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This was a phase I study to assess the safety, tolerability, and immunogenicity of escalating doses of AG-702, a
noncovalent complex of an HLA A*0201-restricted epitope in the glycoprotein B protein of herpes simplex virus type
2 (gB2) and truncated human constitutive heat shock protein 70. Similar vaccines have been immunogenic in
animals. Three injections of 10 to 250 g were administered intradermally to HLA A*0201-bearing subjects who
were either herpes simplex virus type 2 (HSV-2)-infected or HSV uninfected. Sixty-two participants received the
vaccine, 60 completed the protocol, and T-cell data were accrued for 56 subjects. The vaccine was safe and well
tolerated. New or boosted responses to the HSV-2 CD8 epitope were not detected. Baseline responses to an epitope
in virion proteins 13/14 were higher than responses to the gB2 epitope. A heat shock protein vaccine with an HSV-2
peptide appears to be safe at the doses studied in healthy adults with or without HSV infection. Modifications of the
dose, adjuvant, route, schedule, or HSV antigen may be required to improve responses.

Herpes simplex virus type 2 (HSV-2) is a major cause of
genital ulcer disease, causing severe infections in neonates and
immunocompromised persons, and it is a cofactor in human
immunodeficiency virus type 1 (HIV-1) transmission (5). Ex-
isting HSV control strategies, including oral nucleoside ther-
apy (6) and regular use of condoms (50), have logistic, biolog-
ical, or behavioral limitations. It has been proven that limiting
HSV-2 shedding can limit HSV-2 transmission (6). Intensive
research has focused on therapeutic and prophylactic vaccines
to limit HSV-2 shedding and disease. Immunotherapy with
HSV-2 glycoproteins has demonstrated short-term efficacy but
substantial reactogenicity with some adjuvants (8, 43, 44). This
vaccine format is known to elicit or boost antibody and CD4-
cell responses but is unlikely to boost CD8 responses (23, 42).

Several lines of evidence support critical roles for CD8 T
cells in the control of HSV infections. Local infiltration of
HSV-specific cytotoxic T lymphocytes (CTL) correlates with
the clearance of infectious HSV-2 in human recurrent genital
herpes (26). HSV-2-specific CD8 T cells persistently infiltrate
healed genital herpes lesions and localize near sensory nerve
endings (53). HSV-specific CD8 T cells with cytotoxic and
gamma interferon (IFN-y) functional activity also localize to
latently infected human trigeminal ganglia (48). The precursor
frequency of HSV-2-specific CD8 CTL is correlated with
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HSV-2 severity in HIV-1/HSV-2-coinfected men (37), and
cross-sectional studies show human leukocyte antigen (HLA)
class I associations with HSV-2 severity (29). In mice, HSV-2-
specific CD8 T cells infiltrate acutely and latently infected
ganglia and mediate control over viral reactivation in an IFN-
v-dependent manner (20). Vaccines containing a CD8 epitope
as the sole HSV component can protect mice from HSV chal-
lenge (4). Candidate replication-competent and -incompetent
HSV strains have entered clinical trials as therapeutic or pre-
ventative vaccines, but CDS8 responses have not been demon-
strated in humans. Virus-mediated immune cell inactivation
may limit priming or boosting with attenuated HSV (38).
Safety concerns also suggest that other formats be investigated
for boosting CD8 responses (23).

Recently, heat shock proteins (HSP) have been shown to
have adjuvant activity for priming antigen-specific CD8 T-cell
responses to proteins and peptides. Relevant dendritic cell
receptors and uptake mechanisms have been proposed (3).
Preclinical studies with mice, using major histocompatibility
complex-appropriate CD8 T-cell epitopes and murine HSP,
show priming of CDS8 T cells in day 7 splenocytes and partial
protection from HSV challenge (27, 35). Typically, peptide-
only vaccines have not been immunogenic in humans, but
combination of peptides with suitable adjuvants has yielded
detectable antigen-specific responses (11, 14).

Given the importance of CDS8 responses in the control of
HSV-2 infection and the potential for a novel adjuvant system
to enhance or elicit CDS8 responses, we performed a phase I,
dose-escalation, nonblinded, two-site trial of safety and immu-
nogenicity of an HSP-based vaccine with both HSV-2-infected
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and HSV-uninfected subjects. For proof of the concept, the
HSV-2 component of the vaccine was an HSV-2 envelope
glycoprotein B (gB2) peptide epitope known to be present in
HLA A*0201 (R. L. Burke, personal communications, 2001;
46). This HLA allele is present in 30 to 40% of people (31).
The HLA A*0201-positive subjects were thus theoretically ca-
pable of CDS8 T-cell responses to the vaccine. The doses used
were relatively low, as this was a first-in-humans trial. Assays
did not detect priming or boosting of peptide-specific CDS§
responses to the vaccine immunogen. However, the vaccine
appeared safe over a 25-fold dose range, and novel observa-
tions concerning baseline HSV-2-specific CD8 T cells were
accrued with a large, defined cohort.

MATERIALS AND METHODS

Clinical protocol and specimens. Participants 18 to 65 years of age partici-
pated in a protocol approved by local institution review boards and conducted
according to International Conference on Harmonization Good Clinical Practice
(ICH GCP) guidelines. All subjects gave written informed consent, were HLA
A*02 positive by DNA testing (Puget Sound Blood Center, Seattle, WA) (16),
and, if subjects were female, were nonpregnant and practicing contraception.
Inclusion criteria included the lack of either HSV-1 or HSV-2 infection, as
determined by type-specific serology (2) (comprising group 1), or HSV-2 sero-
positivity with a clinical history of genital herpes (comprising group 2). There
were no criteria regarding the duration or severity of recurrent genital herpes for
group 2. Group 2 subjects took either 1,000 mg valacyclovir daily or 400 mg
acyclovir twice daily to suppress HSV replication for 2 weeks before and through-
out the 24-week study period. Exclusion criteria included chronic or acute med-
ical conditions requiring medical therapy, a history of ocular HSV infection or
HSV-associated erythema multiforme, immunodeficiency, receipt of nontopical
immunosuppressive medication, serum antibodies to HIV-1 or myeloperoxidase,
allergy to acyclovir or valacyclovir, previous HSV vaccinations, or the presence of
antinuclear antibodies at 1:80 or greater.

The doses studied were 10, 100, and 250 pg of AG-702 per dose. As a control,
some subjects received 4 pg of the gB2 amino acids 442 to 451 (gB2 442-451)
dissolved in 200 pl phosphate-buffered saline. This corresponded to the amount
of peptide present in the highest dose of AG-702. AG-702 was given first, and
escalation was allowed after five group 1 and five group 2 subjects were observed
2 weeks after receiving the second vaccine to be without serious side effects or
laboratory evidence of toxicity. The targeted enrollment was 5 subjects in each
group who were to receive a 10-ug dose and peptide control and 5 and 15 group
1 and group 2 subjects, respectively, who were to receive both 100- and 250-png
dose levels.

Single-use vials were thawed on ice, and vaccine was given at 0, 2, and 4 weeks
by intradermal injection with a 25-gauge needle. Volumes were 0.2 ml of 0.05 or
0.5 mg/ml vaccine for 10- and 100-u.g doses, respectively, or two injections, 2 cm
apart, of 0.25 ml of the 0.5 mg/ml vaccine for 250-u.g doses. For immunogenicity
testing, blood was obtained at 1 week and just prior to the first vaccination for
baselines and at 4, 6, 12, and 24 weeks. Acid citrate dextrose-anticoagulated
blood was centrifuged with Ficoll-Hypaque (45), and peripheral blood mononu-
clear cells (PBMC) were frozen in 20% human serum (Gemini, West Sacra-
mento, CA), 10% dimethyl sulfoxide (DMSO; Sigma, St. Louis, MO), and 70%
RPMI 1640 medium (Invitrogen, Carlsbad, CA) in liquid nitrogen. Blood test
samples for safety monitoring were obtained at baseline before each vaccination
and at weeks 6, 12, and 24, and tests included erythrocyte sedimentation rate;
C-reactive protein level; electrolytes; glucose, renal, and hepatic function; muscle
enzyme levels; antinuclear antibodies; and antimyeloperoxidase. Vital signs and
local or systemic reactions were checked after vaccinations were given and on the
next day. Laboratory abnormalities and signs and symptoms were graded by the
National Cancer Institute Common Toxicity Criteria (CTC), version 2.0 (47).

Vaccine. The full-length cDNA encoding the human constitutive HSP70 gene
HSPAS (GenBank accession no. Y00371) was expressed in Escherichia coli strain
BL21(DE3), using a pET-24a-based vector (Novagen, San Diego, CA) without
the initial methionine. The synthetic gB2 442-451 peptide (GFLIAYQPLL) was
synthesized using tert-butoxycarbonyl (#-Boc) chemistry and obtained at high
purity (CS Bio Inc., San Carlos, CA). The vaccine compound AG-702 is a
protein-peptide complex consisting of recombinant human recombinant heat
shock protein HSC70 (rHSC70) complexed with the synthetic gB 442-451 pep-
tide at a 1:1 molar ratio. Complexes were sterile filtered, put into vials at 50 or
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500 wg/ml, and stored at —80°C until used. The vaccine contained AG-702 in
phosphate-buffered saline and no additional excipients, stabilizers, or adjuvants.
Characterizations included testing the rHSC70 identity by sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis analysis and immunoblot detection and
the peptide identity by amino acid analysis, as well as Edman sequencing, elec-
trospray mass spectrometry and reversed-phase high-performance liquid chro-
matography, and sterility and purity. Stability tests of the rHSC70 monomer, the
gB2 peptide, and the rHSC70-peptide complex were performed for between 18
and 54 months, spanning the storage period of the vaccine at —80°C relevant to
this trial, using size exclusion chromatography. The presence of a physical asso-
ciation between the rHSC70 and the gB2 peptide was also confirmed by column
chromatography using size exclusion media. Preclinical animal toxicology testing
was conducted with Sprague-Dawley rats, in compliance with the Food and Drug
Administration Good Laboratory Practice Regulations (GLP) as set forth in
Title 21 of the U.S. Code of Federal Regulations, part 58, issued December 22,
1978. The test article was well tolerated with no evidence of systemic toxicity.
Immunogenicity studies with the murine construct have been reported previously
(35).

Immunogenicity testing. IFN-y enzyme-linked immunospot (ELISPOT) assays
followed protocols and used the reagents and supplies described previously (16).
Briefly, each well contained antigen-presenting cells, responder CD8™ cells, and a
test stimulus in a final volume of 200 pl T-cell medium (RPMI 1640 medium, 1%
penicillin-streptomycin, 2 mM L-glutamine, and 10% of a single heat-inactivated
human serum batch [Serologics, Norcross, VA]). Antigen-presenting cells were
dendritic cells (DC) made from plastic-adherent cells cultured with granulocyte-
macrophage colony-stimulating factor and interleukin-4 (IL-4) for 6 days (16). DC
from week 24 were used with CD8 responders from each time point to run all
samples from each subject in parallel. DC were irradiated (3,300 rad, y-irradiation)
and used at 2.5 X 10%well. Positively selected CD8™ cells (Miltenyi, Auburn, CA)
were used at 3 X 10%/well. These were typically >90% CD8* CD4~ cells, by flow
cytometry, performed as described previously (26). Peptide gB2 442-451 was stored
at 10 mg/ml in DMSO at —20°C and was tested at 1 wM. Preliminary studies had
shown that responses to HSV-2-infected persons were maximal at this peptide
concentration. Phytohemagglutinin (PHA-P; Remel, Kansas City, KA) at 1.6 pug/ml,
HSV-2 strain 333 (21), UV irradiated (24) from a preirradiation titer of 10® PFU/ml
and diluted 1:100, and DMSO (0.1%) were used as controls. Typically, DMSO and
gB2 442-451 samples were run in quadruplicate, and other stimuli were run in
duplicate. Replicates were reduced if required by responder cell availability. Plates
were read on a Zeiss ELISPOT reader. Data are reported as the mean spot-forming
units (sfu)/10° CD8 PBMC. For the gB2 442-451 peptide, the mean value for DMSO
was subtracted from the mean value for the peptide. For whole UV-irradiated
HSV-2 antigen and PHA, the mean value was used. If one of the duplicate PHA or
HSV-2 wells had too many sfu to count, the sfu from the countable well was used.
If both wells contained sfu too numerous to count, results were recorded as positive.
PHA was used as a quality control for PBMC preservation and assay procedures. If
less than 30 sfu/10° CD8 responders were detected for PHA, all data from that
specimen were discarded.

To use phycoerythrin-labeled HLA-peptide tetramers, we restimulated anti-
gen-specific precursors as described previously (22, 28). In brief, PBMC in T-cell
medium were pulsed with 100 uM gB2 442-451 or HSV-2 UL47 (the gene
encoding virion proteins 13/14 [VP13/14]) amino acids 550 to 559 for 1 h,
followed by 10 days of incubation with 5 wM or less of the peptide. Cytokines
(recombinant human IL-2 and IL-7) were added (22, 28) to support T-cell
survival and expansion, and cells split as needed. Tetramers containing HLA
#0201 and either gB2 443-451 (FLIAYQPLL) or HSV-2 VP13/14 amino acids
551 to 559 (VP13/14 551-559; GLADTVVAC) were purchased from Immunom-
ics (San Diego, CA). Day 10 cultured cells were stained with 1 pl tetramer for 60
min at room temperature in 50 pl of T-cell medium, followed by anti-CD8-
phycoerythrin-cyanine 5 (Caltag, Burlingame, CA), washes, and fixation. At least
200,000 events were accrued (FACScan; Becton Dickenson, San Jose, CA), and
data were analyzed with WinMDI 2.8 software (http://facs.scripps.edu/software
.html). The presence or absence of cells staining brightly for both anti-CD8 and
tetramer binding was recorded.

Statistical methods. To examine a possible vaccine effect, linear mixed-effect
models were used to test whether the average peptide response, measured in IFN-y
sfu/10° CD8 PBMC, to prevaccination was similar to that postvaccination. Models
included a term identifying the visits occurring postvaccination, as well as interaction
terms between the postvaccination effect and the dose groups (using the peptide as
the reference). Prevaccination average responses were computed to compare base-
line responses by HSV serostatus. Dichotomous prevaccination measures were com-
bined to reflect being “ever positive” at baseline. The Mann-Whitney test and
Fisher’s exact test, two-tailed, were used to compare baseline continuous and di-
chotomous responses, respectively, between groups 1 and 2 (Instat version 3.05;
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TABLE 1. Number of study participants completing the three-dose
vaccination protocol

Subjects completing the protocol in:

Group 1 (HSV Group 2 (HSV-2

Vaccine or Dose seronegative) seropositive)
peptide  (ng) P P
No. of N Median  No. of ¢ Median
. Female . Female

subjects subjects age (yr) subjects subjects age (yr)
AG-70 210 5 20 38 5 60 38
AG-702 100 5 40 30 16 44 44
AG-702  250¢ 4 50 35 16 44 39
Peptide 4 5 40 35 4 50 35
Total 19 41

“ One subject in group 1 and one subject in group 2 withdrew after receiving
one 250-ug dose because they moved from the geographic area.

GraphPad, San Diego, CA). Spearman’s correlation coefficient was used to test
whether continuous measures were associated at baseline.

RESULTS

Cohort and enrollment. HSV seronegative (group 1) or
HSV-2 seropositive (group 2) individuals were enrolled to re-
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ceive a total of three vaccinations of either 10 pg, 100 pg, or
250 pg of AG-702 or 4 pg of peptide alone as a control.
Opverall, 60 subjects completed the vaccination program (Table
1). Overall, 45% of the subjects were female and 90% were
Caucasian, and the median age was 36.0 years, with a range of
20.5 to 57.0 years. There were no significant differences in
gender, age, or ethnicity between the HSV-seronegative and
HSV-2-seropositive subjects. All subjects receiving the 10-pg
and 100-pg doses for AG-702 and those for the 4-pg peptide
control completed three immunizations. At the 250-pg dose
level, 4 subjects in group 1 and 16 in group 2 completed three
immunizations. One additional subject in each group at this
dose level withdrew after receiving one dose of vaccine because
the subjects moved away from the geographic area.

Safety and tolerability. The vaccine was well tolerated. A
total of 62 persons received at least one dose of vaccine (Table
2). The adverse experiences most frequently reported were
injection site induration (reported by 100% of patients), injec-
tion site erythema (96.8%), injection site tenderness (56.5%),
headache (41.9%), injection site warmth (38.7%), injection site
pain (29.0%), and injection site pruritus (17.7%). One subject
reported grade-2 injection site pain, and one subject reported
grade-2 fatigue. The local vaccine site reactions were generally
brief in duration (less than 2 days). One subject developed a

TABLE 2. Adverse effects reported by AG-702 recipients or noted by clinicians

No. of subjects (% of total) receiving peptide or vaccine at the dose level shown
(total subjects/group)

System Sign or symptom 4pg 10 pg 100 pg 250 pg Total
peptide AG-702 AG-702 AG-702 = 62)
(n = 9) (n = 10) (n = 21) (n = 22) n
Blood and lymphatic Lymphadenopathy 1(11.1) 0(0.0) 1(4.8) 3(13.6) 5(8.1)
Gastrointestinal Nausea 0(0.0) 0(0.0) 3(14.3) 1(4.5) 4(6.5)
General and administration Injection site induration 9 (100.0) 10 (100.0) 21 (100.0) 22 (100.0) 62 (100)
site
Injection site erythema 8(88.9) 9 (90.0) 21 (100.0) 22 (100.0) 60 (96.8)
Injection site tenderness 0(0.0) 3(30.0) 19 (90.5) 13 (59.1) 35 (56.5)
Injection site warmth 0(0.0) 3(30.0) 13 (61.9) 8(36.4) 24 (38.7)
Injection site pain 0(0.0) 2(20.0) 5(23.8) 11 (50.0) 18 (29.0)
Injection site pruritus 0(0.0) 1 (10.0) 8(38.1) 2(9.1) 11 (17.7)
Fatigue 3(33.3) 3(30.0) 3(14.3) 0(0.0) 9(14.5)
Feeling hot 0 (0.0) 1(10.0) 1(4.8) 2(9.1) 4 (6.5)
Malaise 0(0.0) 1 (10.0) 1(4.8) 2(9.1) 4(6.5)
Immune Seasonal allergy 0(0.0) 1(10.0) 3(14.3) 0(0.0) 4(6.5)
Infections and infestations Herpes simplex symptomatic 1(11.1) 2(20.0) 4 (19.0) 2(9.1) 9(14.5)
recurrence
Upper respiratory tract infection 0(0.0) 1(10.0) 5(23.8) 2(9.1) 8 (12.9)
Nasopharyngitis 1(11.1) 0(0.0) 0(0.0) 4(18.2) 5(8.1)
Sinusitis 0(0.0) 1 (10.0) 2(9.5) 2(9.1) 5(8.1)
Musculoskeletal and Myalgia 1(11.1) 3(30.0) 3(14.3) 4(18.2) 11 (17.7)
connective tissue Back pain 2(222) 1 (10.0) 2(9.5) 3(13.6) 8 (12.9)
Nervous system Headache 5(55.6) 6 (60.0) 9(42.9) 6(27.3) 26 (41.9)
Dizziness 1(11.1) 0(0.0) 3(14.3) 0(0.0) 4(6.5)
Tension headache 0(0.0) 1 (10.0) 3(14.3) 0(0.0) 4(6.5)
Respiratory, thoracic, and Nasal congestion 0(0.0) 3(30.0) 4 (19.0) 2(9.1) 9(14.5)
mediastinal Cough 0(0.0) 3(30.0) 2(9.5) 2(9.1) 7 (11.3)
Pharyngolaryngeal pain 1(11.1) 1(10.0) 3(14.3) 1(4.5) 6(9.7)
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TABLE 3. Subjects receiving AG-702 or control vaccine from
whom immunogenicity data were obtained

No. of subjects whose HSV serostatus was:

AG-702 or peptide

HSV-2 iti
dose (pg) SV-2 positive and

Negative HSV-1 negative or
positive
10 5 5
100 5 16
250 3 16
Peptide (4) 3 3
Total 16 40

documented iron deficiency anemia; specimens for week 12
and 24 T-cell immunogenicity studies were not obtained. A
separate group 2 subject had normal serum phosphorus levels
and then received three doses of 250 pg of AG-702. The
phosphorus value was 1.8 mg/dl (grade 3 per CTC) at week 6,
2 weeks after the third immunization was received. The subject
was asymptomatic. Phosphorus levels returned to normal,
without specific therapy 2 days later and remained normal.

Overall, the elevation of blood creatine phosphokinase (CK)
to grade 1 or higher, per CTC, occurred in 12 (19.4%) of the
subjects. Five subjects had a grade 3 (5 to 10 times the upper
limit of normal) elevation. Four of the subjects had partici-
pated in physical activity that was vigorous or uncharacteristic
or both. Two subjects reported muscle pain and soreness. One
subject had concomitant elevations of serum transaminases
associated with serologically documented primary Epstein-
Barr virus infection and had an uneventful recovery, while
another subject had streptococcal pharyngitis. No dose-related
trend was observed. There were no elevations of CK for sub-
jects receiving 4 pg peptide control; two subjects had grade 1
elevations and two had grade 3 elevations at the 10-ug AG-702
dose; two subjects had a grade 1 elevation and one had a grade
3 elevation at the 100-pg AG-702 dose; and three subjects had
a grade 1 elevation and two had grade 3 elevations at the 250
g AG-702 dose. There was no association with baseline HSV
serostatus. Serum CK values were closely monitored and found
to return to normal within several days, without specific inter-
vention. There were low elevations in CK-MB (CK myocardial
band isoenzyme) fractions in two subjects, consistent with the
total elevations. The CK changes were judged to be unrelated
to vaccine administration, because of the clinical histories of
exertion or the relationship to intercurrent illness.

Vaccine immunogenicity. Blood samples were obtained for
immunogenicity testing at two prevaccine time points and at
weeks 4, 6, 12, and 24. Immunogenicity tests for each subject
were run side by side in single assays, using responder cells
from each available blood sample and DC from the previously
available blood sample. A total of 56 participants underwent
immunogenicity testing. (Table 3). All subjects at the 10- and
100-pg dose levels had samples from each of six time points
evaluated. At the 250-pg dose level, 17 subjects had complete
tests at all time points, three subjects had no immunogenicity
tests, and two subjects had partial testing at early time points
only. The three who had no tests performed included the two
early dropouts, mentioned above, who received only one dose
of vaccine, and a group 2 subject whose vaccine sequence was
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interrupted as discussed above. The two who had partial test-
ing were the group 2 subject who developed anemia and the
group 1 subject who received all vaccines and was lost to
follow-up at week 6. Among the nine subjects receiving 4-pg of
peptide control, complete specimen sets were available and
run on six subjects. We excluded data from specimens which
yielded <30 sfu/10° CD8 responder cells after PHA stimula-
tion (11% of specimens obtained after vaccination started).

Among the HSV-seronegative persons, we predicted that
responses to peptide gB2 442-451 would increase from unde-
tectable to detectable if we primed CDS8 T cells in vivo. Both
ELISPOT and tetramer assays were considered suitable for
observing de novo responses. Responses to a whole UV-
treated HSV-2 antigen increase might be detected if gB2 in
viral lysates were cross-presented in vitro, while responses to
PHA, a control measure for PBMC cryopreservation and re-
covery, should not change. Among HSV-2-infected persons,
we tried to detect any increase in baseline responses to gB2
peptide, or whole HSV-2, while similarly monitoring PHA
responses to assess PBMC quality. The tetramer assay was not
quantitative, so temporal trends in the proportion of tetramer-
positive cells were not analyzed in HSV-2 seropositive subjects.

There was no statistically significant de novo induction of
gB2 442-451-specific cells in the HSV-seronegative subjects
following vaccination, as tested by using linear mixed-effect
models for an average within-person change (P = 0.73; indi-
vidual curves are shown in Fig. 1). Interaction terms were also
nonsignificant, indicating that the lack of effect was consistent
over doses. There was no increase in preexisting responses to
gB2 442-451 in the HSV-2 seropositive subjects (Fig. 1, right).

Baseline immune responses to HSV. We expected that
group 2, the HSV-2 seropositive subjects, would have higher
baseline CD8 IFN-vy responses to the gB2 442-451 peptide and
to whole HSV-2 antigen than the HSV-seronegative subjects
(group 1). We observed that HSV-2-infected persons had
higher mean net baseline responses to gB2 442-451 than the
HSV-seronegative persons (P < 0.0001, Mann-Whitney test,
two tail-ed) (Fig. 2). For group 1 subjects (n = 14), the mean =
standard deviation baseline responses were —0.4 = 2.4 sfu/10°
CD8 PBMC, with a range of —5 to 2.1 sfu/10° CD8 PBMC.
The mean net baseline response = standard deviation among
HSV-2-infected persons (n = 35) was 14.3 = 19.3 sfu/10° CD8
PBMC, with a range of —6 to 91 sfu/10° CD8 PBMC. Similarly,
HSV-2-infected persons had much higher baseline CDS8 re-
sponses to whole UV-treated HSV-2 (P < 0.0001, Mann-Whit-
ney test, two tailed) (Fig. 3). Group 1 subjects (n = 14) had
11.1 = 10.7 sfu/10° CD8 PBMC, with a range of 0 to 39 sfu/10°
CD8 PBMC. In contrast, group 2 subjects (n = 33) had 348 =
346 sfu/10° CD8 PBMC, with a range of 0 to 1,278 sfu/10° CD8
PBMC. PHA stimulates lymphocytes in a nonspecific fashion
(34). Therefore, we predicted that the responses to PHA
should not segregate with HSV infection status. There were no
differences in the mean PHA responses at baseline between
the subjects in group 1 and those in 2 (P = 0.102).

The prevalence of responses to an HSV epitope in the com-
munity of HLA-appropriate HSV-2 seropositive persons could
correlate with vaccine immunogenicity. An epitope that is im-
munogenic in most persons in the context of infection would be
preferred. We therefore compared baseline responses to
HSV-2 gB2 442-451 with baseline responses to a second HLA
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FIG. 1. CDS8 cells in PBMC reactive in IFN-y ELISPOT with peptide gB2 442-451 prior to and 24 weeks after vaccination with AG-702 or
control peptide. Each panel represents one dose level and subject group as indicated. Individual subjects each have a colored line. Data are mean
peptide-specific sfu per 10° CD8 PBMC. Note the association of the y-axis scale with subjects’ HSV serostatus.
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FIG. 2. CDS cells in PBMC reactive in IFN-y ELISPOT with pep-
tide gB2 442-451 prior to and 24 weeks after vaccination with AG-702
or control peptide. Data are mean peptide-specific sfu per 10° CD8
PBMC, with dose levels arranged by rows.

A*0201-restricted epitope, HSV-2 VP 13/14 551-559 (22). Flu-
orescent HLA-peptide tetramers and flow cytometry were used
in a peptide-restimulated assay to detect epitope-specific cells.
We restimulated PBMC to increase sensitivity and analyzed
the tetramer results in a dichotomous (yes/no) fashion. Among
the HSV-2 seropositive group 2 subjects, tetramer responses
were typically robust (Fig. 4, top). There was a higher popu-
lation prevalence of responses to VP13/14 551-559 than to gB2
442-451 (P = 0.0005, McNemar’s test). For gB2 442-451, 20 of
40 HSV-2-infected persons (50%) had positive responses at
baseline time points compared to 27 of 33 (82%) for VP13/14
551-559. Among the 33 persons who had tetramer tests for
both HSV-2 CDS§ epitopes, baseline responses to gB2 were
more common among those who also had responses to
VP13/14 (P = 0.0213, Fisher’s exact test, two sided) (Table 4).
One explanation for a higher prevalence of baseline responses
to VP13/14 could be amino acid sequence variations in circu-
lating HSV-2 strains in regions in or flanking the gB2 epitope.
Persons infected with a variant could have either strain-specific
responses that would not be picked up with our test, based on
the consensus peptide (10), or no response at all. We therefore
sequenced >50 circulating HSV-2 strains at the relevant gB2
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FIG. 4. Detection of epitope-specific CD8 T-cell responses to
HSV-2 in humans, using peptide-restimulated tetramer assays. PBMC
from HSV-2-infected subjects were restimulated with peptide for 10
days and then stained with the indicated HLA A*0201-containing
tetramers and anti-CD8. Numbers are the percentages of CD8"" cells
(right upper and lower quadrants) that are tetramer"&" (boxed in right
upper quadrant).
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FIG. 3. Mean baseline IFN-y ELISPOT response among CD8 T cells to (left panel) HSV-2 gB2 442-451 peptide and (right panel) whole

UV-inactivated HSV-2. Note differences in y-axis scales.
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TABLE 4. Detection of CD8" responses to HLA A*0201-restricted
HSV-2 T-cell epitopes in gB2 or VP13/14¢

Response to No. of subject responses to VP13/14 551-559

gB2 442-451 Positive Negative Total
Positive 15 0 15
Negative 12 6 18
Total 27 6 3

“ Values show detection of CD8* responses to HLA A*0201-restricted HSV-2
T-cell epitopes in gB2 or VP13/14, using tetramers, at baseline time points in
HSV-2-infected, HLA A*02-positive subjects who had both tests.

(and also VP13/14) loci. We have not encountered any coding
polymorphisms leading to amino acid changes in or flanking
these epitopes (D. M. Koelle, C. Liu, B. Byrd, A. Sette, J.
Sidney, and A. Wald, presented at the 30th International Her-
pesvirus Workshop, Turku, Finland, 2005). A second explana-
tion is that the gB2 tetramer test was insensitive to low num-
bers of gB2-specific CD8 T cells in PBMC. To investigate this,
we compared tetramer and ELISPOT assay results from
among the 33 HSV-2-infected persons who had both tests for
the gB2 peptide. The 15 HSV-2-infected persons with negative
tetramer test results had a mean net * standard deviation of
9.4 = 11.5 gB2 peptide-specific sfu/10° CD8 PBMC compared
to 17.2 * 23.7 gB2 peptide-specific sfu/10° CD8 PBMC for the
18 persons with positive tetramer test results. This difference
was not statistically significance (P = 0.35, Mann-Whitney test,
two-tail ).

The tetramer assay was specific. The 16 HSV-seronegative
group 1 subjects were tested at two baseline time points using
tetramers containing either gB2 443-451 or VP13/14 551-559.
Among the 64 baseline tests, 63 were negative (<0.01% of
CDS8 T cells were tetramer positive). One prevaccine specimen
yielded a trace positive (0.08% of CD8 T cells) cell line for the
gB2 442-451 tetramer. No tetramer-positive cells were de-
tected in samples from this subject after the vaccination was
received.

DISCUSSION

This is the first human trial of a compound containing the
recombinant human HSP of ~70 kDa molecular mass, en-
coded by the HSPAS gene. The HSP70 was noncovalently
associated with a synthetic peptide encoded by both HSV-1
and HSV-2 and was administered intradermally in a dose-
escalation, nonblinded format to healthy adults both with and
without prior infection with HSV. The safety and tolerability
end points did not reveal any unexpected toxicity when three
doses of up to 250 pg/dose were administered over 4 weeks.
Neither de novo responses primed by the vaccine nor anam-
nestic responses by preexisting memory cells were severe
enough to limit dosing. Within the limits of the CD8" T-cell
assay technologies used, we were unable to document either
priming or boosting of peptide-specific responses. However,
the lack of toxicity in this initial clinical trial and the biological
activity of this approach in animals (27, 35, 41) suggest that
further investigations of this approach in humans are rational.

This proof-of-concept trial was designed using available in-
formation about the CDS8 response to HSV. The epitope
picked resides with gB2, whose open reading frame is generally
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invariant between circulating HSV-2 strains. The epitope is
also type common between HSV-2 and HSV-1, relevant to the
prevention or treatment of genital herpes, because up to 50%
of clinical first-episode genital herpes cases are due to HSV-1
infection (18). We chose to study an A*(02-restricted epitope
because the associated allele is present in about 30% to 40% of
persons, facilitating enrollment. For unknown reasons, among
HSV-2-infected persons, the prevalence of responses to an
A*02-restricted epitope in the tegument protein VP13/14 is
higher than that of responses to the gB2 epitope in AG-702.
The quantitative response to VP13/14 551-559, as measured by
direct PBMC tetramer assays (25) as well as direct PBMC
IFN-y ELISPOT (D. M. Koelle et al., unpublished data), is
also greater than the responses to gB2 442-451. It may be that
the VP13/14 epitope is inherently more immunogenic and thus
a better candidate for HSV-2 vaccines.

Several alternative HSV-2 vaccine formats have been inves-
tigated that have achieved immunogenicity without unaccept-
able toxicity. One of these, recombinant truncated gD2 in
alum/monophosphoryl lipid A adjuvant, has clinical activity as
a preventative vaccine in HSV-1- and HSV-2-uninfected
women (42). No evidence has been presented that this vaccine
elicits CDS8 responses, and it is not clear that the vaccine
formulation would be likely to do so. The vaccine candidate
studied in this report was designed to elicit CDS8 rather than
CD4 and antibody responses, with the eventual hope that sim-
ilar polyclonal vaccines could boost existing CD8 responses in
HSV-2-infected persons and positively influence recurrent dis-
ease. It is recognized that CD4 responses are also important
for several phases of immunity to HSV, such that a final vac-
cine formulation would optimally elicit or expand both types of
T cells. CD8 T cells primed in the absence of CD4 help are
short-lived in some systems (33, 39). While the results of the
current study were negative, boosting CD8 responses in the
setting of chronic infection has been extremely challenging,
and continuing research is needed.

The HSP-peptide vaccine was also tried with HSV-unin-
fected persons. It has generally been difficult to prime T-cell
responses to isolated antigenic peptides. Tolerance or deletion
may be elicited if synthetic peptides alone are administered by
some routes (9). Dosing is an important issue, with some trials
administering several milligrams of peptide together with ad-
juvant (11, 14). Further studies administering larger doses of
viral peptide will be required to determine if heat shock pro-
tein adjuvants can prime CD8 responses without dose-limiting
toxicity. HSP are abundant in unstressed and stressed cells and
appear to have a role in chaperoning proteins and peptides. As
such, they have an inherent and relatively non-sequence-spe-
cific peptide-binding function (36). AG-702, as well as similar
compounds used in preclinical toxicology and animal efficacy
studies, contains recombinant HSP70 that is noncovalently
complexed to an HSV peptide.

This phase I dose-escalation trial was designed primarily to
monitor safety and tolerability. No dose-limiting toxicity was
noted. In previous studies of HSV vaccines, local reactogenic-
ity was noted with HSV-seropositive subjects (23). The activa-
tion of innate immunity and/or elicitation of recall responses
by an adjuvant has the potential to lead to toxicity in immune
individuals. Thus far, this does not seem to be a problem with
the noncovalently associated HSP70-peptide approach and
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HSV infection. We did note elevations of CK, but in no cases
were there associated elevations of markers of cardiac inflam-
mation. Each elevation of CK was associated with an unusual
or marked physical activity or intercurrent illness and returned
to normal. Elevations of CK detected in a recent clinical trial
of flavivirus vaccines were also ascribed to physical exertion,
leading to an adjustment in study design in which contact
sports or new exercise regimens were discouraged among study
participants (17).

It is not known why we failed to observe vaccine immuno-
genicity. Biological reasons include inadequate dosing, subop-
timal coupling to the HSP70 protein leading to the adminis-
tration of a free peptide that could lead to tolerance, poor
inherent immunogenicity, or the need for a better route or
schedule of vaccine administration. HSP70 is known to prefer
hydrophobic peptides, and the HSV-2 peptide used is quite
hydrophobic (30). Future studies could include a physical as-
sessment of peptide-HSP interactions in vaccine compounds.
The vaccine was stored at —80°C prior to use, reducing but not
eliminating the possibility of degradation prior to administra-
tion. It is possible that transitory, small immune responses
could have been detected at time points earlier than 2 weeks.
The intradermal route, as some data suggest, is more immu-
nogenic than the intramuscular route (19, 32). It is possible
that the use of an alternative administration method could
increase immunogenicity. Technical and assay factors are con-
sidered below.

Our two-site study design dictated that PBMC were typically
processed the day after phlebotomy. It has recently been re-
ported that Ficoll processing of blood after overnight storage,
in comparison to same-day PBMC enrichment, can signifi-
cantly reduce the number of IFN-y-positive, virus-specific T
cells detected with ELISPOT tests performed after thawing the
responder cells (40). In addition, our assays were directed at a
limited spectrum of T-cell effector functions. The immunoge-
nicity studies in this trial were designed to detect HSV-2-
specific CD8 T cells that could either secrete IFN-y or bind an
HLA-peptide tetramer. In some situations, antigen-specific
CD8 T cells may not secrete IFN-y but may still have biolog-
ically significant responses such as secretion of other cytokines
(13). The binding of HLA-peptide tetramers is dependent on
the avidity of T-cell receptor for peptide/HLA (52), so it is
possible we missed low-avidity T cells. Our culture-boosted
tetramer assay is also dependent on the ability of peptide-
specific T cells to proliferate in response to peptide, IL-2, and
IL-7 in vitro. Peptide-specific CD8 T cells with a defect in
proliferation have been documented in human HIV infection
(1). Thus, it is possible that the end points used in this trial
were inadequate to detect vaccine-induced CDS8 T cells. The
monitoring of future HSP-based vaccine trials will optimally
use multiple parameters to measure the possible induction or
boosting of antigen-specific immunity.

The study design included suppressive antiviral medication
for HSV-2-infected persons. Some immune responses in
PBMC have been noted to fluctuate temporally in association
with HSV infection recurrences (7), although studies are ab-
sent with regard to epitope-specific CDS8 responses. We ad-
ministered antiviral drugs to reduce the detection of possible
fluctuations in the level of antigen-specific CD8 T cells in
response to symptomatic or asymptomatic episodes of HSV
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reactivation. In HIV-1 infection, epitope-specific CD8 re-
sponses may wane over the course of years with profound
suppression of viral replication (15). We felt there was less risk
of provoking a similar decline in this study, as our observation
period was limited to 24 weeks, the degree of suppression of
viral shedding obtained with the antiviral mediations and doses
we used are generally only in the 90 to 95% range (49, 51), and
previous studies of HSV-specific CD4 responses have generally
not observed changes during suppressive antiviral therapy (12).
It is unknown whether endogenous antigen will assist or hinder
either the efficacy or detection of HSV-specific T-cell re-
sponses in an immunotherapeutic setting.

In summary, we tested a novel compound, representative of
a new class of candidate vaccines, with human volunteers in a
phase I trial and found that it was safe and well tolerated.
AG-702 is a noncovalent complex of the human constitutive
HSP70 protein, produced in E. coli, and a synthetic peptide
corresponding to a type-common CDS epitope in HSV glyco-
protein B. AG-702 was administered intradermally, in doses
ranging from 10 to 250 wg per injection, to healthy adult
volunteers. No sign of untoward vaccine toxicity was noted in
either HSV-naive or HSV-2-infected subjects who were receiv-
ing antiviral suppressive therapy. Peptide-specific tests of
PBMC did not reveal elicitation or boosting of IFN-y re-
sponses or in vivo priming of cells capable of proliferating to
peptide in vitro and then binding to an appropriate tetramer.
The comparison of baseline responses to the vaccine epitope
and a separate HLA A®*02-restricted epitope in VP13/14
showed that responses to the latter are more prevalent in the
population. Continuing research with human constitutive
HSP70-based vaccines could include variations in the microbial
antigen(s) chosen, the conjugation and formulation technology
including the provision of additional adjuvants, the dose, and
the route and schedule of administration.
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