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Abstract

Herpes Simplex virus (HSV) is the cause of genital herpes and no prophylactic treatment is
currently available. Replication-incompetent adenoviral vectors are potent inducers of
humoral and cellular immune responses in humans. We have designed an adenoviral vector
type 35 (Ad35)-based vaccine encoding the HSV-2 major surface antigen gD2 (Ad35.HSV.
gD2). Immunization of mice with Ad35.HSV.gD2 elicited virus neutralizing antibody titers
(VNT) and cellular responses against HSV-2 and HSV-1. While immunity was lower than for
CJ2-gD2, both vaccines showed 100% survival against intravaginal challenge with HSV-2 G
strain and a strong inverse correlation was observed between HSV-2 infection (as mea-
sured by viral shedding) and VNT. A combination of Ad35.HSV.gD2 with Ad35 encoding for
gB2 (Ad35.HSV.gB2) resulted in increased VNT and lower infection, compared with Ad35.
HSV.gD2 alone. Transfer of immune serum into naive BALB/c mice before intravaginal chal-
lenge confirmed the role of antibodies in the protection of mice against infection although
other immune factors may play a role as well.

Introduction

Herpes simplex virus type 2 (HSV-2) is an important cause of genital herpes and estimates
indicate that half a billion people between 15 and 49 years of age are living with a HSV-2 infec-
tion worldwide with evidence of increasing prevalence [1]. In the developed world, prevalence
of genital herpes caused by HSV type 1 (HSV-1) has been on the rise [2].

HSV-2 infection causes a lifelong disease due to the establishment of latency in the dorsal
root ganglia (DRG) with episodes of viral reactivation. Transmission occurs through recurrent
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episodes of viral shedding from infected mucosae that can occur asymptomatically [3]. Clinical
symptoms of a primary infection can be genital blisters or ulcers and symptoms associated
with viral reactivation are similar, however usually less severe. Infants born from HSV-2
infected mothers are at risk to become infected during birth (or shortly after) and to develop
neonatal herpes, that is a rare but devastating condition. The overall global rate of neonatal
HSV is estimated to be 10 per 100,000 live births, with a best estimate of 14,000 cases annually
(based on seroprevalence, birth rates and infections in pregnancy) [4]. It has also been demon-
strated that the risk to acquire and/or transmit human immunodeficiency virus (HIV)-1 infec-
tion is 3-fold higher with an HSV-2 co-infection [5]. Available antiviral drugs may be effective
during primary infection in reducing the duration of symptoms, viral shedding, and time to
healing, but they fail to prevent severity and frequency of recurrences [6].

There are no approved vaccines currently available for prevention of HSV infection. Several
vaccine candidates are in pre-clinical development, for prophylactic and therapeutic purposes.
Subunit vaccines based on the surface glycoproteins of HSV have shown promising immuno-
genicity and efficacy in animal models [7-9] but have failed in clinical efficacy trials [10, 11].
In the Herpevac clinical trial, an AS04 adjuvanted subunit HSV-2 gD2 vaccine showed only
58% vaccine efficacy against genital HSV-1 disease in seronegative women while no efficacy
was observed against HSV-2 disease (20% overall efficacy against genital herpes disease) [10].
Protection against HSV-1 correlated with the level of gD2 specific antibodies. Cellular immune
responses were mainly composed of CD4+ T cells, whereas CD8+ T cell responses were largely
absent [12]. It was concluded from these trials that the elicited HSV-specific antibodies were
not sufficient for protection and that cellular responses are likely needed for effective viral
clearance and control of viral reactivation from the DRG [12-14]. Furthermore, the vaccine
did not elicit antibodies capable of mediating antibody-dependent cellular cytotoxicity
(ADCC), which have been suggested to play an important role in HSV-2 clearance [15].

Live attenuated vaccines are known for their potential to induce strong and durable
humoral and cellular immune responses. However, high immunogenicity of live attenuated
vaccines is generally associated with certain safety risks, not observed for subunit vaccines or
other vaccine modalities. A major challenge therefore is to develop a strongly and durably effi-
cacious vaccine with an acceptable reactogenicity profile. Another safety concern of live atten-
uated HSV vaccines is the risk of reversion to a replication-competent phenotype or to
recombination with wild type virus during infection [16]. Viral vectors engineered from ade-
noviruses (Ad) exhibit many additional beneficial properties as vaccines and gene delivery
vehicles, such as the ability to support potent antigen-specific immune responses and ease of
manufacturing [17, 18]. Adenovirus types with low seroprevalence, such as human adenovirus
type 26 (HAdV26) and adenovirus type 35 (HAdV35), have been shown to induce effective
humoral and cellular immune responses in humans [19-22].

Here we describe immunogenicity and protective efficacy of a replication-incompetent
Ad35-based HSV-2 vaccine encoding gD2 (Ad35.HSV.gD2) and gB2 (Ad35.HSV.gB2) in
mice, using a live-attenuated vaccine candidate as a comparator.

Materials and methods
Ethics statement

All mouse experiments were conducted in accordance with the Dutch Animal Experimenta-
tion Act and the Guidelines on the Protection of Experimental Analysis by the Council of the
European Committee after approval by the Centrale Commissie Dierproeven and the Dier
Experimenten Commissie.
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Virus and vaccines

Wild-type (WT) Herpes Simplex Virus-2 (HSV-2) G strain was propagated on Vero cells, cell
lysates of the virus were generated, and plaque assayed to assess the final viral concentration of
9,38x107 plaque forming unit (pfu)/ml. The virus was used for in vitro (plaque assay, viral neu-
tralization assay) and in vivo experiments (HSV-2 intravaginal challenge). Wild-type HSV-1
KOS virus (1.92x10"* pfu/ml) was kindly provided by Seren Riis Paludan (Department of Bio-
medicine, Aarhus University, Denmark).

Ad35.HSV.gD2 and Ad35.HSV.gB2 are replication-incompetent, E1/E3-deleted recombi-
nant adenoviral vector vaccines generated at Janssen based on the AdVac® technology [22].
Briefly, the Ad35.HSV.gD2 and Ad35.HSV.gB2 were generated by inserting an expression cas-
sette containing the codon optimized gD2 gene and gB2 gene (HSV-2 G strain), respectively,
under the human Cytomegalovirus (hCMV.TetO) promotor and the SV-40 (simian virus-40)
polyadenylation sequence in the E1 region of the Ad35 genome. The E3 region of the vectors
was deleted and the E4orf6 region of Ad35 was replaced by the Ad5 E4orf6 to allow high scale
production of the vectors in the complementing PER.C6®) TetR cell line. Finally, the vectors
were purified by standard two-step CsCl, gradient and dialyzed in formulation buffer. The
Ad35 vector concentration expressed as viral particles(vp)/ ml was determined by optical den-
sity (OD) with a final concentration of 1.42x10"? vp/ml and 1.58x10"? for the gD2 and gB2 vec-
tors, respectively.

CJ2-gD2 is an HSV-2 strain 186-derived ICPO-null mutant-based non-replicating domi-
nant-negative recombinant virus encoding the gD2 gene driven by the TetO-bearing HSV-2
ICP4 promoter and the UL9-C535C gene under the control of the truncated form of
hCMVTO [23]. CJ2-gD2 was amplified on VOR-124 cells, a Vero-based complementing cell
line stably expressing ICPO0 and TetR. Cell lysates of the virus were generated by harvesting
infected cells and releasing the virus by freeze-thawing cycles, followed by centrifugation to
remove large cellular debris, snap-freezing in liquid nitrogen and storing at -80°C until use.
Cell lysates were plaque assayed on VOR-124 to determine a viral titer of 7x10° plaque forming
units (pfu)/ml.

Vaccines were tested for bioburden (MicroSafe; Millipore, Bedford, MA) and endotoxin
(MicroSafe; Millipore) before use for in vivo experiments. Ad35.HSV.gD2, Ad35.HSV.gB2,
and CJ2-gD2 showed bioburden of < 1 colony forming units (cfu)/100 ul and endotoxin of
<5 EU/mL

Animal experiments

Six to eight-weeks-old naive specific pathogen-free (SPF) female BALB/c mice (Charles River,
Germany 5 mice/group) were immunized intramuscularly (i.m.) (50 pl/ hind leg) with one-
dose regimen or a two-dose regimen (4 weeks apart) with Ad35.HSV.gD2 (10® to 10'° vp/
mouse). Also, an additional group of mice received immunization with CJ2-gD2 (7x10° pfu/
mouse) at day 0 and 28 and a group of mice received formulation buffer as control. Blood for
serum samples were collected by submandibular bleeding before the start of the experiment
and before the second immunization timepoint while at the end of the experiment (at 6 weeks)
blood was collected by heart puncture under isoflurane anesthesia. Spleens from individual
mice were also collected on the sacrifice day to assess cellular immune responses.

In the intravaginal challenge experiments, mice (10 mice/group) were first immunized i.m.
(50 pl per hind leg) _with Ad35.HSV.gD2, Ad35.HSV.gB2 or CJ2-gD2. Dose and regimen are
specified in the Results section for each experiment. A group of mice receiving formulation
buffer was used as a negative control. Five days prior to challenge mice were injected intraperi-
toneally (i.p.) with 3 mg/mouse of medroxyprogesterone (MPG), (DepoProvera, Pfizer, New
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York, USA), to synchronize the estrous cycle. Five days later all groups were sedated with Keta-
mine-Xylazine anesthesia i.p. and challenged intravaginally with 200LD50 (3.2 x10* pfu/
mouse) of the WT HSV-2 G strain. Subsequently, mice were observed for clinical signs up to
21 days. Clinical scores in a range from 0 to 4 were as follows: 0: no signs; 1: slight genital ery-
thema and edema; 2: moderate genital inflammation, single or multiple blisters; 3: purulent
genital lesions or ulcers; 4: hind leg paralysis, hind leg limping or unresponsiveness. Mice that
reached a clinical score of 3 were observed twice a day to monitor eventual rapid progressing
of animals into score 4. Animals were sacrificed when they reached score 4. Humane end-
points were considered when animals showed distress or pain (lack of grooming, unrespon-
siveness, loss of weight) not directly related to the local mucosal symptoms due to the
infection. Vaginal mucosae of challenged mice were swabbed with lightly DMEM (Dulbecco’s
Modified Eagle Medium, Gibco) soaked calcium alginate swabs (Puritan, Thermo Fisher Sci-
entific) on days 1, 2 and 4 after challenge. Swabs were placed in 1 ml tubes containing DMEM
with 10% Fetal Bovine Serum (FBS, Gibco) and 100 units/mL Penicillin/100 pg/mL Strepto-
mycin (Gibco), kept on ice for 1 h, thoroughly vortexed and stored at -150°C. Viral shedding
was assessed by standard plaque assay on Vero cells monolayers. At the end of the study, ani-
mals were anaesthetized with isoflurane and sacrificed by cervical dislocation.

To generate serum pools for serum transfer, mice (60 mice/group) were first immunized
twice in a 4-week regimen i.m. (50 pl/ hind leg) with Ad35.HSV.gD2 (10" vp/mouse) or with
CJ2-gD2 (7x10° pfu/mouse). Two weeks after the second immunization animals were sacri-
ficed, and blood was collected via heart puncture under isoflurane anesthesia. gD2-specific
IgG titers were measured in individual serum samples by Enzyme-Linked ImmuoSorbent
Assay (ELISA). Samples were pooled per vaccine group and diluted with PBS to achieve the
same gD2-specific IgG antibody titer in the Ad35.HSV.gD2 and CJ2-gD2 serum pools (‘High
dose’). Two consecutive 3-fold dilutions were generated as well (‘Mid dose’, ‘Low dose’). Three
doses were generated per group to cover a dose range that would resemble gD2 IgG ELISA
titers induced during an active immunization.

Naive female BALB/c mice (10 mice/group) were injected i.p three days and two days
before challenge with 0.5 ml/day of High, Mid or Low dose of serum from Ad35.HSV.gD2 or
CJ2-gD2 vaccine groups. One group of mice received naive serum (Charles River Benelux)
diluted with PBS at the same serum concentration as the ‘High Dose’ serum. A positive control
group was also included, where mice had received two doses of Ad35.HSV.gD2 (10" vp/
mouse) 6 and 2 weeks before intravaginal challenge. The levels of transferred antibodies were
determined on serum collected one day before challenge to evaluate transfer efficiency. Mice
were then challenged intravaginally on day 0 with 200LD50 (3.2 x10* pfu/mouse) of WT HSV-
2 G strain virus and monitored for 21 days as described above. One animal in the Ad35.HSV.
gD2 mid serum dose group, 1 animal in the CJ2-gD2 high serum dose group and 1 animal in
the naive serum group could not be evaluated as they did not survive the challenge procedure.
The cause of death is unknown, since the procedure went according to schedule, but the ani-
mals did not wake up. Technical issues were reported for the plaque assay for 9 animals in the
serum transfer study, generating no data for the correlation analysis depicted in Fig 6.

Virus neutralization assay (VNA)

Virus neutralizing antibody titers (VNT) in mouse serum were determined against either
HSV-2 or HSV-1 [24]. In brief, BHK-ICP6-LacZ cells (ELVIS cells expressing the E. colilacZ
gene under an HSV-1 ICP6 promoter) were seeded at a confluency of 3,5 x10° cells/ml in
96-well black and white cell-culture plates (Perkin Elmer) one day prior to infection. On the
day of infection, serially diluted sera and controls were mixed with 1x10* pfu/ml of HSV-2 G
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strain virus or HSV-1 KOS virus and incubated for 1 hour at 37°C in the presence of 1% Baby
Rabbit complement (Bio-Rad, Hercules, CA, USA). Subsequently, serum-virus mixes were
transferred to the BHK-ICP6-LacZ cell monolayers and incubated at 37°C, 5% CO2 overnight.
When infected with either HSV-1 or HSV-2, BHK-ICP6-LacZ cells start to encode and accu-
mulate B-galactosidase. Finally, Gal-Screen substrate (Thermo Fisher Scientific, Waltham,
MA, USA) was added and luminescence was measured by Synergy Neo (BioTek, Winooski,
VT, USA). VNA titers were calculated as the antibody concentration that caused a 50% (IC50)
reduction in luminescence for HSV-2 and HSV-1 respectively, and titers were expressed as
Log2IC50.

Enzyme linked immunosorbent assay (ELISA)

HSV-2 gD2 specific IgG immune responses were measured by ELISA. Maxisorp 96-well plates
(Nunc, Thermo Fisher Scientific) were coated with soluble gD2 protein (produced in HEK293
cells and purified at U-Protein Express, Utrecht, The Netherlands) at a concentration of

0.5 pug/ml and incubated overnight at 4°C. The following day plates were washed with PBS
(Invitrogen, Waltham, MA, USA) containing 0.05% Tween-20 (Promega, Madison, WI, USA)
and subsequently blocked with PBS containing 2% dried skimmed milk (Becton Dickinson,
Franklin Lakes, NJ, USA) for 1 hour at RT. After washing, individual serum samples and the
standard (Abcam6507, Abcam, Cambridge, UK) were serially diluted and added in duplicate.
Plates were incubated for 1 hour (h) at room temperature (RT) and washed. IgG antibodies
were detected by 1h incubation with a Horseradish peroxidase (HRP)-labeled goat anti-Mouse
IgG conjugate (1:2000) (SeraCare, Milford, MA) at RT. After washing, the reaction was devel-
oped with O-phenylenediamine dihydrochloride (OPD) substrate (Thermo Fisher Scientific)
for 10 minutes and the reaction was stopped by 1M H,SO, addition. The optical density (OD)
was measured at 492 nm. Titers were expressed as the log10 of ug/ml (in ELISA Units, EU/ml)
calculated by a weighted average, using the squared slope of the standard curve at the location
of each quantification as weight. Negative samples were set at the Lower Limit of Quantifica-
tion (LLoQ). gD1 ELISA was performed by an identical procedure, using soluble gD1 protein
(produced in HEK293 cells and purified at U-Protein Express).

HSV-2 specific gB2 ELISA titers were measured in mouse serum using and Endpoint
ELISA. White plates (Greiner Bio-one, Kremsmiinster, Austria) were coated at a concentration
of 0.25 pg/ml and incubated overnight at 4°C with soluble gB2 protein (produced in HEK cells
and purified at U-Protein Express, Utrecht, The Netherlands). After washing, individual
serum samples were serially diluted and added in duplicate. Plates were incubated for 1 hour
at RT and washed. Antibodies were detected by 1 hour incubation with a Horseradish peroxi-
dase (HRP) labeled goat-anti-Mouse IgG conjugate (1:2000) (SeraCare, Milford, MA) at RT.
Lumiglow Chemiluminescent Substrate A and Substrate B was added (SeraCare) and the plates
were incubated for 30 min at RT in the dark. Luminescence was measured by Synergy Neo
(BioTek) and endpoint titers were calculated by linear interpolation and expressed as Log10
titers.

HSV-2 specific IgG1 and IgG2a antibody titers were measured according to the gB2 ELISA
protocol, using gD2 as antigen and HRP-labeled anti-mouse IgG1 and IgG2a (Southern Bio-
tech, Birmingham, AL, USA) as secondary antibodies, both diluted at 1:1000.

Enzyme-linked immunospot assay (ELISpot)

HSV-2 specific IEN-y responses were assessed in individual mouse spleens. Splenocytes from
mice immunized with Ad35.HSV.gD2 were aseptically collected and processed in R10
medium: RPMI1640 (Invitrogen) supplemented with 10% FBS, 100 units/mL Penicillin/
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100 pg/mL Streptomycin (Gibco), Minimum Essential Medium (MEM) with 0.01 mM non-
essential amino acids (Invitrogen) and 13 pM 2-mercaptoethanol. Splenocytes from mice
immunized with CJ2-gD2 were aseptically collected and processed in RO medium (R10
medium without FBS). Mouse IFN-y ELISpot kit (MabTech AB, Nacka Strand, Sweden) was
used according to the manufacturer’s instructions. Splenocytes were seeded at 2.5x10° cells/
well density in duplicate and stimulated with a gD2 peptide pool (JPT, Berlin, Germany) con-
sisting of 15-mer peptides with an 11-amino-acid-overlap, spanning the whole sequence of the
surface glycoprotein gD2 of HSV-2. Splenocytes from mice immunized with CJ2-gD2 were
stimulated with three pools consisting of 15-mer peptides with an 11-amino-acid-overlap cov-
ering the glycoprotein gB2 protein (3 pools: Pool 1:1-93 aa, Pool 2: 94-189aa, Pool 3:196-224
aa), ICP27 (13-mer: AFLTGADRSVRLA) and a peptide from the tegument protein VP11/12
(9-mer: HGPSLYRTF). Negative medium (R10), and positive, PMA (2ng/ml) (phorbol
12-myristate 13-acetate)-ionomycin (2ug/ml), control wells per mouse were also included.
After 18+1 h incubation at 37°C, 10% CO2, splenocytes were washed with PBS with 0.05%
Tween. Plates were incubated for 2 h with a biotinylated detection mAb R4-6A2 (1:1000)
(Mabtech) in PBS with 1% FBS. Plates were washed and incubated for 1 hour at RT with strep-
tavidin-ALP (MabTech) (1:2000) in PBS with 1% FBS. Next, final washing was done before
development of specific spot formation with BCIP/NBT substrate (MabTech) between 3 to -6
minutes in the dark. Development was stopped by discarding the development solution and
thoroughly washing the plates with dH2O. Spots were quantified with an AELVIS ELISpot
reader (AELVIS GmbH). Spot forming Unit (SFU) per 10° cells were calculated and back-
ground levels were calculated as the 95% percentile of the SFU observed in non-stimulated
splenocytes.

Statistical analysis

Statistical comparison across dose between the regimens with one or two immunizations of
Ad35.HSV.gD2 and between the two highest doses of Ad35.HSV.gD2 and CJ2-gD2 was per-
formed for most readouts by analysis-of-variance (ANOVA) with 2-fold Bonferroni adjust-
ment for multiple comparisons. For HSV-2 titers in vaginal swabs, Wilcoxon pairwise
comparisons with 6-fold Bonferroni adjustments were used. Correlation analyses were per-
formed using the Spearman rank correlation method. Statistical analyses were performed
using SAS version 9.4 (SAS Institute, Inc., Cary, NC, USA).

Results

Immunization with Ad35.HSV.gD2 induces humoral and cellular immune
responses in BALB/c mice

Immunogenicity of Ad35.HSV.gD2 was studied in BALB/c mice and an HSV-2 recombinant
viral vaccine, CJ2-gD2, was used as a positive control. CJ2-gD2 is an ICP0 mutant-based, non-
replicating, dominant-negative recombinant HSV-2. CJ2-gD2 expresses the gD2 antigen as
efficiently as the wild type HSV-2 virus and has been shown to induce strong humoral immune
responses characterized by virus neutralizing antibodies and protection against HSV-2 infec-
tion in mice and guinea pigs [23]. In addition, it has shown superior protective efficacy com-
pared with the MPL/alum adjuvanted gD2 subunit vaccine [25]. As a viral vector, CJ-gD2
contains all relevant antigens that may contribute to protection and as a comparator for immu-
nogenicity and efficacy studies, it can be expected to be superior compared to Ad35.HSV.gD2.
It provides the opportunity for improvement on the adenoviral vaccine concept, with more
favorable properties, to be clinically developed.
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Fig 1. Immunization with Ad35.HSV.gD2 induces HSV-2 specific humoral immune responses in BALB/c mice. Female BALB/c mice were immunized
intramuscularly once (T = 0d) or twice (T = 0d and T = 28d) with 10% to 10'® vp/mouse Ad35.HSV.gD2 (N = 5/group), twice with 7x10> pfu/mouse CJ2-gD2
(N =5) (T =0d and T = 28d) or mock immunized with formulation buffer (N = 5) and sacrificed 6 weeks after the first immunization. Serum samples were
collected (T = 42d) and analyzed for (a) HSV-2 Virus Neutralizing antibody titers (shown as log, ICs,) and (b) gD2 IgG ELISA titers (shown as log10 EU/ml).
(c) Cross-reactive neutralizing antibody titers against HSV-1 KOS virus (shown as log, ICso) and (d) gD1 IgG ELISA titers (shown as log;, endpoint titers)
were only measured in sera from mice receiving 2-dose regimens. Dotted lines indicate the lower limit of quantification (LLoQ, gD2 ELISA) or limit of
detection (LOD, other assays) and horizontal lines indicate the mean value per group. (a-b) (Across dose) statistical comparison and (c-d) highest dose
comparison was performed by ANOVA with Bonferroni correction. Results of statistical analysis are depicted by asterisks: *p<0.05, ** p<0.01, *** p<0.001;
ns: not significant.

https://doi.org/10.1371/journal.pone.0310250.9001

Mice were immunized intramuscularly with 10'%, 10, 10® viral particles (vp) of Ad35.HSV.
gD2 in either a one-dose or a two-dose regimen or with CJ2-gD2 (7x10° pfu/mouse) in a two-
dose regimen as control. A negative control group received two mock immunizations with for-
mulation buffer. Six weeks after the first immunization, humoral immune responses were
measured in sera of individual mice. Mice immunized with Ad35.HSV.gD2 showed a dose-
dependent antibody response. Significantly higher virus neutralizing antibody titers (VNT)
(Fig 1A) and gD2 ELISA titers (Fig 1B) were measured for the two-dose regimen compared to
the one dose only (Fig 1A). CJ2-gD2 induced significantly higher VNT in comparison with
Ad35.HSV.gD2 (Fig 1A). The presence of additional HSV-2 antigens in the CJ2-gD2 vaccine
might explain the overall difference in VNT between these two vaccines platforms (S1 Fig). No
significant difference in gD2 ELISA titers was observed between CJ2-gD2 and 10'° vp/mouse
Ad35.HSV.gD2.

Furthermore, cross-reactive gD1 IgG ELISA titers and HSV-1 VNT were elicited by both
Ad35.HSV.gD2 (only the 10'° vp dose tested) and CJ2-gD2. No significant difference was
observed between the one-dose and two-dose regimens of Ad35.HSV.gD2, although CJ2-gD2
induced significantly higher VNT against HSV-1 virus compared with Ad35.HSV.gD2 (Fig
1C). Comparable gD1 IgG ELISA titers were elicited by Ad35.HSV.gD2 and CJ2-gD2
(Fig 1D).
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Fig 2. Immunization with Ad35.HSV.gD2 induces gD2 IgG1 and IgG2a subclass ELISA titers. Female BALB/c mice were immunized as described in Fig 1.
(a) IgG2a and (b) IgG1 subclass antibodies against the gD2 protein were assessed in serum by ELISA (T = 42d) (shown as log;, endpoints titers). (c) Log;o
IgG2a/IgG1 ELISA titer ratio is shown. Dotted lines indicate the limit of detection (LOD) and horizontal lines indicate the mean response per group. Across
dose level comparison between 1- and 2-dose regimens was performed by ANOVA and comparison between highest vaccine dose levels were performed by

ANOVA with Bonferroni correction. Results of statistical analysis are depicted by asterisks: *p<0.0

5, *** p<0.001; ns: not significant.

https://doi.org/10.1371/journal.pone.0310250.9002

Both IgG2a (Fig 2A) and IgG1 (Fig 2B) antibodies against the gD2 protein were induced by
Ad35.HSV.gD2, and differences between one- and two-dose regimens did not reach statistical
significance. Although CJ2-gD2 induced significantly higher antibody levels, no significant
difference in 1gG2a/IgG1 ELISA titer ratio could be identified between vaccine platforms (Fig
2C), suggesting induction of a comparable T helper 1 (Th1)/T helper 2 (Th2) ratio.

gD2-specific cellular responses were detected in spleen by IFNy ELISpot after immuniza-
tion with Ad35.HSV.gD2, although no dose response was observed (Fig 3A). IFNYy responses
were also measured for the Ad35 surface antigen hexon as a control in the ELISpot assay (S2
Fig). Since the CJ2-gD2 vaccine contains fetal bovine serum (FBS), which causes background
responses in the assay, spleen processing and the assay were performed in medium without
FBS, and the results are shown in a separate graph. CJ2-gD2 showed cellular responses against
gD2 (to a similar level compared to Ad35.HSV.gD2) and additional antigens expressed by
CJ2-gD2: ICP27 and (at a lower level) gB2 and VP11/12 (Fig 3B), suggesting that CJ2-gD2
induces cellular responses against a broad range of HSV antigens (other antigens were not
tested).

Immunization with Ad35.HSV.gD2 induces complete protection against
death and reduced viral shedding after HSV-2 intravaginal challenge

To study protective efficacy of Ad35.HSV.gD2, we made use of a lethal intravaginal HSV-2
challenge model in mice where we studied the effect on survival, clinical score, and viral
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Fig 3. Prime and prime boost immunization with Ad35.HSV.gD2 induces HSV-2 specific IFNy responses. Female BALB/c mice were
immunized as described in Fig 1. Cellular immune responses were assessed by IFN-y ELISpot on splenocytes harvested from BALB/c mice

(T = 42d). (a) Ad35.HSV.gD2 splenocytes were stimulated with a gD2 peptide pool overnight in R10 medium while (b) CJ2-gD2 splenocytes were
stimulated in RO medium with a gD2 peptide pool, gB2 peptide pools (gB-1, gB-2 and gB-3), ICP27 (13-mer: AFLTGADRSVRLA) and VP11/12
(9-mer: HGPSLYRTF). Results are depicted as spot forming units (SFU)/10° splenocytes. Dotted lines indicate the background of the assay (95th
percentile of medium stimulated samples) and the horizontal lines depict the geometric mean response per group. Across dose statistical
comparison between the one- and 2-dose regimens was performed by ANOVA. Results of statistical analysis are depicted by asterisks: ** p<0.01.

https://doi.org/10.1371/journal.pone.0310250.9003

shedding. Mice immunized with Ad35.HSV.gD2 or CJ2-gD2 as control received a 200LD50
dose of HSV-2 G strain inoculated intravaginally 2 weeks after the last immunization. Mock
immunized mice showed rapid signs of disease progression with disease onset around 2 days
after challenge reaching humane endpoint between 7 and 8 days after challenge. Immunized
mice showed 100% survival after challenge (Fig 4A) with no clinical symptoms throughout the
21 days monitoring period with exception for some single dosed Ad35.HSV.gD2 immunized
animals that showed transient genital edema or erythema between days 3 and 6 after challenge
(Fig 4B).
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Fig 4. Prime and prime-boost immunization with Ad35.HSV.gD2 induces complete protection and reduced viral shedding in BALB/c mice after HSV-2
intravaginal challenge. Female BALB/c mice were immunized intramuscularly once at T = 0d or twice (T = 0d and T = 28d) with 10'° vp/mouse Ad35.HSV.
gD2 (N = 10/group), twice with 7x10° pfu/mouse CJ2-gD2 (N = 10) or mock immunized with formulation buffer (N = 10). Mice were intravaginally challenged
6 weeks after the first immunization (T = 42d) with 200LD50 (3.2x10* pfu/mouse) WT HSV-2 G strain and monitored daily for (a) survival and (b) clinical
scores over 21 days after infection. (c) Viral shedding was assessed by plaque assay on vaginal swabs collected on days 1, 2 and 4 after challenge (viral titers
expressed as log, o plaque forming units (pfu)/mL). HSV-2 VNT (titer expressed as log, ICsp), gD2 ELISA and gB2 ELISA (titer expressed as log;, EU/mL) were
performed on sera collected 1 day before challenge and correlation analyses were performed between (d) HSV-2 VNT vs viral shedding (Area Under the Curve,
AUQC) per individual animal on Day 1, 2, 4 (Day 1-4), (e) HSV-2 VNT vs gD2 ELISA titers and (f) HSV-2 VNT vs the sum of gD2 and gB2 ELISA titers. Dotted
lines indicate the limit of detection (LOD) and horizontal lines represent mean value per group. Statistical comparisons of viral shedding between immunized
groups (c) were performed by a pairwise Wilcoxon test with a 6-fold Bonferroni adjustment. Results of statistical analysis are depicted by asterisks: **p<0.01,
*#* p<0.001, ns: not significant. Correlation analyses were performed using the Spearman rank correlation method with the correlation coefficient and two-
tailed p value for each analysis depicted in the figure.

https://doi.org/10.1371/journal.pone.0310250.9004

Viral shedding was assessed on intravaginal swabs collected on day 1, 2 and 4 after chal-
lenge (Fig 4C). Consistent viral shedding was observed in mock immunized mice at all three
time points. All Ad35.HSV.gD2 immunized groups showed detectable viral shedding at all
time points, although statistically significantly lower compared with viral shedding in mock
immunized mice (Fig 4C). The CJ2-gD2 group showed no detectable viral shedding during
the observation period. Humoral immune responses were measured in pre-challenge serum
samples of the same animals and comparable humoral responses (VNT and gD2 ELISA titers)
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were observed as in the immunogenicity study presented in Fig 1. There was a statistically sig-
nificant inverse correlation between viral shedding in immunized mice at day 1, 2 and 4 (Area
Under the Curve, AUC) per mouse and VNT (Fig 4D). A positive correlation was observed
between VNT and gD2 ELISA titers (r = 0.4937,**p<0.001, Spearman correlation) (Fig 4E)
and correlation increased when gD2 and gB2 ELISA titers were combined (r = 0.8372,
***p<0.0001, Spearman correlation) (Fig 4F), suggesting that antibodies against both antigens
contributed to virus neutralization.

Passive serum transfer provides protection against HSV-2 challenge in
mice

To specifically address the protective role of antibodies induced by Ad35.HSV.gD2 against
HSV-2, serum from immunized mice was transferred to naive mice before intravaginal chal-
lenge with HSV-2. We transferred serum pools from Ad35.HSV.gD2 and CJ2-gD2 immunized
mice at comparable gD2 ELISA titers for comparison of protective efficacy. Serum was diluted
before transfer at a gD2 ELISA titer of 0.9 EU/ul and then three-fold dilutions were made
before transfer (0.9 EU/ul (High), 0.3 EU/pl (Mid), 0.1 EU/ul (Low)). A negative control group
received serum from naive animals and a positive control group received active immunization
with Ad35.HSV.gD2 six and two weeks before challenge. Antibody titers against gD2 were
measured in mice 1 day before intravaginal challenge to assess transfer efficiency. Comparable
gD?2 binding antibody levels were observed between the groups (S3A Fig) and VNT were sig-
nificantly higher in mice receiving CJ2-gD2 serum in comparison to mice receiving the highest
dose of Ad35.HSV.gD2 immune serum (S3B Fig). One day after serum transfer, mice were
intravaginally challenged with 200LD50 HSV-2, monitored for survival rate, viral shedding
and clinical scores and sacrificed when reaching the humane endpoint. Mice receiving
CJ2-gD2 serum showed significantly higher survival (88.8%, 50%, 10% for High, Mid, Low
serum dose, respectively) compared with mice receiving Ad35.HSV.gD2 serum (70%, 11.1%,
0% for High, Mid, Low serum dose, respectively) (Fig 5A). The data show that neutralizing
antibodies can mediate protection in this mouse model. Logistic regression analysis shows that
serum from both Ad35.HSV.gD2 and CJ2-gD2 immunized animals protect at comparable
VNT levels (Fig 5B), which did not apply for gD2 ELISA titers (Fig 5C), suggesting that addi-
tional vaccine antigens (such as gB2) can contribute to VNT and protection.

All animals receiving serum from vaccinated animals showed viral shedding as measured in
intravaginal swabs collected on day 1, 2 and 4 after challenge (S3C Fig) and the titer was overall
comparable to the non-treated animals. Control mice receiving active immunization with
Ad35.HSV.gD2 showed lower viral shedding, as previously shown (S3C Fig). Significantly
lower viral shedding was observed on day 1 and 4 in animals receiving CJ2-gD?2 high dose
serum compared with mice receiving Ad35.HSV.gD2 high dose serum. Despite the high viral
shedding, a significant correlation between viral shedding at day 1, 2 and 4 (AUC) per mouse
and VNT was observed (Fig 6).

Immunization with a combination of Ad35.HSV.gD2 and Ad35.HSV.gB2
shows enhanced protection compared with individual components after
HSV-2 intravaginal challenge

To address the question if additional antigens would enhance protective efficacy of the adeno-
viral vector vaccine, mice were immunized with a combination of vectors encoding for gD2
(Ad35.HSV.gD2) and gB2 (Ad35.HSV.gB2) and efficacy compared with immunization with
each vector alone. Immunized mice were challenged with a 200LD50 dose of HSV-2 G strain
inoculated intravaginally 2 weeks after immunization. Mock immunized mice showed rapid
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Fig 5. Mice receiving Ad35.HSV.gD2 and CJ2-gD2 immune serum show partial protection and viral shedding
after challenge. Mice (N = 10/group) received three dilutions (High, Mid, Low) of serum pools from Ad35.HSV.gD2
or CJ2-gD2 immunized mice 3 and 2 days before intravaginal challenge (0.5 ml serum/mouse/day). Serum pools were
diluted to equal gD2 ELISA titers before transfer. Control mice received naive serum pool or active immunization with
Ad35.HSV.gD2 (10" vp/mouse) 42 and 14 days before challenge. Mice were challenged intravaginally with 200LDs
HSV-2 G strain on day 0. After challenge mice were monitored daily for (a) survival for 21 days. One day before
challenge, serum was collected and HSV-2 VNT and gD2 ELISA titers were measured. Logistic regression analysis was
performed using (b) HSV-2 VNT (log, IC5,) versus survival status (0 = dead at day 21; 1 = alive at day 21) and (c) gD2
ELISA titers (log;o EU/mL) versus survival status. Thick black and grey lines depict the regression curves for Ad35.
HSV.gD2 and CJ2-gD2, respectively. Thin black lines and thin dotted lines depict the 95% confidence intervals for
Ad35.HSV.gD2 and CJ2-gD2, respectively.

https://doi.org/10.1371/journal.pone.0310250.9005

signs of disease progression with disease onset around 3 days after challenge reaching humane
endpoint between 7 to 9 days after challenge. Mice immunized with Ad35.HSV.gD2 and the
combination of two vectors showed 100% survival after challenge (Fig 7A) with no clinical
symptoms throughout the 21 days monitoring period with exception for some animals show-
ing genital edema and erythema or moderate genital inflammation (Fig 7B). Mice immunized
with Ad35.HSV.gB2 alone showed 67% survival after challenge and the clinical score of surviv-
ing animals remained on average between 1 (genital edema and erythema) and 3 (purulent
genital lesions or ulcers) during the 21 days of disease monitoring. Consistent viral shedding
was observed in mock immunized mice at all time points and viral shedding was detectable in
all immunized groups. Viral shedding was significantly lower in animals receiving combina-
tion of Ad35.HSV.gD2 and Ad35.HSV.gB2 compared with each vector alone (Fig 7C). There
was a statistically significant inverse correlation between viral shedding in immunized mice at
day 1, 2 and 4 (AUC) per mouse and VNT (Fig 7D). A positive correlation was observed
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Fig 6. Inverse correlation between HSV-2 VNT and viral shedding in mice receiving immune serum before intravaginal challenge. Mice were passively
immunized and challenged intravaginally with HSV-2 as described in Fig 5. Correlation analysis between (a) HSV-2 VNT vs the AUC (Area Under the
Curve) viral titer (log;) after challenge (Day1-4) are shown. Dotted line depicts the lower limit of quantification (LLOQ). Correlation plot was generated by
Spearman rank correlation method resulting in r = -0.3411 (**p<0.01).

https://doi.org/10.1371/journal.pone.0310250.g006
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Fig 7. Immunization with a combination of Ad35.HSV.gD2 and Ad35.HSV.gB2 shows enhanced protection compared with
individual components after HSV-2 intravaginal challenge. Female BALB/c mice were immunized intramuscularly once at T = 0d
with Ad35.HSV.gD2, Ad35.HSV.gB2 (10'° vp/mouse, N = 10/group), Ad35.HSV.gD2/ Ad35.HSV.gB2 (10" vp/vector, N = 10/group) or
mock immunized with formulation buffer (N = 10). Mice were intravaginally challenged 6 weeks after the first immunization (T = 42d)
with 200LD50 (3.2x10* pfu/mouse) WT HSV-2 G strain and monitored daily for (a) survival and (b) clinical scores over 21 days after
infection. (c) Viral shedding was assessed by plaque assay on vaginal swabs collected on days 1, 2 and 4 after challenge (viral titers
expressed as log; o plaque forming units (pfu)/mL). HSV-2 VNT (titer expressed as log, ICs,), gD2 ELISA and gB2 ELISA (titer
expressed as log;o EU/mL) were performed on sera collected 1 day before challenge and correlation analyses were performed between
(d) HSV-2 VNT vs viral shedding (Area Under the Curve, AUC) per individual animal on Day 1, 2, 4 (Day 1-4), (e) HSV-2 VNT vs gD2
ELISA titers and (f) HSV-2 VNT vs the sum of gD2 and gB2 ELISA titers. Dotted lines indicate the limit of detection (LOD) and
horizontal lines represent mean value per group. Statistical comparisons of viral shedding between immunized groups (c) were
performed by a pairwise Wilcoxon test with a 6-fold Bonferroni adjustment. Results of statistical analysis are depicted by asterisks:
**p<0.01, *** p<0.001, ns: not significant. Correlation analyses were performed using the Spearman rank correlation method with the
correlation coefficient and two-tailed p value for each analysis depicted in the figure.

https://doi.org/10.1371/journal.pone.0310250.g007

between VNT and gD2 ELISA titers (r = 0.7709,***p<0.0001, Spearman correlation) (Fig 7E)
and between VNT and gD2/gB2 ELISA titers combined (r = 0.8235, ***p<0.0001, Spearman
correlation) (Fig 7F). These results demonstrate that combining gD2 and gB2 antigens signifi-
cantly improves protection compared with individual vectors alone.

Discussion

There is an unmet medical need to develop a preventive HSV-2 vaccine that can induce robust
humoral and T cell mediated protective immune responses. In this study we have character-
ized the immune responses in mice after immunization with a replication-incompetent Ade-
noviral vector 35 based HSV-2 vaccine (Ad35.HSV.gD2), with a transgene encoding for gD2.
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A replication incompetent viral vaccine, CJ2-gD2, was used as a comparator vaccine. Ad35.
HSV.gD2 induced robust virus neutralizing antibodies against HSV-2 and HSV-1, with corre-
sponding gD2 (HSV-2) and gD1 (HSV-1) IgG ELISA titers. Antigen-specific IFNYy responses
were induced in splenocytes. Immunization resulted in complete survival and reduced viral
shedding after intravaginal challenge in a stringent murine HSV-2 infection model. In con-
trast, no viral shedding was observed after immunization with the CJ2-gD2 vaccine, suggesting
that a combination of antigens may improve efficacy of the vaccines. Indeed, combined deliv-
ery of Ad35.HSV.gD2 with an adenoviral vector encoding for gB2 (Ad35.HSV.gB2) resulted in
a significantly reduced viral shedding compared with Ad35.HSV.gD2 or Ad35.HSV.gB2 alone
after intravaginal challenge.

Delivery of a transgene encoding for an immunogen, through replication-incompetent ade-
noviral vectors, has been demonstrated to be highly potent for induction of humoral and cellu-
lar immune responses [22] and, to our knowledge, only limited work has been done on
adenoviral vector-based HSV-2 vaccines, with a focus on Ad5-vectored vaccines [26-28]. Ad5
vectors encoding for gD2 and truncated UL25 (containing T cell epitopes) [26] or gB2 [28]
have been shown to be immunogenic and protective against HSV challenge in mice. The dis-
advantage of the Ad5 vector system is the high prevalence of pre-existing immunity in
humans, reducing vaccine potency to induce a cellular immune responses [29] and, therefore,
not considered suitable for human use. We used Adenoviral vector type 35 (Ad35) due to its
low seroprevalence in humans [30]. The Ad35 vector has been shown to elicit robust immune
responses in mice and non-human primates [21, 31], also in the presence of Ad5 pre-existing
immunity [32].

In the current study, a single immunization with 10'° vp Ad35.HSV.gD2 was highly immu-
nogenic while a second immunization only modestly increased the elicited humoral and cellu-
lar immune responses. This is possibly due to anti-vector immunity induced by the first
immunization that may reduce the potency of the second dose in this rodent model [30, 32].
Anti-vector immunity may be the reason why only 60-70% survival was observed in mice
three-times immunized with the Ad5 vector vaccine [26].

In humans and non-human primates, impact of anti-vector immunity, either naturally
occurring or elicited by primary vaccination with the same vector-based vaccine was minimal
possibly because human adenoviral vectors are better adapted to escaping immune clearance
in a (more) native host [33]. Adeno-based COVID-19 vaccines have been associated with a
very rare but serious side effect of Vaccine Induced Thrombosis with Thrombocytopenia
(VITT). The underlying pathogenic mechanism is unknown but it seems multifactorial [34,
35]. To date, no cases of VITT have been identified in Janssen clinical studies in the RSV vac-
cine program nor in other (non-COVID-19) Ad26 vectored vaccine programs including
Ebola, HIV, HPV, and Zika vaccine development programs or during the Ebola vaccination
campaigns. To investigate the contribution of HSV-2 specific antibodies in mediating protec-
tion, we transferred immune serum to naive mice before HSV-2 challenge confirming the
important role of antibodies for protection in our challenge model, similar to what has been
observed by others in a similar model in BALB/c mice [36]. Logistic regression analysis dem-
onstrated that VNT was an important correlate of protection, where sera from Ad35.HSV.gD2
and CJ2-gD2 immunized mice provided protection at a comparable level. The regression anal-
ysis also demonstrated that antibodies against other HSV-2 target antigens, such as gB2, could
contribute to protection induced by the replication-defective CJ2-gD2 vaccine, since CJ2-gD2
elicited protection at lower gD2 ELISA titers compared to Ad35.HSV.gD2. Immunization with
a combination of Ad35.HSV.gD2 with Ad35.HSV.gB2 resulted in significantly reduced viral
shedding in mice after intravaginal challenge with HSV-2, supporting the hypothesis that these
antigens can be combined for improved protective efficacy.
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These data suggest a contrast with some previously published data where a gB2 subunit vac-
cine has been shown to provide limited protection against HSV-2 [37] or has not shown addi-
tional protective efficacy when combined with gD2 [37-39]. Similarly, additive value of the
gB2 protective efficacy component in combination with gD2 has been shown to be low in
guinea pigs [37]. This may be related to the presentation of the gB2 vaccine component in
these studies, since several studies have demonstrated that monoclonal antibodies against gB2
and gD2 protect mice against intravaginal challenge with HSV-2 [40-45]. Furthermore, a vac-
cine based on a single-cycle gD2 deleted HSV-2 has shown good protection in mice correlating
with non-gD2 specific antibody-dependent cell-mediated cytotoxicity [46]. More research is
needed to understand the relative contribution of HSV-2 antigens in the protection from HSV
challenge in pre-clinical models and how this may translate to efficacy in humans.

It is clear, though, that neutralizing antibodies appear to play an important role in protec-
tion in preclinical animal models. However, these animal models have failed to predict the out-
come of clinical trials before [10, 47], suggesting that other antibody characteristics may be
required for protective efficacy in humans. More recent studies have shown that antibodies
engaging Fcy receptors on immune cells, such as Natural Killer cells or phagocytes, could play
an important role in the protection against HSV-2 infection [46, 48]. Therefore, it has been
proposed that antibodies induced by the subunit vaccines used in the clinical trials potentially
lacked the necessary effector functions [15]. In contrast, adenoviral vector-based vaccines have
been shown to elicit antibodies with Fc-mediated effector functions [49]. We here demonstrate
that immunization with both Ad35.HSV.gD2 and CJ2-gD2 induced IgG2a, an IgG subclass
that is known to effectively engage Fcy receptors for the induction of Antibody Dependent
Cellular Cytotoxicity (ADCC).

Passive transfer of serum clearly demonstrates the protective effect of antibodies against
HSV-2 challenge and a strong correlation was observed between the level of VNT and protec-
tion. The Ad35.HSV.gD2 actively immunized group, included in the serum transfer experi-
ment (S3 Fig), showed 100% survival and lower viral shedding compared with the groups
passively receiving immune serum. The higher level of protection in actively immunized ani-
mals could be contributed by the higher gD2 antibody levels, but the role of HSV-2 specific T
cells (induced by Ad35.HSV.gD2 and CJ2-gD2) for the additional level of protection can also
not be excluded. Others have shown by T cell depletion experiments (also using CD4 and CD8
T cell knockout mice) that cellular immune responses can play an important role in clearance
of vaginal HSV-2 infection in mice [50-52]. The broader cellular immune response (including
ICP27 and VP11/12, known to be strong T cell inducers [53]) and humoral immune response
induced by CJ2-gD2 likely contributes to the higher level of protective efficacy as observed in
the current study.

In conclusion, we have demonstrated that vector mediated delivery of a transgene encoding
the HSV-2 gD2 antigen can be an effective immunization strategy against genital herpes. How-
ever, as results with the HSV-2 recombinant viral vaccine demonstrated in this study, it is
likely that a combination of antigens will be required for most optimal prophylactic efficacy.

Supporting information

S1 Fig. gB2 ELISA titers are induced by CJ2-gD2.
(PDF)

S2 Fig. IFNy ELISpot responses against Ad35 surface antigen Hexon were measured as a
control in the assay.
(PDF)

PLOS ONE | https://doi.org/10.1371/journal.pone.0310250 December 31, 2024 16/20


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0310250.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0310250.s002
https://doi.org/10.1371/journal.pone.0310250

PLOS ONE

HSV vaccine evaluation in mice

S3 Fig. Antibody levels in mice passively immunized with Ad35.HSV.gD2 and CJ2-gD2
immune serum.
(PDF)
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