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ABSTRACT Herpes simplex virus 1 (HSV-1) is a prevalent human pathogen that in-
fects the cornea, causing potentially blinding herpetic disease. A clinical herpes vac-
cine is still lacking. In the present study, a novel prime/pull vaccine was tested in a
human leukocyte antigen (HLA) transgenic rabbit model of ocular herpes (HLA Tg
rabbits). Three peptide epitopes were selected, from the HSV-1 membrane glycopro-
tein C (UL44400 – 408), the DNA replication binding helicase (UL9196 –204), and the teg-
ument protein (UL25572–580), all preferentially recognized by CD8� T cells from “nat-
urally protected” HSV-1-seropositive healthy asymptomatic (ASYMP) individuals (who
never had recurrent corneal herpetic disease). HLA Tg rabbits were immunized with
a mixture of these three ASYMP CD8� T cell peptide epitopes (UL44400–408, UL9196–204,
and UL25572–580), which were delivered subcutaneously with CpG2007 adjuvant
(prime). Fifteen days later, half of the rabbits received a topical ocular treatment
with a recombinant neurotropic adeno-associated virus type 8 (AAV8) vector ex-
pressing the T cell-attracting CXCL10 chemokine (pull). The frequency and function
of HSV-specific CD8� T cells induced by the prime/pull vaccine were assessed in the
peripheral blood, cornea, and trigeminal ganglion (TG). Compared to the cells gener-
ated in response to peptide immunization alone, the peptide/CXCL10 prime/pull
vaccine generated frequent polyfunctional gamma interferon-positive (IFN-��)
CD107� CD8� T cells that infiltrated both the cornea and TG. CD8� T cell mobiliza-
tion into the cornea and TG of prime/pull-vaccinated rabbits was associated with a
significant reduction in corneal herpesvirus infection and disease following an ocular
HSV-1 (strain McKrae) challenge. These findings draw attention to the novel prime/
pull vaccine strategy for mobilizing antiviral CD8� T cells into tissues to protect
against herpesvirus infection and disease.

IMPORTANCE There is an urgent need for a vaccine against widespread herpes sim-
plex virus infections. The present study demonstrates that immunization of HLA
transgenic rabbits with a peptide/CXCL10 prime/pull vaccine triggered mobilization
of HSV-specific CD8� T cells locally into the cornea and TG, the sites of acute and la-
tent herpesvirus infections, respectively. Mobilization of antiviral CD8� T cells into
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the cornea and TG of rabbits that received the prime/pull vaccine was associated
with protection against ocular herpesvirus infection and disease following an ocular
HSV-1 challenge. These results highlight the importance of the prime/pull vaccine
strategy to bolster the number and function of protective CD8� T cells within in-
fected tissues.

KEYWORDS HSV-1, ocular, herpes, HLA transgenic rabbit, CD8� T cell, prime/pull
vaccine, CXCL10, herpes simplex, prime/pull

Herpes simplex virus 1 (HSV-1) infection remains one of the most prevalent viral
infections, with a staggering 3.72 billion affected individuals worldwide (1, 2).

HSV-1, a member of the neurotropic alphaherpesvirus family (3–9), causes a spectrum
of clinical ocular manifestations ranging from blepharitis, conjunctivitis, and neovas-
cularization to disciform stromal edema and blinding herpetic stromal keratitis (HSK)
(10, 11). In the United States alone, over 450,000 people have a history of potentially
blinding ocular herpetic disease requiring medical attention, antiviral drug treatments,
or, in severe cases, corneal transplantation (12–14). Current antiviral drug therapies
(e.g., acyclovir and derivatives) do not eliminate the virus but reduce herpetic symp-
toms, but by only �45% (15, 16). The development of an effective vaccine would
present an unparalleled alternative to antiviral drugs. It would be a powerful and
cost-effective means to reduce corneal herpetic infection and disease (reviewed in
reference 3).

Indirect observations in humans (17–19) indicate that trigeminal ganglion (TG)- and
cornea-resident CD8� T cells play a critical role in preventing HSV-1 reactivation from
latently infected sensory neurons of TG and subsequent corneal herpetic infection and
disease (20, 21). The most recent herpes vaccine clinical trials, which used recombinant
glycoproteins B and D (gB and gD), failed to protect humans from herpetic disease
despite inducing strong HSV-specific neutralizing antibodies (22, 23). These failures
emphasize the need to induce strong T cell responses (in addition to humoral re-
sponses) for protection against ocular herpes. To protect against infectious pathogens,
T cells must be able to traffic from lymph nodes and then the circulation into the cornea
and TG, the sites of acute and latent infections, respectively.

Homing of HSV-specific CD8� T cells to preferred inflamed anatomical locations,
such as the cornea and TG, is thought to be regulated by chemokines/chemokine
receptors and is affected by the vaccine strategy (24–28). Evidence is growing to
support the hypothesis that HSV epitope-specific CD8� T cells do possess qualities that
direct them to the cornea and TG (1, 20, 29). However, the TG appears to be an
immunologically restricted compartment that is not “open” to the homing of CD8� T
cells induced by a parenteral vaccine from the circulation into the infected TG (30). This
is likely due to low levels of T cell-attracting chemokines, i.e., CXCL9, CXCL10, CXCL11,
and CCL5, in noninfected TG. This low level of T cell-attracting chemokines does not
allow migration of sufficient numbers of antiviral CD8� T cells from the circulation into
the TG. In the present study, we hypothesized that a prime/pull vaccine strategy that
“primes” sufficient numbers of functional antiviral CD8� T cells in the periphery and
“pulls” them locally into the cornea and TG would likely result in significant reductions
of corneal herpetic infection and disease. To test this hypothesis, we used the recently
developed humanized HLA transgenic rabbits (HLA Tg rabbits), the most reliable small
animal model of ocular herpesvirus infection and disease (21, 31–35).

We report that immunization of HLA Tg rabbits with a mixture of three immuno-
dominant HSV-1 epitopes (prime), selected as being recognized preferentially by CD8�

T cells from “naturally protected” HSV-1-seropositive asymptomatic (ASYMP) individu-
als, followed by a topical ocular application of a recombinant neurotropic adeno-
associated virus type 8 (AAV8) vector expressing the CXCL10 chemokine (pull) (i)
induced potent and polyfunctional HSV-specific gamma interferon (IFN-�)-producing
CD107� CD8� T cells in peripheral blood and (ii) increased the size of CD8� T cell
infiltrates locally in the cornea and TG. This mobilization of antiviral CD8� T cells was
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associated with significant reductions in both ocular herpesvirus infection and the
severity of corneal herpetic disease following ocular HSV-1 challenge. These preclinical
findings for the HLA-A*02:01 Tg rabbit, a reliable animal model of ocular herpesvirus
infection and disease, strongly suggest that an HSV-1 human epitope peptide/CXCL10-
based prime/pull vaccine displays promising features of safety, immunogenicity, and
protective efficacy that should be considered in the development of a clinical ocular
herpes vaccine.

RESULTS
Frequent IFN-�� CD107a/b� CD8� T cells from HLA-A*02:01-positive asymp-

tomatic individuals preferentially target the HSV-1 UL44400 – 408, UL9196 –204, and
UL25572–580 epitopes. We first searched the deduced amino acid sequences of the
HSV-1 UL44, UL9, and UL25 proteins for potential HLA-A*02:01 binding regions. Nine
potential antigenic HLA-A*02:01-restricted regions (i.e., CD8� T cell epitopes) in three
proteins (Table 1) were identified by use of the previously described BIMAS and
SYFPEITHI algorithms (7). Potential cleavage sites for the human proteasome were
identified using NetChop and MHC Pathway (7). Three of nine epitope peptides
exhibited high affinities for soluble HLA-A*02:01, with 50% inhibitory concentrations
(IC50) ranging from 13 to 16 nM (Table 1, last column). These three potential epitopes,
one from each of the three proteins, were retained for antigenicity studies in humans
and immunogenicity and protective efficacy studies in HLA Tg rabbits. We then
compared the frequencies of CD8� T cells specific to several potential epitopes selected
from the HSV-1 UL44 membrane protein, the UL9 DNA replication origin binding
helicase, and the UL25 tegument protein (Table 1) in HLA-A*02:01� asymptomatic
(ASYMP) versus symptomatic (SYMP) individuals.

The characteristics of the SYMP and ASYMP study populations used in the present
study, with respect to gender, age, HLA-A*02:01 frequency distribution, HSV-1/HSV-2
seropositivity, and status of ocular herpetic disease, are presented in Table 2 and
detailed in Materials and Methods. Since HSV-1 is the main cause of ocular herpes, only
individuals who were HSV-1 seropositive and HSV-2 seronegative were enrolled in the
present study. The low frequencies of peripheral blood mononuclear cell (PBMC)-
derived HSV-specific CD8� T cells complicate direct ex vivo tetramer detection of CD8�

T cells by use of a typical number of PBMCs (i.e., 1 � 106 cells), and a prior expansion
of CD8� T cells following HSV-1 or peptide in vitro stimulation would hamper a reliable
determination of the frequencies of HSV-1 UL44, UL9, and UL25 epitope-specific CD8�

T cells. Therefore, we opted to determine the frequencies of HSV-1 epitope-specific
CD8� T cells ex vivo by using a large number of PBMCs (�10 � 106) per tetramer/CD8
monoclonal antibody (MAb) panel.

As shown in Fig. 1A (representative data) and B (averages of frequencies), high
frequencies of CD8� T cells against the UL44400 – 408, UL9196 –204, and UL25572–580

TABLE 1 Potential HLA-A*02:01 epitopes selected from the HSV-1 UL44, UL9, and UL25
proteinsa

Antigen Peptide Sequence Mol wt HLA-A*0201 IC50 (nM)

UL44 UL447–15 GLAVVLWSL 957.17 43
UL4414–22 SLLWLGAGV 915.09 54
UL44400–408 FLGDDPSPA 917.98 13

UL9 UL9172–180 VLDEVMSTL 1,006.19 45
UL9196–204 ALMLRLLRI 1,098.47 16
UL9583–591 FIYLALLEA 1,052.29 50

UL25 UL2535–43 FWMSPVFNL 1,140.37 96
UL25572–580 FIPQYLSAV 1,037.23 15
UL25266–274 RLPRYLACL 1,104.4 76

aThe sequences of the HSV-1 UL44, UL9, and UL25 proteins were submitted for screening of potential HLA-
A*02:01 epitopes by use of several computer algorithms, as described in Materials and Methods. Nine
peptides were selected on the basis of the HLA-A*0201 binding motif sequence from HSV-1 strain 17.
Sequences in bold are the immunodominant epitopes used to immunize HLA transgenic rabbits.
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epitopes were detected in ASYMP individuals. Interestingly, the average frequencies of
CD8� T cells specific to the UL9196 –204 epitope were consistently and significantly
higher in ASYMP individuals (Fig. 1A and B, black circles) than in SYMP individuals (Fig.
1A and B, white circles) (P � 0.005). The average frequencies of CD8� T cells specific to
the UL44400 – 408 and UL25572–580 epitopes were at similar levels in both SYMP and
ASYMP individuals. The average frequencies of CD8� T cells specific to the UL44400 – 408,
UL9196 –204, and UL25572–580 immunodominant epitopes in HLA-A*02:01-seronegative
controls (SeroNeg) did not yield any significant percentages, confirming the HSV
antigen specificity of CD8� T cells (Fig. 1A and B, white squares). We next focused on
determining the function of CD8� T cells specific to the immunodominant UL44400 – 408,
UL9196 –204, and UL25572–580 epitopes.

We compared the CD8� T cell proliferative responses to the UL44400–408, UL9196 –204,
and UL25572–580 immunodominant epitopes from HLA-A*02:01� ASYMP individuals
versus HLA-A*02:01� ASYMP individuals (controls). PBMCs were labeled with carboxy-
fluorescein succinimidyl ester (CFSE) and then restimulated in vitro for 6 days with each
of the HSV-1 UL44400 – 408, UL9196 –204, and UL25572–580 peptides. As shown in Fig. 1C
(upper panels), significant percentages of the CFSElow CD8� T cells were detected for
one ASYMP HLA-A*02:01� individual when cells were stimulated with the UL44400 – 408,
UL9196 –204, and UL25572–580 peptides. The UL44400 – 408 and UL25572–580 peptides in-
duced the most proliferation of CD8� T cells (22.9% and 31.6% of dividing CFSElow

CD8� T cells, respectively). The UL9196 –204 peptide induced a modest yet significant
amount of dividing CFSElow CD8� T cells (13.0% of dividing CFSElow CD8� T cells). In
contrast, none of the remaining six low-affinity peptides from the HSV-1 UL44, UL9, and
UL25 proteins induced significant proliferation of CD8� T cells in ASYMP HLA-A*02:01�

individuals (Table 2). No significant percentages of dividing CFSElow CD8� T cells were
induced by any of the UL44, UL9, and UL25 peptides in HLA-A*02:01� individuals,
confirming the HLA restriction of the T cell responses (data not shown).

Because a lack of proliferative response may not always reflect a lack of T cell
response (36, 37), we studied IFN-� and CD107a/b expression by HSV-1 epitope-specific
CD8� T cells. PBMCs from HLA-A*02:01� and HLA-A*02:01� ASYMP individuals were
stimulated in vitro for 72 h with each of the UL44, UL9, and UL25 peptides (Table 1). We
then used intracellular fluorescence-activated cell sorter (FACS) staining to measure the

TABLE 2 Characteristics of individuals enrolled in this study

Subject-level characteristic
Value for all subjects
(n � 39)

Gender (no. [%])
Female 15 (51)
Male 14 (49)

Race (no. [%])
Caucasian 19 (66)
Non-Caucasian 10 (34)

Age (median [range]) (yr) 39 (21–67)

HSV status (no. [%])
HSV-1 seropositive 29 (100)
HSV-2 seropositive 0 (0)
HSV-1 and -2 seropositive 0 (0)
HSV seronegative 10 (100)

HLA status (no. [%])
HLA-A*02:01 positive 24 (83)
HLA-A*02:01 negative 5 (17)

Herpes disease statusa (no. [%])
Asymptomatic (ASYMP) 19 (66)
Symptomatic (SYMP) 10 (34)

aDefinitions of symptomatic and asymptomatic individuals are detailed in Materials and Methods.
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frequencies of IFN-�� CD8� T and CD107a/b� CD8� T cells, as described in Materials
and Methods.

Figure 1D (top two rows) shows representative contour plots of percentages of
IFN-�� CD8� T cells detected in one HLA-A*02:01� and one HLA-A*02:01� ASYMP
individual following stimulation with equimolar amounts of the HSV-1 UL44400 – 408,
UL9196 –204, and UL25572–580 peptides. The highest percentage of IFN-�� CD8� T cells
detected from HLA-A*02:01� ASYMP individuals was directed against the UL44400 – 408

peptide (6.5%). The UL9196 –204 and UL25572–580 peptides induced up to 4.7% IFN-��

CD8� T cells from one HLA-A*02:01� ASYMP individual. In parallel experiments, no
significant percentage of IFN-�� CD8� T cells was detected in the PBMCs of the
HLA-A*02:01� ASYMP individuals when cells were stimulated with equimolar amounts
of the UL44400 – 408, UL9196 –204, and UL25572–580 peptides, confirming the HLA restric-
tion of the T cell responses. These results indicate that the HSV-1 peptides UL44400 – 408,

FIG 1 Frequent IFN-�� CD107� CD8� T cells specific to the HSV-1 UL44400 – 408, UL9196 –204, and UL25572–580 epitopes detected HSV-seropositive ASYMP
HLA-A*0201� individuals. PBMCs (�10 � 106) derived from HSV-seropositive (SeroPos) asymptomatic (ASYMP) and symptomatic (SYMP) individuals and from
HSV-seronegative (SeroNeg) individuals were stimulated in vitro with 10 �M (each) immunodominant CD8� T cell peptide epitopes (UL44400 – 408, UL9196 –204,
and UL25572–580) (Table 1). (A) Representative FACS contour plots of UL44400 – 408, UL9196 –204, and UL25572–580 tetramer-specific CD8� T cells detected in one
HSV-seropositive ASYMP individual (top row), one HSV-seropositive SYMP individual (middle row), and one SeroNeg individual (bottom row). (B) Average
frequencies of CD8� T cells specific to the UL44400 – 408, UL9196 –204, and UL25572–580 epitopes detected in 10 HLA-A*0201� ASYMP (closed circles), eight
HLA-A*0201� SYMP (open circles), and five HSV-seronegative (open squares) individuals. The nominal P values indicate statistical significance detected between
ASYMP and SYMP individuals and between SeroPos ASYMP and SeroNeg individuals. A general linear model was used, and we compared the least-squares
means by the Dunnett procedure for multiple comparisons. (C) Frequencies of proliferative CFSElow CD8� T cells, detected by a CFSE dilution method following
in vitro stimulation with the UL44400 – 408, UL9196 –204, and UL25572–580 peptides. The top row shows contour plots of individual tetramer-specific CFSElow CD8�

T cells in HLA-A*0201� ASYMP individuals. The bottom row shows contour plots of tetramer-specific CFSElow CD8� T cells in HLA-A*0201� ASYMP individuals.
(D) Frequencies of HSV-1 UL44400 – 408, UL9196 –204, and UL25572–580 epitope-specific IFN-�� CD8� T cells (top two rows) and CD107� CD8� T cells (bottom two
rows) in HLA-A*0201� and HLA-A*0201� ASYMP individuals. The results are representative of two independent experiments.
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UL9196 –204, and UL25572–580 contain at least one immunodominant IFN-�-producing
CD8� T cell epitope.

We then examined the ability of the UL44400 – 408, UL9196 –204, and UL25572–580

peptides to induce cytotoxic CD8� T cells from HLA-A*02:01� and HLA-A*02:01�

ASYMP individuals. Figure 1D (lower two rows) shows representative contour plots of
the percentages of CD107a/b� CD8� T cells detected in one HLA-A*02:01� and one
HLA-A*02:01� HSV-1-seropositive individual following stimulation with equimolar
amounts of the HSV-1 UL44400 – 408, UL9196 –204, and UL25572–580 peptides. The highest
percentages of CD107a/b� CD8� T cells detected in HLA-A*02:01� ASYMP individuals
were directed mainly against the UL44400 – 408 and UL9196 –204 peptides (6.7% of
CD107a/b� CD8� T cells for both peptides). The UL25572–580 peptide induced up to
4.8% CD107a/b� CD8� T cells from one HLA-A*02:01� ASYMP individual. In parallel
experiments, no significant percentage of CD107a/b� CD8� T cells was detected in
HLA-A*02:01� ASYMP controls when cells were stimulated with equimolar amounts of
the UL44400 – 408, UL9196 –204, and UL25572–580 peptides, confirming the HLA specificity
of the CD8� T cell responses.

Altogether, these results demonstrate that the HSV-1 UL44400 – 408, UL9196 –204, and
UL25572–580 epitopes are targeted by frequent IFN-�-producing CD107a/b� CD8� T cells
from HLA-A*02:01-positive ASYMP individuals. In contrast, low frequencies of IFN-�-
producing CD107� CD8� T cells were detected from HLA-A*02:01-negative ASYMP
controls in response to equimolar amounts of each of the three peptides. These results
confirm the immunodominance of the UL44400 – 408, UL9196 –204, and UL25572–580

epitopes.
Since the UL44400 – 408, UL9196 –204, and UL25572–580 peptides were preferentially

recognized by polyfunctional CD8� T cells from naturally protected HSV-seropositive
ASYMP individuals who never had any recurrent ocular herpetic disease, we next set
out to test whether a mixture of these three peptides can be used as a vaccine to
protect against ocular herpes. In the remainder of this study, the safety, immunoge-
nicity, and protective efficacy of the UL44400 – 408, UL9196 –204, and UL25572–580 peptides
were evaluated in the HLA-A*02:01-positive transgenic rabbit model (HLA Tg rabbit), a
reliable preclinical animal model of ocular herpesvirus infection and disease.

Selection of HLA-A*02:01 transgenic rabbits for preclinical evaluation of a
UL44400 – 408, UL9196 –204, and UL25572–580 peptide-based vaccine against ocular
herpes. HLA-A*02:01-positive transgenic rabbit breeders were selected based on their
high expression of HLA-A*02:01 molecules, since the expression of the rabbits’ own
major histocompatibility complex (MHC) class I molecules might interfere with the
human HLA-A*02:01-restricted responses (Fig. 2A). The high expression of HLA-A*02:01
molecules in the selected HLA Tg rabbits should result in rabbit CD8� T cells using the
human HLA-A*02:01 molecules at both the thymus selection and peripheral effector
levels (35). All selected HLA Tg rabbits had similarly high expression of HLA-A*02:01
molecules in over 95% of PBMCs, as assessed by FACS (Fig. 2A, upper panel). HLA
transgenic rabbits with low to moderate expression of HLA-A*02:01 molecules (i.e., 7%
to 69%) were excluded from the study. Wild-type (non-HLA transgenic) rabbits were
used as controls of HLA specificity. As expected, no HLA-A*02:01 expression was
detected in nontransgenic wild-type rabbits (Fig. 2A, lower panel). The specificity of
anti-HLA-A*02:01 MAb was confirmed using an isotype IgG control. Based on their high
expression of HLA-A*02:01 molecules, a group of 30 HLA Tg rabbits were enrolled for
preclinical evaluation of a UL44400 – 408, UL9196 –204, and UL25572–580 peptide-based
vaccine, as shown in Fig. 2B.

Frequent HSV-specific CD8� T cells are induced in HLA Tg rabbits following
immunization with a mixture of the UL44400 – 408, UL9196 –204, and UL25572–580

peptides. To gain insight into the immunogenicity of the HSV-1 UL44400–408, UL9196–204,
and UL25572–580 peptide-based vaccine, HLA Tg rabbits (n � 20) were immunized twice,
at 2-week intervals, with a mixture of the HSV-1 UL44400–408, UL9196–204, and UL25572–580

peptides, as illustrated in Fig. 2B. Because parallel induction of CD4� T helper cells is
crucial for the priming and maintenance of HSV-specific CD8� T cell responses (7, 38),
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the mixture of the three CD8� T cell epitopes was delivered together with the PADRE
peptide, a promiscuous HSV-1 CD4� T helper epitope that binds to most MHC class II
molecules, including rabbit MHC class II molecules (7, 35).

The frequencies of HSV-1 epitope-specific CD8� T cells were determined for PBMCs
from each animal on days 29, 39, and 51 after the first immunization (i.e., on days 14,
24, and 36 after the second immunization), using HLA-A*02:01/epitope-specific tetram-
ers. As shown in Fig. 2C and D, each of the three peptides (UL9196 –204, UL25572–580, and
UL44400 – 408) generated high frequencies of epitope-specific CD8� T cells in the ma-
jority of immunized HLA Tg rabbits. The maximum frequencies of epitope-specific
CD8� T cells were attained on day 39 after the first immunization.

Similar to those in HLA-A*02:01-positive individuals, the highest frequencies of
CD8� T cells detected in the HLA-A*02:01-positive transgenic rabbits were against the

FIG 2 Frequencies of UL9196 –204, UL25572–580, and UL44400 – 408 tetramer-specific CD8� T cells induced in HLA Tg rabbits following peptide immunization. (A)
Detection of HLA-A*02:01 molecules in PBMCs from HLA Tg rabbits. PBMCs from either HLA Tg rabbits or wild-type nontransgenic rabbits were stained first
with the BB7.2 MAb and then with a PE-conjugated anti-mouse secondary IgG antibody and analyzed by flow cytometry (see Materials and Methods). (B)
Illustration of UL44, UL9, and UL25 peptide immunization regimen and immunological characterization. HLA Tg rabbits were immunized twice, on days 0 and
15, with a mixture of the UL9196 –204, UL25572–580, and UL44400 – 408 peptides in CpG (ODN2007) adjuvant, or they received adjuvant alone (mock group). (C) HLA
Tg rabbits were bled on days 29, 39, and 51 after initial immunization (i.e., on days 14, 24, and 36 after the second immunization), and the frequencies of
UL9196 –204, UL25572–580, and UL44400 – 408 epitope-specific CD8� T cells were detected using the corresponding HLA-A*02:01-peptides/tetramers. Shown are
representative contour plots of the frequencies of tetramer� CD8� T cells specific to the UL9196 –204, UL25572–580, and UL44400 – 408 epitopes detected in PBMCs
from immunized rabbits. The number at the top of each box represents the percentage of epitope-specific CD8� T cells. (D) Average frequencies of
tetramer-specific CD8� T cells detected in all animals on days 29, 39, and 51 after initial immunization. Solid circles represent peptide-immunized rabbits. Open
circles represent mock-immunized rabbits. The results are representative of two independent experiments.
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UL44400 – 408 and UL9196 –204 epitopes (3.4% and 2.9%, respectively). The average fre-
quency of CD8� T cells specific to the remaining epitope, UL25572–580, was at a
moderate level in HLA-A*02:01-positive transgenic rabbits (2.2%). The average frequen-
cies of CD8� T cells specific to the UL44400 – 408, UL9196 –204, and UL25572–580 immuno-
dominant epitopes in nontransgenic control rabbits did not yield any significant
percentages (data not shown), confirming the HLA restriction of CD8� T cells induced
in HLA Tg rabbits following immunization with the mixture of the three HSV human
epitope peptides.

A prime/pull vaccine based on immunization with a mixture of UL44400 – 408,
UL9196 –204, and UL25572–580 peptides followed by CXCL10 treatment bolsters the
function of HSV epitope-specific CD8� T cells in HLA transgenic rabbits. We next
determined whether priming with a mixture of the HSV-1 UL44400 – 408, UL9196 –204, and
UL25572–580 peptides followed by topical ocular treatment with CXCL10 would (i) boost
the function of HSV-1 epitope-specific CD8� T cells and (ii) pull more CD8� T cells into
the cornea and TG, the sites of acute and latent HSV-1 infection, respectively, in both
humans and rabbits.

HLA Tg rabbits (n � 12) were immunized twice, at 2-week intervals, with the mixture
of UL44400 – 408, UL9196 –204, and UL25572–580 peptides, as shown in Fig. 3A. Using the
optimal CamKII� promoter, we constructed a neurotropic recombinant nonreplicating
adeno-associated virus type 8 vector (rAAV8) expressing the T cell-attracting CXCL10

FIG 3 A prime/pull immunization regimen bolsters the function of HSV epitope-specific CD8� T cells in HLA Tg rabbits. (A) Illustration of the prime/pull
immunization regimen and immunology studies in HLA Tg rabbits. HLA Tg rabbits (n � 12) were primed twice, on day 0 and day 15, with a mixture of the
UL9196 –204, UL25572–580, and UL44400 – 408 peptides in CpG (ODN2007) adjuvant. On day 29 (14 days after the final peptide immunization), half of the rabbits
(n � 6) were left untreated and the other half (n � 6) received a topical ocular treatment with 1010 GC/eye of the AAV8 vector expressing CXCL10. (B) Schematic
of the AAV8 vector construct expressing the CXCL10 chemokine and GFP, both under the control of the neurotropic CamKII� promoter. The frequencies of CD8�

T cells that expressed IFN-� (C and D) and CD107a/b (E and F) were determined by FACS analysis of cells from the cornea and TG of immunized
AAV8-CXCL10-treated and untreated HLA Tg rabbits 10 days after treatment, as described in Materials and Methods. (C) Representative contour plots of IFN-��

CD8� T cells specific to the UL9196 –204, UL25572–580, and UL44400 – 408 epitopes detected in the cornea (COR) (left panels) and TG (right panels) for
immunized/untreated, immunized/rAAV8-CXCL10-treated, and mock-immunized rabbits. (D) Average frequencies of IFN-�� CD8� T cells specific to the
UL9196 –204, UL25572–580, and UL44400 – 408 epitopes detected in the cornea (top) and TG (bottom) for six immunized/untreated, six immunized/rAAV8-CXCL10-
treated, and six mock-immunized rabbits. (E) Representative contour plots of CD107a/b� CD8� T cells specific to the UL9196 –204, UL25572–580, and UL44400 – 408

epitopes detected in the cornea (left panels) and TG (right panels) for immunized/untreated, immunized/rAAV8-CXCL10-treated, and mock-immunized rabbits.
(F) Average frequencies of CD107a/b� CD8� T cells specific to the UL9196 –204, UL25572–580, and UL44400 – 408 epitopes detected in the cornea (top) and TG (bottom)
for six immunized/untreated, six immunized/rAAV8-CXCL10-treated, and six mock-immunized rabbits. The results are representative of two independent
experiments.
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chemokine (rAAV8-CamKII�-GFP-CamKII�-CXCL10) (Fig. 3B). On day 29, half of the
rabbits (n � 6) were left untreated and the other half (n � 6) received a topical ocular
treatment with 1010 genome copies (GC) of the rAAV8-CamKII�-GFP-CamKII�-CXCL10
vector. An additional group of HLA Tg rabbits was mock vaccinated and received an
empty AAV8 vector as a control (mock group). Ten days following CXCL10 treatment,
representative FACS plots (Fig. 3C and E) and average frequencies (Fig. 3D and F) of
HSV-1 UL44400 – 408, UL9196 –204, and UL25572–580 epitope-specific functional CD8� T
cells were determined for the cornea (COR) and TG (the sites of acute and latent HSV-1
infection).

Significantly higher frequencies of (i) HSV-specific IFN-�� CD8� T cells (Fig. 3C and
D) and (ii) HSV-specific CD107a/b� CD8� T cells (Fig. 3E and F) were detected in the
cornea and TG for HLA Tg rabbits that were vaccinated and treated with CXCL10 than
for HLA Tg rabbits that received the peptide vaccine alone (P � 0.05), indicating that
treatment with the CXCL10 chemokine contributed to increased function of cornea-
and TG-resident HSV-specific CD8� T cells. No corneal pathology was associated with
the chemokine-encoding, nonreplicating rAAV8 vector.

These results demonstrate that topical ocular treatment with the CXCL10 chemokine
bolsters the functional HSV-specific CD8� T cells in the cornea and TG of HLA-A*02:01
Tg rabbits.

A human epitope peptide/CXCL10-based prime/pull vaccine induces strong
protection against ocular herpesvirus infection and disease. We next determined
whether priming with the mixture of the HSV-1 UL44400–408, UL9196–204, and UL25572–580

peptides followed by topical ocular treatment with the rAAV8-CamKII�-GFP-CamKII�-
CXCL10 vector would provide better protective immunity which would reduce ocular
herpesvirus infection and disease following HSV-1 challenge.

A group of HLA-A*02:01 Tg rabbits (n � 20) received subcutaneous immunizations
with the mixture of three HSV-1 peptides (UL9196 –204, UL25572–580, and UL44400 – 408) on
day 0 and day 15. On day 29, half of the rabbits (n � 10) were left untreated and the
other half (n � 10) received a topical ocular treatment with 1010 GC of the rAAV8-
CamKII�-GFP-CamKII�-CXCL10 vector. An additional group of control HLA Tg rabbits
(n � 10) was mock vaccinated and received an equivalent amount of empty AAV8
vector (mock group). Two days following CXCL10 treatment, animals from all three
groups received an ocular HSV-1 challenge (2 � 105 PFU; strain McKrae) without
scarification (Fig. 4A). The rabbits were then assessed for up to 30 days postchallenge
for ocular herpetic disease and ocular viral replication.

As shown in Fig. 4B and D, there was a significant decrease of viral titers detected
on day 7 postinfection (the peak of viral replication) in the eye swabs of peptide-
vaccinated rabbits compared to those for mock-vaccinated rabbits (P � 0.05). Further-
more, the pathological clinical scores observed for the peptide-vaccinated rabbits were
significantly lower than those recorded for the mock-vaccinated rabbits (P � 0.01 for
all) (Fig. 4C, E, and F). Moreover, the mixture of the UL9196 –204, UL25572–580, and
UL44400 – 408 peptides combined with CXCL10 treatment showed a trend toward
providing better protection than the mixture of the UL9196 –204, UL25572–580, and
UL44400 – 408 peptides alone (i.e., without CXCL10 treatment) (compare Fig. 4B and C to
Fig. 4D and E).

Furthermore, the topical ocular treatment with the CXCL10 chemokine appeared to
bolster the CD8� T cell infiltrates in both the cornea and TG of protected HLA-A*02:01
Tg rabbits. Green fluorescent protein (GFP) appeared to be coexpressed with CD8� T
cell infiltrates in both the cornea (Fig. 5, bottom left panels) and TG (Fig. 5, bottom right
panels) of CXCL10-treated protected rabbits. The accumulation of CD8� T cell infiltrates
in the cornea and TG suggests migration of protective CD8� T cells from the circulation
into the cornea and TG, where the neurotropic CXCL10 chemokine-encoding AAV8
vector is expressed.

Altogether, these results (i) indicate that immunization with a mixture of the
UL9196 –204, UL25572–580, and UL44400 – 408 peptides combined with CXCL10 treatment
contained the ocular HSV-1 load, decreased ocular herpetic disease, and protected
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against lethal ocular herpes in the HLA Tg rabbit model of ocular herpes; (ii) suggest
that bolstering the number and function of HSV-specific CD8� T cells that infiltrate the
cornea and TG through a prime/pull vaccine improved protection against ocular
herpesvirus 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 herpesvirus
infection and disease.

DISCUSSION

Naturally protected HSV-1-seropositive healthy ASYMP individuals (who have never
had recurrent corneal, oral, or genital herpetic disease) develop CD8� T cells that
appear to preferentially target a set of human ASYMP epitopes (6, 39–47). These ASYMP
CD8� T cells are phenotypically and functionally distinct and appear to be associated
with less frequent and reduced severity of ocular herpetic disease (6, 20, 21, 34, 41, 42,

FIG 4 Protective immunity against ocular herpesvirus replication and corneal disease induced by a peptide/rAAV8-CXCL10 prime/pull vaccine in
HLA transgenic rabbits. (A) Illustration of the prime/pull vaccine regimen and virology and disease studies. Two groups of age-matched
HLA-A*02:01 Tg rabbits (n � 20 each) were immunized subcutaneously twice (on day 0 and day 15) with a pool of three CD8� peptide epitopes
(UL9196 –204, UL25572–580, and UL44400 – 408). On day 29, half of the immunized animals (n � 10) received a topical application of 1 � 1010 GC/eye
of AAV8 expressing the CXCL10 chemokine. The other half was left untreated. As a negative control, a third group of HLA Tg rabbits (n � 10)
received the adjuvant alone (mock). Two weeks after the final immunization, HLA Tg rabbits were challenged ocularly (both eyes, without
scarification) with 2 � 105 PFU of HSV-1 (strain McKrae) and examined for signs of ocular disease and for virus titer. (B and D) Virus titers were
determined from eye swabs on day 7 postinfection. (C and E) Ocular herpetic disease was scored according to a standard scale from 0 to 4 for
30 days postchallenge, as described in Materials and Methods. (F) Representative images showing ocular disease detected in rabbits that received
the mock vaccine, the peptide vaccine, or the peptide/rAAV8-CXCL10 prime/pull vaccine. The results are representative of two independent
experiments.
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44–47). The present study extends these correlations by demonstrating that in vivo
immunization with these human ASYMP CD8� T cell epitopes induced protective CD8�

T cells associated with herpetic corneal disease in the humanized HLA Tg rabbit model
of ocular herpes. We characterized the T cell immunogenicity and protective efficacy of
three human ASYMP CD8� T cell epitopes that were identified from three HSV-1
antigens, namely, the HSV-1 membrane protein (UL44), the ATP-dependent helicase
protein (UL9), and the tegument protein (UL25) (1), as being recognized preferentially
by CD8� T cells from ASYMP individuals. We showed that immunization with a mixture
of these three HSV-1 ASYMP peptides (UL44400 – 408, UL9196 –204, and UL25572–580)
elicited polyfunctional CD8� T cell responses in HLA Tg rabbits and was associated with
protection from ocular herpesvirus infection and disease following an ocular challenge.
Moreover, we demonstrated that immunized HLA Tg rabbits that received a topical
ocular application of a neurotropic AAV8 vector expressing the CXCL10 chemokine
developed frequent and functional HSV-specific CD107� CD8� cytotoxic T cells in the
TG and cornea. These potent tissue-resident CD8� T cells protected HLA Tg rabbits
from virus replication in the eye and corneal herpetic disease (keratitis) following an
ocular challenge with HSV-1 (strain McKrae). The results of this preclinical trial (i)
support implementation of a prime/pull ASYMP peptide vaccine strategy to strengthen
the protective efficacy of tissue-resident CD8� T cells against ocular herpes and (ii)
indicate that ASYMP CD8� T cell epitopes selected from the HSV-1 protein antigens
UL44, UL9, and UL25 are logical candidates to be included in the next generation of
ocular herpes prime/pull peptide vaccines.

Complications from 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, 48).
Ocular HSV-1 infection is the leading cause of virus-induced corneal blindness in
industrialized countries. Changes in sexual behavior among young adults have been
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),

FIG 5 Peptide priming followed by topical ocular application of a neurotropic AAV8 vector expressing CXCL10 increases the amounts of CD8� T cell infiltrates
in the cornea and TG. Two groups of age-matched HLA-A*02:01 rabbits (n � 12 each) were immunized subcutaneously twice (on day 0 and day 15) with a pool
of three CD8� peptide epitopes (UL9196 –204, UL25572–580, and UL44400 – 408). On day 29, half of the immunized animals (n � 6) received a topical application of
1 � 1010 GC/eye of neurotropic rAAV8 expressing mouse CXCL10 together with GFP, both under the control of the neurotropic CamKII-� promoter. The other
half was left untreated. As a negative control, a third group of HLA transgenic rabbits (n � 6) received adjuvant alone (mock). Two weeks after the final
immunization, HLA Tg rabbits were challenged ocularly (both eyes, without scarification) with 2 � 105 PFU of HSV-1 (strain McKrae). Rabbit cornea (A) and TG
(B) sections were harvested from all groups of rabbits and costained using DAPI, GFP, and a MAb specific to rabbit CD8� T cells. The images shown are confocal
microscopy images (magnification, �20). Blue, DAPI (DNA stain); green, GFP-AAV8; yellow, CD8� cells. The data are representative of two independent
experiments.

Ocular Herpes Prime/Pull Vaccine Journal of Virology

August 2018 Volume 92 Issue 16 e00535-18 jvi.asm.org 11

http://jvi.asm.org


with approximately 20,000 individuals per year experiencing recurrent and potentially
blinding ocular herpetic lesions (3, 4, 6–8). Seropositive SYMP and ASYMP individuals
are different with regard to CD8� T cell epitope specificity and the magnitude and
phenotype of HSV-specific CD8� T cells (3–8, 36, 39, 47, 49). Thus, a vaccine that
converts the presumably nonprotective 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. In the present study, we demonstrated that immunization with a mixture
of peptide vaccines exclusively bearing human epitopes from the HSV-1 proteins UL44,
UL9, and UL25 that are mainly recognized by CD8� T cells from HSV-1-seropositive
healthy ASYMP individuals (1) reduced the amount of infectious virus in tears and
lessened the occurrence of ocular herpes following ocular challenge in prophylactically
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. It remains to be determined whether this
ASYMP epitope vaccine given therapeutically to latently infected HLA Tg rabbits will (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
UL44, UL9, and UL25 epitope-specific CD8� T cells over the existing immune response
induced by the primary infection. Preclinical studies in HLA Tg rabbits to assess the
protective efficacy of these ASYMP epitope vaccines in a therapeutic setting will be the
subject of future reports.

Traditional vaccine formulations using native or recombinant proteins are generally
ineffective in the induction of CD8� T cell responses (50). 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 antigen processing and presentation of epitopes to CD8� T
cells, necessitating the endogenous synthesis and presentation of HLA class I mole-
cules. In contrast, a mixture of three HSV-1 ASYMP peptides, UL44400 – 408, UL9196 –204,
and UL25572–580, induced strong CD8� T cell responses, as these peptides present the
optimal 9-mer length and the preferred peptide binding motif (xLxxxxxxV/L) for
binding with high affinity to HLA-A*02:01 molecules expressed by the HLA Tg rabbits.
Moreover, there are several other advantages of a vaccine comprised of multiple
peptide epitopes, as follows. (i) Multiple epitopes selected from the viral envelope,
tegument, capsid, and regulatory proteins can be included, as demonstrated by the
UL44400 – 408, UL9196 –204, and UL25572–580 multiple-epitope vaccine in this study. Im-
munization with the promiscuous CD4� T helper epitope (PADRE peptide) together
with the mixture of CD8� T cell peptides generated significant PADRE peptide-specific
CD4� T cell responses in HLA Tg rabbits compared to those after immunization with the
mixture of CD8� T cell peptides alone (not shown), indicating that CD4� T cells fulfill
their role as T helpers by providing help for the priming and establishment of CD8� T
cell memory. The multiple-epitope vaccine approach is likely to produce more effica-
cious protection than that with any one of the three epitopes used individually. (ii)
Through identification of protective human ASYMP CD8� T cell epitopes from HSV-1
proteins, herpes vaccine formulations can be simplified, enabling molecular-level vac-
cine characterization and improved safety profiles. However, a potential concern of a
multipeptide vaccine is the possibility of epitope competition among the epitope
peptides for specific HLA-A*02:01 molecules. This may impair the induction of a full
spectrum of T cell responses against all of the desired ASYMP epitopes. One approach
to overcoming this possibility is to administer individual peptides at different injection
sites. To the best of our knowledge, the immunogenicity and protective efficacy of
asymptomatic epitopes from the HSV-1 UL44, UL9, and UL25 proteins have not
previously been described for rabbits. Thus, the results of the present investigation
have revealed, for the first time, the immunogenicity and protective efficacy of several
new CD8� T cell epitopes from many HSV-1 proteins, expanding the panel and diversity
of HSV-1 epitopes. Our results highlight the potential of peptide mixture-based vac-
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cines for activating potent functional CD8� T cell responses against ocular herpes
compared to those after immunization with a single immunodominant peptide (51–55).

Homing of HSV-specific CD8� T cells to preferred inflamed anatomical locations,
such as the cornea and TG, is thought to be regulated by chemokines/chemokine
receptors, among other factors, and is affected by the vaccine strategy (24–28). In this
study, we demonstrated that immunization of HLA Tg rabbits with a mixture of ASYMP
peptides followed by a topical ocular application of a neurotropic AAV8 vector express-
ing the T cell-attracting CXCL10 chemokine was effective at boosting the number and
function of HSV-specific CD8� T cells in corneal and TG tissues and that this correlated
with protection against ocular herpes challenge. Several studies, including ours, have
shown that HSV-specific CD8� T cells may exhaust their functional activity by “seeing”
more viral antigen in HSV-1-infected TG (51, 56–58). In the present study, more
functional (less exhausted) CD8� T cells were detected in the TG of HSV-1-infected HLA
Tg rabbits following the prime/pull vaccine and viral challenge than in those of
mock-vaccinated and infected control HLA rabbits. Thus, it seems likely that the
prime/pull vaccine contributes, by a still-to-be-determined mechanism, to curbing
CD8� T cell exhaustion in HSV-1-infected TG. Our vaccine strategy was adapted from
the recently reported prime/pull genital herpes vaccine strategy from the study of Shin
and Iwasaki, which used a mouse model of genital herpes (59). The polyfunctionality of
induced CD8� T cells may play a critical role in protection against ocular herpesvirus
infection and disease, since the quality of CD8� T cell responses, rather than their
quantity (i.e., the frequency of CD8� T cells and the magnitude of CD8� T cell
responses), correlated better with protection. These findings are in agreement with our
recent reports in showing that the CXCL10/CXCR3-dependent mobilization of polyfunc-
tional HSV-specific CD8� TEM and CD8� TRM cells within infected mouse tissues allows
efficient protection against recurrent herpesvirus infection and disease (20, 29). As a
control, treatment with AAV8-CXCL10 alone, without prior priming with peptides, did
not lead to significant mobilization of CD8� T cells compared to that with the
prime/pull vaccine, indicating the importance of the “prime” and “pull” steps. An
immediate practical application of these preclinical findings in HLA Tg rabbits is the
development of an ocular herpes prime/pull peptide vaccine strategy that will include
T cell-attracting chemokines, such as the CXCL10 chemokine, to “pull” more antiviral
CD8� T cells from the circulation and boost their number and function within infected
tissues, such as the cornea and TG. Moreover, a prime/pull immunotherapeutic vaccine
is expected to stop or reduce attempts of HSV-1 reactivation from latency, with the
potential to produce a sustained reduction of blinding recurrent herpetic disease.

Since the HLA Tg rabbit model is the only small animal model that provides
spontaneous reactivation of HSV-1 and recurrent corneal disease (in contrast to mice),
a human prime/pull therapeutic strategy is currently being explored in our laboratory,
using the humanized HLA Tg rabbit models of recurrent ocular herpes. In latently
infected HLA Tg rabbits, CD8� T cells are first primed with human immunodominant
CD8� T cell epitopes selected from HSV-1 proteins (prime) and then treated with an
AAV8 vector expressing T cell-attracting chemokines (CXCL9, CXCL10, and CXCL11)
(pull) to increase the number of functional antiviral CD8� T cells in latently infected TG,
which will reduce virus growth at the point of reactivation and protect against recurrent
ocular herpesvirus infection and disease. This study first induced HSV-specific activated
CD8� T cells in the periphery (prime) and then pulled them into the trigeminal ganglia
following ocular administration of CXCL10 chemokine. Overall, the preclinical results for
HLA Tg rabbits presented in this report suggest an opportunity to develop a T
cell-based ocular herpes prime/pull vaccine approach based on peptide immunization
that would induce functional HSV-specific CD8� T cells in the periphery combined with
topical ocular delivery of T cell-attracting chemokines, such as CXCL9, CXCL10, and
CXCL11, that would mobilize protective CD8� TEM and TRM cells into infected TG and
corneal tissues.

The human population is genetically diverse in terms of HLA haplotypes. Thus, a
question of practical importance is the translation of the current immunological
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findings in a single HLA Tg rabbit strain to the development of an epitope-based
vaccine for a genetically heterogeneous human population. We selected the HLA-
A*02:01 haplotype in this study because (i) �51% of humans, regardless of ethnicity
and race, have this haplotype (4); and (ii) we have HLA-A*02:01 Tg rabbits available for
our in vivo studies. Previous comparisons of HLA frequencies among cohorts of genital
herpes patients showed associations of HLA-B27 and -Cw2 with symptomatic disease
(60). In contrast, we have not detected any correlations between any particular HLA
class I or class II haplotype and resistance or susceptibility to ocular herpes disease
(unpublished data). Thus, we do not think that the difference in ocular herpetic disease
is due to a particular HLA haplotype. Although the high degree of HLA polymorphism
is often mentioned as a major hindrance to the use of epitope-based vaccines, this can
be overcome by the inclusion of multiple supertype-restricted epitopes, recognized in
the context of diverse related HLA alleles, and by designing mixtures of peptide-based
vaccines with higher epitope densities. The multiple-epitope vaccine can be designed
to target various HLA class I haplotypes, besides HLA-A*02:01 (the most common
human MHC class I haplotype), allowing even more coverage in vaccine clinical trials
(reviewed in reference 4). Thus, broad population coverage can be established, pro-
vided that epitopes corresponding to multiple HLA supertype families are incorporated
into the vaccine. A combination of nine HLA supertypes can provide �99% coverage
of the entire repertoire of HLA molecules (61, 62). The multiepitope-based herpes
vaccine could also include several T cell epitopes present not only in one herpesvirus
glycoprotein, such as gD, but also in several different proteins chosen to represent the
HLA supertypes known to provide recognition in a large proportion of the global
population. Such a multiepitope T cell-based vaccine would be broadly effective in the
vast majority of individuals, regardless of their HLA haplotype.

Both rabbit and mouse ocular herpes models have been successful for the study of
ocular HSV-1 infection and immunity, and each model has resulted in new information
and discoveries related to human HSV-1 ocular disease (reviewed in references 63 and
64). 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 herpesvirus infection (7, 39, 65–69). Unfortunately, sponta-
neous 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 (70). The rabbit ocular
herpes model has been especially important for investigating viral reactivation and
recurrent ocular disease (63, 64, 71). Unlike those of mouse eyes, but similar to those
of human eyes, the surfaces of rabbit eyes are relatively immunologically isolated from
systemic immune responses (63, 72, 73). Using the humanized HLA transgenic rabbit
model of ocular HSV-1, which mounts “human-like” CD8� T cell immune responses
(HLA Tg rabbits), we found that immunization of HLA Tg rabbits with three human
CD8� T cell epitopes induced strong CD8� T cell-dependent protective immunity
against ocular herpesvirus infection and disease. From a practical standpoint, rabbit
corneas are significantly larger than mouse corneas and offer plentiful amounts of
tissues for phenotypic and functional characterization of HSV-specific T cells in indi-
vidual tissues (21, 32, 63, 72, 73). To overcome the hurdle of rabbits not mounting T cell
responses specific to human HLA-restricted human epitopes, we introduced the hu-
manized HLA Tg rabbit model of ocular herpes whereby the rabbits express human
leukocyte antigen (HLA class I) molecules (35, 74). Ocularly infected HLA Tg rabbits
mounted HLA-A*02:01-restricted CD8� T cell responses to UL44, UL9, and UL25
epitopes similar to those from HLA-A*02:01-positive, HSV-seropositive humans. Since
expression of the rabbits’ own MHC class I molecules might interfere with the human
HLA-A*02:01-restricted responses (9) and to ensure that all rabbits had a high level of
expression of HLA-A*02:01 molecules in over 90% of their CD8� T cells, only 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*02:01-positive,
HSV-seropositive humans (35). Thus, the HLA Tg rabbit is a useful model for preclinical
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testing of candidate vaccines bearing human T cell epitopes. The HLA Tg rabbit model
allows for testing of 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.

Systematic detailed comparisons of epitope specificities of CD8� T cells in HSV-1-
infected TG and corneal herpetic lesions or circulating in the blood or lymph may shed
light on which epitopes are important at different stages of ocular herpesvirus infec-
tion/reactivation. Distinct epitopes have been identified at different anatomical sites,
such as the cornea, the TG, or the blood (75). Differences in tissue locations may occur
between T cells that recognize different HSV antigens (75). Studies in mice suggest that
frequent CD8� T cells specific to epitopes in ribonucleotide reductase (UL39 and UL40),
ICP8 (UL29), and gB (UL27) mostly reside at the TG relative to the spleen, whereas CD8�

T cells specific to epitopes from late antigens have lower frequencies at the TG (30, 76,
77). As CD8� T cells are known to maintain viral latency at the TG, it is likely that they
do this by targeting HSV epitopes expressed from early or immediate early proteins that
are expressed early during reactivation. Whether HSV-specific CD8� T cells that localize
to infected human TG also target HSV epitopes expressed from early or immediate early
proteins remains to be determined. The induction of homing of appropriate T cells to
inflamed corneal and TG tissues by use of specific adjuvants or delivery platforms
capable of inducing tissue-resident memory T cells is crucial.

In conclusion, four principal findings were determined by the preclinical results
obtained with HSV-1-infected HLA Tg rabbits in this study. First, a human herpes
vaccine that exclusively contains a mixture of human ASYMP CD8� T cell epitopes
derived from the HSV-1 UL44, UL9, and UL25 proteins provided protection in HLA-
A*02:01 Tg rabbits against ocular herpesvirus infection and disease. Second, frequent
polyfunctional HSV-1 ASYMP epitope-specific CD8� T cells were induced by mixtures of
ASYMP human epitopes from the UL44, UL9, and UL25 proteins and correlated with
protection against ocular herpesvirus infection and disease in HLA Tg rabbits following
HSV-1 ocular challenge. Third, the results demonstrate that the CXCL10 chemokine axis
is of paramount importance in mobilizing protective CD8� T cells to the TG and corneal
tissues associated with clearance of ocular herpesvirus infection and disease. Fourth,
the study validates the HLA-A*02:01 Tg rabbit model of ocular herpes for preclinical
testing of future herpes vaccine candidates bearing human ASYMP CD8� T cell
epitopes against ocular herpes. Overall, the preclinical results determined for HLA Tg
rabbits draw attention to the prime/pull vaccine strategy as an alternative to currently
used protein-based vaccines to strengthen the protective efficacy of tissue-resident
CD8� T cells against ocular herpesvirus infection and disease.

MATERIALS AND METHODS
Human study population. During the last 15 years (i.e., January 2003 to January 2018), we screened

875 individuals for HSV-1 and HSV-2 seropositivity. Five hundred seventy-four of these individuals were
white, 301 were nonwhite (African, Asian, Hispanic, and other), 446 were female, and 429 were male. In
this sample, a cohort of 306 immunocompetent individuals, ranging from 21 to 67 years old (median, 39
years), were seropositive for HSV-1 and seronegative for HSV-2. All patients were negative for HIV and
hepatitis B virus (HBV), with no history of immunodeficiency. Seven hundred ninety-two patients were
HSV-1, HSV-2, or HSV-1/HSV-2 seropositive, among which 698 patients were healthy and defined as
asymptomatic (ASYMP). These patients had never had any herpes disease (ocular, genital, or dermal),
based on self-reporting and clinical examination. Even a single episode of any herpetic disease would
exclude the individual from this group. The remaining 94 patients were defined as HSV-seropositive
symptomatic (SYMP) individuals who suffered from frequent and severe recurrent genital, ocular, and/or
orofacial lesions. 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 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 had no recurrences during the past 30
days. They had no ocular disease other than HSK, had no history of recurrent genital herpes, and were
HSV-1 seropositive and HSV-2 seronegative. Because the spectrum of recurrent ocular herpetic diseases
is wide, our emphasis was mainly on the number of recurrent episodes, not the severity of the recurrent
disease. No attempt was made to assign specific T cell epitopes to the severity of recurrent lesions.
Patients were also excluded if they (i) had an active ocular (or elsewhere) herpetic lesion, or had had one
within the past 30 days, (ii) were seropositive for HSV-2, (iii) were pregnant or breastfeeding, or (iv) were
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on acyclovir or another related antiviral drug or any immunosuppressive drugs at the time of blood draw.
From this large cohort of SYMP and ASYMP individuals, 29 patients were enrolled in this study (Table 2).
The SYMP and ASYMP groups were matched for age, gender, serological status, and race. We also
collected and tested blood samples from 10 healthy control individuals who were seronegative for both
HSV-1 and HSV-2 and had no history of ocular herpes, genital lesions, or orofacial herpes disease. All
clinical investigations in this study were conducted according to the principles of the Declaration of
Helsinki. All subjects were enrolled at the University of California, Irvine (UC Irvine), under approved
Institutional Review Board-approved protocols (IRB2003-3111 and IRB2009-6963). Written informed
consent was received from all participants prior to inclusion in the study.

HLA-A*02:01 transgenic rabbits. A colony of HLA Tg rabbits, maintained at UC Irvine, was used for
all experiments. HLA Tg rabbits were derived from New Zealand White rabbits (78). HLA Tg rabbits retain
their endogenous rabbit MHC locus and express human HLA-A*02:01 under the control of its normal
promoter (78). Prior to this study, the expression of HLA-A*02:01 molecules on the PBMCs of each HLA
Tg rabbit was confirmed by FACS analysis. Briefly, rabbit PBMCs were stained with 2 �l of anti-HLA-A2
MAb (clone BB7.2; BD Biosciences, USA) at 4°C for 30 min. The cells were washed and analyzed by use
of an LSR II flow cytometer (Becton Dickinson, Mountain View, CA). The acquired data were analyzed with
FlowJo software (TreeStar, Ashland, OR). All rabbits used in these studies had similarly high levels of
HLA-A*02:01 expression (�90%). This eliminated any potential bias due to the variability of HLA-A*02:01
molecule levels in different animals. New Zealand White rabbits (non-Tg control rabbits) purchased from
Western Oregon Rabbit Co. were used as controls. All rabbits were housed and treated in accordance
with Association for Research in Vision and Ophthalmology (ARVO), Association for Assessment and
Accreditation of Laboratory Animal Care (AAALAC), and National Institutes of Health (NIH) guidelines.

HLA-A*02:01 typing. HLA-A2 typing of humans and HLA Tg rabbits was performed using a
commercial sequence-specific primer (SSP) kit (SSPR1-A2; One Lambda, Canoga Park, CA) following the
manufacturer’s instructions. Genomic DNAs extracted from PBMCs of HSV-seropositive SYMP and ASYMP
individuals were analyzed on a Tecan DNA workstation, using a 96-well plate with a 2-�l volume per well,
as previously described (6). The yield and purity of each DNA sample were tested using a UV spectro-
photometer. The integrity of DNA samples was ascertained by electrophoresis on agarose gels. Each DNA
sample was then subjected to multiple small-volume PCRs using primers specific to areas of the genome
surrounding the single point mutations associated with each allele. Only primers that matched the
specific sequence of a particular allele would amplify a product. The PCR products were subsequently
electrophoresed in a 2.5% agarose gel with ethidium bromide buffer, and the pattern of amplicon
generation was analyzed using HLA Fusion software (One Lambda, Inc., Canoga Park, CA). Additionally,
the HLA-A2 status was confirmed by staining PBMCs with an anti-HLA-A2 MAb, BB7.2 (BD Biosciences,
USA), at 4°C for 30 min. The cells were washed, acquired on a BD LSR II flow cytometer, and analyzed
using FlowJo software, version 9.9.4 (TreeStar, Ashland, OR).

Human PBMC isolation. Individuals (negative for HIV and HBV and with or without any HSV infection
history) were recruited at the UC Irvine Institute for Clinical and Translational Science (ICTS). Between 40
and 100 ml of blood was drawn into yellow-top Vacutainer tubes (Becton Dickinson, USA). The serum was
isolated and stored at �80°C for detection of anti-HSV-1 and -HSV-2 antibodies, as we previously
described (39). PBMCs were isolated by gradient centrifugation using leukocyte separation medium
(Cellgro, USA). The cells were washed in phosphate-buffered saline (PBS) and resuspended in complete
culture medium consisting of RPMI 1640 and 10% fetal bovine serum (FBS; Bio-Products, Woodland, CA)
supplemented with 1� penicillin–streptomycin–L-glutamine, 1� sodium pyruvate, 1� nonessential
amino acids, and 50 �M 2-mercaptoethanol (Life Technologies, Rockville, MD). Freshly isolated PBMCs
were also cryopreserved in 90% fetal calf serum (FCS) and 10% dimethyl sulfoxide (DMSO) in liquid
nitrogen for future testing.

Human T cell flow cytometry assays. The following anti-human antibodies were used: anti-CD3
(clone SK7)–phycoerythrin (PE)–Cy7, anti-CD8 (clone SK1)–allophycocyanin (APC)–Cy7, anti-IFN-� (clone
B27)–Alexa Fluor 647 (BD Biosciences), anti-CD107a (clone H4A3)–fluorescein isothiocyanate (FITC), and
anti-CD107b (clone H4B4)–FITC (BioLegend). For surface staining, MAbs against cell markers were added
to a total of 1 � 106 cells in 1� PBS containing 1% FBS and 0.1% sodium azide (FACS buffer) for 45 min
at 4°C. After washing with FACS buffer, cells were permeabilized for 20 min on ice by use of a
Cytofix/Cytoperm kit (BD Biosciences) and then washed twice with Perm/Wash buffer (BD Bioscience).
Intracellular cytokine 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 buffers and fixed in PBS containing 2% paraformal-
dehyde (Sigma-Aldrich, St. Louis, MO). For each sample, 100,000 total events were acquired on a BD LSR
II flow cytometer. For the gating strategy, peripheral blood mononuclear cells were stained for surface
and intracellular markers. 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-negative 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 expression. The gating strategy was similar to that used in our previous work (7). Briefly, we
gated single cells, lymphocytes, CD3� cells, and CD8� cells before finally gating human epitope-specific
CD8� T cells by use of HSV-specific tetramers. Data analysis was performed using FlowJo, version 9.9.4
(TreeStar, Ashland, OR). Statistical analyses were done using GraphPad Prism, version 5 (GraphPad, La
Jolla, CA).

The intracellular assay to detect IFN-� and CD107a/b in response to in vitro peptide stimulations was
performed as described previously (35, 39), with a few modifications. On the day of the assay, 1 � 106

PBMCs were stimulated in vitro with peptide pools (10 �g/ml/peptide) at 37°C for an additional 6 h in
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a 96-well plate with BD Golgi Stop (BD Biosciences) and 10 �l each of anti-CD107a–FITC and anti-
CD107b–FITC. Phytohemagglutinin (PHA) (5 �g/ml; Sigma) and no peptide were used as positive and
negative controls, respectively. At the end of the incubation period, the cells were transferred to a 96-well
round-bottomed plate, washed twice with FACS buffer, and then stained with PE-conjugated anti-human
CD8 for 45 min at 4°C. Intracellular staining for the detection of IFN-� and CD107a/b was performed as
outlined above. The cells were washed again and fixed, and then 50,000 total events were acquired on
a BD LSR II flow cytometer and data analysis was performed using FlowJo, version 9.9.4 (TreeStar,
Ashland, OR).

Peptide synthesis. HLA-A*02:01 binding peptides (9-mers) from the HSV-1 UL44, UL9, and UL25
proteins with high estimated half-times of dissociation (t1/2) were synthesized by 21st Century Biochem-
icals (Marlboro, MA). All peptides were purified to a purity of 95% to 98% as determined by reversed-
phase high-performance liquid chromatography (HPLC) (Vydac C18 column) and mass spectroscopy
(Voyager matrix-assisted laser desorption ionization–time of flight [MALDI-TOF] system). Stock solutions
(1 mg/ml) were made in PBS. All peptides were aliquoted and stored at �20°C until assayed.

Design and construction of AAV8 vector expressing CXCL10 chemokine. under the control of
neurotropic CamKII� promoters. Human adeno-associated virus subtype 8 (AAV8), first described in the
1990s by Mishra and Rose (79) and by Johnston et al. (80), was used in this study. The open reading frame
(ORF) for the chemokine CXCL10 was cloned into the SalI/EcoRI sites of a pAAV-CamKII�-MCS-CamKII�-
EGFP vector to determine the best vector for targeted delivery of chemokines to neuronal cells of rabbit
TG. This pAAV vector was cotransfected with a helper plasmid into HEK293 cells to produce the
recombinant AAV. Two days after transfection, cell pellets were harvested, and viruses were released
through three freeze-thaw cycles. AAVs were purified by CsCl gradient ultracentrifugation followed by
desalting. Viral titers (GC per milliliters) were determined by real-time PCR.

Prime/pull vaccination and ocular herpes challenge. HLA-A*02:01 Tg rabbits (8 to 10 weeks old)
with similarly high expression of HLA-A*02:01 molecules (�90%) were used as described above. Groups
of age-matched HLA-A*02:01 rabbits were immunized twice subcutaneously (2 weeks apart) with a
mixture of three CD8� peptide epitopes (each at 100 �M) delivered with the CD4� T helper epitope
(PADRE) emulsified with CpG (ODN2007) in a total volume of 200 �l of saline. As a negative control, a
group of HLA Tg rabbits was injected with adjuvant alone. On day 29, half of the rabbits were left
untreated, and the other half received a topical ocular treatment with 1010 viral genome copies (GC) of
the rAAV8-CamKII�-GFP-CamKII�-CXCL10 vector. An additional group of control HLA Tg rabbits were
mock vaccinated and received an empty AAV8 vector (mock group). Two days following CXCL10
treatment, animals from all three groups received an ocular HSV-1 challenge (2 � 105 PFU of the McKrae
strain; both eyes) without scarification.

Herpes simplex virus production. HSV-1 strain McKrae was used in this study. The virus was triple
plaque purified and prepared as previously described (81–83).

Rabbit corneal disease clinical scores. Rabbits were examined for ocular disease (i.e., corneal
keratitis) for 30 days after the challenge (2 � 105 PFU/eye). The extent of ocular disease was determined
by an investigator for whom identifications were masked, using fluorescein staining and slit lamp
examination before challenge and on days 1, 4, 7, 10, 14, and 21 thereafter. A standard scale from 0 to
4 was used, as follows: 0, no disease; 1, 25% staining; 2, 50% staining; 3, 75% staining; and 4, 100%
staining.

Detection of rabbit ocular infectious virus. Tears were collected from both eyes by use of a Dacron
swab (type 1; Spectrum Laboratories, Los Angeles, CA) on days 3, 5, and 7 postchallenge. Individual
swabs were transferred to 2-ml sterile cryogenic vials containing 1 ml culture medium and stored at
�80°C until use. The HSV-1 titers in tear samples were determined by standard plaque assays on RS cells
as previously described (84).

Rabbit peripheral blood mononuclear cell isolation. Twenty milliliters of blood was drawn from
rabbit ear veins 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 leukocyte
separation medium (Cellgro, USA). The cells were washed in PBS and resuspended in complete culture
medium consisting of RPMI 1640 medium and 10% FBS (Bio-Products, Woodland, CA, USA) supple-
mented with 1� penicillin–L-glutamine–streptomycin, 1� sodium pyruvate, 1� nonessential amino
acids, and 50 �M 2-mercaptoethanol (Life Technologies, Rockville, MD, USA). Aliquots of freshly isolated
PBMCs were also cryopreserved in 90% FBS and 10% DMSO in liquid nitrogen for future testing.

Flow cytometry assays of rabbit T cells. PBMCs were analyzed by flow cytometry. The following
antibodies were used: mouse anti-rabbit CD8 (clone MCA1576F; Serotec), mouse anti-human CD107a

(clone H4A3)–FITC (BioLegend), mouse anti-human CD107b (clone H4B4)–FITC (BioLegend), and rat
anti-IFN-� (clone XMG1.2; BD Biosciences). For surface staining, MAbs against various cell markers were
added to a total of 1 � 106 cells in phosphate-buffered saline containing 1% FBS and 0.1% sodium azide
(FACS buffer) and left for 45 min at 4°C. For intracellular staining, MAbs were added to the cells and
incubated for 45 min on ice and in the dark. Cells were washed again with Perm/Wash and FACS buffers
and fixed in PBS containing 2% paraformaldehyde (Sigma-Aldrich, St. Louis, MO). For the measurement
of CD107a/b and IFN-�, cells were first stimulated in vitro with individual peptides. Briefly, 1 � 106 cells
were transferred to a 96-well flat-bottomed plate and stimulated with peptides (10 �g/ml in 200 �l
complete culture medium) in the presence of BD GolgiStop (10 �g/ml) for 6 h at 37°C. PHA (5 �g/ml)
(Sigma-Aldrich, St. Louis, MO) and no peptide were used as positive and negative controls, respectively.
At the end of the incubation period, the cells were transferred to a 96-well round-bottomed plate and
washed once with FACS buffer. Surface and intracellular staining was done as described above. For the
gating strategy, peripheral blood mononuclear cells were stained for surface and intracellular markers. To
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define positive and negative populations, we employed fluorescence-negative controls for each fluoro-
phore used in this study. Briefly, we gated single cells, lymphocytes, CD3� cells, and CD8� cells before
finally gating human epitope-specific CD8� T cells by use of HSV-specific tetramers. A total of 50,000
events were acquired by an LSR II flow cytometer (Becton Dickinson, Mountain View, CA), followed by
analysis using FlowJo software (TreeStar, Ashland, OR).

Rabbit CD8� T cell tetramer assays. For tetramer-specific CD8� T cell responses, PBMCs were
analyzed for the frequency of CD8� T cells specific to each of the three immunizing CD8� T cell epitopes
by using the corresponding HLA-A2-peptides/tetramers, provided by the NIH tetramer facility (7, 36, 39).
A human beta-2-microglobulin was incorporated into the tetramers, as no rabbit beta-2-microglobulins
are currently available. Briefly, the cells were first incubated with 1 �g/ml of each of the three PE-labeled
HLA-A2-peptides/tetramers at 37°C for 30 to 45 min. The cells were washed twice and then stained with
1 �g/ml of FITC-conjugated mouse anti-rabbit CD8 MAb (clone MCA1576F; Serotec). After two additional
washes, cells were fixed with 2% formaldehyde in FACS buffer. A total of 50,000 events were acquired
by an LSR II flow cytometer, followed by analysis using FlowJo software. The absolute numbers of
individual peptide-specific CD8� T cells were calculated using the following formula: (number of events
in CD8�/tetramer� cells) � (number of events in gated lymphocytes)/(total number of events acquired).

Rabbit immunohistochemistry. Rabbit TG were cut into 8-�m-thick sections by use of a cryostat.
Sections were washed with 1� PBS, permeabilized using 0.05% Triton X-100 in 1� PBS for 15 min, and
blocked using 10% FBS in 1� PBS for 1 h. Sections were stained using a mouse anti-rabbit CD8 antibody
(1:200) (clone MCA1576F; Serotec) overnight at 4°C. After secondary fluorescence staining, sections were
washed with 1� PBS and mounted after DAPI (4=,6-diamidino-2-phenylindole) staining (1:10,000 dilu-
tion). Immunofluorescence colocalization of CD8� cells with AAV8-GFP was examined using a Keyence
BZ-X700 fluorescence microscope at a magnification of �40 and imaged using a 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 (GraphPad, La Jolla, CA). Differences between the
groups were identified by ANOVA and multiple-comparison procedures, as we previously described (36).
Data are expressed as means 	 standard deviations (SD). Results were considered statistically significant
if the P value was �0.05.
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