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 31 

 32 

ABSTRACT 33 

 34 

Following acute herpes simplex virus type 2 (HSV-2) infection, the virus undergoes latency in sensory 35 
neurons of the dorsal root ganglia (DRG). Intermittent virus reactivation from latency and shedding in 36 
the vaginal mucosa (VM) causes recurrent genital herpes. While T-cells appear to play a role in 37 
controlling virus reactivation and reducing the severity of recurrent genital herpes, the mechanisms for 38 
recruiting these T-cells into DRG and VM tissues remain to be fully elucidated. The present study 39 
investigates the effect of CXCL9, CXCL10, and CXCL11 T-cell-attracting chemokines on the 40 
frequency and function of DRG- and VM-resident CD4+ and CD8+ T cells and its effect on the 41 
frequency and severity of recurrent genital herpes. HSV-2 latent-infected guinea pigs were 42 
immunized intramuscularly with the HSV-1 RR2 protein (Prime) and subsequently treated 43 
intravaginally with the neurotropic adeno-associated virus type 8 (AAV-8) expressing CXCL9, 44 
CXCL10, or CXCL11 T-cell-attracting chemokines (Pull). Compared to the RR2 therapeutic vaccine 45 
alone, the RR2/CXCL11 prime/pull therapeutic vaccine significantly increased the frequencies of 46 
functional tissue-resident (TRM cells) and effector (TEM cells) memory CD4+  and CD8+ T cells in both 47 
DRG and VM tissues. This was associated with less virus shedding in the healed genital mucosal 48 
epithelium and reduced frequency and severity of recurrent genital herpes. These findings confirm the 49 
role of local DRG- and VM-resident CD4+ and CD8+ TRM and TEM cells in reducing virus reactivation 50 
shedding and the severity of recurrent genital herpes and propose the novel prime/pull vaccine 51 
strategy to protect against recurrent genital herpes.  52 
 53 
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IMPORTANCE 61 

 62 

The present study investigates a novel prime/pull therapeutic vaccine strategy to protect against 63 
recurrent genital herpes in the guinea pig model. HSV-2 infected guinea pigs were vaccinated using a 64 
recombinantly expressed herpes tegument protein-RR2 (prime), followed by intravaginal treatment 65 
with the neurotropic adeno-associated virus type 8 (AAV-8) expressing CXCL9, CXCL10, or CXCL11 66 
T-cell-attracting chemokines (pull). The RR2/CXCL11 prime/pull therapeutic vaccine elicited a 67 
significant reduction in virus shedding in the vaginal mucosa and decreased the severity and 68 
frequency of recurrent genital herpes. This protection was associated with increased frequencies of 69 
functional tissue-resident (TRM cells) and effector (TEM cells) memory CD4+  and CD8+ T cells infiltrating 70 
latently infected DRG tissues and the healed regions of the vaginal mucosa. These findings shed light 71 
on the role of tissue-resident (TRM cells) and effector (TEM cells) memory CD4+  and CD8+ T cells in 72 
DRG and vaginal mucosa (VM) tissues in protection against recurrent genital herpes and propose the 73 
prime/pull therapeutic vaccine strategy in combating genital herpes. 74 
  75 
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TWEET 76 

A therapeutic RR2/CXCL11 prime/pull vaccine reduced recurrent genital herpes more effectively than 77 

therapeutic vaccination with a subunit HSV RR2 antigen alone. 78 

  79 
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INTRODUCTION 80 

 81 

Herpes simplex virus type 2 (HSV-2) affects both women and men (1, 2), however, women are 82 

more susceptible to the infection. Approximately 315 million women aged 5-49 years old are currently 83 

infected globally (1, 2). After exposure of vaginal mucosa (VM) to HSV-2, the virus replicates in the 84 

mucosal epithelial cells leading to the development of acute genital herpetic lesions (2-5). Once the 85 

acute primary infection is cleared, the virus establishes a lifelong latent infection. The virus enters the 86 

nerve termini innervating peripheral vaginal tissues and is subsequently transported by retrograde to 87 

the nucleus of the sensory neurons of dorsal root ganglia (DRG) where it establishes a dormant state 88 

within the neuronal cells (6, 7). 89 

More than 80% of HSV-2-seropositive women are unaware of their infection as they never 90 

develop any apparent recurrent symptoms (1). In contrast, the symptomatic women often display 91 

sporadic reactivation, leading to recurrent genital lesions and painful blisters that can burst and form 92 

ulcers (6). The virus occasionally reactivates and sheds asymptomatically, even without visible 93 

lesions. Such women, being unaware, can contribute significantly to the transmission of the virus, 94 

emphasizing the need for an antiviral therapeutic vaccine to prevent or reduce virus reactivation 95 

and/or its shedding in the genital tract.  In addition, neonatal infections can be severe and result in 96 

serious diseases with high rates of morbidity and mortality. Despite the availability of many 97 

intervention strategies, such as sexual behavior education, barrier methods, and antiviral drug 98 

therapies (e.g., Acyclovir and derivatives), eliminating or at least reducing recurrent genital herpes 99 

remains a challenge (2, 8-11). Besides, antiviral drugs, such as Acyclovir, can neither prevent de 100 

novo infection (initial infection) nor clear the virus completely. They work primarily in reducing the 101 

severity and duration of symptoms by inhibiting viral replication during active outbreaks. An effective 102 

antiviral therapeutic vaccine may serve as the best approach to protect from recurrent genital herpetic 103 

disease (4, 12). An antiviral therapeutic vaccine stimulates the immune system to target and control 104 

an existing infection. Ideally, a therapeutic vaccine for genital herpes would help reduce virus 105 
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reactivation, limit shedding, and potentially decrease the frequency and severity of recurrent 106 

outbreaks. 107 

The acquired immune responses that develop following exposure to the virus are not sufficient 108 

for protection against recurrent genital herpes (13-15). More recently, studies are investigating a 109 

successful therapeutic vaccine that can boost immune responses stronger and/or different than the 110 

acquired immunity induced by the virus (16-19). In 1988, a study by Stanberry et al. provided early 111 

evidence that a vaccine could reduce the number of recurrent genital herpes outbreaks using the 112 

guinea pig model of genital herpes. This study demonstrated the efficacy of immunization in reducing 113 

the frequency of recurrences. In recent years, several sub-clinical experiments have supported these 114 

preclinical findings using protein-based subunit vaccines, often administered with a potent adjuvant (a 115 

substance that enhances the immune response). Vaccination with these proteins has been found to 116 

reduce the rates of recurrent lesions (visible outbreaks) or recurrent shedding by approximately 50%.  117 

Interestingly, over the last two decades, only a single subunit protein vaccine strategy, based 118 

on the HSV-2 glycoprotein D (gD), delivered with or without gB, has been tested and retested in 119 

clinical trials (18, 20). Despite inducing strong neutralizing antibodies; this subunit vaccine strategy 120 

proved unsuccessful in clinical trials (21). Previous studies have identified other antigenic tegument 121 

proteins by screening HSV-2 open-reading frames (ORFs) with antibodies and T cells from HSV-2 122 

seropositive individuals (22). However, aside from three reports, first by our group in 2012 (23, 24) 123 

and later by Genocea Biosciences, Inc. in 2014 (25), comparison of the repertoire of HSV-2 proteins, 124 

encoded by the over 84 open reading frames- (ORF-) of the HSV-2 152-kb genome, recognized by 125 

antibodies and T cells from HSV-2 seropositive symptomatic versus asymptomatic individuals is 126 

largely unknown. Previously, we demonstrated that the HSV-2 specific RR2 protein-based subunit 127 

therapeutic vaccine elicited a significant reduction in virus shedding and decreased the severity and 128 

frequency of recurrent genital herpes lesions (26). Our lab previously determined that the RR2 protein 129 

is frequently and highly recognized by antibodies and T cells in naturally "protected" asymptomatic 130 

individuals. Additionally, the protein boosted the number and function of antiviral tissue-resident 131 
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memory CD4+ and CD8+TRM cells, locally within the DRG and vaginal mucocutaneous tissues, leading 132 

to better protection against recurrent herpes (26).  133 

In the present study, we sought to improve protein-based vaccination by combining it with a 134 

prime and pull strategy. The strategy involves conventional parenteral vaccination using HSV-2 135 

specific RR2 protein to elicit systemic T-cell responses (prime), followed by recruitment of activated T 136 

cells via administration of an adenovirus expressing chemokine or T cell attractant (pull), for those T 137 

cells to establish long-term protective immunity. The adeno-associated virus type 8 (AAV8) was used 138 

to express the chemokines as it efficiently targets the enteric nervous system in guinea pigs. The 139 

immunization results showed that the primary CD8+T cell responses were of similar magnitudes in the 140 

spleen, whereas the frequency and number of CD8+T cells in the vaginal mucocutaneous tissue were 141 

significantly higher in vaccinated mice treated with adenovirus-expressing chemokine as compared 142 

with the control immunized mice without the "pull". Furthermore, the action of the chemokine pull was 143 

not restricted to the genital mucosa, as CD8+ T cell recruitment was also observed in the DRG. 144 

Importantly, the prime and pull strategy conferred near complete protection against the primary 145 

challenge of genital HSV-2 infection compared with the prime alone. In this study, we extend this 146 

application to therapeutic vaccines and demonstrate that the frequency of recurrent disease and 147 

recurrent vaginal shedding is reduced most effectively by the combination of prime (protein vaccine) 148 

and pull (Adenovirus expressing chemokine).  149 

 150 

 151 

 152 

 153 

 154 

 155 

 156 
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MATERIALS AND METHODS 158 

 159 

Animals: Female guinea pigs (Hartley strain, Charles River Laboratories, San Diego, CA) 160 

weighing 275-350 g (5-6 weeks old) were housed at the University of California, Irvine vivarium. The 161 

Institutional Animal Care and Use Committee of the University of California, Irvine, reviewed and 162 

approved the protocol for these studies (IACUC # AUP-22-086). A group size of 10 had 90% power to 163 

detect a difference of two-fold or higher between experimental group means with a significance level 164 

of 0.05.  165 

Vaccine candidate: We used recombinantly expressed 'RR2' protein antigens from HSV2 as 166 

RR2 is highly recognized by T cells from naturally protected" asymptomatic individuals.  167 

Infection and Immunization of Guinea Pigs: Throughout this study, we used the MS strain 168 

of HSV-2, generously gifted by Dr. David Bernstein (Cincinnati Children's Hospital Medical Center, 169 

University of Cincinnati, OH). Guinea pigs (n = 30) were infected intravaginally with 5 x 10
5
 pfu of 170 

HSV-2 (strain MS). Once the acute infection was resolved, latently infected animals were vaccinated 171 

intramuscularly twice in the right hind calf muscle on day 15 and day 25 post-infection. Animals were 172 

immunized on day 15 with 20 μg and on day 25 with 10 μg of RR2 protein mixed with 100 μg 173 

CpG/guinea pig and 150μg alum. Animals were mock-immunized with the CpG oligonucleotide (5’-174 

TCGTCGTTGTCGTTTTGTCGTT-3') (Trilink Inc., Santa Fe Springs, CA) using 100 μg CpG/guinea 175 

pig and 150μg alum (Alhydrogel, Accurate Chemical and Scientific Corp., Westbury, NY). 176 

Monitoring of primary or recurrent HSV-2 disease in guinea pigs: Guinea pigs were 177 

examined for vaginal lesions and were recorded for each animal daily starting right after the second 178 

immunization on a scale of 0 to 4, where 0 reflects no disease, 1 reflects redness, 2 reflects a single 179 

lesion, 3 reflects coalesced lesions, and 4 reflects ulcerated lesions. 180 

Bulk RNA sequencing on sorted CD8+ T cells: RNA was isolated from the sorted CD8+ T 181 

cells using the Direct-zol RNA MiniPrep (Zymo Research, Irvine, CA) according to the manufacturer's 182 
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instructions. RNA concentration and integrity were determined using the Agilent 2100 Bioanalyzer. 183 

Sequencing libraries were constructed using TruSeq Stranded Total RNA Sample Preparation Kit 184 

(Illumina, San Diego, CA). Briefly, rRNA was first depleted using the RiboGone rRNA removal kit 185 

(Clonetech Laboratories, Mountain View, CA) before the RNA was fragmented, converted to double-186 

stranded cDNA and ligated to adapters, amplified by PCR and selected by size exclusion. Following 187 

quality control for size, quality, and concentrations, libraries were multiplexed and sequenced to 188 

single-end 100-bp sequencing using the Illumina HiSeq 4000 platform. 189 

Differential gene expression analysis: Differentially expressed genes (DEGs) were 190 

analyzed using Integrated Differential Expression and Pathway analysis tools. These system tools 191 

seamlessly connect 63 R/Bioconductor packages, two web services, and comprehensive annotation 192 

and pathway databases for guinea pigs. The expression matrix of DEGs was filtered and converted to 193 

Ensembl gene identifiers, and the preprocessed data were used for exploratory data analysis, 194 

including k-means clustering and hierarchical clustering. The pairwise comparison of immunized and 195 

non-immunized guinea pigs was performed using the DESeq2 package with a single-Andover rate 196 

threshold  (<0.5. and fold change and >1.5).  197 

Moreover, a hierarchical clustering tree and network of enriched GO/KEGG terms were 198 

constructed to visualize the potential relationship. Gene Set Enrichment Analysis (GSEA) method 199 

was performed to investigate the related signal pathways activated among protective and non-200 

protective groups. The parametric Gene Set Enrichment Analysis (PSGEA) method was applied 201 

based on data curated in Gene Ontology and KEGG. Pathway significance cutoff with a false 202 

discovery date (FDR) ≥ 0.2 was used. 203 

Real-time qPCR for HSV-2 Quantification from Vaginal Swabs and dorsal root ganglia: 204 

Vaginal swabs were collected daily using a Dacron swab (type 1; Spectrum Laboratories, Los 205 

Angeles, CA) starting from day 35 until day 65 post-challenge. Individual swabs were transferred to a 206 

2 mL sterile cryogenic vial containing 1ml culture medium and stored at -80oC until use. On day 65 207 

post-challenge, twelve lower lumbar and sacral dorsal root ganglia (DRG) per guinea pig were 208 
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collected by cutting through the lumbar end of the spine. DNA was isolated from the collected vaginal 209 

swab and DRG of guinea pigs by using DNeasy blood and tissue kits (Qiagen). The presence of HSV-210 

2 DNA was quantified by real-time PCR (StepOnePlus Real-Time PCR System) with 50-100 ng 211 

vaginal swab DNA or 250 ng of DRG DNA. HSV-2 DNA copy number was determined using purified 212 

HSV-2 DNA (Advanced Biotechnologies, Columbia, MD) and based on a standard curve of 213 

the CT values that were generated with 50,000, 5,000, 500, 50, and 5 copies of DNA and run in 214 

triplicates, samples analyzed in duplicates. Samples with <150 copies/ml by 40 cycles or only positive 215 

in one of two wells were reported as negative. Primer and probe sequences for HSV-2 Us9 were: 216 

primer forward, 5′-GGCAGAAGCCTACTACTCGGAAA-3′, and reverse 5′-217 

CCATGCGCACGAGGAAGT-3′, and probe with reporter dye 5′-FAM-CGAGGCCGCCAAC-MGBNFQ-218 

3′ (FAM, 6-carboxyfluorescein). All reactions were performed using TaqMan gene expression master 219 

mix (Applied Biosystems), and data were collected and analyzed on StepOnePlus real-time PCR 220 

system. 221 

Splenocyte isolation: Spleens were harvested from guinea pigs at 80 days post-infection. 222 

Spleens were placed in 10 ml of cold PBS with 10% fetal bovine serum (FBS) and 2X antibiotic–223 

antimycotic (Life Technologies, Carlsbad, CA). Spleens were minced finely and sequentially passed 224 

through a 100 µm mesh and a 70 µm mesh (BD Biosciences, San Jose, CA). Cells were then pelleted 225 

via centrifugation at 400 × g for 10 minutes at 4°C. Red blood cells were lysed using a lysis buffer and 226 

washed again. Isolated splenocytes were diluted to 1 × 106 viable cells per ml in RPMI media with 227 

10% (v/v) FBS and 2 × antibiotic–antimycotic. Viability was determined by Trypan blue staining. 228 

Isolation of lymphocytes from the guinea pig's vaginal mucosa: Vaginal mucosa was 229 

removed from the guinea pigs. The genital tract was minced into fine pieces and transferred into a 230 

new tube with fresh RPMI-10 containing collagenase and digested at 37 °C for two hours on a rocker 231 

set to vigorously. The digested tissue suspension was then passed through a 100 μm cell strainer on 232 

ice, followed by centrifugation. Lymphocytes in the cell pellets were separated using Percoll gradients 233 

by centrifugation at 900 x g, at room temperature, for 20 minutes with the brake-off. The lymphocytes 234 
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at the interface layer between 40% and 70% Percoll layers were harvested, washed with RPMI 1:3, 235 

and spun down at 740 x g.  236 

Flow cytometry analysis: Vaginal mucosa cells and splenocytes were analyzed by flow 237 

cytometry using the following antibodies: mouse anti-guinea pig CD8 (clone MCA752F, Bio-Rad 238 

Laboratories, Hercules, CA), mouse anti-guinea pig CD4 (clone MCA749PE, Bio-Rad Laboratories), 239 

anti-mouse CRTAM (clone 11-5, Biolegend, San Diego, CA), hamster anti-mouse PD-1 clone J43, 240 

BD Biosciences, San Jose, CA), anti-mouse/human CD44 (clone IM7, Biolegend), anti-mouse CD69 241 

(clone H1.2F3, BD Biosciences, San Jose, CA), anti-mouse CXCR3 (clone CXCR3-173, Biolegend) 242 

and anti-mouse CD103 (clone 2E7, Biolegend). For surface staining, mAbs against various cell 243 

markers were added to a total of 1X106 cells in phosphate-buffered saline containing 1% FBS and 244 

0.1% sodium azide (fluorescence-activated cell sorter [FACS] buffer) and left for 45 minutes at 4°C. 245 

At the end of the incubation period, the cells were washed twice with FACS buffer. A total of 100,000 246 

events were acquired by the LSRII (Becton Dickinson, Mountain View, CA), followed by analysis 247 

using FlowJo software (TreeStar, Ashland, OR). 248 

 Statistical analyses: Data for each assay were compared by analysis of variance (ANOVA) 249 

and Student's t-test using GraphPad Prism version 5 (La Jolla, CA). Differences between the groups 250 

were identified by ANOVA and multiple comparison procedures. Data are expressed as the mean + 251 

SD. Results were considered statistically significant at P < 0.05. 252 

253 
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RESULTS 254 

1. CXCL11/CXCR3 axis for T cell activation: A target for novel “prime-pull” therapeutic 255 

herpes vaccine: Guinea pigs (n = 10) were infected intravaginally with 5 x 105 pfu of HSV-2 (strain 256 

MS). Once the acute infection was resolved, latently infected animals were vaccinated intramuscularly 257 

twice, on days 15 and 25 post-infection, with individual HSV-2 antigen RR2 emulsified in Alum + CpG 258 

adjuvants. Mock-vaccinated guinea pigs, which received Alum + CpG adjuvants alone, were used as 259 

negative control (Mock). Using bulk RNA sequencing, we detected differential expression of 1,243 260 

(upregulated = 724, downregulated = 519) genes in tissue-resident CD8+T cells FACS-sorted from 261 

vaginal mucosa of HSV-2 immunized and non-immunized guinea pigs (Figs. 1A and 1B, left panel). 262 

With gene set enrichment analysis on these differentially expressed genes, we found T cell activation 263 

(P = 0.02, logFC = 4.12), T cell proliferation (P = 0.02, logFC =3.68), TCR signaling (P = 0.01, logFC 264 

= 2.15), and Cytokine secretion (P = 0.01, logFC = 2.01) pathways to be upregulated in immunized 265 

group of guinea pigs (Fig. 1B, middle panel). We detected a significant up-regulation of the gene for T 266 

cells attracting chemokine receptors in HSV-specific CD8+TRM cells from an immunized group of 267 

guinea pigs suggestive of a heightened activation of T cell-attracting chemokines receptors may lead 268 

to increased infiltration/retention of protective antiviral TRM cells observed in the VM of the immunized 269 

group of guinea pigs. The gene found to be significantly upregulated among immunized guinea pigs 270 

was CXCR3 (P = 0.004, logFC = 3.46). ((Figs. 1D and 1E), which is a receptor for CXCL9, CXCL10 271 

and CXCL11. These results suggest that CXCL9/10/11-CXCR3 activates tissue resident CD8+ T cell 272 

responses locally in the genital tissues.  273 

2. Therapeutic immunization of HSV-2 infected guinea pigs with vaccine candidate RR2 274 

and treatment with adenovirus containing CXCL11 protects better against recurrent genital 275 

disease: Guinea pigs (n = 30) were infected intravaginally with 5 x 105 pfu of HSV-2 (strain MS) (Fig. 276 

2A). Once acute infection was resolved, latently infected animals were randomly divided into five 277 

groups (n = 6) and then vaccinated twice intramuscularly on days 15 and 25 post-infection with HSV-2 278 
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protein RR2 emulsified in Alum + CpG adjuvants. One week later, three groups were treated with an 279 

adenovirus containing CXCL9, CXCL10, and CXCL11 separately, while the other group remained 280 

untreated. Mock-vaccinated guinea pigs (n = 6), who received alum plus CpG adjuvants alone, were 281 

used as negative controls. Starting on day 35 until day 65, the guinea pigs were observed and scored 282 

regularly for genital lesions. RR2-vaccinated animals treated with chemokine and RR2 alone 283 

vaccinated animals exhibited significantly lower cumulative vaginal lesions (Fig. 2C) and an overall 284 

significant reduction in cumulative positive days of recurrence compared to the mock-vaccinated 285 

controls (Fig. 2D). RR2-vaccinated animals treated with CXCL11 displayed lowest cumulative vaginal 286 

lesions and an overall reduced cumulative positive days of recurrence compared to the other 287 

vaccinated and chemokine-treated animals (Figs. 2C and 2D). 288 

On day 80 post-infection, the RR2/Chemokine treated and RR2 alone vaccinated guinea pigs 289 

exhibited lower HSV-2 DNA copy numbers in the DRG than did mock-vaccinated controls (Fig. 2B), 290 

which was associated with a significant reduction in cumulative virus vaginal shedding in the 291 

vaccinated group as compared to the mock vaccinated control group. The severity of genital herpetic 292 

lesions scored on a scale of 0 to 4, also confirmed the cure of recurrent disease in RR2/CXCL11 293 

treated and RR2 alone vaccinated guinea pigs (Fig. 2E). The lowest genital lesions were observed in 294 

guinea pigs vaccinated with RR2 protein and treated with CXCL11 (Fig. 2E, middle panel). RR2 + 295 

chemokine and RR2 alone vaccinated group was moderately protective against genital lesions (Fig. 296 

2E). However, the mock vaccinated group showed no significant protection against recurrent genital 297 

herpes lesions (Fig. 2E, right panel). Altogether, these results indicate that therapeutic immunization 298 

with RR2 and treatment with AV containing CXCL11 protected HSV-2-seropositive guinea pigs 299 

against recurrent genital herpes infection and disease. 300 

 301 

3. Therapeutic prime/pull vaccination of HSV-2 infected guinea pigs with RR2 302 

protein/CXCL11 increased the frequencies of tissue-resident CD4+ and CD8+ T cells: 303 

Subsequently, we determined the frequencies of CD4+ and CD8+ T cells in the spleen (SPL), vaginal 304 
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mucosa (VM), and dorsal root ganglia (DRG). Guinea pigs were infected and immunized, as detailed 305 

above. On day 80, after the second and final immunization treatment with AV containing 306 

CXCL9/10/11, vaccinated alone and control animals were euthanized, and the frequencies of SPL, 307 

DRG, and VM tissue-resident CD4+  and CD8+ T cells were detected by fluorescence-activated cell 308 

sorting (FACS). There were no significant differences observed in the frequencies of CD4+ and CD8+ 309 

T cells in the SPL of vaccinated guinea pigs compared to the mock vaccinated group. However, 310 

significantly higher frequencies of CD4+ and CD8+ T cells were induced in the RR2 vaccinated group 311 

following treatment with the chemokine, especially CXCL11, compared to RR2 vaccinated group 312 

alone and compared to those with the mock vaccinated group (i.e., adjuvant alone) in the VM and 313 

DRG tissues (Supplemental Figs. S1A and S1B).  314 

 4. Therapeutic prime/pull vaccination of HSV-2 infected guinea pigs with RR2 protein 315 

followed by CXCL11 treatment protected by bolstering effector and CXCR3 responses: We next 316 

determined the expression of CXCR3 expression on the CD8+ T cells. On day 80, after the second 317 

and final therapeutic prime/pull vaccination and treatment with chemokines, guinea pigs were 318 

euthanized, and single-cell suspensions from the SPL, VM, and DRG tissue were obtained, and the 319 

effector function of SPL, VM-resident, and DRG-resident CD8+ T cells was analyzed by observing the 320 

expression of CXCR3 on CD8+ T cells by FACS analysis. A non-significant difference was observed 321 

in the frequencies of CXCR3+ CD8+ T cells in the SPL of guinea pigs vaccinated with RR2 and treated 322 

with chemokines and RR2 protein alone compared to the mock vaccinated group (Fig. 3C).  A higher 323 

frequency of CXCR3+CD8+ T cells was induced by the RR2 vaccinated group treated with chemokine 324 

especially CXCL11, followed by vaccination with the RR2 alone compared to those with the mock 325 

vaccinated group (i.e., adjuvant alone) in the VM and DRG tissues (Fig. 3B and 3C).  326 

 5. Therapeutic prime/pull vaccination of HSV-2 infected guinea pigs with RR2 protein 327 

followed by CXCL11 treatment efficiently generate CXCR3 dependent effector memory (TEM) in 328 

the VM and DRG: We next sought to determine the association of various protection parameterswith 329 
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effector memory in the vaginal mucocutaneous and DRG tissue of HSV-2-infected RR2 + Chemokine 330 

and RR2 alone vaccinated guinea pigs. On day 80, after the second and final therapeutic 331 

immunization and treatment with chemokines, guinea pigs were euthanized, and single-cell 332 

suspensions from the SPL, VM, and DRG tissue were obtained. The effector function of SPL, VM, 333 

and DRG-specific CD8 +  T cells was analyzed by observing the expression of CD44 on CD8+ T-cells 334 

by FACS. There was no significant difference observed in the frequencies of TCM in the VM, DRG, and 335 

SPL of guinea pigs that were vaccinated with RR2 and treated with chemokines and RR2 protein 336 

alone compared to the mock vaccinated group (Figs. 4A, 4B, and 4C). However, significantly higher 337 

frequencies of TEM were induced by RR2 vaccinated group treated with chemokines, especially 338 

CXCL11, followed by vaccination by RR2 alone compared to those with the mock vaccinated group 339 

(i.e., adjuvant alone) in the VM tissues and DRG (Figs. 4A, 4B and 4C).  340 

 6. Therapeutic prime/pull vaccination of HSV-2 infected guinea pigs with RR2 protein 341 

followed by CXCL11 treatment efficiently generate CXCR3 dependent tissue-resident memory 342 

(T RM ) in the VM and DRG: We next determined the association of various protection parameters 343 

(i.e., virus shedding and severity and frequency of recurrent genital herpes lesions) with tissue-344 

resident memory that resides at the vaginal mucocutaneous and DRG tissue of HSV-2-infected 345 

RR2+Chemokine and RR2 vaccinated guinea pigs. On day 80, after the second and final therapeutic 346 

immunization and treatment with chemokine, guinea pigs were euthanized, and single-cell 347 

suspensions from the SPL, VM, and DRG tissue were obtained. The effector function of SPL-resident, 348 

VM-resident, and DRG-resident CD8+T cells was analyzed using both production of CD69 and CD103 349 

expression by FACS. No significant difference was observed in the frequencies of 350 

CD69+CD103+CD8+ T-cells in the SPL of guinea pigs vaccinated with RR2 and treated with CXCL11 351 

and RR2 protein alone compared to the mock vaccinated group. However, significantly higher 352 

frequencies of CD69+CD103+CD8+ T-cells were induced by RR2 vaccinated group treated with 353 
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CXCL11, followed by CXCL9, CXCL10, and RR2 alone compared to those with the mock vaccinated 354 

group (i.e., adjuvant alone) in the VM and DRG tissues (Fig. 5A and 5B).  355 

 7. Induced protection from HSV-2 infection following therapeutic prime/pull 356 

vaccination with RR2 and treatment with adenovirus containing CXCL11 is associated with 357 

more functional tissue-resident IFN-γ+CRTAM+CD8+ T cells: We next compared the function of 358 

CD8+ T cells in the SPL, VM, and DRG of HSV-2 infected guinea pigs following therapeutic prime/pull 359 

vaccination with RR2 and treatment with chemokine. On day 80, after the second and final 360 

therapeutic immunization and treatment with chemokines, guinea pigs were euthanized, single-cell 361 

suspensions from the SPL, VM, and DRG tissue were obtained, and the function of SPL, VM-resident, 362 

and DRG-resident CD8+T cells were analyzed using both production of IFN-γ and CRTAM expression 363 

by FACS. We detected a non-significant difference in the frequencies of IFN-γ-producing CD8+T cells 364 

in the SPL of guinea pigs that were vaccinated with RR2+Chemokine and RR2 protein compared to 365 

the mock vaccinated group (Figs. 6A and 6C). However, significantly high frequencies of IFN-γ 366 

producing CD8+T cells were observed to be induced by the RR2 vaccinated group treated with 367 

chemokine especially CXCL11, followed by the RR2 alone vaccinated group compared to those with 368 

the mock vaccinated group in the VM and DRG tissues (Fig. 6A and Fig. 6C). Similarly, no significant 369 

difference was observed in the frequencies of CRTAM expression gated on CD8+ T cells in the SPL of 370 

guinea pigs vaccinated with RR2 and treated with CXCL11 and RR2 protein compared to the mock 371 

vaccinated group (Fig. 6B and Fig. 6D). However, significantly high frequencies of CRTAM on CD8+ 372 

T cells were induced by the RR2 vaccinated group treated with CXCL11, followed by CXCL9, 373 

CXCl10, and RR2 alone compared to those with the mock vaccinated group in the VM and DRG 374 

tissues (Fig. 6B and Fig. 6C) were detected. In conclusion, these results indicate that therapeutic 375 

“Prime-Pull” vaccination of HSV-2-infected guinea pigs with RR2 protein and treated with CXCL11 376 

induced more IFN-γ+CRTAM+CD8+ T cells within the vaginal mucocutaneous tissue and DRG tissue 377 

associated with significant protection against recurrent genital herpes. 378 
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DISCUSSION 379 

 The morbidity and the socioeconomic burden related to recurrent genital herpes highlight the 380 

need for a therapeutic herpes vaccine that can mitigate the impact of the disease. Despite its toll, 381 

herpes has generally been seen as a “marginal” disease. At present, only a handful of pharmaceutical 382 

companies and academic institutions have invested in herpes vaccine research over the past few 383 

decades (27-29). The past clinical trials that used glycoproteins gB and gD as the primary antigen in 384 

herpes vaccines met failure. Although these glycoproteins are commonly targeted by the immune 385 

system, they did not provide sufficient protection against recurrent herpetic disease when included in 386 

the vaccine (30-35). In the present study, lessons learned from the failed gB/gD-based vaccines led 387 

us to hypothesize therapeutic subunit vaccine containing non-gB/gD “asymptomatic” HSV-2 proteins 388 

that can selectively induce CD4+ and CD8+ TRM cells from naturally “protected” asymptomatic women 389 

would decrease the frequency and severity of the recurrent herpetic disease.  390 

 Recurrent genital herpetic disease is one of the most common sexually transmitted 391 

diseases, with a worldwide prevalence of infection predicted to be over 3.5 billion individuals for HSV-392 

1 and over 536 million for HSV-2 (32-33). However, given the staggering number of individuals 393 

already infected with HSV-1 and HSV-2, there is a significant unmet medical need for a therapeutic 394 

herpes vaccine to reduce viral shedding and alleviate herpetic disease in symptomatic patients. 395 

Historically, it has been harder to develop therapeutic vaccines because the virus- HSV-1 and HSV-2 396 

employ many strategies to evade the host immune system, which are in place in already infected 397 

individuals (36-39).  Thus, scientists relied on developing prophylactic vaccines to prevent new 398 

infections in seronegative individuals. Moreover, the potential for recombination between HSV-1 and 399 

HSV-2 has given rise to HSV recombinant strains, that are widely circulating (40). The majority of 400 

HSV-1 and HSV-2-seropositive individuals are asymptomatic, implying that such individuals can 401 

readily and quietly transmit the virus to their partners. Global herpes prevalence stresses the urgency 402 

of developing a therapeutic vaccine. In our previous research, the protective efficacy of eight HSV-2 403 
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proteins that were highly recognized by the immune system from naturally protected asymptomatic 404 

individuals as therapeutic vaccine candidates were compared. Among others, we found that 405 

immunization using HSV-2 RR2 protein demonstrated significant protection against recurrent genital 406 

herpes disease. Moreover, RR2 protein-induced HSV-2 specific antibody and T-cell responses 407 

correlated with reduced viral shedding and disease severity (26). In addition, previous research has 408 

identified a CD8+ T cell population located near nerve endings that control reactivated HSV (41-42). 409 

This suggests that the presence and activity of CD8+ T cells in the mucosa are critical for controlling 410 

HSV reactivation and subsequent disease outcomes.   411 

 The HSV-2 ribonucleotide reductase (RR2) is a major target of HSV-2-specific CD8 T cells 412 

in humans. It consists of two heterologous protein subunits. The small subunit (RR2) is a 38-kDa 413 

protein encoded by the UL40 gene, and the large subunit (RR1), designated ICP10, is a 140-kDa 414 

protein encoded by the UL39 gene (43). RR2 protein can boost neutralizing antibodies and increase 415 

the numbers of functional IFN-+CRTAM+ CD8 T cells within the VM tissues. While systemic memory 416 

T cells can migrate freely through organs such as the spleen and liver, others such as the intestines, 417 

lung airways, central nervous system, skin, and vagina, are restrictive for memory T cell entry (44). In 418 

the latter tissues, inflammation or infection is often required to permit entry of circulating activated T 419 

cells to establish a tissue-resident memory T cell pool that composes a separate compartment from 420 

the circulating pool (45).  Given that the occurrence of inflammation in the reproductive tissue may 421 

preclude the infection or reactivation of the virus, we investigated an alternative approach to recruit 422 

virus-specific T cells into the vaginal mucosa without inducing local inflammation or infection i.e. using 423 

chemokines. This strategy referred to as the " Prime-Pull " strategy, involves priming the immune 424 

system with an initial vaccination and then "pulling" the immune response to the site of infection using 425 

specific chemokines. The goal is to increase the number of HSV-specific CD8+ T cells that can 426 

effectively control reactivated HSV and reduce recurrent disease and viral shedding. Chemokines are 427 

naturally produced by our immune system and could serve as safer and more reliable molecules to 428 
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attract immune cells (46). The CXC chemokine ligand 10 (CXCL10)/CXC chemokine receptor 3 429 

(CXCR3) pathways are critical in promoting T cell immunity against many viral infections. A “Prime-430 

Pull” Therapeutic Vaccine can boost Neutralizing IgG/IgA antibodies and boost the number and 431 

function of antiviral CD4+ and CD8+ TRM cells within the cervical genital mucocutaneous (CGMC) and 432 

DRG tissues and thus expected to help stop the virus reactivation from latently infected DRG, virus 433 

shedding, and virus replication in CGMC, thus curing or reducing recurrent genital herpes disease. In 434 

one of the “Prime-Pull” strategies, a topical chemokine was applied to the genital mucosa after 435 

subcutaneous vaccination to pull HSV-specific CD8+T cells that were found to be associated with 436 

decreased disease upon challenge with HSV-2 (47-49). The chemokine/CXCR3 pathway also affects 437 

TG- and cornea-resident CD8+ T cell responses to recurrent ocular herpes virus infection and disease 438 

(50-52). Chemokines can also be co-delivered in a DNA vaccine for immunomodulation. Pre-clinical 439 

studies in HSV have shown immuno-potentiation of DNA vaccines by co-delivery of chemokines such 440 

as CCR7 ligands and IL-8, RANTES delivered to the mucosa (53). In this study, we establish the 441 

therapeutic efficacy of the “Prime-Pull” strategy using HSV-2 protein for immunization (Prime) and a 442 

chemokine (Pull) to increase the number of HSV-2-specific T-cells in the vaginal mucosa of guinea 443 

pigs. The localized increase in T cells frequency was attained by using adenovirus expressing guinea 444 

pig-specific mucosal chemokine CXCL9/10/11. 445 

 Guinea pigs were immunized (Primed) using previously studied RR2 protein and RR2-446 

specific T-cells were pulled in VM using CXCL9/10/11. We hypothesized that the chemokine-based 447 

pulling would increase the functional, tissue-resident, IFN--producing T cells in the VM. Our studies 448 

demonstrate that the chemokines especially CXCL11 treatment could pull the RR2-specific CD4+ and 449 

CD8+ T-cells in the VM. The chemokine ligand 11, also known as IFN-inducible T cell α 450 

chemoattractant (I-TAC), mediates the recruitment of T cells, natural killer (NK) cells, and 451 

monocytes/macrophages at sites of infection, predominantly through the cognate G-protein coupled 452 

receptor CXCR3 (54). This signaling axis has been implicated in several physiological activities, 453 
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including immune cell migration, differentiation, and activation (55). In addition, the affinity of CXCL11 454 

for CXCR3 is the highest among the three selective ligands i.e. CXCL9, CXCL10, and CXCL11 (53-455 

56).   We show an increase in the number and function of tissue-resident memory CD8+ T cells in the 456 

vaginal mucosa of vaccinated guinea pigs treated with CXCL11 than that observed with other 457 

chemokines and with RR2 alone.  The pulling of T-cells manifested in a significant reduction of virus 458 

shedding and decreased recurrent genital herpes lesions. The viral reduction was significantly higher 459 

in vaccinated guinea pigs treated with CXCL11 than that observed with other chemokines and with 460 

RR2 alone. Upon evalution of the expression of CXCR3 on CD8+ T cells in the VM, DRG, and spleen 461 

of guinea pigs, we observed an increased number and percentage of CXCR3+CD8+ T-cells in the VM 462 

and DRG of guinea pigs treated with chemokine/RR2 compared to RR2 alone. The reduced 463 

frequency of CXCR3+CD8+ T cells in mock and RR2 alone highlights the role of chemokine/RR2 in 464 

the migration of CD8+ T cells in the VM and DRG of chemokine-treated guinea pigs. Moreover, the 465 

expression of CXCR3 on CD8+ T cells was predominant in the DRG of vaccinated guinea pigs treated 466 

with CXCL11. We believe that CXCL11-dependent therapy may be a potential approach for viral 467 

infections.  468 

 469 

 In conclusion, our study demonstrates that immunizing guinea pigs with an immunogenic 470 

HSV-2 protein RR2, and treatment with adenovirus-expressing chemokine provides better protection 471 

against recurrent genital Herpes. This strategy seems to prevent the migration of HSV-2 from mucosa 472 

to neurons leading to decreased reactivation and viral shedding. We hypothesize that CD8+ T cells 473 

reduce neuronal infection or viral replication within neurons. In addition, the presence and increase in 474 

activated CD8+ T cells in genital mucosa also suggest that viral establishment and replication may be 475 

inhibited at the entry site. However, the exact mechanism by which the T cells function or control the 476 

infection is not yet established. The presence and magnitude of appropriate chemokines at the site of 477 

infection are important to achieve maximum protection and may be achieved by optimizing “Prime-478 
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Pull” for 100% efficacy. This type of immunotherapy can help recruit and establish resident T cells that 479 

can provide protection not only against genital herpes but also other types of sexually transmitted 480 

diseases.  481 

 482 

 483 

  484 
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FIGURE LEGENDS 707 

Figure 1: Higher frequency of tissue-resident CD8+ T cells in healed vaginal mucosal cells of 708 

protected guinea pigs is associated with stimulation of the CXCL11/CXCR3 axis: (A) Guinea 709 

pigs (n = 12) were infected intravaginally with 5 x 10
5
 pfu of HSV-2 (strain MS). Once the acute 710 

infection was resolved, latently infected animals were vaccinated intramuscularly twice, on days 15 711 

and 25 post-infection with individual HSV-2 antigen RR2 emulsified in Alum + CpG adjuvants,Mock-712 

vaccinated guinea pigs, which received Alum + CpG adjuvants alone, were used as negative control 713 

(Mock) (B) Heatmap showing differential gene expression (DGE) analysis in guinea pig CD8+ T cells. 714 

(C) GSEA Analysis showing differentially expressed immunological pathways in CD8+ T cells 715 

associated with HSV-2 infection in guinea pigs (D) GSEA analysis showing differentially upregulated 716 

Chemokine production pathway in protected guinea pigs. Upregulation of CXCR3, and its 717 

corresponding ligands CXCL9, CXCL10, and CXCL11 observed among guinea pigs infected with 718 

HSV-2 in the data obtained from bulk RNA sequencing (E) Left panel: Venn diagram showing the 719 

distribution of significantly differentially expressed genes among immunized and non-immunized 720 

guinea pigs, Right panel: Volcano plot showing upregulated m-RNA fold change expression for 721 

CXCR3, CXCL9, CXCL10, and CXCL11 among infected guinea pigs. 722 

 723 

Figure 2: Protection against recurrent genital herpes infection and disease in HSV-2 infected 724 

guinea pigs following therapeutic prime/pull vaccination with the RR2 protein and adenovirus 725 

expressing chemokine CXCL9/10/11: (A) Timeline of HSV-2 infection, immunization, immunological 726 

and virological analyses. Guinea pigs (n = 30) were infected intravaginally on day 0 with 5 x 10
5
 pfu of 727 

HSV-2 (strain MS). Once acute infection was resolved, the remaining latently infected animals were 728 

randomly divided into 5 groups (n = 6) and then vaccinated intramuscularly twice, on day 15 and day 729 

25 post-infection, with 10 µg of the HSV-2 protein-based subunit vaccine-RR2 emulsified in Alum + 730 

CpG adjuvants. One Mock-vaccinated guinea pig that received Alum + CpG adjuvants alone was 731 
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used as negative control (Mock). One week later, on day 32, one group was treated with an 732 

adenovirus expressing CXCL9, 2nd group was treated with an adenovirus expressing CXCL10, 3rd 733 

group was treated with an adenovirus expressing CXCL11, while the other group remained untreated 734 

(RR2 alone). From day 35 to day 80 post-infection (i.e. day 10 to day 55 after final immunization), 735 

vaccinated and non-vaccinated animals were observed daily for (i) the severity of genital herpetic 736 

lesions scored on a scale of 0 to 4, and pictures of genital areas taken; and (ii) vaginal swabs were 737 

collected daily from day 35 to day 65 post-infection (i.e. day 10 to day 40 after final immunization) to 738 

detect virus shedding and to quantify HSV-2 DNA copy numbers. (B) HSV-2 DNA copy numbers 739 

detected in the DRG of each vaccinated and mock-vaccinated guinea pig group. (C) Cumulative 740 

scoring of vaginal lesions observed during recurrent infection (virus titers). (D) Cumulative positive 741 

days with recurrent genital lesions. The severity of genital herpetic lesions was scored on a scale of 0 742 

to 4, where 0 reflects no disease, 1 reflects redness, 2 reflects a single lesion, 3 reflects coalesced 743 

lesions, and 4 reflects ulcerated lesions. (E) Representative images of genital lesions in guinea pigs 744 

vaccinated with (i) RR2 and CXCL9 (ii) RR2 and CXCL10 (iii) RR2 and CXCL11 (iv) RR2 alone. The 745 

indicated P values show statistical significance between the HSV-2 vaccinated and mock-vaccinated 746 

control groups.  747 

 748 

Figure 3: Increased frequencies of CD8+CXCR3+ T cells in the vaginal-mucosa and DRG of 749 

HSV-2 infected in guinea pigs following therapeutic “prime-pull” vaccination with 750 

RR2/CXCL11: (A) Eighty days post-infection, guinea pigs were euthanized, and single-cell 751 

suspensions from the spleen (SPL), vaginal mucosa (VM), and DRG were obtained after collagenase 752 

treatment. The SPL, VM, and DRG cells were stained for CD8+ and CXCR3 expressing T cells and 753 

then analyzed by FACS. Representative FACS data (left panel) and average frequencies (right panel) 754 

of CD8+ CXCR3+ T cells detected in the (A) VM, (B) DRG (C) Spleen of RR2/CXCL9/10/11 and RR2 755 

alone vaccinated and mock vaccinated animals. Cells were analyzed using a BD LSR Fortessa Flow 756 

Cytometry system with 4 x 105 events. The indicated P values performed by t-test for significance 757 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 10, 2023. ; https://doi.org/10.1101/2023.08.08.552454doi: bioRxiv preprint 

https://doi.org/10.1101/2023.08.08.552454
http://creativecommons.org/licenses/by-nc-nd/4.0/


Therapeutic prime/pull herpes vaccine 

 34

show statistical significance between prime/pull vaccinated versus RR2 alone and prime/pull 758 

vaccinated versus mock-vaccinated control groups.  759 

 760 

Figure 4: Therapeutic prime/pull vaccination of HSV-2 infected guinea pigs with RR2protein 761 

followed by adenovirus expressing chemokine, especially CXCL11 treatment efficiently 762 

bolsters effector memory: Eighty days post-infection, guinea pigs were euthanized, and single-cell 763 

suspensions from the spleen, vaginal mucosa, and DRG were obtained after collagenase treatment. 764 

The SPL, VM, and DRG cells were stained for CD44+, and CD62L expressing T cells and then 765 

analyzed by FACS. Representative FACS data (left panel) and average frequencies (right panel) of 766 

CD44high CD62Llow CD8+ TEM were detected in the (A) VM, (B) DRG, (C) Spleen of RR2/CXCL9/10/11 767 

and RR2 alone vaccinated and mock vaccinated animals. Higher frequencies of CD44highCD62Llow 768 

CD8+ TEM were detected in the VM (A) and DRG (B) of prime/pull vaccinated guinea pigs, especially 769 

the RR2+CXCL11 chemokine treated group. The indicated P values performed by t-test for 770 

significance show statistical significance between “prime-pull” vaccinated versus RR2 alone and 771 

prime/pull vaccinated versus mock-vaccinated control group.  772 

 773 

Figure 5. Therapeutic prime/pull vaccination of HSV-2 infected guinea pigs with RR2 protein 774 

followed by adenovirus expressing chemokine especially CXCL11 efficiently bolsters tissue-775 

resident memory CD69+CD103+CD8+TRM cells in the VM and DRG of guinea pigs: (A) Single-cell 776 

suspensions obtained post-infection and immunization from VM, and DRG were stained for memory 777 

markers CD69, CD103, and CD8 and analyzed by FACS. Representative FACS data (left panel) and 778 

average frequencies (right panel) of CD69+CD103+CD8+ T cells were detected in the (A) VM, and (B) 779 

DRG of RR2/CXCL9/10/11 and RR2 alone vaccinated and mock vaccinated animals. Higher 780 

frequencies of CD44highCD62Llow CD8+ TEM were detected in the VM (A) and DRG (B) of prime/pull 781 

vaccinated guinea pigs, especially the RR2+CXCL11 chemokine treated group.  782 

 783 
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Figure 6. Increased frequencies of functional tissue-resident CD8+  T cells observed in HSV-2 784 

infected guinea pigs following therapeutic prime/pull vaccination with the RR2 protein/ 785 

chemokine especially CXCL11: Functional analysis of CD8+ T cells from HSV-2-infected guinea 786 

pigs following therapeutic prime/pull vaccination with RR2 protein/chemokine CXCL9/10/11, RR2 787 

alone and mock vaccinated animals. Single-cell suspension from SPL, VM, and DRG were obtained 788 

post-infection and immunization. Single cells from SPL, VM, and DRG were stained for functional 789 

marker IFN- γ, activation marker CRTAM, and CD8 and analyzed by FACS. Representative FACS 790 

data (upper panel) and average frequencies  (lower panel) of IFN-γ+CD8+ T cells were detected in the 791 

Spleen, VM, and DRG of RR2+chemokine, RR2 alone vaccinated groups, and the mock vaccinated 792 

group. (A and C) Frequency of IFN-γ+CD8+T cells per tissue-specific total cells. Representative FACS 793 

data (A) and average frequencies (B) of IFN-γ+CD8+T were observed in the RR2+chemokine group 794 

compared to RR2 alone vaccinated groups and the mock vaccinated group. Similarly,  (B and D) 795 

Frequency of CRTAM+CD8+T cells per tissue-specific total cells. Representative FACS data (B) and 796 

average frequencies (D) of CRTAM+CD8+T were observed in the RR2+chemokine group comparison 797 

compared to RR2 alone vaccinated groups and the mock vaccinated group. 798 
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