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We are interested in developing a vaccine that prevents genital herpes. Adjuvants have a major impact on
vaccine immunogenicity. We compared two adjuvants, an experimental Merck Sharp & Dohme lipid
nanoparticle (LNP) adjuvant, LNP-2, with CpG oligonucleotide combined with alum for immunogenicity
in mice when administered with herpes simplex virus type 2 (HSV-2) glycoproteins C, D and E (gC2, gD2,
gE2). The immunogens are intended to produce neutralizing antibodies to gC2 and gD2, antibodies to gD2
and gE2 that block cell-to-cell spread, and antibodies to g2 and gC2 that block immune evasion from

iﬁiﬁlr\f;gtss antibody and complement, respectively. Overall, CpG/alum was better at producing serum and vaginal
Herpes simplex virus IgG binding antibodies, neutralizing antibodies, antibodies that block virus spread from cell-to-cell,
Vaccines and antibodies that block immune evasion domains on gC2. We used a novel high throughput biosensor
Epitopes assay to further assess differences in immunogenicity by mapping antibody responses to seven crucial
Antibodies epitopes on gD2 involved in virus entry or cell-to-cell spread. We found striking differences between
Biosensor CpG/alum and LNP-2. Mice immunized with gD2 CpG/alum produced higher titers of antibodies than

LNP-2 to six of seven crucial epitopes and produced antibodies to more crucial epitopes than LNP-2.

Measuring epitope-specific antibodies helped to define mechanisms by which CpG/alum outperformed

LNP-2 and is a valuable technique to compare adjuvants.

© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Vaccines to prevent infectious diseases are among the most
important public health advances in the past century. The develop-
ment of new vaccines and improvements in existing vaccines will
depend in part on advances in adjuvant technology. Adjuvants

Abbreviations: HSV-2, herpes simplex virus type 2; gC2, gD2, gE2, HSV-2
glycoproteins C, D or E; LNP, lipid nanoparticle; MPL, monophosphoryl lipid A;
HBsAg, hepatitis B surface antigen; TLR9, toll-like receptor 9.
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have a major impact on reducing the amount of subunit antigen
required to produce an immune response while increasing potency
[1-5]. Relatively few adjuvants have been approved for use in
humans despite the multitude of adjuvants that are in develop-
ment [6]. Licensed adjuvants include aluminum-based adjuvants
(alum), monophosphoryl lipid A (MPL), QS-21, CpG, MF59, and
some adjuvant combinations including MPL and alum (referred
to as ASO4), and MPL and QS-21 (referred to as ASO1B) [1,7-10].
Preclinical immunogenicity studies are important to evaluate both
efficacy and safety of new adjuvants [11,12].

CpG oligodeoxynucleotide is an agonist of Toll-like receptor 9
(TLR9) and is a potent inducer of antigen-specific B and T cells
[13-15]. CpG was recently approved for use in humans as an adju-
vant with hepatitis B surface antigen (HBsAg) [8]. Alum has been
widely used as a vaccine adjuvant for approximately 90 years
and is a robust inducer of antibodies [1]. In preclinical studies in
guinea pigs, we evaluated CpG and alum as an adjuvant for an

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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HSV-2 subunit antigen vaccine containing glycoproteins C and D
(gC2 and gD2) [16]. Subsequently, the Friedman laboratory added
glycoprotein E (gE2) to gC2 and gD2 with CpG/alum as the adju-
vant in a trivalent vaccine [17,18]. The current study was designed
to compare antibody responses using CpG/alum with those using a
novel Merck Sharp & Dohme (MSD) lipid nanoparticle (LNP) adju-
vant, LNP-2. We focused on antibody responses because antibodies
correlate with protection for most successful prophylactic vaccines
[19,20].

LNPs are novel vehicles used to deliver nucleic acids, such as
short interfering RNA (siRNA) or modified mRNA and they may also
have immune modulating properties [21-25]. In the context of
nucleic acid delivery, LNPs are primarily used to effect cellular
uptake and endosomal escape of large molecular weight and highly
charged cargo, such as siRNA or to deliver TLR9 agonists, such as
CpG [22,26-28]. In these capacities, the focus is on reducing
immune stimulating properties of LNPs. LNPs are also potential
adjuvants that enhance immunity when co-administered with
subunit antigens [29-32]. Some appealing features of LNPs are
their ability to form particles that are typically <100 nm that are
taken up by dendritic cells, and their capacity to induce strong
immune responses [33]. Swaminathan et al. evaluated a novel
LNP formulation (LNP-6) in C57BL/6 and BALB/c mice comparing
LNP-6 alone, a synthetic TLR9 agonist immune-modulatory
oligonucleotides (IMO) IMO-2125 alone, or both in combination
to enhance immune responses to HBsAg and ovalbumin [28]. The
results indicated that LNP-6 alone stimulated potent antibody
responses to HBsAg and ovalbumin that was predominantly T2,
and that combining LNP with IMO-2125 shifted the response to
Tu1. LNP-6 alone stimulated CD4* and CD8" antigen-specific T cell
responses that were further enhanced by adding IMO-2125. In
addition, LNP-6 induced strong B- and T-cell responses when co-
administered with tetravalent Dengue virus envelope antigens in
rodents and non-human primates [34].

We evaluated whether immunization of mice with CpG/alum or
a new LNP formulation, LNP-2, produced antibodies to gC2 and gD2
that neutralized virus, antibodies to gD2 and gE2 that blocked cell-
to-cell spread, and antibodies to g2 and gC2 that blocked immune
evasion from antibody and complement [18,35]. In addition, we
used high throughput biosensor technology to assess antibody
responses to crucial gD2 epitopes involved in virus entry and
cell-to-cell spread. The results of the high throughput biosensor
technology helped define the mechanisms by which CpG/alum
outperformed LNP-2.

2. Materials and methods
2.1. Murine ethics statements

Female C57BL/6 mice studies were performed in accordance
with protocol No. 805187 approved by The Institutional Animal
Care and Use Committee of the University of Pennsylvania. The
protocol followed recommendations in the Institute for Laboratory
Animals Research’s “Guide for the Care and Use of Laboratory Ani-
mals.” At the end of the experiment, mice were deeply anes-
thetized with ketamine and xylazine and terminally bled by
cardiac puncture. Animals were observed until breathing and
heartbeat were no longer detected. These methods are consistent
with the recommendations of the Panel on Euthanasia of the Amer-
ican Veterinary Medical Association.

2.2. Immunizations

The subunit antigens in this study were purified from
baculovirus-infected sf9 cells and consist of bac-gC2(426t),

bac-gD2(306t) and bac-gE2(24-405t) [17]. Seven groups of
C57BL/6 mice with 10 animals per group were immunized three
times at 2-week intervals with 50 pl into each hind limb quadri-
ceps containing: (1) Antigen alone: all three subunit antigens
(gC2, gD2 and gE2) were used at 5 pg each and mixed with PBS
instead of an adjuvant; (2) gC2 LNP-2: LNP-2 adjuvant was used
at 125 pg mixed with 5 pg gC2; (3) gD2 LNP-2: 125 pg LNP-2
was mixed 5 ng gD2; (4) gE2 LNP-2: 125 pg LNP-2 was mixed with
5 ng gE2; (5) gC2 CpG: 50 pug CpG and 125 pg alum were mixed
with 5 pg gC2; (6) gD2 CpG: 50 ug CpG and 125 pg alum were
mixed with 5 pug gD2; and (7) gE2 CpG: 50 ug CpG and 125 pg
alum were mixed with 5 pg gE2. Two weeks after the third immu-
nization, all mice were terminally bled. This study was designed to
assess immunogenicity.

2.3. Formulation of LNP-2 and CpG/alum adjuvants

LNP-2 was prepared by rapid precipitation, as previously
described [27,28]. The lipid components of LNP-2 include (2S)-1-
({6-[(3B))-cholest-5-en-3-yloxy]hexyl}oxy)-N,N,-dimethyl1-3-[(9Z)-
octadec-9-en-1yloxyl]propan-2-amine, distearoylphosphatidylcholine,
cholesterol, and poly(ethylene glycol)2000-dimyristoylglycerol in a
molar ratio of 58:30:10:2, respectively. The antigens were
co-mixed with 125 pg LNP-2 or 50 pug CpG oligonucleotide
TCCATGACGTTCCTGACGTT (Coley Pharmaceutical) and 125 pg
alum (Alhydrogel; Accurate Chemical and Scientific Corp.) immedi-
ately before injection into mice. The antigens and adjuvants were
diluted in a final volume of 100 pl and animals were immunized
with 50 pl in each hind limb.

2.4. Antibody assays

All antibody studies were performed using similar concentra-
tions of serum or purified IgG when comparing CpG/alum with
LNP-2.

2.4.1. IgG ELISA assays on sera or vaginal wash fluids

Vaginal wash fluids were collected just prior to euthanizing the
mice. 20 pl of PBS was introduced into the vaginal cavity and
immediately retrieved using a micropipette. This procedure was
repeated and the fluids pooled for each mouse. Purified bac-gC2
(426t), bac-gD2(306t) or bac-gE2(24-405t) were added to 96-
well High Binding Costar microtiter plates (Corning Incorporated,
Corning, NY). Sera were added at a 1:1000 dilution in PBS 0.05%
Tween 20 (PBST) or vaginal wash fluids were added at a 1:200 dilu-
tion and bound IgG was detected [18,36].

ELISA assays to detect IgG1 and IgG2a isotypes: The assays were
performed using 100 ng of each glycoprotein antigen. Mouse
serum was added at a 1:1000 dilution and bound IgG was detected
using rat anti-mouse IgG1 or IgG2a (BD Pharmingen) at 1:2000.

2.4.2. Neutralizing antibody assays

Serum was incubated at 56 °C for 30 min to inactivate comple-
ment. Serial serum dilutions starting at 1:20 were incubated with
100 PFU of HSV-2 strain MS and plaques counted in Vero cells [16].
The endpoint neutralization titer was considered the dilution that
reduced plaque numbers by > 50% compared with PBS controls.

2.4.3. gC2 blocking assay measured by ELISA

Wells of a 96-well High Binding Costar microtiter plate were
coated with 200 ng/well of purified C3b in sodium bicarbonate
binding buffer (pH 8.5) for 1 h at RT, overnight at 4 °C, and blocked
for 2 h at RT with 5% (wt/vol) nonfat milk in PBST [18]. 10 ul of
serum from each mouse in the group was pooled and the IgG
was purified in a Protein G Spin Plate (Thermo Scientific, Pierce
Biotechnology). Pooled sera was used rather than evaluating each
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serum separately because insufficient serum was available to pur-
ify IgG from individual animals. Purified pooled murine IgG at
50 pg/ml was incubated with 50 ng gC2(426t) for 1h at 37°C
and added to C3b-coated wells for 1 h. Bound gC2 was detected
with rabbit anti-gC2 serum. The OD 405 nm reading obtained with
antigen alone was set at a relative value of 1 and the OD readings in
the other groups were adjusted in comparison with the antigen
alone group. This adjustment enabled us to compare C3b binding
values obtained in assays run on different days.

2.4.4. gE2 blocking assays

IgG that blocked the interaction of gE2 with IgG Fc was evalu-
ated by a capture ELISA [35]. Human IgG from an HSV-1/HSV-2
seronegative subject was used to coat ELISA wells at 1 pg IgG/well.
Murine IgG was purified and pooled as above, and 50 pg/ml was
incubated with 400 ng gE2(24-405t) for 1 h at 37 °C and added
to IgG coated wells for 1 h. Bound gE2 was detected with rabbit
anti-gé2 serum. The OD 405 nm reading obtained with antigen
alone was set at a relative value of 1, as noted for C3b binding.

2.4.5. Cell-to-cell spread assays

Cell-to-cell spread assays were performed by infecting Vero
cells with approximately 100 PFU of HSV-2 for 1 h. Cells were acid
washed with citrate buffer pH 3.0 for 1 min followed by several
washes with media pH 7.2. A 1:40 dilution of mouse sera was
added for 4 h at 37 °C, then removed and followed immediately
by adding a 1:40 dilution of mouse serum in a methylcellulose
overlay to prevent cell-free virus from spreading in the super-
natant fluids [17]. Plaque size was determined at 72 h using an
inverted light microscope fitted with an eyepiece micrometer
[37]. Plaque size was measured for plaques in one quadrant of
the plate (approximately 25 plaques), with measurements extend-
ing into additional quadrants if fewer than 25 plaques were pre-
sent in the initial quadrant. This assay is designed to measure
antibodies that block cell-to-cell spread without requiring the anti-
bodies to block virus entry as measured in the neutralizing anti-
body assay.

2.4.6. Antibody responses to crucial gD2 epitopes

Assays were performed using the Carterra Microfluidics Contin-
uous Flow Microspotter surface plasmon resonance imaging (CFM/
SPRi) system [35]. Briefly, 21 gD2 MAbs representing seven com-
munities/subcommunities were amine-coupled to a CDM200M
sensor chip (XanTec GmbH) in a 96-spot format that was placed
in the SPR imager (IBIS MX96), blocked with ethanolamine, and
primed with running buffer (PBS-0.01% Tween 20). Antibody com-
petitions were performed by incubating 75 ng of soluble gD2(285t)
with 4 pl of mouse serum in 200 pl total volume and flowing the
gD2:mouse serum mix across the gD2 MAbs plated on the biosen-
sor chip. After each flow through of the gD2(285t):mouse serum
mix, the chip surface was regenerated using 10 mM glycine pH
2.0. Every 10th cycle gD2 without mouse serum was flowed across
the chip and the RU value was used to reset the background bind-
ing of gD2 alone for comparison with the gD2:mouse serum mix.
The blocking activity of the mouse serum was calculated for each
MAD as a percentage using the formula: [1-(RU gD2(285 t) + mouse
serum)/(RU gD(285t) alone)]*100%. We used gD2(285t) for gD2
epitope mapping studies despite immunizing mice with gD2
(306t) based on MAbs in one community (MAb 77S) binding better
to gD2(285t) than to gD2(306t) [38].

2.5. Statistical analysis
The two-tailed Mann-Whitney test was used to determine sta-

tistical significance comparing two groups. The two-tailed Fisher’s
exact test was used to evaluate proportional differences between

variables. A two-tailed, one-sample t-test adjusted for a hypothet-
ical value of 1 was used to compare two groups when one group
showed no variability. Results were considered significant at
p <0.05.

3. Results

HSV-2 gC2, gD2, or gE2 subunit antigen was mixed with LNP-2
or CpG/alum and used to immunize 10 mice/group three times at
two-week intervals (total six groups). An additional group of 10
mice served as a control and contained all three immunogens,
gC2, gD2 and gE2 in PBS without an adjuvant. Two weeks after
the third immunization animals were terminally bled and vaginal
wash fluids obtained for antibody studies.

3.1. Serum and vaginal mucosal antibody responses

Sera were evaluated at a 1:1000 dilution. CpG/alum produced
significantly higher IgG titers than LNP-2 to gC2 and gD2. The titers
were also higher to gé2; however, the differences did not reach sta-
tistical significance (Fig. 1a). Statistically significant differences
were detected between groups that were immunized with antigen
alone or with either LNP-2 or CpG/alum (Fig. 1a). Mucosal IgG
titers were performed at a 1:200 dilution of vaginal wash fluids.
CpG/alum produced significantly higher vaginal IgG titers to gD2.
Titers were also higher to gC2 and gE2, but did not reach statistical
significance (Fig. 1b). Compared to antigen alone, CpG/alum pro-
duced significantly higher mucosal antibody titers to each of the
three antigens, while LNP-2 did not (Fig. 1b). We conclude that
CpG/alum outperformed LNP-2.

3.2. Serum Ty1 and Ty2 responses

We evaluated the serum IgG2a and IgG1l antigen-specific
responses to gC2, gD2 and gE2. The ratio of IgG2a to IgG1 is a mar-
ker of a Tyl (pro-inflammatory, cell mediated) or Ty2 (anti-
inflammatory, humoral) immune response. A ratio of 1gG2a:IgG1
of >2.0 suggests a predominant Tyl response, while a ratio
of < 0.5 represents a predominant Ty2 response. Ratios between
0.5 and 2.0 are considered balanced Ty1:Ty2 response [39]. HSV-
2 gC2 LNP-2, gD2 LNP-2, and gE2 LNP-2 produced antigen-
specific IgG1 but very little IgG2a (Fig. 2a, b) consistent with a
Ty2 response (Fig. 2¢). In contrast, CpG/alum produced a more bal-
anced IgG2a:IgG1 response (Fig. 2a-c). The optimum response has
not been determined for an HSV-2 subunit antigen vaccine,
although a balanced response is considered desirable [40].

3.3. Antibodies that block immune evasion domains on gC2 and gE2

Antibodies to gC2 and gE2 produced by immunization block
immune evasion domains on gC2 that bind complement compo-
nent C3b and on gE2 that bind the Fc domain of IgG [16-18,41].
Blocking immune evasion domains is part of our rationale for
including gC2 and gE2 in the trivalent subunit antigen vaccine.
Sera were evaluated from mice immunized with antigen alone,
gC2 LNP-2, or gC2 CpG/alum. IgG was purified from 100 pl of
pooled sera using 10 pl from each of 10 mice/group. Antibodies
produced by gC2 CpG/alum immunization blocked C3b binding
to gC2 significantly better than antibodies produced by antigen
alone or by gC2 LNP-2 (Fig. 3a).

Similar studies were performed to compare gE2 LNP-2 and gE2
CpG/alum. Differences were not significant comparing g2 LNP-2
and gE2 CpG/alum for blocking IgG Fc binding to gE2, although
gE2 CpG, but not g2 LNP-2 blocked IgG Fc binding better than
antigen alone (Fig. 3b). We conclude that CpG/alum outperformed
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Fig. 1. Serum and vaginal wash fluid IgG ELISA titers. (a) Sera and (b) vaginal wash fluids were tested for IgG binding to gC2, gD2, or gE2. Each individual mouse is shown.
Error bars represent SEM. Note that the Y-axis scale varies in these figures. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ns, not significant. P values were determined by the two-

tailed Mann-Whitney test.

LNP-2 in blocking gC2 immune evasion domains, and although dif-
ferences between CpG/alum and LNP-2 were not significant for
blocking gE2 immune evasion domains, the results indicate that
CpG/alum was more effective.

3.4. Antibodies that block HSV-2 cell-to-cell spread

Both gD2 and gE2 promote virus spread from cell-to-cell, and
antibodies to each glycoprotein block cell-to-cell spread resulting
in small plaques [17,35,42-44]. Virus was mixed with a 1:40 dilu-
tion of serum from each mouse. Plaque size was determined for 25
plaques per serum and plotted as the average plaque size for each
animal (Fig. 4a). The smallest plaques were detected in the gD2
CpG/alum group. These plaques were significantly smaller than
those in the gD2 LNP-2 group. No significant differences were
detected comparing gE2 LNP-2 with gE2 CpG/alum, although the
CpG group had smaller plaques than the LNP group (p = 0.075).
Each group immunized with LNP-2 or CpG/alum had smaller pla-
ques than the antigen alone group (Fig. 4a).

3.5. Neutralizing antibody responses

Antibodies to gC2 or gD2 neutralize virus [18,35]. We compared
neutralizing antibody responses to gC2 or gD2 in the absence of
complement. Neutralizing titers produced by gD2 or gC2 CpG/alum
were significantly higher than gD2 or gC2 LNP-2 (Fig. 4b). We con-
clude that the adjuvant has a major impact on the neutralizing
activity of gC2 and gD2 antigens.

3.6. Antibodies that block crucial gD2 epitopes involved in
neutralization or cell-to-cell spread

We reported that protection against intravaginal HSV-2 infec-
tion in guinea pigs immunized with gD2 CpG/alum correlated with
antibodies that bind to crucial gD2 epitopes involved in virus
attachment to HVEM and nectin-1 receptors, activation of down-
stream entry molecules gH2/gL2, and cell-to-cell spread [35]. The
greater the number of crucial epitopes bound, the better the pro-
tection was against genital herpes. The assay to measure epitope-
specific antibodies uses a high throughput biosensor platform in
which monoclonal antibodies (MAbs) are coupled to a biosensor
chip. HSV-2 gD2 antigen is incubated with mouse serum and the
gD2/serum mix is floated over the MAbs on the biosensor chip.
Binding of gD2 to a MAb on the biosensor chip indicates that the
mouse serum did not contain antibody to the epitope recognized
by the MADb, while decreased or no binding of gD2 indicates that
antibody was produced and competitively inhibited gD2 binding
to the MAb [38,45]. The higher the titer of the antibody and/or
the higher the avidity, the greater the percent blocking of gD2
binding to the MAb on the biosensor chip.

We evaluated 21 MAbs that are grouped into seven communi-
ties/subcommunities [35,38]. Results are shown for prototype
MAbs from each of these seven communities/subcommunities
(Fig. 5). The prototype MAbs are representative of the results
obtained with all 21 MAbs. Prototype MAbs include MAb M(C23
that blocks entry by the nectin-1 receptor, MAb 77S that blocks
entry by both the nectin-1 and HVEM receptors, MAb 1D3 that
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Fig. 3. Blocking C3b binding to gC2 and IgG Fc binding to gE2. Sera were pooled from 10 mice per group, IgG was purified and 50 pig/ml was tested for (a) blocking gC2
binding to C3b or (b) blocking gE2 binding to IgG Fc. Results shown are the mean and SEM of 4 determinations for (a) and 2-3 for (b). P values comparing LNP with CpG were
performed using the two-tailed Mann-Whitney test, while P values comparing antigen alone with LNP or CpG were calculated using a two-tailed one-sample t-test adjusted
for a hypothetical value of 1. *, p < 0.05; ***, p < 0.001; ns, not significant.

each of the crucial epitopes identified by the seven prototype
MADbs, and the titers of antibodies were higher in mice immunized
with CpG/alum based on greater blocking of gD2 binding to the
MAbs (Fig. 5). CpG/alum significantly outperformed LNP-2 for

blocks entry by the HVEM receptor, MAbs MC2 and MC5 that are
hypothesized to block gD2 activation of gH2/gL2, and MAbs DL6
and MC14 that block cell-to-cell spread [35,38,46-48]. More mice
immunized with CpG/alum than LNP-2 produced antibodies to
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for each mouse serum.

, p<0.001; ns, not significant. (b) Neutralizing antibody titers in gC2- and gD2-immunized mice: Sera from mice (n = 10/group) immunized with

antigen alone without adjuvant, gC2 LNP-2, gC2 CpG/alum, gD2 LNP-2 and gD2 CpG/alum were tested for neutralizing activity in the absence of complement. Each individual
mouse is shown. **, p < 0.01; ***, p < 0.001. For (a-b), error bars represent SEM, and P values were determined by the two-tailed Mann-Whitney test.
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block gD2 binding to MAbs. Blocking gD2 binding to seven prototype MAbs on a
biosensor chip by each mouse serum. Sera were tested once. Error bars represent
SEM. ***, p < 0.001. P values were calculated by the two-tailed Mann-Whitney test.

blocking gD2 binding to 6 of 7 prototype antibodies. The only
exception was 1D3 where differences favored CpG/alum but did
not reach statistical significance (p = 0.10).

We calculated the cumulative percent blocking by each mouse
serum of gD2 binding to five neutralizing epitopes represented
by MAbs M(C23, 77S, 1D3, MC2 and MC5 (Fig. 6a), or to two cell-
to-cell spread epitopes identified by MAbs DL6 and MC14
(Fig. 6b), or to all seven crucial epitopes (Fig. 6¢) [35]. CpG/alum
significantly outperformed LNP-2 in each analysis. We assessed
the correlation between gD2 antibodies that block neutralizing
epitopes and neutralizing titers (Fig. 6d) or gD2 antibodies that
block cell-to-cell spread epitopes and plaque size (Fig. 6e). Neutral-
izing antibody titers correlated with the cumulative percent block-
ing of gD2 binding to MAbs that recognize neutralizing epitopes
(p=0.0002) (Fig. 6d), while plaque size correlated with the cumu-
lative percent blocking of gD2 binding to MAbs that recognize cell-
to-cell spread epitopes (p=0.0007) (Fig. 6e). We evaluated the
number of crucial epitopes blocked by each mouse in the gD2
LNP-2 group or the gD2 CpG/alum group (Fig. 6f). The mean num-

ber of epitopes blocked per mouse was significantly higher in the
gD2 CpG/alum group at 5.8 +1.7 epitopes compared with gD2
LNP-2 that produced antibodies that blocked 3.4 + 1.6 epitopes
(p=0.008) (Fig. 6f). We conclude that antibodies produced to
gD2 epitopes involved in virus entry or cell-to-cell spread help to
define the mechanisms by which CpG/alum outperformed LNP-2
in producing gD2 neutralizing antibodies and small plaques.

4. Discussion

Measuring epitope-specific antibody responses is a powerful
approach to assess adjuvants. An impressive difference emerged
when we evaluated antibody responses to seven crucial gD2 epi-
topes involved in virus entry and cell-to-cell spread. CpG/alum
produced significantly higher titers of antibodies that blocked six
of seven crucial gD2 epitopes. Four of these epitopes are conforma-
tional, including those recognized by MAbs M(C23, 77S, MC2 and
MC5, while three are linear, 1D3, DL6, and MC14 [35]. Antibody
responses to both conformational and linear epitopes were
reduced in the LNP-2-immunized animals, suggesting that disrupt-
ing gD2 conformation is not sufficient to explain the reduced anti-
body responses [35,38].

Different mechanisms of action of the adjuvants likely explain
the greater breadth of epitope responses produced by CpG/alum.
CpG is a TLR9 agonist while alum triggers the NLRP3 pathway
[13-15,49]. The combination generally induces a balanced Tyl:
Ty2 response through a MyD88/IL-10 dependent pathway [50].
LNP-based adjuvants typically result in Ty2-type immunity [28].
Our internal investigations and published evidence suggest that
cationic nanoparticles/nanocarriers like LNP-2 may activate the
TLR2 or TLR4 pathways [51,52]. Our results suggest that the TLR9
and NLRP3 pathways stimulated by CpG and alum function as
more potent adjuvants for the gC2, gD2 and gE2 antigens com-
pared to TLR2 and/or TLR4 pathways that may potentially be acti-
vated by LNP-2. Although not measured here, it seems likely that
CpG/alum induced more potent CD4 T helper cell responses than
LNP-2 to account for enhanced antibody responses.

It is possible that the antibody responses to CpG/alum or LNP-2
may vary depending on whether the antigens are produced in bac-
ulovirus, as in our studies, or in mammalian cells because different
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glycosylation patterns may impact immune responses [53]. It is
also possible that different concentrations or dosing intervals for
LNP-2 may have yielded higher antibody titers. The LNP-2 dose
of 125 ug was chosen based on the our published studies and work
in-progress using LNP-based vaccine formulations. In those stud-
ies, 125 g of LNP produced significant antibody responses against
HBsAg, ovalbumin, and Dengue envelope antigens [28,32,34]. The
majority of the murine vaccine studies conducted by the authors
with LNP-based adjuvants used a two- or three-dose regimen sep-
arated by two weeks, while the murine studies with CpG/alum and
HSV-2 subunit proteins used a three-dose regimen, two weeks
apart [16,17]. We chose 125 ug of LNP-2 adjuvant and a three-
dose regimen every two weeks as a reasonable strategy for head-
to-head comparisons between LNP-2 and CpG/alum adjuvants.
LNP-2 was chosen as an adjuvant for this study (rather than our
previously evaluated LNP-6 adjuvant) because LNP-2 and LNP-6
demonstrated comparable adjuvant properties in our internal
unpublished murine studies. LNP-2 has not been evaluated as
extensively as LNP-6.CpG/alum was superior to LNP-2 in this
study; however, LNP formulations may vary widely from one
another and it is possible that other LNP adjuvants may have dif-
ferent modes-of-action with divergent effects on antibody
responses.

We previously reported that the more crucial gD2 epitopes
blocked, the better the protection was against intravaginal chal-
lenge in gD2-immunized guinea pigs [35]. We also performed anti-
body passive transfer studies in mice to demonstrate that
antibodies to each of seven crucial epitopes protected against sub-
sequent genital challenge with HSV-2 [35]. The current study was

not designed to compare protection after genital challenge. Based
on our prior challenge results in guinea pigs and mice, the signifi-
cant differences in epitope responses comparing LNP-2 and CpG/
alum are likely to translate into differences in protection.

We have now evaluated epitope-specific antibody responses in
mice and guinea pigs immunized with the same gD2 subunit anti-
gen, bac-gD2(306t) with CpG/alum as adjuvants [35]. Nine of ten
(90%) mice produced antibodies that competed with MAb MC14
that blocks cell-to-cell spread, compared with 3/24 (13%) guinea
pigs, and 7/10 (70%) mice produced antibodies that competed with
MC2 that is proposed to interfere with the interaction between
gD2 and gH2/gL2, compared with 8/25 (32%) guinea pigs [35,48].
The mean number of epitopes blocked in mice was 5.8 + 1.7 com-
pared with 4.2 + 1.3 in guinea pigs (p = 0.007 by Mann-Whitney)
[35]. We hypothesize that the more potent epitope-specific
responses noted in mice may help explain why gD2 immunized
mice appear to be easier to protect against genital herpes than
gD2 immunized guinea pigs [17,18]. C57BL/6 mice are inbred
while Hartley strain guinea pigs are outbred, which may, in part
explain the species differences that have emerged. Future studies
using outbred mice or inbred guinea pigs may help to clarify the
impact of genetics on epitope responses.

We previously reported epitope-specific antibody responses in
subjects that were enrolled in the Herpevac Trial for Women
[45,54]. These women received an experimental GSK gD2 vaccine
administered with MPL/alum. The human studies are not directly
comparable to the mice and guinea pig studies in that a 281 amino
acid fragment of gD2 was used in the human studies compared
with 306 amino acids in mice and guinea pigs, and MPL/alum
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was the adjuvant in the human studies compared with CpG/alum
in mice and guinea pigs. All the epitopes evaluated in the animal
and human studies are included in the 281 and 306 gD2 amino acid
fragments used for the human and animal vaccine trials. Antibod-
ies were produced to a mean of 2.9 epitopes in the human studies
compared to 5.8 in mice and 4.2 in guinea pigs [35]. The poor
response to crucial epitopes in immunized humans may explain
why humans are difficult to protect using an HSV-2 vaccine, partic-
ularly if these species differences are reproduced using identical
antigens and adjuvants in humans and outbred animals.

Important immune responses to evaluate in Phase | human tri-
als with gC2, gD2 and gE2 antigens include serum and mucosa IgG
antibodies, serum neutralizing antibodies, antibodies that block
cell-to-cell spread, antibodies that block immune evasion domains,
and antibodies to crucial epitopes. We intend to expand the anal-
ysis of epitope-specific antibody responses to include epitopes on
gC2 and gE2. This expansion requires a large panel of gC2 and
gE2 MADbs that can be arranged into communities, and then deter-
mining the crucial gC2 and gE2 functions blocked by the MAbs
[35,38]. Information learned about epitope-specific antibody
responses will then be used to identify gaps in immune responses
to crucial epitopes. For example, our current results indicate that
gC2 CpG/alum produced higher titers of antibodies that blocked
C3b binding than gC2 LNP-2. We will better understand the defi-
ciencies in the gC2 LNP-2 antibody profile once we are able to mea-
sure antibody responses to crucial gC2 epitopes that bind C3b. One
method to avoid gaps in antibody responses is to modify epitopes
that are weakly immunogenic. Our current study suggests that
another approach to avoid gaps is to modify adjuvants.

5. Conclusions

Antibody responses to crucial gD2 epitopes involved in virus
entry and cell-to-cell spread helped explain differences between
gD2 CpG/alum and gD2 LNP-2 in producing neutralizing antibodies
and small plaques. Epitope mapping is a powerful new tool to com-
pare antibody responses produced by different adjuvants.
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