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Abstract

Herpes simplex viruses 1 and 2 are among the most ubiquitous human infections and persist lifelong in their host. Upon primary infection
or reactivation from ganglia, the viruses spread by direct cell–cell contacts (cell-to-cell spread) and thus escape from the host immune
response. We have developed a monoclonal antibody (mAb 2c), which inhibits the HSV cell-to-cell spread, thereby protecting from lethal
genital infection and blindness in animal models. In the present study we have designed a nanoparticle-based vaccine to induce protective
antibody responses exceeding the cell-to-cell spread inhibiting properties of mAb 2c. We used biodegradable calcium phosphate (CaP)
nanoparticles coated with a synthetic peptide that represents the conformational epitope on HSV-1 gB recognized by mAb 2c. The CaP
nanoparticles additionally contained a TLR-ligand CpGm and were formulated with adjuvants to facilitate the humoral immune response.
This vaccine effectively protected mice from lethal HSV-1 infection by inducing cell-to-cell spread inhibiting antibodies.
© 2018 The Authors. Published by Elsevier Inc. 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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Herpes simplex viruses belong to the most widespread human
viruses worldwide and are responsible for a broad spectrum of
diseases. The seroprevalence rate among adults for HSV-1 is
approximately 90%,1 and for HSV-2 roughly 16%.2 HSV
transmission occurs by close body contacts, mostly during early
childhood from mother to child or after the onset of sexuality in
intimate contacts.3
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Upon primary infection of the oral or genital mucosa, HSV
establishes a lifelong latent infection in trigeminal (HSV-1) or
lumbosacral (HSV-1 or HSV-2) ganglia of the host, where it is
protected from the host immune response.4,5 After reactivation,
the virus returns to the periphery to cause symptomatic ulcers or
asymptomatic viral shedding. Recurrence of HSV infections
contributes to painful lesions in the orofacial (cold sores) or
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genital area.6 Asymptomatic viral shedding occurs frequently and
facilitates the ability of the virus to spread efficiently and silently
throughout the population.7 Usually, recurrent infections are painful
but self-limiting.8 In contrast, serious complications can be observed
in individuals suffering from ocular infections,9,10 in immunocom-
promised patients with generalized infections affecting the central
nervous system,11 or in newborns who became infected during
pregnancy or delivery.12 Antiviral interventions are available but
limited due to emerging drug-resistances.13–15

There are no licensed vaccines currently available for the
prevention or treatment of HSV-1/2 infections. Numerous
attempts to develop such a vaccine have been undertaken thus
far, but did not lead to success.16 However, the pipeline of
vaccine candidates being evaluated in preclinical or clinical trials
is rich and includes inactivated whole viruses, live or genetically
attenuated viruses, recombinant subunit (glycoprotein) vaccines,
replicating nonpathogenic vectors expressing HSV antigens,
DNA plasmids expressing one or more HSV proteins, and
epitope-based vaccines.16,17 The largest clinical trials to date
include the Chiron HSV vaccine trial using recombinant HSV-2
glycoproteins B and D (gB2/gD2) formulated with MF5918 and
the GlaxoSmithKline (GSK) Herpevac trial, which used
recombinant gD2 with alum/MPL adjuvant.19 Although both
trials did not show efficacy against HSV-2 disease, the data
suggest that vaccine-induced neutralizing antibodies are a
correlate of anti-HSV immunity and a benchmark for an
effective vaccine.16 However, the induction of reliable antibody
responses may be challenging, since HSV can move directly
between cells without diffusing through the extracellular
environment and thereby circumvents the host immune response.
This mechanism is also known as “cell-to-cell spread” and used
by HSV during primary infection to spread between epithelial
cells and neurons (cell-to-neuron spread), after reactivation of the
virus from ganglia to move between neurons and epithelial cells
(neuron-to-cell spread), and during an ongoing infection to
spread within infected peripheral tissues.20 This intercellular
route of viral transmission is crucial for effective viral spread
within the host and usually is extremely difficult to access for
neutralizing antibodies.21 Importantly, we developed an antiviral
monoclonal antibody mAb 2c that effectively inhibits the cell-to-
cell spread of HSV-1 and HSV-2 thereby protecting from lethal
generalized infection and ocular herpes in the corresponding
mouse models.22–25 Notably, this antibody and its humanized
version mAb hu2c were also protective in highly immunocom-
promised NOD/SCID-mice characterized by an absence of
functional T cells and B cells, highly reduced numbers of natural
killer (NK) cells, macrophages, granulocytes and with defects in
the complement system.26,27 The humanized antibody mAb hu2c
recognized the same epitope as the parental murine antibody
mAb 2c.27 The epitope recognized by this unique antibody was
determined as a highly conserved, discontinuous conformational
epitope on the glycoprotein B (gB) of HSV-1 and HSV-2.24,28

In the present study, we used a reverse vaccinology approach
to induce protecting, cell-to-cell spread inhibiting antibody-
responses in mice. Reverse vaccinology relies on the principle
that the target antigen of a protective mAb will elicit the same
antibody reaction when used as an immunogen.29 Here, we used
synthetic peptides consisting of either one or both gB
subdomains recognized by mAb 2c for vaccination. We coupled
the peptides to the surface of biodegradable calcium phosphate
nanoparticles (CaP) with incorporated Toll-like receptor (TLR) 9
ligand CpGm, which were described as a potent tool to induce
strong antibody responses in a prior study.30 Finally, we
investigated whether the CaP-Peptide nanoparticles can induce
cell-to-cell spread inhibiting antibodies in mice and thereby
protect from lethal infection.
Methods

Ethics statement

Animal experimentswere performed in strict accordancewith the
German regulations of the Society for Laboratory Animal Science
(GV-SOLAS) and the European Health Law of the Federation of
Laboratory Animal Science Associations (FELASA). The protocol
was approved by the North Rhine-Westphalia State Agency for
Nature, Environment and Consumer Protection (LANUV) (Permit
number: G 1633/17). Preparation of murine sensory neurons was
performed according to the GermanAnimalWelfare Act. All efforts
were made to minimize animal suffering.

Animals

Female BALB/c mice, 7-8 weeks of age, were purchased
from Charles River Laboratories (Charles River Laboratories,
Sulzfeld, Germany). All mice were maintained under pathogen-
free conditions. Experiments were performed according to the
German legal requirements with the approval of the University
Hospital Essen's Animal Facility.

Viruses

The reporter virus HSV-1-ΔgE-GFP was kindly provided by
Hartmut Hengel (Institute of Virology, Freiburg, Germany) and
originally published by Farnsworth et al31 HSV-1F and HSV-1-
ΔgE-GFP were propagated on Vero cells as previously
described.27 A standard plaque assay was used to determine
the plaque-forming units in the virus-containing supernatants.

Antibodies

The monoclonal antibody mAb 2c was produced and purified
as described previously.24 Antibody concentration was mea-
sured with a NanoDrop 2000 spectrometer (Thermo Fischer
Scientific, Wilmington, USA). The purity was confirmed by fast
protein liquid chromatography (FPLC) to be ≥95%. Polyclonal
murine antibodies were purified from the sera of immunized
mice using protein A/G agarose (Thermo Fisher Scientific) and
dialyzed against Phosphate-buffered saline (PBS) for in vitro
experiments.

Cells

Vero cells (American Type Culture Collection, ATCC,
CCL81, Rockville, MD) were cultured in Dulbecco's Modified
Eagle Medium (DMEM, Life Technologies Gibco, Darmstadt,
Germany) containing 10% (v/v) fetal calf serum (FCS; Life
Technologies Gibco), 100 U mL−1 penicillin and 0.1 mg mL−1

streptomycin.



Figure 1. Localization of the P1 and P2 sequences on HSV-1 gB. The monoclonal antibody mAb 2c binds to a discontinuous epitope within the structural domain
one on gB.27,28 For vaccination, two synthetic peptides, P1 (298PFYGYREGSHTEH311) and P2 (298PFYGYREG306-186FED189F), were selected upon their
relative binding strength towards mAb 2c as reported by Däumer et al28 The P1 sequence (aa 298-311 on gB; bordeaux and pink) comprises the epitope
subdomain B sequence recognized by mAb 2c.27 P2 is a fusion peptide consisting of the consensus sequences of the mAb 2c epitope subdomains A (bordeaux)
and B (yellow) flanked by a phenylalanine at the C-terminal end.27 The sequences of P1 and P2 are mapped to the crystal structure HSV-1 gB shown as monomer
(A), trimer (B) and for more details, the gB-base (C). Out of the five structural domains of HSV-1 gB,47 the domain I, which includes the mAb 2c epitope
sequences, is highlighted in purple. Arrows indicate the position of P1 and P2 substructures within the structural domain I.
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Peptides

The peptides P1 (298PFYGYREGSHTEH311) and P2
(298PFYGYREG306-186FED189F) were selected by their relative
binding strength towards mAb 2c as previously described28 and
purchased from peptides&elephants (Henningsdorf, Germany).

Immunization and infection of mice

The peptides or CaP nanoparticles were solved in PBS and
formulated with 12.5 μg of Monophosphoryl Lipid A (MPL;
Sigma-Aldrich, St. Louis, USA) and Alum (Thermo Fisher
Scientific) at a ratio of 1:1. Mice were immunized with the
synthetic peptides P1 or P2 (n = 10) or CaP nanoparticles coated
with P1 or P2 (CaP_P1; CaP_P2) (n = 5) on days 0, 14 and 28.
The vaccine was delivered by intramuscular injection (i.m.) of
30 μL vaccine formulation in each of the hind legs. The antigen
concentration was 10 μg peptide (synthetic peptides or when
immobilized on CaP nanoparticles) per immunization. Mock
immunized mice served as control. One week after the last
immunization, mice were treated with medroxyprogesterone
acetate (Depo-Provera, Pfizer, NY, USA) to facilitate HSV
infection.32 One week after progesterone pre-treatment, mice
were anesthetized by intraperitoneal injection of ketamine
(100 mg/kg) and xylazine (20 mg kg−1) and the murine vagina
was cleaned with a sterile cotton swab immediately before being
challenged with a 20 μL inoculum of 1 × 105 TCID50 of HSV-1 F
per mouse. Skin glue (Epiglu; Meyer-Haake Medical Innovations,
Wehrheim, Germany) was applied to the vulva to prevent discharge
of the virus inoculum. Mice were assessed for infection by
determining viral loads in vaginal irrigations harvested on days 2,
4, 6, and 8 after infection by endpoint dilution.24

Inhibition of HSV-1 cell-to-cell spread by vaccine-induced
antibodies

Mice were immunized three times with peptides (P1 or P2) or
CaP nanoparticles (CaP_P1 or CaP_P2) every 14 days as
described above. Retro-orbital blood collection was performed
before each vaccination on days 0, 14 and 28 and additionally
two weeks after the third booster immunization on day 42.
Antibodies were purified from sera and tested for the inhibition
of the HSV-1 cell-to-cell spread. Therefore, Vero cells were
seeded in 24-well microtiter plates. At a confluence of
approximately 80% the cells were infected with 400 TCID50

HSV-1-ΔgE-GFP reporter virus. At 4 h post infection, the
inoculation medium was removed and the cultures were inoculated
with medium containing antibodies (100 μg mL−1) isolated from
the immunizedmice.Medium, purified IgG fromnaïvemice ormAb
2c at 500 nM (75 μg mL−1)was used as a control. Plaque formation
was examined by fluorescence microscopy at 48 h post infection.



Figure 2. Synthesis of the antigen-coated calcium phosphate nanoparticles (CaP/PEI/CpGm/SiO2-S-P1 or -P2).Calcium phosphate nanoparticles are obtained by
the precipitation of calcium lactate and diammonium hydrogen phosphate, forming a calcium phosphate core (CaP). This core is stabilized by a positively
charged polyelectrolyte PEI (CaP/PEI). The positively charged dispersion is then loaded with the immuno-modulative agent CpGm (CaP/PEI/CpGm). The
silanization of the dispersion is achieved by the Stöber method in which the nanoparticles are coated with a thin silica layer (CaP/PEI/CpGm/SiO2-OH).
Addressable thiol-groups are obtained by a further derivatization with MPS, giving thiol terminated calcium phosphate nanoparticles (CaP/PEI/CpGm/SiO2-SH).
After the activation of the peptide with sulfo-SMCC, the antigen-functionalized calcium phosphate nanoparticles are prepared by conjugating the peptide
(antigen) to the nanoparticle surface.
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Images were taken with a Zeiss Observer Z1 fluorescence
microscope at a 100-fold magnification.

Statistical analysis

GraphPadPrism 5 (GraphPadPrism Software, La Jolla, CA,
USA) was used to analyze the data. The differences in the viral loads
between the mock and the vaccinated groups were analyzed using a
nonparametric Mann–Whitney t-test. Changes of vaccine-induced,
HSV-1 specific antibody concentrations upon vaccinations were
analyzed with a two-way ANOWA and a Bonferroni post-test.
Differences were considered significant at *P b 0.05 and
**P b 0.01. Ns = not significant. The differences between the
number ofmicewith lethal HSV-related symptoms and healthymice
were determined using the Log-rank (Mantel–Cox) test. Compar-
isons were considered significant at *P b 0.05.
Results

Neutralizing antibodies like mAb 2c or its humanized version
mAb hu2c, which can inhibit the cell-to-cell spread of HSV-1,
turned out to be highly protective against severe infections. We
used a reverse vaccinology approach to elicit antibody responses
with the same cell-to-cell spread inhibiting properties like mAb
2c. The antigens P1 (298PFYGYREGSHTEH311) and P2
(298PFYGYREG306-186FED189F) used in this study were iden-
tified previously when characterizing the gB-epitope recognized
by mAb 2c.28 Both peptides mimic the conformational epitope
recognized by mAb 2c, and consist of either one (P1) or both
(P2) subdomains of the conformational epitope on HSV-1/2 gB
recognized by mAb 2c (Figure 1). We immobilized each of the
peptides on CpGm-carrying CaP nanoparticles for immunization
studies in mice as described in the experimental section (Figure 2).

The non-functionalized and peptide-loaded calcium phos-
phate nanoparticles were characterized by differential light
scattering (DLS), scanning electron microscopy (SEM) and UV-
spectroscopy (Figure 3). The PDI and zeta potential indicate a
stable dispersion of fairlymonodisperse nanoparticles (PDI b 0.3).
The measured diameter by DLS was increased after the peptide
conjugation, indicating a successful attachment of the peptides to
the surface of the nanoparticles. SEM images showed a uniform
and spherical shape of the nanoparticles (Figure 3).

To determine the number of peptide and CpG molecules on
the nanoparticles that were applied in mice, the number of each
molecule on one single nanoparticle was calculated as reported
earlier (see experimental section and Table 1).33 Table 1 gives all



Figure 3. DLS and SEM data of the functionalized calcium phosphate nanoparticles.Top: DLS graphs of CpGm-loaded and thiol-functionalized calcium
phosphate nanoparticles with a hydrodynamic diameter of ~59 nm, CpGm-loaded and P1-functionalized calcium phosphate nanoparticles with a hydrodynamic
diameter of ~50 nm, and CpGm-loaded and P2-functionalized calcium phosphate nanoparticles with a hydrodynamic diameter of ~106 nm. Bottom: The
corresponding SEM data showed a spherical morphology. Scale bar 500 nm.

Table 1
Characterization of antigen-functionalized calcium phosphate nanoparticles.

Particles (CaP/PEI/CpGm/SiO2-S-X; X =) H P1 P2

Parameter

Solid core diameter by SEM / nm 59 ± 10 50 ± 7 106 ± 29
Volume (one nanoparticle; only CaP) / m3 1.08∙10−22 6.54∙10−23 6.24∙10−22

Surface area (one nanoparticle; only CaP) / m2 1.09∙10−14 7.85∙10−15 3.53∙10−14

Mass (one nanoparticle; only CaP) / kg 3.37∙10−19 2.05∙10−19 1.96∙10−18

w (Ca2+) by AAS / kg m−3 0.033 0.0102 0.0089
w (Ca5(PO4)3OH) / kg m−3 0.083 0.026 0.022
Number (nanoparticles) / m−3 2.45∙1017 1.25∙1017 1.14∙1016

w (CpGm)/ kg m−3 0.038 0.038 0.038
Number (CpGm molecules) / m−3 3.60∙1021 3.6∙1021 3.60∙1021

Mass (CpGm) per nanoparticle/kg 1.6∙10−19 3.0∙10−19 3.3∙10−18

Number (CpGm molecules) per nanoparticle 1.5∙104 2.9∙104 3.2∙105

wt.-ratio CpGm to calcium phosphate 1:2.17 1: 0.67 1: 0.59
winitial (peptide) / kg m−3 0.047 0.034

w (surface-bound peptide) / kg m−3 -
0.040
(yield 86%)

0.023
(yield 67%)

Number (peptide molecules) / m−3 - 1.5∙1022 9.1∙1021

Mass (peptide molecules) per nanoparticle / kg - 3.2∙10−19 2.0∙10−18

Number (peptide molecules) per nanoparticle - 1.2∙105 7.9∙105

Density of peptide molecules
on the nanoparticle surface / nm−2 - 16 23

wt.-ratio peptide to calcium phosphate - 1: 0.64 1: 0.97
Hydrodynamic nanoparticle diameter by DLS / nm 232 296 270
PDI by DLS 0.283 0.334 0.270
Zeta potential by DLS / mV +33 +26 +24
Particle composition
CaP / wt.-% 68 25 27
CpGm / wt.-% 32 37 46
Peptide / wt.-% - 39 28
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Figure 4. Vaccination and infection procedure. Mice were immunized with MPL/Alum adjuvanted synthetic peptides (P1 or P2) or MPL/Alum adjuvanted CaP
nanoparticles (CaP_P1 or CaP_P2) on day 0 and booster-immunized every two weeks on days 14 and 28. The peptides and CaP nanoparticles were formulated
with MPL and Alum. To monitor humoral immune responses, serum was taken as indicated in the scheme and examined for the presence of HSV-specific and
cell-to-cell spread inhibiting antibodies (A). To investigate the protective effect of the tested vaccine candidates, mice were infected with HSV-1 F and observed
over a period of 30 days for HSV-associated disease (B). Mice were pre-treated with progesterone one week after the last immunization (day 7 before infection),
and intravaginally challenged with a lethal dose of 1 × 105 TCID50 HSV-1 F. Vaginal lavages (20 μl PBS) were harvested on days 2, 4, 6 and 8 to determine the
viral loads by microtitration.

Figure 5. Antibody responses to CaP_P1 and CaP_P2 nanoparticles. Mice
were immunized with MPL/Alum adjuvanted synthetic peptides (P1 or P2) or
MPL/Alum adjuvanted CaP nanoparticles (CaP_P1 or CaP_P2) at days 0, 14
and 28. All vaccine candidates were formulated with alum/MPL. Antibodies
were purified before each vaccination, adjusted at a final concentration of
0.2 μg/ml and tested for the presence of HSV-1 specific antibodies by
ELISA. As control, purified antibodies from naïve mice (day 0) were used.
Differences in the HSV-1 specific antibody levels were analyzed with a two-
way ANOVA and a Bonferroni post-test and considered significant at
*P b 0.05 and **P b 0.01.

143M. Kopp et al / Nanomedicine: Nanotechnology, Biology, and Medicine 16 (2019) 138–148
nanoparticle characterization data, including the content of the
biomolecules P1, P2, and CpGm.

Induction of HSV-1 specific and cell-to-cell spread inhibiting
antibodies

Prior studies indicated that vaccine-induced neutralizing
antibodies are a correlate of protection against genital herpes.16

Furthermore, neutralizing antibodies, which can additionally
block the cell-associated viral transmission over the cell-to-cell
spread, revealed to be most protective against HSV infections.25

In line with these data, we could demonstrate that a humanized
monoclonal antibody mAb hu2c capable of blocking the cell-to-
cell spread of HSV-1 and HSV-2 can mediate complete
protection from lethal infection and severe ocular manifestations.
Hence, we investigated whether the CaP nanoparticle-based
vaccine, which displays the short peptides P1 or P2 on the
surface, thereby mimicking the HSV-gB epitope recognized by
mAb 2c and mAb hu2c, can induce cell-to-cell spread inhibiting
antibody responses in mice. Therefore, we immunized BALB/c
mice with CpGm-carrying CaP nanoparticles that were surface-
decorated with either P1 or P2. As controls, the synthetic
peptides P1 or P2 were used. Peptides and CaP nanoparticles
were formulated with Alum/MPL adjuvants, respectively. The
applied dose of soluble or CaP-bound peptides was 20 μg per
vaccination. Vaccine-induced polyclonal antibodies were puri-
fied from the sera of the immunized mice harvested before each
vaccination on days 0, 14, 28 and two weeks after the third
vaccination on day 42 (Figure 4, A). The polyclonal antibodies
were tested for the presence of HSV-1 specific antibodies using
an ELISA assay. HSV-1 specific antibodies could be detected in
samples derived from mice immunized with synthetic peptides
and CaP nanoparticles. The highest amounts of HSV-1 specific
antibodies could be observed in mice being three times
vaccinated with CaP_P2 (Figure 5). Next, the antibodies were
adjusted to a final concentration of 100 μg mL−1 and tested for
the inhibition of the HSV-1 cell-to-cell spread in Vero cell
cultures. The cell cultures were infected with 400 TCID50 HSV-1
GFP reporter virus for 4 h to infect single cells within the cell
layer. The inoculation medium was then removed and the
cultures were inoculated with medium containing purified
antibodies from the immunized mice. Medium, purified IgG
from naïve mice or mAb 2c at 500 nM (75 μg mL−1) was used
as control. 48 h after infection, the cells were analyzed for plaque
formation, which reflects the infection of cells via the cell-to-cell
spread. Purified antibodies from naïve mice had no impact on the
cell-to-cell spread, since plaque formation was observed and the
number of infected cells was similar to the medium control
without antibodies (Figure 6, A and B). In contrast, mAb 2c
completely inhibited the cell-to-cell spread, since the infection
was limited to the initially infected single cells (Figure 6, A and
B). Polyclonal antibodies from mice immunized with synthetic
peptides P1 or P2 had only a modest effect on the cell-to-cell
spread. The plaque size was slightly reduced and the number of
HSV-infected infected cells per slide was lower when compared



Figure 6. Inhibition of HSV-1 cell-to-cell spread by vaccine-induced antibodies. Mice were immunized three times with MPL/Alum adjuvanted peptides (P1 or
P2, n = 10) or MPL/Alum adjuvanted CaP nanoparticles (CaP_P1 or CaP_P2, n = 5). Sera were collected before each vaccination on days 0, 14 and 28 and
additionally two weeks after the third booster immunization on day 42. Antibodies were purified from pooled sera and tested for the inhibition of the HSV-1 cell-
to-cell spread. Confluent Vero-cells were infected with 400 TCID50 HSV-1 GFP reporter virus. At 4 h post infection, inoculation medium was removed and the
cultures inoculated with medium containing purified antibodies (100 μg mL−1) from the immunized mice. Medium, purified IgG from naïve mice or mAb 2c at
500 nM (75 μg mL−1), was used as control. Pictures were taken 24 h post infection. (A) Magnification = 100×. Scale bar = 200 μm. (B) Semiquantitative
analysis of the inhibition of HSV-1 cell-to-cell spread by vaccine induced antibodies as shown in Fig. 6A. HSV-1 GFP infected cells were counted and are shown
as a bar diagram. The dotted line indicates the cut-off for the complete inhibition of the cell-to-cell spread (single-infected cell).
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to the medium control or IgG from naïve mice (Figure 6, A and
B). No difference could be observed in plaque-reducing effects
of the antibodies harvested at different time points (days 14, 28
or 42 after immunization).

Notably, CaP nanoparticles loaded with P1 or P2 induced
antibody responses that completely inhibited the HSV-1 cell-to-
cell spread (Figure 6, A and B). Plaque reduction was observed
when the HSV-1 infected cell cultures were treated with purified
antibodies derived from CaP_P1 or CaP_P2 immunized mice
14 days after the first vaccination and before each booster
vaccination. Strikingly, the antiviral effect of the polyclonal
antibodies was clearly enhanced by the number of vaccinations.
Antibodies purified from serum harvested after the second
immunization had a better effect on the cell-to-cell spread than
antibodies derived after the initial immunization. Remarkably,
antibodies isolated two weeks after the third vaccination
completely blocked the HSV-1 cell-to-cell spread (Figure 6, A
and B, day 42).

Taken together, these data demonstrate that CpGm-carrying
CaP nanoparticles loaded with the peptides P1 or P2 can induce
HSV-1 cell-to-cell spread inhibiting antibodies. Furthermore,
three immunizations are needed to achieve a sufficient antibody-



Figure 7. Protection against lethal HSV-1 infection after CaP nanoparticle immunization. Mice were immunized three times with peptides (A) and (C) (P1 or P2;
n = 8; 20 μg peptide per dose; mock n = 6) or CaP nanoparticles (B) and (D) (CaP_P1 or CaP_P2; n = 5; 10 μg peptide per dose; mock n = 5) on days 0, 14 and
28. Peptides and CaP nanoparticles were adjuvanted with 12.5 μg MPL and formulated with Alum at 1:1 ratio. Two weeks after the third immunization, mice
were intravaginally challenged with a lethal dose of 1 × 105 TCID50 HSV-1 F. Mice were observed over a period of 30 days and analyzed for the appearance of
HSV-1 associated disease. Mice were sacrificed upon the appearance of severe neurological symptoms. The statistical significances were determined using the
Log-rank (Mantel–Cox) test. Comparisons were considered significant at *P b 0.05. Viral lavages of peptide (C) or CaP nanoparticle (D) -immunized mice
were harvested on days 2, 4, 6 and 8 post infection and analyzed for viral loads by microtitration. Differences in the viral loads between the mock and vaccinated
groups were analyzed for each day using a nonparametric Mann–Whitney t-test and differences were considered significant at *P b 0.05 and **P b 0.01. ns =
not significant.
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concentration required for complete cell-to-cell spread inhibition
in cell culture.

Protection from lethal HSV-1 genital infection

The cell-to-cell spread inhibiting monoclonal antibody mAb
2c was protective in several mouse models. Since the CaP
nanoparticles loaded with P1 or P2 induced cell-to-cell spread
inhibiting antibodies, we next investigated whether these
antibody responses were sufficient to mediate protection from
a lethal genital HSV-1 infection. Mice were immunized three
times either with MPL/Alum adjuvanted synthetic peptides P1 or
P2 or MPL/Alum adjuvanted CpGm-carrying CaP nanoparticles
loaded with P1 or P2 (Figure 4, A). Mock-immunized mice
served as control. All vaccine candidates were formulated with
MPL/Alum standard adjuvant.

One week after the third immunization, mice were pre-treated
with progesterone to facilitate genital HSV-1 infection. One
week later, mice were challenged with a lethal dose of 1 × 105

TCID50 HSV-1 F. Mice were monitored daily for symptoms
typical for HSV-1 disease, such as swollen vaginal mucosa or
paralysis of the hind legs. Additionally, vaginal lavages (20 μL
PBS) were harvested on days 2, 4, 6 and 8 after infection to
determine the viral loads by microtitration (Figure 4, B). Monitoring
of the viral loads allows estimating the neutralizing effect of antiviral
antibodies on HSV-1 replication at the site of infection.

Vaccination with soluble peptides P1 or P2 had no impact on
the lethal outcome of infection. On days 9 to 10, all mice showed
symptoms of paralysis related to HSV-1 manifestation of the
central nervous system and were sacrificed (Figure 7, A).
Furthermore, no significant difference in viral loads in the
vaginal mucosa could be observed between peptide and mock-
immunized groups (Figure 7, C).

Remarkably, mice immunized with CaP nanoparticle vac-
cines were almost completely protected from a lethal outcome of
infection (Figure 7, B). Mock-immunized mice developed HSV-
1 related symptoms between day 8 and 13 and had to be
sacrificed, except for one mouse (Figure 7, B). In contrast, all
CaP_P2 and 4 out of 5 CaP_P1 immunized mice were free of
symptoms and survived the otherwise lethal HSV-1 infection.
Accordingly, HSV-1 infection could be completely eradicated in
CaP_P1 or CaP_P2 immunized mice. The average viral loads in
the CaP_P1 immunized group were similar to those of the mock-
immunized group on days 2, 4 and 6. In contrast to the mock
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group, there was no detectable virus load in the vaginal lavages
from CaP_P1 immunized mice taken on day 8. Interestingly,
CaP_P2 showed a better efficacy than CaP_P1, because the virus
was eliminated more rapidly from the vaginal mucosa. CaP_P2
immunized mice showed significantly reduced viral loads in
vaginal lavages taken on day 4, and the virus was eliminated
completely by day 6 (Figure 7, D).

Taken together, mice could successfully be reverse-
immunized with a peptide vaccine mimicking the mAb 2c
epitope on HSV-1 gB. CpGm-carrying CaP nanoparticles loaded
with synthetic peptides P1 or P2 induced HSV-1 cell-to-cell
spread inhibiting antibodies in mice. Thereby, immunized mice
showed reduced viral loads in the vaginal mucosa and were
almost completely protected from lethal HSV-1 infection.
Discussion

In the past few years, numerous efforts have been undertaken
to develop a potent vaccine against HSV-1 and -2. Although
some vaccine candidates were effective in animal models, to date
none of those vaccines has been effective in humans. Lastly, a
gD2 subunit vaccine failed in a Phase III study performed by
GlaxoSmithKline.19 The analysis of sera derived from study
participants revealed that vaccine-induced antibodies targeting
neutralizing epitopes on viral glycoproteins were of key
importance to mediate protection from disease.34 Furthermore,
a recent retrospective analysis investigating the antibody
responses of the participants of the Herpevac trial and gD2
immunized guinea pigs demonstrated that neutralizing and cell-
to-cell spread inhibiting antibodies are a correlate of immune
protection against symptomatic HSV-infections.35 Unfortunate-
ly, participants of the Herpevac trial were shown to produce
antibodies targeting a significantly lower number of neutralizing
gD2 epitopes than guinea pigs, including those being associated
with cell-to-cell spread. Based on these findings, there is clearly a
need to generate an optimized vaccine, which specifically can
induce neutralizing and cell-to-cell spread inhibiting antibodies.

In the present study, we used a reverse vaccination strategy to
generate a vaccine capable of inducing antibody responses with
cell-to-cell spread inhibiting properties. We have synthesized
biodegradable CaP nanoparticles displaying synthetic peptides
P1 and P2 on their surface to induce protecting antibody-
responses in mice. The peptides mimic a neutralizing epitope on
the HSV-1/2 gB, which is known to elicit a protective antibody
response in mice. We have demonstrated that the CaP_P1 and
CaP_P2 vaccine candidates induced cell-to-cell spread inhibiting
antibodies in mice thereby protecting from lethal HSV-1
infection.

The selection of a proper antigen, a reliable delivery system
and a potent adjuvant system are crucial for generating a
protective vaccine. The antigens used in this study consist of
either one (P1) or both (P2) subdomains of the gB-epitope
recognized by the humanized antiviral antibody mAb hu2c and
its parental murine counterpart mAb 2c.27 In prior studies we
have demonstrated that these antibodies mediated complete
protection from HSV-disease in the murine models for
immunosuppression and severe ocular infections.22,25,27,36 The
unique feature of both antibodies is the ability to inhibit the cell-
to-cell spread of HSV-1 and HSV-2.27 This cell-associated route
of viral transmission is known as a mechanism of immune
evasion and used by HSV to move from infected cells to non-
infected neighboring cells to facilitate infection.20 By this means
the virus remains inaccessible to neutralizing antibodies. In
animal models, mAbs 2c and hu2c showed superior effects when
compared with polyclonal neutralizing antibodies.22,27,36 Based
on these findings, we reasoned that a vaccine that is capable of
inducing antibodies with the same properties as mAb 2c should
be highly protective in preventing HSV disease. To achieve this
goal, we used a reverse vaccinology approach. The target
antigens P1 and P2 used for vaccination experiments in this
study were small peptides consisting of either one (P1) or both
(P2) subdomains of the conformational epitope recognized by
mAb 2c and mimic the original conformational epitope localized
on HSV-1/2 gB.28 Prior studies showed that immunization with
small peptides induced virus-neutralizing and protective immune
responses against other viruses like the Respiratory Syncytial
Virus (RSV) or Measles virus.37,38 However, peptide-based
vaccines alone, even those comprising optimal B-cell epitopes,
are poorly immunogenic and require adjuvants and appropriate
delivery systems to be effective.39

Hence, we used biodegradable calcium phosphate nanopar-
ticles (CaP) with incorporated Toll-Like receptor (TLR) 9 ligand
CpGm as a delivery system for the antigens P1 and P2. These
nanoparticles were described as a potent tool to induce strong
antibody responses in a prior study.30 Additionally, Alum and
MPL, also known as the GlaxoSmithKline adjuvant system
AS04, were used as adjuvants to additionally modulate the
adaptive immune response.40 The major advantages of CaP
nanoparticles over other nanoparticle-based delivery systems
such as virus-like particles are their biodegradability and
biocompatibility as CaP is the inorganic component of human
hard tissues i.e. bone and teeth.41–43 The calcium phosphate
nanoparticles are taken up by the cells via endocytosis and end
up in an endolysosome. There, dissolution of the calcium
phosphate core due to the acidic environment occurs, and the
cargo is released. The silica shell is very thin (a few nm in
thickness) and will not dissolve in the endolysosome. However,
this very small amount of silica will probably be excreted by the
cell without causing any biological effect. It is also noteworthy
that calcium phosphate nanoparticles do not pose a risk to cells or
animals if applied in reasonably low doses.44 The prepared
calcium phosphate nanoparticles form a monodisperse and stable
colloidal dispersion. All dispersions can be assumed as stable
due to the positive zeta potential larger than N+20 mV and due to
the positively charged PEI below the silica shell. The number of
biomolecules per particle on the surface of the calcium phosphate
nanoparticles agrees well with earlier studies45,46 It is notewor-
thy that P1 and P2 peptides have more than one free amine
moiety, and therefore their conjugation to the particle surface can
occur not only through the terminal amine moiety but also via
amino acid in the center of their sequence (via side chain amine).
Thereby, the peptide conjugation might impair the efficacy of
these peptides in inducing cell-to-cell spread inhibiting antibod-
ies. However, the successful induction of such antibodies as well
as protection from disease by vaccination with CaP_P1 or
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CaP_P2 indicates that the conformation of P1 and P2 may
remain unaffected when bound to CaP nanoparticles. This
strongly highlights the potential of calcium phosphate nanopar-
ticles as suitable antigen carriers for small peptides. Structural
studies may help understand the NP's structural-functional
relationship which will be a future topic in the lab.

In conclusion, we have generated CaP nanoparticles, which
were loaded with the CpGm adjuvant and further functionalized
by covalent attachment of peptides P1 or P2, which mimic a
neutralizing epitope on HSV-1 gB at the nanoparticle surface.
Booster-immunization of mice with the CaP_P1 or CaP_P2
vaccine resulted in the production of cell-to-cell spread inhibiting
antibodies and protection from lethal genital infection. The
present study may contribute towards developing a novel
vaccine candidate (e.g. as a CaP-nanoparticle based multi-
epitope vaccine), which specifically induces protective cell-to-
cell spread inhibiting antibodies in humans.
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