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Abstract

The Herpes Simplex Virus type 1 virion tegument phosphoprotein 11/12 (HSV-1 VP11/12) is a 

major antigen targeted by CD8+ T cells from HSV-seropositive individuals. However, whether 

and which VP11/12-epitope-specific CD8+ T cells play a role in the “natural” protection seen in 

seropositive healthy asymptomatic (ASYMP) individuals (who have never had clinical herpes 

disease) remain to be determined. In this study, we used multiple prediction computer-assisted 

algorithms to identify 10 potential HLA-A*02:01-restricted CD8+ T cell epitopes from the 716 

amino acids sequence of VP11/12. Three out of ten epitopes exhibited high to moderate binding 

affinity to HLA-A*02:01 molecules. In ten sequentially studied HLA-A*02:01 positive and 

HSV-1-seropositive ASYMP individuals, the most frequent, robust and polyfunctional effector 

CD8+ T-cell responses, as assessed by a combination of tetramer frequency, granzyme B, 

granzyme K, perforin, CD107a/b cytotoxic degranulation, IFN-γ and multiplex cytokines assays, 
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were predominantly directed against three epitopes: VP11/1266–74, VP11/12220–228 and 

VP11/12702–710. Interestingly, ASYMP individuals had significantly higher proportion of 

CD45RAlowCCR7lowCD44highCD62LlowCD27lowCD28lowCD8+ effector memory T cells (TEM) 

specific to the three epitopes, compared to symptomatic (SYMP) individuals (with a history of 

numerous episodes of recurrent ocular herpetic disease). Moreover, immunization of HLA-

A*02:01 transgenic mice with the three ASYMP CD8+ TEM cell epitopes induced robust and 

polyfunctional epitope-specific CD8+ TEM cells that were associated with a strong protective 

immunity against ocular herpes infection and disease. Our findings outline phenotypic and 

functional features of protective HSV-specific CD8+ T cells that should guide the development of 

an effective T-cell-based herpes vaccine.

INTRODUCTION

Herpes Simplex Virus type 1 (HSV-1) infection is widespread in human populations (1–5). 

A staggering 1 billion individuals worldwide currently carry the virus that causes a wide 

range of diseases throughout their life (1–5). Complications range from mild, such as cold 

sores and genital lesion, to serious, such as permanent brain damage from encephalitis in 

adults and neonates and blinding corneal inflammation (5, 6). HSV infections are prevalent 

and permanent, as the virus establishes latency in the neurons of sensory ganglia after a 

primary infection (7–10). The majority of HSV-seropositive individuals are asymptomatic 

(ASYMP) (7–10). They do not experience any recurrent herpetic disease (e.g., cold sore, 

ocular or genital herpes) even though the virus spontaneously reactivates from latency and 

sheds multiple times each year in their body fluids (i.e., tears, saliva, nasal and vaginal 

secretions) (2, 3, 11, 12). In contrast, a small proportion of HSV-seropositive individuals are 

symptomatic (SYMP) and experience endless recurrences of herpetic disease, usually 

multiple times a year (13, 14), often requiring continuous antiviral therapy (i.e., acyclovir 

and derivatives). Notably, in some HSV-1-seropositive SYMP individuals, sporadic 

reactivation of the virus from latency and corneal re-infection can cause blinding recurrent 

herpetic stromal keratitis (rHSK), a T-cell mediated immunopathological lesion of the 

cornea (4, 5, 15). Therapeutic manipulation of the immune system (immunotherapy) is an 

attractive strategy to impact symptomatic disease, HSV-1 shedding, and ultimately, HSV-1 

transmission in the community (7–10). For this to occur, one must first identify the HSV-1 

antigens/epitopes involved in the apparent protection seen in seropositive ASYMP 

individuals, who appear to immunologically contain infection and disease.

Among the 84+ HSV-1 encoded protein antigens (Ags), perhaps the least characterized 

immunologically are the tegument proteins, which are located between the capsid and the 

envelope (7–10). We recently focused on identifying protective T cell epitopes from HSV-1 

and HSV-2 tegument proteins because: (i) vaccine clinical trials which have concentrated 

during the last 2 decades on HSV envelope glycoproteins (mainly gB and gD) have failed to 

produce protective immunity against herpes infection and disease (16, 17); (ii) tegument 

proteins are injected into the cytoplasm of host cells during viral entry, resulting in an 

immediate processing by antigen presenting cells (APC) and T cells activation shortly after 

infection (7–10); (iii) the abundant virion phosphoprotein 11 and 12 (or VP11/12) tegument 

protein, encoded by the UL46 gene, is an excellent target for proteolysis, an event that 
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precedes T-cell epitope presentation in association with HLA molecules (18); (iv) using a 

proteome-wide approach, covering all 84+ HSV-1 encoded proteins, we and others have 

found HSV tegument proteins in general, and the abundant VP11/12 tegument in particular, 

to be major targets of CD8+ T cells from HSV-seropositive healthy ASYMP individuals 

(who have never had clinical herpes) (7–10, 19–22). However, the repertoire of HSV-1 

VP11/12 epitopes that induce protective CD8+ T cells in ASYMP individuals and the nature 

VP11/12 epitope-specific CD8+ T cells involved in protective immunity remain to be 

determined. This information is necessary for a successful design of an effective T cell-

based therapeutic vaccine strategy.

In the present study, we identify three novel protective ASYMP epitopes from VP11/12 

tegument protein that are strongly recognized by CD8+ T cells from HSV-seropositive 

healthy ASYMP individuals (VP11/1266–74, VP11/12220–228 and VP11/12702–710). A 

significantly higher proportion of HSV-1 VP11/12- epitope-specific effector memory CD8+ 

T cells (TEM cells) were detected in ASYMP individuals compared to SYMP patients. 

Frequent, robust and polyfunctional effector CD8+ T-cell responses were directed 

predominantly against these three epitopes in ASYMP individuals. Moreover, immunization 

of HLA Tg mice with the three VP11/12 CD8+ T cell epitopes induced strong protective 

immunity against ocular herpes infection and disease, associated with strong and poly-

functional VP11/12 epitope-specific CD8+ TEM cell responses. Altogether, our findings 

identify previously unknown protective epitopes from the VP11/12 tegument protein and 

delineate quantitative and qualitative features of a protective HSV-specific CD8+ T cell 

response that should be taken into consideration during herpes vaccine development.

MATERIALS AND METHODS

Human study population

During the last decade (i.e., January 2003 to September 2014), we have recruited and 

screened 693 individuals for HSV-1- and HSV-2-seropositivity at Gavin Herbert Eye 

Institute and UCI Institute for Clinical and Translational Science (ICTS). (Table I). Four 

hundred eighty-eight individuals were White, 205 were non-White (African, Asian, Hispanic 

and others), 355 were females, and 338 were males. Among these, a cohort of 261 immuno-

competent individuals, with an age range of 18–65 (median 32), who are seropositive for 

HSV-1 and seronegative for HSV-2, were enrolled in the present study. All patients were 

negative for HIV, HBV and had no history of immunodeficiency. 607 patients were HSV-1, 

HSV-2 or HSV-1/HSV-2 seropositive, among which 575 patients were healthy and ASYMP 

(individuals who, in the absence of therapy, have never had any recurrent herpes disease, 

ocular, genital or elsewhere, based on their self-report and physician examination. Even a 

single episode of any herpetic disease in their entire life excludes the individual from this 

group). The remaining 32 patients were defined as HSV-seropositive SYMP having suffered 

frequent and severe recurrent genital, ocular and/or oro-facial lesions, with two patients 

having had clinically well-documented repetitive herpes stromal keratitis (HSK) (one patient 

with ~20 episodes over 20 years that necessitated several corneal transplantations).

Signs of recurrent disease in SYMP patients were defined as herpetic lid lesions, herpetic 

conjunctivitis, dendritic or geographic keratitis, stromal keratitis, and iritis consistent with 
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HSK, with one or more episodes per year for the past 2 years. However, at the time of blood 

collection, SYMP patients had no recurrent disease (other than corneal scarring) and had no 

recurrences during the previous 30 days. They have no ocular disease other than HSK; have 

no history of recurrent genital herpes; are HSV-1 seropositive and HSV-2 seronegative. 

Because the spectrum of recurrent ocular herpetic disease is wide, our emphasis is mainly on 

the number of recurrent episodes not on the severity of the recurrent disease. No attempt was 

made to assign specific T cell epitopes to specific severity of recurrent lesions. Patients are 

also excluded if they: (1) were pregnant or breastfeeding; or (2) were on acyclovir or other 

related anti-viral drugs or any immunosuppressive drugs at the time of blood sample 

collection. SYMP and ASYMP groups were matched for age, gender, serological status, and 

race. Eighty-six healthy control individuals were seronegative for both HSV-1 and HSV-2 

and had no history of ocular herpes, genital lesions or oro-facial herpes disease. All subjects 

were enrolled at the University of California, Irvine under approved Institutional Review 

Board-approved protocols (IRB# 2003-3111 and IRB#2009-6963). A written informed 

consent was received from all participants prior to inclusion in the study.

Bioinformatics analyses

HSV-1 VP11/12 open reading frames utilized in this study were from strain 17 (NCBI 

accession number P 10230). The 716 aa sequence (Fig. S1) of the VP11/12 protein was 

screened for HLA-A2.1-restricted epitopes using different computational algorithms as 

previously described: BIMAS software (Bioinformatics and Molecular Analysis Section, 

NIH (Washington, DC); http://bimas.dcrt.nih.gov/molbio/hla_bind/) and the SYFPEITHI 

algorithm (http://www.syfpeithi.de/) (1, 2). Potential cleavage sites for human proteasome 

were also employed in this screening and were identified using NetChop 3.0 (http://

www.cbs.dtu.dk/services/NetChop/) and the MHC Pathway database (http://www.mhc-

pathway.net) (1, 2).

Peptide synthesis

To determine potential vaccine candidates, ten HLA-A*0201 binding peptides of herpes 

simplex virus type 1 (strain 17) VP11/12 with high estimated half-time of dissociation 

(T1/2) were synthesized by Magenex (San Diego, CA) on a 9050 Pep Synthesizer 

Instrument using solid-phase peptide synthesis and standard 9-fluorenylmethoxy carbonyl 

technology (PE Applied Biosystems, Foster City, Calif.). Stock solutions were made at 1 

mg/ml in PBS. All peptides were aliquoted and were stored at −20°C until assayed.

Cell Lines

The T2 (174 × CEM.T2) mutant hybrid cell line derived from the T-lymphoblast cell line 

CEM was obtained from the ATCC. T2 cells lack the functional transporter associated with 

antigen processing (TAP) heterodimer and fail to express normal amounts of HLA-A*0201 

on the cell surface. HLA-A*0201 surface expression can be stabilized with exogenous 

loading of peptide that are able to bind to the MHC class I molecule. The T2 cell line was 

maintained in IMDM (ATCC) supplemented with 10% heat-inactivated fetal calf serum 

(FCS) and 100 U of penicillin/mL, 100 U of streptomycin/ml (Sigma-Aldrich).
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Stabilization of HLA-A*0201 on class-I-HLA-transfected B × T hybrid cell lines

To determine whether synthetic peptides could stabilize HLA-A*0201 molecules expression 

on the T2 cell surface, peptide-inducing HLA-A*0201 up-regulation on T2 cells was 

examined according to a protocol described previously (23, 24). T2 cells (3 × 105/well) were 

incubated with different concentrations of individual VP11/12 peptide (as indicated in Fig. 

1) in 48-well plates for 18 hours at 26°C. Cells were then incubated at 37°C for 3 hours in 

the presence of 0.7 ul/ml of BD-Golgi stop, to block cell surface expression of newly 

synthesized HLA-A*0201 molecules, and human β-2 microglobulin (1ug/ml). The cells 

were washed with FACS buffer (1% BSA and 0.1% sodium azide in phosphate-buffered 

saline) and stained with anti-HLA-A2.1 specific monoclonal antibody (clone BB7.2) (BD-

Pharmingen, USA) at 4°C for 30 min. After incubation, the cells were washed with FACS 

buffer, fixed with 1% paraformaldehyde in phosphate-buffered saline, and analyzed by flow 

cytometry using a LSRII (Becton Dickinson). The acquired data were analyzed with FlowJo 

software (BD Biosciences, San Jose, CA). Expression was measured by LSRII flow 

cytometer and mean fluorescence intensity (MFI) was recorded. Percent MFI increase was 

calculated as follows: Percent MFI increase = (MFI with the given peptide − MFI without 

peptide)/(MFI without peptide) × 100. Each experiment was performed 3 times, and means 

± SD values were calculated.

HSV specific serotyping through Enzyme-Linked Immunosorbent Assay

The sera collected from random donors were tested for anti-HSV antibodies. ELISA was 

performed on sterile 96-well flat-bottomed microplates. The plates were coated with the 

HSV-1 antigen in coating buffer overnight at 4°C. The next day plates were washed with 

PBS–1% Tween 20 (PBST) five times. Nonspecific binding was blocked by incubating them 

with a 5% solution of skimmed milk in PBS (200 ul/well) at 4°C for 1 hr. at room 

temperature (RT). The microplates were washed three times with PBS–Tween and incubated 

with various sera at 37°C for 2 hrs. Following five washes, biotinylated rabbit anti-human 

IgG, diluted 1:20,000 with PBST, was used as the secondary antibody and incubated at 37°C 

for 2 h. After five washes streptavidin was added at a 1:5000 dilution and incubated for 30 

min at RT. After five additional washes, the color was developed by adding 100 ul of TMB 

substrate. The mixture was incubated for 5–15 min at room temperature in the absence of 

light. The reaction was terminated by adding 1 M H2SO4. The absorbance was measured at 

450 nm.

Peripheral blood mononuclear cell (PBMC) isolation

100 mL of an individual’s blood were drawn into yellow-top Vacutainer® Tubes (Becton 

Dickinson, USA). The PBMCs were isolated by gradient centrifugation using 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) supplemented with 1× penicillin/L-glutamine/streptomycin, 

1× sodium pyruvate, 1× non-essential amino acids, and 50 μM of 2-mercaptoethanol (Life 

Technologies, Rockville, MD, USA). Aliquots of freshly isolated PBMC were also 

cryopreserved in 90% FCS and 10% DMSO in liquid nitrogen for future testing.
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HLA-A2 typing

The HLA-A2 status was confirmed by PBMC staining with 2 μl of anti-HLA-A2 mAb, 

(clone BB7.2) (BD-Pharmingen, USA), at 4°C for 30 min. The cells were washed and 

analyzed by flow cytometry using a LSRII (Becton Dickinson). The acquired data were 

analyzed with Flowjo software (BD Biosciences, San Jose, CA).

Flow cytometry analysis

PBMC were analyzed by flow cytometry after staining with fluorochrome-conjugated 

human specific monoclonal antibodies (mAbs). Anti-human antibodies were: CD3 (clone 

SK7) PE-Cy7, CD44 (clone G44-26) A700, CD8 (clone SK1) APC-Cy7, CCR7 (clone 

150503) Alexa Flou 700, CD28 (clone CD28.2) APC, CD45RO PE-Cy5, CD45RA FITC, 

CD62L APC, IFN-γ Alexa Fluor 647, T-bet (clone O4-46) Alexa Fluor 488 (BD 

Pharmingen);, Granzyme B (clone GB11) A647, CD107a (clone H4A3) FITC, CD107b 

(clone H4B4) FITC (BioLegend); CD27 (clone 0323) Alexa Fluor 700, Granzyme K (clone 

G3H69) PerCP eFlour 710, Perforin (clone d69) FITC, Eomes (clone WD1928) eFluor 660 

(eBioscience). Draining lymph nodes (DLN) and splenocytes were analyzed by flow 

cytometry after staining with fluorochrome-conjugated mouse specific monoclonal 

antibodies (mAbs). Anti-mouse antibodies were: CD8 (clone 53-6.7) PE-Cy7, CD44 (clone 

IM7) APC-Cy7, CD62L (MEL-14) A700, CD107a (clone 1D4B) FITC, CD107b (clone 

Ha1/29) FITC, IFN-γ (clone XMG1.2) A700 (BD Pharmingen); Granzyme B (clone GB11) 

A647, (BioLegend).

Surface staining mAbs against various cell markers were added to a total of 1 × 106 PBMC 

in phosphate-buffered saline (PBS) containing 1% FBS and 0.1% sodium azide (FACS 

buffer) for 45 minutes at 4°C. After washing with FACS buffer, cells were permeabilized for 

20 min on ice using the Cytofix/Cytoperm Kit (BD Biosciences) and then washed twice with 

Perm/Wash Buffer (BD Bioscience). Intracellular cytokine staining mAbs were then added 

to the cells and incubated for 45 min on ice in the dark. 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, 200,000 total events were acquired on BD LSRII Fortessa. 

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. The gating strategy was similar to 

that used in our previous work (2). Briefly, we gated on single cells, dump− cells, viable 

cells (Aqua Blue), lymphocytes, CD3+ cells, and CD8+ cells before the final gating on 

functional cells. For epitope-specific cells, VP11/12 tetramer specific CD8+ T cells were 

gated for different markers used in co-staining. Data analysis was performed using FlowJo 

version 9.7.5 (TreeStar, Ashland, OR). Statistical analyses were done using GraphPad Prism 

version 5 (La Jolla, CA).

mRNA isolation and real-time RT-PCR analysis

Total RNA was isolated from fresh PBMCs using the Direct-zol RNA MiniPrep kit (Zymo 

Research) and reverse transcribed with High-Capacity cDNA Reverse Transcription kit 
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(Applied Biosystems) according to the manufacturer’s instructions. Quantitative real-time 

PCR was carried out on a Rotor-Gene 3000 (Corbett Research) using the LightCycler 480 

SYBR Green 1 Master (Roche). The data were normalized to GAPDH for transcription 

factor analysis. Relative mRNA expression levels were calculated using the formula 

mentioned below and data are expressed as fold increase.

Tetramer/VP11/12 peptide staining

Fresh PBMCs were analyzed for the frequency of CD8+ T cells recognizing the VP11/12 

peptide/ tetramer complexes, as we previously described (7–10). The cells were incubated 

with VP11/12 peptide/tetramer complex for 30–45 min at 37°C. The cell preparations were 

then washed with FACS buffer and stained with FITC-conjugated anti-human CD8 mAb 

(BD Pharmingen). The cells were washed and fixed with 1% paraformaldehyde in PBS. The 

cells were then acquired on a BD LSR II and data were analyzed using FlowJo version 9.5.6 

(Tree Star).

CD107 cytotoxicity assay

To detect VP11/12-specific cytolytic CD8+ T cells in PBMC and cornea cells, intracellular 

CD107a/b cytotoxicity assay was performed as described by Betts et al. with a few 

modifications (25, 26). Briefly, 1×106 PBMCs from patients, in addition to spleen cells, 

DLN cells and TG cells from mice infected with HSV, were transferred into 96-well V 

bottom FACS plates (BD) in R10 medium and stimulated with 10 different VP11/12 

peptides (10μg/mL) in the presence of anti-CD107a-FITC and CD107b-FITC (BD 

Pharmingen) and BD-Golgi stop (10ug/ml) for 5–6 hours at 37°C. ConA (10μg/mL) (Sigma) 

and no peptide were used as positive and negative controls, respectively. At the end of the 

incubation period the cells were harvested into separate tubes and washed once with FACS 

buffer and then stained with PE-conjugated anti-human CD8 antibody for 30 min. Cells 

were fixed, permeabilized, and stained with additional antibodies against IFN-γ using FIX/

PERM and PERM/Wash solution (BD).

HLA-A*0201 transgenic mice

HLA-A*02:01 transgenic mice, previously described (27–29), were kindly provided by Dr. 

Francois Lemonier (Pasteur Institute, Paris) and were bred at UCI. These mice represent the 

F1 generation resulting from a cross between HLA-A*02:01/Kb transgenic mice (expressing 

a chimeric gene consisting of the 1 and 2 domains of HLA-A*02:01 and the 3 domain of 

H-2Kb) created on the BALB/c genetic background. The genotype of the HLA transgenic 

mice used in this study was confirmed as HLA-A*02:01, the most common A*02 subtype, 

supporting that the immunogenic peptide epitopes reported here are likely presented by the 

HLA-A*02:01 molecule. All animal studies were conducted in facilities approved by the 

Association for Assessment and Accreditation of Laboratory Animal Care and according to 

Institutional Animal Care and Use Committee-approved animal protocols (IACUC # 

202-2372).
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Virus production

HSV-1 (strain McKrae) was grown and titrated on RS (rabbit skin) cells. UV-inactivated 

HSV-1 was generated as we previously described (3). HSV inactivation was confirmed by 

the inability to produce plaques when tested on RS cells.

Ocular challenge of “humanized” HLA transgenic mice with HSV-1

Two groups of age-matched female HLA-A*02:01 transgenic mice were challenged with 

2×105 PFU of strain McKrae as eye drops. Control mice were inoculated using mock 

samples of virus. Following ocular challenge, mice were monitored for ocular herpes 

infection and disease. Some of them remained asymptomatic (exhibited no symptoms or 

disease) while some of them developed symptoms and were considered symptomatic.

Immunization of HLA-A*02:01 transgenic mice with VP11/12 immuno-dominant peptide 
epitopes

Three groups of age-matched female HLA-A*02:01 transgenic mice (n = 10 each) were 

immunized subcutaneously with the immuno-dominant CD8+ T cell human epitopes 

(VP11/1266–74, VP11/12220–228 and VP11/12702–710) delivered with the CD4+ T cell 

VP11/12129–143 epitope emulsified in CpG1826 adjuvant (GROUP 1), with the immuno-

dominant CD8+ T cell human epitopes (VP11/1266–74, VP11/12220–228 and VP11/12702–710) 

delivered with the CD4+ T cell PADRE epitope emulsified in CpG1826 adjuvant (GROUP 

2), or with the CpG1826 adjuvant alone (MOCK) on days 0 and day 21. All immunizations 

were carried out with 100 μM of each peptide.

Monitoring of ocular herpes infection and disease

Animals were examined for signs of ocular disease by slit lamp. Clinical assessments were 

made immediately before inoculation and on days 1, 3, 5, 7, 10, 14 and 21 thereafter. The 

examination was performed by investigators blinded to the treatment regimen of the mice 

and scored according to a standard 0–4 scale: 0, no disease; 1, 25%; 2, 50%; 3, 75%; and 4, 

100% staining, as previously described (42). To quantify replication and clearance of HSV-1 

from the eyes, mice were swabbed daily with moist, type 1 calcium alginate swabs. Swabs 

were placed in 1.0 ml titration media (Media 199, 2% penicillin/streptomycin, 2% newborn 

calf serum) and frozen at −80°C until titrated on RS cell monolayers, as described 

previously (42). Mice were also examined for survival in a window of 30 d after challenge, 

as we previously described (42).

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 groups were 

identified by ANOVA and multiple comparison procedures, as we previously described 

(30). Data are expressed as the mean ± SD. Results were considered statistically significant 

at p < 0.05.
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RESULTS

1. In silico prediction of potential HLA-A*02:01-restricted T cell epitopes from the HSV-1 
VP11/12 protein

The amino acid sequence of HSV-1 VP11/12 tegument protein (strain 17) was screened for 

potential HLA-A*02:01-binding regions using BIMAS, SYFPEITHI and MAPPP predictive 

computational algorithms (1). The HLA-A*02:01 haplotype is prevalent in over 50% of the 

world’s population irrespective of gender and ethnicity (29). Based on these analyses, ten 

potential peptide epitopes with high predicted affinity to HLA-A*0201 molecules were 

selected (Table II). All 10 VP11/12 peptide epitopes shared the HLA-A*0201-binding 

motifs: leucine or valine at the second position and a leucine, valine, methionine or alanine 

at the ninth position. Based on the above computational algorithms, these VP11/12 peptides 

bear putative antigenic and immunogenic HLA-A*0201-binding epitopes and thus are more 

likely to be less constrained than other parts of the VP11/12 molecule, resulting in increased 

accessibility to proteolysis, an event that precedes T-cell epitope presentation in association 

with HLA molecules (28, 31–35).

2. Three VP11/12 epitopes bind and stabilize HLA-A*02:01 molecules on the surface of 
target cells

Peptides corresponding to the ten highest probable VP11/12 epitope peptides were 

synthesized and experimentally tested for binding affinity to soluble HLA-A*0201 

molecules (Table II, far right column). The VP11/1266–74 and VP11/12197–205 peptides 

showed highest affinity binding to HLA-A*0201 molecules (KD affinity values of 81 nM 

and 83 nM, respectively). Peptides VP11/12702–710 and VP11/12220–228 showed medium 

binding affinity to soluble HLA-A*0201 molecules (KD of 313 nM and 709 nM, 

respectively). None of the remaining six peptides bind with significant affinity to HLA-

A*0201 molecules.

Cell surface expression of HLA-A*02:01 molecules depends primarily on peptide transport 

into the ER/Golgi by the transporter associated with antigen transport (TAP). Class-I-HLA-

transfected B × T hybrid cell lines (T2 lines) are deficient in TAP but still express low 

amounts of MHC class I on the surface of the cells (1). We next performed a stabilization 

assay of HLA-A*02:01 molecules on T2 cells. The T2 cell binding assay is based upon the 

ability of peptides to stabilize the MHC class I complex on the surface of the T2 cell line. 

Each of the ten VP11/12 peptides were tested at a concentration of 0.12 μM, 0.6 μM, 3 μM, 

15 μM and 30μM (Fig. 1). Out of 10 VP11/12 peptides, VP11/12220–228 showed the highest 

binding affinity to HLA-A*02:01 molecules. VP11/12220–228 significantly increased levels 

of HLA-A*02:01 molecules on the surface of the T2 cells in a dose-dependent manner (p < 

0.001). From the remaining nine peptides, VP11/12127–135, VP11/1266–74 and 

VP11/12702–710 were medium binders to HLA-A*02:01 molecules (Fig. 1) Despite many 

attempts, the remaining six peptides produced no significant stabilization of HLA-A*02:01 

molecules on the surface of T2 cells (Fig. 1). It is of note that the VP11/12197–205 peptide 

that appeared to bind to soluble HLA-A*02:01 did not significantly increase the levels of 

HLA-A*02:01 molecules on the surface of the T2 cells. Inversely, the VP11/12127–135 
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peptide that appeared to increase the levels of HLA-A*02:01 molecules on the surface of the 

T2 cells did not bind to soluble HLA-A*02:01 molecules.

Altogether, the above results suggest that, three out of ten potential VP11/12 peptides, 

VP11/1266–74, VP11/12220–228 and VP11/12702–710, bind with high affinity to soluble HLA-

A*02:01 molecules and significantly increase the levels of HLA-A*02:01 molecules on the 

surface of the T2 cells. These three peptides might therefore lead to efficient functional 

presentation to HLA-A*02:01 molecules and stimulation of CD8+ T cells.

3. Frequent VP11/12220–228 and VP11/12702–710-specific CD8+ T cells detected in HLA-
A*02:01 positive HSV-seropositive Asymptomatic individuals

The characteristics of the symptomatic (SYMP) and asymptomatic (ASYMP) study 

populations used in the present study, with respect to age, gender, HLA-A*02:01 frequency 

distribution, HSV-1/HSV-2 seropositivity and status of ocular herpetic disease are presented 

in Table I and detailed in the Materials and Methods. Since HSV-1 is the main cause of 

ocular herpes, only individuals who are HSV-1 seropositive and HSV-2 seronegative were 

enrolled in the present study. These HSV-1 seropositive individuals were segregated into 

two groups: (i) 10 HLA-A*02:01 positive HSV-1-infected ASYMP individuals, who have 

never had detectable levels of any clinical herpes disease; and (ii) 10 HLA-A*02:01 positive 

HSV-1-infected SYMP individuals with a history of numerous episodes of well-documented 

recurrent clinical herpes diseases, such as herpetic lid lesions, herpetic conjunctivitis, 

dendritic or geographic keratitis, stromal keratitis, and iritis consistent with rHSK, with 1 or 

more episodes per year for the past 2 years. None of the SYMP patients were on acyclovir or 

other anti-viral or anti-inflammatory drug treatments at the time of blood sample collections.

We compared the frequency of CD8+ T cells specific to each of the ten VP11/12 peptide 

epitopes, using HLA-A*02:01 specific tetramers/anti-CD8 mAbs, in the peripheral blood of 

10 HLA-A*02:01 positive, HSV-1 seropositive ASYMP and 10 HLA-A*02:01 positive, 

HSV-1 seropositive SYMP individuals, as described above (Fig. 1). All 10 peptides were 

tested here because lack of binding may not always translate into lack of frequency or 

function (1, 2). The low frequencies of peripheral blood mononuclear cells- (PBMCs-) 

derived HSV-specific CD8+ T cells complicate a direct ex vivo detection with tetramers 

using a typical number of PBMC (~106 cells). Additionally, a prior expansion of CD8+ T 

cells by HSV-1 or peptide stimulation in an in vitro culture would hamper a reliable 

determination of the frequency, phenotype and function of epitope-specific CD8+ T cells. 

We therefore opted to measure the frequencies of VP11/12 epitopes-specific CD8+ T cells 

ex vivo using 10 × the number of PBMCs (~10 × 106) per tetramer/CD8 mAbs panel. The 

representative dot plots shown in Fig. 2A indicates similar frequencies of CD8+ T cells 

specific to subdominant VP11/1266–74 epitope and higher frequencies of CD8+ T cells 

specific to two immuno-dominant VP11/12220–228 and VP11/12702–710 epitopes detected in 

one ASYMP individual (top row) compared to one SYMP individual (lower row). Fig. 2B 

shows median frequencies detected in 10 SYMP and 10 ASYMP individuals. The highest 

and most significant frequencies of tetramer(+) CD8+ T-cells that were consistently detected 

in both SYMP and ASYMP individuals, were recorded against VP11/12220–228 and 

VP11/12702–710 epitopes (7.1% to 14.7%). Significantly higher frequencies of CD8+ T cells 
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specific to both VP11/12220–228 and VP11/12702–710 epitopes were detected in ASYMP vs. 

SYMP individual (P = 0.03 and P = 0.02, respectively). Similarly, low frequencies of CD8+ 

T cells were detected in both SYMP and ASYMP individuals against VP11/1266–74 epitope 

(P = 0.4). Despite repeated attempts, with and without in vitro expansions, the remaining 

seven VP11/12 peptide/HLA-A*02:01 tetramers consistently detected a low and non-

significant frequency of CD8+ T cells in HLA-A*02:01 positive HSV-seropositive SYMP 

and ASYMP individuals (data not shown).

Thus, although CD8+ T-cells from ASYMP and SYMP both frequently recognized the 

VP11/12220–228 and VP11/12702–710 epitopes, there was a significantly higher frequency of 

recognition by CD8+ T-cells from ASYMP individuals.

4. Asymptomatic individuals have a higher frequency of VP11/12 epitope-specific CD8+ 

TEM cells while Symptomatic individuals have a higher frequency of VP11/12 epitope-
specific CD8+ TCM cells

HSV-specific memory CD8+ T cells are categorized into two major phenotypically distinct 

TEM and TCM sub-populations (1, 4, 11, 36). We next investigated whether there is a 

difference in the frequencies of CD8+ TEM and TCM sub-populations specific to HSV-1 

VP11/12 epitopes in SYMP vs. ASYMP individuals. Since the frequency of total CD8+ T 

cells specific to VP11/1266–74 epitope was low, we focused on CD8+ T cells specific to the 

immunodominant VP11/12220–228 and VP11/12702–710 epitopes, using specific tetramers, as 

described above. ASYMP individuals had significantly higher percentages of 

CD44highCC62LlowCD8+ TEM cells specific to VP11/12220–228 (Figs. 3A, and 3B) and 

VP11/12702–710 (3C and 3D) epitopes compared to SYMP individuals (p < 0.05, ANOVA 

test). In contrast, significantly higher percentages of VP11/12220–228 and VP11/12702–710 

epitope-specific CD8+CD44highCC62Lhigh TCM cells were consistently detected in SYMP 

individuals compared to ASYMP individuals (p < 0.01, ANOVA test).

Using different markers of CD8+ TEM and TCM sub-populations, we similarly found that 

ASYMP individuals had significantly higher percentages of CD45RAlowCCR7lowCD8+ 

TEM cells specific to VP11/12220–228 (Figs. 3E and 3F) and VP11/12702–710 (Figs. 3G and 

3H) epitopes, while SYMP individuals had significantly higher percentages of 

CD45RAlowCCR7highCD8+ TCM cells (p < 0.01, ANOVA test).

Altogether, the phenotypic properties of HSV-1 VP11/12 epitope-specific memory CD8+ T 

cells revealed a clear dichotomy in HSV-specific memory CD8+ T cell sub-populations, 

with ASYMP individuals featuring higher frequencies of the “experienced” HSV-specific 

CD8+ TEM cells. Thus, the results suggest that at a second pathogen encounter (e.g. 

following HSV-1 reactivation from latency or re-infection), ASYMP individuals, but not 

SYMP individuals, would better contain herpes infection and disease by mounting faster and 

stronger protective HSV-specific CD8+ TEM cell responses.
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5. HSV-1 VP11/12 epitope-specific effector CD8+ T cells from Asymptomatic individuals are 
multi-functional

We compared the function of HSV-VP11/12 epitope-specific effector CD8+ T cells from 

SYMP vs. ASYMP individuals.

We first compared the level of granzyme B (GzmB), granzyme K (GzmK) and perforin 

(PFN) expressed on gated VP11/1266–74, VP11/12220–228 and VP11/12702–710 epitope-

specific CD8+ T cells from SYMP and ASYMP individuals (Fig. 4A). We found high levels 

of GzmB, GzmK and PFN expressed on VP11/1266–74, VP11/12220–228 and VP11/12702–710 

epitope-specific CD8+ T cells from ASYMP individuals compared to VP11/12 epitope-

specific CD8+ T cells from SYMP individuals. This suggests a positive correlation of strong 

HSV-specific CD8+ T cell cytotoxic responses with protection against ocular herpetic 

disease (Fig. 4A).

We next examined the ability of each of the 3 VP11/12 epitope peptides to induce the 

expression of CD107a/b following in vitro stimulation of CD8+ T cells from SYMP vs. 

ASYMP individuals. CD107a and CD107b are lysosomal-associated membrane 

glycoproteins that surround the core of the lytic granules in cytotoxic T lymphocytes (CTL) 

(1, 25). Upon TCR engagement and epitope stimulation, CD107a/b are exposed on the cell 

membrane of CD8+ CTL. Thus, the level of CD107a/b expression on the surface of CTL is 

used as a direct assay for the human epitope-specific CTL response (25). To assess whether 

VP11/12 epitope-specific CD8+ T cells display CTL activity, fresh PBMC-derived CD8+ T 

cell lines were generated from HLA-A*02:01-positive ASYMP and HLA-A*02:01-positive 

SYMP individuals following in vitro stimulation with individual VP11/1266–74, 

VP11/12220–228 and VP11/12702–710 epitope peptides. The cytotoxicity of each of the three 

CD8+ T cell lines was measured against autologous target monocyte-derived DCs infected 

with HSV-1 by detecting the level of CD107a/b expression by FACS on gated CD8+ T cells. 

As shown in Figs. 4B to 4D, a higher percentage of VP11/1266–74, VP11/12220–228 and 

VP11/12702–710 epitope-specific CD8+ T cells from ASYMP individuals expressed 

significant levels of CD107a/b. In contrast, fewer VP11/1266–74, VP11/12220–228 and 

VP11/12702–710 epitope-specific CD8+ T cells from SYMP patients expressed CD107a/b. As 

expected, no significant percentage of CD8+ T cells up-regulated CD107a/b after incubation 

with mock infected or target cells (data not shown). The results indicate that VP11/12-

specific CD8+ T cells from ASYMP individuals: (i) have higher cytotoxic activity compared 

to CD8+ T cells from SYMP patients; (ii) have cytotoxic activity against HSV-1 infected 

cells; and (iii) are able to specifically recognize endogenously processed VP11/12 epitopes 

from HSV-1 infected target cells. The results also indicate that VP11/1266–74, 

VP11/12220–228 and VP11/12702–710 are functional cytotoxic epitopes.

We next determined the ability of VP11/12 epitopes to stimulate the production of IFN-γ by 

CD8+ T cells from SYMP vs. ASYMP individuals. Freshly isolated CD8+ T cells from 

SYMP and ASYMP individuals were stimulated in vitro for 6 hrs. with individual 

VP11/1266–74, VP11/12220–228 and VP11/12702–710 epitope peptides, as described in 

Materials and Methods. The percentage and number of IFN-γ+CD8+ T cells were compared 

from SYMP and ASYMP individuals by intracellular FACS staining. Significantly higher 
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percentages of VP11/1266–74, VP11/12220–228 and VP11/12702–710 epitope-specific IFN-γ-

producing CD8+ T cells were detected in ASYMP individuals, as compared to SYMP 

individuals (p < 0.01, Figs. 4E to 4G).

The levels of IL-2, IFN-γ and TNF-α effector cytokines produced by CD8+ T cells from 

ASYMP vs. SYMP individuals following in vitro re-stimulation with VP11/1266–74, 

VP11/12220–228 and VP11/12702–710 epitopes were also compared by the Luminex micro-

beads system. As shown in Fig. 4H, CD8+ T cells from ASYMP patients produced high 

levels of IL-2, IFN-γ and TNF-α consistent with differentiated T cells (the black filed 

portion of the pie charts). In contrast, CD8+ T cells from SYMP individuals produced less 

effector cytokines consistent with less differentiated T cells (the white portion of the pie 

charts).

The percentage of ASYMP and SYMP individuals that showed positive significant results 

for one or several CD8+ T cell functions following in vitro re-stimulation with each 

VP11/12 peptide are summarized in Fig. 4I. Overall, 89% of ASYMP individuals had HSV-

specific CD8+ T cells with 3 to 5 functions, indicating their ability to display concurrent 

polyfunctional activities: (i) production of high levels of GzmB, GzmK and Perforin; (ii) 

production of high levels of CD107a/b lytic granules (cytotoxic activity), (iii) expression of 

IFN-γ (FACS); (iv) production of high levels of IL-2, IFN-γ and TNF-α effector cytokines 

(Luminex); and (v) low levels of expression of T-cell activation markers CD27 and CD28 

(FACS). In contrast, only 37% of SYMP individuals had HSV-specific CD8+ T cells with 3 

functions while the majority had just one or two functions, suggesting that CD8+ T cells 

from SYMP patients tended to have two or less functions (P < 0.005).

To further study the differences in HSV-specific CD8+ T cell function from SYMP vs. 

ASYMP individuals we studied the expression of CD27 and CD28 on VP11/12 epitope-

specific CD8+ T cells. Cell surface expression of CD27 and CD28 co-stimulatory molecules 

is often associated with continuous antigenic stimulation (37, 38). Increased frequencies of 

VP11/12220–228-specific CD8+CD27+CD28+ T cells were detected from SYMP individuals 

compared to ASYMP individuals (Figs. 5A and 5B). We also analyzed the expression of 

PD-1, a marker of T cell exhaustion (39). As shown in Figs. 5C and 5D, SYMP patients 

exhibited higher frequencies of VP11/12220–228-specific PD1+CD8+ T cells compared to 

ASYMP individuals, suggesting functional exhaustion of HSV-specific effector CD8+ T 

cells from SYMP patients.

To determine the differentiation status of HSV-specific CD8+ T cells from SYMP vs. 

ASYMP individuals we compared the expression patterns of eomesodermin (Eomes) and T-

bet transcription factors ex vivo on CD8+ T cells from SYMP and ASYMP individuals at 

both mRNA (using RT-PCR) and protein level (using FACS). Eomes and T-bet function as 

a molecular switch between TCM and TEM cell differentiation by driving differentiation of 

CD8+ TEM cells at the expense of TCM cells (40–44). As shown in Figs. 5E to 5G, a 

significantly higher proportion of VP11/12220–228-specific CD8+ T cells from ASYMP 

individuals expressed Eomes at the RNA level (using RT-PCR) Fig. 5E. In addition, a 

higher proportion of VP11/12220–228-specific CD8+ T cells from ASYMP individuals were 

Eomeshigh (P < 0.001, Figs. 5F to 5G). Similar results were obtained when analyzing the 
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expression of T-bet in VP11/12 CD8+ T cells from SYMP vs. ASYMP individuals (Figs. 5H 

to 5J).

Altogether, the results indicate that VP11/12-specific CD8+ T cell responses associated with 

control of herpes disease differ in ASYMP vs SYMP individuals: (i) a stepwise loss of 

CD28 and CD27 together with an increase in IFN-γ and cytolytic activity by VP11/12-

epitope specific CD8+ T cells from ASYMP individuals are both characteristics of less-

differentiated effector T cells; (ii) high expression of PD-1 exhaustion marker on HSV-1 

VP11/12-specific effector CD8+ T cells from SYMP individuals, suggest a total or partial 

dysfunctionality; (iii) higher expression of Eomes and T-bet by CD8+ T cells T cells from 

ASYMP individuals, which may favor effector to memory CD8+ T cell transition (E>>>M) 

and the formation of a higher percentage of CD8+ TEM cells as seen in ASYMP individuals 

(45); and (iv) ASYMP individuals mostly multi-functional CD8+ T cells with simultaneous 

expression of 3 to 5 functions, whereas SYMP individuals had a majority of CD8+ T-cells 

with just one or two simultaneous functions. You said this above!

6. Immunization with three VP11/12 CD8+ TEM epitopes that are highly recognized in 
Asymptomatic individuals elicited a strong protective immunity in the “humanized” HLA-
A*02:01 transgenic mouse model of ocular herpes

We next set up a pre-clinical vaccine trial, using our established susceptible “humanized” 

HLA-A*02:01 transgenic mouse model (HLA Tg mice on BALB/c genetic background) (1), 

to evaluate whether immunization with ASYMP immunodominant CD8+ TEM epitopes (i.e. 

VP11/1266–74, VP11/12220–228 and VP11/12702–710) will confer protection against ocular 

herpes infection and disease.

Groups of susceptible HLA Tg mice (n = 10 mice per group) were immunized 

subcutaneously twice, 21 days apart with a mixture of VP11/1266–74, VP11/12220–228 and 

VP11/12702–710 peptide epitopes together with an immunodominant CD4+ T cell epitope 

recently identified from VP11/12 tegument protein (VP11/12129–143, Group 1) or with a 

mixture of VP11/1266–74, VP11/12220–228 and VP11/12702–710 peptide epitopes together 

with a promiscuous CD4+ T cell epitope (PADRE, Group 2). The CD8+ and CD4+ T cell 

epitope peptides were emulsified in CpG1826 adjuvant and delivered subcutaneously as a 

mixture. As negative control, mock-immunized mice received CpG1826 adjuvant alone 

(Mock, Group 3). Two weeks after the second and final immunization, animals from all 

groups received an ocular HSV-1 challenge (2 × 105 pfu, McKrae strain) without 

scarification. The mice were then assessed for up to 30 days post-challenge for ocular herpes 

pathology, ocular viral titers and survival.

As shown in Figs. 6A and 6B, on day 10 post infection, the pathology clinical scores 

observed in the immunized groups were significantly lower compared to those recorded in 

the mock-immunized group (p = 0.001, for all). Furthermore, significantly less virus was 

detected on day 7 post-infection (the peak of viral replication) in the eye swabs of the 

vaccinated groups compared to mock-immunized group (p = 0.01, Fig. 6C). Most animals in 

the vaccinated groups survived infection (80% and 60%) compared to 0% survival in the 

mock-immunized group (p < 0.005) (Fig. 6D).
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Altogether, these results indicate that immunization with immunodominant HSV-1 

VP11/1266–74, VP11/12220–228 and VP11/12702–710 CD8+ TEM peptide epitopes decreased 

ocular herpes disease, decreased virus replication, and protected against lethal ocular herpes 

in susceptible HLA Tg mice.

7. Frequent VP11/12-specific CD8+ TEM cells are detected in the cornea of HSV-1 infected 
“ASYMP” HLA transgenic mice

We next determined the phenotype and function of CD8+ T cells from the corneas of 

protected (“ASYMP”) vs. non-protected (“SYMP”) HLA Tg mice that were vaccinated and 

HSV-1 challenged, as above. For simplicity only the extremes of ASYMP and SYMP mice 

were used for phenotypic and functional characterization of cornea resident CD8+ T-cells 

(Fig. 7). ASYMP mice were mice from group 1 in the experiment shown in Fig. 6B that had 

a clinical score of 1.0. SYMP mice were mice from the mock group in the experiment 

shown in Fig. 6B that had a clinical score of 5 or 4. As shown in Figs 7A and 7B, protected 

(“ASYMP”) mice had a significantly higher percentage of cornea-resident VP11/12220–228 

epitope-specific CD44highCD62LlowCD8+ TEM cells, as compared to non-protected 

(“SYMP”) mice (49.6 +/− 3% vs. 25.1 +/− 2%, p < 0.05). In contrast, a significantly higher 

percentage of cornea-resident VP11/12220–228 epitope-specific CD44highCD62LhighCD8+ 

TCM cells were detected in “SYMP” mice, as compared to “ASYMP” mice (p < 0.01, Fig. 

7A and 7B). Similar results were obtained for CD8+ T cells specific to VP11/12702–710 

epitope (Fig. 7C and 7D). Similar results were obtained for CD8+ T cells specific to the sub-

dominant VP11/1266–74 epitope (data not shown). These results indicate that “ASYMP” 

cornea-resident VP11/12 epitope-specific CD8+ T cells with TEM phenotype are associated 

with protection from ocular herpes disease.

To further study the differences in HSV-specific CD8+ T cell function from “SYMP” vs. 

“ASYMP” mice, we compared the level of expression of GzmB, as determined by mean 

fluorescent intensity (MFI), as well as the percentage of GzmB+CD8+ T cells, on gated 

VP11/12 epitope-specific CD8+ T cells. GzmB was also significantly higher in “ASYMP” 

VP11/12 epitope-specific CD8+ T cells compared to “SYMP” VP11/12 epitope-specific 

CD8+ T cells (p < 0.005, Fig. 7E). In addition, a higher percentage of VP11/12 epitope-

specific CD8+ T cells expressing GzmB were also detected in “ASYMP” corneas compared 

to “SYMP” corneas, suggesting more protective effector VP11/12-specific CD8+ T cells in 

“ASYMP” corneas (p < 0.01, Fig. 7F).

We next determined the ability of CD8+ T cells from “SYMP” vs. “ASYMP” mice to 

produce IFN-γ following recall with the immunizing VP11/1266–74, VP11/12220–228 and 

VP11/12702–710 epitope peptides. CD8+ T cells from “SYMP” cornea and “ASYMP” cornea 

were stimulated in vitro for 6 hrs. with individual immunodominant (VP11/12220–228 and 

VP11/12702–710) and subdominant (VP11/1266–74) epitope peptides, as described in 

Materials and Methods. The percentages of IFN-γ+CD8+ T cells were compared from 

SYMP and ASYMP mice by intracellular FACS staining. Significantly higher percentages 

(Figs. 7G and 7H) of VP11/1266–74, VP11/12220–228 and VP11/12702–710 epitope-specific 

CD8+ T cells producing IFN-γ were detected in protected “ASYMP” corneas, as compared 

to non-protected “SYMP” corneas (p < 0.001).

Srivastava et al. Page 15

J Immunol. Author manuscript; available in PMC 2016 March 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Altogether, the phenotypic and functional properties of HSV-1 VP11/12 epitope-specific 

CD8+ T cells in HLA Tg mice revealed that: (i) the “ASYMP” mice, but not “SYMP” mice, 

had frequent protective HSV-1 VP11/12-specific CD8+ TEM cells; (ii) HSV-1 VP11/12-

specific CD8+ T cells from “ASYMP” mice displayed more concurrent polyfunctional 

activities than CD8+ T cells from SYMP mice; (iii) HSV-1 VP11/1266–74, VP11/12220–228 

and VP11/12702–710 epitopes may represent strong T cell epitope candidates for inclusion in 

immunotherapeutic and immune-prophylactic herpes vaccines. Of note, the sequences of 

VP11/1266–74, VP11/12220–228 and VP11/12702–710 epitopes are highly conserved between 

HSV1 strains (100%) and HSV-2 strains (77% to 100%) (Table S1). However, no 

significant homology exists between the amino acid sequences of these three epitopes and 

the VP11/12 amino acid sequences of VZV (44%) and CMV (33%) strains (Table S1). The 

results also confirm that HLA Tg mice are a useful animal model for understanding the 

mechanisms by which human epitope-specific CD8+ T cells mediate control of herpes 

infection and disease, as we previously suggested (13).

DISCUSSION

The HSV-1 derived tegument virion phosphoproteins (VPs), which are located between the 

capsid and the outer viral envelope proteins, contain a large number of possible protective 

CD8+ T cell epitopes (9), however only a handful of epitopes have been identified so far. In 

this study we identified three protective “ASYMP” human CD8+ TEM cells epitopes from 

the abundant tegument VP11/12 protein: VP11/1266–74, VP11/12220–228 and 

VP11/12702–710. These new VP11/12 epitopes displayed high-affinity binding to purified 

HLA-A*0201 molecules, stabilized HLA-A*0201 molecules on target cells, recalled CD8+ 

T cells in HSV-1 seropositive ASYMP individuals, and in “ASYMP” HLA-A*0201 

transgenic mice ocularly infected with HSV-1. In addition, we found that two major 

VP11/12-epitope specific CD8+ T cell subpopulations, which have remarkably different 

phenotype and function, one of which was mostly in SYMP and the other mostly in ASYMP 

individuals. Notably, ASYMP individuals had a significantly higher proportion of 

differentiated polyfunctional VP11/12-epitope specific CD8+ TEM cells. In contrast, SYMP 

patients had significantly higher frequencies of less-differentiated mono-functional 

VP11/12-epitope specific CD8+ TCM cells. To the best of our knowledge, this is the first 

report of (i) protective CD8+ T cells epitopes from the HSV-1 VP11/12 tegument protein 

and (ii) phenotypic and functional differences of HSV-1 VP11/12-specific effector and 

memory CD8+ T cells from ocular herpes SYMP and ASYMP individuals. Our findings 

provide a framework for the rational design of a herpes vaccine based on tegument proteins 

that elicit long-term CD8+ T cell protective immunity.

CD8+ T cells recognize their target Ags as 8- to 10-aa-long peptides, which are derived from 

intracellular, processed viral Ags and presented by HLA class I molecules (e.g. HLA-

A*0201 molecules) expressed at the surface of infected cells (46, 47). Despite the HSV-1 

84+ open reading frames encoding hundreds of potential HLA-compatible CD8+ T-cell 

epitopes, only a handful of epitopes/protein drive robust CD8+ T cells in seropositive 

individuals (48–51). Tegument proteins are delivered to the cytoplasm of host cells during 

viral entry, resulting in an immediate processing by antigen presenting cells (APC) shortly 

after infection (7–10), They hence constitute an immediate target Ag to induce host T cells 
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(7, 8). Considering the recent failures of clinical vaccine trials using HSV envelope 

glycoproteins (mainly gB and gD) (16, 17); and because tegument proteins are major targets 

of CD8+ T cells from herpes seropositive individuals (7–10, 19–22), it is surprising how 

only few reports exist identifying protective T cell epitopes on tegument proteins and 

characterizing the phenotype and function of HSV-1 tegument proteins derived epitope-

specific “protective” CD8+ T cells from HSV-seropositive healthy ASYMP individuals, who 

appear to have acquired a “natural” protective immunity. This information is necessary for 

the successful design of an effective T cell-based therapeutic vaccine strategy. Rather than 

just using a few in vitro predictive assays to map CD8+ T cell epitopes from HSV-1 

VP11/12 protein, in the present study we have several computational algorithms followed by 

both in vitro and in vivo functional immunological assays. Only peptides that conform to 

given sequence motifs preferentially bind with high affinity to HLA class I molecules (1), 

and the amino acid residues at specific positions are conserved for peptides that bind HLA-

A*0201 molecules with high affinity (1, 4). Potential HLA-A*0201-binding peptides can be 

selected based on the presence of leucine (L), isoleucine (I) or methionine (M) as the 

dominant residue at position 2 and valine (V), or a residue with an aliphatic hydrocarbon 

side chain at the C-terminus (1). Following identification of antigenic VP11/12 peptides in 

HLA-A*0201 positive HSV1 seropositive humans it is important to address whether each 

peptide can be correctly processed from the native antigen and subsequently displayed on 

the surface of an APC. Of the 10 antigenic VP11/12 peptides studied in this report, only 

three (VP11/1266–74, VP11/12220–228 and VP11/12702–710) were generated from native 

VP11/12 protein by natural processing. This observation illustrated the importance of 

experimentally evaluating whether peptides generated by computer algorithms and various 

HLA-peptides binding assays are able to functionally stimulate CD8+ T cells in vitro and in 

vivo.

Many immunological assays have been developed to validate computationally-predicted 

human CD8+ T-cell epitopes, including frequency of epitope-specific CD8+ TEM vs. TCM 

cells by tetramer assays, cell membrane HLA stabilization assays, CD8+ T-cell cytokine 

analysis, IFN-γ intracellular assay GzmB, GzmK Perforin, CD107a/b degranulation 

cytotoxic assays, CD27/CD28 activation markers, and PD-1 exhaustion marker (52–54). 

When used individually, each screen is not sufficient to conclusively identify functional 

CD8+ T-cell epitopes (52, 54–56). However, combinations of these screens can provide 

strong evidence of functional epitopes (2, 54, 57). Using these multiple screens we identified 

three high affinities VP11/12 epitopes that were naturally processed and able to recall 

frequent functional human CD8+ TEM cells in HSV-1 seropositive ASYMP individuals. Of 

interest is that the VP11/12702–710 peptide that appeared to bind with only low affinity to 

HLA-A*02:01 molecules in vitro still induced strong IFN-γ-producing cytotoxic CD8+ TEM 

cell responses. Although the reason for this is not completely understood, this result 

highlights the importance of screening potential peptide epitopes using multiple 

immunological assays.

Epitope-based vaccine approaches offer several potential advantages over conventional 

protein- or DNA-based vaccine approaches in terms of purity, lot-to-lot consistency, cost of 

production, and a high specificity in eliciting immune responses (1, 58). In addition, peptide-
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epitope technology has proven an extremely useful strategy to avoid potentially harmful 

immune responses (1, 58). Among other advantages, the epitope-based vaccines avoid the 

potential for “pathogenic” epitopes to inadvertently drive unwanted pathogenic responses 

(59). Such pathogenic responses might contribute to exacerbation of disease as we recently 

found for an HLA-A*02:01-restricted CD8+ T cell epitope from the HSV-1 gK protein (60). 

Since our approach to epitope identification in this study was tailored specifically for HLA-

A*02:01-restricted epitopes, the results reported here do not imply that these are the only 

human CD8+ T-cell epitopes present in VP11/12. However, this study describes a model 

system that could be applied to any HLA class I haplotype and to any other herpes tegument, 

structural or regulatory proteins to identify other SYMP vs. ASYMP epitopes.

The choice of animal model is crucial in herpes vaccine development (reviewed in (67)). A 

major goal of this study was to examine the protective efficacy of human HLA-restricted 

epitopes. Thus, the ideal animal model should mount an HLA-restricted immune responses 

specific to human epitopes, while at the same time mimicking as many aspects of herpes 

infection and disease as possible (68). Normal mice (e.g. BALB/c or C57BL/6) have been 

the standard choice for most immunologists and results from these mice have yielded 

tremendous insights into the role of H2-restricted mouse T cells in protection against herpes 

infection and disease (4, 23, 35, 68–71). However, normal mice do not mount specific 

“humanized” T cell responses to HLA-restricted epitopes (reviewed in (67)). In contrast, 

similar to humans, HLA Tg mice can develop “humanized” T cell responses to HLA-

restricted epitopes (74).

A question of practical importance is the translation of the current pre-clinical findings for 

the development of an epitope-based clinical vaccine for a genetically heterogeneous human 

population. (15, 27, 58, 61–63). A universal herpes vaccine should induce protective 

ASYMP CD8+ T-cell responses in the context of many different HLA alleles. This report 

focused on HLA-A*0201, because of its high prevalence in most populations worldwide, 

regardless of race and ethnicity (64–67). The high degree of HLA polymorphism that might 

be a hindrance to epitope-based vaccines can be dealt with by the inclusion of multiple 

HLA-restricted epitopes that are recognized in the context of diverse related HLA alleles, 

and by designing peptide-based vaccines with higher CD8+ T cell epitope densities. A 

combination of nine HLA supertypes has been defined to provide an almost perfect coverage 

(greater than 99%) of the entire repertoire of HLA molecules (68). Since a mixture of 

multiple ASYMP epitopes is likely to produce polyclonal CD8+ T-cell lines (one T-cell 

clone for each epitope) and more effector T-cells than a single epitope (69), we used 

multiple CD8+ T-cell epitopes to induce a broader T-cell response (15, 69). To further 

increase efficacy, a multi-epitope-based peptide vaccine should include several CD8+ T-cell 

epitopes from several different glycoproteins and tegument proteins each chosen to represent 

the HLA supertypes known to provide recognition in a large proportion of the global 

population, regardless of race and ethnicity.

Focusing the immune response toward selected ASYMP epitopes could be of value in the 

case of herpes infections, where T cells directed against the ASYMP epitopes might have 

been inactivated and T cells specific for SYMP epitopes might have escaped T-cell 

tolerance. In addition, monitoring immunogenicity following vaccination is easily done due 
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to the fact that the epitopes used in the vaccine also serve as the required diagnostic reagents 

needed to follow T-cell responses in the vaccines. The efficacy of peptide epitopes 

immunization on different T cell memory populations has been recently reported (70). Most 

notably, peptide immunotherapy appeared to induce strong and long-lived tissue-resident 

TEM cells, but not circulating TCM cells (70). The present study supports our recently 

advanced “SYMP/ASYMP concept” by showing that immunization with immunodominant 

VP11/12 epitopes that are mainly recognized by CD8+ TEM cells from “naturally” protected 

ASYMP individuals also protected HLA Tg mice against ocular herpes infection and 

disease.

Humans are not immunologically “naïve” and often develop T cell responses that cross-react 

between different viruses including members of the same (or different) family (71–73). 

However, this is unlikely for the three VP11/12 epitopes discovered in this study because: (i) 

alignment of their sequences with published sequences of VP11/12 proteins from other 

human herpesviruses (e.g. VZV and CMV), did not reveal significant homologies that might 

be translated to cross-reactive T cell responses (Table S1); (ii) the three HLA-A*02:01-

restricted immunodominant VP11/12 epitopes reported here as recognized by CD8+ T cells 

from HLA-A*02:01 positive HSV-1 seropositive individuals are also recognized with the 

same magnitude and breath by CD8+ T-cells induced in “pathogen-free” HLA-A*02:01 Tg 

mice following HSV-1 ocular infection. These results suggest that CD8+ T cells detected in 

humans are likely induced by HSV-1 VP11/12 epitopes, rather than cross-reactive epitopes 

from other viruses within the α, β, γ herpes family. However, one cannot definitely exclude 

a cross-reactivity of these HSV-1 VP11/12 epitopes with epitopes from other non-herpes 

pathogens outside the herpes family.

To gain more insight into the nature of HSV-specific CD8+ T cell sub-populations that are 

predominant in SYMP vs. ASYMP individuals, we used several immunological assays to 

determine the population size, the phenotype and the function of CD8+ T cells obtained from 

peripheral blood. Although we are aware that information gained from peripheral blood T 

cells may not be completely reflective of tissue-resident T cells, because of the obvious 

ethical and practical considerations of obtaining tissue-resident CD8+ T cells (i.e. from the 

cornea or from trigeminal ganglia, the site of acute and latent infections, respectively) our 

investigations were limited to human PBMC-derived CD8+ T cells. Under the above 

circumstances, HSV-specific CD8+ T cells from ASYMP patients had a greater frequency of 

poly-functional VP11/12 epitope-specific CD8+ TEM cells, while HSV-specific CD8+ T 

cells from SYMP individuals had more mono-functional VP11/12 epitope-specific CD8+ 

TCM cells. These results suggest that compared to SYMP individuals, at a second pathogen 

encounter (e.g. following HSV-1 reactivation from latency), ASYMP individuals, would 

mount faster and stronger protective HSV-specific CD8+ TEM cell responses allowing a 

better clearance of herpes infection and disease.

We also found a low expression of Eomes associated with high expression of PD-1 in 

VP11/12-specific CD8+ T cells from SYMP individuals. In contrast, high expression of T-

bet associated with low expression of PD-1 was recorded in VP11/12-specific CD8+ T cells 

from ASYMP individuals. This is consistent with differentiated and functional CD8+ T cells 

in ASYMP individuals. It is likely that the observed decrease in T-bet expression in SYMP 
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individuals contributes to a restrain in terminal differentiation of secondary effector and 

memory CD8+ T cells as recently reported in another system (74). On one hand, T-bet and 

Eomes are key transcription factors involved in the long-term renewal of memory CD8+ T 

cells to their characteristic effector potency (40–44). T-bet drives differentiation of CD8+ 

TEM cells at the expense of TCM cells (43). T-bet is also overexpressed in CD8+ T cells that 

differentiated in the absence of CD4+ T cell help, a condition that is associated with 

defective central-memory formation (43). Eomes enables CD8+ T cells to compete for the 

memory cell niche (41). Additionally, CD8+ T cells deficient in T-bet and Eomes fail to 

differentiate into functional killers, which is required for defense against viral pathogens 

(42). Instead, virus-specific CD8+ T cells lacking both T-bet and Eomes differentiate into an 

interleukin-17-secreting autoimmune and inflammatory T cell lineage (42). The above 

observations together with our results are reminiscent of the CD8+ T cell fate implicated in 

SYMP herpes disease. On the other hand, T cell exhaustion has a major role in the failure to 

control persistent infections, likely including latent HSV-1 and HSV-2 infections. High 

expression of inhibitory receptors, including PD-1, and the inability to sustain functional T 

cell responses contribute to T cell exhaustion. We found a low expression of T-bet 

associated with high expression of PD-1 in VP11/12-specific CD8+ T cells from SYMP 

individuals. In contrast, high expression of T-bet associated with low expression of PD-1 

was recorded in VP11/12-specific CD8+ T cells from ASYMP individuals. Our results 

suggest a persistent antigenic stimulation in SYMP individuals, and are in agreement with a 

recent report showing persistent antigenic stimulation caused down-regulation of T-bet and 

resulted in more severe exhaustion of CD8+ T cells (40). To our knowledge this is the first 

study to show differential expression of transcription factors in HSV-specific human 

memory CD8+ T cells among HLA-A*02:01 positive, HSV-1 seropositive SYMP and 

ASYMP individuals. It is likely that the concerted action of T-bet, Eomes and other 

transfection factors results in the development of fully differentiated CD8+ TEM cells in 

ASYMP individuals that migrate to inflamed tissues (i.e. eyes and sensory ganglia) 

following antigen recognition and secrete IFN-γ and/or release cytotoxic granules that 

contain GzmB and perforin (75, 76).

The underlying protective and non-protective immune mechanisms of TEM and TCM cells in 

ocular herpes remain to be fully elucidated. A recent study suggests that CD8+ T cells are 

required to eliminate virus more efficiently from the cornea but play a minimal role in 

immunopathology (77). However, the TEM and TCM cells phenotype of these cells was not 

reported and the translation of these findings to the human situation, where “SYMP” CD8+ 

TCM cells and “ASYMP” CD8+ TEM cells maybe in play, still remains to be determined. 

Based on our present findings, we propose a mechanism build on a novel “symptomatic/

asymptomatic concept”, in which the corneal lesions are not a direct consequence of damage 

caused by the virus or by auto-reactive or bystander T cells, but rather from the balance 

between non-protective TCM cell responses specific to SYMP HSV-1 epitopes and 

protective TEM cell responses specific to non-overlapping ASYMP HSV-1 epitopes. Both 

direct and indirect mechanisms might be involved in CD8+ TEM cell mediated protection 

and in CD8+ TCM cells mediated susceptibility to recurrent herpetic disease. The 

polyfunctionality of CD8+ TEM cells segregated with immunologic control of herpes 

infection and disease, in both ASYMP individuals and in “ASYMP” HLA Tg mice. Thus, 
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“polyfunctionality” of HSV-specific CD8+ TEM cells may be an important factor accounting 

for the immunologic control of herpes. Epitope-specific CD8+ TEM cell lines from ASYMP 

individuals appeared to recognize naturally processed epitopes on HSV-1 infected cells and 

had strong virus inhibitory cytotoxic activity. A formal demonstration that ASYMP CD8+ 

TEM cells, with these functions intact, cause immunologic control of recurrent herpes 

infection and disease would require passive-transfer studies in humans or in experimental 

animals that develop spontaneous recurrent disease (11).

In conclusion, the present study provides several new insights about the specificity, the 

phenotype and function of HSV-1 VP11/12 epitope-specific CD8+ T cell sub-population that 

segregate with immunologic control of ocular herpes infection and disease in both ASYMP 

individuals and in “humanized” HLA-A*02:01 transgenic mice. We report three, previously 

unknown, HLA-A*02:01-restricted ASYMP epitopes derived from HSV-1 VP11/12 that 

tend to recall polyfunctional CD8+ TEM cell responses in HLA-A*02:01 positive HSV 

seropositive ASYMP humans and in “humanized” HLA-A*02:01 transgenic mice protected 

from ocular herpes infection and disease. Understanding the detailed mechanisms by which 

HLA-A*02:01-restricted ASYMP CD8+ T cells are associated with protection against 

disease will reveal underlying principles of immune control of herpes, which is critical for 

the rational design of a T cell based vaccine strategy. Overall these findings demonstrate 

quantitative and qualitative features of an effective HSV-specific CD8+ T cell response that 

should be considered in the testing of the next generation of herpes vaccines.
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Abbreviations

HSV Herpes Simplex Virus

ASYMP Asymptomatic

SYMP Symptomatic

VP Virion phosphoprotein

HLA Human Leukocyte Antigen

IFN-γ Interferon Gamma

GzmB Granzyme B
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GzmK Granzyme K

PFN Perforin

PBMCs Peripheral Blood Mononuclear Cells

TCM Central Memory CD8+ T Cell

TEM Effector Memory CD8+ T Cell

Tg Transgenic
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Figure 1. Stabilization of HLA-A*0201 molecules by VP11/12 peptides on the surface of T2 cells
T2 cells (3 × 105) were incubated with serial dilutions of the indicated VP11/12 peptide, as 

described in Materials & Methods. Cells were then stained with FITC conjugated anti-HLA-

A2 mAb (BB7.2). The graph represents the percent of mean fluorescence intensity (MFI) 

reflecting an increase in the expression of HLA-A2 molecules on the surface of T2 cells 

triggered by various concentrations of VP11/12 peptides. The percent of MFI increase was 

calculated as follows: Percent of MFI increase = (MFI with the given peptide − MFI without 

peptide)/(MFI without peptide) × 100. Solid lines represent peptides that bind with high to 

moderate affinity to HLA-A02:01 molecules, as determined by stabilization of high levels of 

HLA-A*02:01 molecules on the surface of T2 cells when incubated with the indicated 

molarity of VP11/12 peptide. Broken lines represent low affinity peptide binders as 

determined by low levels of HLA-A*02:01 molecules stabilized on the surface of T2 cells. 

Error bars show standard deviation (SD) obtained from 3 independent experiments.
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Figure 2. Frequencies of CD8+ T cells specific to VP11/12220–228 and VP11/12702–710 epitopes 
detected in HLA-A*02:01 positive HSV-seropositive ASYMP individuals compared to SYMP 
individuals
PBMCs (~10 × 106) derived from ten HLA-A*02:01 positive HSV-1 seropositive ASYMP 

individuals and from ten HLA-A*02:01 positive HSV-1 seropositive SYMP individuals 

were analyzed ex vivo by FACS for the frequency of CD8+ T cells specific to three VP11/12 

epitopes using HLA-A*0201 VP11/12 peptide-tetramer complexes representing each of the 

three high to medium peptide binders (VP11/1266–74, VP11/12220–228 and VP11/12702–710 

epitopes), as shown in Fig. 1. (A) Representative FACS data of the frequencies of CD8+ T 
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cells, specific to VP11/1266–74, VP11/12220–228 and VP11/12702–710 epitopes, detected in 

PBMCs from one HLA-A*02:01 positive HSV-1 seropositive ASYMP individual (top 

panels) and one HLA-A*02:01 positive HSV-1 seropositive SYMP individual (lower 

panels). (B) Average frequencies of PBMC-derived CD8+ T cells, specific to VP11/1266–74, 

VP11/12220–228 and VP11/12702–710 epitopes, detected from ten HLA-A*02:01 positive 

HSV-1 seropositive ASYMP individuals compared to ten HLA-A*02:01 positive HSV-

seropositive SYMP individuals. The results are representative of 2 independent experiments 

in each individual. The indicated P values, calculated using one-way ANOVA Test, show 

statistical significance between SYMP and ASYMP individuals.
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Figure 3. Frequent VP11/12-epitope specific CD44highCD62LlowCD8+ TEM cells detected in 
ASYMP individuals compared to SYMP individuals
The phenotype of CD8+ T cells specific to VP11/12 peptide/Tetramer complexes 

representing each of the two immunodominant VP11/12220–228 and VP11/12702–710 epitopes 

were analyzed in term of TEM and TCM cells. (A) Representative FACS data of the 

frequencies of CD44highCD62LlowCD8+ TEM cells and CD44highCD62LhighCD8+ TCM cells 

specific to VP11/12220–228 peptide/Tetramer complexes from one HLA-A*02:01 positive 

HSV-1 seropositive ASYMP individual and from one HLA-A*02:01 positive HSV-1 
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seropositive SYMP individual. (B) Average frequencies of blood-derived CD8+ T cells 

specific to VP11/12220–228 peptide/Tetramer complexes with either TEM or TCM phenotype 

analyzed from 10 ASYMP and 10 SYMP individuals. (C) Representative data of the 

frequencies of CD44highCD62LlowCD8+ TEM and CD44highCD62LhighCD8+ TCM cells 

specific to VP11/12702–710 epitope from one ASYMP individual and one SYMP individual. 

(D) Average frequencies of blood-derived CD8+ T cells specific to VP11/12702–710 epitope 

with either TEM or TCM phenotype analyzed from 10 ASYMP and 10 SYMP individuals. 

Representative FACS data of the frequencies of CD45RAlowCCR7lowCD8+ TEM cells and 

CD45RAlowCCR7highCD8+ TCM cells, specific to (E) VP11/12220–228 epitope and (F) 

VP11/12702–710 epitope, analyzed in one ASYMP individual and one SYMP individual. 

Average frequencies of PBMC-derived CD8+ T cells with either TEM or TCM phenotype, 

specific to (G) VP11/12220–228 epitope and (H) VP11/12702–710 epitope, analyzed from 10 

ASYMP and 10 SYMP individuals. The results are representative of 2 independent 

experiments in each individual. The indicated P values, calculated using one-way ANOVA 

Test, show statistical significance between SYMP and ASYMP individuals.
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Figure 4. Asymptomatic individuals had a significantly higher proportion of polyfunctional 
HSV-1 VP11/12-epitope-specific CD8+ T cells
(A) VP11/12 epitope-primed CD8+ T cells from ASYMP individuals express high level of 

lytic granules compared to CD8+ T cells from SYMP individuals. FACS was used to 

determine the level of expression of GzmB, GzmK and PFN on tetramer gated CD8+ T cells 

specific to VP11/1266–74, VP11/12220–228 and VP11/12702–710 epitopes, as described in 

Materials & Methods. Samples were acquired on BD LSR II and data analysis was 

performed using FlowJo. The numbers on the top of each histogram represent mean 

fluorescent intensity (MFI) depicting the level of expression of each cytotoxic molecule. 

Numbers in bold represent mean fluorescent intensity (MFI) of ASYMP individual. (B) 

Representative FACS data of VP11/1266–74, VP11/12220–228 and VP11/12702–710 epitope-

specific CD107a/bhighCD8+ T cells from one ASYMP vs. one SYMP individual. Average 

percentage (C) and average absolute number (D) of VP11/12220–228 epitope-specific 

CD107a/bhighCD8+ T cells from 10 ASYMP and 10 SYMP individuals. (E) Representative 

FACS data of VP11/1266–74, VP11/12220–228 and VP11/12702–710 epitope-specific IFN-
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γhighCD8+ T cells from one ASYMP vs. one SYMP individual. Average percentage (F) and 

average absolute number (G) of VP11/12220–228 epitope-specific IFN-γhighCD8+ T cells 

from 10 ASYMP and 10 SYMP individuals. (H) Summary pie charts showing the average 

amount of each cytokine produced by CD8+ T-cells from ASYMP patients (n = 10, black) 

and SYMP patients (n = 8, white), as detected by Luminex assay. The average frequencies 

of cytokine-producing CD8+ T cells from SYMP and ASYMP individuals are shown inside 

each pie chart. (I) Each pie chart represents the overall mean of CD8+ T cell functions from 

10 HLA-A*02:01-positive ASYMP and 10 SYMP individuals in responses to stimulation 

with either SYMP or ASYMP VP11/12 peptides. Each sector of the pie chart represents the 

number of CD8+ T cell functions produced.
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Figure 5. Asymptomatic individuals had a significantly higher proportion of differentiated and 
functional VP11/12-epitope-specific CD27highCD28highPD-1lowCD8+ T cells
Representative (A) and average frequencies (B) of VP220–228 epitope-specific CD8+ T cells 

from 10 ASYMP and vs. 10 SYMP individuals that are CD27highCD28high. Representative 

(C) and average frequencies (D) of VP220–228 epitope-specific CD8+ T cells from 10 

ASYMP and vs. 10 SYMP individuals that are PD-1high. (E and H) The expression patterns 

of T-bet and Eomes transcription factors was analyzed, at RNA level using RT-PCR, from 

total CD8+ T cells derived from either SYMP (open square) or ASYMP individuals (closed 
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square). Representative FACS data of the percentage of Eomes (F) and T-bet (I) positive 

HSV-1 VP11/12220–228 epitope-specific CD8+ T cells, derived from one SYMP individual 

(right) and one ASYMP individual (left). Average frequencies of the expression patterns of 

Eomes (G) and T-bet (J) transcription factors analyzed by FACS at the protein level from 

gated VP11/12220–228-specific CD8+ TEM cells derived from 10 SYMP (open circles) and 

10 ASYMP individuals (closed circles). The results are representative of 3 independent 

experiments in each individual. The indicated P values, calculated using one-way ANOVA 

Test, show statistical significance between SYMP and ASYMP individuals.
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Figure 6. Protective immunity against ocular herpes infection and disease induced by 
immunodominant VP11/12 CD8+ TEM epitopes in “humanized” HLA transgenic mice
Three groups of age-matched male HLA Tg mice (n = 10 each) were immunized 

subcutaneously, on days 0 and 21, with a mixture of three human CD8+ TEM cell epitope 

peptides (VP11/66–74, VP11/12220–228 and VP11/12702–710) delivered either with a novel 

CD4+ T cell epitope (VP11/12129–143) emulsified in CpG1826 adjuvant (Group 1) or with the 

promiscuous CD4+ T-cell PADRE epitope peptide emulsified in CpG1826 adjuvant (Group 

2). CpG1826 adjuvant alone was used as control (Group 3, mock-vaccinated). Two weeks 

after the final immunization, all animals were challenged ocularly with 2 × 105 pfu of 

HSV-1 (strain McKrae). The eye disease was detected and scored two weeks after 

immunization as described in Material & Methods (A and B). Virus titrations were 

determined from eye swabs on day 7 post-infection, as described in Material & Methods 

(C). Survival was determined in a window of 30 days post-challenge, as described in 

Material & Methods (D). The results are representative of 2 independent experiments. The 
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indicated P values, calculated using one-way ANOVA Test, show statistical significance 

between protected (ASYMP) and non-protected (SYMP) mice.
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Figure 7. The corneas of protected HSV-1 infected “ASYMP” HLA transgenic mice contain 
frequent VP11/12-specific polyfunctional CD8+ TEM cells
(A) Representative FACS data of the frequencies of CD44highCD62LlowCD8+ TEM and 

CD44highCD62LlowCD8+ TCM cells specific to VP11/12220–228 peptide/Tetramer complexes 

detected the corneas of one protected “ASYMP” vs. one non-protected “SYMP” HLA Tg 

mice. The spleen, cornea, and trigeminal ganglia were assayed for CD8+ T cell responses on 

day 9 post-infection. (B) Average frequencies of VP11/12220–228 epitope-specific TCM and 

TEM CD8+ cells detected in the corneas of five protected ASYMP and vs. five non-protected 
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SYMP HLA Tg mice. ASYMP mice had a clinical score of 1.0 in Fig. 6B. SYMP mice had 

a score of 5 or 4 in Fig. 6B). Representative (C) and average frequencies (D) of 

VP11/1266–74 epitope-specific TCM and TEM CD8+ cells detected in the cornea five 

protected ASYMP and vs. five non-protected SYMP HLA Tg mice. (E) Representative data 

of level of expression of GzmB on cornea-derived CD8+ T cells specific to VP11/66–74, 

VP11/12220–228 and VP11/12702–710 detected from protected “ASYMP” mice (black 

histogram) and non-protected “SYMP” mice (white histogram). (F) Average frequencies of 

GzmB(+)CD8+ T cells specific to VP11/66–74, VP11/12220–228 and VP11/12702–710 detected 

from the corneas of protected “ASYMP” mice (black circles) and non-protected “SYMP” 

mice (white circles). (G) Representative data of the % IFN-γ(+)CD8+ T cells specific to 

VP11/66–74, VP11/12220–228 and VP11/12702–710 detected from the corneas of protected 

“ASYMP” mice (right) and non-protected “SYMP” mice (left). (H) Average frequencies of 

IFN-γ(+)CD8+ T cells specific to VP11/66–74, VP11/12220–228 and VP11/12702–710 detected 

from the corneas of protected “ASYMP” mice (black circles) and non-protected “SYMP” 

mice (white circles). 1×106 cells for each assay and the results are representative of 2 

independent experiments. The indicated P values, calculated using one-way ANOVA Test, 

show statistical significance between SYMP and ASYMP mice.
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Table I

Cohorts of HLA-A*02:01 positive, HSV seropositive Symptomatic and Asymptomatic individuals enrolled in 

the study.

Subject-level Characteristic All Subjects
(n= 693)

Gender [no.(%)]:

Female 355 (52%)

Male 338 (48%)

Race [no.(%)]:

White 488 (71%)

Nonwhite 205 (29%)

Age [median (range) yr.]: 32 (18–65 yr.)

HSV status [no. (%)]:

HSV-1-positive 261 (38%)

HSV-2-positive 323 (46%)

HSV-1- & 2-positive 23 (3%)

HSV-negative 86 (12%)

HLA [no.(%)]

HLA-A*02:01-positive 330 (52%)

HLA-A*02:01-negative 257 (48%)

Herpes Disease Status [no.(%)]

ASYMPTOMATIC (ASYMP) 575 (94%)

SYMPTOMATIC (SYMP) 32 (6%)

J Immunol. Author manuscript; available in PMC 2016 March 01.
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