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ABSTRACT

Persistent pathogens, such as herpes simplex virus 1 (HSV-1), have evolved a variety of immune evasion strategies to avoid being
detected and destroyed by the host’s immune system. A dynamic cross talk appears to occur between the HSV-1 latency-associ-
ated transcript (LAT), the only viral gene that is abundantly transcribed during latency, and the CD8" T cells that reside in
HSV-1 latently infected human and rabbit trigeminal ganglia (TG). The reactivation phenotype of TG that are latently infected
with wild-type HSV-1 or with LAT-rescued mutant (i.e., LAT* TG) is significantly higher than TG latently infected with LAT-
null mutant (i.e., LAT™ TG). Whether LAT promotes virus reactivation by selectively shaping a unique repertoire of HSV-spe-
cific CD8™ T cells in LAT* TG is unknown. In the present study, we assessed the frequency, function, and exhaustion status of
TG-resident CD8™ T cells specific to 40 epitopes derived from HSV-1 gB, gD, VP11/12, and VP13/14 proteins, in human leuko-
cyte antigen (HLA-A*0201) transgenic rabbits infected ocularly with LAT* versus LAT™ virus. Compared to CD8* T cells from
LAT TG, CD8™ T cells from LAT* TG (i) recognized a broader selection of nonoverlapping HSV-1 epitopes, (ii) expressed
higher levels of PD-1, TIM-3, and CTLA-4 markers of exhaustion, and (iii) produced less tumor necrosis factor alpha, gamma
interferon, and granzyme B. These results suggest a novel immune evasion mechanism by which the HSV-1 LAT may contribute
to the shaping of a broader repertoire of exhausted HSV-specific CD8* T cells in latently infected TG, thus allowing for increased

viral reactivation.

IMPORTANCE

A significantly larger repertoire of dysfunctional (exhausted) HSV-specific CD8™ T cells were found in the TG of HLA transgenic
rabbits latently infected with wild-type HSV-1 or with LAT-rescued mutant (i.e., LAT* TG) than in a more restricted repertoire
of functional HSV-specific CD8™" T cells in the TG of HLA transgenic rabbits latently infected with LAT-null mutant (i.e., LAT~
TG). These findings suggest that the HSV-1 LAT locus interferes with the host cellular immune response by shaping a broader
repertoire of exhausted HSV-specific CD8* T cells within the latency/reactivation TG site.

ollowing a primary corneal infection, herpes simplex virus 1

(HSV-1) enters the local nerve termini and travels up the ax-
ons by retrograde transport to the body of sensory neurons of the
trigeminal ganglia (TG), where it establishes lifelong latency (1-
4). Recurrent corneal disease results from spontaneous sporadic
reactivation of the virus from latently infected sensory neurons of
the TG, the anterograde transportation of virus back to nerve ter-
mini, and the reinfection of the cornea (5, 6). Virus-specific CD8 ™"
T cells that express an activated effector memory T-cell phenotype
are selectively retained in latently infected TG of humans, rabbits,
and mice (4, 7-12). These TG-resident CD8™ T cells may control
the establishment of HSV-1 latency and prevent virus reactivation
from TG (6, 13). Our recent preclinical vaccine studies that used
the human leukocyte antigen (HLA-A*0201) transgenic rabbit
model of ocular herpes (HLA Tg rabbit) suggest that HSV-1 hu-
man epitope-specific CD8™ T cells play a crucial role in reducing
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virus reactivation from latently infected TG (1, 4, 14). Thus, in
latently infected HLA Tg rabbits, TG-resident human epitope-
specific CD8 T cells appear to help control spontaneous
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HSV-1 reactivation and thus subsequent virus shedding in
tears (6, 9, 11, 15).

Dynamic cross talk between the virus, the neurons, and the
HSV-specific CD8™" T cells occur in latently infected TG (5, 6, 13,
14). Although many studies have focused on elucidating the
mechanisms by which HSV-specific CD8" T cells control virus
reactivation from latently infected neurons (5, 6, 13, 14), few stud-
ies have assessed the reverse. Namely, which immune evasion
mechanism does HSV-1 use to interfere with the immunosurveil-
lance by the host’s TG-resident CD8* T cells? The latency-associ-
ated transcript (LAT) is the only viral gene that is consistently and
abundantly transcribed in latently infected TG (16-18). Both mice
and rabbits latently infected with LAT™ viruses have significantly
higher reactivation phenotypes than mice and rabbits latently in-
fected with LAT™ viruses, suggesting that LAT plays an important
role in the HSV-1 reactivation phenotype (16-18). LAT appears to
regulate the latency/reactivation cycle, at least in part, by blocking
apoptosis (18), and through its immune evasion functions, which
includes interfering with the function of HSV-specific CD8* T
cells in the TG (5, 15, 19, 20).

CD8" T cells surround a small number of latently infected
neurons in mice, rabbits, and humans. It has been proposed that
these CD8 ™ T cells act to decrease HSV-1 reactivation or at least
abort reaction once it is initiated (4, 14, 21). Rabbit TGs infected
with wild-type HSV-1 McKrae (LAT* TG) have a significantly
higher spontaneous reactivation phenotype compared to rabbit
TGs infected with dLAT2903 (LAT™ TG) (22-26). Recently, we
found that local CD8™ T cells specific to HSV-1 human epitopes
in TG of “humanized” HLA Tg rabbits latently infected with
LAT™ virus are exhausted, and this correlated with more virus
reactivation (4). The LAT immune evasion mechanisms contrib-
uting to HSV-1 reactivation remain to be fully determined (6, 14,
27). Based on these observations, we hypothesized that LAT may
contribute to selecting a distinct repertoire of exhausted HSV-
specific CD8" T cells that are selectively retained in latently in-
fected TG, allowing for enhanced viral reactivation. To test this
hypothesis, we chose the HLA Tg rabbit model of ocular herpes
because, similar to humans, latently infected HLA Tg rabbits (i)
support in vivo spontaneous reactivation from latently infected
TG that can be monitored by virus shedding in tears (28, 29) and
(ii) elicit HLA-restricted CD8™" T cell responses specific to human
epitopes (4, 14).

In the present study, HLA Tg rabbits were ocularly infected
with either LAT™ or LAT™ HSV-1. The frequency, function, and
exhaustion status of local CD8" T cells, specific to 40 different
HSV-1 human epitopes selected from HSV-1 glycoproteins B and
D (gB and gD) and tegument virion phosphoproteins 11/12 and
13/14 (VP11/12 and VP13/14) (3, 4, 14, 30-32), were compared in
LAT™ TG and LAT™ TG. Compared to CD8" T cells from LAT~
TG, CD8" T cells from LAT* TG (i) recognized a different and
broader profile of HLA-restricted HSV-1 epitopes and (ii) were
significantly more exhausted, expressing more PD-1, TIM-3, and
CTLA-4, but less tumor necrosis factor alpha (TNF-a), gamma
interferon (IFN-vy), and granzyme B (GzmB). Thus, HSV-1-spe-
cific CD8™ T cells were more frequent in LAT™ TG but had re-
duced functionality. These results suggest a novel mechanism of
immune evasion where HSV-1 LAT contributes to the shaping of
a broader repertoire of exhausted HSV-specific CD8™" T cells that
are selectively retained in latently infected TG, thus allowing for
increased viral reactivation.
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MATERIALS AND METHODS

HLA-A*02:01 transgenic rabbits. A colony of human leukocyte antigens
(HLA) transgenic (Tg) rabbits maintained at UC Irvine, were used for all
experiments. HLA Tg rabbits were derived from New Zealand White rab-
bits (33). The HLA Tg rabbits retain their endogenous rabbit major his-
tocompatibility complex (MHC) locus and express human HLA-A*02:01
under the control of its normal promoter (33). Prior to this study, the
expression of HLA-A*02:01 molecules on the PBMC of each HLA-Tg
rabbit was confirmed by fluorescence-activated cell sorting (FACS).
Briefly, rabbits’ peripheral blood mononuclear cells (PBMCs) were
stained with 2 pl of anti-HLA-A2 monoclonal antibody (MAD; clone
BB7.2; BD Pharmingen, USA) at 4°C for 30 min. The cells were washed
and analyzed by flow cytometer using a LSRII (Becton Dickinson, Moun-
tain View, CA). The acquired data were analyzed with FlowJo software
(TreeStar, Ashland, OR). Only rabbits with high HLA expression
in >90% of PBMC were used in these studies. Thus, all of the HLA rabbits
used had similar high level expression of HLA-A*02:01. This avoided
potential bias due to variability of HLA-A*0201 molecule levels in differ-
entanimals. High expression of HLA-A*02:01 molecules is expected to (i)
force rabbit CD8™ T cells to use human HLA-A*02:01 molecules at both
thymic educational and peripheral effector levels (14) and (ii) minimize
the competition between rabbits MHC class I molecules and human HLA-
A*02:01-restricted responses (14). New Zealand White rabbits (non-Tg
control rabbits; Western Oregon Rabbit Co.) were used as controls.

Viruses. Throughout the study, wild-type HSV-1 strain McKrae and
LAT-rescued dLAT2903R mutant (25), expressing LAT, are designated
LAT*. LAT-null virus dLAT2903 mutant is designated LAT". Plaque-
purified HSV-1 strain McKrae (wild type) and its derived mutants: LAT™
dLAT2903 and LAT* dLAT2903R were grown in rabbit skin (RS) cell
monolayers in minimal essential medium that contained 5% fetal calf
serum, as described previously (25, 34, 35).

Ocular infection. Without corneal scarification, female HLA Tg rab-
bits (8 to 10 weeks old) were ocularly infected by eye drops (both eyes) of
5 wl of tissue culture media containing 2 X 10° PFU of LAT" or LAT~
HSV-1, as we previously described (36). At the dose used (2 X 10° PFU/
eye), all surviving rabbits harbor the latent virus in both TG, with high
spontaneous reactivation and shedding in the tears of both eyes (28, 37—
40). Acute ocular infection was confirmed by HSV-1-positive tear film
cultures collected on days 3 to 4 p.i, as we described (40).

PBMC isolation. Portions (20 ml) of blood were collected from each
rabbit into yellow-top Vacutainer tubes (Becton Dickinson). The serum
were isolated and centrifuged for 10 min at 800 X g. Rabbit PBMCs were
isolated by gradient centrifugation using leukocyte separation medium
(Cellgro, USA). Cells were washed in phosphate-buffered saline (PBS)
and resuspended in complete culture medium consisting of RPMI 1640
containing 10% fetal bovine serum (FBS; Bio-Products, Woodland, CA)
supplemented with L-glutamine and penicillin-streptomycin, sodium py-
ruvate, nonessential amino acids, and 50 wM 2-mercaptoethanol (Life
Technologies, Rockville, MD). Aliquots of freshly isolated PBMCs were
also cryopreserved in 90% fetal calf serum and 10% dimethyl sulfoxide in
liquid nitrogen for future testing.

Flow cytometry analysis. The rabbits were euthanized, the drain-
ing lymph node (DLN), PBMCs, and trigeminal ganglia (TG) were in-
dividually harvested, and single-cell suspensions were prepared and were
analyzed using flow cytometry as we described previously (4, 14, 41). The
following cross-reactive MAbs were used: mouse anti-rabbit CD8 (clone
MCA1576F; AbD Serotec), hamster anti-mouse PD-1 (clone J4; BD Phar-
mingen), anti-human-CTLA-4 (L3D10), anti-human TIM-3 (clone F38-
2E2; BioLegend), anti-human/mouse GzmB (clone GB1; BioLegend), rat
anti-mouse IFN-vy (clone XMG1.2; BD Pharmingen), and anti-human
TNF-a (BD Pharmingen). For surface staining, MADbs against various cell
markers were added to a total of 10° cells in PBS containing 1% FBS and
0.1% sodium azide (FACS buffer) and left for 45 min at 4°C. After a
washing step with FACS buffer, the cells were permeabilized for 20 min on
ice using a Cytofix/Cytoperm kit (BD Biosciences) and then washed twice
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with Perm/Wash buffer (BD Bioscience). For intracellular staining, GzmB
MADb was added to the cells, followed by incubation for 45 min on ice in
the dark. The cells were washed again with Perm/Wash and FACS buffer
and fixed in PBS containing 2% paraformaldehyde (Sigma-Aldrich, St.
Louis, MO). For the measurement of [FN-v, the cells were in vitro stim-
ulated with HSV-1 peptides. Briefly, 10° cells were transferred into 96-well
flat bottom plates and stimulated with HSV-1 peptides (10 pg/ml in 200
pl of complete culture medium) in the presence of BD Golgi stop (10
pg/ml) for 6 h at 37°C. Phytohemagglutinin (5 pg/ml; Sigma) and no
peptides were used as positive and negative controls, respectively. At the
end of the incubation period, the cells were transferred into a 96-well
round-bottom plate and washed once with FACS buffer. Surface and in-
tracellular staining were performed as described above. A total of 50,000
events were acquired by LSRII (Becton Dickinson). Data were analyzed
using FlowJo software (TreeStar, Ashland, OR).

Tetramer assay. Single-cell suspensions from DLN, PBMCs, and TG
were analyzed for the frequency of CD8" T cells specific to each of the
HSV epitopes using corresponding HLA-A2 peptide/tetramers, as previ-
ously described (30, 42, 43). Human [3,-microglobulin was incorporated
into the tetramers, since no rabbit (3,-microglobulins are currently avail-
able. Briefly, cells were first incubated with 1 pg/ml phycoerythrin (PE)-
labeled HLA-A2-peptide/tetramer at 37°C for 30 to 45 min. The cells were
then washed twice and stained with 1 wg/ml fluorescein isothiocyanate
(FITC)-conjugated mouse anti-rabbit CD8 MAD (clone 215B; Serotec).
After two additional washings, the cells were fixed with 1% formaldehyde
in PBS. A total of 50,000 events were acquired using the LSRII FACS
(Becton Dickinson). Data were analyzed using the Flow]Jo software (Tree-
Star, Ashland, OR). The absolute number of gD peptide-specific CD8" T
cells was calculated using the following formula: (number of events in
CD8 " /tetramer™ cells) X (number of events in gated lymphocytes)/
(number of total events acquired).

Immunohistochemistry. Immunostaining of latently infected TG
was performed on day 35, as previously described (14, 15, 44—46). Rabbits
were euthanized and the TG were harvested, embedded in Tissue-Tek
(OCT compound; VWR International, West Chester, PA), and snap-fro-
zen in nitrogen. Cryosections of approximately 10-wm thickness were cut,
fixed in acetone (10 min, room temperature), air dried, and stored
at —80°C. For immunostaining, TG sections were rehydrated in PBS (10
min, room temperature), Fc blocked, and then stained with anti-PD-L1.
After three successive washings in PBS (three times for 5 min each time),
sections were stained with 14.3 mM DAPI (4',6'-diamidino-2-phenylin-
dole; Molecular Probes, Eugene, OR) for 2 min at room temperature to
stain cell nuclei. Excess DAPI was removed by washing with PBS (three
times for 5 min each time), and slides were mounted in 50% glycerol-PBS
and then analyzed by fluorescence microscopy.

Quantification of infectious virus. Tear swabs were collected daily
from both eyes using Dacron swabs (type 1; Spectrum Laboratories, Los
Angeles, CA). Individual swabs were transferred to a 2-ml sterile cryo-
genic vial containing 500 p.l of culture medium and stored at —80°C until
use. HSV-1 titers in tear samples were determined by standard plaque
assays on RS cells as previously described (36).

Statistical analyses. Data for each assay were compared by using analysis
of variance (ANOVA) and a Student ¢ test with Prism (version 5; GraphPad,
La]Jolla, CA). Differences between the groups were identified by ANOVA and
multiple comparison procedures, as we previously described (43). Data are
expressed as the means * the standard deviations (SD). Results were consid-
ered statistically significant when the P value was <0.05.

RESULTS

Increased expression of HLA-A*02:01 molecules in TG of HLA
Tgrabbits latently infected with LAT* compared to LAT virus.
We first selected HLA Tg rabbits with the highest expression of
HLA-A*02:01 molecules, since expression of the rabbits’ own
MHC class I molecules might interfere with the human HLA-
A*02:01-restricted responses (14). Both the levels of HLA-A*0201
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molecules and the percentages of cells expressing HLA-A*02:01
were assessed on PBMCs isolated from fresh blood samples.
High levels of HLA-A*02:01 expression were detected by FACS
in PBMCs from the HLA Tg rabbits (Fig. 1A, left panels). The
specificity of anti-human HLA-A*02:01 antibody was con-
firmed by using an isotype IgG control. As expected, HLA-
A*02:01 expression was not detected in PBMCs from wild-type
(nontransgenic) rabbits (negative controls; Fig. 1A, right pan-
els). Although up to 90.5% of PBMCs from HLA Tg rabbits ex-
pressed HLA-A*02:01 molecules, their expression levels appeared
to vary among animals (data not shown). In order to avoid any
biases that might be introduced by variable HLA expression levels,
HLA Tg rabbits with the highest expression of HLA-A*02:01 mol-
ecules were selected. Increased expression of HLA-A*02:01 mole-
cules in selected HLA Tg rabbits should cause rabbit CD8* T cells
to make use of the human HLA-A*02:01 molecules both at the
thymic selection level and at the peripheral effector level (14).

We next determined whether the expression levels of HLA-
A*02:01 molecules would be affected in latently infected TG by
LAT. Groups of 10 HLA Tg rabbits were ocularly infected with 2 X
10° PFU/eye of wild-type HSV-1 strain McKrae (LAT") or
dLAT2903,aMcKrae-derived LAT™ mutant. TGs and spleen (con-
trol) were harvested at 35 days postinfection (i.e., after latency was
well established). The levels of HLA-A*02:01 molecules (Fig. 1B)
and the percentages (Fig. 1C) of cells expressing HLA-A*0201
were assessed by FACS on total TG cells and splenocytes. The
average percentage of cells pooled from 10 TG and 10 spleens *
the SD from two independent experiments is shown in Fig. 1D.

Significantly more HLA-A*02:01 molecules were detected in
the TG of LAT™ latently infected rabbits in the TG of LAT™ rabbits
(Fig. 1B). Approximately 45% of cells in LAT™ TG expressed de-
tectable levels of HLA-A*02:01 molecules. However, less than
33% of cells in LAT™ TG had detectable levels of HLA-A*02:01
molecules (Fig. 1C and D). In contrast, splenocytes had similar
HLA-A*02:01 in LAT" and LAT" infected rabbits. These results
indicate that TG from LAT™ latently infected HLA rabbits
contained more HLA-A*02:017 cells than the corresponding
LAT™ TG (P = 0.002). These results suggest that, compared to
LAT  virus, latent infection with LAT ™ virus results in increased
numbers of HLA-A*02:017" cells in the TG. This might imply in-
creased amount of antigen presented to T cells in LAT" TG com-
pared to LAT™ TG.

Increased number of CD8™" T cells are present in the TG of
HLA Tgrabbits infected with LAT* versus LAT ™ virus. In a pilot
experiment, we compared the percentage and the total number of
T cells in the TGs of rabbits that were latently infected with wild-
type HSV-1 (strain McKrae) that had been either perfused or not
perfused prior to euthanasia. The percentages and the numbers of
HSV-1 specific CD8™ T cells were similar in perfused and nonper-
fused TG (4, 41; data not shown). This was expected, since during
HSV-1 latency there are few, if any, HSV-1-specific CD8" T cells
in the circulation. Subsequent experiments were carried out with
nonperfused rabbits.

Groups of 20 HLA Tg rabbits were ocularly infected with the
wild-type McKrae (LAT™), its LAT-null virus mutant dLAT2903
(LAT") or the marker-rescued virus dLAT2902R counterpart
(LAT™). TGs were harvested before infection (five rabbits), on day
12 (acute infection, five rabbits), and on day 35 (latency, five rab-
bits) postinfection. Representative experiments of percentages of
TG-resident total CD3* CD4* and CD3* CD8* T cells are shown
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FIG 1 HLA Tg rabbits infected with LAT™ virus have increased spontaneous virus shedding in tears and express high levels of HLA-A2 molecules in TG
compared to HLA Tg rabbits infected with LAT~ virus. (A) Peripheral blood mononuclear cells (PBMCs) from either HLA transgenic rabbits (HLA Tg rabbits)
or from wild-type nontransgenic rabbit controls (WT rabbits) were stained with PE-conjugated anti-HLA-A2 MAb (clone BB7.2) and analyzed by flow
cytometry for the relative expression of HLA-A2 molecules (top two panels) and for the percentage of cells expressing HLA-A2 molecules (bottom two panels).
Rabbits with the highest levels of HLA-A2 molecules and with the highest percentages of cells expressing HLA-A2 molecules were selected for the remainder of
the study. (B) LAT" TG have increased levels of HLA-A2 molecules compared to LAT™ TG. TG and spleens (control) from HLA Tg rabbits infected with either
LAT™" or LAT  virus were removed on day 35 postocular infection. (C) Representative data of the percentages of total TG-derived cells expressing HLA-A2
molecules detected by FACS were compared in LAT* TG versus LAT™ TG. (D) Each bar represents the means = the SD of the fluorescence intensity from two

independent experiments from the spleen (control) and from TG harvested from five HLA Tg rabbits at 35 days postinfection. ¥, P < 0.05 (ANOVA).

in the left panels of Fig. 2A and B. The average numbers * the SD
of TG-resident CD3" CD8™ T cells pooled from 10 TG in two
independent experiments are shown in the right panels of Fig. 2A
and B. Both the percentages and the average numbers of CD8" T
cells were significantly higher in LAT " TG compared to LAT TG
during both acute (P = 0.0001) and latent infection (P = 0.002).
Fewer TG-resident CD4™ T cells were present during both acute
and latent infection and were similar with LAT™ and LAT" viruses
(Fig. 2A and B, left panels). At 21 and 35 days postinfection, sig-
nificantly higher percentages of total CD3" CD8" T cells were
observed in LAT" TG compared to LAT™ TG (P < 0.05) (Fig. 2C).
As expected, on both day 12 (Fig. 2D, left panel) and day 35 (Fig.
2D, right panel), the average numbers of total CD3* CD8* T
cells/TG were similarly high in HLA Tg rabbits infected with the
marker-rescued virus dLAT2903R and the wild-type McKrae
compared to LAT-null virus mutant dLAT2903 (P < 0.005).
These results indicate that the higher numbers of CD8" T cells
seen in TG infected with LAT ™ virus was associated with LAT. The
differences in the total CD8™ T cells seen in LAT™ versus LAT~
infected HLA Tg rabbits appeared to be specific to TG-resident T
cells since no significant differences in the percentages and num-
bers of circulating CD8™ T cells (PBMCs) were observed in LAT™*
versus LAT™ infected HLA Tg rabbits during acute and latent in-
fections (data not shown).
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LAT gene expression is associated with a broader repertoire
of HSV-1 epitope-specific CD8* T cells in latently infected TG.
We next sought to determine whether LAT would modulate the
size of the repertoire of HSV-1 epitope-specific CD8™" T cells that
are selectively retained in humanized rabbit latently infected TG.
HLA Tg rabbits were infected with McKrae (LAT™), its LAT-null
virus mutant dLAT2903 (LAT"), or the marker-rescued virus
dLAT2903R counterpart (LAT™), as described above. The fre-
quencies of CD8™" T cells specific to 40 different nonoverlapping
HSV-1 human epitopes, selected from glycoproteins B and D (gB
and gD) and tegument phosphoproteins (VP11/12 and VP13/14)
(Tables 1 and 2), were compared in latently infected LAT™ versus
LAT™ TG (Fig. 3).

Higher and broader frequencies of CD8" T cells specific to
nine epitopes (8B345_3500 8Baa1—149> 8Bss1-560 8D-15_100 8Ds3_61>
gD,o_78 8Dos 103> VP11/12¢4_-,, and VP13/145,, s5,) were de-
tected in LAT" TG (Fig. 3A). In contrast, higher frequencies of
CD8™ T cells specific to only four HSV-1 human epitopes (gB,_»s,
8B161_169 8D275 256 and VP11/12,,, ,,4) were detected in latently
infected LAT™ TG (Fig. 3A). Significant frequencies of CD8 " T cells
specific to eight epitopes (8Bs3 191> 8Bass 204> 8B342-3500 8Be75-683>
8D224 232 VP11/1270; 710, VP13/14556 394, and VP13/145,_s;5)
were detected in both LAT " TG and LAT™ TG. Overall, higher and
broader frequencies of CD8" T cells specific to HSV-1 human
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FIG 2 More total and HSV-specific CD8™ T cells are detected in LAT " TG than in LAT™ TG during latent herpes virus infection. Three groups of HLA Tg rabbits
(n = 20) were ocularly infected with 2 X 10° PFU/eye of the wild-type McKrae (LAT ™), its LAT-null virus mutant ALAT2903 (LAT"), or the marker-rescued virus
dLAT2903R counterpart (LAT™). Both TG were harvested from each rabbit on days 0 (5 rabbits), 12 (5 rabbits), 21 (5 rabbits), or 35 (5 rabbits) postinfection.
The 10 TG were pooled and treated with collagenase I, and the numbers and percentages of total CD3" CD4™ T cells and CD3* CD8™ T cells were determined
in TG cell suspensions by FACS. (A) Representative dot plot showing the percentages (left panel) and the average numbers = the SD/TG (right panel) of CD3™
CD4% and CD3* CD8™" T cells per TG on day 12 postinfection (i.e., during acute infection). The bar graphs indicate the means and the SD of the two independent
experiments with rabbits at each time point. (B) Dot plot showing the percentages (left panel) and the average numbers = the SD/TG (right panel) of CD3™
CD4" and CD3" CD8" T cells per TG on day 35 postinfection (i.e., during latency). The bar graphs show the means and the SD of the two independent
experiments with rabbits at each time point. (C) Kinetics of the percentages of total CD3™ CD8™" T cells detected in LAT" TG, LAT™ TG, and mock TG. (D)
Average numbers of total CD3™ CD8™" T cells per TG from HLA Tg rabbits infected with marker-rescued virus dLAT2903R, wild-type McKrae, and LAT-null

virus mutant dLAT2903 on day 12 (left panel) and day 35 (right panel).

epitopes were detected in LAT* TG compared to LAT™ TG (i.e.,
42% in LAT" TG versus 19% in LAT™ TG of all responding
epitopes).

The differences in the frequency of CD8' T cells between
LAT™ and LAT TG were particularly broader for epitopes derived
from gB and VP13/14 epitopes (i.e., 68% versus 16% and 67%
versus 33% of all responding epitopes, respectively; P < 0.001). In
contrast, the differences in the frequency of CD8™" T cells between
LAT™ and LAT™ TG were narrower for epitopes derived from gB
epitopes (i.e., 45% versus 22% responding epitopes, P < 0.005).
Similar frequencies of CD8™ T cells specific to VP11/12 epitopes
were detected in LAT" and LAT™ TG (Fig. 3B). As expected, sim-
ilar percentages of HSV-1 epitope-specific CD8™ T cells were de-
tected in the TG of rabbits infected with the marker-rescued virus
dLAT2903R and wild-type McKrae (Fig. 3C).

Increased frequency of HSV-1 human epitope-specific
PD-1" CD8", TIM-3" CD8", and CTLA-4" CD8™ T cells in TG
of HLA Tg rabbits infected with LAT™ virus versus LAT" virus.
We next determined whether HSV-specific CD8" T cells in the
TG would be functionally affected by LAT. HLA Tg rabbits were
infected with McKrae (LAT™"), its LAT-null virus mutant
dLAT2903 (LAT"), or the marker-rescued virus dLAT2903R
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counterpart (LAT™), as described above. The percentages and
numbers of CD8™ T cells specific to the VP11/12,,,_,,5 epitope
(one of the most immunodominant HSV-1 epitopes) expressing
PD-1, TIM-3, and CTLA-4, three markers of phenotypic exhaus-
tion, were determined in the TG during both acute (day 11) (Fig.
4) and latent (day 35) (Fig. 5) phases of infection.

The results of a representative experiment of the level of PD-1
(Fig. 4A), as well as the percentages of PD-1" CD8™" T cells (Fig.
4B), during acute infection are shown. The results of a represen-
tative experiment of the level of TIM-3 (Fig. 4C), as well as the
percentages of TIM-3" CD8™" T cells (Fig. 4D), during latent in-
fection are also shown. The average percentages = the SD of
PD-1" CD8™" T cells, TIM-3" CD8" T cells, and CTLA-4" CD8*
T cells detected from 10 LAT" TG versus 10 LAT TG are shown in
Fig. 4E, F, and G, respectively. Significantly higher expression lev-
els of PD-1 (Fig. 4A) and TIM-3 (Fig. 4C) were detected on VP11/
1255055 epitope-specific CD8™ T cells in LAT™ TG than in LAT~
TG (P < 0.05). The mean fluorescence intensity (MFI) of PD-1 on
CD8™ T cells from LAT " TG was higher than the MFI of PD-1 on
CD8™ cells from LAT™ TG (1,381 = 5 versus 387 % 5, respectively;
P < 0.05, Fig. 4A). Similarly, the MFI of TIM-3 on CD8™ T cells
from LAT" TG was higher than the MFI of TIM-3 on CD8 " cells
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TABLE 1 HLA-A*02:01-restricted epitopes selected from HSV glycoproteins®

Antigen and peptide Sequence MW No. (aa) HLA-A*0201 (ICs, [nM])

gD
gD-18 to —10 RLGAVILFV 987 9 62
gD-13 to -5 ILFVVIVGL 972 9 >50,000
gD-11to -2 AVVIVGLHGV 963 10 >50,000
gD53-61 SLPITVYYA 1,026 9 20
gD70-78 VLLNAPSEA 913 9 19
gD95-103 NLTIAWPRM 1,101 9 >50,000
gD153-161 LMHAPAFET 1,016 9 2,002
gD224-232 FIPENQRTV 1,053 9 4,218
gD253-261 LLPPELSET 998 9 4,891
gD278-286 ALLEDPVGT 916 9 28

gB
gB17-25 ALLGLTLGV 856 9 1.3
gB183-191 GIFEDRAPV 1,003.1 9
gB286-294 FVLATGDFV 968.1 9
gB342-350 NLLTTPKFT 1,034.2 9
gB343-351 LLTTPKFTV 1,019.2 9
gB441-449 YLANGGFLI 967.1 9 0.56
gB447-455 FLIAYQPLL 1,077.3 9 0.31
gB561-569 RMLGDVMAV 991.2 9 1.7
gB675-683 TMLEDHEFV 1,120.2 9 118

@ The sequence ofHSV-1 gD and gB was subjected to screening of potential HLA-A*02:01 epitopesusing several computer algorithms. Ten peptides were selected on the basis ofthe
HLA-A*0201 binding motif sequence from HSV-1 strain 17. Immunodominant epitopes are indicated in boldface. MW, molecular weight; aa, amino acids.

from LAT™ TG (1,932 = 5 versus 766 * 5, respectively; P < 0.05,
Fig. 4C). Additionally, compared to LAT™ TG, LAT* TG had sig-
nificantly higher percentages of PD-1" CD8" T cells (Fig. 4B and
E), TIM-3* CD8™ T cells (Fig. 4D and F), and CTLA-4" CD8™* T
cells (Fig. 4G, P < 0.001). These results indicate that during acute
infection, not only do a greater proportion of HSV-specific CD8™

T cells in LAT™ TG express PD-1, TIM-3, and CTLA-4, but also
the expression levels of these exhaustion markers were signifi-
cantly higher in LAT" TG than in LAT™ TG. As expected, similar
percentages of exhausted CD8 " T cells were detected in the TG of
rabbits infected with the marker-rescued virus dLAT2903R and
wild-type McKrae (Fig. 4E, F, and G). These results suggests that

TABLE 2 HLA-A*02:01-restricted epitopes selected from HSV tegument proteins®

Antigen and peptide Sequence MW No. (aa) HLA-A*0201 (ICs, [nM])
VP11/12
VP11/1259 4, CLLPTPEGL 942.1 9
VP11/12¢¢ s FLTCTDRSV 1,041.1 9 83
VPI11/12,,, 155 ILTQYWKYL 1,227.4 9
VP11/12,97 205 RIQQYMFFM 1,263.5 9 81
VP11/12,50 226 RLNELLAYV 1,090.2 9 709
VP11/12550 55 VLYRWASWM 1,211.4 9
VP11/12535 246 MLWTTDKHV 1,130.3 9 1,293
VP11/12440 554 TLTGYGVWA 967.0 9
VP11/1265y 630 RVYEEIPWM 1,222.4 9
VP11/12595 710 ALSALLTKL 929.1 9 313
VP13/14
VP13/14,56 204 FLADAVVRL 1,003.2 9 52
VPI13/14,,, 54 ALLDRDCRV 1,060.2 9 5.6
VP13/14,10 11 VLTREAAFL 1,019.2 9
VP13/14,,5 4 FLGRVLDVL 1,131.2 9
VP13/14,0, 4 ALPLGSPAV 823.9 9
VP13/14,97_s05 VLGAAVYAL 876.0 9 100
VP13/1450, 51 ALHTALATV 896.0 9 16
VP13/14,,, .., RLLGFADTV 991.1 9 27
VP13/14545 555 LLGFADTVV 934.1 9
VP13/14¢55 65 IMSQFRKLL 1,135.4 9

“ The sequence of HSV-1 VP11/12, and VP13/14 protein was subjected to screening of potential HLA-A*02:01 epitopes using several computer algorithms. Ten peptides were
selected on the basis of the HLA-A*0201 binding motif sequence from HSV-1 strain 17. Inmunodominant epitopes are indicated in boldface. MW, molecular weight; aa, amino

acids.
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FIG 3 Profiles of HSV-1 gB- and gD-derived human epitope-specific CD8 " T cells are detected in infected LAT* TG versus LAT™ TG. Three groups of HLA Tg
rabbits Tg rabbits (n = 10) were ocularly infected with 2 X 10° PFU/eye of the wild-type McKrae (LAT "), its LAT-null virus mutant dLAT2903 (LAT"), or the
marker-rescued virus dLAT2903R counterpart (LAT™"), as in Fig. 2. Both TG were harvested from each rabbit on day 35 (10 rabbits) postinfection. The 20 TG
were pooled and treated with collagenase I, and the percentages of CD8™ T cells specific to HSV-1 human epitopes selected from glycoproteins B and D were
determined in TG cell suspensions by FACS. (A) Percentages of HSV-1 human gD, gB, VP11/12, and VP13/14 epitope-specific CD8™ T cells detected during
latency (day 35) in 10 LAT™ TG versus 10 LAT™ TG infected HLA Tg rabbits. Each black and white circle represents individual HLA Tg rabbits. (B) Pie charts
represent the frequencies of CD8™ T cells specific to HSV-1 human gD, gB, VP11/12,and VP13/14 epitopes detected in LAT " TG compared LAT~ TG. ¥, P < 0.05
(for the percentage of epitope-specific CD8 " T cells in LAT™ TG versus LAT™ TG). (C) Percentages of HSV-1 gB,,, s, epitope-specific CD8™ T cells detected

in TG of rabbits infected with the marker-rescued virus dLAT2903R versus wild-type McKrae.

the exhaustion of HSV-specific CD8" T cells seen during acute
infection in rabbit TG infected with LAT " virus was associated
with LAT.

Next, we determined the percentages and numbers of PD-17"
CD8™ T cells and TIM-3" CD8™ T cells from pools of 10 LAT™
TG and 10 LAT™ TG harvested during latent infection (Fig. 5).
Instead of relying on just one epitope (i.e., VP11/12,,5_,,5) in
these experiments, we expanded our range and included three
additional epitopes from three different HSV-1 proteins for which
CD8™ T cells has previously been detected in both LAT™ TG and
LAT™ TG (i.e., 8B4 3500 VP11/12550 255 and VP13/145,, o5 Fig. 3
and Tables and 2). Compared to latently infected LAT™ TG, la-
tently infected LAT * TG displayed a significantly higher percent-
age of PD-17 CD8™ T cells and of TIM3™ CD8™ T cells specific to
VP11/12,,9_5,5 and VP13/145,,_ss, epitopes from tegument pro-
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teins (Fig. 5A to D). As expected, similar percentages of exhausted
PD-1" CD8" T cells/TG and TIM-3" CD8" T cells/TG was de-
tected in rabbits infected with the marker-rescued virus
dLAT2903R and wild-type McKrae (Fig. 5G).

Dramatically more functionally exhausted HSV-1 human
epitope-specific CD8™ T cells are retained in LAT* TG than in
LAT™ TG. Since phenotypic expression of markers of exhaustion
of T cells may not necessarily translate into functional exhaustion,
we next compared the ability of LAT™ versus LAT™ TG-resident
CD8™ T cells, specific to HSV-1 human epitopes, to produce cy-
tokines and display cytotoxic activity. In Fig. 6, we examined the
function of both VP11/12,,,_5,s-specific CD8™ T cells (which are
highly frequent in LAT™ TG) and of gBs;_,-specific CD8 " T cells
(which are highly frequent in LAT" TG) in both LAT* TG and
LAT™ TG, during the acute (top panels) and latent (lower panels)

jviasm.org 3919


http://jvi.asm.org

Srivastava et al.

‘ Acute |.McKrae B8 dLAT2903R DdLATzsos‘
A [ LATO B E 100+ F 100
- LAT® ;\? P =0.001 ;\?
» 804 NS = 80
A LATO LAT®) 3 =
E 604 O 604
DTG 23 I K
=] ) = 40
o v a 401 2 P=0.001
o o o
3 & = 201 3: 204 NS
o 10% T E =
' N g F N
— PD-1 —> ;
[ e
G 100
3 LATO 80
Il LAT®

MFI: 1932
MFI: 766

LAT®
;477

15

| |

60 P=0.001

I‘

.9

N
o
I

= Cell Count > (@)
—Tm3—> O

—_ TIM-3 —>

- CD§ >

0-

CTLA-4*CD8™ T cells (%)
o

-

FIG 4 More exhausted HSV-specific CD8 " T cells were detected in acutely HSV-1 LAT ¥ infected TG than in HSV-1 LAT  infected TG. Three groups of five HLA
Tg rabbits were ocularly infected as described above with the wild-type McKrae (LAT "), its LAT-null virus mutant dLAT2903 (LAT"), or the marker-rescued
virus dLAT2903R counterpart (LAT™"), as in Fig. 2. Ten TG/group were harvested at 12 days postinfection, pooled, and processed, as described above. The cells
were triple stained with FITC-labeled anti-PD-1, PerCP-anti-CD8 T-cell, and PE-labeled HSV-1 VP11/12,,,_,,s/HLA Tg rabbit-A*0201 tetramer. The levels of
PD-1and TIM-3 expression and the percentages of HSV-1 VP11/12,,,_,,, epitope-specific CD8™" T cells expressing PD-1, TIM-3, and CTLA-4 were determined
by FACS. (A) Representative histogram of levels of PD-1 on gated VP11/12,,,_,, epitope-specific CD8* T cellsin LAT " TG versus LAT™ TG. (B) Representative
dot plots of the percentages of VP11/12,,,_,,, epitope-specific PD-1" CD8 " T cells in LAT™ TG versus LAT™ TG. (C) Representative histograms of the levels of
TIM-3 gated on VP11/12,,,_,,, epitope-specific CD8* T cells in LAT" TG versus LAT™ TG. (D) Representative dot plot of the percentages of VP11/125,0 554
epitope-specific TIM-3 CD8" T cells in LAT" TG versus LAT™ TG. (E) Percentage of VP11/12,,,_,,5 epitope-specific CD8" T cells expressing PD-1. (F)
Percentage of VP11/12,,,_,,5 epitope-specific CD8" T cells expressing TIM-3. (G) Percentage of VP11/12,,,_,,, epitope-specific CD8" T cells expressing

CTLA-4. Each bar in panels C and F represents the mean and SD from two independent experiments. *, P < 0.05.

phases of infection. In vitro stimulation was performed using
VP11/12,,,_5,5 Or gBss 4, peptides, as we previously described
(4). The nonspecific stimulant, PMA+IONO, which should stim-
ulate both VP11/12,,,_,,5 and gBs;_¢; peptide-specific and non-
specific CD8 T cells, was used as a positive control. Intracellular
staining for GzmB, IFN-vy, and TNF-a cytokines was performed
on tetramer gated CD8 ™ T cells using FACS. The expression levels,
frequencies, and numbers of HSV-specific CD8" T cells express-
ing IFN-vy, TNF-a, and GzmB were compared in LAT" and LAT~
TG. As shown in the representative FACS histogram in the top
panel of Fig. 6A, a higher level of GzmB was detected in VP11/
12550_205-specific CD8™' T cells that were retained in LAT™ TG
compared to LAT™ TG. The lower panel of Fig. 6A shows higher
levels of GzmB expressed by VP11/12,,_,,4-specific CD8" T cells
from LAT™ TG than from LAT™ TG. A similar trend was observed
when we compared the levels of GzmB on gBs;_,-specific CD8™
T cells retained in LAT™ TG to those in LAT™ TG (data not
shown). The left two panels in Fig. 6B and C show representative
dot plots of higher percentages of VP11/12,,,_,,5-specific CD8* T
cells producing IFN-y and TNF-a in LAT- TG compared to LAT™
TG. The right two panels in Fig. 6B and C show significantly
higher percentages of VP11/12,,, _,,s-specific CD8 " T cells pro-
ducing IFN-y and TNF-a detected from 10 LAT™ TG versus 10
LAT™ TG (P = 0.0001). A similar trend was observed when we
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compared the levels of GzmB on gBs;_;-specific CD8" T cells
retained in LAT™ TG to those in LAT™ TG (data not shown). More
exhausted HSV-specific CD8* T cells were also seen in LAT* TG
versus LAT™ TG during latent infection (Fig. 6D, E, and F).

Altogether, these results indicate that during both acute and
latent infection, a significantly higher percentage of HSV-specific
CD8™ T cells that were retained in LAT™ TG were exhausted than
in LAT™ TG. The results confirmed that LAT interferes with the
function of TG-resident HSV-specific CD8" T cells and alters, by
a yet-to-be-determined mechanism, their ability to produce
IFN-vy and TNF-a and to express GzmB.

PD-LI, the ligand of PD-1, is highly expressed in LAT* TG
compared to LAT™ TG. Since larger amounts of exhausted CD8 ™"
T cells expressing PD-1 receptor were observed in HSV-1 LAT™
infected TG compared to HSV-1 LAT™ infected TG, it was of in-
terest to determine whether the two ligands of this receptor (i.e.,
PD-L1 and PD-L2) are also upregulated in LAT" TG. Compared
to LAT™ TG, LAT" TG had significantly higher levels of PD-L1
during both acute (Fig. 7A; P = 0.004) and latent (Fig. 7B; P =
0.003) phases of infection. During the acute phase (day 12 postin-
fection), 10 to 12% of cells in LAT™ TG expressed significantly
enhanced the levels of PD-L1, as detected by FACS, compared to
only 0.9 to 3.9% of cells from LAT™ TG. Likewise, during latency
(day 35 postinfection), 15 to 16% of cells in LAT* TG expressing
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FIG 5 More exhausted HSV-specific CD8™" T cells were detected in latently HSV-1 LAT " infected TG than in HSV-1 LAT" infected TG. Groups of five HLA Tg
rabbits were ocularly infected as described above with wild-type McKrae (LAT "), its LAT-null virus mutant dLAT2903 (LAT"), or the marker-rescued virus
dLAT2903R counterpart (LAT). Pools of 10 LAT" TG versus 10 LAT™ TG were harvested during latent infection and processed as described above. The cells
were triple stained with FITC-labeled anti-PD-1, PerCP-anti-CD8 T-cell, and PE-labeled HSV-1 gB,, 350, VP11/12,,4 5,4, or VP13/14,,, <,/HLA Tg rabbit-
A*0201 tetramers. The percentages and absolute numbers of HSV-1 gB5,5 550, VP11/12,, 554, 0r VP13/145,, s, epitope-specific CD8™" T cells expressing PD-1
and TIM-3 markers of exhaustion were determined by FACS. (A) Representative dot plots of VP11/12,,,_,,4 epitope-specific PD-1" CD8™ T cell percentages in
LAT"* TG versus LAT™ TG. (B) Representative dot plots of the percentages of VP11/12,,,_,,5 epitope-specific TIM-3" CD8* T cellsin LAT* TG versus LAT™ TG.
(Cand D) Average percentages of HSV-1 gBs, 350, VP11/12,50 555, 0r VP13/14,,, <, epitope-specific CD8™ T cells expressing PD-1 and TIM-3, respectively.
(E and F) Average numbers of HSV-1 gBs4, 350, VP11/125,0 5,5, or VP13/144,, s, epitope-specific CD8 " T cells expressing PD-1 and TIM-3, respectively. (G)
Percentages of exhausted PD-1* CD8™ T cells/TG and TIM-3" CD8" T-cells/TG were detected in rabbits infected the marker-rescued virus dLAT2903R and

wild-type McKrae. Each bar in panels C to F represents the mean and SD of two independent experiments. ¥, P < 0.05.

a significant level of PD-L1, were detected by FACS compared to
only 4 to 8% of cells from LAT™ TG. In contrast, only low, and
similar, levels of PD-L2 were detected in LAT* TG and LAT TG
(data not shown). Similar high levels of PDL-1 were detected in
the TG of rabbits infected with McKrae compared to dLAT2903R
during both acute (Fig. 7A) and latent (Fig. 7B) phases of infec-
tion. Moreover, during latency, significantly more PD-L1 was
observed by immunostaining of sections of LAT™ TG than by
immunostaining of sections of LAT™ TG (Fig. 7C). In contrast,
PD-L2, the other ligand of PD-1, was not detected in either
LAT™ TG or LAT™ TG (not shown). Thus, LAT may stimulate
the PD-1/PD-L1 pathway, but not the PD-1/PD-L2 pathway, in
latently infected TG. Thus, the PD-L1/PD-1 negative T cell
costimulatory pathway appears to be involved in exhaustion of
TG-resident HSV-specific CD8™ T cells in LAT[supb]+ TG.
As expected, a larger amount of spontaneous reactivation was
detected in HLA Tg rabbits that were latently infected with the
LAT™ virus than those infected with the LAT" virus (Fig. 7D). A
statistically significant correlation was observed between the high
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levels of TG-resident CD8™ T-cell responses and low rates of virus
reactivation, as shown in Fig. 7E (P < 0.0001). The average T cell
responses pooled from 10 TG * the SD from two independent
experiments are shown.

DISCUSSION

Persistent infectious viral pathogens, including HSV-1, have
evolved a variety of immunoevasion tactics to avoid being de-
tected by the host’s immune system. The present report revealed a
novel immune evasion mechanism whereby HSV-1 LAT, the only
gene that is abundantly transcribed during latency, directly or
indirectly impairs host cellular immunity by shaping a repertoire
of dysfunctional HSV-specific CD8" T cells that are selectively
retained in latently infected TG. Such a strategy would allow for
increased viral reactivations (4-14). Thus, we found that the fre-
quency and size of the HSV-1 human epitope-specific CD8* T cell
population that is selectively retained in LAT" TG were quantita-
tively and qualitatively different from the frequency and size of
HSV-1 human epitope-specific CD8" T cell population that is
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FIG 6 HSV-specific CD8™ T cells that are retained in HSV-1 LAT " infected TG are functionally exhausted compared to CD8* T cells from HSV-1 LAT " infected
TG. Three groups of HLA Tg rabbits (n = 10) were ocularly infected with the wild-type McKrae (LAT "), its LAT-null virus mutant dLAT2903 (LAT"), or the
marker-rescued virus dLAT2903R counterpart (LAT™). At 12 (Acute) and 35 (Latency) days postocular infection, 10 TG from five rabbits/group were harvested
and pooled, and single-cell suspensions were prepared as described above. For GzmB, cell suspensions from LAT* TG versus LAT™ TG were stimulated with
HSV-1VP11/12,,,_,,5 peptide for 6 h at 37°C in the presence of 0.7 pl/ml BD Golgi-Stop and 10 pl of FITC-labeled anti-human GzmB MAb, washed with FACS
buffer, and stained with PerCP-conjugated anti-rabbit CD8 MAD at 4°C. Tetramer staining and FACS assays were used to determine the levels of expression of
GzmB on HSV-1VP11/12,,,_,,4 epitope-specific CD8™" T cells that are retained in LAT " TG versus LAT™ TG. For intracellular cytokine staining, cell suspensions
from LAT" TG versus LAT™ TG were stimulated with VP11/12,,,_,,5 peptide (10 pg/ml) for 6 hat 37°C in the presence of Golgi Plug (BD Biosciences). The cells
were then stained with PerCP-conjugated anti-rabbit CD8 for 30 min, permeabilized, and stained with PE-labeled anti-human IFN-y or TNF-a antibodies. (A)
Representative histogram of level of GzmB on gated VP11/12,,,_,, epitope-specific CD8" T cells in LAT" TG versus LAT™ TG (upper panel). Average
percentages of VP11/12,,,_,,5 epitope-specific CD8™" T cells expressing significant levels of GzmB are given in the lower panel. (B) Representative dot plots of the
percentages of VP11/12,,, ,,4 epitope-specific IFN-y* CD8" T cells in LAT" TG versus LAT™ TG (left panel). Average percentages/TG of VP11/125,0 54
epitope-specific CD8" T cells producing IFN-y in LAT* TG versus LAT™ TG are shown in the right panel. (C) Representative dot plots of percentage
VP11/12,,, 554 epitope-specific TNF-a* CD8" T cells in LAT* TG versus LAT™ TG (left panel). Average percentages/TG of VP11/12,,,_,,, epitope-specific
CD8™ T cells producing TNF-« in LAT" TG versus LAT™ TG are shown in the right panel. (D) TG from HLA Tg rabbits latently infected with either LAT " or
LAT™ virus were removed at 35 days postocular infection, immunostained with MAbs specific to rabbit CD8 and IFN-v, and then analyzed by confocal
microscopy. The results shown are representative of four independent experiments. (E) Average percentages/TG of gDs; ¢, epitope-specific CD8" T cells
producing IFN-vy detected during latency in LAT" TG versus LAT™ TG, following restimulation with either gDs; 4, peptide or PMA+IONO (positive control).
(F) Average numbers/TG of gDs;_g, epitope-specific CD8" T cells producing IFN-vy detected during latency in LAT™ TG versus LAT™ TG, following restimu-
lation with either gD5,_¢, peptide or PMA+IONO (positive control). Each bar represents the mean and the SD of two independent experiments each using 10
TG.*, P < 0.05 (LAT" TG versus LAT" TG [ANOVA]).

retained in LAT™ TG. Moreover, compared to HSV-specific CD8 ™"
T cells that were retained in LAT™ TG, HSV-specific CD8* T cells
that were retained in latently infected LAT™ TG were phenotypi-
cally and functionally exhausted. To the best of our knowledge,
this is the first report to suggest that the LAT gene not only affects
the function/dysfunction of TG-resident HSV-specific CD8" T
cells but also contributes to shaping a unique repertoire of HSV-
specific CD8" T cells that are selectively retained in latently in-
fected TG. The different HSV-specific CD8"* T cell responses in
LAT" TG compared to LAT™ TG may explain, at least in part, why
LAT™ viruses have an increased spontaneous reactivation pheno-
type compared to LAT™ viruses.
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After primary corneal infection, HSV-1 establishes latency in
sensory neurons of the TG (4, 20, 47-49). HSV-1 spontaneously
reactivates from latently infected TG, and the viral particles are
sporadically shed in tears. During HSV-1 latency, the HSV-1 LAT
is the only viral gene that is abundantly transcribed in TG. LAT™"
viruses (i.e., wild-type McKrae and the marker-rescued virus
dLAT2903R) have a significantly higher reactivation phenotype
(explant TG induced reactivation in mice and spontaneous reac-
tivation in rabbits) than their LAT™ mutant counterparts (i.e., the
LAT-null virus mutant dLAT2903) (22-26), and this appears to be
due in part to LAT’s antiapoptosis activity (25, 34, 50-55). We
found that CD8" T cells from rabbit LAT* TG recognized a
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FIG 7 HLA Tg rabbits infected with LAT™ virus have increased spontaneous virus shedding in tears and express high levels of PD-L1 molecules in TG compared
to HLA Tg rabbits infected with LAT™ virus. (A) HLA Tg rabbits infected with the wild-type McKrae (LAT "), its LAT-null virus mutant dLAT2903 (LAT"), or
the marker-rescued virus dLAT2903R counterpart (LAT ). TG were removed 12 (Acute) or 35 (Latency) days after ocular infection. Half of the TG were treated
with collagenase, and the other half were fixed, embedded in OCT, immunostained as indicated, and examined for expression of PD-L1 by confocal microscopy
as described in Materials and Methods. Cell suspensions from LAT™ TG and LAT™ TG harvested on five rabbits on day 12 (acute infection) or day 35 (latency)
were stained with FITC-anti-human PD-L1 MAb (clone M1/42). The percentages of total TG-derived cells expressing PD-L1 detected by FACS in 10 LAT* TG
versus 10 LAT™ TG during acute (A) and latent (B) phases are shown. (C) TG cells expressing significant detectable levels of PD-L1 were visualized by
immunostaining in LAT™ TG versus LAT™ TG during latency. (D) HLA Tg rabbits latently infected with LAT* virus show increased spontaneous virus shedding
in tears. HSV-1 shedding detected in tears was monitored for 30 days postinfection, as described in Materials and Methods. (E) Correlation between the

percentage of positive tears and the average T cell responses during a 30-day monitoring period. ¥, P < 0.05 (ANOVA).

broader selection of nonoverlapping human HSV-1 epitopes, ex-
pressed higher levels of exhaustion markers, and exhibited re-
duced levels of TNF-a, IFN-y, and GzmB. These results suggest
that HSV-1 LAT contributes, by yet-to-be-determined mecha-
nisms, to the homing of a large repertoire of exhausted HSV-
specific CD8™ T cells within latently infected LAT " TG, thereby
promoting more virus reactivation. CD8™ T cells are found sur-
rounding some neurons in latently infected human TG (6, 8, 11,
56-58). Since CD8™ T cells are presumably attracted to these neu-
rons by viral antigens, it is assumed that the neurons surrounded
by CD8™ T cells are those in which the virus has initiated the early
stages of reactivation from latency. The more frequent reactiva-
tion seen in LAT™ TG is expected to produce more viral antigens
to which local TG-resident CD8™ T cells are constantly exposed.
This likely produced more exhausted PD-1* TIM-3" CTLA*
CD8" T cells detected in LAT" TG (Fig. 4 and 5). Exhausted
CD8™ T cells are likely unable to functionally prevent virus reac-
tivation seen in LAT" TG. The current largely accepted paradigm
is that the exhaustion of T cells requires persistent exposure to
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antigen. Thus, it is likely that LAT gene, which does not make a
protein, induces exhaustion of CD8™ T cells in TG through mech-
anisms other than antigen persistence, as we previously discussed
(20). The amount of viral antigen produced in TG is quite low, less
than 1 positive neuron/TG with LAT™ (59-62). Thus, additional
factors likely contributed to CD8" T cell exhaustion detected in
LAT™ TG. LAT encodes eight miRNAs (63, 64) and two additional
sRNAs (65), which might contribute to CD8" T cell exhaustion
(66—69). However, elucidating the mechanisms by which these
miRNAs and sSRNAs might be involved in CD8™ T cell exhaustion
is beyond the scope of the present study.

HSV-specific CD8 " T cells that are retained in latently infected
TG appear to play a role in decreasing spontaneous reactivation
from latency (5, 8, 10, 12, 20, 70-73). An intriguing and unex-
pected finding in this report was that quantitatively and qualita-
tively different repertoires of HSV-1 human epitope-specific
CD8™ T cells were selectively retained in LAT™ TG compared to
LAT™ TG. The absolute numbers and percentages of CD8™" T cells
specific to nine different HSV-1 human epitopes were signifi-
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cantly higher in LAT™ TG than in LAT™ TG. In contrast, the ab-
solute numbers and percentages of CD8™ T cells specific to four
HSV-1 human epitopes were significantly higher in LAT™ TG than
in LAT" TG. The mechanisms by which a different hierarchy of
CD8™" T cell dominance occurs in latently infected LAT" TG ver-
sus LAT™ TG remain to be elucidated. What is clear, however, is
that the hierarchy of dominance of CD8 * T cells specific to human
epitopes, detected in the TG of the HLA Tg rabbit, does not reflect
the unusual H,-restricted CD8" T cell immunodominance in TG
of B6 mice. In B6 mice ~50% of HSV-specific CD8™" T cells are
directed against a single gB,o5_ 505 mouse epitope, with the re-
maining HSV-specific CD8" T cells being directed against 18
other subdominant mouse epitopes (74). The larger repertoire of
CD8" T cells in LAT" TG may suggest (i) a relatively uniform
proliferation of human epitope-specific CD8 " T cells which might
expand at a significantly higher rate, hence creating a uniform
exposure to the viral proteins that express these epitopes com-
pared to CD8™ T cells from LAT™ TG, and/or (ii) that LAT™ TG
are more immunologically open to the homing of circulating
HSV-specific T cells than are LAT™ TG. Whether these TG-resi-
dent HSV-specific CD8™ T cells are Tepg Tpas OF Ty cells is
currently being determined and will be the subject of future re-
ports. Regardless of the mechanisms by which more T cell clones
are maintained in LAT™ TG, this is, to the best of our knowledge,
the first report of a new immune evasion mechanism in which the
HSV-1 LAT might contribute, by a yet-to-be-determined mecha-
nism, to the shaping of a well-built repertoire of HSV-specific
CD8™ T cell clones selectively retained in latently infected TG.
Since spontaneous HSV-1 reactivation is significantly higher in
LAT™ TG compared to LAT™ TG (24, 25, 55) (Fig. 7D), the new
finding may suggest that HSV-1 LAT favors the retention in the
latently infected TG of particular epitope-specific CD8™ T cell
clones that are less efficient at preventing and/or aborting reacti-
vation, while preventing the hosting of CD8 ™" T cell clones specific
to nonoverlapping epitopes that are more efficient at blocking/
aborting reactivation. Such a LAT-mediated immune evasion
strategy should lead to a higher spontaneous reactivation rate in
LAT" latently infected TG than in LAT™ latently infected TG. It is
also possible that the higher reactivation frequency in LAT™* com-
pared to LAT™ latently infected rabbits, and hence the increased
exposure to HSV-1 antigens, may contribute to shaping a specific
repertoire of T cells. We speculate that whatever mechanisms are
involved in shaping the TG-resident T cell repertoire in our LAT™
infected HLA Tg rabbits are also involved in shaping the TG-
resident T cell repertoire in humans (21, 75), since all HSV-1
isolates express LAT.

The finding that LAT" TG-resident CD8 " T cells recognized
multiple HSV-1 human gB, gD, VP11/12, and VP13/14 epitopes,
express high levels of PD-1, TIM-3, and CTLA-4, and produce low
levels of IFN-vy, TNF-a, and GzmB differs from a recent sugges-
tion of fully functional T cells that react only to one or to a few
epitopes in humans TG (7). It should be noted that a high level of
PD-1 expression alone does not necessarily prove functional ex-
haustion. Both activated memory T cells and exhausted T cells
express PD-1, with exhausted CD8™" T cells expressing higher and
more persistent levels of PD-1 than do activated memory CD8" T
cells (61, 76, 77). With lymphocytic choriomeningitis virus, PD-1
is markedly upregulated on exhausted CD8 " T cells but only tran-
siently expressed on effector memory CD8" T cells during acute
infections and is not present on functionally competent memory
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CD8™ T cells (77-79). Instead of relying only on the level of ex-
pression of PD-1, in the present study, we also analyzed TIM-3
and CTLA-4 expression levels (additional cell surface markers of
exhaustion) on HSV-specific CD8™ T cells that are retained in
latently infected LAT™ TG versus LAT™ TG. PD-1, TIM-3, and
CTLA-4 were all more highly expressed on HSV-specific CD8" T
cells from LAT™ TG than in cells from LAT™ TG. The high levels of
expression of PD-1, TIM-3, and CTLA-4 helped to discriminate
between exhaustion and activation. The percentage and number
of PD-1" CD8" T cells, TIM-3" CD8" T cells, and CTLA-4"
CD8™ T cells were significantly increased in TG of HLA Tg rabbits
latently infected with LAT™ compared to LAT™ virus (P < 0.001).
In addition, in this study, exhaustion (dysfunction) of LAT" TG-
resident CD8™ T cells was confirmed at the function level by a
decrease in the levels of GzmB (i.e., cytotoxicity activity), IFN-vy,
and TNF-a. To the best of our knowledge, this is the first report
showing LAT-related functional exhaustion of HSV-specific
CD8™ T cells in the TG in an animal model with spontaneous
HSV-1 reactivation (i.e., not induced). These results are consis-
tent with our recent finding of significantly more exhaustion of
HSV-1 human gD epitope-specific CD8™ T cells from the TG of
HLA Tg rabbits with higher virus reactivation compared to the TG
of HLA Tg rabbits with less virus reactivation (1, 4, 14). In that
study, the majority (67%) of HSV-1 human gD epitope-specific
CD8™ T cells in TG of HLA Tg rabbits with higher virus reactiva-
tion coexpressed PD-1, TIM-3, and CTLA-4 (4). In contrast, only
22% of HSV-1 human gD epitope-specific CD8" T cells in TG of
HLA Tg rabbits with less virus reactivation coexpressed PD-1,
TIM-3, and CTLA-4 (4). In addition, CD8 " T cells from HLA Tg
rabbits with less virus reactivation, but not from HLA Tg rabbits
with more virus reactivation, significantly decreased induced
HSV-1 reactivation in vitro in explanted autologous TG; thus,
directly confirming the role of functional TG-resident CD8" T
cells in controlling virus reactivation from latency (4). Results
from the present study (Fig. 7E), together with results from our
recent report (4), suggest that the high frequency of HSV-specific
exhausted CD8™ T cells positively correlated with high rates of
virus reactivated from latently infected TG (4). Regardless of the
mechanism by which a specific repertoire of exhausted PD-17"
TIM-3" CTLA-4" CD8™ T cellsis selectively retained in the LAT ™"
TG of latently infected HLA Tg rabbits, the present report sup-
ports our original hypothesis that LAT might enhance virus reac-
tivations by reducing the size of the HSV-specific functional
CD8™ T-cell population that resides in TG. The results presented
here also indicate that our previous finding using CD8 " T cells in
a mouse model of HSV-1 infection (20) can be extended to several
HSV-1 human epitopes and to HLA Tg rabbits, an animal model
that displays spontaneous virus reactivation and shedding of virus
similar to humans.

Similar higher numbers of exhausted CD8™" T cells were de-
tected in TG of HLA Tg rabbits infected with the parental wild-
type virus (McKrae) and the marker-rescued virus dLAT2903R
that express a restored LAT gene in an otherwise LAT-null mutant
(dLAT2903). These results confirm our published results over the
last 10 years which demonstrate that the wild-type McKrae and
the ALAT2903R are phenotypically similar at both virological and
immunological levels: (i) McKrae and dLAT2903R replicated sim-
ilarly in rabbit eyes and TG (25); (ii) most of the HSV-1-specific
CD8" T cells that reside in mouse TG infected with McKrae and
dLAT2903R were phenotypically and functionally exhausted, as
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judged by the high level of expression of PD-1 and TIM-3 and the
low cytotoxic function and decreased IFN-y and TNF-a produc-
tion. This resulted in LAT™ TG having less functional HSV-gB5 505
tetramer" CD8™ T cells compared to LAT™ TG (20); (iii) trans-
fection with a plasmid expressing LAT, in the absence of other
HSV-1 gene products, upregulated both PD-L1 and major histo-
compatibility complex class I (MHC-I) on mouse neuroblastoma
cells (Neuro2A) (20); and (iv) protection of neurons latently in-
fected with either McKrae or JLAT2903R against cytotoxic CD8
T-cell killing appeared to be due to LAT’s antiapoptotic activity
(15). Altogether, these results clearly demonstrate that exhaustion
of TG-resident CD8™ T cells is associated with LAT.

Elucidation of the cellular and molecular immune mechanisms
that control spontaneous HSV-1 reactivation from latency is crit-
ical for the development of future immunotherapies to prevent
blinding ocular herpes. Since the memory CD8™" T cells retained
in TG do not always prevent reactivation from latency, a success-
ful therapeutic vaccine will have to induce a repertoire of TG-
resident HSV-specific CD8™ T cells that are qualitatively different
and/or quantitatively stronger than the “natural” repertoire of
CD8™ T cells (80, 81). An eventual goal is to develop a therapeutic
vaccine strategy that will “fine-tune” the human TG-resident
CD8™ T cells to more strongly react to “LAT” protective epitopes
and thereby reduce virus reactivation and recurrent disease. Ther-
apeutic vaccine strategies aiming at boosting the number and/or
the function of TG-resident CD8" T cell repertoire specific to
“LAT™” epitopes could also potentially reduce the frequency of
virus reactivation and recurrent disease. Because HSV-1 coopts
PD-1/PD-L1, CTLA-4/Gal-9, and BTLA/HVEM immune check-
points as a strategy to evade CD8 " T cell immune surveillance (20,
49),a T cell-based immunotherapy will likely have to be combined
with immune checkpoints blockade. This can be accomplished by
a single- or a multiple-antibody-mediated blockade of PD-1/PD-
L1, CTLA-4/Gal-9, and/or BTLA/HVEM pathways in order to
reverse the dysfunction of CD8™" T cells. Antibodies targeting the
PD-1/PD-L1 immune checkpoint have recently shown remark-
able clinical safety and efficacy in other systems (82—84). In addi-
tion, if a recent suggestion that latently infected TG are immuno-
logically “closed” to the homing of circulating HSV-specific CD8 *
T cells holds true in humans (85), then an immunotherapeutic
vaccine will most likely need to be complemented with a neu-
rotropic strategy that will attract T cells specifically into infected
TG (e.g., by specifically producing T-cell-attracting chemokines
within infected TG). Altogether, these strategies would help to
reduce HSV-1 reactivation and decrease the incidence of recur-
rent ocular herpetic disease.

In conclusion, there are three principal findings in this report.
(i) TG from “humanized” HLA Tg rabbits latently infected with
LAT™ virus had more exhausted CD8™ T cells specific to human
epitopes than did TG from HLA Tg rabbits latently infected with
LAT™ virus. (ii) This increased exhaustion correlated with in-
creased reactivation in LAT™" versus LAT ™ latently infected HLA
Tg rabbits. (iii) LAT" TG appeared to selectively retain a reper-
toire of HSV-specific CD8™ T cell clones that differed from those
retained in LAT™ TG. This suggests a new immune evasion mech-
anism whereby the HSV-1 LAT contributes, by a yet-to-be-deter-
mined mechanism, to preventing protective CD8" T cells to be
retained in latently infected TG that would otherwise prevent vi-
rus reactivation.

To the best of our knowledge, this report is the first to show
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that a virus latency-related gene interferes with the host’s adaptive
immune response by modulating the frequency and the size of the
T cell repertoire retained in the infected tissues. Shaping a broader
and specific repertoire of exhausted virus-specific CD8" T cells
that are selectively retained in latently infected tissues appears to
be a new immune evasion mechanism and may be an important
maneuver used by HSV-1 to escape from immune surveillance.
This is particularly relevant during the establishment and mainte-
nance of latency, as well as during the initial stages of virus reac-
tivation from latency at times when LAT is the only abundantly
transcribed HSV-1 gene.
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