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Abstract

The need for an HSV-2 vaccine is great considering the increasing prevalence of HSV-2 despite
the widespread use of antiviral drugs. Human clinical trials of HSV-2 vaccines that elicit
neutralizing antibodies have proven to be only partially effective suggesting that induction of
effective T cell responses to HSV-2 is also a critical component to an efficacious vaccine. A
sensitive and specific assay to measure HSV-specific T cell responses is a necessary part of
vaccine development and thus we undertook the development of an interferon-y (IFN-y) ELISPOT
assay to measure T cell responses to HSV-2.

Methods—PBMC from HSV-seronegative (HSVneg) (h=35), HSV-1-seropositive (HSV-1+/2—)
(n=20) and HSV-2-seropositive (HSV-2+) subjects (n=26) were screened by IFN-y ELISPOT for
T cell responses using 34 peptide pools representing 16 HSV-2 proteins including mostly virion
and immediate-early (IE) proteins.

Results—Overall, 85% of HSV-2+ subjects had a positive response to the HSV-2 peptide pools
and on average, HSV-2+ subjects responded to 3 peptide pools (range 1-10). The most frequent
responses were to gD-2, UL39, UL46, ICP0, UL49, gB-2, and ICP4. In contrast, only 2 of 35 (6%)
HSVneg subjects had detectable T cell responses and in both cases, responses were of low
magnitude relative to responses in HSV-2+ subjects and were directed at a single peptide pool.
The response rate to the HSV-2 peptide pools in HSV-1+/2— subjects was 40% suggesting that the
HSV-2 peptide pools contain a significant number of type-common T cell epitopes. The IFN-y
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ELISPOT assay detected CD4 and CD8 T cells directed at HSV-2 peptides as confirmed by
intracellular cytokine staining and flow cytometry.

Conclusion—We have developed a quantitative IFN-y ELISPOT assay that detects both CD4
and CD8 T cells to HSV-2 peptides. This assay does not require large quantities of PBMC to
generate dendritic cells for T cell stimulation, making it an ideal assay for monitoring the
immunogenicity of candidate HSV-2 vaccines designed to elicit T cell responses to HSV-2
specific epitopes.

Keywords
human; herpes; T cells

Introduction

Herpes simplex virus type 2 (HSV-2) is the causative agent of genital herpes, one of the
most prevalent sexually transmitted diseases worldwide. The US seroprevalence rate of
HSV-2 is estimated at 17% in 14-49 year olds (1) but in some populations of HIV-infected
subjects and female sex workers, the seroprevalance rate reaches 95% (reviewed in (2)). The
high seroprevalence rates of HSV-2 in developed and developing countries, the importance
of subclinical shedding on HSV-2 transmission especially in subjects unaware that they have
genital herpes (3, 4), the increased risk that HSV-2 plays on HIV-1 acquisition (5-7), and
the severity of neonatal herpes (7) underscore the need for an effective prophylactic and
therapeutic vaccine.

Animal and human studies suggest that a robust cellular immune response in addition to
neutralizing antibodies is critical in protection against HSV-2 infection and thus, current
vaccine strategies are directed at eliciting both neutralizing antibody and cellular immunity
against HSV-2. In order to detect vaccine-induced T cell responses in PBMC, a sensitive,
specific and quantitative assay will be required. Assays previously employed to detect T cell
responses elicited by candidate HSV-2 vaccines in humans include lymphoproliferation (8,
9) and standard ®1Cr-release assays (9). Both assays require cell expansion over 6-10 days
which limits quantitative analysis of vaccine-induced responses, especially in HSV-2
seropositive subjects who possess positive baseline T cell responses to HSV-2. More
recently, an IFN-y ELISPOT was employed to detect CD8+ T cell responses to a vaccine
comprised of a monovalent heat shock protein non-covalently associated with a gD-2
peptide (10). While this assay was quantitative and did not require cell expansion, large
numbers of PBMC were required to select CD8+ T cells and to generate dendritic cells (DC)
that were used as antigen presenting cells.

In the present study, we evaluated an IFN-y ELISPOT assay designed to detect and
quantitate T cell responses in PBMC directed at HSV-2 peptides obtained from naturally
infected HSV-2 seropositive subjects compared to HSV-1 seropositive subjects and subjects
seronegative for HSV-1 and HSV-2. As PBMC from individual vaccinees will be limiting in
future vaccine trials, the IFN-y ELISPOT assay was designed to stimulate unfractionated
PBMC for 24 hours with pools of overlapping HSV-2 peptides without the addition of in
vitro matured DC. We describe the development of this assay to measure HSV-2 peptide-
specific T cell responses that should enable more detailed characterization of vaccine-
induced T cell responses and assist in determining whether T cell immunity contributes to
vaccine efficacy.
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Materials and Methods

Subjects, HSV serology and cells

Healthy HSV-1 and HSV-2 seronegative (HSVneg), HSV-1 seropositive/HSV-2
seronegative (HSV-1+/2—) or HSV-2 seropositive (HSV-2+) subjects were enrolled into
IRB-approved protocols at the University of Washington Virology Research Clinic (VRC),
Seattle, WA. All subjects provided written informed consent. HSV Western blot to detect
antibodies to HSV-1 and HSV-2 was performed as previously described (11, 12). Abs to
CMV indicating prior CMV infection were assessed using a commercial enzyme
immunoassay Kit for detection of total Abs to CMV using manufacturer’s recommendations
(Abbott CMV Total AB EIA, Abbott Laboratories, Abbott Park, IL) (13). Peripheral blood
mononuclear cells (PBMC) were isolated by Ficoll-Hypaque and cryopreserved within 8
hours of venipuncture as previously described (14).

Synthetic peptides and peptide pools

Open reading frames (ORFs) for peptide synthesis (n=16) were selected from among the
known ORFs of HSV-2 based on studies of the prevalence of CD8+ T cell responses in
subjects with genital herpes (15-17) (Table 1). ORFs were mostly virion proteins (capsid,
tegument, glycoprotein) or immediate-early (IE) proteins. Amino acid sequences were
derived from the HSV-2 strain HG52 genome (GenBank accession no. NC-001798).
Peptides were 15 amino acids long and overlapping by 11 amino acids and synthesized in
crude form by either CBI/Mimotopes (San Diego, CA) (gD-2, ICPO, ICP4, ICP22, ICP27,
UL39) or New England Peptide LLC (Gardner, MA) (UL19, UL25, UL35, UL46, UL47,
UL49, UL11, UL27, UL29, US5) and lyophilized. Each peptide was dissolved in 10 mg/ml
in sterile endotoxin-free DMSO (Sigma) and stored at 4°C. The mass of each peptide was
approximately 4-5 mg. Control peptide pools included the CEF pool (CBI/Mimotopes)
comprising immunodominant CD8+ T cell epitopes within CMV, EBV and influenza (14,
17, 18) and the CMV pp65 peptide mix containing 138 15 mers overlapping by 11 amino
acids (Becton Dickinson, San Jose, CA).

Peptide pools (library and array) were prepared for each ORF by grouping peptides linearly
across an ORF and were used to screen PBMC. A total of 2,633 peptides were synthesized
and pooled into pools composed of peptides ranging from 21-100 peptides/pool (median 85
peptides/pool) (Table 1). Array pools, used to deconvolute library pools that were positive in
the PBMC screen, were prepared by arranging the peptides within a single library pool in a
row-and-column format and pooling the peptides in each column or row.

IFN-y ELISPOT

The IFN-y ELISPOT assay was performed as previously described (17). PBMC were
thawed in R10 [RPMI 1640 supplemented with 10% FBS, 2 mM I-glutamine, 25 mM
HEPES (N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid) buffer, 50 ug/ml
streptomycin, 50 U/ml penicillin containing 50 U/ml benzonase (Novagen, Madison, WI)],
and then washed and rested overnight in R10 at 37 °C, 5% CO,, before assay. Cell viability
was assessed by trypan blue exclusion upon PBMC thawing and after resting overnight and
viability was routinely greater than 95%. Using the IFN-y ELISPOT kit (Mabtech,
Cincinnati, OH) according to the manufacturer’s instructions, PBMC were plated at 2x10°
cells/well. Peptides were added to the wells at a final concentration of 1 pg/ml for overnight
stimulation. Wells containing R10 alone or R10 and DMSO served as negative controls, and
those containing 1 ug/ml phytohemagglutinin-purified (PHA) (Murex, distributed by Remel,
Lenexa, KS) served as positive controls. Negative controls were tested in 4 replicate wells,
whereas HSV-2, CMV and CEF peptide pools and PHA were tested in duplicate wells.
Spots were counted and analyzed using the automated Bioreader® (Biosys GmbH,
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Germany). Responses were considered positive if (1) the spot forming cells (SFC)/well were
4 times greater than the mean SFC in the 4 DMSO wells and (2) the SFC/well was > 11 (17,
19). Results are expressed as SFC per 106 PBMC.

cytokine staining and flow cytometry

To confirm peptide identity and to determine the phenotype of HSV-2 peptide-specific T
cells, intracellular cytokine staining (ICS) and flow cytometry was performed using a 6-
color ICS panel in a 96-well plate format modified from (20) as previously described (17).
Briefly, PBMC were thawed and rested overnight in R10 media followed by stimulation
with DMSO (negative control), SEB (positive control), HSV-2 peptide pools (1 pug/ml),
individual HSV-2 15-mers (1 pg/ml), CEF or CMV peptide pools. During the 6-hr
incubation at 37°C, Brefeldin A (10 ug/ml, Sigma, St. Louis, MO) and the co-stimulatory
antibodies CD28 and CD49d (each at 1 ug/ml, BD Biosciences) were included. Antibodies
CDA4-FITC, CD8 PerCP-Cy5.5, IFN-y APC, and IL-2 PE were purchased from BD
Biosciences, CD3 ECD was purchased from Beckman-Coulter (Marseille, France) and the
LIVE/DEAD Fixable Violet Dead Cell Stain was purchased from Invitrogen/Molecular
Probes (Eugene, OR). Samples were collected from 96-well plates using High Throughput
Sample (HTS, BD) device for analysis by the LSRII and all FACS analyses were performed
using FlowJo® software (Treestar, Inc., OR).

Statistical analysis

Results

Positive IFN-y ELISPOT responses were determined from SFC/well using a cutoff of at
least 11 spots and a 4-fold higher number of SFC versus the negative control DMSO (17,
19). With approximately 25 participants of each HSV serostatus, peptide-specific positivity
rates within each serostatus have a standard deviation of 20%. This number of subjects also
provides 90% power to detect an 8-fold increase in the positivity rate between HSVneg and
HSV-2+ subjects, provided at least 50% of HSV-2+ subjects respond to at least one HSV-2
peptide pool. A variance components analysis was employed to assess inter-assay
variability.

We evaluated the proportion of responses positive to each control peptide pool (CMV and
CEF) and HSV-2 peptide pools by HSV serostatus. We first summed the number of hits per
person, per antigen type (HSV-2, CMV, and CEF), and then performed Poisson regression
to ascertain whether the rate of positivity was different by serostatus. We corrected for over
dispersion (extra Poisson variability) using a scale parameter.

Study Participants

A total of 81 healthy subjects were enrolled in this study; 35 subjects were HSVneg by
Western blot analysis, 20 subjects were HSV-1+/2— and 26 were HSV-2+. Of the 26
HSV-2+ subjects, 12 (46%) were co-infected with HSV-1. Median ages for each group were
32 yrs for HSVneg, 29 yrs for HSV-1+/2— subjects and 47 yrs for HSV-2+ subjects.
HSVneg were 51% male, HSV-1+/2— subjects were predominantly women (70%) and
HSV-2+ subjects were predominantly men (69%). Of the 81 subjects enrolled, 59 (73%)
were Caucasian and all subjects were HIV negative.

IFN-y ELISPOT responses to HSV and control peptide pools

Overall, 22 of 26 (85%) of the HSV-2+ subjects, 8 of 20 (40%) of the HSV-1+/2— subjects
and 2 of 35 (6%) of the HSVneg subjects had a positive IFN-y ELISPOT response to at least
one of the 34 HSV-2 peptide pools (Table 2). HSV-1+/2— subjects had a 17.5-fold increased
rate of positivity to HSV-2 peptide pools (95%CI 2.2-140.2, p=.007) while HSV-2+
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subjects had a 54.5-fold increased rate of positivity (95%CI 7.3-406.4, p<.001) relative to
HSVneg subjects. HSV-2+ subjects had a significantly higher rate of positivity compared to
HSV-1+/2— subjects (RR=3.12, 95%CI 1.55-6.28, p=.0015) (Table 2) suggesting that type-
specific responses to these HSV-2 proteins may be more frequent than type-common
responses. Coinfection of HSV-2+ subjects with HSV-1 had no effect on the rate of
positivity to HSV-2 peptide pools: there was no significant difference in the overall rate of
positivity to any HSV-2 peptide pool in HSV-2+ who were co-infected with HSV-1 (n=12)
or HSV-1 seronegative (n=14) (RR=1.07 for HSV-1—/2+ versus HSV-1+/2+, 95%CI 0.57-
2.01, p=.83). PHA responses were positive in all PBMC samples regardless of HSV
serostatus demonstrating universal PBMC viability and general T cell responsiveness.

In contrast to HSV-2 response rates, there were no significant differences in response rates
to CEF between HSVneg subjects (63% with positive responses) compared to HSV-1+/2—
(60% with positive responses) (RR=0.95, 95%CI 0.62-1.47, p=.832) or HSV-2+ subjects
(69% with positive responses) (RR=1.10, 95%CI 0.75-1.61, p=.618) (Table 2). However,
for CMV, HSV-1+/2— and HSV-2+ subjects had higher response rates than HSVneg
subjects (60% for HSV-1+/2— and 73% for HSV-2+ compared to 20% in HSVneg) (Table
2); ELISPOT positivity to CMV was only detected in subjects seropositive for CMV.
HSV-1+/2— and HSV-2+ subjects had a 3.00-fold (95%CI 1.50-5.99, p=.002) and 3.65-fold
(95%CI 1.92-6.95, p<.001) increased rate of positivity, respectively, relative to HSVneg
subjects. No significant differences were detected in CMV response rates between HSV-1+/
2— and HSV-2+ subjects (RR=1.22, 95%CI 0.714-2.08, p=.471) (Table 2). These data
suggest that subjects infected with HSV-1 or HSV-2 were more likely to be seropositive to
CMV and thus have acquired immunity to CMV than subjects who were HSVneg.

The magnitude of the IFN-y ELISPOT response to individual HSV-2 peptide pools varied
considerably between individuals. The median magnitude of positive HSV-2 peptide-
specific responses in HSV-2+ subjects was 208 SFC/108 PBMC (range 55 to 1,165 SFC/10°
PBMC) compared to 118 SFC/10% PBMC in HSV-1+/2— subjects (range 68 to 1,440 SFC/
108 PBMC) (Figure 1). Only 2 positive HSV peptide specific responses were measured in 2
HSVneg subjects (60 and 110 SFC/10% PBMC) and the magnitudes of these responses were
within the lowest range of the positive responses in the HSV-2+ and HSV-1+/2— subjects
(Figure 1). These data suggest that the magnitude of HSV-2 peptide-specific responses
appear to be influenced by HSV serostatus. In contrast, HSV serostatus had no effect on the
magnitude of responses to CMV or CEF which ranged from 80 to 2,675 SFC/10% PBMC
and 215 to 2,500 SFC/108 PBMC, respectively. The median SFC/108 PBMC for PHA was
2,160 (range 695 to 3,500) while the median SFC/10% PBMC for DMSO was 38 (range 5 to
190).

To assess the inter-assay variability in the IFN-y ELISPOT assay, PBMC obtained from
single blood draws from 5 different HSV-2+ subjects were screened for positivity to the
CMV, CEF and all 34 HSV-2 peptide pools on 3 separate assay days. All participants had no
response to 17 of the possible 34 HSV-2 peptide pools for all 3 repeats. Those data were
dropped to avoid inflating the agreement level. Thus, for this analysis, only those HSV-2
peptide pools demonstrating any positivity in any of the 5 HSV-2+ subjects (17 HSV-2
peptide pools total) were included and considered collectively. While there was 100%
agreement in assessing IFN-y ELISPOT responses to CMV and CEF as positive or negative
on all 3 days, there was 86% agreement in assessing responses to the HSV-2 peptide pools
on all 3 assay days; this is likely due to the relatively higher numbers of SFC/106 PBMC
measured to CEF (median 405 range 215-2,135) and CMV (median 380 range 100-1,770)
compared to individual HSV-2 peptide pools (median 155 range 60-803) in these 5 HSV-2+
subjects. If the 17 pools to which there were consistently negative responses were
considered in the analysis along with those pools with positive responses, the agreement was
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93%. The proportion of variability in the IFN-y ELISPOT assay due to run date was 8%
(CV=93%) for CMV and CEF and 20% (CV=63%) for the HSV-2 peptide pools.

Antigen specificity of IFN-y ELISPOT responses

Figure 2 displays IFN-y ELISPOT responses to the HSV-2 peptide pools used to screen
PBMC from individual representative HSV-2+ (Figure 2A-C), HSV-1+/2— (Figure 2D) and
HSVneg (Figure 2E) subjects. On a per pool basis, gD-2 was the most frequently recognized
peptide pool in HSV-2+ subjects with a 38% response rate (Figure 3A). Frequent responses
to UL46 pool B (UL46-B) (31%), UL39 pool C (UL39-C) (27%), UL49 (27%), ICPO pool
A (ICP0-A) (23%) and ICP4 pool D (ICP4-D) (23%) were also detected in HSV-2+
subjects. If the positive responses in the sub-pools were combined together to determine the
frequency of responses to each of the 16 HSV-2 proteins, the highest response rates were to
gD-2, UL39 and UL46 which were each recognized in 38% of all HSV-2+ subjects followed
by ICPO (31%), UL49 (27%) and UL27 and ICP4 (both 23%). No responses were detected
to ICP27, UL35, and US5 in HSV-2+ subjects (Figure 3A). There were 7 HSV-2+ subjects
who had a positive response in more than one sub-pool from a single HSV-2 protein; 5
HSV-2+ subjects had a response in 2—-3 UL39 sub-pools, 3 subjects had a response in 2-3
UL 27 sub-pools and 2 subjects had positive responses in each of the 2 ICP0 sub-pools.

The most common peptide pools recognized in HSV-1+/2— subjects were gD-2 (15%), ICPO
(10%), UL39 (10%), and UL46 (10%) (Figure 3B). Only 2 positive responses, one to ICP22
and one to ICP4 (Figure 2E; Figure 3C) were detected in 2 different HSVneg subjects.

Breadth and cumulative quantitative magnitude of IFN-y ELISPOT responses

Of the 22 HSV-2+ subjects with positive IFN-y ELISPOT responses, responses were
detected to a median of 3 individual HSV-2 peptide pools (range 1-10) (Figure 4A) and to a
median of 2 individual HSV-2 proteins (range 1-8) (Figure 4B). This, however,
underestimates the number of epitopes recognized since multiple sub-pools were recognized
in 7 HSV-2+ individuals (see below). Of the 8 HSV-1+/2— subjects with positive IFN-y
ELISPOT responses, responses were detected to a median of 2 individual HSV-2 peptides
pools (range 1-7) (data not shown). As mentioned earlier, of the 2 HSVneg subjects with
positive IFN-y ELISPOT responses responses in each subject were directed at a single
HSV-2 peptide pool.

Figure 4C displays the cumulative quantitative T cell response in all subjects who possessed
positive IFN-y ELISPOT responses to the 34 HSV-2 peptide pools including 2 HSVneg
subjects, 8 HSV-1+/2— subjects and 22 HSV-2+ subjects. Cumulative quantitative T cell
responses to HSV-2 peptide pools varied by serostatus; median cumulative quantitative T
cell responses were 85 (range 60-110 SFC/108 PBMC), 376 (range 832,732 SFC/106
PBMC) and 740 (range 123-2,735 SFC/10% PBMC) in HSVneg, HSV-1+/2— and HSV-2+
subjects, respectively (Figure 4C).

Phenotype of HSV-2 peptide-specific T cell responses

In 20 of the HSV-2+ subjects, sufficient PBMC were available to deconvolute individual
HSV-2 peptide pools that were positive in the initial IFN-y ELISPOT screen to determine
the epitope(s) recognized by the responding HSV-specific T cells. Table 3 displays the 41
HSV-2 peptides that were deduced by deconvolution to be epitopes recognized by HSV-
specific T cells in the 20 HSV-2+ subjects tested. In many cases, two sequential overlapping
peptides were positive and in these cases, we list the 11 amino acids shared between the two
peptides containing the T cell epitope. In several subjects, multiple array pools were positive
and as such, a single epitope could not be deduced suggesting the presence of multiple
epitopes within the ORF. This was most commonly observed in subjects with IFN-y
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ELISPOT responses to gD-2 (n=8) as well as to ICP0 (n=2) and UL39 (n=2) (Table 3). The
presence of multiple T cell epitopes within gD-2 is consistent with data presented in an
elegant study by Kim et al. that demonstrated a high density of CD4 T cell epitopes within
gD-2 that were recognized broadly across multiple HLA-DR types (21).

In some cases, sufficient PBMC were available to determine the phenotype of the
responding T cells by ICS and flow cytometry using the T cell epitopes deduced after
peptide pool deconvolution to stimulate PBMC. Figure 5 displays representative CD4 and
CD8 T cell epitopes recognized by T cells from 2 different HSV-2+ subjects. The
UL25405-419 peptide was recognized by CD8 T cells from HSV-2+ Subjects #23 (Figure 5;
top row of graphs) and the gB-2135_152 peptide was recognized by CD4 T cells from
HSV-2+ Subject #15 (Figure 5; bottom row of graphs). Background responses to DMSO
control samples were 0.013% and 0.08% for CD4+/IFN-y+ and CD8+/IFN-y+ subsets,
respectively, in PBMC from Subject #23 stimulated with the UL25405_419 peptide and 0.014
and 0.028% for CD4+/IFN-y+ and CD8+/IFN-y+ subsets, respectively, in PBMC from
Subject #15 stimulated with the gB-2136-152 peptide. The phenotypes of the T cells
responding to HSV-2-specific peptides from 14 different subjects are displayed in Table 3;
16 of the peptides were recognized by CD4+ T cells, 5 were recognized by CD8+ T cells
and 2 peptides were recognized by CD4+ and CD8+ T cells. Not all peptides could be
confirmed by ICS likely due to the low frequency of some HSV-2 peptide-specific CD4 and
CD8 T cell responses.

Additionally, we assessed the phenotype of T cells directed at gD-2 in 4 HSV-2+ subjects
with multiple array pools positive using ICS and flow cytometry and PBMC stimulated with
the gD-2 peptide pool. The phenotype of gD-2 specific T cells from HSV-2+ Subject #5
(0.63% CD4+/IFN-y+, 0.01% CD8+/IFN-y+), Subject #12 (0.11% CD4+/IFN-y+, 0.01%
CD8+/IFN-y+), Subject #13 (0.18% CD4+/IFN-y+, 0.03% CD8+/IFN-y+) and Subject #18
(0.16% CD4+/IFN-y+, 0.0% CD8+/IFN-y+) were exclusively of the CD4 T cell subset. We
have included the phenotype of the T cells responding to the gD-2 peptide pool from these 4
HSV-2+ subjects in Table 3.

Discussion

This study describes a sensitive, specific and quantitative IFN-y ELISPOT assay to detect T
cell responses to HSV-2 peptides. Using peptide pools representing 16 HSV-2 proteins, 85%
of HSV-2 seropositive subjects had positive HSV-2 peptide-specific IFN-y responses in
unfractionated PBMC. The most frequent responses were to HSV-2 glycoproteins, IE and
tegument proteins including gD-2, UL39, UL46, ICP0, UL49, gB-2 and ICP4. In many
cases, the phenotype of the responding T cells was determined by ICS and flow cytometry
which demonstrated that positive HSV-2 peptide-specific T cell responses detected in the
IFN-y ELISPOT contained both CD4 and CD8 T cell responses. Only 40% of HSV-1+/2—
subjects responded to at least 1 HSV-2 peptide pool suggesting that type-specific responses
to these HSV-2 proteins may be more frequent than type-common responses.

We previously reported on the diversity of the CD8 T cell response to HSV-2 among 37
HSV-2 seropositive subjects using an IFN-y ELISPOT assay and peptide pools representing
48 ORFs of HSV-2 (15). Because the IFN-y ELISPOT protocol required large numbers of
cells in order to both (1) purify CD8+ T cells from PBMC and (2) to stimulate these CD8s
with peptide-pulsed autologous DC using peptide pools representing 48 ORFs of HSV-2,
subjects were leukapheresed, a procedure that is not feasible in clinical vaccine trials. As
such, we modified the protocol in the current study and used whole unfractionated PBMC
stimulated with HSV-2 peptide pools from the most immunoprevalent HSV-2 ORFs (n=16)
without the requirement of in vitro matured DC. This method detected HSV-2 peptide-
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specific responses in 85% of HSV-2 seropositive subjects, a high response rate considering
that only 20% of the HSV-2 proteome (16 out of 80 total ORFs) was used to screen PBMC.
Importantly, this assay required only 16 million total PBMC, a cell number easily obtained
from study subjects in the context of a vaccine trial where multiple blood draws are obtained
to longitudinally measure vaccine immunogenicity. A similar pattern of antigen recognition
in HSV-2 seropositive subjects was observed in this study compared to our previous study
(15) suggesting that direct peptide stimulation in the absence of exogenously added DC did
not lower the sensitivity of detecting HSV-2 peptide-specific responses. The observation
that 15% of HSV-2+ subjects had no positive IFN-y ELISPOT responses suggests that T cell
responses in these subjects were directed at ORFs other than the 16 we selected and/or that
T cells directed at these 16 ORFs were below the level of detection in the ELISPOT assay.

We have designed this ELISPOT assay to detect both CD4 and CD8 epitopes from ex vivo
stimulated PBMC in the context of a candidate HSV-2 vaccine trial that will measure
vaccine-induced T cell responses longitudinally pre-vaccination and multiple time points
post-vaccination when total PBMC are limiting. The most efficient way to conserve PBMC
is to employ the ELISPOT assay to screen for positive HSV-2 peptide pools and
subsequently, use the HSV-2 peptide pools that are positive in the ELISPOT assay to
stimulate PBMC in an ICS/flow cytometry assay to define the phenotype of the responding
T cells. If PBMC are not limiting, the ICS assay may be preferable because it provides both
phenotype and quantitation but requires 2.5 fold more PBMC than the ELISPOT assay (17).
If a vaccine is designed to exclusively elicit CD4 or CD8 T cells, the sensitivity of the
ELISPOT assay would be increased if the non-responding T cell subset is depleted prior to
peptide stimulation although this would require significantly greater numbers of PBMC
from each blood draw that may not be achievable based on the IRB standards for maximal
blood draw from study subjects. Thus, the choice of T cell assays to assess the
immunogenicity of a candidate HSV-2 vaccine depends upon the combination of (1) the T
cell subset(s) to be analyzed, (2) the total number of blood draws to be assayed, and, (3) the
total amount of blood available at each blood draw to be assayed during the vaccine trial.

It was notable that 40% of HSV-1+/2— subjects possessed T cells recognizing HSV-2
peptides due to the significant sequence homology between these 2 alpha-herpesviruses.
Numerous studies have documented type-common T cell epitopes between HSV-1 and
HSV-2 (21-24). These observations suggest that the appropriate negative control population
for therapeutic vaccine studies is HSVneg subjects as opposed to HSV-1+/2— subjects who
would likely have frequent cross-reacting T cell responses in PBMC obtained from baseline
blood draws. Considering that HSV-2+ subjects had an 85% response rate to the HSV-2
peptides compared to the 40% response rate in HSV-1+/2— subjects, a significant number of
epitopes must be HSV-2 type-specific. This hypothesis is further supported by the
observation that more HSV-2+ subjects have mid-level T cell responses (in terms of
magnitude; Figure 1) than HSV-1+/2— subjects, a phenomenon possibly due to the fact that
while HSV-2+ subjects possess T cells that can respond to type-common and type-specific T
cell epitopes contained within the HSV-2 peptide pools, T cells from HSV-1+/2— subjects
can only recognize type-common epitopes. It is possible that HSV-1+/2— subjects who lack
T cells directed at epitopes that cross-react with HSV-2 are more susceptible to HSV-2
infection. As such, therapeutic vaccines designed to prevent HSV-2 reactivation may not
prevent HSV-1 reactivation unless sufficient type-common epitopes are contained in the
candidate vaccine.

Of note were the significantly higher rates of CMV seropositivity and concomitant IFN-y
ELISPOT response rates to CMV in HSV-infected subjects versus HSVneg subjects.
HSV-1+/2— and HSV-2+ subjects had CMV response rates of 60% and 73%, respectively,
compared to a 20% response rate to CMV in HSVneg subjects. These data suggest that
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subjects infected with HSV-1 or HSV-2 were more likely to be seropositive to CMV and
thus have acquired immunity to CMV than subjects who were HSVneg. These data are
supported by a study by Zajocova et al. showing an association between seroprevalence to
CMV and HSV-1 suggesting common factors related to exposure or susceptibility (25).

Interestingly, 2 subjects seronegative for HSV-1 and HSV-2 possessed positive IFN-y
ELISPOT responses to a single HSV-2 peptide pool; one subject responded to ICP22 while
and one subject responded to ICP4. While these responses may be false positives since they
were in the lowest range of the positive responses, it is possible that they are bona fide HSV-
specific T cell responses. These subjects may be similar to those we have termed Immune
Seronegative (IS) or those subjects who (1) are seronegative to HSV-1 and HSV-2, (2) have
frequent exposure to HSV-2 from infected sexual partners, (3) have no clinical or virological
evidence of HSV infection and/or disease, and (4) possess durable HSV-specific CD4 and
CD8 T cell responses (17, 26). These subjects may share similar immunologic
characteristics with those HIV-seronegative persons who appear to be resistant to HIV-1
even in the face of multiple high-risk exposures (27-29). The presence of T cell responses in
some HSVneg subjects underscores the importance of quantitating pre-vaccination T cell
responses in HSVneg vaccinees to determine whether T cells were induced by vaccination
or induced by exposure to HSV-2 from infected partners.

In conclusion, we have designed a sensitive, specific and quantitative IFN-y ELISPOT assay
that can detect CD4 and CD8 T cell responses directed at HSV-2 peptides using
unfractionated PBMC in the absence of exogenously added autologous DC making it
suitable for the analysis of cellular immune responses elicited by candidate HSV-2 vaccines.
Analyzing the T cell responses induced by HSV-2 vaccines will determine the contribution
of T cell responses to vaccine efficacy.
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Figure 1. Magnitude of positive IFN-y ELISPOT responses to individual HSV-2 peptide pools in

HSV-2+, HSV-1+/2— and HSVneg subjects

The magnitudes of all positive IFN-yELISPOT responses to any of the 34 HSV-2 peptide
pools are displayed in each group of subjects (n=2 for HSVneg, n=8 for HSV-1+/2— and

n=22 for HSV-2+ subjects) separated by HSV serostatus. The median magnitude of
responses to HSV-2 peptide pools in each group is shown by the bar.
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Figure 2. IFN-y ELISPOT responses in HSV-2+, HSV-1+/2— and HSVneg subjects

PBMC were screened by IFN-y ELISPOT using 34 pools of overlapping peptides
representing 16 HSV-2 ORFs. Results are from 3 HSV-2 seropositive subjects (A-C), an
HSV-1+/2— subject (D) and an HSVneg subject (E). The dashed line represents the median
SFC/108 PBMC from the DMSO control wells; the solid line represents the threshold for
positivity (4 times the mean of the DMSO control wells and >55 SFC/106 PBMC). IFN-y
ELISPOT responses to PHA control wells were 1,258 SFC/108 PBMC (HSV-2+ Subject in
A), 2,553 SFC/108 PBMC (HSV-2+ Subject in B), 2,329 SFC/10% PBMC (HSV-2+ Subject
in C), 1,145 SFC/108 PBMC (HSV-1+/2—Subject in D) and 2,811 SFC/106 PBMC (HSVneg

Subject in E).

Vaccine. Author manuscript; available in PMC 2012 September 16.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuey JoyIny vd-HIN

Posavad et al.

HSV-2 peptide pool

Any pool

gD-2
ICPO-A
ICPO-B
ICP22-A
ICP22-B
ICP27-A
ICP27-B
ICP4-A
ICP4-B
ICP4-C
ICP4-D A
UL39-A
UL39-B
uL39-C
UL19-A
uL19-B
uL19-C
UL19-D
UL25-A
UL25-B
UL35 -
UL46-A
UL46-B
UL47-A
UL47-B
uL49
UL11
UL27-A {71
]
=

TT © W

uL27-B
uL27-c
UL29-A
UL29-B
uL29-C {1
USs

A

DDD

o DD O O DD OO

(=)

B

Cc

0 20 40 60 80 100 O 20 40 60 80 100 O 20 40 60 80 100

Response Rate (%)

Page 14

Figure 3. Response rates to individual HSV-2 peptide pools in HSV-2+, HSV-1+/2— and HSVneg

subjects

PBMC from HSV-2+ (n=26), HSV-1+/2— (n=20), and HSVneg subjects (n=35) were
screened using 34 pools of overlapping peptides representing 16 HSV-2 ORFs. The
percentage of HSV-2+ (A), HSV-1+/2— (B) and HSVneg subjects (C) who possessed

positive responses to any HSV-2 peptide pool (Any pool) or to individual HSV-2 peptide
pools is displayed.
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Figure 4. Breadth and magnitude of HSV-2-specific responses in HSV-2+ subjects

(A-B) Breadth of the T cell response to HSV-2. The percentage of HSV-2+ subjects who
possessed 1 to 8 positive IFNy ELISPOT responses to the 16 HSV-2 proteins (A) or 1 to 10
positive IFN-y ELISPOT responses to the 34 HSV-2 peptide pools (B) was determined from
all HSV-2+ subjects who possessed HSV-2 peptide-specific responses (n=22). (C)
Magnitude of the cumulative T cell response to HSV-2. Shown are cumulative quantitative
T cell responses for all subjects (n=2 for HSVneg, n=8 for HSV-1+/2— and n=22 for
HSV-2+ subjects) with positive IFN-y ELISPOT responses to the 34 HSV-2 peptide pools
covering 16 HSV-2 proteins.
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Figure 5. Phenotype of HSV-2 peptide-specific T cells by ICS and flow cytometry

To confirm the identity of the HSV-2 peptides and to determine the phenotype of the
responding T cells, PBMC from all subjects with positive IFN-y ELISPOT responses were
incubated with the deduced 15-mer and the CD4 or CD8 phenotype of the T cells was
determined by ICS and flow cytometry. Representative plots for a CD8 (top row of graphs)
and a CD4 (bottom row of graphs) epitope are displayed from 2 HSV-2+ subjects. PBMC
from HSV-2+ Subject #23 were incubated with the peptide UL25495-419 and PBMC from
HSV-2+ Subject #15 were incubated with the peptide gB-2136-152 (bottom row). The gating
hierarchy moves from left to right starting with lymphocytes [side scatter (SSC) vs forward
scatter (FSC)], live cells (side scatter vs violet viability), CD3 T cells (CD3 vs CD8), CD4
and CD8 T cells. The gates used to identify IFN-y producing CD4 or CD8 T cells are
depicted by the arrows.
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TABLE 3

HSV-2 peptides recognized by HSV-2+ subjects?

Vaccine. Author manuscript; available in PMC 2012 September 16.

HSV-2+ Subject | HSV-2 ORF | Peptide | Sequenceb | CD4 or CD8®
2 | UL46 | UL46397_407 | KSWFGAALAPD | ngd
5 UL46 UL46455 635 VRVYENICLRR CD4

gD-2 multiple® cp4f
7 ICPO ICPO;23 137 VCAVCTDEIAPPLRC nd
ICPO ICP0135-149 LRCQSFPCLHPFCIP nd
ICP4 ICP41009-1023 | LGNRLCGPATAAWAG cD8
ICP4 ICP41169-1183 | MSPREYRRAVLPALD CD4/CD8
UL11 UL11y 35 MGLAFSGARPCCCRH CD4
gB-2 0B-2513 507 HVNDMLGRIAVAWCE CD4
8 | ICP4 | ICPAsss 47 |VAMSRRYDRAQKGFL | cb4
10 | gD-2 | multiple | | nd
11 | uL19 | UL191257_1251 | PFAATANPWASQRFS | CD4
12 UL46 UL46g1 635 | EIPWVRVYENICLRR CD4
gD-2 multiple cp4f
13 gD-2 multiple cp4f
ICPO multiple nd
UL39 UL39%s7_g71 SMMKHGLRNSQFIAL nd
uL29 UL291 935 | SRRPPSVQAAAAWAPQ nd
14 uL39 UL39%s7971 | SMMKHGLRNSQFIAL nd
uL29 UL291935 | SRRPPSVQAAAAWAPQ nd
15 gB-2 9B-2140-15 IAVVFKENIAPY CD4
UL39 multiple nd
16 uL49 UL49,45 263 KNLLQRANELVNPDA CD4
ICPO multiple nd
uL39 multiple nd
gB-2 9B-2576-201 YPYDEFVLATGDFVY CD4
gB-2 0B-2g45 59 YMALVSAMERT CcD4
gD-2 multiple nd
17 UL46 UL466g g3 GADRSVRLAARHHNT nd
UL39 multiple nd
gB-2 0B-2577_0g7 YPYDEFVLATG nd
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HSV-2+ Subject | HSV-2 ORF | Peptide Sequenceb CD4 or CD8®
18 gb-2 multiple cpaf
UL46 UL46,49 563 | RLGPADRRFVALSGS nd
UL46 UL46gy1.635 | EIPWVRVYENICLRR nd
19 ICP4 ICP41015 1003 | LCGPATAAWAG cD8
gD-2 multiple nd
UL46 UL46670.631 | SPPGATRAPDPG nd
ICPO ICPOg3a_651 SASGAGERRETSLGP nd
ICPO ICPOgs0-664 LGPRAAAPRGPRKCA nd
20 uL19 | UL191235 1249 | PFAATANPWASQRFS CD4
21 gD-2 | 9D-2975 287 | YTSTLLPPELSDTTN CD4
22 UL46 UL46g21635 | EIPWVRVYENICLRR CD4
gb-2 multiple nd
23 uL25 | UL 25405419 | DRLDNRLQLGMLIPG cD8
24 ICPO ICPO0157-137 CTDEIAPPLRC cDs8
ICPO ICPOg3g-651 SASGAGERRETSLGP nd
ICPO ICPOgs0-664 LGPRAAAPRGPRKCA nd
ICP4 ICP4459_443 QYALITRLLYTPDAE nd
ICP4 ICP4441_455 DAEAMGWLQNPRVAP CD4
UL39 UL391013-1027 | KELERTFGGKRLLDA nd
25 ICP4 ICP41160-1183 | MSPREYRRAVLPALD CD4
uL19 UL19g5.g33 | GVRFDRVYATL CD8
uL19 UL197g5. 503 | ARAADAADDRPHRPA CD4
uL27 9B-2137.15 YTEGIAVVFKENIAPY CD4/CD8

alndividual HSV-2 peptides recognized by T cells from HSV-2+ subjects were determined by deconvoluting the HSV-2 peptide pools.

When sequential overlapping 15 mers within an ORF were positive, we list the 11 amino acid sequence shared between the 2 peptides.

cPhenotype of responding T cells was determined by ICS and flow cytometry.

dNot determined.
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e . L . . i . .
In some cases multiple array pools were positive indicating responses to multiple epitopes within an ORF and thus a single epitope could not be

deduced.

fThe phenotype of responding T cells was performed using the gD-2 peptide pool to stimulated PBMC as opposed to using individual gD-2

peptides.
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