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Abstract

We introduced a novel humanized HLA-A*0201 transgenic (HLA Tg) rabbit model to assess the
protective efficacy of a human CD8* T cell epitope-based vaccine against primary ocular herpes
infection and disease. Each of the three immunodominant human CD8* T cell peptide epitopes
from HSV-1 glycoprotein D (gDs3-g1, 9D70-78, and gD27g_2g6) Were joined with a promiscuous
human CD4* T cell peptide epitope (gD49_g2) to construct three separate pairs of CD4-CD8
peptides. Each CD4-CD8 peptide pair was then covalently linked to an N®-palmitoyl-lysine
residue via a functional base lysine amino group to construct CD4-CD8 lipopeptides. HLA Tg
rabbits were immunized s.c. with a mixture of the three CD4-CD8 HSV-1 gD lipopeptides. The
HSV-gD-specific T cell responses induced by the mixture of CD4-CD8 lipopeptide vaccine and
the protective efficacy against acute virus replication and ocular disease were determined.
Immunization induced HSV-gD4g_go—specific CD4* T cells in draining lymph node (DLN);
induced HLA-restricted HSV-gDs3_g1, 9D70-78, and gD,7g_ogs—specific CD8™ T cells in DLN,
conjunctiva, and trigeminal ganglia and reduced HSV-1 replication in tears and corneal eye
disease after ocular HSV-1 challenge. In addition, the HSV-1 epitope-specific CD8* T cells
induced in DLNSs, conjunctiva, and the trigeminal ganglia were inversely proportional with corneal
disease. The humanized HLA Tg rabbits appeared to be a useful preclinical animal model for
investigating the immunogenicity and protective efficacy of human CD8* T cell epitope-based
prophylactic vaccines against ocular herpes. The relevance of HLA Tg rabbits for future
investigation of human CD4-CD8 epitope-based therapeutic vaccines against recurrent HSV-1 is
discussed.
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Herpes simplex virus type 1 remains one of the most prevalent viral infections of the eye
worldwide (1-3). The clinical manifestations of ocular herpes infections extend from
unnoticed asymptomatic disease to highly symptomatic blepharitis, conjunctivitis, dendritic
keratitis, disciform stromal edema, and blinding herpetic stromal keratitis (1, 2, 4). In the
United States alone, over 450,000 people have a history of symptomatic recurrent ocular
herpes requiring doctor visits (5). Despite antiviral drug therapy, ocular herpes infections are
still a major health problem, and no vaccines are available. Developing an effective vaccine
against ocular HSV-1 would represent a powerful and cost-effective means for controlling
this blindingdisease (3, 6-9). However, progress toward a human vaccine faces significant
challenges, including the lack of an appropriate animal model that mounts humanized
immune responses and mimics human ocular herpes.

HLA transgenic mice, such as HLA-A*0201 and HLA-DR transgenic mice, are powerful
models that develop robust T cell responses to human epitopes after immunization or upon
ocular HSV-1 infection (10-12). Most investigators prefer to work on a mouse model
because many well-characterized immunologic probes and inbred transgenic mouse strains
with specific immune defects are commercially available to study a variety of immune
parameters. However, serum neutralizing Ab can protect the mouse, but not the human or
rabbit eye, against ocular HSV-1 disease (13, 14). The neutralizing Ab responses can mask
protective effects of T cell-mediated responses that may be critical in humans and rabbits. In
addition, herpetic conjunctivitis is similar in rabbits and humans, but differs in mice (1, 15—
17). Thus, although mouse studies have provided much useful and important information
regarding ocular HSV-1 infection, and despite the tremendous amount known about mouse
immunology, humanized HLA transgenic rabbits can be a more powerful model to study
protective immunity induced by HSV-1 prophylactic vaccination. In addition, for potential
future therapeutic vaccine studies, rabbits have the advantage of a high HSV-1 spontaneous
reactivation rate similar to that of humans, whereas spontaneous reactivation in mice is
either extremely rare or does not occur (1).

We now have a humanized HLA-A*0201 transgenic (HLA Tg) rabbit model that develops
acute herpetic ocular disease similar to humans and mounts HLA-restricted and specific T
cell responses to human (rather than rabbit) HSV-1 CD8* T cell epitopes. We report in this
study that prophylactic immunization of these HLA Tg rabbits with a mixture of three
human glycoprotein D (gD) lipopeptides induced HSV-1-specific CD8" T cells and reduced
HSV-1 ocular replication and corneal disease following ocular challenge.

Materials and Methods

Peptides and lipopeptides

Three different CD4-CD8 lipopeptide constructs were synthesized by Mgenex Biosciences
(San Diego, CA). Each lipopeptide contains one fixed CD4* T cell epitope (gD4g_gp) and
three variable CD8* T cells epitopes (gDs3-61, §D70-78, and gD,7g_ogg) from HSV-1 gD.
The structure of the three lipopeptides is shown in Fig. 1. All peptides and lipopeptides were
HPLC purified with a purity range 95-98%.

HLA-A*0201 transgenic rabbits

HLA Tg rabbits were derived from New Zealand White rabbits (18). The HLA Tg rabbits
retain their endogenous rabbit MHC locus and express human HLA-A*0201 under the
control of its normal promoter (18). Prior to this study, the expression of HLA-A*0201
molecules on the PBMC of each HLA Tg rabbit was confirmed by FACS analysis. In brief,
PBMCs were stained with 2 .l anti-HLA-A2 mAb, BB7.2 (BD Pharmingen, San Diego,
CA), at 4°C for 30 min, washed and analyzed by flow cy-tometry using a FACScan (Becton
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Dickinson, Mountain View, CA). New Zealand White rabbits (non-Tg control rabbits) were
purchased from Irish Farms (Harlan Breeders, Indianapolis, IN).

Immunization

Rabbits were immunized s.c. with a mixture of three CD4*—-CD8* lip-opeptides (100 g
each) on days 0, 14, and 30, in a volume of 200 pl adjuvant-free saline (i.e., PBS). As a
negative control, a group of HLA transgenic rabbits were injected with sterile PBS only. In
some experiments, New Zealand White rabbits were included as a control for specificity to
the human epitopes.

Preparation of single-cell suspension from rabbit conjunctiva

The bulbar and palpebral conjunctiva tissue from rabbit eyes was excised and collected in
HBSS. Conjunctiva tissues were spun down at 1600 rpm for 5 min at 4°C and digested with
collagenase type | (Life Technologies, Carlsbhad, CA) at 3 mg/ml for 3 h at 37°C with
occasional vortexing every 15 min. The digested tissue suspension was passed through a 70-
pwm nylon cell strainer and spun down at 1600 rpm for 5 min at 4°C. This process was
repeated two times. The final pellet was resuspended in HBSS, passed through a 40-pum cell
strainer, and spun down at 1600 rpm for 5 min at 4°C. This process was repeated two times.
The final pellet was resuspended in complete RPMI 1640 medium and kept on ice. The live
cells were counted using a hemocytometer.

Tetramer assay

Rabbits were euthanized, and draining lymph nodes (DLNSs), conjunctiva, and trigeminal
ganglia (TG) were individually harvested and single-cell suspensions were prepared. Cells
were analyzed for the frequency of CD8* T cells specific to each of the three immunizing
CD8™ T cell epit-opes using the corresponding HLA-A2—peptide/Tetramer as previously
described (10-12).

A human p-2-microglobulin was incorporated in the tetramers, because no rabbit p-2—
microglobulins are currently available. Several critical staining parameters were considered
(1): different tetramer concentrations were used to avoid the potential problem of missing
CD8* T cells with low binding avidities (e.g., CD8* T cells expressing low affinity TCRs)
(2). Because high temperatures (e.g., 37°C) can interfere with reliable enumeration of Ag-
specific CD8" T cells, CD8* T cell staining is performed at 4°C in the presence of 5 mM
EDTA and 5 mM sodium azide, which inhibits cell activation-dependent molecular events
(3). The combination of tetramer staining along with anti-human CD8 mAb staining might
have striking effects on tetramer staining, such as strong inhibition of several-fold increases.
Therefore, the selected anti-human CD8 mAb has been pretested for not affecting tetramer
binding. In addition, performing CD8 staining in the cold after tetramer staining reduces
interference (4). Because tetramer staining strongly depends on cell viability and vitality,
dead or dying cells are gated out using annexin V or propidium iodide staining. The cells
were first incubated with 1 pg/ml PE-labeled HLA-A2—-peptide/tetramer at 4°C for 30-45
min. The cells were washed twice and stained with 1 pg/ml FITC-conjugated mouse anti-
rabbit CD8 mADb (clone 215B; Serotec, Oxford, U.K.). After two additional washings, cells
were fixed with 1% formaldehyde in PBS. A total of 20,000 events were acquired by
FACScan (Becton Dickinson) followed by analysis using Cell Quest software (BD
Biosciences, San Jose, CA). The absolute numbers of gD-peptide—specific CD8* T cells
were calculated using the following formula: (No. of CD8%/Tetramer™* cells in the test) —
(No. of CD8*/Te trame r* cells in negative control).
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T cell proliferation assay

CD4" and CD8™ T cell proliferation was measured using CFSE assay as previously
described (10, 19-21). DLN and conjunctiva cells were labeled with CFSE (2 pM) and
incubated for 5 d with or without individual immunizing CD4* or CD8* T cell gD peptide
(10 pg/ml). As a positive control, 2 pg/ml PHA was used to stimulate T cells for 4 d. The
cells were then washed and stained with mAbs specific to rabbit CD4 and CD8 molecules
(clone KEN-4 and clone 215B; Serotec). CellQuest was used to analyze the collected FACS
data. The lymphocyte population was gated based on forward-scatter and side-scatter
properties. The gated lymphocytes were analyzed for CFSE and CD4 (*) staining. The
percentage of dividing lymphocytes = NP of gated CFSE(oW) [ymphocytes x NP' of total
lymphocytes—that is, (CFSE(oW) + CFSE(Mig) [ymphocytes)/NP" of total gated
lymphocytes) x 100. The ratio (CFSE(oW) + CFSE(Mgh) lymphocytes)/total lymphocytes)
serves as a normalization factor between one sample to another and one experiment to
another.

Immunohistochemistry

Viruses and

The immunostaining of rabbit tissues was performed as previously described (22). Rabbits
were euthanized; corneas and TG were harvested, embedded in Tissue-Tek (OCT
compound; VWR International, West Chester, PA), and shap-frozen. Approximately 10-
pm-thick cryo sections were made, fixed in acetone (10 min, room temperature), air-dried,
and stored at —80°C. For immunolocalization, tissue sections were rehydrated in PBS (10
min, room temperature), and stained with FITC-labeled anti-HLA-A2 (clone BB7.2; BD
Biosciences) or with the isotype controls (FITC-labeled mouse 1gG2b «, clone 27-35; BD
Biosciences) for 60 min at 4°C. After three successive washings in PBS (3 x 5 min),
sections were stained with 14.3 M DAPI (Molecular Probes, Eugene, OR) for 2 min at
room temperature for staining of the cell nucleus. Excess DAPI was removed by washing
with PBS (3 x 5 min) and mounted in 50% glycerol-PBS and analyzed under fluorescent
microscope.

cell lines

HSV-1 (strain McKrae) was used in this study. The virus was triple plaque purified and
prepared as previously described (23, 24) using rabbit skin cell monolayes grown in MEM
(1x) containing 10% FBS (HI), 2mML-glutamine, 2.5ug/ml amphotericin, and5%penicillin-
streptomycin solution (fromastock of 10,000 1U penicillin and 10,000 p.g/ml streptomycin).

Ocular infection of rabbits with HSV-1

Without making any corneal scarifice, rabbits were ocularly (both eyes) infected by
dropping 5 I HSV-1 (2 x 10° PFU) strain McKrae suspended in culture medium on day 12
from the last immunization (8).

Quantification of infectious virus

Tears from both eyes were collected by swabbing with a Dacron swab (type 1; Spectrum
Laboratories, Los Angeles, CA) daily for 12 d. Individual swabs were transferred to a 2-ml
sterile cryogenic vial containing 500 pl culture medium and stored at —80°C until use. The
HSV-1 titers in the tear samples were determined by standard plagque assays on rabbit skin
cells as previously described (8).

Monitoring and scoring ocular herpes disease

Eye disease was scored by slit lamp examination on days 3, 5, 7, 9, 11, 13,and 15 d
postinfection (p.i.). Rabbits were lightly anesthetized, and a drop of 1% fluorescein dye was
placed in each eye before taking pictures under blue light. The amount of corneal disease
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was expressed as the area of staining in square millimeters. These examinations were
performed by investigators blinded to the treatment regimen of the rabbits.

Statistical analysis

Results

Data are expressed as mean + SE. Statistical significance was determined by ANOVA
followed by Dunnett’s post test to identify differences between groups. Differences were
considered significant when p < 0.05. All pvalues are two-tailed unless stated otherwise.

Construction of CD4-CD8 lipopeptide candidate vaccines

CD4 and CD8 T cell epitopes were selected from HSV-1 gD, based on their strong
recognition by T cells from HSV-1 seropositive individuals with no history of recurrent
herpes (10, 11). One promiscuous CD4™ T cell peptide epitope (gD4g_g2) Was linearly joined
with one of three different immunodominant human CD8* T cell peptide epitope (gDs3_61,
gD70_78, Or gD27g_286, t0 make three different pairs of CD4-CD8 peptides. To enhance their
im-munogenic potential, each CD4-CD8 peptide was covalently linked at the N-terminal
end to an Ne-palmitic acid-lysine moiety (Fig. 1). Construction of these CD4-CD8
lipopeptide vaccines was performed using a recently developed chemoselective ligation
method (25), which provides higher-yield, purity, and solubility compared with the
traditional method of lipopeptide synthesis. Unlike the first generation of lipopeptides that
were synthesized using classic solid-phase methods, in which the fatty acyl moiety was
introduced directly onto the crude peptide backbone before its purification, the lipopeptides
used in this study were constructed by synthesizing and purifying the peptide and then
ligating the lysine-lipid moiety with the peptide. This novel process yields lipopeptides that
are fully soluble in water or PBS at concentrations up to 3 mg/mi.

Expression of HLA-A*0201 molecules in HLA Tg rabbits

Expression of HLA-A*0201 in spleen, ear, skin, kidney, liver, tongue, and peripheral blood-
derived immune cells, including CD8* T cells, was previously reported in the HLATg
rabbits (4). Although this finding strongly suggests ubiquitous expression of HLA-A*0201
molecules in these rabbits, we further examined HLA-A*0201 expression in corneas, TG
and PBMC. Specific expression of HLA-A*0201 molecules was detected by
immunostaining of cornea and trigeminal ganglia of HLA Tg rabbits (Fig. 2A). As expected,
no HLA-A*0201 expression was detected in the cornea or TG of wild type (nontransgenic)
rabbits (negative controls). The specificity of anti-human HLA-A*0201 Ab was confirmed
using an isotype 1gG control (data not shown). In addition, up to 99% of PBMCs express a
high levelofHLA-A*0201molecules (Fig. 2B). The HLA-A*0201 molecule was colocalized
with the rabbit MHC class I (Fig. 2C).

HLA Tg rabbits recall the same immunodominant CD8* T cell epitopes identified in

humans

To determine whether HSV-1 infected HLA Tg rabbits can recognize immunodominant
human CD8* T cell epitopes from HSV-1 gD, 10 rabbits were infected ocularly with HSV-1
(McKrae). Twenty-one days p.i., the frequencies of CD8* T cells specific to a panel of 10
potential HLA-A*0201-restricted human gD epito-pes were determined in the cervical
DLNs by standard HLA-A*0201 tetramer-staining assays. The frequencies of CD8* T cells
specific to the same 10 peptide panel were similarly determined in PBMCs of HSV-1
seropositive HLA-A*0201(*) humans with no history of recurrent herpes disease as well as
from PBMCs of HSV-1/HSV-2 seronegative HLA-A*0201(*) humans. Three gD epitopes
that were highly recognized by humans were also highly recognized by HLA Tg rabbits
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(Fig. 3, Supplemental Fig. 1). The dashed vertical line in each graph of Fig. 3 designates the
maximum frequency levels of epitope-specific CD8* T cells in un-infected HLA Tg rabbits,
uninfected WT rabbits, and seronegative HLA-A2* individuals. As shown, no significant
frequency of CD8* T cells specific to gD peptides was detected in uninfected HLA Tg
rabbits. Thus, gDs53_g1, 9D79_78, and gD27g_ogg that we recently found as the most
immunodominant CD8* T cell epitopes in HSV-1 seropositive HLA-A*0201(*) individuals
with no history of recurrent herpes disease (10-12) were also highly recognized by HSV-1-
infected HLA Tg rabbits. None of these epitopes were recognized by CD8* T cells from
nontransgenic wild type New Zealand rabbits. These results indicate: 1) these epitopes are
HLA restricted; 2) the HLA-A*0201 Tg rabbits and HLA-A*0201(*) humans displayed
similar pattern of T cell responses when the epitopes were presented by the same HLA-
A*0201 molecule; and 3) as expected the HLA molecule plays a primary role in shaping the
hierarchy of T cell immunodominance. These results indicate that the HLA Tg rabbits may
be a useful model for preclinical assessment of immunogenicity and protective efficacy of
HLA-A*0201-restricted epitope-based herpes vaccines.

CD4* T cell immunogenicity of CD4-CDS8 lipopeptides in saline

We next evaluated the HSV-gD4g_go—specific CD4* T cell responses induced after s.c.
immunization of HLA Tg rabbits with a mixture of all three CD4-CD8 lipopeptides, each of
which has the same CD4 epitope. We used a mixture of the three lipopeptides rather than
individual lipopeptides, because in mice immunization with a mixture of three gD
lipopeptides induced better T cell-mediated protective immunity than did any individual
lipopeptide (26, 27), a factor that could be advantageous when developing a vaccine for
outbred populations, such as humans. As control for specificity, wild type New Zealand
rabbits were similarly immunized.

Two weeks after the third immunization, cells were isolated from DLNs of each rabbit,
labeled with CFSE and restimulated in vitro with the gD49_g» CD4* Th epitope peptide. To
selectively detect the CD4* T cell response, the stimulated cells were stained with anti-
rabbit CD4-PE and analyzed by FACS. Gated CD4"* T cells, from both lipopeptide- and
mock-immunized HLA Tg rabbits and immunized wild type rabbits, were examined for
CFSE incorporation in proliferated CD4* T cells. Immunization with the mixture of three
CD4-CDS8 lipopeptides generated a substantial gD49_g> Th peptide-specific CD4* T cell
response in DLN of HLA Tg rabbits (Fig. 4A; 3.38% of CD4" T cells responded in lip-
opeptide immunized HLA Tg rabbits versus 1.88% of CD4* T cells in mock-immunized
HLA Tg rabbits [p < 0.005]). As expected, HSV-gD,q9_go—specific CD4* T cell responses
were also detected in nontransgenic wild type New Zealand rabbits, confirming that this is a
promiscuous epitope (12).

To confirm that HSV-1 infection boosts the gD 4g_go-peptide—specific CD4* T cell response
(9, 28), the CD4* T helper responses were re-examined following infection of immunized
HLA Tg rabbits. Two weeks after the third immunization with the three-lipopeptide mixture,
five HLA Tg rabbits were ocularly challenged with 2 x 105 PFU per eye of HSV-1. Ten
days later, the HSV-gD4g_go—specific CD4* T cell responses were measured in DLNSs as
above. Following HSV-1 ocular challenge, there was a 2-fold boost of HSV-gDg_go—
specific CD4" T helper responses in lipopeptide-immunized HLA Tg rabbits compared with
nonimmunized HLA Tg rabbits (Fig. 4B; p< 0.005). PHA induced similar levels of
stimulation of CD4" T cells from both lipopeptide- and mock-immunized HLA Tg rabbits
(Fig. 4B). These results suggest a natural boosting of HSV-gD4g_go-specific CD4* T helper
responses by a native epitope of viral origin.
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Multiepitopic CD8* T cell responses generated in HLA Tg rabbits following immunization
with a mixture of three CD4-CDS8 lipopeptides

The CD8* T cell responses induced following immunization of HLA Tg rabbits with a
mixture of the three CD4-CD8 lip-opeptides were evaluated. Ten days after the third
immunization, the frequency of HSV-1 gDs3_g1-, gD70_78-, and gD,7g_»gg-specific CD8* T
cells in the DLNs of HLA Tg rabbits were measured by standard HLA-A*0201 tetramer-
staining assays and compared with mock-immunized HLA Tg rabbits. Fig. 5A shows
representative results of three independent experiments, and the data are the average of the
three experiments. Approximately 3.4% of HLA-A*0201/HSV-gDs3 g1, 2% of HLA-
A*0201/HSV-gD7g_7g, and 2.4% of HLA-A*0201/HSV-gD,7g_»gs tetramer positive CD8*
T cells were detected in the DLNs of immunized HLAT(g rabbits, compared with 0.7%,
0.5%, and 0.8% for mock-immunized rabbits (p < 0.05). As expected, little staining was
seen with an irrelevant OVA tetramer (0.2-0.3%; data not shown). As expected, immunized
nontransgenic wild type New Zealand rabbits had minimal CD8* T cell responses (0.3—
0.4%; data not shown), confirming that these responses were HLA-restricted.

Following ocular HSV-1 challenge of immunized HLA Tg rabbits, there was a trend toward
an increase in the absolute number of tetramer-positive CD8* T cells specific to each of the
three epitopes to be boosted in DLNs, conjunctiva, and TG (Fig. 5B). However, this trend
only reached significance for gD7g_7g and gDy75-2g6, but not for gDs3_g1. However, instead
of absolute number of CD8* T cells when the data analyzed as dividing CD8* T cells, all
three epitopes (i.e., gDs3_61, §D70-78 and gD27g_2g6) Were significantly boosted in DLNs
and conjunctiva after ocular challenge (Fig. 5C). In TG, only gD7g_7g and gD275_2g6-
specific CD8 T cells were significantly boosted. It is not clear why gD53_g1-specific CD8 T
cells in TG were not significantly boosted by infection when total CD8 T cells were
examined or why gDs3_g1-specific CD8 T cells were not significantly boosted by infection
when only dividing cells were examined. It is possible that there was little room to further
boost the response to this epitope p.i., because this is the most immunodominant epitope in
humans and the HLA tg rabbits (Fig. 3) and because the vaccine contained four copies of
this epitope instead of one (this epitope overlaps with the CD4 epitope present in all three
CD4-CD8 lipopeptides). Regardless, these results indicate a natural boosting of HSV-
9Ds53-61, §D70-78 and gD»7g_sge-specific CD8™ T cells by a native epitope of viral origin.

Immunization with human CD4-CDS8 lipopeptides protects HLA Tg rabbits against
replication of HSV-1in eyes

Ten HLA Tg rabbits were immunized with the mixture of three CD4-CDS8 lipopeptides and
ocularly challenged with 2 x 10° PFU of HSV-1 per eye. HSV-1 replication in both eyes
was monitored daily from day 1 to day 12 after challenge by collecting tears from both eyes.
The amount of infectious virus in the tear samples was determined by standard plaque
assays. During the period of peak replication (days 4 and 5 p.i.), the immunized HLA Tg
rabbits had significantly less virus in their tears compared with mock-immunized rabbits
(Fig. 6; p<0.005).

Immunization with human CD4-CDS8 lipopeptides protects HLA Tg rabbits from acute
herpes corneal disease

Twelve days after HSV-1 challenge, HLA-Tg rabbit eyes were examined by slit lamp after
brief staining with fluorescein to reveal areas of epithelial damage (disease). Representative
slitt lamp pictures of fluorescein stained eyes from HLAT(g rabbit are shown in Fig. 7A. The
fluorescein-stained areas represent the epithelial damage and are outlined by dashed lines.
Two independent experiments were performed using six immunized and four mock-
immunized eyes in each experiment. Similar results were obtained in both experiments. The
stained corneal areas were measured and are shown for each eye in a scatter plot. Mock-
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immunized rabbits had significantly more corneal disease than did immunized rabbits (Fig.
7B; p< 0.005).

To compare the peak amount of virus in each eye (Fig. 6) with the amount of corneal
disease, the day 5 virus titer for each eye (both immunized and mock-immunized, a total of
20 eyes) was plotted relative to the amount of corneal surface herpetic disease (mm?2) on day
12 (Fig. 7C). The analysis shows that 1) eyes with minimal virus replication developed
minimal corneal disease; 2) most eyes with high virus titers developed high levels of corneal
disease; but 3) four eyes with high virus titers did not develop high levels of corneal disease.
These findings suggest that acute herpetic corneal disease required a high level of virus in
the eye, but that a high level of virus in the eye does not always result in acute herpetic
corneal disease.

Correlation of herpes epitope-specific CD8" T cells in the DLNs, conjunctiva, and TG with
protection against corneal disease

In mouse studies, Ab depletion of CD8 T cells is often used to determine whether a
protective immune response is CD8 T cell dependent. Unfortunately, in vivo CD8 T cell
depletion studies are not feasible in rabbits because of the lack of a suitable Ab. In addition,
although these rabbits are Tg for HLA class I, they are still outbred for MHC class 1. Thus,
adoptive transfer experiments would require autologous invitro expanded CD8 T cells,
which was impractical. Therefore, we looked for correlations between the levels of epitope-
specific CD8 T cells and protection. On day 12 p.i., the corneas of the immunized rabbits
were divided into two groups based on low versus high corneal disease (< 10 versus > 30
mm? of the corneal surface having corneal disease; Fig. 7C). The corresponding DLN,
conjunctiva, and TG were excised and cell suspensions were prepared. The CD8 T cells
specific to the gDs3_g1, 9D70-78, Or gD275_286 €pitopes were detected by specific tetramer
staining as described in Materials and Methods. The number of gDs3_g1 epitope-specific
tetramer (+) CD8™ T cells was significantly higher in all three compartments of rabbits with
low corneal disease compared with rabbits with high corneal disease (Fig. 8A; p< 0.005).
The number of gD7q_7g epitope-specific tetramer (+) CD8* T cells was also significantly
higher in the DLN and conjunctiva of rabbits with low disease compared with high corneal
disease (p < 0.005). There was also a trend toward higher gD7g_7g epitope tetramer staining
in the TG and of higher gD»7g_0g6 epitope tetramer staining in all three compartments of
rabbits with low versus high corneal disease. However, these trends did not reach statistical
significance. Overall, the higher CD8* T cell levels in rabbits with no corneal disease
suggested that these cells may be involved in protection. In addition, there were significantly
more HSV-specific, IFN-y—producing CD8* T cells in conjunctiva of eyes with low versus
high corneal disease (Fig. 8B), suggesting that IFN-y-producing CD8* T cells might play a
protective role.

Discussion

Several reports, mostly using murine models, have pointed to virus-specific, protective
CD4* and CD8* T cells as critical effector cells for maintaining herpes immunoprotection
(29-31). Paradoxically, virus-specific pathogenic T cells also cause her-petic corneal
immunopathogenic disease in murine models (4, 32-35). A mechanism that is widely
proposed as the basis of herpes immunity versus immunopathology is the imbalance of
effector and regulatory T cell responses in the host (36, 37). We recently proposed a new
hypothesis that a different spectrum of herpes disease, ranging from rare asymptomatic to
frequent distressing symptomatic outbreaks, reflects different subsets of host effector CD4*
and CD8* T cells reacting to different sets of HSV-1-specific T cell epitopes from one or
several immediate early (ICP4, ICP0), tegument (UL35, UL46, UL47) and/or structural (gB,
gD) proteins. Therefore, we believe that a distinct set of viral epitopes designated as
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symptomatic epitopes are recognized by pathogenic effector CD4* and CD8* T cells and
associated with severe immunopathologic diseases, whereas recognition of a separate set of
viral asymptomatic epitopes by protective effector CD4* and CD8* T cells might in turn
lead to immunoprotection. This hypothesis is supported by our recent discovery showing
that the two well-known HSV-1 glyco-proteins, gB and gD are targeted by different sets of
asymptomatic and symptomatic human CD4* and CD8* T cells (10-12, 38-41). We found
three immunodominant human HLA-A*0201-restricted CD8* T cell epitopes, gDs3_g1,
gD7g_78, and gD,7g_2gs, and one promiscuous human CD4* T cell epitope (gD4g_go) from
HSV-1 gD were selectively targeted in asymptomatic patients (10-12). However, the
protective efficacy of these HLA-restricted asymptomatic epitopes against ocular herpes has
never been tested, mainly because of a lack of an appropriate HLA transgenic animal model
that displays ocular herpetic disease similar to humans.

In this study, we present a novel HLAT(g rabbit model of ocular herpes infection, disease,
and immunity. Immunization of HLA Tg rabbits with a mixture of three immunodominant
human CD4-CDS8 lipopeptides induced: 1) HSV-gD4g_go—specific CD4* Th cell responses
in DLNs; 2) HLA-restricted HSV-gDs3_g1-, gD7g-75-, and gD,7g_ogg-Specific CD8* T cell
responses in DLNs, conjunctiva, and TG; 3) an overall reduction in ocular herpes infection
and disease after ocular challenge with HSV-1; and 4) a correlation between HSV-1 epitope-
specific CD8 T cells and protection against ocular disease. Immunodominant CD8+ T cell
epitopes, as used in this report, are those epitopes that are most frequently recognized in a
group of HSV-1 seropositive HLA-A*0201 individuals (frequency of recognition) and that
also induced the highest magnitude CD8" T cell responses (strength of response) within a
single individual (6, 7). Based on these two criteria, the three gD epitopes (gDs3_g1,
gD70_78, and gDy7g_»g6) are labeled as immunodominant gD epitopes. To our knowledge,
this report is the first to demonstrate the efficacy of a prophylactic HSV-1 vaccine against
ocular herpes using human T cell epitopes in a humanized HLA Tg rabbit model.

Choosing the right animal model is a crucial first step in vaccine development. Some animal
models are better at reflecting the human-pathogen interactions, including infection, disease,
and immunity. A critical questionthatremains openfor herpes immunologistsis, which animal
model would be the most appropriate to assess the efficacy of a human T cell epitope-based
vaccine against ocular HSV-1 infection and disease? Theideal animal model
shouldmountanHLA-restricted immune responses specific to human epitopes while
mimicking as many aspects of ocular herpes infection and disease as possible (1). Mice have
been the experimental animal model of choice for most immunologists, and the study of
mouse immune responses has yielded tremendous insights into the human immune system
(1, 10, 11, 42-45). Although mice are receptive to herpes infection, they do not mount
specific T cell responses to HLA-restricted epitopes. In addition, ocular herpes disease in
mice presents differently from that in humans (46, 47). Although HLA Tg mice can develop
T cell responses to HLA-restricted epitopes, unlike humans, spontaneous HSV-1
reactivation either does not occur at all or occurs at low levels in mice (48). HSV-1-induced
eye disease in rabbits is similar to that in humans and, like humans spontaneous reactivation
and as measured by shedding of virus in tears, occurs at a high rate (in latently infected
rabbits, ~10% of tears contain infectious virus) (49). To overcome the hurdle that rabbits do
not mount T cell responses specific to HLA-restricted human epitopes, in this study we
introduced a novel humanized HLAT( rabbit model of ocular HSV-1 that is capable of 1)
mounting T cell responses specific to human CD8* T cell epitopes (Figs. 3-5); 2)
developing ocular herpes disease similar to the human disease (Fig. 7); and 3) developing
spontaneous HSV-1 reactivation (unpublished data). Thus, this HLA Tg rabbit model will
allow us to investigate whether prophylactic and therapeutic immunization with human T
cell epitopes can decrease primary ocular HSV-1 infection and disease and spontaneous
reactivation, and ultimately reduce or eliminate recurrent ocular disease (i.e., herpetic
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stromal keratitis). In this study, we demonstrate for the first time the efficacy of a
prophylactic human T cell-epitope—based vaccine against acute ocular herpes infection and
disease using this novel HLA Tg rabbit model.

In mice, protection against ocular herpes correlates with the induction of high serum
neutralizing Ab titers, but in rabbits and humans, serum neutralizing Ab titers do not
correlate with ocular protection (50). The lipopeptide vaccines used in this study did not
induce significant HSV-1 serum neutralizing Abs. Although pep-tide-specific Abs were
induced in the serum (not shown) these Abs did not neutralize the virus in vitro. Therefore,
neutralizing Abs were unlikely to have played a significant role in the observed protection.
Virus-specific CD8* T cells might be the critical effectors for maintaining herpes
immunoprotection (29). Although in this report we have focused exclusively on IFN-y
producing CD8" T cells, we do not mean to imply that other immune effectors are not
playing important roles in the protective process.

T cell responses to peptide epitope-based vaccines are dependent on HLA molecules, which
play a pivotal role in the selection of T cell repertoire in the thymus and presentation of T
cell epitopes at the periphery. Because expression of the HLA Tg rabbits’ own MHC class |
molecules might interfere with the human HLA-A*0201-restricted responses (51), the
HLA-Tg rabbits were selected with high expression of HLA-A*0201 and low expression of
rabbit class | molecules (52). The higher expression of HLA-A*0201 molecules in selected
HLAT( rabbits is expected to force rabbit CD8" T cells to make use of the human molecules
at both the thymic educational and peripheral effector levels (51). The results reported in this
study show that the selected HLA Tg rabbits developed strong functional HLA-A*0201-
restricted CD8* T cell responses following HSV-1 infection (Fig. 3) and s.c. immunization
with lipopeptide vaccine (Figs. 4, 5). Thus, simultaneous expression of high levels of HLA-
A*0201 and low levels of rabbit class | molecules did not seem to cause any reduction of
HLA-A*0201 education of rabbit CD8* T cells. It should also be noted that the wild type
nontransgenic rabbits failed to mount HLA-A*0201-restricted T cell responses to any
human CD8* T cell epitopes studies after either immunization or HSV-1 infection, pointing
to the requirements of HLA-A*0201-restriction. Interestingly the pattern of CD8* T cell
responses detected in infected HLA Tg rabbits closely matched those of HLA-A*0201
positive HSV-1-seropositive individuals (Fig. 3). This finding suggests that, despite species
differences between HLA-A*0201 Tg rabbits and HLA-A*0201(*) human individuals, the T
cell repertoire in HLA-A*0201 Tg rabbits was able to display a similar pattern of CD8* T
cell response when the same HLA-A*0201 molecule presented the epitope. The results also
confirm that in these HLA Tg rabbits the HLA molecule played a primary role in
determining which human epitopes are recognized and in defining the repertoire of T cells
induced and the hierarchy of im-munodominance. These results support the use of HLA-
A*0201 Tg rabbits as a useful animal model for the assessment of the protective efficacy of
HLA-A*0201-restricted epitope-based vaccines.

The human tetramers used in this study were previously used to detect CD8" T cells specific
to the same three gD epitopes in seropositive humans and in HLA-A*0201 Tg mice infected
with HSV-1 (3). Therefore, these human tetramers were able to detect CD8" T cells specific
to three human epitopes in three different species: human, HLA Tg mice, and HLA Tg
rabbits, suggesting that tetramer staining depends more on the epitope and HLA, rather than
on the species. Although we do not have direct evidence that rabbit p-2—microglobulin binds
to human HLA-A*A0201, the detection of CD8* T cells specific to HLA-A*0201-restricted
human epitopes in immunized and infected HLA Tg rabbits implies that the rabbit B-2—
microglobulin formed heterodimers with human HLA-A*0201 molecules in vivo. In
addition, no tetramer-positive CD8* T cells were detected in either immunized or infected
wild type (non-HLA transgenic) rabbits, confirming the specificity of the HLA-tetramers.
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A question of practical importance is the translation of the current immunologic preclinical
findings for the development of an epitope-based clinical vaccine for a genetically
heterogeneous human population (9, 25, 53-56). A universal herpes vaccine should induce T
cell responses in the context of many different HLA alleles. Although this report focused on
HLA-A*0201, this allele is the most prevalent human HLA class | allele being present in
~50% of humans regardless of gender and ethnicity. In addition, the high degree of HLA
polymorphism that might be a hindrance to epitope-based vaccines can be addressed 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 recently been defined to
provide an almost perfect coverage (.99%) of the entire repertoire of HLA molecules (57).
Because a mixture of multiple epitopes is likely to produce polyclonal T cell lines (one T
cell clone for each epitope) and more effector T cells than a single epitope (26), we used
multiple CD8* T cell epitopes to induce a broader T cell response (9, 26). To further
increase efficacy, a multiepitope-based lipopeptide 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.

Using a prophylactic vaccine strategy to immunize young children before their first
encounter with HSV could greatly reduce the overall HSV infection in the general
population, but it would not benefit the vast majority of adults (at least 80-90%) who
already harbor latent HSV infections. Although the primary goal of this study was to
evaluate the prophylactic efficacy of human HSV-1 gD T cell epitopes against primary
infection and disease, our long-term goal is to expand the database of human T cell epitopes
appropriate for a therapeutic vaccine. Because the immune response to primary infection is
insufficient to prevent viral reactivation, a successful therapeutic vaccine will likely need to
induce a different and/or much more vigorous immune response than natural immunity (29,
58). HSV-1-specific CD8* T cells may block reactivation in vitro (explanted mouse TG)
(59). In addition, CD8" T cells have been found surrounding some neurons in (latently
infected) human TG (42, 60) and rabbit TG (unpublished data). Thus, a CD8" T cell epitope
vaccine that induces vigorous HSV-1-specific CD8* T cell responses at the site of latent
infection (the TG) may prevent or significantly reduce HSV-1 shedding in tears and HSV-
induced recurrent ocular disease.

Peptide epitope-based vaccines are molecularly defined and highly purified, and they offer
potential advantages over traditional vaccines, including the safety and capacity of eliciting
highly specific immune responses (9, 25, 27, 53, 54). Despite these advantages, many
peptide vaccines tend to be poorly immunogenic and often require coadministration of
external and potentially toxic immunoadjuvants (9, 25, 27, 53, 54, 61). In the current study,
we demonstrate that immunization with self-adjuvanting CD4-CD8 lipopeptides induced
strong T cell responses. We did not include a CD4 lipopeptide-only vaccine as a control
because of the relatively small number of HLAT( rabbits available. However, we did not
include CD4 lipopetide-only vaccine as a control because of the relatively small number of
HLA Tg rabbits available. We previously showed that immunization of mice with a mouse
CD4-CDS8 lipopeptide, but not with the CD4" or CD8* lip-opeptide alone, induced strong
protection against ocular herpes infection and disease (1). Because the induction of CD8* T
cell responses, the optimization of effector cell functions, and the establishment of memory
CD8™ T cell response need CD4* T cell help (1, 2), but not vice versa, it is important to link
CD4 T cell epitope with CD8* T cell epitope in the vaccine construct. In addition, the
effector CD8™ T cell mediated protection was further supported by in vivo depletion studies
in mouse model (1). Based on these results, we incorporated the CD4* T cell epitopes in the
human CD4-CD8 lipopeptide vaccines to study the protective efficacy in HLAT(g rabbits.
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Because of the high percentage of the adult population that is latently infected with herpes,
there is concern that a herpes vaccine, whether prophylactic or therapeutic and whether
directed against genital, oral, or ocular herpes, may induce a T cell-mediated
immunopathologic response that could exacerbate recurrent ocular disease. The new HLA
Tg rabbit ocular HSV-1 model described in this study may be a valuable model for testing
the safety issue of candidate human vaccines to ensure that the induced human HLA-
restricted immune responses do not exacerbate recurrent corneal disease.

In conclusion, there are four principal findings in this study. First, a novel HLA-A*0201 Tg
rabbit ocular HSV-1 model was introduced and shown to be a useful modelto study
protective efficacy of human T cell epitope immunization against ocular HSV-1. Second, a
human herpes lipopeptide vaccine formulation that contains three pairs of peptide epitopes
(each with one variable CD8* T cell epitope and one fixed CD4* T cell epitope) derived
from the sequence of HSV-1 gD was shown to provide protection in HLA-A*0201 Tg
rabbits against ocular HSV-1. Third, the lipopeptide vaccine induced HLA-restricted T cell
immune responses in conjunctiva, TG, and DLNs. Fourth, a correlation was seen between
HSV-1 epitope-specific CD8 T cell responses and protection against ocular herpes. These
initial studies demonstrated that prophylactic immunization with human CD8* T cell
epitopes can protect against primary HSV-1 infection and disease in a humanized HLA-
A*0201 transgenic rabbit model and suggest the usefulness of HLA-A*0201 Tg rabbit to
understand the immu-nopathologic mechanisms of ocular herpes diseases. Overall, this
preclinical study in HLA-A*0201 Tg rabbits illustrates the feasibility of molecularly
defined, chemically engineered, synthetic lip-opeptides as a chemically stable, hazard-free,
and relatively low-cost approach for future herpes vaccines.
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FIGURE 1.

Schematic representation of prototypes human CD4—-CD8 lipopeptide vaccines. The C-
terminal end of a promiscuous CD4* T cell peptide epitope (gD4g_gp) Was joined in line with
the N-terminal end of one of three different HSV-1 gD CD8 T cell epitopes: gDs3_g1 (A),
9gD70_78 (B), or gD»7g_286 (C). The N-terminal end of each resulting CD4-CD8 peptide was
extended by a lysine covalently linked to one molecule of palmitic acid (a lipid). This results
in three separate pairs of CD4-CD8 lipopeptides.
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FIGURE 2.

Detection of HLA-A*0201 molecules in cornea, TG, and PBMC of HLA transgenic rabbits.
A, Cornea and TG sections from either HLA Tg rabbit or from wild type nontransgenic
rabbits (control) were immunostained with FITC (green) conjugated BB7.2 mAb (anti-
human HLA-A*0201) and analyzed by fluorescence microscopy (see Materials and
Methods). Cell nuclei are shown in red. Dashed circles delineate neuron bodies in the TG
(original magnification 320). B, Coexpression of HLA-A*0201 (green) and rabbit MHC
class I (red) on the surface of a PBMC derived from an HLAT( rabbit and detected by
fluorescence microscopy. PBMCs from HLA Tg rabbit were double stained with two
different primary Abs HLA-A2.1 mAb (BB7.2) and a rabbit MHCI followed by staining
with secondary Abs conjugated with two different fluorescence probes, either Alexa Fluor
594 (green) or Alexa Fluor 488 (red), respectively. Merged yellow signals indicate the
colocalization of these two molecules on the surface of PBMCs. C, PBMCs from either
HLA Tg rabbit or from wild type nontransgenic rabbits were first stained with BB7.2 mAb,
then with PE conjugated anti-mouse secondary IgG Ab, and analyzed by flow cytometry
(original magnification x20).
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FIGURE 3.

HLA-A*0201 Tg rabbit recognizes human HLA-A*0201-restricted CD8* T cell epitopes
from gD. Five HLA Tg rabbits and five wild type rabbits were infected ocularly with 2 x
105 PFU per eye of HSV-1. Twelve days p.i., spleens were harvested and the percentage
HLA-A*0201/tetramer (+) CD8* T cells specific to each of 10 HSV-1 gD epitopes was
determined by FACS. In the numbering system used for gD peptides in this study, the first
amino acid in the mature gD is indicated as AA1. Thus, amino acids in the 25 aa leader
sequence are indicated as negative numbers relative to AAL. Similar tetramer analysis was
performed in PBMCs derived from five HSV-seropositive HLA-A*0201(*) human blood
samples. The results are representative of two independent experiments. Asterisk indicates a
significant T cell response (p < 0.0005) compared with an irrelevant tetramer. The
backgrounds were determined for all ten tetramers using PBMCs from each of the five
different HLA-A2(*) HSV-uninfected individuals, five uninfected HLA Tg rabbits, and five
uninfected wild type rabbits (controls). The dashed vertical lines in each panel designate
maximum background cutoff levels of epitope-specific CD8" T cells in uninfected HLA-Tg
rabbits, uninfected WT rabbits, and seronegative HLA-A2* individuals.
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FIGURE 4.

Induction of gD4g_gp-specific CD4* T cell responses in HLA Tg rabbits immunized with
human CD4-CD8 lipopeptides. HLAT(g rabbits (four in experiment 1, four in experiment 2)
were immunized s.c. three times with the mixture of human CD4-CD8 lipopeptides as
described in Materials and Methods. Ten days after the third immunization, all rabbits were
ocularly challenged with 2 x 105 PFU per eyeof HSV-1 (McKrae). Mock-immunized HLA
Tg rabbits (two in experiment 1, two in experiment 2) were ocularly challenged as above.
Mock-immunized, uninfected HLAT( rabbits (two in experiment 1, two in experiment 2)
were used as negative controls. Two weeks after HSV-1 challenge, DLNs were collected
from each rabbit, and cells suspension were prepared, labeled with CFSE (2 mM), and
incubated with the promiscuous gD4g_g» CD4* T cell epitope peptide (10 mg/ml) for 5 d.
The cells were washed and stained for CD4 molecule expression. Dividing CD4* T cells
were gated and analyzed by flow cytometry. A, Dot plot representation of CFSE intensity in
dividing CD4* T cells, from lipopeptide-immunized or mock-immunized rabbits, stimulated
with gD4g_g» peptide. CFSE staining is shown on the x-axis and CD4 staining on the y~axis.
The percentage in the quadrant represents the fraction of dividing CD4*CFSE!W T cells
among total lymphocytes. B, Absolute number of dividing CD4* T cells following in vitro
stimulation with the promiscuous gD4g_g» CD4™ T cell epitope (left panel). PHA stimulation
(right panel, positive control). The percentage of dividing lymphocytes under stimulated
conditions was calculated as: N°' of dividing lymphocytes = NP¥ of gated CD4(*) CFSE(low)
lymphocytes x N°" of total CD4* lymphocytes—(CD4(+) CFSE(oW) + cD4(*+) CFSE(high)
lymphocytes)/NPT of total gated lymphocytes) x 100. The ratio ([CD4(*) CFSE (Iow) +

cD4 ) crSEigh) lymphocytes]/total lymphocytes) serves as normalization factor between
one sample to another and one experiment to another.
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Frequency and absolute numbers of dividing HSV-gD epitope-specific CD8* T cells in HLA
Tg rabbits immunized with human CD4-CD8 lipopeptides. CD8 T cells were isolated from
DLNs, conjunctiva, and TG from the rabbits described in Fig. 4. The cell suspensions were
im-munostained with an FITC-labeled mAb specific to rabbit CD8 and with a PE-labeled
human HLA-A*0201/tetramer specific to each of the three human CD8" T cell epitopes. A,
Representative FACS analysis from individual rabbits. The numbers show the average
number of tetramer-positive/CD8* T cells from all the rabbits in the indicated group. 5,
Average absolute numbers for each epitope-specific HLA-A*0201/tetramer/CD8™ T cells.
The dashed horizontal lines designate the maximum frequency levels of epitope-specific
CD8* T cells in mock-immunized/uninfected HLA-Tg rabbits. C, Average absolute number
of dividing CD8* T cells in each group following in vitro stimulation with gDs3_g1, 9D70-7s,
or gDy75_2g6 epitope peptide. The number of dividing CD8* lymphocytes under stimulated
conditions was calculated as follows: N°" of dividing lymphocytes = N of gated CD8(*)
CFSE(oW) [ymphocytes x NPT of total CD8* lymphocytes—(CD8(*) CFSE(IoW) + cD8(*)
CFSEhig) [ymphocytes)/NPT of total gated lymphocytes. The dashed horizontal lines
designate the maximum response levels of T cells in mock-immunized/uninfected HLA-Tg

rabbits. The results are representative of two independent experiments.
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FIGURE 6.

Immunization with human CD4-CD8 lipopeptides protects against HSV-1 replication in the
eyes of HLA Tg rabbits. HLA Tg rabbits were immunized with the three human CD4-CD8
lipopeptides (four in experiment 1, four in experiment 2) or mock-immunized (two in
experiment 1, two in experiment 2). Two weeks after the third immunization, all rabbits
were ocularly challenged with 2 x 105 PFU per eye of HSV-1. Tears were collected daily
from all eyes (20 eyes per group) on the days indicated, and the amount of infectious virus
was determined by standard plaque assays. The pvalue is calculated using data from days 4
and 5 analyzed by ANOVA followed by Dunnett’s post test to identify differences between
groups.
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FIGURE 7.

Immunization of HLA Tg rabbits with human CD4-CD8 lipopeptides protects the severity
of ocular herpes disease. A, Representative slit lamp images of lipopeptide immunized/
HSV-1 infected (four in experiment 1, four in experiment 2) and mock-immunized/HSV-1
(two in experiment 1, two in experiment 2). Infected HLA Tg rabbit eyes 12 d after ocular
infection. One drop of 1% fluorescein dye was placed in each eye to identify the corneal
damage under cobalt blue light. The amount of disease was estimated by determining the
surface area stained, in square millimeters. B, The amount of corneal involvement in disease
is plotted for each eye. C, Correlation between virus titers on day 5 and eye disease on day
12.
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FIGURE 8.

Immunized HLA Tg rabbits with more epitope-specific CD8* T cells have less corneal
disease. A, The results obtained from the HLA Tg rabbits that were immunized and ocularly
challenged with HSV-1 (from Figs. 6 and 7) were divided into two groups, based on the
amount of corneal disease on day 12 p.i. (low disease, < 10 mm?; high disease, > 30 mm?).
The average absolute number of tetramer positive/CD8" T cells specific to each of the three
human CD8* T cell epitopes are shown. The results are representative of two independent
experiments. B, The relative amount of IFN-y mRNA produced by conjunctiva- and cornea-
derived CD8* T cells of low and high corneal disease eyes was determined by quantitative

RT-PCR.
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