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Abstract

Background/objectives: There is currently no licensed prophylactic or therapeutic vaccine for 

HSV-2 infection.

Methods: We developed a novel preclinical vaccine candidate, G103, consisting of three 

recombinantly expressed HSV-2 proteins (gD and the UL19 and UL25 gene products) adjuvanted 

with the potent synthetic TLR4 agonist glucopyranosyl lipid A (GLA) formulated in stable 

emulsion. The vaccine was tested for immunogenicity and efficacy in pre-clinical models for 

preventative and therapeutic vaccination.

Results: Vaccination of mice with G103 elicited antigen-specific binding and neutralizing 

antibody responses, as well as robust CD4 and CD8 effector and memory T cells. The T cell 

responses were further boosted by subsequent challenge with live virus. Prophylactic 

immunization completely protected against lethal intravaginal HSV-2 infection in mice, with only 

transient replication of virus in the genital mucosa and sterilizing immunity in dorsal root ganglia. 

Supporting the use of G103 therapeutically, the vaccine expanded both CD4 and CD8 T cells 

induced in mice by previous infection with HSV-2. In the guinea pig model of recurrent HSV-2 

infection, therapeutic immunization with G103 was approximately 50% effective in reducing the 

number of lesions per animal as well as the overall lesions score.
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Conclusions: Taken together, the data show that G103 is a viable candidate for development of 

a novel prophylactic and therapeutic HSV-2 vaccine.
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INTRODUCTION

Herpes simplex virus type 2 (HSV-2) is the leading cause of genital ulcer disease worldwide 

and infects more than half a billion people between the ages of 15 and 49, with new 

infections occurring at an estimated rate of 23 million annually (1). In addition, HSV-2 

infection increases the risk of HIV acquisition 2-3 fold (2). Genital HSV-2 infection leads to 

latency in lumbosacral dorsal root ganglia (DRG), and subsequent virus reactivation from 

DRG results in clinically symptomatic recurrences or asymptomatic shedding, which poses a 

risk for sexual transmission between partners (3). Recurrent meningitis and neonatal herpes 

virus infection are serious sequels of genital herpes (4) and in the United States, health care 

costs associated with management of HSV-2 are among the highest for sexually transmitted 

diseases, second only to HIV-1 and HPV (5). While antiviral therapy reduces the duration of 

HSV-2 symptomatic disease, and daily suppressive therapy decreases symptomatic 

recurrences and asymptomatic virus shedding (6), the protection is incomplete, since 

antiviral therapy does not totally prevent viral shedding or eliminate latency (7). Prevention 

of genital HSV infection and transmission remains therefore an important target for vaccine 

development.

HSV-2 vaccine candidates tested in phase 3 clinical trials to date have been based on 

recombinantly expressed, truncated envelope glycoproteins gD2 and gB2 adjuvanted with 

the TLR4 agonist monophosphoryl lipid A (MPL), and alum, or alternatively with an oil-in-

water emulsion. They induced neutralizing antibody and CD4 T cell responses and showed 

variable efficacy in the therapeutic setting, but either had no efficacy in the prophylactic 

setting or efficacy only in selected subgroups These studies began in the 1980s and have 

been reviewed (8–10). Briefly, mixed natural or bivalent recombinant gD2 plus gB2 HSV-2 

glycoproteins were inactive for HSV-2 prevention (11,12), while recombinant, truncated 

gD2 adjuvanted with MPL, a TLR4 agonist could not be confirmed to have activity for 

HSV-2 prevention, but does have significant activity for HSV-1 prevention in HSV-

seronegative women with binding antibody titers correlating with efficacy in a case-control 

investigation (13–15). Regarding therapy, monovalent or bivalent vaccines containing 

envelope glycoproteins have had inconsistent activity, depending on protein dose and 

adjuvant composition (16,17). More recently, a bivalent recombinant vaccine of gD2 and 

ICP4, specifically chosen as a CD4 and CD8 T cell target, has had dose-dependent and 

durable clinical activity in reducing genital HSV-2 lesions and shedding in a phase II clinical 

study (18,19). Studies conducted in mice have suggested that control of HSV-2 requires 

coordinated immune responses, including both antibody production and activation of CD4+ 

and CD8+ T cells depending on the details of the model system (20–25). Both cytolytic 

activity and interferon gamma (IFN-γ) secretion are required in rodents for complete 

clearance of HSV-2 from the epithelium (26). In humans, CD4+ T cells infiltrating herpetic 
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lesions recognize HSV-2 tegument protein and cytotoxic CD8+ T cells infiltrate and clear 

HSV-2 from genital herpes lesions and remain concentrated around the sensory neurons at 

the skin after the lesion has healed (27,28). Importantly, we have determined the frequency 

of peripheral cytotoxic T cells in persons with genital herpes and identified open reading 

frames UL19 (encoding VP5, the major capsid protein) and UL25 (encoding a DNA 

packaging protein) as prevalent targets of polyfunctional CD8 T cells (29,30). CD8 T cells 

specific for UL19 are detectable in PBMCs of ∼46% of HSV-2 seropositive subjects and 

CD4 T cells are detectable in PBMC and genital mucosa of HSV-2 seropositive subjects and 

immune seronegative subjects (29–32). We have developed a vaccine candidate, G103, 

which contains 44% of full length UL19 (designated UL19ud), which contains all 3 

published and 4 unpublished human CD8 epitopes, UL25 and gD. Furthermore, UL19 is 

highly immunogenic in preclinical models (33). UL25 contains 2 published CD8 epitopes 

(HLA A*0201 and B*1402) and there are two HSV-1 HLAA*2902-restricted CD8 epitopes 

which are sequence identical in HSV-2 (29,31,34,35). CD8 T cells specific for UL25 are 

detectable in PBMC of ~58% of HSV-2 seropositive subjects (29). The envelope 

glycoprotein D of HSV-2 (gD2) has been identified as the principal target of HSV-2 

neutralizing antibodies in naturally infected humans, with subdominant contributions from 

gB2, gC2, and the gH2/gL2 complex (36).

G103 contains consensus sequences of the UL19 upper domain (UL19ud) identified by 

structural biology approaches, and of full-length UL25, both prokaryotically expressed, and 

the ectodomain of the glycoprotein gD2, expressed in CHO cells. The vaccine is adjuvanted 

with the potent synthetic TLR4 agonist glucopyranosyl lipid A (GLA) formulated in a stable 

oil-in-water emulsion (SE), which has been shown to prime Th1 responses and induce both 

antibody and T cell mediated protective immunity in multiple animal models (37–39). 

Importantly, GLA-SE has been safely administered to date to several hundred subjects in 

clinical trials as a vaccine adjuvant and shown to induce potent neutralizing antibody and 

CD4 responses in humans (40, S. Reed pers. comm.). Specific TLR4 agonists can 

differentially activate the inflammasome pathway, such that GLA should not be considered 

biologically equivalent to the MPL used in previous HSV-2 vaccine candidates [41]. The 

specific lipid in G103 also activates the inflammasome pathway [42]. gD2 is also a 

population-prevalent CD4 T cell antigen and contains CD8 T cell epitopes for mice and 

humans (34,43,44). Here we show that a vaccine containing gD, UL19, and UL25 

formulated with GLA-SE adjuvant induced potent humoral and cellular immunity in mice 

and protected mice and guinea pigs as a prophylactic and therapeutic vaccine.

RESULTS

The development of G103 was performed in a step-wise manner, first optimizing the dose of 

GLA-SE adjuvant in the context of a monovalent recombinant gD2 vaccine applied in a 

prime-boost regimen (0, 28 days). As shown in Suppl. Figure 1A, GLA-SE and SE induced 

a significantly higher IgG response to gD2 compared to control, however, only GLA-SE 

resulted in the production of the Th1-associated isotype IgG2c, whereas the Th2-associated 

isotype IgG1 was GLA-independent (Suppl. Figure 1B, C). In line with the Th1-type 

antibody response, GLA induced gD2-specific IFN-γ producing CD4 T cells, many of 

which also produced TNF-α and IL-2 (Suppl. Figure 2A-D). Notably, the CD4 Th1 dose-
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response curve was bell-shaped, with the peak frequency occurring at the 1-5 µg GLA dose 

(Suppl. Figure 2B and 2C). In mice vaccinated with gD2 plus GLA-SE long-lived gD2-

specific memory CD4 T cells were detectable in the circulation 10 months after the boost 

(Suppl. Figure 3A). Strikingly, upon intravaginal challenge with an attenuated thymidine 

kinase-deficient HSV-2 (Tk-) strain, the gD2-specific CD4 T cells expanded more than 40-

fold (Suppl. Figure 3B), confirming that they were functional memory cells. Notably, 

memory formation was GLA-dependent, as mice primed with gD2 in SE alone did not show 

this response despite being challenged with live virus. Based on these data, we selected the 5 

µg dose of GLA in 2% SE emulsion, as the adjuvant component of G103.

G103 induces anti-gD2 binding antibodies of the subclasses IgG1 and IgG2c, virus 
neutralizing antibodies, and Th1 type CD4 and CD8 T cell responses

The trivalent vaccine G103 induced similar gD2-specific IgG1 and IgG2c antibody titers as 

immunization with gD2 and GLA-SE (Suppl. Figure 4 A, B). We also measured serum 

neutralizing antibody responses in mice immunized with G103 or control vaccines. Animals 

immunized with unadjuvanted trivalent vaccine, or GLA-SE or the dextrose vehicle used for 

injection, had HSV-2 neutralizing antibody levels below the lower limit of detection. In 

contrast, the mean neutralizing titer amongst five mice immunized with G103 was 1:69 

(range, 1:35 to 1:105), with all 5 animals responding (Suppl. Figure 4 C).

Mice given a single immunization with G103 mounted CD4 T cell responses to each antigen 

(Figure 1A). As recombinant protein vaccines are generally thought to preferentially target 

the MHC class II processing pathway, we were surprised to also observe priming of CD8 T 

cells specific for UL19 (Figure 1B). To confirm that these cells were functional, we 

immunized mice with G103, then challenged 28 days later with HSV-2 Tk-, and found that 

they expanded robustly and early, with the peak memory response of antigen-specific splenic 

CD8 T cells reaching 2% at seven days after recall. In contrast, the virus-induced primary 

response in non-immunized mice was significantly lower, comparable to the response in 

mice immunized with G103, but not challenged (Figure 1 B, C).

Prophylactic efficacy of G103 in mice

In an exploratory experiment, conducted with an earlier bivalent UL19/gD2 prototype 

vaccine and a 50xLD50 inoculum of HSV-2 strain 186, we showed using 10 animals per 

group that GLA-SE was required for survival compared to unadjuvanted bivalent vaccine, 

and was associated with significantly lower acute vaginal replication and detectable HSV-2 

DNA in the DRG at necropsy in just 1 of 10 survivor animals (data not shown). Based on 

these results showing a requirement for GLA-SE but also the unexpected survival of some 

animals in the unadjuvanted control group, we increased the inoculum to 100xLD50 to 

evaluate G103. The LD50 in age-matched C57BL/6 mice was found to be 688 pfu/mouse, 

about ½ log10 higher than the LD50 we determined in similarly aged Balb/c mice used in 

previous studies (45–47). In addition, acyclovir treatment was added as a comparator arm, 

which had previously shown to prevent mortality but not translocation of the virus to the 

dorsal root ganglion (33). Mice were immunized with either G103, trivalent antigen vaccine 

without adjuvant, GLA-SE alone, or dextrose vehicle, and challenged 28 days after the boost 

with HSV-2 strain 186 (Figure 2A).
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G103 was completely protective, with 10/10 mice surviving and showing no evidence of 

lesion formation (Figure 2C,D). In contrast to the first experiment, all mice treated with 

placebo formulations succumbed. Further, the majority of surviving mice receiving G103 

had cleared all detectable virus from the genital tract by day 5 (Figure 2B). In contrast, mice 

receiving trivalent antigen alone or GLA-SE alone had the same acute viral loads and 

mortality rates as the vehicle control group. Acyclovir, to a lesser degree than vaccine, also 

blunted early viral replication and protected half of the treated mice from vaginal lesion 

formation. Importantly, it protected all 10 treated mice from mortality (Figure 2D), allowing 

us to compare the amount of latent virus in the DRG in this group versus vaccinated 

survivors. 10/10 DRG specimens recovered from G103 treated mice 100 days after 

immunization were protected from latent infection, compared to only 3/9 DRG in Acyclovir 

treated mice (Figure 2E). Taken together, these data show that G103 induces excellent 

protection from both acute lytic and chronic latent HSV-2 infection.

Therapeutic efficacy of G103 in mice and guinea pigs

In HSV-2 infected patients CD4 and CD8 T cells have been implicated in the immune 

surveillance of the mucosal epithelium and the clearance of reactivated virus, even during 

subclinical reactivation (48–50). In order to model whether G103 was able to boost pre-

existing virus-specific memory T cells, we infected mice with attenuated HSV-2 Tk- virus in 

order to establish virus-specific memory CD8 cells and tested the ability of G103 

vaccination to expand these cells 28 days later. As shown in Figure 3, therapeutic 

immunization with G103 induced a robust, polyfunctional recall response, with almost 2% 

of splenic CD8 and 4% of CD4 T cells being antigen specific. As with priming, this effect 

was significantly mediated by GLA-SE. To study the therapeutic efficacy of G103 in the 

guinea pig genital disease model of HSV-2, 30 animals were inoculated intravaginally twice 

with HSV-2 strain 333. 16 surviving animals with primary genital lesions were normalized 

by division into two groups, such that the total lesion score for each group on day 5, 7, 9, 

and 11 was 19.5, 25.5, 14, and 11.5 for group 1, and 19.5, 23, 15.5 and 12 for group 2. On 

days 14 and 35, one group was treated with GLA-SE (adjuvant only) and the second group 

received G103. Guinea pigs immunized with vaccine had significantly reduced number of 

cumulative recurrences per animal (Figure 4A) as well as reduced lesion score (Figure 4B) 

compared to animals that received GLA-SE alone. In a second experiment, which also 

employed two intravaginal infections, the frequency and severity of recurrent lesions in both 

the GLA-SE and the G103 groups was reduced compared to the first experiment (Figure 

4C), making it difficult to interpret whether these factors were impacted by vaccination. 

However, the lesion scores were still reduced by vaccination with G103 compared to the 

GLA-SE alone in the second experiment (Figure 4D) and pooling both the first and second 

experiments together, the lesion scores were significantly lower in animals receiving G103 

versus GLA-SE (p=0.035, Wilcoxon). These data indicate that G103 may reduce the severity 

of lesions due to recurrent HSV-2 disease in a therapeutic model.

DISCUSSION

Many HSV-2 vaccine candidates have been evaluated in animal models, including 

recombinant protein subunit, DNA, virus vectors with glycoprotein inserts, replication-
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defective and attenuated live virus vaccines. In general, these vaccines reduced mortality and 

severity of disease, virus replication during acute infection, recurrent disease and recurrent 

genital shedding of virus. However, only a small subset of candidates achieved sterile 

immunity as defined by complete protection against viral replication at the site of infection, 

prevention of dorsal root ganglia infection and absence of recurrent genital shedding of virus 

or HSV DNA (51). While previous work has mostly focused on neutralizing antibody 

responses, T cell immunogens such as ICP4 can enhance systemic CD8+ T cell responses, 

and adding ICP4 to a gD2 subunit vaccine reduced the number of recurrent lesions and 

genital viral shedding in guinea pigs (52). We show here that adding two recently discovered 

targets of the human T cell response, UL19 and UL25, to gD2 and formulating the 

recombinant proteins as a stable emulsion with the potent TLR4 agonist GLA, induced not 

only potent CD4 and antibody responses, but surprisingly also primed polyfunctional CD8 T 

cells which could be recalled by HSV-2 infection. Two immunizations with G103 conferred 

full protection against mortality in HSV-2 challenged mice, resulted in only a short period of 

mucosal shedding, and no virus being detectable in the dorsal root ganglia. In a therapeutic 

setting, G103 was shown to recall CD8 T cells primed by infection with an attenuated 

HSV-2 strain, which may form the basis of its observed efficacy in the therapeutic guinea 

pig model of recurrent infection.

The present study had some limitations. We did not directly compare monovalent gD2 with 

the trivalent composition. While monovalent gD2 presented with optimal adjuvants or 

delivery can be protective in the mouse vaginal model, it has failed as an HSV-2 vaccine 

(9,10,47). Our goal in adding UL19 and UL25 was to incorporate CD4 and CD8 T cell 

antigens together with a neutralizing antibody target. While we did not include as a positive 

control a replication competent, attenuated HSV-2 strain such as strain 333 Tk- (53), as 

others have shown that this approach leads to the establishment of detectable ganglionic 

latency with the vaccine strain (54). It is possible that higher HSV-2 challenge doses could 

have revealed less than the 100% protection from mortality and establishment of latency that 

we observed at 100x LD50, or possibly revealed a difference between the adjuvanted subunit 

and live attenuated virus approaches. It was encouraging that neutralizing antibodies were 

detected after G103 administration, but as antibody-deficient mice are still protected from 

lethality after strain 333 Tk- vaccination (55), we do not feel that quantitative comparisons in 

neutralizing antibody titers between various candidates have specific pathophysiologic 

relevance in the mouse model used in this study.

GLA-SE is a fully synthetic detoxified lipid A analogue and agonist of the TLR4 receptor. It 

has advanced to multiple human clinical trials and found to have an acceptable side effect 

profile at the 5 μg dose (40), the same level used in the preclinical models detailed herein. In 

controlled experiments, we showed that in the murine model, the GLA-SE adjuvant was 

required for high titers of binding antibodies, greatly boosted the induction of acute and 

long-lived CD4 responses, and also enabled the priming of CD8 T cell responses to UL19. 

We did not observe CD8 priming for gD2 or UL25 in the C57BL/6 mouse strain, for which 

H2b restricted epitopes for these proteins have not been described. The G103-primed CD8 T 

cells were polyfunctional, and capable of brisk expansion upon exposure of mice to 

replicating HSV-2. In the therapeutic context, vaccination of both HSV-2-immune and 

chronically infected animals with G103 greatly expanded CD8 T cells; the levels observed 
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were significantly higher than those detected after vaccination of naïve animals, consistent 

with G103-elicited re-stimulation of memory CD8 T cells primed by the infection. The 

contribution of CD8 and CD4 T cells to the control of HSV-2 infection is highly dependent 

on the model used in mice (51), and cells of both subsets localize to acute and healed human 

HSV-2 lesions and also chronically HSV-infected human DRG (48,56,57), making it 

difficult to predict which effector population might be most active in humans. The detection 

of both CD4 and CD8 T cells responses and a Th1-influenced antibody response after G103 

administration indicate that a broad acquired immune response is elicited that may be 

clinically effective for prevention or treatment of HSV-2 infection.

G103 induced high antibody titers of both the IgG1 and IgG2c subclass, which is reflective 

of the Th1 polarized immune response that GLA stimulates in C57BL/6 mice used in this 

study, whereas in Balb/c mice the IgG2c gene is deleted and IgG2a antibodies are produced 

instead (58). Antibody subclasses may play different roles in antiviral immunity, as was 

shown in mouse models of HSV-1 and HSV-2 and also influenza virus infection. For 

example, a series of subclass switch mutants made from an anti-gD2 monoclonal antibody 

were examined for the ability to protect against HSV-2 challenge in Balb/c mice. IgG2a was 

found to be more effective than IgG1 and this correlated both with activity in antibody-

dependent cell-mediated cytotoxicity and with efficacy of complement-mediated 

neutralization (59). In the case of influenza, immunization of Balb/c mice with 

hemagglutinin (HA) DNA induced mainly neutralizing antibodies of the IgG1 subclass, 

whereas a viral replicon particle expressing HA induced mainly non-neutralizing IgG2a 

antibodies that correlated with clearance of virus and increased protection against lethal 

influenza challenge. Furthermore, induction of both antibody isotypes as measured by 

ELISA was a better correlate for vaccine efficacy than neutralizing antibody titer alone (60). 

Similarly, monoclonal antibodies of the IgG2c subclass directed against the influenza matrix 

protein M2 protected C57/BL6 mice from lethal challenge, whereas IgG1 monoclonals of 

the same specificity did not (61). Thus, it is likely that the IgG2c antibodies induced by 

G103 contribute to increased protection against HSV infection via complement fixation and 

Fc receptor activation.

Optimally adjuvanted subunit vaccines are attractive candidates for HSV-2 vaccines and the 

recently demonstrated high efficacy of an adjuvanted herpes zoster subunit vaccine in a 

phase 3 trial validates this concept (62). Indeed, several novel vaccines have been advanced 

to human testing over the last few years, ranging from multivalent peptide and partial-length 

protein to DNA vaccines with additives to enhance HSV-2 protein expression (9,51). 

Demonstration of immunogenicity and antiviral activity in the mouse and guinea pig models, 

while not necessarily predictive of clinical success, are important milestones in the rational 

progression to clinical testing. G103 is therefore a logical candidate for further development 

based on its prophylactic and therapeutic efficacy in preclinical models.

MATERIALS AND METHODS

Ethics Statement

Immunogenicity studies performed at Immune Design were approved by the Infectious 

Disease Research Institute (Seattle) Institutional Animal Care and Use Committee (IDRI-
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IACUC). Mouse intravaginal challenge and immunogenicity experiments performed at the 

University of Washington (UW) were approved by the UW-IACUC. Guinea pig intravaginal 

challenge experiments performed at the National Institutes of Allergy and Infectious 

Diseases (NIAID) were approved by the NIAID-IACUC

Vaccine antigen production and formulation

Details of the composition of G103 are given in the Supplementary Information

gD2-specific antibody ELISA and HSV-2 neutralization assay

Details of the serological assays are given in the Supplementary Information

Intracellular cytokine staining (ICS)

Details of the ICS are given in the Supplementary Information

Mouse prophylactic challenge model

Female 6-7 week old C57BL/6 mice were obtained from Charles River and acclimatized at 

least one week. Our standard HSV-2 vaginal model has recently been detailed (63) and is 

similar to that used in our earlier studies of Balb/c mice (45–47). In brief, vaccines were 

freshly formulated on the day of injection. Vaccinations were performed twice, 4 weeks 

apart, by the intramuscular route into the quadriceps bilaterally in a volume of 50 μl per side. 

Blood was obtained before each vaccination, before challenge, and then 27 days later from 

surviving mice (experiment 1 only). Mice were treated with 2 mg medroxyprogesterone as 

described (63). Five days later and 28 days after the second vaccination they were 

challenged intravaginally with wildtype HSV-2 strain 186 (kind gift of Dr. David Knipe) as 

described (63). Stocks had a titer of 2.99 X 108 pfu (plaque forming units)/ml. Preliminary 

experiments with the challenge stock in age- and strain-matched mice established the LD50 

as 688 pfu. The challenge dose was 50xLD50 in an exploratory experiment with a gD2 only 

vaccine, and 10xLD50 in the experiment with G103. Mice were observed twice daily for 21 

days and euthanized if pre-morbid. In experiment 2, some mice were treated orally with 

ACV (acyclovir) starting 24 hours after challenge. ACV for intravenous injection (Glaxo 

SmithKline) was freshly diluted daily to 1 mg/ml in autoclaved water and offered ad libitum 
until day 21. In the G103 experiment, some mouse groups were euthanized on 7 days after 

challenge and spleens removed aseptically for immune studies.

Vaginal swabs were collected and DNA extracted as described (63). HSV-2 DNA was 

detected and quantified using Taqman™ PCR with primers/probes in the glycoprotein B 

(UL27) gene (63). Each specimen was checked for inhibition. Results are reported as DNA 

copies per swab. Lumbosacral dorsal root ganglia (DRG) were dissected from surviving 

mice on day 56 after challenge (experiment 1) or between 69 and 71 days after challenge 

(experiment 2). Ganglia (20-24 per mouse) were pooled from each mouse for DNA 

extraction. Quantitative PCR was performed for both HSV-2 DNA and mouse GAPDH. 
Results are reported as HSV-2 DNA copies per 106 mouse cells assuming 2 copies of 

GAPDH/cell.
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In experiments with immune responses as the exclusive readout, intravaginal infection were 

performed as above, but a non-lethal dose of 1×106 pfu attenuated HSV-2 Tk- virus was 

employed.

Guinea pig therapeutic challenge model

Five week old female Hartley guinea pigs (Charles River Laboratories) were infected twice 

9 days apart with HSV-2 strain 333 intravaginally with 4 × 104 and 1 × 105 pfu for the first 

and second infections, respectively. On days 5, 7, 9, and 11 after the second infection, 

genital lesions were graded on a scale of 0 for no lesions, 1 for erythema, 2 for single or a 

few small vesicles, 3 for large or fused vesicles, and 4 for ulcerated lesions (64). Guinea pigs 

were then paired up based on their total lesion score, one of each pair was put into Group 1 

and another to Group 2 randomly; this resulted in two groups of guinea pigs with very 

similar severity of primary HSV-2 disease. Guinea pigs were then vaccinated on days 14 and 

35 post-infection by the intramuscular route in the thigh. Vaginal lesion severity was graded 

by direct examination of each animal daily for 52 days after the first vaccination for total 

lesion score, that measures the severity of lesions ranging from 0 to 4, and for the frequency 

of recurrent lesions with each new recurrent lesion counted as 1.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations:

HSV-2 herpes simplex virus type 2

GLA glycopyranosyl lipid A

UL19 major capsid protein VP5 encoded by gene UL19

Non-italicized UL25 capsid protein encoded by gene UL25

DRG dorsal root ganglia
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Figure 1. G103 induces T cell responses to gD2, UL19, and UL25.
A, B) Mice (n = 5 per group) were given a single immunization with either G103, or with 

5µg each of recombinant gD2, UL19, and UL25 (unadjuvanted trivalent vaccine), or with 

vehicle only (5% dextrose). 6 days after the prime, the frequency of antigen-specific CD4 

and CD8 T cells producing IFN-γ, TNF-α, and IL-2 was determined by ICS after ex vivo 

stimulation of splenocytes with overlapping peptide pools for each antigen. CD8 T cell 

responses are presented for UL19 as they were not detected for gD2 or UL25. C) To confirm 

the functional recall capacity of UL19-specific CD8 T cells, mice primed with G103 were 
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infected subcutaneously with attenuated HSV-2 Tk- virus. The frequency of UL19-specific 

CD8 T cells was measured by ICS at various days post infection in immunized or 

unimmunized control mice. Statistically significant differences compared to control are 

indicated by * (p<0.05) or ** (p<0.01) (Mann-Whitney test).
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Figure 2. Prophylactic immunization leads to complete survival after lethal challenge, protection 
from genital lesions, and prevention of latent infection.
A) A schematic of the challenge experiment. Mice were immunized twice 28 days apart with 

G103 or the unadjuvanted trivalent vaccine. Negative control vaccines included GLA-SE 

adjuvant alone and vehicle (5% dextrose) alone. 4 weeks post boost, mice were challenged 

with a 100x LD50 dose of HSV-2 strain 186 following pretreatment with depot 

medroxyprogesterone acetate (DMPA; Depo-Provera). As a control group of surviving mice 

with latent infection, one group of unimmunized mice were treated orally with acyclovir 

from days 1-21. B) Vaginal swabs were collected on days 1, 3, and 5 post infection and 

copies of HSV-2 copies were measured by quantitative PCR. For each time point, 

statistically significant differences compared to the pooled other vaccine groups are 

indicated by ** (p<0.01) or *** (p<0.0001) (Mann-Whitney test). Kaplan-Meier curves 

showing the percentage of mice that were C) free of genital lesions and D) surviving up to 

21 days post infection is shown. Significance indicated by * (p<0.05) or *** (p<0.0001) 

(Logrank test). Note, one acyclovir treatment mouse died after day 21. E) On day 100, the 
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dorsal root ganglia (DRG) were dissected from surviving mice and the copy number of 

latent HSV-2 was measured by qPCR. **p<0.01 (Mann-Whitney test).
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Figure 3. G103 expands virus-specific memory CD4 and CD8 T cells in mice previously infected 
with HSV-2.
Mice (n = 5 per group) were infected subcutaneously with HSV-2 Tk- virus or mock and 

were then immunized 28 days later with G103 or the indicated controls. 6 days post 

immunization, the frequency of UL19-specific T cells was measured by ex vivo peptide pool 

restimulation followed by ICS. A) Representative plots of UL19-specific CD8 T cell 

response. B) Bar graphs showing the frequency and multifunctionality of UL19-specific 

CD8 T cells and CD4 T cell responses. Statistically significant differences in the memory 

response to G103 is indicated by ** (p<0.01) (Mann-Whitney test).
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Figure 4. Therapeutic vaccination reduces the number of recurrent genital lesions in HSV-2 
infected guinea pigs.
Guinea pigs were infected twice intravaginally with HSV-2 strain 333. On days 5, 7, 9, and 

11 after the second infection, genital lesions were graded on a scale of 0 for no lesions, 1 for 

erythema, 2 for single or a few small vesicles, 3 for large or fused vesicles, and 4 for 

ulcerated lesions. Guinea pigs were then separated into two groups matched for lesion score 

and randomly assigned to either treatment with trivalent vaccine with GLA-SE adjuvant or 

adjuvant alone. Treatments were administered intramuscularly on days 14 and 35 post-

infection. Two separate experiments (A and B, C and D) were performed. Starting on the 

fourth day after the first treatment, recurrent genital lesions were counted and scored as 

above, and the cumulative frequency (A, C) and severity (B, D) of lesions in each group is 

shown.
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