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A prophylactic vaccine for genital herpes disease remains an elusive goal. We report the results of two studies performed collabora-
tively in different laboratories that assessed immunogenicity and vaccine efficacy in herpes simplex virus 1 (HSV-1)-seropositive
guinea pigs immunized and subsequently challenged intravaginally with HSV-2. In study 1, HSV-2 glycoproteins C (gC2) and D (gD2)
were produced in baculovirus and administered intramuscularly as monovalent or bivalent vaccines with CpG and alum. In study 2,
gD2 was produced in CHO cells and given intramuscularly with monophosphoryl lipid A (MPL) and alum, or gC2 and gD2 were pro-
duced in glycoengineered Pichia pastoris and administered intramuscularly as a bivalent vaccine with Iscomatrix and alum to
HSV-1-naive or -seropositive guinea pigs. In both studies, immunization boosted neutralizing antibody responses to HSV-1 and
HSV-2. In study 1, immunization with gC2, gD2, or both immunogens significantly reduced the frequency of genital lesions,
with the bivalent vaccine showing the greatest protection. In study 2, both vaccines were highly protective against genital disease
in naive and HSV-1-seropositive animals. Comparisons between gD2 and gC2/gD2 in study 2 must be interpreted cautiously,
because different adjuvants, gD2 doses, and antigen production methods were used; however, significant differences invariably
favored the bivalent vaccine. Immunization of naive animals with gC2/gD2 significantly reduced the number of days of vaginal
shedding of HSV-2 DNA compared with that for mock-immunized animals. Surprisingly, in both studies, immunization of
HSV-1-seropositive animals had little effect on recurrent vaginal shedding of HSV-2 DNA, despite significantly reducing genital
disease.

G enital herpes is one of the most common sexually transmit-
ted infections (1, 2). An estimated 536 million people be-
tween the ages of 15 and 49 are infected globally, and about 23.6
million new infections develop annually (3). Herpes simplex
virus 2 (HSV-2) genital infection leads to latency within lum-
bosacral dorsal root ganglia (DRG), and subsequent virus re-
activation from DRG results in recurrences. In immunocom-
petent individuals, many primary and recurrent genital herpes
virus infections are asymptomatic, which poses a risk for trans-
mission between partners (4-6). Recurrent meningitis and
neonatal herpes virus infection are serious sequelae of genital
herpes (4, 7-9). Prevention of genital HSV infection and trans-
mission is an important target for vaccine development be-
cause of the psychosocial and medical complications of genital
herpes and because genital herpes is a significant risk factor for
HIV acquisition and transmission (10-13). Antiviral therapy
reduces the duration of HSV-2 symptomatic disease, and daily
suppressive therapy decreases symptomatic recurrences and
asymptomatic viral shedding (14); however, the protection is
incomplete, since antiviral therapy does not totally prevent vi-
ral shedding or eliminate latency (15-17).

GlaxoSmithKline (GSK) clinical trials have evaluated the effi-
cacy of an HSV-2 glycoprotein D (gD2) subunit antigen vaccine
(18, 19). In the first publication, two studies reported no signifi-
cant difference in genital lesions between vaccine and placebo
groups; however, a subgroup analysis found that the vaccine was
efficacious in HSV-1 and HSV-2 doubly seronegative women but
not in HSV-1-seropositive women or in men, regardless of their
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prior exposure to HSV (18). To substantiate these results, a fol-
low-up trial was performed in doubly seronegative women. The
results demonstrated no significant protection against genital her-
pes disease; however, a subgroup analysis showed that the gD2
subunit vaccine protected against HSV-1 genital infection and
disease but not against HSV-2 (19). Therefore, additional strate-
gies are needed to develop a more effective HSV-2 vaccine.

We reported that HSV-1 glycoprotein C (gC1) and HSV-2 gly-
coprotein C (gC2), used in combination as subunit antigens with
gD1 and gD2, respectively, prevented the virus from evading im-
mune responses mediated by complement (20, 21). HSV-1 and
HSV-2 ¢gC proteins bind complement component C3b generated
by activation of the classical, lectin, or alternative complement
pathway. Complement activation leads to virus neutralization, ly-
sis of infected cells, and enhancement of B- and T-cell responses
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(22-25). By binding to C3b, HSV-1 and HSV-2 gC proteins in-
hibit activation of the complement cascade (26-32). We previ-
ously reported that antibodies induced by immunization of ani-
mals with gC1 or gC2 bind to gC and block its ability to interact
with C3b; thus, complement remains active in host defense
against the virus (20, 21, 33). In mouse and guinea pig vaginal
infection models, a bivalent gC2/gD2 subunit antigen vaccine
provided significantly better protection than monovalent gC2 or
gD2 subunit antigen vaccines in preventing DRG infection and
recurrent vaginal shedding of HSV-2 DNA (21).

Here we evaluated the immunogenicity and protection against
genital HSV-2 challenge provided by immunization with mon-
ovalent gC2 or gD2 or bivalent gC2/gD2 prepared in baculovirus
and administered with CpG and alum adjuvants to HSV-1-sero-
positive guinea pigs. In a second study, we evaluated protection in
both naive and HSV-1-seropositive animals provided by a mon-
ovalent gD2 antigen and adjuvant similar to those used in human
trials or by a bivalent gC2/gD2 vaccine prepared in glycoengi-
neered Pichia pastoris yeast and administered with Iscomatrix and
alum as adjuvants. The rationale for evaluating HSV-1-seroposi-
tive guinea pigs is based on the epidemiology of HSV-1 and HSV-2
infections. HSV-1 infection generally occurs at a younger age than
HSV-2 infection. More than 50% of the U.S. population is HSV-1
seropositive, and the seroprevalence of HSV-1 is even higher in
resource-limited nations (34, 35). Prior HSV-1 infection reduces
the severity of HSV-2 genital disease but does not totally prevent
disease (8); therefore, one of the goals of an HSV-2 vaccine is to
enhance protection against HSV-2 in HSV-1-seropositive indi-
viduals.

MATERIALS AND METHODS

Viruses and immunogens. HSV-1 strain NS and HSV-2 strain MS were
grown in Vero cells (20, 21). In study 1, glycoprotein subunit antigens
were prepared in baculovirus. The bac-gC2(426t) construct extends from
amino acids 27 to 426, where amino acid 27 is the first amino acid after the
signal peptide (36). The bac-gD1(306t) and bac-gD2(306t) constructs
extend from amino acids 26 to 331, where amino acid 26 is the first amino
acid after the signal sequence (37-39). The methods used for these con-
structs resulted in aspartic acid and proline residues added at the N ter-
minus. In study 2, gD2 was purified from supernatant fluids of CHO cells
that were stably transfected with gD306NQ to express a truncated form of
gD?2 (referred to as CHO gD2). An asparagine and glutamine were added
to the C terminus after gD2 amino acid 331 and linked to nine histidine
residues by three glycine residues. The CHO gD2 protein was expressed
from stably transfected cells and purified on a nickel column.

HSV-2 gC2 and gD2 subunit antigens were also prepared in glycoen-
gineered Pichia pastoris (referred to as Pichia gC2 or Pichia gD2) at
GlycoFi (40). Pichia gC2 contains gC2 amino acids 24 to 448 and a partial
proteolytic cleavage fragment containing amino acids 75 to 448 that de-
veloped during purification. Pichia gC2 lacks the signal peptide and the
transmembrane domain and contains an N-terminal nine-amino-acid
His tag. It was produced in a glycoengineered version of Pichia pastoris
(41), linked in frame to the Saccharomyces cerevisiae o-MFprepro signal
peptide, and expressed using the P. pastoris AOX1 methanol-inducible
promoter. The resulting plasmid was transformed into a glycoengineered
and chaperone-engineered host strain of P. pastoris capable of secreting
proteins with the human intermediate glycoform Man;GlcNAc, (41-43)
and that coexpresses human protein disulfide isomerase as an endoplas-
mic reticulum (ER) chaperone to aid in secretion (44). A single clone was
selected, and the protein was purified in a two-step process because of the
partial proteolysis of the N-terminal His tag. Purification first used stan-
dard Ni-chelating affinity resin (GE Healthcare, Piscataway, NJ) capture
followed by Poros 50 HS anion exchange (Applied Biosystems). N-glycans
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were quantitatively analyzed by enzymatic release, 2-aminobenzamide
labeling, and normal-phase high-pressure liquid chromatography
(HPLC) (42) and revealed to be predominantly of the human intermedi-
ate form Man;GIcNAc, (88.4%), with the remaining forms being a mix-
ture of Mang_oGIcNAc,. Pichia gD2, containing amino acids 26 to 310 of
HSV-2 gD2, lacks the signal peptide and the C-terminal transmembrane
domain and contains a C-terminal nine-amino-acid His tag linked in
frame to the S. cerevisiae a-MFpre signal peptide, and it was expressed
using the P. pastoris AOX1 methanol-inducible promoter. The resulting
plasmid was transformed into glycoengineered P. pastoris as described for
Pichia gC2 (41). A single clone was selected, and the protein was purified
using a three-step process starting with hydroxyapatite chromatography
followed by Poros 50 HQ anion-exchange chromatography and SP Sep-
harose cation-exchange chromatography.

Guinea pig infection with HSV-1, immunizations, and HSV-2 chal-
lenge studies. Laboratory animals were housed and handled in accor-
dance with the guidelines of the Institutional Animal Care and Use
Comnmittees of the University of Pennsylvania and Merck Research Lab-
oratories.

(i) Study 1. Thirty-six female Hartley strain guinea pigs (Charles
River) weighing 225 to 275 g were prebled and infected intranasally with
5 X 10° PFU of HSV-1 strain NS in 10 ul (45). Sixty-five days after HSV-1
infection, guinea pigs were immunized intramuscularly (i.m.) in the right
hind calf muscle three times at 2-week intervals. Animals were mock im-
munized with the CpG oligonucleotide TCGTCGTTGTCGTTTTGT
CGTT (Trilink Inc.) and alum (Alhydrogel; Accurate Chemical and Sci-
entific Corp.) or immunized with 10 pg bac-gC2(426t) (gC2), 5 ng bac-
gD2(306t) (gD2), or 10 g gC2 combined with 5 ug gD2 (gC2/gD2). The
doses of gC2 and gD2 were based on our prior studies indicating that
higher doses of gC2 immunization are needed to generate robust C3b-
blocking antibody responses (21). Subunit antigens were mixed with CpG
at 100 pg/guinea pig and with alum at 20 wg/pg protein in a total volume
of 50 wl per immunization (46). For the gC2/gD2 group, the individual
antigens were first mixed with CpG and alum and combined just prior to
immunization. Guinea pigs were bled from a hind limb saphenous vein 30
days after HSV-1 infection and 2 weeks after the third immunization (day
107). Eight days later, animals were challenged intravaginally with 5 X 10°
PFU of HSV-2 strain MS and scored for 14 days, from days 115 to 129, for
acute disease on a scale of 0 to 4, where 0 reflects no disease, 1 reflects
redness, 2 reflects a single lesion, 3 reflects coalesced lesions, and 4 reflects
ulcerated lesions (47). Urinary retention and hind leg weakness were re-
corded. Guinea pigs were swabbed for vaginal titers on days 1 to 6 after
challenge and observed for genital lesions for 57 days between days 1 and
60 postinfection. Vaginal swabs for HSV-2 DNA copy number were ob-
tained for 20 days, from days 28 to 49 postinfection. Swabs were stored at
—80°C prior to culture or processing for HSV-2 DNA by quantitative PCR
(qPCR) (48).

(ii) Study 2. Forty-eight Hartley strain female guinea pigs (Charles
River) weighing between 250 and 300 g were infected with 1 X 10°> PFU of
HSV-1 strain NS intranasally. Sixty days later, HSV-1-infected and age-
matched HSV-1-naive guinea pigs (n = 16/group) were vaccinated intra-
muscularly on days 0, 7, and 21 with (i) 5 pg of CHO gD2 with mono-
phosphoryl lipid A (MPL; InvivoGen), using 12.5 pg/dose, and alum (2%
Alhydrogel; Accurate Chemical), using 125 pg/dose, in 125 wl; (ii) 20 pg
of Pichia gC2 and 10 ug of Pichia gD2 with Iscomatrix (CSL Behring),
using 40 pg/dose, and Merck alum (amorphous aluminum hydroxyphos-
phate sulfate), using 90 pg/dose, in 200 pl (49); or (iii) Iscomatrix and
alum adjuvants alone (mock group). A goal of study 2 was to determine if
the combination of gC2 and gD2 prepared in Pichia provided better pro-
tection than gD2 administered with MPL and alum at previously reported
concentrations (50). Three weeks after the final immunization, animals
were bled, and the following day guinea pigs were challenged intravagi-
nally with 1 X 10° PFU of HSV-2 strain MS. At the conclusion of the
experiment, lumbosacral DRG were harvested, and viral genome copy
numbers were determined by qPCR.
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FIG 1 Study 1 experimental timeline and ELISA titers. (A) Timeline. (B) HSV-1 gD1 ELISA titers of 7 guinea pigs bled prior to HSV-1 intranasal infection and
36 animals bled 30 days after infection. (C) Titers of antibody to gC2 in the same sera. ***, P < 0.001 for comparing gC2 or gC2/gD2 group with prebleed, mock,
or gD2 group; P was not significant for comparing gC2 group with gC2/gD2 group or mock group with gD2 group. (D) Titers of antibody to gD2 in sera obtained
2 weeks after the third immunization (n = 7 for prebleed group and n = 9 for other groups). ***, P < 0.001 for comparing gD2 or gC2/gD2 group with prebleed,
mock, or gC2 group; P was not significant for comparing gD2 group with gC2/gD2 group. Error bars in panels B to D represent 95% confidence intervals. Note

that the y axis for panel B is different from those in panels C and D.

ELISA and neutralizing antibody titers. (i) Study 1. Enzyme-linked
immunosorbent assay (ELISA) was performed to measure antibody re-
sponses following HSV-1 intranasal infection and immunization. Plates
were coated with 50 ng of antigen, and serial dilutions of serum were
added (21). The endpoint titer was considered the highest dilution of
serum resulting in an optical density (OD) of =0.1 that was at least 2-fold
higher than the OD of sera obtained from mock-immunized animals at
that dilution. Neutralizing antibody titers were measured by heating
guinea pig serum to 56°C for 30 min to inactivate guinea pig complement
and then incubating 1 X 10° to 2 X 10°> PFU/100 pul of HSV-1 or HSV-2 at
37°C for 1 h with a 1:40 dilution of guinea pig serum, with or without 10%
human serum as a source of complement. The human serum was ob-
tained from an HSV-1- and HSV-2-seronegative donor (51). Virus titers
were determined by plaque assay on Vero cells and reported as log, , PFU/
100 pl.

(ii) Study 2. ELISA was performed as described for study 1, except that
plates were coated with 50 ng/well of purified HSV-1 or HSV-2 lysate
(Advanced Biotechnologies Inc.). The endpoint titer was the highest di-
lution that was =3-fold above background. Neutralizing antibody titers
were evaluated using the ELVIS HSV cell reporter system (Diagnostic
Hybrids Inc.). Heat-inactivated guinea pig serum was incubated with
1,800 PFU of HSV-2 strain MS for 1 h at 37°C in the presence of 6.7%
Low-Tox-M rabbit complement (Cedarlane) and added to the ELVIS cell
monolayer overnight. LacZ expression was measured using a Gal-Screen
kit (Applied Biosystems). The endpoint titer was the highest serum dilu-
tion that reduced (3-galactosidase activity by =50% compared with that in
infected cells in the absence of serum.

Determination of HSV-2 DNA copy number by real-time qPCR. (i)
Study 1. DNA was isolated from guinea pig vaginal swabs by use of a
DNeasy Blood kit (Qiagen). Viral DNA was quantified by real-time am-
plification of the Us9 gene product, using purified HSV-2 DNA (Ad-
vanced Biotechnologies), to establish a standard curve (21). Vaginal swab
samples that contained =1.5 copies of HSV-2 DNA in duplicate wells by
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40 cycles were considered positive, which established a cutoff for a positive
sample at =150 copies/ml, based on amplifying 10 pl of swab DNA per
assay (21). Amplification reactions were performed using TagMan gene
expression master mix (Applied Biosystems) and an ABI 7500 Fast ma-
chine.

(ii) Study 2. Total DNA was isolated from daily vaginal swab samples
or lumbosacral DRG taken 50 days after challenge by using a Qiamp DNA
minikit (Qiagen) per the manufacturer’s instructions. DNA samples and
oligonucleotide primer-probe sets specific for gG2 and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) were mixed with Quantitect Multi-
plex PCR no-Rox master mix (Qiagen). Reactions were carried out in a
Stratagene Mx3005P real-time PCR system and analyzed with Stratagene
MxPro software. Standard curves were constructed from 10-fold dilutions
of a plasmid containing gG2 sequences and purified guinea pig DNA
(BioChain Institute, Inc.), and numbers of HSV-2 DNA copies were nor-
malized to 1 X 10° guinea pig GAPDH DNA copies.

Statistics. Statistical significance for survival was calculated using the
log rank (Mantel-Cox) test. The area under the curve was calculated,
followed by one-way analysis of variance (ANOVA), to compare curves.
Fisher’s exact test was performed to compare the number of guinea pigs in
each group that developed disease, the number of recurrent lesion days,
and the number of DNA-positive days of shedding. ANOVA (nonpara-
metric test) followed by Tukey’s posttest analysis was performed for all
possible pairwise comparisons.

RESULTS

Baculovirus gC2 and gD2 given with CpG alum to HSV-1-sero-
positive guinea pigs (study 1). (i) HSV-1 infection of guinea pigs.
The timeline of the experiment is shown in Fig. 1A. Thirty-six
female guinea pigs were infected intranasally with 5 X 10°> PFU of
HSV-1 strain NS. No animal died or showed signs of disease.
Thirty days later, animals were bled and sera evaluated by ELISA
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FIG 2 Study 1 neutralizing antibody titers. Neutralization in HSV-1-seropositive guinea pigs was tested at a 1:40 dilution against mock-, gC2-, gD2-, or
gC2/gD2-immunized guinea pigs in the absence (gray bars) or presence (black bars) of 10% human complement. (A) Neutralization of HSV-1 strain NS.
(B) Neutralization of HSV-2 strain MS. (C and D) P values comparing neutralizing titers of the immunization groups with or without complement. P
values comparing gC2 or gC2/gD?2 titers with and without complement are shown on the graphs. Ab, antibody. *, P = 0.05; **, P =< 0.01; ***, P < 0.001.

for gD1 antibodies. All animals were HSV-1 infected based on gD1
antibody titers, although a range of responses was detected (Fig.
1B). Low, medium, and high antibody responders were distrib-
uted proportionally to mock, gC2, gD2, and gC2/gD2 immuniza-
tion groups.

(i) Immunization with bac-gC2(426t) and bac-gD2(306t)
subunit antigens. Sixty-five days after HSV-1 infection, guinea
pigs were mock immunized with CpG and alum or immunized
intramuscularly three times at 2-week intervals with individual
gC2 or gD2 or the combined gC2/gD2 antigens administered with
CpG and alum. The geometric mean antibody titer in mock-im-
munized guinea pigs was 2.5 log;, for gC2 (Fig. 1C) and 2.3 log;,
for gD2 (Fig. 1D). The geometric mean gC2 antibody titer was 4.7
log,, in gC2- and gC2/gD2-immunized animals (Fig. 1C), while
the gD2 antibody titer was 4.7 log,, in animals immunized with
gD2 and 4.4 log,, in gC2/gD2-immunized animals (Fig. 1D). The
gC2 and gD2 antibody titers were boosted in HSV-1-seropositive
guinea pigs by immunization with gC2 alone, gD2 alone, and the
bivalent gC2/gD2 vaccine. Mixing the two antigens in the bivalent
vaccine did not significantly blunt the ELISA response to either
antigen.

(iii) HSV-1 and HSV-2 neutralizing antibody titers with and
without human complement. Guinea pigs were bled 2 weeks after
the third immunization and tested for neutralizing antibodies to
HSV-1 and HSV-2, using a 1:40 serum dilution, in the presence or
absence of 10% human complement (Fig. 2A and B). Comple-
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ment alone provided no neutralizing activity against either virus.
Sera from mock-immunized HSV-1-infected animals neutralized
HSV-1 approximately 1.5 log,,, while having little effect on
HSV-2. Sera from gC2-immunized animals added to the neutral-
ization of HSV-2 in the absence of complement and to that of both
viruses in the presence of complement. Sera from animals immu-
nized with gD2 were more neutralizing against HSV-1 and HSV-2
than gC2 sera in the absence of complement, but complement did
not enhance the neutralizing activity of gD2 sera. Animals immu-
nized with gC2/gD2 had the highest titers of neutralizing antibody
in the presence of complement, and antibody neutralized HSV-1
by approximately 2 log;, and HSV-2 by approximately 4 log,,
compared with sera from mock-immunized animals. Therefore,
gC2, gD2, and gC2/gD2 immunization of HSV-1-seropositive an-
imals enhanced neutralization of HSV-1 and HSV-2, particularly
in the presence of human complement.

(iv) Combined bac-gC2(426t) and bac-gD2(306t) immuniza-
tion protects guinea pigs from genital disease after HSV-2 vagi-
nal challenge. HSV-1-seropositive guinea pigs were challenged
intravaginally with 5 X 10° PFU of HSV-2 strain MS. More ani-
mals died, developed hind limb weakness, and showed urinary
retention/hematuria in the mock group than in groups immu-
nized with monovalent gC2 or gD2 or the bivalent gC/gD2 vaccine
(Fig. 3A). Genital disease developed in 7/9 mock-immunized
HSV-1-seropositive animals; nevertheless, the acute disease scores
on days 1 to 14 (Fig. 3B) were greatly reduced compared with our
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FIG 3 Study 1 disease markers and vaginal titers. (A) Death and other indicators of disease. For urinary retention/hematuria, P < 0.01 for comparing gC2, gD2,
or gC2/gD2 group with mock group; for guinea pigs with genital lesions, P < 0.05 for comparing gC2/gD2 group with gC2 group, and other comparisons were
not significant; and for days with genital lesions, P < 0.001 for comparing gC2, gD2, or gC2/gD2 immunization with mock immunization, and P < 0.001 for
comparing gC2/gD2 group with gC2 or gD2 group. (B) Severity scores for acute genital disease for surviving animals. P < 0.05 for comparing gC2 group with
mock group; P < 0.02 for comparing gD2 group with mock group; P < 0.01 for comparing gC2/gD2 group with mock group; and the P value was not significant
for comparing the gC2, gD2, and gC2/gD2 groups to one another. Results represent means * standard errors of the means (SEM). (C) Vaginal titers at days 1 to
6 postchallenge. P < 0.05 for comparing mock or gC2 group with gD2 or gC2/gD2 group; the P value was not significant for comparing gD2 group with gC2/gD2

group. Results represent geometric mean titers = SEM.

prior results for HSV-naive animals (21, 48). Guinea pigs immu-
nized with gC2 or gD2 had less acute disease than mock-immu-
nized animals, while the combined gC2/gD2 group had no disease
(Fig. 3B). Vaginal titers were lower in the gD2 and gC2/gD2
groups than in mock- or gC2-immunized animals (Fig. 3C). Over
the course of 60 days postinfection, mock-immunized animals
had significantly more days with genital lesions than the other
groups, while the gC2/gD2 group had the fewest days with genital
lesions (Fig. 3A).

(v) Vaginal shedding of HSV-2 DNA during recurrent infec-
tion. Vaginal swabs for determination of HSV-2 DNA copy num-
ber were obtained on 20 days, from days 28 to 49 after HSV-2
challenge (Fig. 4). Differences among all four groups were small in
terms of the number of days with recurrent vaginal shedding of
HSV-2 DNA or the number of guinea pigs that had at least 1 day of
shedding (Fig. 4E). Days with genital disease (Fig. 4A to D) often
did not coincide with days of vaginal shedding. Although gC2/gD2
immunization greatly reduced the number of days with genital
lesions, it did not significantly alter vaginal shedding of HSV-2
DNA (Fig. 4A to D).

Pichia gC2/gD2 given with Iscomatrix and Merck alum as
adjuvants compared with CHO gD2 given with MPL and alum
(study 2). (i) HSV-1 infection of guinea pigs. The experimental
timeline was similar to that for study 1 (Fig. 1A), except that 1
week separated the first and second immunizations and animals
were observed for 50 days postchallenge rather than 60 days. For-
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ty-eight female guinea pigs were infected intranasally with 1 X 10°
PFU of HSV-1 strain NS. None of the guinea pigs showed signs of
disease or died, and all animals seroconverted to HSV-1 (Fig. 5A).
Prior to immunization, low, medium, and high antibody re-
sponders to HSV-1 antigen were distributed proportionally to
mock, gD2, and gC2/gD2 immunization groups.

(ii) ELISA and neutralizing antibody responses. HSV-1-na-
ive and HSV-1-seropositive guinea pigs developed robust gC2
ELISA responses following three immunizations with Pichia
gC2/gD2 (Fig. 5B and D) and gD2 ELISA responses after immu-
nization with CHO gD2 or Pichia gC2/gD2 (Fig. 5C and E). Prior
HSV-1 infection did not blunt the gC2 or gD2 ELISA response.
The gD2 ELISA titers in naive animals were significantly higher in
the Pichia gC2/gD2 group than the CHO gD2 group (Fig. 5C).
Three weeks after the third immunization, sera were evaluated for
HSV-2 neutralizing antibodies in the presence of rabbit comple-
ment. Neutralizing antibody titers of naive and HSV-1-seroposi-
tive animals were boosted after immunization with CHO gD2 and
Pichia gC2/gD2 (Fig. 6). Pichia gC2/gD2 produced significantly
higher HSV-1 and HSV-2 neutralizing antibody titers than CHO
gD?2 in naive and HSV-1-seropositive animals.

(iii) gC2/gD2 immunization protects guinea pigs from geni-
tal disease after HSV-2 vaginal challenge of naive and HSV-1-
seropositive guinea pigs. Prior HSV-1 infection partially pro-
tected guinea pigs from genital disease, since genital lesions were
far more abundant in mock-immunized naive animals than in
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E Recurrent vaginal HSV-2 DNA shedding over 20 days

Groups HSV-2 DNA No. of guinea pigs
positive days shedding HSV-2 DNA

Mock 11/140 (8%)
gC2 9/180 (5%)
gD2 18/180 (10%)

gC2/gD2 11/180 (6%)

4/7 (57%)
4/9 (44%)
7/9 (78%)
4/9 (44%)

FIG 4 Study 1 vaginal shedding of HSV-2 DNA. (A to D) Vaginal HSV-2 DNA shedding in mock-, gC2-, gD2-, and gC2/gD2-immunized animals. (E) Table
showing the number of days (%) of vaginal shedding and the number of animals that shed HSV-2 DNA. P values were not significant for comparing gC2/gD2

w »

group with the other groups. Each “x” indicates a day with genital disease.

mock-immunized HSV-1-seropositive animals (Fig. 7A and C).
Immunization with Pichia gC2/gD2 totally protected naive and
HSV-1-seropositive animals against death, hind limb weakness,
and urinary retention/hematuria, while one animal immu-
nized with CHO gD2 died and three developed urinary reten-
tion/hematuria (Fig. 7A and C). CHO gD2 or Pichia gC2/gD2
protected naive and HSV-1-seropositive animals against genital
disease (Fig. 7A and C), with better protection noted in the naive
animals immunized with Pichia gC2/gD2 than in those immu-
nized with CHO gD2 (Fig. 7A). Vaginal titers were lower in naive
and HSV-1-seropositive animals immunized with Pichia gC2/gD2
than in mock-immunized or CHO gD2-immunized animals (Fig.
7B and D). The number of days that naive guinea pigs shed HSV-2
DNA was significantly lower for the Pichia gC2/gD2 group than
for mock-immunized animals (Fig. 8A). The HSV-2 DNA copy
number in DRG was significantly lower in naive animals immu-
nized with Pichia gC2/gD2 than in those immunized with CHO
gD2 (Fig. 8B). Among HSV-1-seropositive animals, the CHO
gD2- and Pichia gC2/gD2-immunized animals had significantly
fewer DRG that contained HSV-2 DNA and lower DRG HSV-2
DNA copy numbers than the mock-immunized animals (Fig. 8C
and D).
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DISCUSSION

Protection against genital disease in HSV-1-seropositive guinea
pigs was reported previously using a replication-defective live vi-
rus, d15-29, and the gD2 subunit antigen (45). Our results confirm
and extend this important finding to include the impact of immu-
nization on recurrent vaginal shedding of HSV-2 DNA. In study 1,
we compared mock-immunized HSV-1-seropositive animals
with animals immunized with gC2 and gD2 monovalent vaccines
or a gC2/gD2 bivalent vaccine, while in study 2 we compared
mock-immunized HSV-1-naive and HSV-1-seropositive animals
with animals immunized with a gD2 monovalent or gC2/gD2 bi-
valent vaccine. In both experiments, the subunit antigen vaccines,
including gD2 alone, reduced the incidence of hind limb paralysis,
urinary retention, and genital disease in HSV-1-seropositive ani-
mals. These guinea pig results contrast with findings in human
trials, in which gD2 given with MPL or alum failed to protect
HSV-1-seropositive subjects against HSV-2 genital disease (18).
The human trial in HSV-1-seropositive individuals was powered
to detect a genital disease attack rate of 7%; however, the actual
attack rate in the trial was 1.2% in HSV-1-seropositive women,
which was significantly less than the 11.9% attack rate in HSV-1-
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seronegative women and may explain the negative result for sero-
positive subjects (18).

Other possible explanations for the discrepancy between the
human trial in HSV-1-seropositive subjects and the animal stud-

>
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ies include the possibility that immunity may have waned in the
human trial, since the interval between immunization and chal-
lenge may have been longer than that in the animal study. In
addition, the dose and virulence of strains acquired during infec-
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D) HSV-2 titers in naive (B) and HSV-1-seropositive (D) guinea pigs (n = 16 per group).
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FIG 7 Study 2 disease markers and vaginal titers. (A) Death and other disease markers in naive animals. For death, P < 0.001 for comparing gD2 or gC2/gD2
group with mock group; for hind limb weakness, P < 0.05 for comparing gD2 or gC2/gD2 group with mock group; for urinary retention/hematuria, P < 0.001
for comparing gD2 or gC2/gD2 group with mock group; for guinea pigs with genital disease, P < 0.05 for comparing gD2 group with mock group, P < 0.001 for
comparing gC2/gD2 group with mock group, and P < 0.05 for comparing gC2/gD2 group with gD2 group; and for number of lesions, P << 0.001 for comparing
gD2 or gC2/gD2 group with mock group, and P < 0.01 for comparing gD2 group with gC2/gD2 group. (B) Vaginal titers at days 1 to 14 postchallenge in naive
animals, P < 0.01 for comparing gD2 or gC2/gD2 group with mock group, and P < 0.05 for comparing gD2 group with gC2/gD2 group. (C) Death and other
disease markers in HSV-1-seropositive animals. For death, P < 0.05 for comparing gD2 or gC2/gD2 group with mock group; for hind limb weakness, P values
were not significant; for urinary retention/hematuria, P < 0.001 for comparing gD2 or gC2/gD2 group with mock group; for guinea pigs with genital disease, P <
0.001 for comparing gD2 or gC2/gD2 group with mock group; for number of lesions, P < 0.001 for comparing gD2 or gC2/gD2 group with mock group. (D)
Vaginal titers at days 1 to 14 postchallenge in HSV-1-seropositive animals (P < 0.01 for comparing gD2 or gC2/gD2 group with mock group, and P < 0.01 for
comparing gD2 group with gC2/gD2 group. Results in panels B and D represent geometric mean titers = SEM (n = 16 per group, except n = 15 in

mock-immunized naive group).

tion in humans may differ from conditions in the guinea pig
model. A final consideration is that the animal model may poorly
predict outcomes in humans, in part because HSV has coevolved
with humans and has adapted strategies to evade human immu-
nity more effectively than guinea pig immunity. Nevertheless, the
guinea pig genital infection model accurately reproduces many
features of genital disease in humans, including the gross and mi-
croscopic appearance of genital lesions, establishment of latency
in DRG, development of recurrent disease, subclinical genital
shedding of HSV-2 DNA, and protection against genital disease by
prior HSV-1 infection (45, 47, 52). Another disease manifestation
that is reproduced in the guinea pig model is that subclinical vag-
inal shedding of HSV-2 DNA occurs in the absence of genital
lesions, as reported here. In study 1, vaginal shedding was detected
on 49/680 (7%) days, combining the results from all four HSV-1-
seropositive groups. Forty of the 49 (82%) shedding days occurred
when no genital lesions were detected, which reproduces an im-
portant feature of genital herpes virus infection in humans (6, 53).

HSV-1-seropositive animals had fewer genital lesions than
HSV-1-naive animals, confirming that prior HSV-1 infection is
protective. Although immunization reduced disease severity in
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HSV-1-seropositive animals, immunization did not reduce vagi-
nal shedding of HSV-2 DNA in these animals. For example, in
study 1, HSV-1-seropositive guinea pigs in the mock group had
recurrent genital disease on 31% of days, compared with 1% of
days for the gC2/gD2 group, yet HSV-2 DNA vaginal shedding
was detected on 8% of days for the mock group and 6% of days for
the gC2/gD2 group. The explanation for the discordance between
protection against genital disease and vaginal shedding of HSV-2
DNA in HSV-1-seropositive animals is unclear. A role for CD8 ™ T
cells in controlling HSV-2 in DRG and at peripheral sites has been
proposed (54, 55). Recently, therapeutic immunization of guinea
pigs with gD2 and ICP4 subunit antigens given with Matrix M-2
adjuvant was shown to induce humoral immune responses and
CD4" and CD8™ T-cell responses and to reduce recurrent genital
lesions and recurrent vaginal shedding of HSV-2 DNA (56). Based
on our prior flow cytometry results for mice, it seems likely that
the gC2 and gD2 subunit antigens stimulated CD4 " T-cell re-
sponses in guinea pigs (21). Virus was present in vaginal secretions
of immunized animals, which likely stimulated additional CD4 ™"
and CD8" T-cell responses; however, the immune boost from
immunization and vaginal challenge was not sufficient to prevent
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HSV-2 DNA detection in naive guinea pigs
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FIG 8 Study 2 HSV-2 DNA detection in vaginal secretions and DRG. (A) HSV-2 DNA detection in naive animals. For HSV-2 DNA-positive days, P < 0.05 for
comparing gC2/gD2 and mock groups. (B) HSV-2 DNA copy number in DRG of naive animals (n = 5 for mock group, 15 for gD2 group, and 16 for gC2/gD2
group). (C) HSV-2 DNA detection in HSV-1-seropositive animals. For the number of DRG positive for HSV-2 DNA, P < 0.05 for comparing gD2 group with
mock group, and P < 0.01 for comparing gC2/gD2 group with mock group. (D) HSV-2 DNA copy number in DRG of HSV-1-seropositive animals (n = 10 for

mock group, 15 for gD2 group, and 16 for gC2/gD2 group).

vaginal shedding of HSV-2 DNA. Therefore, additional ap-
proaches to boost immunity, particularly CD8 " T-cell responses
and mucosal immunity, may be required to reduce vaginal HSV-2
shedding in HSV-1-seropositive animals (56, 57). In contrast, im-
munization with gC2/gD2 was effective at reducing the number of
days of vaginal shedding of HSV-2 DNA in naive animals in both
the current study and our prior study (21).

Study 1 used the same antigens and adjuvants individually or
combined to facilitate comparisons between groups. Comparing
gC2/gD2 immunization with gD2 alone, the bivalent gC2/gD2
vaccine significantly outperformed gD2 alone in multiple immu-
nologic and disease parameters in HSV-1-seropositive animals, as
we previously reported for naive guinea pigs (21). In study 2, the
CHO gD2 experiments were designed to evaluate gD2 concentra-
tions and adjuvants similar to those used by others (50), which
differed from the gD2 concentration and adjuvants used in Pichia
experiments. Therefore, comparisons between the gD2 and gC2/
gD2 groups are confounded in study 2; nevertheless, it is inter-
esting that gC2/gD2 significantly outperformed gD2 alone in
multiple variables, while in no assessment did gD2 significantly
outperform gC2/gD2. Comparing studies 1 and 2 for immunoge-
nicity and vaccine efficacy yielded many similar results; however,
some differences were detected, which may be attributable to the
adjuvants, antigen concentrations, or expression systems used to
prepare immunogens in the two studies.
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Immunization of naive and HSV-1-seropositive guinea pigs
boosted neutralizing antibody titers to both HSV-1 and HSV-2.
Complement enhanced the neutralization in gC2- or gC2/gD2-
immunized animals in study 1, which can be attributed at least in
part to the observation that gC antibodies block the ability of the
glycoprotein to interact with C3b (20, 21, 33). Complement did
not enhance antibody neutralization of gD2-immunized animals,
which was expected, since gC1 and gC2 were available to inhibit
complement activation. The HSV-1 neutralizing antibody titers in
naive guinea pigs are of particular interest, since many first-time
genital infections are caused by HSV-1 (19, 58). The high neutral-
izing titers to HSV-1 induced by immunization with gD2 in naive
animals may explain the protection against HSV-1 genital disease
reported for humans using the GSK gD2 vaccine (19). It will be
interesting to evaluate whether immunization with gC2/gD?2 pro-
tects against HSV-1 vaginal challenge.

The observation that subunit antigens were immunogenic and
protective in HSV-1-seropositive animals is encouraging, since
screening to exclude HSV-1-infected individuals prior to immu-
nization may not be required. The gC2/gD2 combination was ef-
ficacious in preventing genital disease in naive and HSV-1-sero-
positive guinea pigs, although it reduced the number of days of
vaginal shedding of HSV-2 DNA only in naive animals. Prevent-
ing genital disease was the primary endpoint in several large hu-
man vaccine trials (18, 19). Our results indicate that immuniza-
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tion with gC2/gD2 achieved this important endpoint and suggest
that HSV-1-seropositive individuals may benefit from an HSV-2
vaccine.
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