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ABSTRACT 
 

 

BRET GARZA 

 

CHARACTERIZATION OF ATTENUATED HSV-2 MUTANTS AS POTENTIAL VACCINE 

CANDIDATES AGAINST GENITAL HERPES 

 

Under the direction of: ROBERT J. VISALLI, PhD 

 

A prophylactic and therapeutic vaccine against herpes simplex virus type 2 (HSV-2) 

infection is necessary to reduce the global disease burden of HSV-2 diseases. Subunit, single-

cycle, and DNA vaccines have been studied in pre-clinical and clinical trials but have not been 

approved mostly due to lack of sufficient efficacy. Using targeted mutagenesis, a live, attenuated 

HSV-2 could be a likely candidate for a protective vaccine. In this study, we constructed and 

characterized two novel HSV-2 mutant strains, TKBAC /∆UL24 and TKBAC /∆UL39, that have 

loss-of-function in genes that are associated with viral pathogenesis. Bacterial artificial 

chromosome (BAC) technology and recombineering were used for construction of these strains 

and their revertants, TKBAC /UL24R and TKBAC /UL39R. ∆UL24 and ∆UL39 have internal 

deletions and TKBAC (the parent virus) has an insertion within the viral thymidine kinase gene 

consisting of the 7.5 kb BAC sequence. Sequencing of ∆UL24 and ∆UL39 confirmed the 

expected deletions with the HSV-2 UL24 and UL39 genes while the flanking regions remained 

intact. BAC DNAs were digested with select restriction endonucleases and fractionated by 

agarose gel electrophoresis. All constructs showed a similar digestion pattern compared to the 

parent strain, TKBAC, suggesting the mutant genomes were stable. Mutagenized BACS were used 

to create infectious virus stocks after transfection into Vero cells. We demonstrated that TKBAC 

/∆UL24 and TKBAC /∆UL39 were replication-competent in Vero cells. An HSV-2 UL24 mutant 
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was shown to be a potential attenuated vaccine candidate in previous studies. The double mutant 

containing disruption of the TK gene would provide for an even safer attenuated vaccine 

candidate that would be less like to reactivate from latency and cause disease. Replication 

characteristics including a reduction in plaque size for TKBAC /∆UL39 suggested that this virus 

was crippled in vitro, while TKBAC /∆UL24 demonstrated similar replication characteristics to 

the parent strain. In vitro plaque reduction assays and viral yield assays against acyclovir suggest 

that TKBAC /∆UL39 is more sensitive to acyclovir compared to the parent strain, based on a 

lower IC50. Based on previous studies with individual TK or UL39 mutants, the double mutant 

should be even more deficient in the establishment of and reactivation from latency. Based on 

these results, TKBAC /∆UL24 and TKBAC /∆UL39 should be considered for further preclinical 

evaluation (in animal models) as viable candidates for a protective, safe prophylactic and 

therapeutic vaccine. 
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CHAPTER 1 
 

INTRODUCTION 
 

 

An effective prophylactic vaccine for genital herpes is necessary to reduce the global 

disease burden caused by herpes simplex virus 2 (HSV-2). HSV-2 is estimated to infect over 500 

million people globally (Jaishankar and Shukla 2016). This virus is responsible for physical and 

emotional stress in those infected and their sexual partners. Infection of HSV-2 typically results 

in a primary infection that is characterized by an acute episode of vesicle formation and painful 

genital ulceration. The primary infection is followed by the establishment of latency in the dorsal 

root ganglia (DRG). Reactivation of HSV-2 in the DRG can then lead to recurrent infections that 

show similar signs to a primary infection. Infection during pregnancy can result in severe 

consequences such as spontaneous abortion, premature labor, and congenital neonatal herpes. 

Neonates and immunocompromised patients infected with HSV-2 are at risk of severe disease 

with disseminated infection affecting multiple organ systems and a high chance of mortality. 

HSV-2 infection increases the risk of acquiring HIV by a factor of three (Looker et al. 2017). 

Antiviral Drugs and Vaccines 

Treatment for HSV-2 includes acyclovir (ACV) and its analogues, valacyclovir and 

famcyclovir, which target replication by specifically inhibiting viral DNA polymerase. Although 

acyclovir inhibits viral replication and is useful for reducing symptoms and asymptomatic 

shedding, it does not cure those with a latent HSV-2 infection. Once ACV is no longer 

administered, reactivation of HSV-2 can occur and cause recurrent infection. HSV-2 has shown 

resistance to ACV. In immunocompetent populations, the frequency of ACV-resistant HSV-2 is 
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0.5% and has not changed over time. However, in immunocompromised populations, the 

frequency of ACV-resistant HSV-2 has recently increased from 3.8% in 2002 to 15.7% in 2011 

(Frobert et al. 2014). 

An effective vaccine will reduce the worldwide disease burden associated with HSV-2. 

Multiple vaccines have been studied in animal models. Subunit vaccines make a safe vaccine 

with no chance of reversion. However, subunits vaccines do not elicit an effective Th1 immune 

response necessary to prevent latent HSV-2 infection. In multiple clinical trials, an HSV-2 

glycoprotein D (gD-2) subunit vaccine with aluminum hydroxide (alum) and 3-O-deacylated 

monophosphoryl lipid A (MPL) adjuvants failed to show efficacy in preventing HSV-2 infection 

or disease in many important cohorts: male subjects, and female subjects seropositive for HSV-1 

(Stanberry et al. 2002). However, a more recent study found that a gD-2 & MPL/alum subunit 

vaccine showed 58% efficacy in prevention of HSV-1 disease but no protection against HSV-2 

disease (Belshe et al. 2012). Live, attenuated vaccines offer a more robust immune response that 

is effective in preventing latent infection. However, there are safety concerns involving the use 

of live vaccines, such as the chance of reversion and harm caused by the vaccine. In addition, 

live vaccines may be unknowingly shed and transmitted to other people, effectively immunizing 

without consent. There is a variety of different candidates for an attenuated HSV-2 that provide 

prophylactic activity in animal studies such as the RR mutant, ICP10ΔPK, and a replication-

incompetent double mutant, dl5-29 (Aurelian, Kokuba, and Smith 1999; Da Costa, Jones, and 

Knipe 1999). ICP10ΔPK was studied in clinical trials as a therapeutic vaccine with a focus on 

preventing recurrent infections in subjects who had a minimum of 5 previous recurrent 

infections. They observed that 37.5% of the vaccine group were completely prevented from 

recurrent infections compared to 0% in the placebo group after three doses separated over the 
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course of 28 days (Casanova et al. 2002). In comparison, a single-cycle replication-incompetent 

HSV-2 mutant, dH2A, with the gene encoding glycoprotein H deleted showed no efficacy in 

preventing recurrent infections in male and female subjects (De Bruyn et al. 2006). Nevertheless, 

an attenuated vaccine-strain varicella-zoster virus (vOka) has shown that an effective and safe 

attenuated vaccine against an alphaherpesvirus is possible (Sadaoka, T., & Mori, Y. 2018). vOka 

is replication-competent and contains many single nucleotide polymorphisms throughout the 

genome. vOka is the first vaccine to be FDA-approved for prevention of a herpesvirus infection 

but it will likely not be the only. An ideal vaccine against HSV-2 disease will likely be a 

replication-competent mutant that is sufficiently attenuated to strike the balance between efficacy 

and safety. In this study, we construct and characterize the genotype and phenotypes of 

attenuated HSV-2 strains (TKBAC, TKBAC/ΔUL24, TKBAC/ΔUL39, and TKBAC/ΔUL24/ΔUL39) 

that contain different combinations of mutated genes associated with virulence: UL23, UL24, 

and UL39. 

Role of Thymidine Kinase 

Thymidine kinase (TK) is a 376-amino acid enzyme encoded by the gene, UL23. TK is 

an enzyme with broad substrate specificity that phosphorylates deoxypyrimidine nucleosides. 

This function is important for HSV-2 viral replication in non-dividing cells, such as sensory 

neurons. In vivo studies have shown that TK-deficient HSV have significantly reduced levels of 

viral replication in ganglionic neurons (Price and Khan 1981; Coen et al. 1989). Importantly, TK 

is the target of the antiviral drug, acyclovir. Therefore, TK-deficient HSV-2 are resistant to 

acyclovir. However, they do not replicate efficiently in dorsal root ganglia and are significantly 

reduced for reactivation from latency. 
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Role of UL24 

The HSV-2 UL24 gene codes for a 281-amino acid protein that aids in the dissemination 

of the virus from peripheral tissues to ganglionic neurons. Mechanistically, this protein appears 

to inhibit the cGAS-STING pathway through binding of the transcriptional activator, NK-κB. 

The cGAS-STING pathway is a mechanism that allows cells to sense cytoplasmic DNA and 

respond by activating the transcription of antiviral genes such as IL6 and TNF. It is thought that 

through this process, UL24 aids HSV to cause a persistent infection and establish latency. In an 

animal study, infection of mice cornea from UL24-deficient HSV-1 exhibited slightly lower to 

moderately lower replication in epithelial tissue, yet showed significantly lower replication in 

ganglionic neurons, often below the level of detection (Rochette et al. 2015). In a guinea pig 

model of recurrent HSV infection, a UL24-deficient HSV-2, UL24-βgluc, had lower levels of 

disease severity and establishment of latency compared to wild-type HSV-2 (Blakeney et al. 

2005). Additionally, UL24-βgluc showed protective activity as a prophylactic vaccine in both 

mice and guinea pigs in another study (Visalli et al. 2014). However, UL24-βgluc did not 

completely prevent establishment of latency. 

Role of Ribonucleotide Reductase 

UL39 encodes the large subunit of HSV-2 ribonucleotide reductase (RR). HSV-2 RR is 

comprised of both a large subunit (RR1) and a small subunit (RR2). RR1 contains the active site 

which catalyzes the formation of deoxyribonucleotides from ribonucleotides. This enzyme is 

highly beneficial for HSV-2 replication in non-dividing cells, such as neurons, since these cells 

do not contain a high level of nucleotides for DNA replication. Additionally, RR1 aids in 

immunoevasion through an anti-apoptotic activity and suppression of TNF-induced necrosis 

(Chabaud et al. 2003). RR-deficient HSV have been shown to have reduced levels of replication 

and reactivation from ganglionic neurons ((Mostafa et al. 2018).  
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Double and Triple Mutants 

 

 

Table 1. List of HSV-2 Constructs. 

ID Strain 

Type of 

strain 

MU399 TKBAC parent 

MU408 TKBAC/∆UL24 mutant 

MU423 TKBAC/∆UL24/∆UL39  mutant 

MU430 TKBAC/∆UL39  mutant 

MU498 TKBAC/UL24R revertant 

MU511 TKBAC/UL39R revertant 

MU512 TKBAC/UL24R/UL39R revertant 

  

The rationale for targeting multiple genes in a live vaccine is 2-fold. 1) Multiple gene 

mutations will be required to adequately attenuate HSV-2. An ideal vaccine should have nearly 

no chance to establish latency and replicate in neurons. 2) The chance of reversion to wild-type 

HSV-2 is greatly reduced with each addition of gene mutation. As these mutants are capable of 

replicating in cells, reversion to wild-type should be considered and addressed. For these reasons, 

we have constructed multiple HSV-2 strains that contain multiple mutated genes (Table 1). We 

believe that these strains will be superior vaccines to single gene mutants such as UL24-βgluc or 

ICP10ΔPK. 

Oncolytic Therapy 

The HSV-2 strains that were constructed may also have another potential therapeutic use 

as oncolytic viruses. Some of the primary characteristics of cancerous cells is their rapid growth 

and high levels of replication. For this reason, many viruses grow well in cancerous cells and 

thus are naturally oncolytic. This would seem to make viruses a good therapy to treat cancer. 
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However, the specificity of viruses if rarely strict enough to warrant a viable therapy. Research 

in therapeutic oncolytic viruses has focused on modified viruses to improve specificity. Large 

DNA viruses are a great candidate for this potential therapy. In particular, HSV RR mutants and 

HSV TK mutants have many desirable features. RR mutants and TK mutants are highly 

attenuated in mice models and have low levels of reactivation from latency. They also have an 

increase in selectivity for dividing cells, such as cancerous cells (Irwin, Hitt, and Evans 2017). A 

TK/RR-deficient vaccinia virus, TG6002, demonstrated antitumor activity in a mouse model and 

showed 4 logs lower viral replication in hepatocytes compared to a cancer cell line, 

demonstrating specificity for cancerous cells (Foloppe et al. 2019). It is possible that HSV-2 

TK/RR mutants will show similar results compared to TG6002. 
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CHAPTER 2 
 

METHODOLOGY 
 

 

Cells and Viruses 

Vero cells (African green monkey kidney epithelial) were grown in Minimum Essential 

Medium Eagle (Corning) supplemented with 10% fetal bovine serum (FBS). Media was changed 

biweekly following trypsinization and the cells were transferred to a new plate. All HSV-2 

strains were derived from the HSV-2 MS strain. HSV-2 BAC’s were transfected into Vero cells 

in 10mL MEM / 0.2% FBS using Lipofectamine LTX and Plus Reagent (Invitrogen). Viruses 

were amplified by passaging transfected Vero cells. Viruses were harvested by freeze/thawing 

three times. Viral titers were determined by serial dilution in 12-well plates containing Vero cell 

monolayers in 2% FBS-MEM. One hour after infection, 1.5 mL of methylcellulose media (6.7 

g/L methylcellulose dissolved in 2% FBS-MEM) was added to each well to inhibit viral spread 

through the media. Infected monolayers incubated at 32° C for 3-4 days. Monolayers were fixed 

with 1 mL/well 3.7% formaldehyde-PBS. Monolayers were stained with crystal violet for 45 

min, rinsed with water, and air dried overnight. Plaque-forming units (PFU) were hand-counted 

in duplicate. Viral stocks were maintained at -80° C for long-term storage. 

Mutagenesis 

HSV-2 open reading frames UL24 and UL39 were cloned into pJET1.2. UL24 and UL39 

PCR products were amplified from the original HSV-2 strain MS TKBAC (MU399) using primers 

MU394/MU395 and MU402/MU403, respectively. The PCR products were cloned into pJET1.2 
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and transformed into NEB turbo competent E. coli. Mutagenesis of UL24/pJET1.2 into 

∆UL24/pJET1.2 was accomplished using restriction enzymes, BsaAI and PflFI. After religation, 

this resulted in an out-of-frame deletion mutation, removing 224 nucleotides, roughly 26.5%, 

from the UL24 gene. Mutagenesis of UL39/pJET1.2 into ∆UL39/pJET1.2 was accomplished 

using restriction enzymes, BsaAI and BamHI. After religation, this resulted in an in-frame 

deletion mutation, removing 3333 nucleotides, roughly 97%, from the UL39 gene. 59 of the 

3333 deleted nucleotides are downstream of the UL39 stop codon. 

Recombineering 

 

 

Table 2. Primer nucleotide sequences. 

ID Primer Nucleotide Sequence 

MU394 UL24 F 5’-ATGGCTAGGACGGGACGCCGC-3’ 

MU395 UL24 R 5’-TGCTCTTGGCGGCCACCGGC-3’ 

MU396 UL24galKO F 

5’-ACGTTGGGAGGTGTGTGCGTCATCCTGGAGCTAAAGACATGCAAATCGAT  

CCTGTTGACAATTAATCATCGGCA-3’ 

MU397 UL24galKO R 

5’-CCGCGATTTTCTGAAGCACACCCCCACCCTCCGCAGCGACGCCTACGACC  

TCAGCACTGTCCTGCTCCTT-3’ 

MU402 UL39 F 5’-CACCGATTCCTGTTGCGTTCC-3’ 

MU403 UL39 R 5’-GTCTCCAGCCAGCGGTTCAGG-3’ 

MU404 UL39galKO F 

5’-CCGCCGCTGTTTCCGTTCATCGCGTCCGAGCCACCGTCACCTTGGTTCCA 

CCTGTTGACAATTAATCATCGGCA-3’ 

MU405 UL39galKO R 

5’-CGATATGCGGGACCGAGAGCGACGCCTGACCCCGATCGGAGCGCTGTTGC 

TCAGCACTGTCCTGCTCCTT-3’ 

MU430 

UL39galKO R 

revert 

5’-GCACACCGGAATCGGGGCCGCCCCGGCCCCCGACGCGTGGGTATCTAGGG   

TCAGCACTGTCCTGCTCCTT-3’ 
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TKBAC was a generous gift from Dr. J. P. Weir and served as the parent strain from which 

the other mutants were derived (Meseda et al. 2004). It is derived from the HSV-2 MS strain and 

contains a 7.5 kb-long BeloBAC sequence (GenBank Accession #: U51113) in the HSV-2 UL23 

(thymidine kinase; TK) gene. The BAC contains an origin of replication, a chloramphenicol 

resistance gene, and regulatory genes for maintenance of a bacterial artificial chromosome. The 

construction of TKBAC/∆UL24, TKBAC/∆UL24/∆UL39, TKBAC/∆UL39, TKBAC/UL24R, 

TKBAC/UL24R/UL39R, and TKBAC/UL39R used a galactokinase positive/negative selection 

recombineering system (Warming et al. 2005). Recombineering followed a simple two-step 

process consisting of 1) knock-out with galactokinase cassette and then 2) knock-in with a 

mutated version of the gene. The protocol for both steps is as follows: SW102 cells containing 

the TKBAC BAC were made electrocompetent by culturing overnight in 5 mL of Luria-Bertani 

(LB) medium with chloramphenicol and tetracycline. The overnight culture was diluted 1:50 in 

an Erlenmeyer flask containing 25 mL LB-chloramphenicol/tetracycline broth. The culture was 

incubated in a 37° C shaker for 2-3 hours until the OD600nm equaled 0.4. The SW102 cells were 

subject to heat shock in a shaking water bath at 42° C for exactly 15 minutes, then swirled in an 

ice bath for 2 minutes. The cells were transferred to a 50 mL conical tube and centrifuged for 5 

minutes at 4500 rcf at 4° C to pellet the cells. The supernatant was removed, and the cells were 

washed with two cycles of resuspending in 22 mL of cold water and centrifuging for 5 minutes at 

4500 rcf at 4° C. The cell pellet was resuspended in 1 mL of cold water and transferred to a 1.5 

mL Eppendorf microcentrifuge tube. The electrocompetent cells were then pelleted for 30 

seconds at 13,200 rpm at 4° C. The supernatant was removed, and the cells were resuspended in 

75 µL of water. 30 µL of the cells were transferred to a 0.5 mL Eppendorf microcentrifuge tube 

and mixed with 50 ng of PCR amplified target DNA. The cell and DNA mixture was transferred 
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to a 0.1 cm cuvette and electroporated in a Bio-Rad Gene Pulser X Cell (Bio-Rad Laboratories). 

The cells recovered in 10 mL LB broth for either one or four hours in a 32° C shaker. After 

recovery, 1 mL of the culture was pelleted in a 1.5 mL Eppendorf microcentrifuge tube at 13,200 

rpm for 1 minute, washed four times in M9 salt buffer (6g/L Na2HPO4, 3g/L KH2PO4, 1g/L NH4 

Cl, and 0.5g/L NaCl), and resuspended in 100 µL M9 salt buffer. After the last wash, the cells 

were plated on M63 minimal media (10g/L (NH4)2SO4, 68g/L KH2PO4, and 2.5mg/L 

FeSO4•7H20) plates containing either galactose as the sole carbon source or 2-deoxygalactose 

(DOG) and incubated at 32° C for 4-5 days. From the DOG plates, single colonies were picked 

with a sterile toothpick and placed in individual sterile tubes containing 5 mL of LB-

chloramphenicol/tetracycline broth and incubated overnight in a 32° C shaker.  

 

Figure 1. Flowchart of the recombineering process. 

1. A gakK cassette containing both the galK gene encoding galactokinase and 50 bp flanks of HSV-2 sequence 

homologous to the target gene region is produced from PCR amplification. This cassette was transformed into E. 
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coli harboring the recipient HSV-2 BAC. A recombination event was induced to recombine the galK cassette into 

the target gene region. Positive UL24galK or UL39galK colonies were screened through the growth of bacteria on 

M63/galactose agar. These positive colonies were verified with PCR amplification of UL24galK or UL39galK. 2. 

PCR amplified WT UL24 or UL39 was cloned into a plasmid vector (pJET1.2). The plasmid containing UL24 or 

UL39 was digested with restriction endonucleases followed by ligation of the plasmid fragment to yield plasmid 

DNA containing ΔUL24 or ΔUL39. ΔUL24 or ΔUL39 cassettes were PCR amplified. 3. The ΔUL24 or ΔUL39 

cassette was transformed into E. coli harboring the HSV-2 BAC/galK. 3. A recombination event was induced to 

recombine the mutated gene into the target gene region. Positive ΔUL24 or ΔUL39 colonies were screened through 

the growth of bacteria on M63/2-DOG plates. Positive colonies were verified with PCR amplification of the target 

gene and sequenced. Original image. This figure is presented in color. 

 

 

Screening 

Screening of individual colonies for successful recombination was performed with a 

quick DNA isolation prep, then PCR amplified to generate the target amplicon, followed by 

electrophoresis on agarose gels to visualize the correct size DNA fragment. To isolate the DNA, 

overnight cultures were pelleted in sterile tubes by centrifugation at 4500 rcf for 5 minutes at 4° 

C. The supernatant was removed and the cells were resuspended in 250 μL RES-BAC 

resuspension buffer. Cells were transferred to a 1.5 mL Eppendorf microcentrifuge tube and 250 

μL LYS-BAC lysis buffer was added to the cells followed by incubation for 4 minutes at room 

temperature. The reaction was stopped with the addition of 250 μL NEU-BAC neutralization 

buffer which was allowed to incubate for 2 minutes at room temperature. The mixture was 

centrifuged at 13,200 rpm for 5 minutes at room temperature. The supernatant was transferred to 

a new 1.5 mL Eppendorf tube microcentrifuge tube and 750 μL 100% isopropanol was added. 

The DNA was pelleted by centrifugation at 13,200 rpm for 5 minutes at room temperature. The 

supernatant was removed and the DNA pellet was washed with 70% ethanol. The ethanol was 

removed and the DNA pellet allowed to air dry. The DNA pellet was dissolved in 30 μL elution 

buffer. To generate the target amplicon from the isolated DNA preps, PCR was performed with 

the indicated oligonucleotide primers. The amplicons were loaded on 0.8% agarose gel with 

ethidium bromide to visualize the DNA and sizes were estimated by comparing to a 
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Lambda/HindIII and ΦX174/BsuRI standard marker. Electrophoresis was performed at 80V for 

30 minutes to 1 hours and the DNA visualized with a BioRad Universal Hood Gel Doc System. 

BAC DNA Isolation 

SW101 cells containing viral BACs were cultured overnight in a flask containing 400 mL 

LB-chloramphenicol/tetracycline broth. Cells were transferred to 1 L centrifuge bottles and 

pelleted at 4500 rcf for 10 minutes at 4° C. The supernatant was removed and the cells 

resuspended in 60 mL of RES-BAC resuspension buffer. The cells were then lysed with 60 mL 

of LYS-BAC lysis buffer for 5 minutes at room temperature. After lysis, the reaction was 

stopped by the addition of 60 mL NEU-BAC neutralization buffer which was incubated for 5 

minutes on ice. The mixture was then centrifuged at 4500 rcf for 10 minutes at 4° C. The 

supernatant was then applied to a NucleoBond column that had been previously equilibrated with 

EQU-BAC buffer. Once the supernatant had passed through the column, 15 mL of EQU-BAC 

was added to the column. The DNA on the column was washed with 45 mL WASH-BAC wash 

buffer. The column was then placed on an Oakridge tube and the DNA was eluted with 15 mL 

prewarmed ELU-BAC elution buffer. 6 mL 100% isopropanol was added to precipitate the 

DNA. The DNA was pelleted by centrifugation at 15000 rcf for 1 hour at 4° C. The supernatant 

was removed and the DNA was washed with 70% ethanol. The ethanol was removed, and the 

DNA pellet was air dried and dissolved in 100-150 μL elution buffer. 

DNA Sequencing 

BAC and plasmid DNA served as the template. The indicated primers and template DNA 

was sent to Eurofins MWG Operon (Louisville, KY) for sequencing. Chromatograms were read 

by SnapGene Viewer and the raw sequence data was analyzed with PubMed BLAST for 

alignment with wild-type HSV-2 MS (GenBank Accession #: MK855052). Refer to Appendix A. 
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Genomic Digest 

2.0 μg of viral BAC’s were digested for 3 hours in a 37°C water bath using BshTI or DraI 

in a 20 μL reaction volume. The genomic fragments were separated on 0.6% agarose gels at 60V 

for 4 hours. Gels were stained with ethidium bromide for visualization of DNA fragments. 

In vitro Viral Replication 

12-well plates containing confluent Vero cell monolayers in 2% FBS-MEM were 

infected in triplicate at a multiplicity of infection (MOI) of 0.01 with MU399, MU408, MU430, 

MU498, or MU511 viruses. MU399, MU430, and MU511 viruses were also used to infect Vero 

cells monolayer in 0.5% FBS-MEM (low serum) at an approximate MOI of 0.01. Infected cells 

were incubated at 32°C and harvested at the indicated time points. Monolayers were subjected to 

three cycles of freeze/thawing and titered as described above. Plaques were counted and PFU 

calculated. The inoculum for each virus was titered to determine the MOI. 

Acyclovir Plaque Reduction Assay 

Confluent Vero cell monolayers in a 12-well plate were infected in triplicate with the 

indicated viruses in the presence of either 0, 1, 10, or 20 ug/mL acyclovir delivered in 19.5 μL 

DMSO in 0.6 mL of 2% FBS-MEM at an MOI = 3.75 x 10-4. Prior to infection, monolayers were 

treated with 0.3 mL of 2X acyclovir for 1 hour to equilibrate the intracellular concentration of 

acyclovir to the extracellular concentration of acyclovir. The media was diluted to 1X acyclovir 

by inoculating each well with 0.3 mL of media containing the indicated viruses to reach a final 

volume of 0.6 mL media. One hour after infection, 1.5 mL methylcellulose media was added to 

each well to inhibit viral spread. Infected monolayers were incubated at 32° C for 72 hours. 

Monolayers were fixed with formaldehyde for 1 hour. Fixed cells were stained with crystal violet 

for 45 minutes, washed gently with water and air dried. Photographs were taken with an IPhone 
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8+. Plaques were counted and PFU/mL calculated. The inoculum for each virus titered to 

determine the MOI. 

Acyclovir Viral Yield Assay 

 Confluent Vero cell monolayers were infected in triplicate with indicated viruses in the 

presence of either 0, 1, 10, or 20 μg/mL acyclovir delivered in 19.5 μL DMSO in a 12-well plate 

at an approximate MOI of 0.01 or a 48-well plate at an approximate MOI of 1. Prior to infection, 

monolayers were treated with 2X acyclovir for 1 hour to equilibrate the intracellular 

concentration of acyclovir to the extracellular concentration of acyclovir. The media was diluted 

to 1X acyclovir by inoculating each well with media containing the indicated viruses. Infected 

monolayers were incubated at 32° C for either 48 hours (MOI of 0.01) or 12 hours (MOI of 1). 

Monolayers were subjected to three cycles of freeze/thawing and titered as described above. 

Plaques were counted and PFU calculated. The inoculum for each virus was titered to determine 

the MOI.  
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CHAPTER 3 
 

RESULTS 
 

 

Figure 2. Schematic of targeted mutagenesis of open reading frames UL24 and UL39. 

A. The relative position of UL23, UL24, and UL39 within the HSV-2 genome. The parental virus was a strain of 

HSV-2 MS containing BAC sequences inserted within the UL23 (TK) gene.  B. WT UL24 was digested using 

restriction enzymes, PfiFI and BsaAI. The internal fragment was removed, and the remainder ligated together 

generating ΔUL24 containing a deletion. C. WT UL39 was digested restriction enzymes, BsaAI and BamHI. The 

internal fragment was removed, and the remainder ligated together generating ΔUL39 containing a deletion. 

Original image. This figure is presented in color. 

 

 

Mutagenesis of UL24 

The UL24 gene was cloned from the HSV-2 MS genome.  PCR amplification of UL24 

from the parent BAC DNA with MU394 and MU395 primers (Table 2) was expected to result in 
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an 823 bp amplicon. A PCR product of the expected size was observed after agarose gel 

electrophoresis and staining with ethidium bromide (Figure 3).  

 

 

Figure 3. Detection of the HSV-2 MS UL24 gene. 

 PCR was performed using primers MU394 and MU395 on HSV-2 MS BAC DNA and a no template control 

(NTC).  Samples were electrophoresed on a 0.8% agarose gel followed by staining with EtBr.  Visualization under 

UV revealed a product of the expected size of 823 bp. Original image. This figure is presented in color. 

 
 

 

This UL24 amplicon was ligated into pJET1.2 and transformed into E. coli. Plasmid DNA was 

isolated from individual colonies and digested with PvuII as a diagnostic digest to confirm that 

UL24 was cloned into pJET1.2. The digested fragments were expected to have sizes: 2.8 kb, 522 
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bp, and 439 bp. This digested plasmid DNA was electrophoresed on an agarose gel and the 

predicted band pattern was observed. Targeted mutagenesis of UL24/pJET1.2 was accomplished 

using restriction endonucleases, BsaAI and PflFI, followed by ligation. This was expected to 

result in an internal deletion of 224 bp (Figure 2A). PCR amplification of ΔUL24 from 

ΔUL24/pJET1.2 using primers, MU394 and MU395, was expected to produce a 599 bp 

amplicon. This PCR product was electrophoresed on agarose gel and the correct size was 

observed (Figure 4).  

 

 

Figure 4. UL24 was cloned and ligated into pJET1.2. 

A UL24 amplicon was ligated into plasmid DNA. UL24/pJET1.2 was digested with PvuII restriction endonuclease 
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for diagnostic analysis to confirm successful cloning. A A schematic representing the UL24/pJET1.2 plasmid and 

the locations of PvuII restriction sites. Expected sizes for the PvuII-digested fragments were 2.8 kb, 522 bp, and 439 

bp. B Agarose gel electrophoresis of PvuII-digested UL24/pJET1.2. Original image. This figure is presented in 

color. 
 

 

 
 

 

Mutagenesis of UL39 

The UL39 gene was cloned from the HSV-2 MS genome. PCR amplification of UL39 from the 

parent BAC DNA with MU402 and MU403 primers (Table 2) was expected to produce a 3835 

bp amplicon. A PCR product of the expected size was visualized on an agarose gel (Figure 5). 
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Figure 5. Detection of the HSV-2 MS UL39 gene.  

PCR was performed using primers MU402 and MU403 on HSV-2 MS BAC DNA and a no template control (NTC).  

Samples were electrophoresed on a 0.8% agarose gel followed by staining with EtBr.  Visualization under UV 

revealed a product of the expected size of 3.8 kb. Original image. This figure is presented in color. 

 

 

 
. 

This UL39 amplicon was ligated into pJET1.2 and transformed into E. coli. Plasmid DNA was 

isolated and digested with PvuII as a diagnostic digest to confirm the successful cloning of UL39 
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into pJET1.2. The digested plasmid DNA was expected to have a predicted band pattern of 

fragments with sizes: 4.4kb, 1.9 kb, and 522 bp. These fragments were visualized on an agarose 

gel (Figure 6).  

 

Figure 6.  UL39 was cloned and ligated into pJET1.2. 

 

A UL39 amplicon was ligated into plasmid DNA. UL39/pJET1.2 was digested with PvuII restriction endonuclease 

for diagnostic analysis to confirm successful cloning. A A schematic representing the UL39/pJET1.2 plasmid and 

the locations of PvuII restriction sites. Expected sizes for the PvuII-digested fragments were 4.4 kb, 1.9 kb, and 522 

bp. B Agarose gel electrophoresis of PvuII-digested UL39/pJET1.2. Original image. This figure is presented in 

color. 

 

 

 

 

Targeted mutagenesis of UL39/pJET1.2 was accomplished using restriction endonucleases, 

BsaAI and BamHI, followed by ligation. This was expected to result in a deletion of 3333 bp 
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from the 3’ end of the UL39 gene and an additional 59 bp downstream from the stop codon 

(Figure 1B). PCR amplification of ΔUL39 with MU402 and MU403 primers from 

ΔUL39/pJET1.2 was expected to produce a 447 bp amplicon. This amplicon was visualized on 

agarose gel (Figure 7). 

 

 

Figure 7.  Confirmation of the UL39 internal deletion plasmid construct. 

 

PCR was performed using primers MU402 and MU403 on plasmid DNA containing the 3333 bp UL39 deletion 

(ΔUL39) and a no template control (NTC).  Samples were electrophoresed on a 0.8% agarose gel followed by 

staining with EtBr.  Visualization under UV revealed a product of the expected size, 447 bp. Original image. This 

figure is presented in color. 
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Construction of TKBAC/ΔUL24 

PCR amplification of the galK knock-out cassette, UL24galK, was accomplished with MU396 

and MU397 primers. This cassette is comprised of the galK gene flanked with homologous 

sequence of UL24 that allowed for homologous recombination with BAC DNA. The size of this 

cassette is roughly 1.25 kb and was visualized on an agarose gel (Figure 8).  

 

Figure 8. Confirmation of the UL24galK knock-in cassette. 

 

PCR was performed using primers MU396 and MU397 on plasmid DNA containing the galK gene and a no 

template control (NTC).  Samples were electrophoresed on a 0.8% agarose gel followed by staining with EtBr.  

Visualization under UV revealed a product of the expected size, 1.3 kb. Original image. This figure is presented in 

color. 
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Upon successful recombination into HSV-2 MS BAC, the galK gene product, galactokinase, 

allowed SW102 E. coli cells to metabolize galactose as the only carbon source. Galactokinase 

also catalyzes the phosphorylation of 2-deoxygalactose, which results in the production of the 

bactericidal compound, 2-deoxy-galactose-1-phosphate. These cells were grown on 

M63/galactose plates as a method for positive selection of successful recombination. Individual 

colonies were verified for the presence of UL24galK by PCR amplification and visualization on 

an agarose gel (Figure 8). BAC DNA from one positive clone containing the UL24galK 

construct was used to generate a ΔUL24 mutant.  PCR amplified ΔUL24 was recombineered in 

the SW102 cells containing the UL24galK insert. Recombination is possible because the ΔUL24 

knock-in cassette contains homologous sequences flanking the UL24galK region. These cells 

were grown on M63/DOG plates for negative selection against galK. Individual colonies were 

verified for the presence ΔUL24 by PCR amplification with MU394 and MU395 primers and 

visualized on an agarose gel (Figure 9). Reversion (repair) to TKBAC/UL24R followed the same 

protocol except that intact UL24 was used as the knock-in cassette. Individual colonies from 

M63/DOG plates were verified for UL24R recombination with PCR amplification with MU394 

and MU395 primers and visualized on an agarose gel.  
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Figure 9. Agarose gel electrophoresis of ΔUL24. 

 
Individual colonies were picked and screened for the presence of ΔUL24. The correct size for this amplicon is 599 

bp. Original image. This figure is presented in color. 

 

 

 

Construction of TKBAC/ΔUL39 

The galK cassette, UL39galK, was PCR amplified using MU404 and MU405 primers. 

UL39galK is comprised of the galK gene with flanking sequences homologous to the UL39 

gene. This expected PCR product of roughly 1.3 kb was visualized on an agarose gel (Figure 

10). 
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Figure 10. Confirmation of the UL39galK knock-in cassette. 

 

PCR was performed using primers MU404 and MU405 on plasmid DNA containing the galK gene and a no 

template control (NTC).  Samples were electrophoresed on a 0.8% agarose gel followed by staining with EtBr.  

Visualization under UV revealed a product of the expected size, 1.3 kb. Original image. This figure is presented in 

color. 
 

 

 

UL39galK was transformed into SW102 cells harboring BAC DNA for recombination. Upon 

successful recombination, cells were positively selected on M63/galactose plates. Individual 

colonies were verified for UL39galK with PCR amplification. Upon verification of UL39galK 

recombination, the ΔUL39 cassette was transformed in the cells for recombination with the 
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UL39galK region. Recombination is possible because ΔUL39 contains homologous sequences 

with this region. The cells were plated on M63/DOG plates for negative selection. Individual 

colonies were verified for the presence of ΔUL39 by PCR amplification with MU402 and 

MU403 primers and visualized on an agarose gel (Figure 10). Reversion (repair) to 

TKBAC/UL39R followed the same protocol except that intact UL39 was used as the knock-in 

cassette and MU404/MU430 primers were used to generate the galK knock-out cassette. 

Individual colonies from M63/DOG plates were verified for UL39R recombination with PCR 

amplification with MU402 and MU403 primers and visualized on agarose gel (Figure 11). 

 

 

Figure 11. Agarose gel electrophoresis of ΔUL39. 

 
Individual colonies were picked and screened for the presence of ΔUL39. The correct size for this amplicon is 3.8 

kb. Original image. This figure is presented in color. 
 

 

 

Viral Genomes of HSV-2 Constructs Contain no Gross Abnormal Mutations 

 Viral BACs were digested with either BshTI or DraI for 3 hours in a 37°C water bath. 
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The digested BACs were electrophoresed on 0.65% agarose gel for 4 hours at 60V. For the 

BshTI genomic digest, a 6156 bp band was expected to be present for all viral genomes that 

contain WT UL39. For the constructs containing ΔUL39 (TKBAC/ΔUL24/ΔUL39 and TKBAC/ 

ΔUL39), the 6156 bp band was expected to be absent due to the deletion of 3392 bp from the 

fragment corresponding that band. All other bands were expected to maintain the same size as 

compared to the parent strain, TKBAC. The expected pattern was observed after fractionation via 

agarose gel electrophoresis (Figure 12A). For the DraI genomic digest, a 9852 bp band was 

expected to present for all viral genomes that contained WT UL39. For the constructs containing 

ΔUL39 (TKBAC/ΔUL24/ΔUL39 and TKBAC/ ΔUL39), the 9852 bp band was expected to be 

absent and a 6190 bp band would be present instead. All other bands were expected to maintain 

the same size as compared to the parent strain. The expected pattern was observed after 

fractionation via agarose gel electrophoresis (Figure 12B). There were no noticeable differences 

in the digestion patterns between all of the viral genomes besides those that were stated above.  

For this reason, we concluded that there were no gross abnormal changes in the viral genomes of 

these viruses. 
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Figure 12. HSV-2 constructs show no gross abnormal genomics mutations

 



29 
 

 

Viral genomes were digested for 3 hours with BshTI (A) or DraI (B) restriction endonuclease and electrophoresed 

on agarose gel for visualization of DNA bands. Each genomic digest shows a predictable band pattern. Original 

image. This figure is presented in color. 
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Viral Kinetics of HSV-2 Mutants 

 The replication kinetics of each virus was analyzed after infection of Vero cells.  In 

general, PFU count initially decreased at the 8-hour time point, and then increased exponentially 

up to the 36-hour time point. For some viruses (TKBAC/UL24R in 2% FBS-MEM, TKBAC in 

0.5% FBS-MEM, and TKBAC/ΔUL39 in 0.5% FBS-MEM), the PFU count decreased from the 

36-hour time point to the 48- hour time point (Figure 13A). TKBAC/ΔUL24 HSV-2 showed 

similar kinetics through 48 hours post-infection compared to the parent strain, TKBAC HSV-2. 

TKBAC/ΔUL39 showed a substantially lower peak-fold increase of 6.1-fold compared to 16.3 

fold for the parent strain. In low-serum media, all viruses showed reduced peak-fold increases, 

TKBAC/ΔUL39 replicating the least with a 2.4-fold peak increase. In the first replication kinetics 

experiment, the target MOI for each inoculum was .01. The MOI for TKBAC/ΔUL39 in both 2% 

FBS-MEM and 0.5% FBS-MEM was roughly 10-fold lower than expected. For this reason, the 

experiment was repeated for this mutant and the parent strain to correct the lower-than-expected 

MOI. TKBAC/ΔUL39 replicated similarly to the parent strain for the first 24 hours (Figure 13B). 

However, PFU counts remained roughly the same from the 24-hour time point to the 48-hour 

time point for TKBAC/ΔUL39; whereas, the parent strain saw an exponential increase during this 

same time period. These results show that TKBAC/ΔUL39 demonstrates attenuated in vitro viral 

replication in Vero cells with 2% or 0.5% FBS-MEM. 
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Figure 13. TKBAC/ΔUL39 has reduced growth kinetics in vitro. 

 

A Vero cells were infected with viruses at MOI = 0.01 and at indicated time points, cells were harvested for 

intracellular virus and viral titers were determined. B Experiment was repeated for indicated viruses to determine 

growth kinetics at MOI = 0.01. Original image. 
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Acyclovir Resistance 

It was expected that all viral strains would be resistant to acyclovir since the BAC 

sequences were inserted in the UL23 TK gene.  To test this, Vero cells were infected with HSV-

2 strains with indicated concentrations of acyclovir, incubated for 72 hours, and stained with 

crystal violet. Wild-type HSV-2 (MS) and TKBAC/∆UL39 both demonstrated reduced PFU 

counts in presence of acyclovir in a dose-dependent manner, the latter also showed reduced 

plaque size (Figure 14). Interestingly, TKBAC/∆UL39 IC50 was calculated to be 0.917 μg/mL 

which is lower than HSV-2 MS IC50 which was calculated to be 3.72 μg/mL. This suggests that 

TKBAC/∆UL39 more sensitive to acyclovir than wild-type HSV-2. 
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Figure 14. TKBAC/∆UL39 is acyclovir-sensitive in vitro.
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A Photograph of plaque reduction in the presence of varying concentrations of acyclovir. B Photograph of 

microscopic plaques formed by TKBAC/ΔUL39 in varying concentration of acyclovir. C Quantification of plaque 

reduction against varying concentrations of acyclovir. Original image. This figure is presented in color. 

 



35 
 

To further measure the reduction of viral replication of TKBAC/∆UL39 due to the 

presence of acyclovir, two viral yield assays were performed. Briefly, Vero cells were infected 

with either HSV-2 MS, TKBAC, or TKBAC/∆UL39 in the presence of varying concentrations of 

acyclovir. Virus was allowed to spread unhindered through the media because of the absence of 

methylcellulose in the media. For one viral yield assay, cells were infected at an approximate 

MOI of 0.01 and the infection was allowed to proceed for 48 hours before the first freeze. In the 

other viral yield assay, cells were infected at an approximate MOI of 1 and the infection was 

allowed to proceed for 12 hours before the first freeze. At an MOI of 0.01, TKBAC/∆UL39 IC50 

was calculated to be 4.33 μg/mL compared to HSV-2 MS IC50 of 0.134 μg/mL (Figure 15A). At 

an MOI of 1, TKBAC/∆UL39 IC50 was calculated to be 4.56 μg/mL compared to HSV-2 MS IC50 

of 0.0080 μg/mL (Figure 15B).  
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Figure 15. TKBAC/∆UL39 acyclovir sensitivity cannot be explained by reversion of ∆UL39 DNA to wild-type 

UL39 DNA. 

 

Viral yield assay quantification of plaque counts of HSV-2 strains in the presence of varying concentrations of 

acyclovir at an MOI of 0.01 (A) or and MOI of 1 (B). C The TK gene was PCR amplified from either BAC DNA 

(pre-transformation) or viral DNA (post-transformation) of HSV-2 strains and electrophoresed on 0.8% agarose gel 

and strained with ethidium bromide to determine the presence of either WT TK (~1.3 kb band) or TKBAC (~8.8 kb 

band). Original image. This figure is presented in color. 

 

 

One possible explanation for the unexpected sensitivity to acyclovir that TKBAC/∆UL39 

was demonstrating is the potential reversion of mutated TKBAC to wild-type TK (WT TK) during 

viral replication. To verify the genotype of the TK gene in TKBAC/∆UL39, conventional PCR 

was used to amplify both BAC DNA and viral DNA extracted from virally infected Vero cells. 

For HSV-2 MS, PCR of the TK gene is expected to produce a 1.3 kb band. For both TKBAC and 

TKBAC/∆UL39, PCR of the TK gene is expected to produce an 8.8 kb band because of the 

addition of the 7.5 kb BAC sequence to the TK gene (TKBAC). The PCR amplified DNA was 

separated on agarose gel and the TKBAC amplicon was visualized under UV light for both TKBAC 
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and TKBAC/∆UL39 at the correct size of 8.8 kb. The WT TK amplicon was visualized under UV 

light for HSV-2 MS at the correct size of 1.3 kb. Importantly, the correct bands were present in 

both BAC DNA and viral DNA extracted from virally infected cells (Figure 15C). This suggests 

that the TKBAC mutation is maintained in TKBAC/∆UL39 during replication. It would appear that 

the reduction of TKBAC/∆UL39 replication due to the presence of acyclovir cannot be explained 

by the reversion of the TK gene. 
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CHAPTER 4 
 

DISCUSSION 
 

 

 An ideal vaccine against genital herpes will provide sterilizing immunity to prevent the 

transmission of herpes simplex virus from a vaccinated person to an unvaccinated sexual partner. 

Live, attenuated vaccines will likely provide sterilizing immunity because of their ability to 

invoke both humoral and cell-mediated immune responses. Live, attenuated vaccines can be 

categorized into two major categories: replication-competent, or single-cycle replication. Live, 

attenuated HSV-2 strains containing mutations in one or more genes have been underexploited as 

potential vaccine candidates. We believe that a recombinant HSV-2 with two or three loss-of-

function mutations in virulence genes will provide the right balance between immunogenicity 

and safety. 

Understanding which gene products (viral proteins) are important for attenuation at the 

level of acute and latent disease is necessary if one is to design an effective live, attenuated 

vaccine. Previously, HSV-2 UL24 mutant viruses were isolated and their in vitro and in vivo 

biological phenotypes characterized. A study evaluating the efficacy of the UL24 mutant as a 

vaccine candidate was published in 2014. After inoculation of UL24 mutant viruses into 

susceptible (unvaccinated) animals, very little disease was observed yet a protective immune 

response was generated in UL24 mutant immunized animals. The HSV-2 UL24 mutant was a 

viable backbone for the development of a safe and efficacious live attenuated vaccine; however, 

deletion of UL24 alone still resulted in the establishment of latency and therefore possible 

reactivation of the vaccine strain.  In this study, we designed and constructed three novel HSV-2 



39 
 

mutants containing additional mutations: TKBAC/ΔUL24, TKBAC/ΔUL39, and 

TKBAC/ΔUL24/ΔUL39. We were able to take advantage of bacterial artificial chromosome 

(BAC) technology for simple and efficient recombineering of these mutants. The 7.5 kb-long 

BeloBAC sequence inserted into the TK gene allows for maintenance in an E. coli host system 

without the need of viral replication in a mammalian cell host system. Using this system, poor-

replicating mutants can be engineered easily that could not otherwise in a mammalian cell host 

system. This proved to be useful in the construction of the poorly-replicating HSV-2 mutants: 

TKBAC/ΔUL39 and TKBAC/ΔUL24/ΔUL39. Although plaques were observed, the drastic reduced 

replication of TKBAC/ΔUL24/ΔUL39 virus in Vero cells did not allow for sufficient viral stocks 

to be generated for use in characterization studies. Sufficient amplification of this virus could 

potentially involve the use of a cell line that complements the UL39 gene product, ribonucleotide 

reductase. The use of both complementing cell lines and BAC-based recombineering can allow 

for the engineering of a vast array of recombinant DNA viruses such as the constructs in this 

study. 

Based on the genomic digest studies, these constructs retained a predictable band pattern 

similar to the parent, TKBAC. This suggests that there were no large, gross, off-target mutations 

(deletions) produced during the recombineering process. For TKBAC/ΔUL39 and 

TKBAC/ΔUL24/ΔUL39, roughly 3.4 kilobases were missing in a DraI-digested DNA fragment, as 

predicted. This, in addition to sequence data, suggests that the phenotypic differences seen in the 

mutants were due solely to the intended mutations in the indicated genes. 

Upon transfection of the viral BAC into Vero cells, TKBAC/ΔUL24 produced a syncytial 

plaque phenotype that is characteristic of UL24-deficient HSV-2 strains. TKBAC/ΔUL24 also 

demonstrated similar growth kinetics to the parent, TKBAC, over a 48-hour time period. This was 
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expected since other UL24 mutants have been shown to replicate similarly to wild type viruses. 

TKBAC/ΔUL39 was expected to be crippled in viral replication and this was supported by the 

growth kinetics studies, showing an 8.1-fold decrease in viral replication at its peak compared to 

the parent strain. Interestingly, TKBAC/ΔUL24/ΔUL39 appears to replicate at an even lower rate 

than TKBAC/ΔUL39. This was not expected since, as mentioned above, ΔUL24 does not seem to 

confer a decrease in viral replication. So, it would be expected that TKBAC/ΔUL24/ΔUL39 would 

replicate as well as TKBAC/ΔUL39. Furthermore, TKBAC/ΔUL24/ΔUL39 plaques were smaller in 

size than TKBAC/ΔUL39 plaques.  

 Initial in vitro characterization suggests that all three viruses isolated in these studies 

were viable but to different extents.  Two viruses have added either a TK or a TK and RR 

mutation to the UL24 backbone. The TK/UL24 strain should generate a similar immune response 

to that observed for the previously characterized UL24 mutant but inactivation of TK should 

result in reduced reactivation from latency – a desirable property for a vaccine strain.  The triple 

mutant would be even more ideal from a safety standpoint; however, it is possible that the 

attenuation is too severe to generate sterilizing immunity. The TK/RR double mutant is also 

completely novel and has never before been isolated in the herpes virus field.  It is crippled for 

replication in cell culture but, as opposed to the triple mutant, viral stocks could be generated.  

The absence of both RR and TK will likely result in significant attenuation in vivo, particularly 

with respect to establishing latency and reactivation. 
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CHAPTER 5 

CONCLUSIONS 
 

 

In this study, we showed that HSV-2 strains can be efficiently constructed using BAC 

recombineering. Mutated genes (∆UL24 and ∆UL39) were sequenced in the appropriate HSV-2 

strains to verify the correct mutagenesis. These constructs produced stable viral BACs that did 

not contain gross abnormal mutations. The viral BACs produced virus upon transfection in Vero 

cells. TKBAC/∆UL24 demonstrated similar growth kinetics compared to the parent strain, TKBAC. 

TKBAC/∆UL39 demonstrated reduced growth kinetics compared to the parent strain, TKBAC. 

TKBAC/∆UL24 demonstrated similar plaque reduction and inhibition of viral replication due to 

the presence of acyclovir compared to the parent strain, TKBAC. However, TKBAC/∆UL39 

demonstrated more plaque reduction and inhibition of viral replication due to the presence of 

acyclovir compared to the parent strain, TKBAC.  
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CHAPTER 6 

FUTURE DIRECTIONS 
 

 

The main focus of future studies will be on TKBAC/∆UL39. Because of the reduced 

replication kinetics demonstrated by this virus and reduced virulence showed by TK-deficient 

HSV and RR-deficient HSV, this double mutant is a promising candidate as a vaccine for genital 

herpes. Future plans for this research will utilize both in vitro and in vivo studies. For in vitro 

studies, we plan on using quantitative PCR (qPCR) to measure viral genome copies/cell for 

TKBAC/∆UL39 compared to other HSV-2 strains and electron microscopy (EM) to measure the 

efficiency of encapsidation of TKBAC/∆UL39 compared to other HSV-2 strains. We have already 

begun developing a methodology for a qPCR experiment. Using primers specific to the HSV-2 

glycoprotein D (gD-2) gene, we were able to observe signals in DNA extracted from Vero cells 

infected with HSV-2 strains. We observed that cells infected with the highest MOI of HSV-2 

produced the strongest signals for gD-2. Additionally, we used primers specific for Vero β-actin 

to use as a loading control for our upcoming qPCR experiment. Using these β-actin primers, we 

observed signals for samples that contained cellular DNA. We verified that these primers work 

using Fast SYBR® Green Master Mix (ThermoFisher Scientific). We will use this methodology 

to measure the viral genome copy/cell of Vero cells that are mock-infected or infected with 

either HSV-2 MS, TKBAC, TKBAC/∆UL39, or TKBAC/∆UL24. We expect that TKBAC/∆UL39 will 

yield the lowest viral genome copy/cell because we expect that it has reduced viral DNA 

replication in cells. 
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Future in vivo studies will first utilize a mouse model to measure virulence of 

TKBAC/∆UL39. Here, we will measure disease scores and percent survival of mice that are mock-

infected or infected with either TKBAC/∆UL39 or HSV-2 MS. We expect that mice infected with 

TKBAC/∆UL39 will yield lower disease scores and a higher percent survival compared to mice 

infected with HSV-2 MS. A second in vivo study will utilize a mouse model to measure efficacy 

of TKBAC/∆UL39 as a prophylactic vaccine. Here, we will either mock-immunize or immunize 

mice with TKBAC/∆UL39. After a period of time, naïve and immunized mice will be challenged 

with HSV-2 MS. Post-challenge, disease severity and percent survival will be measured for all 

mice. We expect that mice immunized with TKBAC/∆UL39 will protect mice from the wild-type 

challenge yielding lower disease severity scores and a higher percent of mice surviving. 
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Nucleotide sequence analysis of HSV-2 constructs. 

 

a Percent identity compared to reference HSV-2 MS genome (GenBank Accession #: MK855052) 

b Deleted region is flanked by the read coordinates. Read coordinates refer to the reference HSV-2 MS 

genome. The ΔUL24 and ΔUL39 nucleotide sequence is continuous. 

 


