spleen) and passed through a 70 um nylon cell strainer followed by a 40 pm
nylon cell strainer. The cell suspensions were centrifuged and resuspended in complete
media, then lymphocyte populations were isolated on a Percoll gradient of 40%. Cell
suspensions were spun down at 1,400 rpm for 5 min at 4°C and then washed and
suspended in fluorescence-activated cell sorter (FACS) buffer (PBS-0.01% NaN3-0.1%
bovine serum albumin [BSA], 2 mM EDTA) for FACS acquisition and analysis.

Rabbit peripheral blood mononuclear cell isolation

10 mL of blood was drawn from each rabbit into yellow-top Vacutainer Tubes (Becton
Dickinson, USA). Sera were isolated by centrifugation for 10 min at 800 g. PBMCs were
isolated by gradient centrifugation using a leukocyte separation medium (Cellgro, USA).
The cells were washed in PBS and re-suspended in complete culture medium consisting
of RPMI-1640 medium containing 10% FBS (Bio-Products, Woodland, CA, USA).

Flow cytometry assays on rabbit T cells

Cell suspensions from TG, spleen, and blood were analyzed by flow cytometry after
staining with HLA-tetramers-PE and panels of anti-rabbit CD8, CD4, CD69, CD62L,
CD103, and CD44. The following anti-rabbit antibodies were used: anti-CD8 (clone
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MCA1576F, Serotec) FITC, -CD4 (clone KEN-4) FITC, -CD44 (clone IM7) PE-Cy7, -CD62L
(clone DREG-56) Alexa Fluor 700, -CD69 (clone FN50) APC/Cy7, -CD103 (clone LF61)
PercP.Cy5.5. For surface stain, panels of mAbs against various cell markers were added to
a total of 1 x 10° cells in 1x PBS containing 1% FBS and 0.1% sodium azide (FACS buffer)
for 45 min at 4°C. Cells were washed again with Perm/Wash and FACS Buffer and fixed
in PBS containing 2% paraformaldehyde (Sigma-Aldrich, St. Louis, MO). For each sample,
500,000 total events were acquired on the BD LSRII. Ab capture beads (BD Biosciences)
were used as individual compensation tubes for each fluorophore in the experiment.
To define positive and negative populations, we employed fluorescence minus controls
for each fluorophore used in this study when initially developing staining protocols. In
addition, we further optimized gating by examining known negative cell populations for
background-level expression.

Rabbit CD8* T-cell tetramer assays

For tetramer-specific CD8* T-cell frequencies, TG, spleen, and PBMCs were analyzed for
the frequency of CD8" T cells specific to each of the 10 CD8" T-cell epitopes using
the corresponding HLA-A2-peptide/Tetramer, provided by the NIH tetramer facility (7,
39). A human beta-2-microglobulin was incorporated in the tetramers, as no rabbit
beta-2-microglobulins are currently available. Briefly, the cells were first incubated with
1 pg/mL of each of the three PE-labeled HLA-A2-peptide/Tetramer at 37°C for 30-45
min. The cells were washed twice and stained with panels of anti-Rabbit CD8, CD4,
CD62L, CD69, CD103, and CD44. After two additional washings, cells were fixed with 2%
formaldehyde in FACS buffer. A total of 500,000 events were acquired by LSRII followed
by analysis using FlowJo software, and functional memory HSV-1-specific T cells were
gated as described in Fig. 2. The absolute numbers of individual peptide-specific CD8* T
cells were calculated using the following formula: (no. of events in CD8*/Tetramer* cells)
x (no. of events in gated lymphocytes)/(no. of total events acquired).

Rabbit TG and cornea histopathology

Rabbits were euthanized; corneas and TG were harvested, embedded in Tissue-Tek (OCT
compound; VWR International, West Chester, PA), and snap-frozen. Approximately 7
pum-thick cryosections were fixed in acetone and stored at —80°C. Sections were H&E
stained and mounted. CD4" and CD8* T cell infiltration in the TG and cornea were
examined using a Keyence BZ-X700 microscope at 10x magnification and imaged using
z-stack.

Statistical analyses:

Data for each assay were compared by analysis of variance (ANOVA) and Student’s
t-test using GraphPad Prism version 5 (La Jolla, CA). Differences between the two
groups were identified by ANOVA and multiple comparison procedures, as we previously
described (39). Data are expressed as the mean + SD. Results were considered statistically
significant at P < 0.05.

RESULTS
A multi-epitope/CXCL11/IL-2/IL-15 (prime/pull/keep) vaccine design

Ten CD8" T-cell epitope peptides that exhibited high affinities for soluble HLA-A*0201
and 3 CD4" T-cell epitopes from 5 HSV-1 proteins were selected for the design of the
PPK vaccine (Table 1). We sought to determine whether priming with the mixture of
these HSV-1 peptides expressed by AAV-8 encoding for CXCL11 (pull) and IL-2 or IL-15
(keep) would (i) boost the protective efficacy of HSV-1 epitope-specific CD8* T cells and
(i) pull more HSV-1-specific CD8* T cells within the TG and cornea, the sites of acute
and latent HSV-1 infection in rabbits. Using the optimal CamKllapromoter, we construc-
ted two neurotropic recombinant non-replicating adeno-associated virus type 8 vector
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FIG 2 Example of flow cytometry gating strategy for HSV-1-specific CD8" T cells in the TG. TG cell suspensions were stained with two distinct panels of
antibodies: one for CD8" T cells and one for CD4" T cells. The cell population was first plotted on an ungated plot showing size and granularity (A), then a first
gate (R1) was performed on lymphocyte area and plotted as single cells (B); then a second gate (R2) was performed and the cell population was re-plotted based
on CD8 expression (C) then a third gate (R3) was performed on CD8" T cells and plotted on tetramer-positive population (D) showing the HSV-specific CD8" T
cells. To study the frequencies of memory CD8" TCM, CD8* TEM, and CD8" TRM cell subsets detected by FACS, we have created a fourth gate (R4) and we plotted
the positive populations in different plots such as CD8/CD44, CD8/CD52L, CD8/CD69, CD44/CD69, CD44/CD62L, and CD103/CD69 (E).

(rAAV8) expressing the CD8* and CD4*-specific T-cell epitope peptides, T-cell-attracting
CXCL11 chemokine and IL-2 or IL-15: rAAV8-multi-epitope-CamKlla-CXCL11-CamKlla-IL-2
and rAAV8-multi-epitope-CamKlla-CXCL11-CamKlla-IL-15 (PPK1 and PPK2) (Fig. 1A). Both
candidate vaccines PPK1 and PPK2 expressed the same 10 CD8* T-cell epitopes and 3
CD4" T helper epitopes. The CD8"* T-cell epitopes were separated by the linker AAY and
the CD4" T-cell epitopes were separated by the linker GPGPG as described in Fig. 1B.

Human leukocyte antigen (HLA-A*0201) transgenic rabbits used for pre-clini-
cal evaluation of a multi-epitope/CXCL11/IL-2/IL-15 (prime/pull/keep) vaccine
against recurrent ocular herpes infection

HLA-A*0201-positive transgenic rabbit breeders were selected based on their high
expression of HLA-A*0201 molecules since the expression of the rabbits’ own MHC class
I molecules might interfere with the human HLA-A*0201-restricted responses (Materials
and Methods). The high expression of HLA-A*0201 molecules in the selected HLA Tg

TABLE 1 CD4* and CD8" T-cell epitope peptides position and amino acid sequences from HSV-1 glycoproteins D and B (gD and gB), viral tegument proteins
(VP11/12 and VP13/14), and the DNA replication-binding helicase (UL9) proteins

Peptide position CD8" T-cell epitope Peptide position CD4" T-cell epitope
gDs3.61 SLPITVYYA gBie6-180 KDVTVSQVWFGHRYS
gD>78-296 ALLEDPVGT VP11/12159-143 TQYWKYLQTVVPSGL
gB183-191 GIFEDRAPV gD49.82 QPPSLPITVYYAVLERACRSVLLNAPSEAPQIVR
gB342-350 NLLTTPKFT

9Bss1-569 RMLGDVMAV

VP11/12550-228 RLNELLAYV

VP11/12702-710 ALSALLTKL

VP13/14504-512 ALHTALATV

VP13/14544.55> RLLGFADTV

UL9196-204 ALMLRLLRI
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rabbits should result in rabbit CD8* T cells using the human HLA-A*0201 molecules
both at the thymus selection and peripheral effector levels (30). All selected HLA Tg
rabbits had a similar high expression of HLA-A*0201 molecules in over 95% of PBMC, as
previously described (7, 32, 35). HLA Tg rabbits (n = 12) were ocularly infected with HSV-1
(McKrae, 1 x 10° PFU/eye) at day 30 post-infection, 10 rabbits survived, and 5 rabbits
were vaccinated with the PPK1 (1 x 10”7 GC) and PPK2 (1 x 107 GC) vaccines, as shown
in Fig. 1C and five HLA Tg rabbits were mock-vaccinated and received an empty AAV8
vector (2 x 107 GC), as control (Mock). Rabbits were followed up for corneal eye disease
and viral loads in the tears for 30 days and then sacrificed at day 58 post-infection. The
PPK-treated group displayed significantly less recurrent corneal herpetic disease (Fig. 2A
and B) and virus loads in the eyes (Fig. 3D). By contrast, the mock non-vaccinated group
showed a significantly higher level of virus replication in eyes associated with severe
recurrent ocular herpetic disease (Fig. 2A, B and D). Histopathological analysis (Fig. 3C)
shows that PPK-immunized rabbits have a higher number of mononuclear cells including
CD4* and CD8* T cells in the TGs and the cornea, suggesting that the immunization with
PPK induced a higher number of CD4* and CD8" T cells in the site of HSV-1 infection
(cornea and TGs).
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FIG 3 Physical estimation, histopathological evaluation, and HSV-1 viral DNA copy number showing reduced disease pathology in HLA-A*0201 transgenic

rabbits vaccinated with PPK vaccine in comparison to mock-vaccinated rabbits. (A) Representative images showing reduced recurrent corneal herpetic disease

in HLA-A*0201 Tg rabbits vaccinated with PPK vaccine in comparison to mock-vaccinated HLA-A*0201 Tg rabbits. The fluorescein staining is outlined in the

figure and serves to measure the size of the corneal lesions. (B) Scatter graph showing eye lesion size (mm?) among PPK-vaccinated and mock-vaccinated HLA

transgenic rabbits at days 7, 14, 21, and 28 post-vaccinations. The corneal lesion size was expressed as the area of staining in square millimeters using the Image

J program (version 1.54g; National Institutes of Health). (C) Representative H & E, CD8, and CD4 staining images of the trigeminal ganglia and cornea at day

58 p.i. with HSV-1 infection in PPK-vaccinated vs. Mock-vaccinated HLA-A*0201 Tg rabbits. Images were taken at 10x magnification. (D) Bar diagrams showing a

comparison of HSV-1 viral loads in the eyes of PPK-vaccinated vs. Mock-vaccinated HLA-A*0201 transgenic rabbits. Viral genome load was quantified by PCR from

eye swabs of PPK-vaccinated and Mock-vaccinated HLA Tg rabbits. The data are representative of one independent experiment, and the graphed values and bars

represent the SD between the two experiments. The difference between the groups is significant when the P-value is <0.005."
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A multi-epitope/CXCL11/IL-2/IL-15 (prime/pull/keep) vaccine bolsters the
frequencies of resident memory CD8* TEM, TCM, and TRM T cells in HLA
transgenic rabbits

Since the PPK vaccine enhanced protection as measured by reduced viral loads and
herpetic corneal eye diseases in HLA-transgenic rabbits following HSV-1 infection, we
sought to determine whether this protection was associated with increased frequencies
of resident memory CD8" and CD4* T cells in the TGs. Vaccinated/PPK-treated and
Mock-vaccinated/untreated rabbits were euthanized on day 58 post-infection, and the
frequencies of HSV-1 peptide-specific CD8* T cells of the resident memory CD8" T cells
expressing CD103, CD69; effector memory CD8* T cells expressing CD62L, and CD44
among total cells (i.e., effector memory [TEM], resident memory [TRM], and central
memory [TCM]) were determined by FACS, as described in Materials and Methods. The
data in Fig. 4A show overall that the most dominant epitopes triggered a higher number
of HSV-1-specific CD8* T cells in PPK-vaccinated rabbits compared to Mock-vaccinated
rabbits. The absolute count of these HSV-1-specific CD8" T cells in the TG shows that in
PPK-vaccinated rabbits, there are 2 to 5 times higher numbers of the dominant HSV-1
specific CD8" T-cell epitopes (gDs53.61, 9B342-350, VP11702-710, and UL9196.204) in the TG
compared to mock rabbits (Fig. 4B). The analysis of HSV-specific memory CD8" T cells
showed a significant increase in memory CD8" T cells expressing CD44, CD69, and CD62L
in PPK-vaccinated rabbits (Fig. 4A and B). More interestingly, we found a significant
increase in CD103* CD8" T cells, CD44"CD62L"CD8" T cells, and CD44*CD62L*CD8" T
cells in rabbits immunized with the PPK vaccine (Fig. 5). In addition, the PPK-immunized
rabbits also exhibited higher frequencies of CD4*CD44*CD62L* and CD4*CD103*CD69"
memory T cells (Fig. 6). These results demonstrate that the PPK vaccine expressing
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FIG 4 Higher magnitude of HSV-1-specific CD8" T cells observed in the Trigeminal ganglia of PPK-vaccinated HLA-A*0201 transgenic rabbits. (A) Flow
cytometry analysis of the frequencies of CD8" T cells specific to HLA-A*0201-restricted HSV-1 epitopes (gD53-61, gD278-286, gB183-191, gB342-350, gB561-569,
VP11220-228, VP11702-710, VP13504-512, VP13544-552, and UL9196-204) in TG of PPK-vaccinated and Mock-vaccinated HLA-Tg rabbits. Higher frequencies
of CD8" T cells specific to HLA-A*0201-restricted HSV-1 gDs3.61, 9B342-350, VP11,702-710, and UL9196.204 epitopes detected by Tetramer staining in TG of PPK

vaccinated HLA-Tg rabbits compared to mock-vaccinated rabbits. (B) Corresponding bar diagrams showing an absolute number of HSV-1-specific CD8" T cells in

the TG of PPK-vaccinated and Mock-vaccinated HLA-Tg rabbits. The data are representative of two independent experiments, and the graphed values and bars

represent the SD between the two experiments. Overall, the difference between the two groups for the absolute number of HSV-1 epitope-specific CD8" T cells is

significant (P < 0.005) except for HSV-1 gDsg1-569, VP220-228 epitope-specific T cells.
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FIG 5 Increased frequencies of CD8" memory T-cell population observed in response to prime-pull-keep vaccination approach. (A and B) Representative flow

cytometry data showing the frequencies of HSV-1 gDs3.g1-specific memory CD8" Tcy, CD8" Tgm, and CD8" Tryy cell subsets detected in HSV-1 infected TG of

PPK-vaccinated and Mock-vaccinated HLA Tg rabbits. The data are representative of one immunodominant epitope HSV-1 gDs3.47 inducing a high frequency of

memory CD8" Ty, CD8* Tgym, and CD8' Tryy cells. Similar data were obtained with the three other immunodominant epitopes tested (gB342-350, VP11702-710, and

UL9196-204)- To study the CD8" T-cell memory response in the context of the PPK vaccination approach, multiple markers like CD44, CD69, CD62L, and CD103

were analyzed.

CXCL11 chemokine and IL-2/IL-15 bolsters the functional HSV-specific CD8" and CD4" T
cells in the cornea and TG of HLA-A*0201 Tg rabbits.

The frequency of HSV-1-specific CD8" T cells in the spleen as well as in the blood
after vaccination shows that both the rabbit groups show no significant difference (Fig.
7 and 8). This demonstrates that the neurotropic AAV-8-based PPK vaccine is oriented
toward the immune response to the sites of HSV-1 infection in the TG and cornea.
Altogether, these results (i) indicate that immunization with mixtures of HSV-1-specific
peptides (Table 1) combined with CXCL11 and IL-2/IL-15 treatment reduced ocular HSV-1
load, and decreased ocular herpetic disease; (ii) suggest that bolstering the number and
function of HSV-specific CD8"* T cells that infiltrate the cornea and TG through a prime/
pull/keep vaccine improved protection against ocular herpes infection and disease;
and (iii) support HLA-A*02:01 Tg rabbits as a useful animal model for investigating the
underlying mechanisms by which CD8" T cells, specific to human HSV-1 CD8* T-cell
epitopes, mediate control of ocular herpes infection and disease.

DISCUSSION

In the present study, we designed a multi-epitope prime/pull/keep HSV-1 vaccine
candidate based on 10 asymptomatic (ASYMP) CD8* T-cell peptide epitopes and 3
CD4* T-cell epitopes selected from the HSV-1 glycoproteins D and B (gD and gB), viral
tegument proteins (VP11/12 and VP13/14), and the DNA replication binding helicase
(UL9), all preferentially recognized by CD8" and CD4" T cells from “naturally protected”
HSV-1-seropositive healthy ASYMP individuals (who never had recurrent corneal herpetic
disease). These asymptomatic human CD4+ and CD8" T-cell epitopes were used as
priming of HSV-1-specific CD4" and CD8" cells, CXCL11 for pulling HSV-1-specific CD4*
and CD8" T cells to the site of infection (TG and cornea) and IL2 and IL15 to keep these
HSV-1-specific CD4* and CD8" T cells in the site of HSV-1 acute and latent infection
(TG and cornea) for longer time (Fig. 1). In preparation for the HLA transgenic rabbit
experiments reported in this manuscript, we have used an HLA transgenic mouse model
of ocular herpes to perform all the controls, including a side-by-side comparison of each
component of the PPK vaccine alone or in combination (i.e., prime alone, pull alone, keep
alone, PP together, PK together, or PPK). In those HLA transgenic mouse experiments,
the combination of AAV8-CD4-CD8 epitopes-CXCL-11-IL-2 and AAV8-CD4-CD8 epitopes-
CXCL-11-IL-15 prime/pull/keep vaccine gives the best protection against recurrent eye
disease in the UV-B-treated mouse model. The data presented in this HLA transgenic
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FIG 6 Increased frequencies of CD4" memory T-cell population observed in response to prime-pull-keep vaccination approach. (A and B) Representative flow

cytometry data showing the frequencies of memory CD4" Ty, CD4" Tgy, and CD4" Try cell subsets detected in HSV-1-infected TG of PPK-vaccinated and

Mock-vaccinated HLA Tg rabbits. To study the CD4" T-cell memory response in the context of the PPK vaccination approach, multiple markers like CD44, CD69,

CD62L, and CD103 were analyzed.

mice study clearly show that frequent and functional HSV-1-specific CD8" and CD4* Tgm
cells resided in the TG and cornea for at least 28 days post-vaccination in the PPK-vacci-
nated animals. The above results in the HLA transgenic mouse model of ocular herpes
will be the subject of a future report. In this manuscript, we showed that immunization
with a mixture of our PPK vaccine elicited polyfunctional CD8* T-cell responses in HLA Tg
rabbits that were associated with protection from recurrent ocular herpes infection and
disease. Moreover, we observed that immunized HLA Tg rabbits developed frequent and
functional HSV-specific CD69*CD103*CD8" cytotoxic CD8* T cells in the TG and cornea.
These potent tissue-resident CD8" T cells protected HLA Tg rabbits from virus reactiva-
tion in TG and replication in the eye and ocular herpetic disease in ocularly challenged
rabbits with HSV-1 (McKrae). The results of this pre-clinical trial are as follows: (i) support
the implementation of a prime/pull/keep ASYMP peptides-based vaccine strategy to
strengthen the protective efficacy of tissue-resident CD8* T cells against ocular herpes
and (i) indicate that ASYMP CD8* T-cell epitopes selected from the HSV-1 glycoproteins
D and B (gD and gB), viral tegument proteins (VP11/12 and VP13/14), and the DNA
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FIG 7 HSV-1-specific CD8" T-cell frequencies in PPK-vaccinated HLA-A*0201 transgenic rabbits as observed in spleen. (A) Flow cytometry analysis of
the frequencies of CD8" T cells specific to HLA-A*0201-restricted HSV-1 epitopes (gD53-61, gD278-286, gB183-191, gB342-350, gB561-569, VP11220-228,
VP11702-710, VP13504-512, VP13544-552, and UL9196-204) in spleen of PPK-vaccinated and Mock-vaccinated HLA-Tg rabbits. (B) The corresponding bar
diagram shows an absolute number of HSV-1-specific CD8" T cells in spleens of PPK-vaccinated and Mock-vaccinated HLA-Tg rabbits. All HSV-1-infected rabbits
showed non-significant differences in HSV-1-specific CD8" T-cell frequencies in the spleen at day 58 post-HSV-1 infection, which is also 28 days post-vaccination
with PPK or empty vector. There was no significant difference between the two groups regarding the frequency of HSV-1 epitope-specific CD8" T cells in the
spleen (P > 0.05). The data are representative of two independent experiments, and the graphed values and bars represent the SD between the two experiments.

replication-binding helicase (UL9) proteins are more suitable candidates to be included
in the next generation of ocular herpes prime/pull/keep peptide-based vaccines.
Complications from the HSV-1 infection range from mild symptoms, such as cold
sores and genital lesions, to more serious complications, such as permanent brain
damage from encephalitis in adults and neonates and blinding corneal inflammation
(3, 5). Ocular HSV-1 infection is the leading cause of viral-induced corneal blindness in
industrialized countries. Changes in sexual behavior among young adults have been
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FIG 8 HSV-1-specific CD8" T-cell frequencies in PPK-vaccinated HLA-A*0201 transgenic rabbits as observed in blood. (A) Flow cytometry analysis of
the frequencies of CD8" T cells specific to HLA-A*0201-restricted HSV-1 epitopes (gD53-61, gD278-286, gB183-191, gB342-350, gB561-569, VP11220-228,
VP11702-710, VP13504-512, VP13544-552, and UL9196-204) in the blood of PPK-vaccinated and Mock-vaccinated HLA-Tg rabbits. All HSV-1-infected rabbits
showed non-significant differences in HSV-1-specific CD8" T-cell frequencies in the blood at day 58 post-HSV-1 infection, which is also 28 days post-vaccination
with PPK or empty vector. There was no significant difference between the two groups regarding the frequency of HSV-1 epitope-specific CD8" T cells in the
blood (P > 0.05). The data are representative of two independent experiments.
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associated with a recent increase in genital HSV-1 infection, resulting from oral-genital
rather than genital-genital contact. Approximately 450,000 adults in the United States
have a history of recurrent herpetic ocular disease (symptomatic; SYMP individuals),
with approximately 20,000 individuals per year experiencing recurrent and potentially
blinding ocular herpetic lesions (3, 4, 6, 7). The seropositive SYMP and ASYMP individ-
uals are different with regard to CD8* T-cell epitope specificity, the magnitude, and
the phenotype of HSV-specific CD8" T cells (3-7, 19, 30, 39). Thus, a vaccine that
converts the presumably non-protective profile of CD8" T cells seen in SYMP patients
into the protective profile seen in ASYMP individuals will likely lead to a decrease in
ocular herpes. Traditional vaccine formulations using native or recombinant proteins are
generally ineffective in the induction of CD8* T-cell responses (32). Clinical trials of HSV
vaccines using selected HSV proteins mixed with adjuvant have shown limited efficacy
in seronegative women, but not in men (reviewed in reference 3). This limitation results
from the basic biology of Ag processing and presentation of epitopes to CD8* T cells,
necessitating the endogenous synthesis and presentation of HLA class | molecules. By
contrast, our proposed PPK vaccine containing a mixture of the CD4" and CD8" T-cell
epitopes, CXCL11 and IL2/IL15 induced strong CD8* T-cell responses. In the present
study, we demonstrated that immunization with mixtures of peptide vaccines exclusively
bearing human epitopes from the HSV-1 glycoproteins D and B (gD and gB), viral
tegument proteins (VP11/12 and VP13/14) and the DNA replication binding helicase
(UL9) proteins that are mainly recognized by CD8" T cells from HSV-1 seropositive healthy
ASYMP individuals and CXCL11 and IL2 and IL15 (1) reduced infectious virus in tears
and lessened ocular herpes following ocular challenge in therapeutically immunized HLA
Tg rabbits. This peptide vaccine excludes SYMP epitopes that are recognized mostly by
CD8" T cells from SYMP individuals with a history of numerous episodes of recurrent
ocular herpes disease. We have shown that these ASYMP epitopes in tandem with
CXCL-11 and IL1/IL15, PPK vaccine given therapeutically to latently infected HLA Tg
rabbits: (i) significantly decrease virus reactivation from TG (virus shedding in tears)
and/or recurrent ocular disease and (ii) increase the numbers and functions of local HSV
1 glycoproteins D and B (gD and gB), viral tegument proteins (VP11/12 and VP13/14)
and the DNA replication-binding helicase (UL9) epitopes specific CD8" T cells over the
existing immune response induced by the primary infection.

Recombinant non-replicating AAV-8 vector has been shown in many studies,
including clinical trials, to be safe in human and animal models used topically to the
cornea (40, 41). To confirm what has been already demonstrated, we have ocularly
administered the empty AAV8 vector to non-infected rabbits and followed them for 28
days for eye disease, and data show that none of the rabbits have developed any kind of
corneal disease (data not shown). It is likely that the AAV by itself induced AAV-specific
CD4* and CD8* Tgp cells that infiltrate the TG and cornea of rabbit. However, the present
study mainly focused on detecting frequencies and function of HSV-specific CD4* and
CD8* Trm cells that infiltrate the TG and cornea of HLA transgenic rabbit and their
association with reduction of ocular herpes infection and disease in this HLA transgenic
rabbit model of spontaneous ocular herpes. Using the HLA transgenic rabbit is the gold
standard in those experiments because using HLA class | and HLA class Il tetramers
allows for specifically tracking HSV-specific CD4* and CD8" Tgy cells in vaccinated vs.
mock-vaccinated animals

Both rabbit and mouse ocular herpes models have been successful for studying
ocular HSV-1 infection and immunity, and each model resulted in new information
and discoveries related to human HSV-1 ocular disease (reviewed in references 42 and
43). Mice have been the animal model of choice for most immunologists over the
years, and results from mice have yielded remarkable insights into the role of CD8"
T cells in protection against primary herpes infection (7, 19, 44-47). Unfortunately,
spontaneous reactivation of HSV-1 in mice is extremely rare, so the relevance of these
findings to in vivo HSV-1 spontaneous reactivation cannot be determined in mice (48).
The rabbit ocular herpes model has been especially important for investigating viral
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reactivation and recurrent ocular disease (42, 43, 49). Unlike mouse eyes, but similar
to human eyes, the surfaces of the rabbit eyes are relatively immunologically isolated
from systemic immune responses (35, 42, 50). Using the “humanized” HLA transgenic
rabbit model of ocular HSV-1 that mounts “human-like” CD8* T-cell immune responses
(HLA Tg rabbits), we found that immunization of HLA Tg rabbits with the three human
CD8" T-cell epitopes induced strong CD8" T cell-dependent protective immunity against
ocular herpes infection and disease. From a practical standpoint, the size of rabbit
corneas is significantly larger than those of mice and offers a plentiful amount of
tissues for phenotypical and functional characterization of HSV-specific T cells using
individual tissues (19, 29, 35, 42, 50). To overcome the hurdle of rabbits that do not
mount T-cell responses specific to human HLA-restricted human epitopes, we introduced
the “humanized” HLA Tg rabbit model of ocular herpes whereby the rabbits express
human leukocyte antigen (HLA class | molecules) (30, 51). Ocularly infected HLA Tg
rabbit mounted HLA-A*0201-restricted CD8" T-cell responses to HSV-1 glycoproteins
D and B (gD and gB), viral tegument proteins (VP11/12 and VP13/14) and the DNA
replication binding helicase (UL9) epitopes similar to that from HLA-A*0201-positive HSV
seropositive humans. Since the expression of the rabbits’ own MHC class | molecules
might interfere with the human HLA-A*0201-restricted responses (9), and to ensure
that all rabbits had a high level of expression of HLA-A*0201 molecules in over 90%
of their CD8* T cells, only those HLA Tg rabbits with these characteristics were used
in this investigation. These results confirm our previous report that all gD epitopes
recognized by CD8" T cells from HSV-1 infected HLA Tg rabbits are recognized by
CD8" T cells from HLA-A*0201-positive HSV seropositive humans (30). Thus, the HLA
Tg rabbit is a useful model for pre-clinical testing of candidate vaccines bearing human
T-cell epitopes. The HLA Tg rabbit model allows testing the hypothesis that a vaccine
that induces appropriate human T-cell responses to HSV-1 can decrease HSV-induced
ocular disease. These findings should guide the development of a safe and effective
T-cell-based herpes vaccine. Similarly, to the rationale of choosing the rabbit animal
model to study the protective efficacy of PPK against recurrent herpetic disease, we
have chosen the McKrae strain over other HSV-1 strains that have been shown to
need corneal scarification and have poor reactivation phenotype and recurrent corneal
disease in mouse and rabbit models such as (KOS strain) (37). In conclusion, four principal
findings were determined in the pre-clinical results obtained with HSV-1 infected HLA Tg
rabbits in this report. First, a human herpes vaccine that exclusively contains a mixture
of human ASYMP CD8* T-cell epitopes derived from the HSV-1 glycoproteins D and B
(gD and gB), viral tegument proteins (VP11/12 and VP13/14), and the DNA replication
binding helicase (UL9) proteins along with CXCL11, IL2, and IL15 provides protection
in HLA-A*0201 Tg rabbits against ocular herpes infection and disease. Second, frequent
polyfunctional HSV-1 ASYMP epitope-specific CD8" T-cells were induced by the ASYMP
human epitopes from gB, gD, VP11/12, and UL-9 proteins and correlated with protection
against ocular herpes infection and disease in HLA Tg rabbits, following HSV-1 ocular
challenge. Third, the results demonstrate for the first time that the IL2 and IL15 axis is
of paramount importance in keeping the protective CD8" T cells to the TG and corneal
tissues associated with clearance of ocular herpes infection and disease for a longer
period. Fourth, the study validates the HLA-A*0201 Tg rabbit model of ocular herpes
for pre-clinical testing of future herpes vaccine candidates bearing human ASYMP CD8*
T-cell epitopes against ocular herpes. Overall, the pre-clinical results determined in HLA
Tg rabbits draw attention to the prime/pull/keep vaccine strategy, as an alternative to
currently used protein-based vaccines, to strengthen the protective efficacy of tissue-res-
ident CD8" T cells against ocular herpes infection and disease.

ACKNOWLEDGMENTS

This work is supported by Public Health Service Research RO1 Grants EY026103,
EY019896, and EY024618 from the National Eye Institute (NEI), R21 Grant Al110902 and
R41 Grant Al138764-01 from the National Institutes of Allergy and Infectious Diseases

May 2025 Volume 99 Issue 5

Journal of Virology

10.1128/jvi.00135-25 14


https://doi.org/10.1128/jvi.00135-25

Full-Length Text

Journal of Virology

(NIAID) (to L.B.), and in part by The Discovery Center for Eye Research (DCER) and the
Research to Prevent Blindness (RPB) grant.

providing the Tetramers used in this study.

AUTHOR AFFILIATIONS

We thank Dale Long from the NIH Tetramer Facility (Emory University, Atlanta, GA) for

'Laboratory of Cellular and Molecular Immunology, Gavin Herbert Eye Institute,

University of California Irvine, School of Medicine, Irvine, California, USA

’Department of Molecular Biology & Biochemistry, University of California Irvine, School
of Medicine, Irvine, California, USA
*Institute for Immunology, University of California Irvine, School of Medicine, Irvine,
California, USA

AUTHOR ORCIDs

Aziz A. Chentoufi (2 http://orcid.org/0000-0002-5410-2593
Swayam Prakash  http://orcid.org/0000-0003-3986-890X
Lbachir BenMohamed © http://orcid.org/0000-0001-9468-2521

FUNDING

Funder

Grant(s) Author(s)

National Eye Institute

EY026103 Lbachir BenMohamed

National Eye Institute

EY019896 Lbachir BenMohamed

National Eye Institute

EY024618 Lbachir BenMohamed

National Institute of Allergy and Infectious Diseases Al138764 Lbachir BenMohamed

National Institute of Allergy and Infectious Diseases  Al150091 Lbachir BenMohamed

National Institute of Allergy and Infectious Diseases Al143348 Lbachir BenMohamed

AUTHOR CONTRIBUTIONS

Aziz A. Chentoufi, Conceptualization, Data curation, Methodology, Validation, Visualiza-
tion, Writing - original draft | Sweta Karan, Formal analysis, Methodology, Writing -
original draft.

DATA AVAILABILITY

The gene IDs and nucleotide sequence accession numbers associated with HSV-1
proteins mentioned in this article are as follows: HSV-1 glycoprotein B (gB) (gene ID
330109, accession number M21629.1); glycoprotein D (gD) (gene ID L09243.1, acces-
sion number AAA19629.1); viral tegument protein VP11/12 (UL46) (gene ID 2703413,
accession number NC_001806.2); viral tegument protein VP13/14 (UL47) (gene ID
2703415, accession number NC_001806.2); and DNA replication binding helicase protein
(UL9) (gene ID 2703434, accession number NC_001806.2).

REFERENCES

1.

Khan AA, Srivastava R, Chentoufi AA, Kritzer E, Chilukuri S, Garg S, Yu DC,
Vahed H, Huang L, Syed SA, Furness JN, Tran TT, Anthony NB, McLaren
CE, Sidney J, Sette A, Noelle RJ, BenMohamed L. 2017. Bolstering the
number and function of HSV-1-specific CD8* effector memory T cells
and tissue-resident memory T cells in latently infected trigeminal
ganglia reduces recurrent ocular herpes infection and disease. J
Immunol 199:186-203. https://doi.org/10.4049/jimmunol.1700145

van Velzen M, Jing L, Osterhaus ADME, Sette A, Koelle DM, Verjans
GMGM. 2013. Local CD4 and CD8 T-cell reactivity to HSV-1 antigens
documents broad viral protein expression and immune competence in
latently infected human trigeminal ganglia. PLoS Pathog 9:e1003547. htt
ps://doi.org/10.1371/journal.ppat.1003547

May 2025 Volume 99 Issue 5

Kuo T, Wang C, Badakhshan T, Chilukuri S, BenMohamed L. 2014. The
challenges and opportunities for the development of a T-cell epitope-
based herpes simplex vaccine. Vaccine (Auckl) 32:6733-6745. https://doi
.org/10.1016/j.vaccine.2014.10.002

Samandary S, Kridane-Miledi H, Sandoval JS, Choudhury Z, Langa-Vives
F, Spencer D, Chentoufi AA, Lemonnier FA, BenMohamed L. 2014.
Associations of HLA-A, HLA-B and HLA-C alleles frequency with
prevalence of herpes simplex virus infections and diseases across global
populations: implication for the development of an universal CD8" T-cell
epitope-based vaccine. Hum Immunol 75:715-729. https://doi.org/10.10
16/j.humimm.2014.04.016

10.1128/jvi.00135-25 15


http://orcid.org/0000-0002-5410-2593
http://orcid.org/0000-0003-3986-890X
http://orcid.org/0000-0001-9468-2521
http://dx.doi.org/10.13039/100000053
http://dx.doi.org/10.13039/100000053
http://dx.doi.org/10.13039/100000053
http://dx.doi.org/10.13039/100000060
http://dx.doi.org/10.13039/100000060
http://dx.doi.org/10.13039/100000060
https://www.ncbi.nlm.nih.gov/nuccore/M21629.1/
https://www.ncbi.nlm.nih.gov/protein/AAA19629.1/
https://www.ncbi.nlm.nih.gov/nuccore/NC_001806.2/
https://www.ncbi.nlm.nih.gov/nuccore/NC_001806.2/
https://www.ncbi.nlm.nih.gov/nuccore/NC_001806.2/
https://doi.org/10.4049/jimmunol.1700145
https://doi.org/10.1371/journal.ppat.1003547
https://doi.org/10.1016/j.vaccine.2014.10.002
https://doi.org/10.1016/j.humimm.2014.04.016
https://doi.org/10.1128/jvi.00135-25

Full-Length Text

20.

21.

22.

23.

24,

May 2025 Volume 99

Chentoufi AA, Benmohamed L. 2012. Mucosal herpes immunity and
immunopathology to ocular and genital herpes simplex virus infections.
Clin Dev Immunol 2012:149135. https://doi.org/10.1155/2012/149135
Chentoufi AA, Dervillez X, Rubbo P-A, Kuo T, Zhang X, Nagot N, Tuaillon
E, Van De Perre P, Nesburn AB, Benmohamed L. 2012. Current trends in
negative immuno-synergy between two sexually transmitted infectious
viruses: HIV-1 and HSV-1/2. Curr Trends Immunol 13:51-68.

Chentoufi AA, Binder NR, Berka N, Durand G, Nguyen A, Bettahi I,
Maillére B, BenMohamed L. 2008. Asymptomatic human CD4+ cytotoxic
T-cell epitopes identified from herpes simplex virus glycoprotein B. J
Virol 82:11792-11802. https://doi.org/10.1128/JV1.00692-08

Farooq AV, Shukla D. 2012. Herpes simplex epithelial and stromal
keratitis: an epidemiologic update. Surv Ophthalmol 57:448-462. https:/
/doi.org/10.1016/j.survophthal.2012.01.005

Liesegang TJ. 2001. Herpes simplex virus epidemiology and ocular
importance. Cornea 20:1-13. https://doi.org/10.1097/00003226-200101
000-00001

Banerjee K, Biswas PS, Rouse BT. 2005. Elucidating the protective and
pathologic T cell species in the virus-induced corneal immunoinflamma-
tory condition herpetic stromal keratitis. J Leukoc Biol 77:24-32. https://
doi.org/10.1189/j1b.0904486

Agelidis AM, Shukla D. 2015. Cell entry mechanisms of HSV: what we
have learned in recent years. Future Virol 10:1145-1154. https://doi.org/
10.2217/fvl.15.85

Dana MR, Qian Y, Hamrah P. 2000. Twenty-five-year panorama of corneal
immunology: emerging concepts in the immunopathogenesis of
microbial keratitis, peripheral ulcerative keratitis, and corneal transplant
rejection. Cornea 19:625-643. https://doi.org/10.1097/00003226-200009
000-00008

Thomas J, Rouse BT. 1997. Immunopathogenesis of herpetic ocular
disease. Immunol Res 16:375-386. https://doi.org/10.1007/BF02786400
Kumaraguru U, Davis I, Rouse BT. 1999. Chemokines and ocular
pathology caused by corneal infection with herpes simplex virus. J
Neurovirol 5:42-47. https://doi.org/10.3109/13550289909029744
Posavad CM, Huang ML, Barcy S, Koelle DM, Corey L. 2000. Long term
persistence of herpes simplex virus-specific CD8" CTL in persons with
frequently recurring genital herpes. J Immunol 165:1146-1152. https://d
0i.0rg/10.4049/jimmunol.165.2.1146

Koelle DM, Gonzalez JC, Johnson AS. 2005. Homing in on the cellular
immune response to HSV-2 in humans. Am J Reprod Immunol 53:172-
181. https://doi.org/10.1111/j.1600-0897.2005.00262.x

Huang C, Liu WJ, Xu W, Jin T, Zhao Y, Song J, Shi Y, Ji W, Jia H, Zhou Y,
Wen H, Zhao H, Liu H, Li H, Wang Q, Wu Y, Wang L, Liu D, Liu G, Yu H,
Holmes EC, Lu L, Gao GF. 2016. A bat-derived putative cross-family
recombinant coronavirus with A reovirus gene. PLoS Pathog
12:e1005883. https://doi.org/10.1371/journal.ppat.1005883

Srivastava R, Dervillez X, Khan AA, Chentoufi AA, Chilukuri S, Shukr N,
Fazli Y, Ong NN, Afifi RE, Osorio N, Geertsema R, Nesburn AB, Wechsler
SL, BenMohamed L. 2016. The herpes simplex virus latency-associated
transcript gene is associated with a broader repertoire of virus-specific
exhausted CD8* T cells retained within the trigeminal ganglia of latently
infected HLA transgenic rabbits. J Virol 90:3913-3928. https://doi.org/10.
1128/JV1.02450-15

BenMohamed L, Osorio N, Srivastava R, Khan AA, Simpson JS, Wechsler
SL. 2015. Decreased reactivation of a herpes simplex virus type 1 (HSV-1)
latency associated transcript (LAT) mutant using the in vivo mouse UV-B
model of induced reactivation. J NeuroVirology. https://doi.org/10.1128/
JVI.00788-15

Stanberry LR. 2004. Clinical trials of prophylactic and therapeutic herpes
simplex virus vaccines. Herpes 11 Suppl 3:161A-169A.

Belshe RB, Leone PA, Bernstein DI, Wald A, Levin MJ, Stapleton JT,
Gorfinkel I, Morrow RLA, Ewell MG, Stokes-Riner A, Dubin G, Heineman
TC, Schulte JM, Deal CD. 2012. Efficacy results of a trial of a herpes
simplex vaccine. N Engl J Med 366:34-43. https://doi.org/10.1056/NEJM
0a1103151

lijima N, Iwasaki A. 2014. T cell memory. A local macrophage chemokine
network sustains protective tissue-resident memory CD4 T cells. Science
346:93-98. https://doi.org/10.1126/science.1257530

Chen Y, Chauhan SK, Lee HS, Saban DR, Dana R. 2014. Chronic dry eye
disease is principally mediated by effector memory Th17 cells. Mucosal
Immunol 7:38-45. https://doi.org/10.1038/mi.2013.20

Srivastava R, Hernandez-Ruiz M, Khan AA, Fouladi MA, Kim GJ, Ly VT,
Yamada T, Lam C, Sarain SAB, Boldbaatar U, Zlotnik A, Bahraoui E,
BenMohamed L. 2018. CXCL17 chemokine-dependent mobilization of

Issue 5

25.

26.

27.

28.

29.

30.

31.

32

33.

34,

35.

36.

37.

38.

39.

Journal of Virology

CXCR8+CD8" effector memory and tissue-resident memory T cells in the
vaginal mucosa is associated with protection against genital herpes. J
Immunol 200:2915-2926. https://doi.org/10.4049/jimmunol.1701474
Al-Hussaini A, Troncone R, Khormi M, AlTuraiki M, Alkhamis W, Alrajhi M,
Halal T, Fagih M, Alharbi S, Bashir MS, Chentoufi AA. 2017. Mass
screening for celiac disease among school-aged children: toward
exploring celiac iceberg in Saudi Arabia. J Pediatr Gastroenterol Nutr
65:646-651. https://doi.org/10.1097/MPG.0000000000001681

Johnston C, Zhu J, Jing L, Laing KJ, McClurkan CM, Klock A, Diem K, Jin L,
Stanaway J, Tronstein E, Kwok WW, Huang ML, Selke S, Fong Y, Magaret
A, Koelle DM, Wald A, Corey L. 2014. Virologic and immunologic
evidence of multifocal genital herpes simplex virus 2 infection. J Virol
88:4921-4931. https://doi.org/10.1128/JV1.03285-13

Himmelein S, St Leger AJ, Knickelbein JE, Rowe A, Freeman ML,
Hendricks RL. 2011. Circulating herpes simplex type 1 (HSV-1)-specific
CD8" T cells do not access HSV-1 latently infected trigeminal ganglia.
Herpesviridae 2:5. https://doi.org/10.1186/2042-4280-2-5

Jester JV, Morishige N, BenMohamed L, Brown DJ, Osorio N, Hsiang C,
Perng GC, Jones C, Wechsler SL. 2016. Confocal microscopic analysis of a
rabbit eye model of high-incidence recurrent herpes stromal keratitis.
Cornea 35:81-88. https://doi.org/10.1097/1C0O.0000000000000666

Perng GC, Osorio N, Jiang X, Geertsema R, Hsiang C, Brown D,
BenMohamed L, Wechsler SL. 2016. Large amounts of reactivated virus
in tears precedes recurrent herpes stromal keratitis in stressed rabbits
latently infected with herpes simplex virus. Curr Eye Res 41:284-291. htt
ps://doi.org/10.3109/02713683.2015.1020172

Al-Hussaini AA, Alzahrani MD, Alenizi AS, Suliman NM, Khan MA, Alharbi
SA, Chentoufi AA. 2014. Autoimmune hepatitis related autoantibodies in
children with type 1 diabetes. Diabetol Metab Syndr 6:38. https://doi.org
/10.1186/1758-5996-6-38

Hu J, Peng X, Budgeon LR, Cladel NM, Balogh KK, Christensen ND. 2007.
Establishment of a cottontail rabbit papillomavirus/HLA-A2.1 transgenic
rabbit model. J Virol 81:7171-7177. https://doi.org/10.1128/JVI.00200-07
Khan AA, Srivastava R, Vahed H, Roy S, Walia SS, Kim GJ, Fouladi MA,
Yamada T, Ly VT, Lam C, Lou A, Nguyen V, Boldbaatar U, Geertsema R,
Fraser NW, BenMohamed L. 2018. Human asymptomatic epitope
peptide/CXCL10-based prime/pull vaccine induces herpes simplex virus-
specific gamma interferon-positive CD107+ CD8* T cells that infiltrate
the corneas and trigeminal ganglia of humanized HLA transgenic rabbits
and protect against ocular herpes challenge. J Virol 92:e00535-18. https:/
/doi.org/10.1128/JV1.00535-18

Chentoufi AA, Dasgupta G, Christensen ND, Hu J, Choudhury ZS, Azeem
A, Jester JV, Nesburn AB, Wechsler SL, BenMohamed L. 2010. A novel
HLA (HLA-A*0201) transgenic rabbit model for preclinical evaluation of
human CD8* T cell epitope-based vaccines against ocular herpes. J
Immunol 184:2561-2571. https://doi.org/10.4049/jimmunol.0902322
Dasgupta G, Chentoufi AA, Kalantari M, Falatoonzadeh P, Chun S, Lim
CH, Felgner PL, Davies DH, BenMohamed L. 2012. Immunodominant
“asymptomatic” herpes simplex virus 1 and 2 protein antigens identified
by probing whole-ORFome microarrays with serum antibodies from
seropositive asymptomatic versus symptomatic individuals. J Virol
86:4358-4369. https://doi.org/10.1128/JV1.07107-11

Chentoufi AA, Zhang X, Lamberth K, Dasgupta G, Bettahi I, Nguyen A,
Wu M, Zhu X, Mohebbi A, Buus S, Wechsler SL, Nesburn AB, BenMo-
hamed L. 2008. HLA-A*0201-restricted CD8* cytotoxic T lymphocyte
epitopes identified from herpes simplex virus glycoprotein D. J Immunol
180:426-437. https://doi.org/10.4049/jimmunol.180.1.426

Perng GC, Esmaili D, Slanina SM, Yukht A, Ghiasi H, Osorio N, Mott KR,
Maguen B, Jin L, Nesburn AB, Wechsler SL. 2001. Three herpes simplex
virus type 1 latency-associated transcript mutants with distinct and
asymmetric effects on virulence in mice compared with rabbits. J Virol
75:9018-9028. https://doi.org/10.1128/JVI.75.19.9018-9028.2001

Strelow LI, Laycock KA, Jun PY, Rader KA, Brady RH, Miller JK, Pepose JS,
Leib DA. 1994. A structural and functional comparison of the latency-
associated transcript promoters of herpes simplex virus type 1 strains
KOS and McKrae. J Gen Virol 75 (Pt 9):2475-2480. https://doi.org/10.109
9/0022-1317-75-9-2475

Kessler HH, Mihlbauer G, Rinner B, Stelzl E, Berger A, Dérr HW, Santner B,
Marth E, Rabenau H. 2000. Detection of Herpes simplex virus DNA by
real-time PCR. J Clin Microbiol 38:2638-2642. https://doi.org/10.1128/JC
M.38.7.2638-2642.2000

Xu S, Yang K, Li R, Zhang L. 2020. mRNA vaccine era-mechanisms, drug
platform and clinical prospection. Int J Mol Sci 21:6582. https://doi.org/1
0.3390/ijms21186582

10.1128/jvi.00135-25 16


https://doi.org/10.1155/2012/149135
https://doi.org/10.1128/JVI.00692-08
https://doi.org/10.1016/j.survophthal.2012.01.005
https://doi.org/10.1097/00003226-200101000-00001
https://doi.org/10.1189/jlb.0904486
https://doi.org/10.2217/fvl.15.85
https://doi.org/10.1097/00003226-200009000-00008
https://doi.org/10.1007/BF02786400
https://doi.org/10.3109/13550289909029744
https://doi.org/10.4049/jimmunol.165.2.1146
https://doi.org/10.1111/j.1600-0897.2005.00262.x
https://doi.org/10.1371/journal.ppat.1005883
https://doi.org/10.1128/JVI.02450-15
https://doi.org/10.1128/JVI.00788-15
https://doi.org/10.1056/NEJMoa1103151
https://doi.org/10.1126/science.1257530
https://doi.org/10.1038/mi.2013.20
https://doi.org/10.4049/jimmunol.1701474
https://doi.org/10.1097/MPG.0000000000001681
https://doi.org/10.1128/JVI.03285-13
https://doi.org/10.1186/2042-4280-2-5
https://doi.org/10.1097/ICO.0000000000000666
https://doi.org/10.3109/02713683.2015.1020172
https://doi.org/10.1186/1758-5996-6-38
https://doi.org/10.1128/JVI.00200-07
https://doi.org/10.1128/JVI.00535-18
https://doi.org/10.4049/jimmunol.0902322
https://doi.org/10.1128/JVI.07107-11
https://doi.org/10.4049/jimmunol.180.1.426
https://doi.org/10.1128/JVI.75.19.9018-9028.2001
https://doi.org/10.1099/0022-1317-75-9-2475
https://doi.org/10.1128/JCM.38.7.2638-2642.2000
https://doi.org/10.3390/ijms21186582
https://doi.org/10.1128/jvi.00135-25

Full-Length Text

40.

41.

42.

43.

44,

45,

46.

May 2025 Volume 99

Wang JH, Gessler DJ, Zhan W, Gallagher TL, Gao G. 2024. Adeno-
associated virus as a delivery vector for gene therapy of human diseases.
Signal Transduct Target Ther 9:78. https://doi.org/10.1038/s41392-024-0
1780-w

Bastola P, Song L, Gilger BC, Hirsch ML. 2020. Adeno-associated virus
mediated gene therapy for corneal diseases. Pharmaceutics 12:767. http
s://doi.org/10.3390/pharmaceutics12080767

Webre JM, Hill JM, Nolan NM, Clement C, McFerrin HE, Bhattacharjee PS,
Hsia V, Neumann DM, Foster TP, Lukiw WJ, Thompson HW. 2012. Rabbit
and mouse models of HSV-1 latency, reactivation, and recurrent eye
diseases. J Biomed Biotechnol 2012:612316. https://doi.org/10.1155/201
2/612316

Kollias CM, Huneke RB, Wigdahl B, Jennings SR. 2015. Animal models of
herpes simplex virus immunity and pathogenesis. J Neurovirol 21:8-23.
https://doi.org/10.1007/513365-014-0302-2

Wuest T, Farber J, Luster A, Carr DJJ. 2006. CD4+ T cell migration into the
cornea is reduced in CXCL9 deficient but not CXCL10 deficient mice
following herpes simplex virus type 1 infection. Cell Immunol 243:83-89.
https://doi.org/10.1016/j.cellimm.2007.01.001

Conrady CD, Zheng M, Stone DU, Carr DJJ. 2012. CD8" T cells suppress
viral replication in the cornea but contribute to VEGF-C-induced
lymphatic vessel genesis. J Immunol 189:425-432. https://doi.org/10.40
49/jimmunol.1200063

Dasgupta G, Chentoufi AA, Nesburn AB, Wechsler SL, BenMohamed L.
2009. New concepts in herpes simplex virus vaccine development: notes

Issue 5

47.

48.

49.

50.

51.

Journal of Virology

from the battlefield. Expert Rev Vaccines 8:1023-1035. https://doi.org/10
.1586/erv.09.60

Knickelbein JE, Khanna KM, Yee MB, Baty CJ, Kinchington PR, Hendricks
RL. 2008. Noncytotoxic lytic granule-mediated CD8" T cell inhibition of
HSV-1 reactivation from neuronal latency. Science 322:268-271. https://
doi.org/10.1126/science.1164164

Feldman LT, Ellison AR, Voytek CC, Yang L, Krause P, Margolis TP. 2002.
Spontaneous molecular reactivation of herpes simplex virus type 1
latency in mice. Proc Natl Acad Sci U S A 99:978-983. https://doi.org/10.1
073/pnas.022301899

Esteves PJ, Abrantes J, Baldauf H-M, BenMohamed L, Chen Y, Christensen
N, Gonzélez-Gallego J, Giacani L, Hu J, Kaplan G, et al. 2018. The wide
utility of rabbits as models of human diseases. Exp Mol Med 50:1-10. htt
ps://doi.org/10.1038/512276-018-0094-1

Hill JM, Nolan NM, McFerrin HE, Clement C, Foster TP, Halford WP,
Kousoulas KG, Lukiw WJ, Thompson HW, Stern EM, Bhattacharjee PS.
2012. HSV-1 latent rabbits shed viral DNA into their saliva. Virol J 9:221. h
ttps://doi.org/10.1186/1743-422X-9-221

Chentoufi AA, Dervillez X, Dasgupta G, Nguyen C, Kabbara KW, Jiang X,
Nesburn AB, Wechsler SL, Benmohamed L. 2012. The herpes simplex
virus type 1 latency-associated transcript inhibits phenotypic and
functional maturation of dendritic cells. Viral Immunol 25:204-215. https
://doi.org/10.1089/vim.2011.0091

10.1128/jvi.00135-25 17


https://doi.org/10.1038/s41392-024-01780-w
https://doi.org/10.3390/pharmaceutics12080767
https://doi.org/10.1155/2012/612316
https://doi.org/10.1007/s13365-014-0302-2
https://doi.org/10.1016/j.cellimm.2007.01.001
https://doi.org/10.4049/jimmunol.1200063
https://doi.org/10.1586/erv.09.60
https://doi.org/10.1126/science.1164164
https://doi.org/10.1073/pnas.022301899
https://doi.org/10.1038/s12276-018-0094-1
https://doi.org/10.1186/1743-422X-9-221
https://doi.org/10.1089/vim.2011.0091
https://doi.org/10.1128/jvi.00135-25

	A tissue-targeted prime/pull/keep therapeutic herpes simplex virus vaccine protects against recurrent ocular herpes infection and disease in HLA-A*0201 transgenic rabbits
	MATERIALS AND METHODS
	HLA-A*02:01 transgenic rabbits
	Peptide synthesis
	Design and construction of AAV8 vectors expressing CD8+ and CD4+ T-cell epitopes, CXCL11 chemokine, and IL-2/IL-15 under neurotropic CamKIIα promoters
	Prime/pull/keep vaccination after ocular herpes challenge
	Herpes simplex virus production
	Ocular infection of rabbits with HSV-1
	Rabbit corneal disease clinical scores
	Quantification of ocular infectious virus
	Preparation of rabbit cell suspensions from TG and spleen
	Rabbit peripheral blood mononuclear cell isolation
	Flow cytometry assays on rabbit T cells
	Rabbit CD8+ T-cell tetramer assays
	Rabbit TG and cornea histopathology
	Statistical analyses:

	RESULTS
	A multi-epitope/CXCL11/IL-2/IL-15 (prime/pull/keep) vaccine design
	Human leukocyte antigen (HLA-A*0201) transgenic rabbits used for pre-clinical evaluation of a multi-epitope/CXCL11/IL-2/IL-15 (prime/pull/keep) vaccine against recurrent ocular herpes infection
	A multi-epitope/CXCL11/IL-2/IL-15 (prime/pull/keep) vaccine bolsters the frequencies of resident memory CD8+ TEM, TCM, and TRM T cells in HLA transgenic rabbits

	DISCUSSION


