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 For 30 years, an effective vaccine has been sought to prevent genital herpes caused by herpes simplex 
virus 2 (HSV-2).  Most of the research has focused on the development of non-replicating HSV-2 vaccine 
agents such as the glycoprotein D subunit or replication-defective HSV-2 viruses.  Such approaches merit 
consideration.  However, it is unclear that non-replicating HSV-2 vaccines elicit the type of life-long immunity 
against genital herpes that is sought.  For each year that elapses without an effective vaccine, another 10 to 20 
million people contract HSV-2 infections.  Given the scope of the problem, perhaps it is time to consider a 
second possibility:  a live, replicating HSV-2 vaccine strain may be more effective. 
 Most of our successes in controlling viral disease in the human population have been based upon live, 
replicating viruses. Live vaccinia virus (the original vaccine) was used to end smallpox epidemics. 
Poliomyelitis, mumps, measles, rubella, and chickenpox are prevented with childhood vaccines that contain 
live, replicating viruses that occur in nature, but are attenuated in their disease-causing potential.  This, our 
most successful vaccination modality, has not been adequately considered for its potential to control genital 
herpes.  In large part, this is due to the misconception that a live HSV-2 vaccine strain would be dangerous. 
 The P.I.’s published studies and preliminary data establish that genetic engineering combined with current 
knowledge of HSV biology may be applied to derive live, replicating HSV-1 and HSV-2 viral vaccines that are 
safe and immunogenic.  In principle, attenuation of HSV is readily achieved because ~30 of 75 HSV genes are 
not essential for viral replication.  Many of these genes, such as the ICP0 gene, are required for HSV to resist 
repression by the host immune response.  The P.I. has worked with interferon-sensitive HSV-1 ICP0- viruses 
for 10 years.  Disruption of the ICP0 gene renders HSV-1 and HSV-2 hypersensitive to repression by 
interferon-α/β, avirulent in animals, and yet these viruses may serve as powerful immunogens.  Mice 
immunized with a live, replicating HSV-1 ICP0- virus are immune to lethal challenge with 1000 times the LD50 
dose of HSV-1 (McKrae strain) or HSV-2 (MS strain).  Likewise, mice in which an HSV-2 ICP0- virus replicates 
at the site of immunization are immune to lethal challenge with HSV-2 MS. 
 A systematic effort has not been made to develop a live and appropriately attenuated HSV-2 virus that may 
establish an inapparent infection at the site of immunization.  The P.I.’s data indicate that HSV-1 or HSV-2’s full 
immunogenic potential is only realized when viral replication occurs in the host.  If this hypothesis is correct, 
then live, replicating HSV vaccine strains may be far more protective than any non-replicating HSV vaccine 
considered to date.  Two years of R21 funding is requested to test this hypothesis, and to begin developing 
HSV-2 ICP0- viruses that may later be used in human clinical trials if a live HSV-2 vaccine strain proves to be 
safe and effective in protecting mice, guinea pigs, rabbits, and hamsters against genital herpes. 
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Narrative 
 Interferon-sensitive herpes simplex virus-2 (HSV-2) ICP0- viruses are 
proposed as a live, replicating HSV-2 vaccine strain.  Such live HSV-2 vaccine 
strains may be capable of preventing the spread of genital herpes, a disease that 
currently afflicts ~50 million people worldwide.  The work proposed herein will 
test a hypothesis that live, replicating HSV-2 ICP0- viruses provide superior 
protection against exogenous HSV-2 infections relative to non-replicating HSV-2 
vaccines that have been the focus of research for 30 years.  It is anticipated that 
a new live HSV-2 ICP0- vaccine strain will emerge from these studies that 
warrants advancement to human clinical trials.  
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Halford Lab:  Facilities & Other Resources available at SIU School of Medicine 
1.  Laboratory.  The Halford Lab is housed in the Springfield Combined Laboratory Facility (SCLF) Addition, 
which is the newest research facility at the Southern Illinois University School of Medicine. The SCLF is a five-
story building whose first three floors were occupied in Fall 2006, and the 4th and 5th floors will be completed 
and occupied in Spring 2008.  The Medical Microbiology and Immunology department is housed in the 2nd and 
3rd floors of the SCLF Addition.  Dr. Halford occupies a 1000 sq ft laboratory suite in Room 2668, which 
contains 5 benches, 5 desks, tissue culture room, and is adequate for the proposed work. 
 Equipment present includes two -80°C freezers, two -20°C freezers, two refrigerators, liquid N2 dewar, 
hybridization oven, Cyclone phosphorimager, Nanodrop spectrophotometer, 4 thermal cyclers, 5 microfuges, 2 
water baths, Lauda circulating water bath, rocking platforms, bacterial incubator and rotating platform shakers, 
agarose gel boxes, mini-Protean 3 polyacylamide gel systems, large Protean II  polyacrylamide gel systems, 
sequencing gel apparatuses, power supplies, vacuum blotters for nucleic acid transfer, protein blotting transfer 
tanks, a gel dryer, vacuum pumps, BioDoc-It gel documentation system, and all of the necessary surgical 
instruments and tissue homogenizers necessary for the proposed animal work.  The tissue culture facilities 
within the laboratory include two 6-foot class II biosafety cabinets, 4 CO2 incubators, and two inverted Nikon 
TE2000 fluorescent microscopes.  One of these microscopes is equipped with a JenOptik ProgRes10plus digital 
camera, computer, and imaging software. 

2.  Animal.  The animal facility is housed on the 1st floor of the SCLF Addition (immediately below the P.I.’s 
laboratory) in a new 20,000 sq. ft space which includes a surgery suite, cagewash facility, diagnostic 
laboratory, necropsy room, quarantine area, and infectious disease / barrier containment suites.  The 
centralized laboratory animal care program is accredited by the AAALAC and it is directed by Teresa Liberati, 
D.V.M.  The facility is adequate for the proposed work. 

3.  Computer.  Dr. Halford’s office and laboratories have six Gateway PCs, two laser jet printers, color 
printer, and all computers are connected to LAN for internet access, and access to three multi-use 
departmental printers.  Software is available for word processing, photo editing, construction of slides and 
figures, statistical analysis, oligonucleotide design, plasmid construction, and phosphorimager analysis. 

4.  Office.  A business manager, and three administrative assistants are dedicated to the Department of 
Medical Microbiology and Immunology, and are housed in a 1200 sq ft suite on the 3rd floor of the SCLF 
Addition.  The PI has a 150 sq. ft. office in Room 2664, which is directly adjacent to his laboratory. 

 5. Other resources.  Centralized facilities that are available within a few minutes of the Halford Lab include: 
Biosafety level 3 (BSL-3) laboratories are available.  The older BSL-3 space is a 400 sq. ft laboratory that is 
adequate for tissue culture and laboratory benchwork, and is certified by the CDC to meet all of the 
requirements for BSL-3 containment.  The newer  BSL-3 space is a 3200 sq. ft. suite that has two 300 sq. ft. 
bench labs, a 250 sq. ft. lab for small animal containment, equipment storage, shower-in / shower-out, pass-
through autoclave, and its own single-pass, HEPA-filtered exhaust system.  This enhanced BSL-3 laboratory 
will be shared by the SIU Medical School and the Illinois Dept of Public Health.  Due to its recent construction, 
this new BSL-3 laboratory has not yet been certified by the CDC. 
Flow cytometry facility equipped with fluorescence-activated cell sorter and flow cytometer (BD FACS Vantage 
and FacsCalibur).  A dedicated support person operates the facility. 
Imaging facility equipped with a Hitachi H7000 transmission scanning electron microscope, a Hitachi S3000N 
Variable Pressure scanning electron microscope, Olympus Fluoview IX70 confocal laser scanning microscope 
and imaging software, darkroom and x-ray film developer, and EM prep lab equipped with two ultramicrotomes 
(RMC MT-7 and Sorval MT-2B).   
γ-Irradiator with a 137Cs radioactive source that is suitable for irradiating mice or cells. 
Molecular Core and other departmental facilities are equipped with autoclaves, Affymetrix microarray system, 
Alpha Innotech FluorChem 5500, Olympus BX41 microscope with digital imaging system, laser capture 
microdissection system, Odyssey infrared imaging system, chemiluminescence imager, Cryostat, Microtome 
and floating water bath, Applied Biosystems 7500 Real Time PCR System, Bio-Rad 2-D systems, Agilent 
Bioanalyser, two ultracentrifuges, two Sorvall RC5B centrifuges, γ-counter, and liquid scintillation counters. 
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BIOGRAPHICAL SKETCH 
Provide the following information for the key personnel and other significant contributors. 

Follow this format for each person.  DO NOT EXCEED FOUR PAGES. 

NAME 
William P. Halford, Ph.D. 
eRA COMMONS USER NAME 
whalford 

POSITION TITLE 
Associate Professor 
Dept of Medical Microbiology and Immunology 
Southern Illinois University School of Medicine 

EDUCATION/TRAINING  (Begin with baccalaureate or other initial professional education, such as nursing, and include postdoctoral training.) 

INSTITUTION AND LOCATION DEGREE 
(if applicable) YEAR(s) FIELD OF STUDY 

University of California, Santa Barbara B.S. 1986 - 91 Marine / Microbiology 
Sydney University, Australia - 1989 Biology 
Louisiana State Univ. Med. School, New Orleans M.S. , Ph.D. 1992 - 96 Viral Immunology 
University of Pennsylvania, Philadelphia Postdoc 1997 - 2000 Molecular Virology 
    

 

A.  Positions and Honors. 
POSITIONS: 
2000 - 2004 Assistant Professor, Tulane University School of Medicine, Department of Microbiology 
 and Immunology, New Orleans, LA. 
2004 - 2007 Assistant Professor, Montana State University, Department of Veterinary Molecular Biology, 
 Bozeman, MT. 
2005 - 2007 Affiliate Assistant Professor, University of Washington School of Medicine, Department of 

Microbiology, Seattle, WA. 
2007 -  Associate Professor, Southern Illinois University School of Medicine, Department of Medical 

Microbiology and Immunology, Springfield, IL. 
 
HONORS: 
    2001 Outstanding 1st Semester Professor, 2nd year Medical Students, Tulane University. 
    2003 Charles C. Randall Lectureship, Junior Faculty Excellence Award, South Central Branch of 

the American Society for Microbiology 
    2004 Excellence in New Competitive Research Award, Tulane University 
    2004 Stephen L. Sacks New Investigator Award, American Herpes Foundation 

 
B.  Peer-reviewed publications. 
  1. Halford, W.P., B.M. Gebhardt, and D.J.J. Carr. 1995. Functional role and sequence analysis of a lymphocyte 

orphan opioid receptor.  J. Neuroimmunol. 59: 91-101. 
  2. Hill, J.M., W.P. Halford, R. Wen, L. Engel, L. Green, and B.M. Gebhardt. 1996. Quantitative analysis of 

polymerase chain reaction products by dot blot. Anal. Biochem. 235: 44-48. 
  3. Hill, J.M., B.M. Gebhardt, R. Wen, A. Bouterie, H. Thompson, R. O'Callaghan, W.P. Halford, and H.E. 

Kaufman. 1996. Quantitation of HSV-1 DNA and LAT in rabbit trigeminal ganglia demonstrates a stable 
reservoir of viral nucleic acids during latency. J. Virol. 70: 3137-3141. 

  4. Halford, W.P., B.M. Gebhardt, and D.J.J. Carr. 1996. Mechanisms of herpes simplex virus reactivation. J. 
Virol. 70: 5051-5060. 

  5. Halford, W.P., B.M. Gebhardt, and D.J.J. Carr. 1996. Persistent cytokine expression in trigeminal ganglion 
latently infected with herpes simplex virus-1. J. Immunol. 157: 3542-3549. 

  6. Halford, W.P., L. Veress, B.M. Gebhardt, and D.J.J. Carr. 1997. Innate and acquired immunity to herpes 
simplex virus type 1. Virology 236: 328-337. 

  7. Halford, W.P., B.M. Gebhardt, and D.J. Carr. 1997. Acyclovir blocks cytokine gene expression in trigeminal 
ganglion latently infected with herpes simplex virus. Virology 238: 53-63. 
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  8. Halford, W.P., L. Veress, B.M. Gebhardt, and D.J.J. Carr. 1998. Immunization with HSV-1 antigen rapidly 

protects against HSV-1-induced encephalitis and is not dependent on interferon-γ. J. Interferon Cytokine Res. 
18: 151-158. 

  9. Carr, D.J.J., W.P. Halford, L.Veress, S. Noisakran, G.-C. Perng, and S.L. Weschler. 1998. The persistent 
elevated cytokine mRNA levels in trigeminal ganglia of mice latently infected with HSV-1 are not due to the 
presence of latency associated transcript RNAs.  Virus Res. 54: 1-8.  

10. Noisakran, S., W.P. Halford, L. Veress, and D.J.J. Carr.  1998. The role of the hypothalamic-pituitary-adrenal 
axis and interleukin-6 in stress-induced reactivation of latent HSV-1.  J. Immunol. 160: 5441-5447. 

11. Carr,D.J.J., S. Noisakran, W.P. Halford, N. Lukacs, V. Asensio, and I.L. Campbell. 1998. Cytokine and 
chemokine production in HSV-1 latently infected trigeminal ganglion cell cultures: effects of hyperthermic 
stress.  J. Neuroimmunol. 85: 111-121. 

12. Halford, W.P., V.C. Falco, B.M. Gebhardt, and D.J.J. Carr.  1999.  The inherent quantitative capacity of the 
reverse transcription-polymerase chain reaction. Anal. Biochem. 266: 181-191. 

13. Halford, W.P. 1999. The essential prerequisites for quantitative RT-PCR. Nature Biotechnology. 17: 835. 
14. Halford, W.P. and P.A. Schaffer. 2000. Optimization of viral dose and transient immunosuppression enable 

herpes simplex virus ICP0-null mutants to establish wild-type levels of latency in vivo. J. Virol. 74: 5957-5967. 
15. Halford, W.P. and P.A. Schaffer. 2001. ICP0 is required for the efficient reactivation of herpes simplex virus 

type 1 from neuronal latency. J. Virol. 75: 3240-3249. 
16. Halford, W.P., C.D. Kemp, J.A. Isler, D.J. Davido, and P.A. Schaffer. 2001.  ICP0, ICP4, or VP16 expressed 

from adenovirus vectors induces reactivation of latent herpes simplex virus type 1 in primary cultures of 
latently infected trigeminal ganglion cells. J.Virol. 75:6143-6153. 

17. Härle, P., B. Sainz, D.J.J. Carr, and W.P. Halford.  2002.  The immediate-early protein, ICP0, is essential for 
the resistance of herpes simplex virus to interferon-α/β. Virology. 293: 295-304. 

18. Al-khatib, K., R.H. Silverman, B.R.G. Williams, W.P. Halford, and D.J.J. Carr. 2002. Absence of PKR 
attenuates the anti-HSV-1 activity of an adenoviral vector expressing murine IFN-β.  J. Interferon Cytokine 
Res. 22: 861-871 

19. Sainz, B. and W.P. Halford.  2002.  Alpha/beta interferon and gamma interferon synergize to inhibit the 
replication of herpes simplex virus type 1.  J. Virol.  76: 11541-11550. 

20. Al-khatib, K., B.R.G. Williams, R.H. Silverman, W.P. Halford, and D.J.J. Carr. 2003. Murine PKR and RNase L 
are Required for IFN-β Mediated Resistance Against Herpes Simplex Virus Type 1 in Primary Trigeminal 
Ganglion Cultures.  Virology.  313: 126-135. 

21. Al-khatib, K., B.R.G. Williams, R.H. Silverman, W. Halford, and D.J.J. Carr. 2004.  Distinctive roles for 2',5'-
oligoadenylate synthetases and double-stranded RNA-dependent protein kinase R in the in vivo antiviral effect 
of an adenoviral vector expressing murine IFN-β. J. Immunol. 172: 5638-5647. 

22. Halford, W.P., J.W. Balliet, and B.M. Gebhardt.  2004.  Re-evaluating natural resistance to herpes simplex 
virus type 1.  J. Virol.  78: 10086 – 10095. 

23. Al-khatib, K., B.R.G. Williams, R.H. Silverman, W. Halford, and D.J.J. Carr. 2005. Dichotomy between survival 
and lytic gene expression in RNase L- and PKR-deficient mice transduced with an adenoviral vector 
expressing murine IFN-β following ocular HSV-1 infection.  Exp. Eye Res.  80: 167-173. 

24. Soboleski, M.R., J. Oaks, and W.P. Halford. 2005. Green fluorescent protein is a quantitative reporter of 
promoter activity in individual eukaryotic cells.  FASEB J. 19: 440-442. 

25. Halford, W.P., K.J. Halford, and A.T. Pierce. 2005. Mathematical analysis demonstrates that interferons-β and 
-γ interact in a multiplicative manner to disrupt herpes simplex virus replication.  J. Theor. Biol.  234: 439-454. 

26. Halford, W.P., J. L. Maender, and B.M. Gebhardt.  2005.  Re-evaluating the role of natural killer cells in innate 
resistance to herpes simplex virus type 1.  Virol. J.  2: 56. 

27. Gebhardt, B.M. and W.P. Halford.  2005.  Evidence that spontaneous reactivation of herpes virus does not 
occur in mice.  Virol. J. 2: 67. 
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28. A.T. Pierce, J. DeSalvo, T.P. Foster, A. Kosinski, S.K. Weller, and W.P. Halford.  2005. Beta-interferon and 
gamma interferon synergize to block viral DNA and virion synthesis in herpes simplex virus-infected cells.  J. 
Gen. Virol.  86: 2421-2432. 

29. Austin, B.S., W. Halford, R.H. Silverman, B.R.G. Williams, and D.J.J. Carr.  2006.  OAS and PKR are not 
required for the anti-viral effect of Ad:IFN-gamma against acute HSV-1 in primary trigeminal ganglia cultures.  
J Interferon Cytokine Res.  26: 220-225. 

30. Halford, W.P., J. Grace, C. Weisend, M. Soboleski, D.J.J. Carr, J.W. Balliet, Y. Imai, T.P. Margolis, and B.M. 
Gebhardt. 2006.  ICP0 antagonizes Stat 1-dependent repression of herpes simplex virus: implications for the 
regulation of viral latency.  Virol. J. 3: 44. 

31. Austin, B.A., W.P. Halford, B.R. Williams, and D.J. Carr.  2007.  Oligoadenylate synthetase / protein kinase R 
pathways and α/β-TCR+ T cells are required for adenovirus vector: IFN-γ inhibition of herpes simplex virus-1 in 
cornea.  J Immunol. 178: 5166-72. 

32. Austin, B.A., W.P. Halford, P. Stuart, and D.J. Carr.  2009.  Delivery of interferon-γ by an adenovirus vector 
Blocks HSV-1 reactivation in vitro and in vivo Independent of RNase L and dsRNA-dependent protein kinase 
pathways.  J Neuroimmunol.  in press. 

    Invited editorials. 
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C.  Research Support during the last three years. 

1.  Role of the LAT-ICP0 locus in regulating HSV latency. 
Principal Investigator:  William Halford. 
Agency: National Institutes of Health 
Type:  R01 (AI51414)        Period: 8/03 - 1/07 
The major goal of this project is to determine the respective roles of the herpes simplex virus 
type 1 (HSV-1) LAT and ICP0 genes in regulating the balance between (1) maintenance of 
HSV-1 genomes in a latent state and the (2) reactivation of HSV-1 replication, which results in 
the production of new infectious virus. 
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Introduction to Revised Application 
   This proposal is a revision of application R21 AI81072, which was submitted in February 2008, and was 
reviewed by the Vaccines Against Microbial Diseases Study Section.  I thank the reviewers for constructive 
critiques that have guided my attention to several deficiencies in the original proposal to develop a live herpes 
simplex virus 2 (HSV-2) ICP0- virus as a genital herpes vaccine candidate.  I hope that the benefit of this 
reconsideration is evident in the revised research plan. Revised sections of the proposal intended to address 
the reviewers’ concerns are denoted by vertical lines in the left- or right-hand margins and a concern-specific 
identifier (e.g., Concern 1-1).  These revisions are summarized, as follows. 
Response to Reviewers 1, 2, and 3 
Concern 1-1. It is unclear why the attenuated virus strains described here would be superior…The application would be 
strengthened by more detailed discussion of the advantages of his strategy.  This is an excellent suggestion. The P.I. 
did not previously articulate that most of our successes in controlling viral disease in the human population are 
based upon live, replicating viruses, nor did the P.I. clarify how his live HSV-2 vaccine approach differs. 
Sections B-2 and B-3 have been added to clarify these points.  Also, new data clarifies that HSV vaccine strain 
replication at the site of immunization is critical to realize the full immunogenic potential of HSV (Fig. 7-8). 
Concern 1-2. The subunit vaccine will be administered with alum adjuvant. However, there is already good evidence that 
this adjuvant alone will not be sufficient….A more relevant adjuvant would make comparisons more useful.  Agreed. The 
HSV-2 gD subunit in Expt 3-2 will be delivered in the potent adjuvant used by Bourne, et al. (5, 6), which 
contains monophosphoryl lipid A, a lipopolysaccharide derivative that serves as a TLR4 agonist (61, 63, 91). 
Concern 1-3. Use of the ocular route for both immunization and efficacy studies [in the mouse]….for a genital herpes 
vaccine significantly limit enthusiasm.  HSV-2 replication is likely critical to its immunogenicity.  Thus, the mouse 
eye is retained in Aim 2 as a screening tool for identifying which of 13 HSV-2 ICP0- viruses replicates at the 
site of immunization, is avirulent, and is protective against wild-type HSV-2.  However, the reviewer is correct 
that the mouse eye model is, in and of itself, inadequate to evaluate a genital herpes vaccine.  Thus, Specific 
Aim 3 has been redesigned in light of the reviewer’s expertise and invaluable suggestions.  The most 
promising HSV-2 ICP0- virus identified in Aim 2 will advance to Aim 3 vaccine-challenge studies to be 
conducted in guinea pigs, rabbits, and hamsters that are challenged with HSV-2 by the vaginal route. 

Concern 2-1. There is no attempt to determine [if the HSV vaccine strains] actually establish a latent infection.  Section 
B-6 clarifies that many replication-competent HSV mutants establish latent infections in neurons.  Section C-1 
clarifies that HSV-1 ICP0- viruses establish ~105 latent viral genomes per ganglia (Fig. 3).  Similar methods will 
be applied in Aims 2 and 3 to measure latent HSV-2 ICP0- genome loads in immunized animals. 
Concern 2-2.The application boils down to an empirical vaccine approach..[why not] sort through mutants to find those 
that protect?  Figures 1 and 8 provide new data that clarifies that HSV-1 or HSV-2 ICP0- viruses protect mice 
against infection with 1000 times the 50% lethal-dose (LD50) of wild-type HSV-2. 
Concern 2-3. The immunological studies [are] of questionable value….[The P.I]…states [this is a] good screening tool for 
predicting protection…why is it necessary to “predict” protection?  Aims 2 and 3 have been revised to clarify that the 
intent is to develop an assay that may be used to predict a patient’s relative risk (or lack thereof) for contracting 
genital herpes after vaccination. Thus, HSV-specific IgG titers will be monitored in 4 animal species to 
determine if this parameter correlates with live vaccine-induced protection against herpetic disease.  New data 
clarifies that, in mice, HSV-specific IgG titer is predictive of an individual’s protection against HSV-2 (Fig. 6, 8).    
Concern 2-4.  The P.I. is an expert in HSV virology, but has less experience in immunological aspects of the application. 
The P.I. has published on mechanisms of HSV immunity, but this is not the focus of these studies.  Section C-8 
clarifies that the intended purpose of these studies is to determine if live HSV-2 ICP0- viruses are sufficiently 
safe and protective to warrant advancement to human clinical trials as a live, attenuated HSV-2 vaccine strain. 
Concern 2-5.  Why are the studies focused primarily on mice, in which there is no reactivation of even wild-type virus? 
Section B-5 clarifies recent evidence that HSV subclinical reactivation occurs frequently in both mice and men.   

Concern 3-1. The application indicates some anticipated results, [but] no alternatives [are] suggested. [Will] the 
attenuated viruses establish latent or possibly pathogenic infections?  [These issues are]…not adequately addressed. 
New data in Section C-1 clarifies that HSV-1 ICP0- viruses establish latent infections in animals (Fig. 3); 
Section C-2 clarifies that HSV-2 ICP0- null viruses are interferon-sensitive in vitro and avirulent in vivo (Fig. 4).  
Concern 3-2.  It seems likely that under the conditions specified, the positive control animals immunized with wild type 
virus will die of an acute infection and thus [will] be unavailable. New data in sections C-3 and C-4 clarify the 
feasibility of obtaining HSV-2 latently infected mice. The usefulness of this + control is illustrated in Fig. 8B.
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A.  Specific Aims 
 The immune evasion capabilities of herpes simplex virus (HSV)-2 have long been viewed as a barrier to 
vaccination. Perhaps we have been looking at the problem backwards. Rather than develop vaccines that may 
penetrate HSV-2's immune-evasion armor, we could strip away this armor to obtain a live HSV-2 vaccine 
strain.  Deletion of key immune-evasion genes represents a new and relatively unexplored avenue to create a 
live HSV-2 vaccine.  Such a vaccine might induce life-long protection against genital herpes, but would be safe 
because it is sensitive to repression by the host immune system.  Mutation of the HSV-2 ICP0 protein is a 
rational starting point for such studies.  The P.I. has worked with interferon-sensitive HSV-1 ICP0- viruses for 
10 years.  New data demonstrates that 1. disruption of ICP0 renders live HSV-2 ICP0- viruses avirulent in vivo, 
and 2. HSV-1 ICP0- null viruses elicit a potent immune response that is sufficiently cross-reactive to protect 
animals against HSV-2 (Fig. 1).  R21 support is sought to explore this new line of inquiry and determine if live 
HSV-1 and/or HSV-2 ICP0- viruses may function as an effective vaccine against diseases caused by HSV-2.  
The viability of this hypothesis will be evaluated by completion of the following Specific Aims: 
Specific Aim 1 To develop a panel of HSV-2 ICP0-impaired viruses that exhibit varying degrees of ICP0 

function, and are thus differentially sensitive to repression by interferon-α/β. 
Specific Aim 2 To screen HSV-2 ICP0-impaired viruses in a mouse ocular model and identify those that 

(i) are avirulent, (ii) replicate to low levels at the inoculation site, and (iii) elicit a protective 
immune response that is comparable to recovery from wild-type HSV-2 infection. 

Specific Aim 3 To determine if a live HSV-2 ICP0- viral vaccine protects immunized animals against wild-
type HSV-2 infections in a manner that is neither site-specific nor species-dependent. 

 

 
 
 
 
 
 
 
 
 

Fig. 1.  Immunization with live HSV-1 ICP0- virus 
protects against HSV-2 challenge.  Female, age-
matched mice were challenged with HSV-2 by applying 
250,000 pfu HSV-2 (MS strain) to the scarified left and 
right eyes of mice.  Naïve mice shed an average 21,000 
pfu per eye at 24 h post-challenge, and died of herpes 
encephalitis 6 to 7 days post-challenge (n=10 mice).  All 
mice exposed 45 days earlier to an HSV-1 ICP0- virus 
shed an average 260 pfu per eye of HSV-2 at 24 h post-
challenge, and developed no disease over a 30-day 
period (n=5 mice).  This experiment is described in detail 
in Section C-6 and Fig. 8 of the Preliminary Studies. 
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B.  Background and Significance 
B-1.  Impact of HSV-2.  Two million Americans live with genital herpes infections that produce recurrent 
lesions 1 to 4 times per year (26, 40, 83).  The impact of genital herpes is best understood in terms of its 
effects on an individual, rather than the entire human population.  For example, consider the following e-mail: 

"Society seems to reflexively associate the virus with promiscuity.  But, as you are already aware, this is not always 
true.  Some, after their marriage ended as a result of the rigors of graduate school, find out their wife carried the 
virus, but never told them.  Such news can be paralyzing....the fear that one could inflict that same feeling of shame 
and anger in another, in turn, prevents them from entertaining the notion of dating or marrying again.   
     The virus may not be life threatening, but the emotional effects are nevertheless malignant.  It is not always 
secreted away in some back alley or brothel.  Sometimes it teaches Sunday school and gives money to charities.  
Sometimes it practices a profession and leads a very healthy lifestyle.  And while its host participates in these 
activities, it authors silent words of despair and loneliness.  It wages war against the best days and amplifies the 
worst....A vaccine does matter and it could very well save lives, in every possible sense of the word."  - Anonymous 

This response is not uncommon.  Acquisition of HSV-2 leads many people to avoid future relationships that 
may become intimate.  An effective genital herpes vaccine would be useful in breaking the cycle, and 
protecting young adults from the 1 in 10 chance that they will acquire HSV-2 before they marry (26, 40, 83). 
B-2. Ongoing efforts to develop an HSV-2 vaccine.  Efforts to develop an HSV-2 vaccine have long been 
predicated on the assumption that an HSV-2 vaccine agent must not persist in vaccine recipients.  Thus, four 
types of vaccine candidates have been considered:  1. HSV-2 protein antigens (4, 16, 73, 93, 108); 2. Gene-
delivery vehicles that express HSV-2 proteins (1, 20, 21, 41, 49, 50, 58, 70, 100); 3. Replication-defective 
HSV-2 viruses (7, 17, 19, 65); and 4. Live, crippled HSV-2 viruses (2, 75).  Each approach is discussed. 
1. Subunit vaccines. Glycoprotein D (gD) is an immunodominant HSV protein that is under study as an HSV-2 
vaccine candidate against genital herpes (84, 86, 89).  Two limitations of the subunit vaccine approach are that 
vaccination with a single protein can only elicit an immune response against 1 of 75 of the HSV-2-encoded 
proteins, and subunit vaccines have only limited access to the MHC class I antigen presentation pathway. 
2. HSV-2 antigen-expression vehicles.  HSV-2 antigens can be delivered into MHC class I or class II antigen 
presentation pathways using a variety of gene-delivery vehicles (e.g., plasmids, vaccinia virus, Listeria, 
Salmonella, etc.).  Thus, CD8+ or CD4+ T cell responses may be elicited against HSV-2 antigens (58, 70).  
Replication-defective HSV-2 viruses function as HSV-2 antigen-expression vehicles, and offer the distinct 
advantage of delivering nearly all of HSV-2’s antigens into the MHC class I antigen presentation pathway. 
3. Replication-defective HSV-2 vaccines. Replication-defective HSV-2 viruses are being avidly pursued as a 
means to vaccinate against genital herpes (7, 17, 19, 65).  These HSV-2 mutants initiate a single cycle of 
infection and may elicit a host immune response that is similar in quality to that elicited by wild-type HSV-2.  
However, an HSV-2 virus that does not replicate will be cleared from the body within days.  Thus, it is not clear 
that a replication-defective HSV-2 virus should elicit a host immune response that is similar in magnitude or 
duration to the immune response elicited by wild-type HSV-2 infections that persist for years to decades. 
4. Live, crippled HSV-2 viruses. Live vaccinia virus (the original vaccine) was used to end smallpox 
epidemics.  Most of our effective childhood viral vaccines are based upon live, naturally occurring viruses that 
have been attenuated (oral polio, mumps, measles, rubella, and varicella-zoster virus vaccines).  Despite the 
historical success of live viral vaccines, a live HSV-2 vaccine has not been systematically investigated.  In part, 
this is due to the misconception that a live, replicating HSV-2 vaccine would necessarily be dangerous 
(discussed in Section B-6).  The handful of live vaccines that have been developed are predicated on the 
assumption that HSV-2’s life cycle must be grossly disrupted to obtain a safe HSV-2 vaccine.  For example, 
HSV-2 ICP10- viruses have been proposed because ICP10 (a subunit of ribonucleotide reductase) is essential 
for HSV-2 to replicate in neurons (2, 27). Likewise, glycoprotein E (gE)-null mutants of HSV-1 have been 
proposed because gE is required for HSV infection to spread to neuronal cell bodies (10).  Such mutations 
cripple HSV-2, and truncate the capacity of these HSV-2 vaccine strains to elicit an adaptive immune 
response.  Likewise, the HSV-2 AD472 vaccine strain is overattenuated by virtue of genetic lesions that knock 
out the ICP34.5, UL43.5, UL55, UL56, US10, US11, and US12 genes (75).  There is no central principle that 
explains why these 7 genes should be disrupted in a live HSV-2 vaccine, nor is there a rational “next step” that 
may be taken to improve upon the protection elicited by the AD472 vaccine strain. 
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B-3. How does the P.I.’s live HSV-2 vaccine approach differ?  A live HSV-2 vaccine strain could be 
developed using a strategy that allows for incremental improvements over time.  The current proposal is based 
upon this principle, and differs from past HSV-2 viral vaccines in three other regards: 1. the proposed HSV-2 
ICP0- viral vaccine strains will be capable of limited replication and persistence in vaccine recipients (35); 2. 
mutations will be introduced into a novel target, the HSV-2 ICP0 gene, which is essential for HSV-2’s 
resistance to interferon-α/β; and 3. HSV-2’s sensitivity to interferon-α/β may be modulated over a 3-log range 
via discrete mutations in the ICP0 gene (Table 1 in Specific Aim 1).  Animal testing will identify which HSV-2 
ICP0-impaired viruses achieve an optimal balance between avirulence and induction of protective immunity.  
Interferon-sensitive HSV-2 vaccine strains may later be improved by disrupting HSV-2’s resistance to IgG 
antibodies (67) and CD8+ T cells (38, 106) via mutations that disrupt the viral Fc-γ receptor (gE-gI) and/or TAP-
binding protein (ICP47).  Thus, the anticipated endpoint of these studies is an HSV-2 vaccine strain that is 
replication-competent, immunogenic, but safe due to its sensitivity to each of arm of the vertebrate immune 
system: innate (interferon), humoral (IgG), and cell-mediated immunity (CD8+ T cells).  An incrementally 
improvable approach has not previously been applied to the derivation of a live HSV-2 vaccine strain. 
B-4. The natural approach to acquiring immunity to genital herpes.  In nature, 3 of 4 people who acquire 
HSV-2 are unaware of the infection, which persists in neurons of the peripheral nervous system.  Such persons 
derive a huge benefit from these molecular hitchhikers: life-long immunity to genital herpes.  The natural 
approach to acquiring HSV-2 has a downside: 2 to 5% of HSV-2 infected people endure outbreaks of genital 
herpes that may recur over their lifetime.  In the absence of an effective man-made vaccine, it is fortunate that 
most HSV-2 infections are mild to asymptomatic.  Hence, nearly a billion people have been accidentally 
“vaccinated” against genital herpes by virtue of their status as asymptomatic carriers of HSV-2. 
B-5. Natural history of HSV-1 and HSV-2 infections.  The process by which asymptomatic carriers maintain 
protective immunity against HSV-1 or HSV-2 provides important clues regarding what may be required for an 
effective genital herpes vaccine.  Based on work in animal models, latent HSV infections typically involve 1,000 
to 10,000 peripheral neurons that harbor multiple copies of the HSV genome per cell (81).  Productive 
replication appears to re-initiate in single, HSV latently infected neurons in a stochastic and episodic manner 
over the lifetime of the host (24).  Each single-cell reactivation event produces a limited quantity of infectious 
virus in the peripheral nerves that is carried to the epithelium, which may in turn produce a visible outbreak of 
recurrent herpes disease in the epithelium.  But, how often does this occur? 
 Wald, Corey, and colleagues have spent over a decade comparing the frequency of HSV-2 reactivation 
events versus genital herpes outbreaks in humans.  Most reactivation events prove to be so brief (< 3 days) 
that HSV-2 spread is limited, and lesions do not form.  Visible outbreaks only occur when HSV-2 reactivation 
events lead to 3 or more days of viral replication in the epithelium (98, 99).  Such detailed studies have brought 
us full circle to the conclusion reached by Buddingh in 1953: asymptomatic carriers of HSV shed low levels of 
infectious virus at a surprisingly high frequency (11). 
 In recent years, it has become evident that latent HSV-1 and HSV-2 infections are not completely latent at 
the molecular level.  Subclinical, molecular reactivation of latent HSV infections appears to occur on a regular 
basis in both mice and men (24, 43, 44, 46, 55, 59, 90, 97, 107).  Consequently, a T cell-mediated immune 
response persists in the HSV-1 latently infected ganglia of mice for months to years after the primary infection 
(14, 25, 30, 56).  In mice, over 50% of the CD8+ T cells that persist in HSV-1 latently infected ganglia are 
specific for a single epitope of the viral glycoprotein B (43).  In trigeminal ganglia from human cadavers, CD8+ 
T cells are observed surrounding neurons that are latently infected with HSV-1 (i.e., positive for the HSV-1 
latency-associated transcript RNA) (90, 97).  Likewise, in biopsies taken from genital herpes sufferers, HSV-2-
specific T cells may be observed in direct contact with HSV-antigen positive nerve fibers in the epithelium 
(107).  Thus, adaptive immunity to HSV-1 and HSV-2 appears to be an ongoing process that is driven by 
repression of frequent, single-cell reactivation events.  This frequent source of endogenous HSV antigen 
appears to explain how 2.5 billion people worldwide remain strongly seropositive against HSV-1 and/or HSV-2, 
and yet never exhibit symptoms of herpetic disease (11, 45, 82). 
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Collectively, these observations underscore a potentially important principle in HSV immunology: 
Productive replication and latent infection with live HSV-2 may be essential to maintain protective 
immunity against HSV-2-induced diseases over a human lifetime. 

If this principle is correct, a live, replicating HSV-2 virus may be the only vaccination modality that is capable of 
inducing and maintaining protective immunity against genital herpes over time. 
B-6. A live, attenuated HSV-2 vaccine to prevent genital herpes?  The natural history of HSV-2 infections 
establishes that viral replication is necessary, but insufficient, for HSV-2 to produce human disease (reviewed 
in Ref. 44, 47).  A simple, but understudied approach to vaccinate against genital herpes would be to construct 
a live, attenuated HSV-2 vaccine strain that is replication-competent and persists in the vaccine recipient as an 
inapparent infection.  Thus, vaccination against genital herpes might be improved by simply switching from 
non-replicating HSV-2 vaccine agents to live, replicating HSV-2 viruses that are attenuated for reasons that do 
not preclude viral replication in vivo.   
 Is this feasible?  If latent HSV-2 infection is a highly specialized state that is only attainable by wild-type 
HSV-2, then most attenuating mutations would disrupt HSV-2’s capacity to persist in vaccine recipients.  This 
does not appear to be the case; a wide range of HSV-1 mutants establish latent infections in animals (34, 42, 
74, 76, 77, 87, 88, 101).  In fact, productive viral replication and retrograde axonal transport are the only clear 
requirements that must be fulfilled for HSV-1 or HSV-2 to establish a persistent infection in neurons (10, 78). 
 Mutation of HSV-2 proteins that are required for viral resistance to host immune repression represents an 
undeveloped approach to derive a live, replicating HSV-2 vaccine strain that is avirulent and may persist in 
vaccine recipients.  Key viral immune-resistance factors that could be altered to obtain a live, attenuated HSV-
2 virus that is vulnerable to host immune control include ICP0, glycoprotein E (gE), and ICP47.  Mutations in 
these genes should have the following effects on a live HSV-2 vaccine strain:  
  HSV-2 Genotype Pathogenesis?    Immune-sensitivity?   
     ICP0-impaired avirulent in naïve host   sensitive to interferon-α/β (35) 
     gE-impaired  avirulent in immunized host  sensitive to IgG antibodies (67) 
     ICP47-null  avirulent in immunized host  sensitive to CD8+ T cells (69). 

B-7. Can a live HSV-2 vaccine be safe?  The  answer to this 
question lies in the fact that 16 - 20% of the adult population is already 
seropositive for HSV-2 (26, 40, 83).  More than 1 billion people 
worldwide are already infected with wild-type HSV-2.  About 80% of 
these infections are clinically inapparent but allow carriers to maintain 
high levels of IgG antibodies against HSV-2.  There is no evidence 
that latent HSV-2 infection poses a threat to human health.  Rather, 
the problem is that 5% of wild-type HSV-2 infections support life-long 
recurrences of genital herpes disease. 
 The extent of HSV-2 spread during primary infection is variable, 
and is predictive of the future severity of disease (3, 53). Thus, the 
relationship between wild-type HSV-2 infection and disease outcomes 
may be described by a bell curve (solid curve in Fig. 2).  Each point on 
this curve describes the frequency of people (y-axis) who experience a 
specific extent of viral spread during primary HSV-2 infection (x-axis).  
Epidemiological data from the U.S. (103, 104) may be summarized in 
terms of this model: 1. 40 million Americans are asymptomatically 
infected with HSV-2 (open area under curve, Fig. 2); 2. 7.5 million 
Americans have experienced mild primary HSV-2 infections that 
produce only limited recurrences (stippled area under curve); and 3. 
2.5 million Americans live with HSV-2 infections that produce recurrent 
genital herpes every 3 to 12 months (hatched area under curve). 
 Why should protective immunity against genital herpes be left to chance?  A live, attenuated HSV-2 virus 
could be used to immunize people against wild-type HSV-2, provided that the vaccine strain is limited in its 
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Fig. 2. HSV-2 infection versus  disease.
For wild-type HSV-2 (solid curve), it is 
predicted that 80% of primary infections are 
too limited to produce disease (open area 
under curve), 15% produce mild disease that 
does not recur (stippled area), and 5% of 
infections progress to recurrent genital 
herpes (hatched area). It is predicted that a 
live, attenuated HSV-2 vaccine (dashed 
curve) would establish primary infections 
that are too limited to produce disease, but 
still elicit protective immunity against HSV-2.
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capacity to spread (dashed curve in Fig. 2).  Such a deliberate, low-level HSV-2 infection could elicit an 
immune response that is similar in quality and magnitude to the accidental, low-level infections that currently 
protect a billion asymptomatic HSV-2 carriers from recurrent genital herpes. 

B-8. Clinical precedent that live herpesviruses may be safely administered to people.  The following live, 
attenuated α-herpesviruses have been used safely in patients for over 10 years.  
 • Chickenpox and zoster vaccines.  Millions of infants have been infected with the live, attenuated Oka 

strain of varicella-zoster virus (VZV) that establishes a life-long, latent infection in vaccine recipients (48). 
As one of HSV’s closest relatives, the VZV vaccine establishes that a live, attenuated α-herpesvirus may 
be safely administered to children as a vaccine.  More recently, a 14-fold higher dose of the live VZV Oka 
strain has been approved for use in adults as a live zoster vaccine that boosts VZV immunity later in life 
(54, 102), and hence reduces the age onset-incidence of shingles (37, 71).  

 •  HSV-1 ICP34.5- viruses.  Live, attenuated HSV-1 viruses deleted in the ICP34.5 gene are being used to 
treat aggressive brain tumors, and these live HSV-1 viruses have proven safe enough to inject directly into 
the brain tumors of cancer patients (60, 92).  It is proposed that HSV-2 ICP0-impaired viruses, which are 
also interferon-sensitive and avirulent in animals, would be safe enough to immunize the human population 
against genital herpes. 
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C.  Preliminary Studies 
 Published studies with an HSV-1 ICP0- virus, 0-GFP, indicate that 
these viruses are avirulent and elicit a nearly sterilizing immune 
response that protects animals against lethal challenge with HSV-1 
strain McKrae (Fig. 7 below; Halford, et al., 2006).  New data is 
offered in Fig. 1, 4, 5, 6, and 8 to further support the claim that HSV-2 
ICP0-impaired viruses merit consideration as live vaccine candidates 
(Halford, 2007).  These new data are presented, as follows. 
C-1. HSV-1 ICP0- viruses establish latent infections in animals.  
HSV-1 ICP0- viruses establish low-grade infections in animals that are 
rapidly controlled in an interferon-dependent manner (35, 52).  Thus, 
HSV-1 ICP0- viruses are avirulent in wild-type mice and lymphocyte-
deficient mice, which both possess a functional interferon system (35).  
The P.I.’s postdoctoral studies with Priscilla Schaffer clarified that 1. 
HSV-1 ICP0- viruses establish viral genome loads in latently infected 
mouse trigeminal ganglia (TG) that are 16 to 33% of wild-type HSV-1, 
and 2. the efficiency with which HSV-1 ICP0- viruses establish latent 
infections in TG is proportional to the initial level of viral replication at 
the site of inoculation (Halford and Schaffer, 2000, 2001).  Hence, 
latent HSV-1 ICP0- genome loads can be increased to wild-type levels 
in mice that are immunosuppressed with cyclophosphamide (33, 34). 
The P.I.’s independent studies corroborate these conclusions (35).  
Specifically, strain 129 mice latently infected with HSV-1 (strain KOS) 
possess ~300,000 viral genomes per TG (Fig. 3B).  Strain 129 mice or 
IFN-γ-receptor-knockout mice latently infected with the ICP0- virus, 0-

GFP, possess an average 100,000 viral genomes per TG (Fig. 3B).  
However, IFN-α/β-receptor-knockout mice or Stat 1-knockout 
mice, which are impaired in their capacity to restrict HSV 
replication, are less restrictive and allow 0-GFP to establish 
150,000 to 300,000 viral genomes per TG (Fig. 3B). 
C-2. HSV-2 ICP0- viruses are IFN-sensitive and avirulent. 
HSV-2 ICP0 is an 825 amino acid protein that is not essential 
for replication, but increases the efficiency of productive HSV 
replication by 100-fold under many circumstances (12, 13, 51, 
79).  ICP0 is encoded from the latency-regulating RL loci in 
HSV, and silencing of the ICP0 gene is likely relevant to how 
HSV DNA is maintained in a latent state in vivo (15, 23, 32, 
33, 94).  The ICP0 protein functions as an E3 ubiquitin ligase, 
and this activity is essential for ICP0’s capacity to promote 
viral replication (9).  The critical cysteine residues that form 
the zinc-chelating moiety in the RING finger domain lie 
between amino acids 126 and 166 (62, 64, 66, 80). 
 Mutagenesis of the HSV-2 ICP0 gene has commenced. 
The HSV-2 ICP0 gene has been sub-cloned from wild-type 
HSV-2 (MS) (Fig. 4A).  The ICP0 gene has been mutated by 
inserting a green-fluorescent protein (GFP) coding sequence 
in lieu of i. codons 19 - 104, ii. codons 19 - 276, or iii. codons 
19 - 810 of the ICP0 gene (Fig. 4A).  These mutant alleles 
have been introduced into HSV-2 (MS) via homologous 
recombination.  Selection of GFP+ (green) plaques has 

Fig. 3. 0-GFP establishes ~105 genomes per 
TG in latently infected mice.  A. Dotblot of 
VP16 PCR products amplified from i. DNA 
standards (right) or 100 ng TG DNA harvested 
from ii. uninfected mice, or iii. latently infected 
mice inoculated 40 days earlier with 105

pfu/eye of HSV-1 strain KOS (ICP0+) or 0-GFP 
(ICP0-).  Each “dot” equals one mouse.  B.
Viral genomes per TG, as determined from the 
DNA standards, which define a y = tanh(x) 
function that describes the relationship 
between PCR product yield (y) and the input 
number of DNA templates per reaction (x).  Full 
details may be found in References 31 and 35.  

Fig. 4. HSV-2 ICP0- viruses are interferon-sensitive 
and avirulent.  A. Schematic showing GFP insertions 
in the ICP0 gene, and the locations of deletions (∆) in 
the ICP0 gene of HSV-2 viruses 0∆104, 0∆276, and 
0∆810. B. Southern blot of Age I + Stu I-digested DNA 
from uninfected (UI) cells or cells infected with HSV-2 
MS, 0∆104, 0∆276, or 0∆810.  C. Interferon-sensitivity 
(mean ± sd) of viruses, calculated as the apparent titer 
in untreated Vero cells ÷  the apparent titer in Vero cells 
treated with interferon-β.  D. Duration of survival of 
mice inoculated with 20,000 pfu per eye of the ICP0+

viruses, wild-type HSV-2 (MS strain) or 0∆104 versus 
the ICP0-  virus 0∆276 (n=4-5 per group). 
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yielded three recombinant viruses: i. 0∆104, ii. 0∆276, and iii. 0∆810 (Fig. 4A).  Southern blot analysis 
confirms that both copies of the RL regions are mutated in these recombinant viruses (Fig. 4B).  The virus 
0∆104 encodes a GFP-tagged and nearly full-length ICP0 protein, whereas 0∆276 and 0∆810 encode only the 
N-terminal 18 amino acids of ICP0 linked to GFP. 
 Tests of interferon-sensitivity indicate that wild-type HSV-2 is inhibited by ~2-fold in its capacity to form 
plaques in interferon-β-treated Vero cells relative to untreated cells (Fig. 4C).  Likewise, the ICP0+ virus 0∆104 
is inhibited by ~6-fold in its capacity to form plaques in interferon-β-treated Vero cells.  In contrast, the ICP0- 
viruses 0∆276 and 0∆810 are inhibited by >300-fold in interferon-β-treated cells (Fig. 4C).  Like HSV-1 (36), 
HSV-2’s resistance to interferon-α/β is an ICP0-dependent process. 
 To determine if HSV-2 ICP0- viruses are attenuated, ICR mice were inoculated in the eyes with wild-type 
HSV-2, 0∆104, or 0∆276.  All mice inoculated with wild-type HSV-2 (MS) developed overt disease and died by 
Day 7 post inoculation (p.i.; Fig. 4D).  Only 1 of 5 mice inoculated with 0∆104 survived inoculation with this 
ICP0+ virus (Fig. 4D).  All mice survived inoculation with the ICP0- virus 0∆276, and developed no disease (Fig. 
4D).  Intraperitoneal inoculation with 106 pfu yielded similar results: 0% of mice survived injection with HSV-2 
(MS) or 0∆104, whereas 100% of mice survived injection with the ICP0- viruses 0∆276 or 0∆810 over a 40-day 
observation period (n=5 / group).  The data indicate that loss of ICP0 function renders HSV-2 avirulent in vivo.   
C-3. Acyclovir-treated mice survive infection with wild-type HSV-2.  Mice latently infected with wild-type 
HSV-2 would be useful in a vaccination study as a positive control group that empirically defines the 100% 
target level of a bona fide protective immune response against HSV-2.  Because HSV-2 is pathogenic in mice, 
it is not self-evident that such a control is feasible.  Tests were conducted to determine if 1. low-dose oral 
acyclovir and/or 2. optimization of viral dose would allow mice to survive primary infection with HSV-2 (MS).  
ICR mice were treated, or not, with oral acyclovir in their drinking water (1 mg / ml) from Days -3 to +12 p.i.  On 
Day 0 p.i., these mice were inoculated on the left and right scarified corneas with 104, 103, 102, or 101 pfu of 
HSV-2 (MS) (n=5 per viral dose per treatment).  Oral acyclovir treatment had no effect on the frequency with 
which HSV-2 established infections in mice, as determined by ocular HSV-2 shedding (Fig. 5A).  The number 
of infectious units of HSV-2 MS had a clear impact on the efficiency with which infection was established (Fig. 
5A).  Only 1 of 12 HSV-2 infected mice that received no acyclovir actually 
survived primary HSV-2 infection (Fig. 5B).  In contrast, 8 of 13 acyclovir-
treated mice survived primary HSV-2 infection (Fig. 5B).  While survival 
increased to 100% in HSV-2 infected mice inoculated with 102 pfu (Fig. 
5B), only 50% of these mice appeared to be infected based on HSV-2 
shedding after inoculation (Fig. 5A).  None of the 10 mice exposed to an 
inoculum of 101 pfu shed HSV-2 following inoculation (Fig. 5A). 
C-4. HSV-specific IgG titers correlate with protection.  Mice exposed 
to HSV-2 MS were bled on Day 60 p.i., and HSV-specific IgG titers were 
determined.  Naïve mice possessed HSV-specific IgG titers that were 
below the limit of detection, and produced OD405 values that were 
equivalent to PBS controls (Fig. 6A).  Titers of HSV-specific IgG were not 
detected in mice exposed to 101 or 102 pfu that shed no virus following 
inoculation (Fig. 6A). In contrast, an average HSV-specific IgG titer of 
14,000 was observed in HSV-2 latently infected mice (Fig. 6A) that had 
shed HSV-2 following inoculation (Fig. 5A) and had survived (Fig. 5B). 
 To determine if HSV-specific IgG titer correlated with protection, mice 
were challenged with HSV-2 (MS) on Day 70 p.i.  Naïve mice died of 
herpes encephalitis within 7 days post-challenge.  Likewise, mice that had 
not previously shed HSV-2 were susceptible, and also died within 7 days 
(Fig. 6B).  Despite the overwhelming dose of HSV-2 MS in the challenge 
inoculum (250,000 pfu per eye; 1000x LD50), 100% of HSV-2 latently 
infected mice survived a second exposure to HSV-2 (Fig. 6B). 
 Regression analysis was used to determine if a correlation existed 

no ACV

+ ACV

100

80

60

40

20

H
SV

-2
 in

fe
ct

ed
 (%

)

104 pfu 103 pfu 102 pfu 101 pfu

A.

no ACV

+ ACV
100

80

60

40

20

Su
rv

iv
al

 o
f

H
SV

-2
 in

fe
ct

ed
 (%

)

104 pfu 103 pfu 102 pfu

B.

no ACV

+ ACV

100

80

60

40

20

H
SV

-2
 in

fe
ct

ed
 (%

)

104 pfu 103 pfu 102 pfu 101 pfu

A.

no ACV

+ ACV
100

80

60

40

20

Su
rv

iv
al

 o
f

H
SV

-2
 in

fe
ct

ed
 (%

)

104 pfu 103 pfu 102 pfu

B.

Fig. 5. Frequency of HSV-2 infection 
and survival of n=5 mice/group exposed 
to 101 to 104 pfu/eye of HSV-2 (MS) that 
did (+ ACV) or did not (no ACV) receive 
acyclovir in drinking water from days -3 to 
+12 p.i. A. HSV-2 infection was verified 
by detection of infectious HSV-2 in ocular 
tear film between days 1 and 5 p.i.  B. 
Survival was assessed at day 30 p.i.

Day 30 

Day 1 - 5

C
on

ce
rn

 2
-3

 
C

on
ce

rn
 3

-2
 

C
on

ce
rn

 3
-1

 

Preliminary Studies/Progress                                                                                  Page 30

Principal Investigator/Program Director (Last, first, middle): Halford, William



between 1. HSV-specific IgG titer (x-axis in Fig. 6C) and 2. HSV-2 shedding at 
24 h post-challenge (y-axis in Fig. 6C).  Mice that had not shed HSV-2 during 
the primary exposure (101 or 102 inocula in Fig. 5A) were susceptible to the 
Day 70 challenge, and shed as much HSV-2 challenge virus as naïve controls 
at 24 h post-challenge (Fig. 6C; y-coordinate of open circles).  In contrast, 
HSV-2 latently infected mice shed 10- to 1000-fold less challenge virus than 
naïve controls at 24 h post-challenge (Fig. 6C; y-coordinate of solid circles).  
Regression analysis of paired data obtained from these n=24 mice indicated 
that high HSV antibody titers on Day 60 (x-parameter, Fig. 6C) were highly 
predictive of which mice would, on Day 71, shed the least infectious HSV-2 at 
24 hours post-challenge (y-parameter, Fig. 6C).  The probability of randomly 
observing such a correlation (r2=0.76) was less than one in a million (Fig. 6C).  
Thus, this simple, non-lethal antibody-capture ELISA assay may be useful in 
enumerating how immunogenic live HSV-2 ICP0- viruses are relative to the 
100% target level of bona fide protective immunity that is elicited in positive 
control animals that recover from a primary infection with wild-type HSV-2. 
C-5. A live HSV-1 ICP0- virus elicits protection against HSV-1.  An 
important question that is not well addressed in the literature is:  “To what 
extent is the immunogenicity of an HSV virus coupled to its capacity to 
replicate in the host?”  The P.I.’s published data bear on this question (35); the 
results are briefly summarized. 
 Mice were inoculated with a live, replicating 
HSV-1 ICP0- virus or a replication-defective HSV-
1 ICP4- virus.  As expected, the HSV-1 ICP0- 
virus replicated to detectable levels in the eyes of 
mice (black line in Fig. 7A).  The non-replicating 
HSV-1 ICP4- virus produced no viral progeny 
(black line in Fig. 7B).  Both groups of mice 
showed no signs of disease, and 100% of the 
mice survived until Day 30 p.i. (red lines in Fig. 
7A and 7B). 
 On Day 30, mice were challenged with 1000 
times the LD50 of HSV-1 (McKrae) per eye.  In 
mice first exposed to a live, replicating HSV-1 
ICP0- virus, only 1 of 6 mice shed detectable 
levels of HSV-1 at 24 hours post-challenge (blue 
line in Fig. 7A).  Mice first exposed to a non-
replicating HSV-1 ICP4- virus exhibited no such 
protection, and shed ~3000 pfu per eye of 
McKrae virus at 24 hours post-challenge (blue 
line in Fig. 7B).  None of the ICP4- virus-treated 
mice survived for more than 7 days post-
challenge (red line in Fig. 7B).  In contrast, mice 
exposed to the ICP0- virus survived for 30 days 
post-challenge without disease (red line in Fig. 
7A).  Survival and reductions in challenge virus 
shedding suggest that a live, replicating HSV-1 
ICP0- virus is ~2 orders of magnitude more 

protective than a non-replicating HSV-1 ICP4- virus (Fig. 7).  The data suggest 
that an HSV virus’s immunogenicity may be tightly coupled to the virus’s capacity 
to replicate at the site of immunization. 
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C-6. HSV-1 and HSV-2 ICP0- viruses elicit protection against HSV-2.   
 The ICP0 gene in HSV-2-0∆276 synthesizes the N-terminal 18 amino 
acids of ICP0 linked to GFP.  To test the efficiency with which this virus 
establishes a productive infection in vivo, mice were inoculated with 20,000 
pfu per eye of 0∆276.  Only 1 of 5 mice exhibited obvious foci of GFP+ cells 
in the left and right corneas at 24 hours p.i. (Fig. 8A).  Only 3 of 5 mice 
inoculated with 0∆276 shed low levels of virus at 24 - 72 hours p.i. (10 to 250 
pfu).  In contrast, 5 of 5 mice inoculated with 500,000 pfu per eye of HSV-1 
0-GFP shed ~5,000 pfu per eye at 24 hours p.i., and foci of GFP+ cells were 
evident in the corneas of 5 of 5 mice at 24 hours p.i. (data not shown).  It 
should be noted that HSV-2 viruses yield viral stocks with 10- to 100-fold 
lower titers than HSV-1 viruses (unpublished data).  While it is of interest to 
determine if 500,000 pfu 0∆276 per eye will yield a more consistent infection 
in mice, this test awaits the production of an ultracentrifuge-concentrated 
stock of 0∆276.  Work to generate this reagent is in progress.  
 On Day 30 p.i., HSV-specific IgG titers were compared in mice exposed 
to HSV-1 0-GFP or HSV-2-0∆276 relative to naïve mice and HSV-2 MS 
latently infected mice.  Mice exposed to 0∆276 in which infection was not 
confirmed by viral shedding (Fig. 8B; infection -) possessed no detectable 
HSV-specific IgG.  Mice in which 0∆276 infection was confirmed by viral 
shedding possessed an HSV-specific IgG titer of ~1600 on Day 30 p.i. (Fig. 
8B; infection +).  Mice exposed to HSV-1 0-GFP, which all shed high levels 
of virus at 24 hours p.i., possessed an HSV-specific IgG titer of ~21,000 on 
Day 30 p.i. (Fig. 8B).  Serum from HSV-2 MS latently infected mice (Day 
100; Fig. 6B) provided an empirical basis to define the 100% target level of a 
bona fide protective immune response.  Intriguingly, mice that were latently 
infected with HSV-1 0-GFP possessed HSV-specific IgG titers that were 
equivalent to those possessed by HSV-2 MS latently infected mice, which 
had survived not one, but two, potentially lethal exposures to HSV-2 MS 
(Fig. 8B).  Thus, animals exposed to the live, replicating virus HSV-1 0-GFP 
mount a potent antibody response against the total repertoire of HSV 
antigens that are present in freeze-thawed, clarified lysates of HSV-2 
infected cells, which serve as the capture antigen in this ELISA (29, 30).   
 To determine if HSV antibody responses were indicative of protection, 
mice were challenged on Day 40 with 1000 times the LD50 of HSV-2 (MS) 
per eye.  Naïve mice shed ~20,000 pfu/eye at 24 hours post-challenge and 
died of herpes encephalitis within 7 days (Fig. 8C).  Mice in which 0∆276 
replication was not confirmed (infection -) were equally susceptible; these 
mice shed ~20,000 pfu/eye at 24 hours post-challenge and died of herpes 
encephalitis within 7 days (Fig. 8C).  Mice in which 0∆276 infection had been 
confirmed (infection +) shed 10- to 300-fold less HSV-2 than naïve controls 
at 24 hours post-challenge (Fig. 8C) and survived over a 30 day-observation 
period with no disease.  Likewise, all HSV-1 0-GFP latently infected mice 
shed 100-fold less HSV-2 than naïve controls (Fig. 8C) and remained 
disease-free for 30 days (Fig. 1).  Consistent with prior experiments, HSV-
specific IgG titers were predictive of functional protection against lethal 
challenge with HSV-2 MS. The intended purpose of the studies proposed 
herein is to 1. identify live HSV-2 ICP0-impaired viruses that are equally, if 
not more, effective than HSV-1 0-GFP in eliciting an adaptive immune response that protects animals against 
HSV-2 infections, and to determine if 2. these HSV-2 ICP0- viruses are sufficiently safe and protective to 
warrant advancement to human clinical trials as a live, attenuated HSV-2 vaccine strain. 
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Fig. 8. HSV-1 and HSV-2 ICP0- null 
viruses elicit protection against 
HSV-2 challenge. A. Visualization of 
a site of 0∆276 replication in a mouse 
eye at 24 hours p.i. (edge of eye 
denoted by white circle; 10x 
magnification).  B.  Mean ± sem of 
HSV-specific IgG titer in naïve mice 
(n=5); mice exposed to HSV-2-0∆276 
that never shed virus (n=2 ‘infection -’) 
versus mice in which 0∆276 infection 
was confirmed (n=3 ‘infection +’, day 
30 p.i.); mice infected with HSV-1 0-

GFP (n=5 ‘infection +’, day 30 p.i.); 
and HSV-2 latently infected mice that 
had survived two exposures to wild-
type HSV-2 MS (n=9; day 100 p.i.; 
Fig. 6B).  C. Survival of mice 30 days 
after challenge with 250,000 pfu/eye 
of HSV-2 (MS). 
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D.  Research Design and Methods 

Specific Aim 1 To develop a panel of HSV-2 ICP0-impaired viruses that exhibit varying degrees of ICP0 
function, and are thus differentially sensitive to repression by interferon-α/β. 

Rationale.  The available evidence indicates that an HSV-1 ICP0- null virus (0-GFP) is optimal in many regards 
for use as a live vaccine strain because it: 1. replicates efficiently at the site of immunization, 2. is avirulent, 
and 3. is highly immunogenic (Fig. 7, 8).  However, an HSV-2 ICP0- null virus (0∆276) may be overattenuated 
to the point where HSV-2-0∆276 is incapable of efficient replication in vivo, and thus may be suboptimal as a 
live HSV-2 vaccine strain (Fig. 8).  It is too early to draw such a conclusion because a higher multiplicity of 
0∆276 (22, 34) may yield efficient viral replication and immunization of animals.  Alternatively, co-inoculation 
with HSV-2-0∆276 and an HSV-1 ICP0- virus may yield an effective live, combined HSV-1 + HSV-2 vaccine.  
While such possibilities will be explored, it is prudent to begin developing other HSV-2 ICP0-impaired mutants 
that may yield a better balance between safety and protective efficacy.  To this end, a panel of HSV-2 ICP0-
impaired viruses will be developed that vary in their degree of ICP0 functionality, and hence vary in their 1. 
resistance to interferon-α/β-induced repression, and 2. capacity to sustain replication in vivo (Table 1).  This 
panel of differentially attenuated HSV-2 ICP0- viruses will be used in Specific Aim 2 to obtain a “viral replication 
dose-response” data set to test the P.I.’s underlying hypothesis that “the immunogenicity of each HSV-2 virus 
will be proportional to its capacity to replicate at the site of immunization.”  The methods that will be used to 
construct and characterize these HSV-2 ICP0-impaired viruses are summarized, as follows. 
1A. Plasmid-based mutagenesis of HSV-2 ICP0.  Amino acids 19 - 104 of HSV-2 ICP0 are weakly conserved 

between HSV-1 and HSV-2, and have been replaced with GFP in the protein GFP-ICP0∆19-104 (Fig. 9), 
which is encoded by the HSV-2 recombinant virus, 0∆104 (Fig. 4).  Comparison of this HSV-2 GFP-ICP0 
protein to HSV-1’s ICP0 protein reveals three discrete domains that are highly conserved at the amino acid 
sequence level: the RING finger domain (a.a. 126-166), nuclear localization signal (a.a. 511-516), and 
ICP4-interacting domain (a.a. 646-810).  In contrast, much of ICP0 encoded by exon 3 (a.a. 252 - 645) 
shares less than 40% amino acid identity between HSV-1 and HSV-2 (Fig. 9).  Because ICP0 is heavily 
phosphorylated on serines (8, 18), one HSV-2 ICP0 deletion mutant, 0∆Ser31, will lack amino acids 590 – 
627 in which 31 of 38 amino acids are serines (Fig. 9). 

  The plasmid p0∆104 will serve as a template for mutagenesis of the HSV-2 ICP0 gene.  Specific 
mutations that will be introduced into the p0∆104 plasmid are summarized in Table 1 and are briefly 
discussed, as follows:  i. ICP0- null mutants: Null mutations that eliminate ICP0 function will be obtained by 
introducing i. a Bam HI - Pst I deletion into p0∆104 to remove codons 105 - 276 and introduce a frameshift, 
or ii. a Bam HI - Asc I deletion that removes codons 105 - 810 of the HSV-2 ICP0 gene.  The resulting 
plasmids and corresponding viruses, 0∆276 and 0∆810, have been constructed and are predicted to 
encode the highly truncated ICP0 peptides, GFP-ICP0∆19-825 and GFP-ICP0∆19-810, respectively (Table 1). 

 ii. ICP0 Exon 2 mutants: Mutations that impinge upon the RING finger domain will be obtained by 
introducing i. a Bam HI - Pml I deletion that removes codons 105 - 162 while maintaining the ICP0 open-
reading frame (p0∆162; Table 1), or by ii. 
introducing dsDNA linkers between the Bam HI 
and Pml I sites of the HSV-2 ICP0 gene to 
obtain RING finger mutants that encode nearly 
full-length GFP-ICP0 proteins that are impaired 
due to a. direct apposition of the GFP domain to 
the RING finger domain (0∆125); b. loss of 
Cys126 and/or Cys129 (0∆127, 0∆129, 0∆125-
His2); or c. a 4-glycine insertion in the α-helix 
prior to Cys163 and Cys166 (0∆125-Gly4) (Table 
1).  The cysteine residues in question are critical 
to the zinc-binding, cross-brace motif that 
stabilizes the RING finger domain (62, 66, 80). 

Fig. 9.  HSV-2 ICP0 mutagenesis template:  GFP-ICP0∆19-104..  
Regions of amino acid sequence conservation between HSV-1 
ICP0 and HSV-2 ICP0 are indicated in black and red.  The regions 
of GFP-ICP0∆19-104 that will be targeted for mutagenesis to obtain 
HSV-2 ICP0-impaired viruses are the RING (really interesting new 
gene) finger domain, nuclear localization signal (NLS), polyserine 
tract, and the C-terminal region of ICP0 that binds to the major 
HSV-2 activator protein, ICP4.
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 iii. ICP0 Exon 3 mutants: Mutations that remove portions of the C-terminus of HSV-2’s ICP0 protein will 
initially be made by deleting the DNA sequence between native restriction sites.  Thus, portions of GFP-
ICP0∆19-104 will be excised via dsDNA linkers that maintain the downstream ICP0 open-reading frame while 
removing the following codons: i. a.a. 489-540 (0∆NLS); ii. a.a. 541-694 (0∆Ser31);  iii.  a.a. 694-810 (0∆4-
binding-1); and iv.  a.a. 703-725 (0∆4-binding-2).  These derivatives of GFP-ICP0∆19-104 are expected to be 
defective in either i. ICP0 nuclear localization, ii. ICP0 phosphorylation, or iii. ICP0’s interaction with the 
viral ICP4 activator protein (Table 1; Fig. 9). 

1B. Construction and in vitro characterization of HSV-2 ICP0-impaired mutants. 
 i. Selection of recombinant viruses. HSV-2 (strain MS) DNA will be co-transfected into ICP0-

complementing L7 cells along with plasmids bearing genetically-engineered variants of the HSV-2 ICP0 
gene (Table 1).  About 1% of plaques that form will be the products of homologous recombination between 
HSV-2 MS DNA and mutant ICP0 gene sequences that contain a GFP open-reading frame.  Recombinant 
viruses will be selected from cell culture dishes with a pipettor while viewing plaques with a Nikon TE2000 
fluorescent microscope.  GFP+ plaques will be selected and passed through repeated rounds of plaque 
purification until a pure population of recombinant virus is obtained (i.e., 100% of viral progeny yield GFP+ 
plaques), at which time Southern blot analysis will be used to verify that the desired mutation has been 
introduced into both copies of the long-repeated (RL) regions of the HSV-2 genome (Fig. 4B). 

 ii. Measurement of ICP0 function. Each HSV-2 mutant virus will be tested for ICP0 functionality in terms of 
growth capacity in the presence or absence of wild-type ICP0.  In this test, HSV-2 ICP0+ viruses will form 
plaques with 100% efficiency in non-complementing Vero cells relative to the number of plaques that form 
in ICP0-complementing L7 cells.  In contrast, HSV-2 ICP0-impaired viruses will form plaques at 1% (ICP0-
null) to 50% efficiency in Vero cells relative to the number of plaques that form in ICP0-complementing L7 
cells.  A second test of ICP0 function will be applied to HSV-2 ICP0-impaired viruses: viral plaque formation 
in interferon-β-treated Vero cells.  Relative to the actual number of input pfu in this test (as determined on 
ICP0-complementing L7 cells), >10% of HSV-2 ICP0+ viruses will form plaques in interferon-β-treated Vero 
cells.  In contrast, less than 3 per 100,000 pfu (<0.003%) of HSV-2 ICP0- null viruses will form plaques in 
interferon-β-treated Vero cells.  To date, in vitro measurements of interferon-sensitivity have provided a 
reliable index of which HSV viruses will be avirulent in vivo (Fig. 4; Ref. 35, 36). 

 iii. Confirmation that HSV-2 viruses express the correct GFP-ICP0 gene products. Northern blot analysis 
will verify that each HSV-2 virus encodes a GFP-ICP0 mRNA of the correct size that hybridizes to GFP- 
and ICP0 exon 2-specific probes (2.8 kb for 0∆104).  Likewise, Western blot analysis will verify that each 
HSV-2 virus encodes a GFP-ICP0 
protein of the correct molecular weight 
that binds a GFP polyclonal antibody 
and an ICP0 monoclonal antibody 
(130 kDa for 0∆104).  The HSV-2 
ICP0- viruses 0∆4-binding-1 and -2 
will lack the domain recognized by an 
ICP0 monoclonal antibody (105).  In 
the absence of reacting with an ICP0-
specific antibody, it will be assumed 
that these viruses synthesize the 
predicted GFP-ICP0 protein (Table 1) 
if a GFP polyclonal antibody (that 
does not react with wild-type HSV-2) 
labels a >100 kDa GFP-containing 
protein that is expressed by 0∆4-
binding-1 and -0∆4-binding-2 (i.e., the 
native 238 amino acid GFP protein 
has a molecular weight of ~30 kDa). 

Table 1.  HSV-2 ICP0-impaired recombinant viruses. 
Recombinant Virus ICP0 Gene Product ICP0 Phenotype

0∆104 GFP-ICP0∆19-104 ICP0+ 
0∆276 GFP-ICP0∆19-825 ICP0-null 
0∆810 GFP-ICP0∆19-810 ICP0-null 

ICP0 Exon 2 mutants  
0∆125 GFP-ICP0∆19-125   ICP0+/-  
0∆127 GFP-ICP0∆19-127 ICP0+/- 
0∆129 GFP-ICP0∆19-129 ICP0-null? 

0∆125-His2 GFP-ICP0∆19-125, C126H, C129H ICP0+/- 
0∆125-Gly4 GFP-ICP0∆19-125, 160-Gly4-161 ICP0+/- 

0∆162 GFP-ICP0∆19-162 ICP0-null? 
ICP0 Exon 3 mutants 

0∆NLS GFP-ICP0∆19-104, ∆489-540 ? 
0∆Ser31 GFP-ICP0∆19-104, ∆541-694 ? 

0∆4-binding-1 GFP-ICP0∆19-104, ∆694-810 ? 
0∆4-binding-2 GFP-ICP0∆19-104, ∆703-725 ? 
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Specific Aim 2 To screen HSV-2 ICP0-impaired viruses in a mouse ocular model and identify those that 
(i) are avirulent, (ii) replicate to low levels at the inoculation site, and (iii) elicit a protective 
immune response that is comparable to recovery from wild-type HSV-2 infection. 

Rationale.  The following studies will identify which of 13 HSV-2 ICP0-impaired viruses (Table 1) is most likely 
to achieve a safety-efficacy balance that is compatible with a live, replicating HSV-2 vaccine strain to be tested 
in Aim 3.  HSV replication at the site of immunization appears to be critical for HSV’s immunogenicity (Fig. 6-8).  
Thus, each HSV-2 ICP0- virus will be evaluated in a mouse eye model in which viral replication can be verified 
in terms of 1. the formation of GFP+ foci of infection in the cornea (Fig. 8) and 2. viral shedding in the tear film 
(Fig. 5,7,8).  Specifically, 4 parameters will be measured on an animal-by-animal basis over a 100-day period:  
 Section 2A.   Replication and/or pathogenesis? (Days 1 - 14) 
 Section 2B.   Potency of immunogenic stimulus?  (Days 30, 60) 
 Section 2C.   Protective immunity against genital herpes? (Days 70 - 100) 
 Section 2D.   Latent infections? (Day 100) 
 The specifics of each phase of testing in the mouse eye model are described, as follows. 
 2A. Verification that HSV-2 ICP0-impaired viruses establish an infection without producing disease. Wild-type 

HSV-2 (MS strain) will be compared to HSV-2 ICP0-impaired viruses to determine which viruses are 1. 
capable of limited viral replication at the site of inoculation, but are 2. unable to cause disease.  Female 
strain 129 mice will be inoculated with HSV-2 ICP0- virus (Table 1) by applying a 4 µl volume containing 2 x 
104 pfu or 2 x 105 pfu to the scarified left and right eyes of each animal (n=5 per viral dose per virus).  Viral 
titers in ocular tear film will be measured on Days 1, 3, 5, and 7 p.i. to document HSV-2 replication at the 
site of inoculation.  To determine if each HSV-2 vaccine candidate establishes an infection, the eyes of 
inoculated mice will be photographed with a Nikon TE2000 fluorescent microscope to verify GFP 
expression in the left and right corneas of mice at 24 h p.i. (Fig. 8A; Ref. 28, 35).  All infected mice will be 
monitored on a daily basis until Day 14 p.i. to record the progression of disease caused by wild-type HSV-
2, and to determine if any of these HSV-2 ICP0-impaired viruses retain the virulence of wild-type HSV-2. 

2B.  How immunogenic are live HSV-2 ICP0- viruses relative to wild-type HSV-2?  An invaluable counterpart to 
a live HSV-2 ICP0- viral vaccine would be a simple and reliable immunological assay that may be used to 
predict a patient’s relative risk (or lack thereof) for contracting genital herpes following vaccination.  In 
Specific Aim 2, it will be determined if HSV-specific IgG titers provide a useful correlate of protection 
against herpetic disease in mice that are immunized with live HSV ICP0- viral vaccine strains (Fig. 6, 8).  In 
Specific Aim 3, the same question will be addressed in guinea pigs, rabbits, and hamster.  This potential 
correlate of protective immunity will be measured in immunized mice, as follows.  On Days 30 and 60 p.i., 
blood will be collected from mice, and HSV-specific IgG titers will be determined by antibody-capture 
ELISA in plates coated with: i. lysates of HSV-2 infected cells (total repertoire of HSV-2 antigens) versus ii. 
uninfected cell lysates (negative control) using established methods (29, 30).  HSV-seronegative (naïve) 
mice and PBS-treated controls will define the background of the antibody-capture ELISA.  HSV-specific 
IgG titers elicited in response to live HSV-2 ICP0- viruses will be normalized to HSV-2 MS latently infected 
mice, which will be included in each experiment as a positive control that defines the 100% target level of a 
known protective immune response. The feasibility of this control is established above (Fig. 5 and 6). 

2C.  Do live HSV-2 ICP0- viruses induce protection against genital herpes in mice?   Female mice infected with 
live HSV-2 ICP0-impaired viruses will be challenged by the vaginal route of infection with wild-type HSV-2 
(MS).  This analysis will include positive control mice that are latently infected with wild-type HSV-2 (Fig. 6) 
or HSV-1 0-GFP (Fig. 8).  On Day 70 p.i., female mice will be challenged by introducing 5 µl containing 2.5 
x 105 pfu of wild-type HSV-2 (MS) into the vaginal vault with a P10 pipettor.  Viral replication will be 
assessed by swabbing the cervicovaginal secretions on Days 1, 2, 3, 5, 7, and 10 post-challenge.  Mice will 
be monitored daily between Days 71 and 90 p.i. for the progression of genital herpes disease and death (or 
lack thereof).  On Day 100 p.i., all mice will be sacrificed to harvest blood.  For each individual animal, 
HSV-specific IgG titers will be compared in the post-challenge serum sample (Day 100) to the pre-
challenge serum samples (Days 30 and 60).  This test will corroborate that lack of genital herpes disease 

C
on

ce
rn

 3
-2

 

C
on

ce
rn

 2
-3

C
on

ce
rn

 1
-3

 

Research Design & Methods                                                                                     Page 35

Principal Investigator/Program Director (Last, first, middle): Halford, William



following HSV-2 challenge is not due to an inefficient inoculation procedure, but rather is due to an active, 
immune process that results in a significant boost in serum titers of HSV-specific IgG antibodies. 

2D. Do live HSV-2 ICP0- viruses establish latent infections in mice?  Those mice that survive HSV-2 challenge 
will be sacrificed on Day 100 p.i. for the purpose of collecting blood.  At the same time, tissues that are 
potentially latently infected with HSV-2 will be harvested.  Specifically, the trigeminal ganglia (TG) will be 
harvested from the inner base of the brain cavity, and quantitative PCR will be used to measure the 
number of HSV-2 ICP0-impaired viral genomes per TG (i.e., nerves that innervate the ocular site of 
inoculation).  Likewise, dorsal root ganglia (DRG) will be harvested from the lower vertebrate, and 
quantitative PCR will be used to measure the number of wild-type HSV-2 genomes per DRG (i.e., nerves 
that innervate the site of vaginal challenge).  A competitive PCR assay used previously to enumerate HSV-
1 genome load in ganglia (28, 34, 35, 39) will be adapted to HSV-2, and the anticipated results are 
summarized.  HSV-2 ICP0-impaired vaccine strains that are documented to replicate at the site of 
inoculation will establish a latent infection in the TG (Fig. 3), and this will be verified by PCR with HSV-
specific (VP16) and GFP-specific primers to demonstrate that equivalent numbers of VP16 and GFP-ICP0 
templates are present in TG DNA.  Reciprocally, it is anticipated that only wild-type HSV-2 used to 
inoculate the vagina will establish a latent infection in the DRG (i.e., GFP-specific primers will not amplify a 
PCR product from DRG).  It is anticipated that on an animal-by-animal basis, an inverse correlation will be 
observed between 1. HSV-2 ICP0- viral genome load in the TG (latent vaccine strain from the eye) versus 
2. wild-type HSV-2 genome load in the DRG (latent HSV-2 MS from the vagina).  

Anticipated outcome of Specific Aim 2.  In Aim 1, a panel of HSV-2 viruses that vary in ICP0 functionality 
from nearly wild-type (0∆104) to null (0∆276) will be developed.  In Aim 2, evaluation of these differentially 
attenuated viruses is expected to demonstrate that HSV-2’s capacity to replicate in vivo (x-variable) correlates 
with its immunogenicity as gauged by i. host production of HSV-specific IgG and ii. vaccine-induced protection 
against HSV-2 challenge (y-variables).  The HSV-2 ICP0- vaccine candidate that achieves the best safety-
efficacy profile will advance to testing in Aim 3.  This final set of tests will determine if HSV ICP0- virus-induced 
protection against wild-type HSV-2 is 1. a mouse-specific phenomenon (Fig. 1), or is 2. a powerful, new 
vaccination modality that can prevent HSV-2 herpetic disease in a species-independent manner. 
-------------------------------------------------------------------------------------------------------------------------------------------------- 

Specific Aim 3 To determine if a live HSV-2 ICP0- viral vaccine protects immunized animals against HSV-2 
genital herpes in a manner that is neither site-specific nor species-dependent. 

Rationale:  The tests described below are designed to test for three potential weaknesses in the P.I.’s 
proposal that would indicate that “Live, replicating HSV ICP0- viruses are unlikely to succeed as a preventative 
genital herpes vaccine in humans.”  This negative hypothesis will be tested during three phases of evaluation, 
which are designed to address the following questions: 
  3-1. Do live HSV-1 and HSV-2 ICP0- viruses elicit protection that is site-specific? 
    3-2. Do live and non-replicating HSV vaccines elicit equivalent protection against genital herpes? 
    3-3. Do live HSV-1 and HSV-2 ICP0- viruses elicit protection that is species-dependent? 
Each phase of HSV-2 ICP0- vaccine candidate testing is described below. 

3-1.  Do live HSV-1 and HSV-2 ICP0- viruses elicit protection that is site-specific? 
 Rationale. When mice are inoculated with HSV ICP0- viruses that replicate in the eye, these same animals 

are protected against HSV-2 challenge of the eye (Fig. 1, 8).  These experiments may exaggerate the 
apparent level of “protection” because the immunization and HSV-2 challenge sites are one and the same.   

  The HSV-specific CD8+ T cell response that persists at sites of latent HSV infection (14, 25, 30, 43, 56, 
90, 97) is one specific reason that the protection elicited by live HSV ICP0- viruses may be site-specific.  
Under this particular hypothesis, HSV-2 MS challenge virus may be restricted in its pathogenesis because 
the virus must spread from the cornea to the trigeminal ganglia (TG), replicate therein, and then spread to 
the brainstem to produce encephalitis.  If HSV-specific CD8+ T cells are already recruited to the TG by a 
prior exposure to HSV-2 MS (Fig. 6), HSV-1 0-GFP (Fig. 7,8), or HSV-2-∆0-276 (Fig. 8), then these 
immunized mice may be better protected against ocular HSV-2 challenge than against genital HSV-2 
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challenge.  Experiment 3-1 will be conducted to determine if the protection elicited by exposure to a live 
HSV-1 or HSV-2 ICP0- virus is limited to the anatomic site of immunization. 

 Hypothesis. The anatomic proximity of immunization and HSV-2 challenge sites will have no effect on the 
level of protection against herpetic disease that is elicited by live HSV-1 or HSV-2 ICP0- viruses. 

 Design. This null hypothesis will be tested in female Hartley guinea pigs inoculated with 2 x 105 pfu of HSV-
1 ICP0- virus (0-GFP; Fig. 7 and 8) or HSV-2 ICP0- virus (best of Table 1).  The site of immunization will be 
either the 1. eyes, 2. front footpads, 3. rear footpads, or 4. vagina (n=10 guinea pigs per ICP0- virus per 
route).  Virus-immunized guinea pigs will be bled on Days 30 and 60 to monitor the increase in HSV-
specific IgG antibody titers.  On Day 70 post-vaccination, guinea pigs will be split into two challenge 
groups: A. HSV-2 MS vaginal challenge or B. HSV-2 MS ocular challenge. 

        Proximity of immunization and challenge sites 
  Site of immunization A. vaginal challenge B. ocular challenge  
 anterior 1. left and right eyes       distal immunization          proximal immunization 
   2. left and right, front footpads 
   3. left and right, rear footpads 
 posterior 4. vagina            proximal immunization           distal immunization 
 In group A, naïve guinea pigs (n=5) and a total of 40 immunized guinea pigs (n=5 x 4 routes x 2 live 

vaccine strains [HSV-1 or HSV-2]) will be challenged by introducing 40 µl containing 2 x 106 pfu of wild-type 
HSV-2 (MS) into the vaginal vault with a P200 pipettor.  Viral replication will be assessed by swabbing the 
cervicovaginal secretions on Days 1, 2, 3, 5, 7, and 10 post-challenge.  Guinea pigs will be monitored daily 
between Days 71 and 90 p.i. for the progression of genital herpes disease, or lack thereof. 

 In group B, naïve guinea pigs (n=5) and 40 total immunized guinea pigs (n=5 x 4 routes x 2 live vaccine 
strains) will be challenged by applying 10 µl containing 5 x 105 pfu of wild-type HSV-2 (MS) to the scarified 
left and right eyes of each group of guinea pigs.  Viral replication will be assessed by swabbing the eyes on 
Days 1, 2, 3, 5, 7, and 10 post-challenge.  Guinea pigs will be monitored daily between Days 71 and 90 p.i. 
for the progression of ocular herpes disease, or lack thereof. 

 Protection against HSV-2 challenge. This parameter will be measured in terms of two values: i. vaccine-
induced reductions in shedding at 24 hours post-challenge (pfu/challenge-site naive ÷ pfu/challenge-site 

vaccinated) (Fig. 6C), and ii. vaccine-induced reductions in disease or death in vaccinated guinea pigs.  On 
Day 100 (30 days post-challenge), all surviving guinea pigs will be sacrificed to harvest blood (serum) to 
verify that the lack of genital herpes disease is conferred by an active, immunological process that results 
in a significant boost in serum titers of HSV-specific IgG antibodies. 

 Establishment of latent infection by HSV-1 and HSV-2 ICP0- viruses. To evaluate the establishment of 
latent HSV infection, TG and dorsal root ganglia (DRG) will be harvested from guinea pigs in Group 1A on 
Day 100 (HSV ICP0- vaccine in eye; HSV-2 MS in vagina).  As described in Specific Aim 2, competitive 
PCR will be used to measure 1. HSV GFP-ICP0- viral genomes per TG (innervate the eye) and 2. wild-type 
HSV-2 genomes per DRG (innervate the vagina).  PCR with HSV-specific (VP16) and GFP-specific 
primers will be used to verify that equivalent numbers of VP16 and GFP-ICP0 templates are present in TG 
DNA.  GFP-specific primers should not amplify a PCR product from DRG that contains only wild-type HSV-
2 MS genomes from vaginal challenge.  It is anticipated that on an animal-by-animal basis, an inverse 
correlation will be found between 1. HSV ICP0- viral genomes per TG and 2. HSV-2 challenge genome 
load in the DRG.  A similar analysis will be performed on Group 4B, and should yield reciprocal results 
(HSV ICP0- DNA in DRG of vagina-immunized guinea pigs; HSV-2 challenge viral DNA in the TG). 

 Anticipated Outcome and Interpretation. Completion of this experiment is expected to support one major 
conclusion: live, replicating HSV-2 ICP0- viruses elicit protection against exogenous HSV-2 infection that is 
not site-specific, but rather is systemic in nature.  Hence, it is expected that all guinea pigs exposed to live, 
replicating HSV ICP0- viruses will be protected against subsequent exposure to HSV-2 MS challenge of the 
vagina or the eyes.  Specifically, neither (a) HSV-specific IgG titer nor (b) reductions in HSV-2 shedding at 
24 h post-challenge are expected to statistically differ as a function of vaccination route when analyzed by 
two-way ANOVA (variable 1 = HSV-1 vs HSV-2; variable 2= route of immunization).  This analysis will likely 
prove that animals immunized with an HSV-2 ICP0- virus are better protected against HSV-2 (shed less 
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HSV-2 at 24 h post-challenge) than animals immunized with a cross-reactive HSV-1 ICP0- virus.  It is 
anticipated that naïve guinea pigs will shed high titers of HSV-2 MS at 24 hours post-challenge, and will 
develop overt disease.  Due to the close proximity of the eye and the brainstem, it is anticipated that all 
naïve guinea pigs challenged with 500,000 pfu HSV-2 MS by the ocular route will die of herpes encephalitis 
within 6 to 9 days post-challenge. 

3-2. Do live and non-replicating HSV vaccines elicit equivalent protection against genital herpes? 
 A live, replicating HSV-2 viral vaccine may be more protective than non-replicating HSV vaccines (Fig. 7).  

Experiment 3-1 will evaluate this possibility by testing a null hypothesis that: 
 Live HSV vaccines and non-replicating HSV vaccines will elicit equivalent levels of HSV antibody 

and protection against HSV-2-induced genital herpes in female guinea pigs.  
 To test this hypothesis, guinea pigs will be immunized in the hindlimbs with either: 
       1.  phosphate-buffered saline (negative controls) 
      2.  5 µg of irrelevant protein + 12.5 µg of monophosphoryl lipid A + alum adjuvant, 
      3.  5 µg of HSV-1 gD protein + 12.5 µg of monophosphoryl lipid A + alum adjuvant   
      4.  5 µg of HSV-2 gD protein + 12.5 µg of monophosphoryl lipid A + alum adjuvant 
       5.  2 x 105 pfu non-replicating HSV-1 OBP- virus, hr94 
      6.  2 x 105 pfu non-replicating HSV-2 OBP- virus, ∆OBP (under construction), 
      7.  2 x 105 pfu live, replicating HSV-1 ICP0- virus, 0-GFP 
      8.  2 x 105 pfu live, replicating HSV-2 ICP0- virus (best of Table 1), 
      9.  2 x 105 pfu wild-type HSV-1 strain KOS (in acyclovir-treated animals), 
     10. 2 x 105 pfu wild-type HSV-2 strain MS (in acyclovir-treated animals). 
  Female, Hartley guinea pigs will be vaccinated with PBS or the following protein antigens (n=5 / group):  

5 µg keyhole limpet hemocyanin (KLH), 5 µg HSV-1 glycoprotein D (gD), or 5 µg HSV-2 gD.  Specifically, 
guinea pigs will be injected in the left and right hindlimbs (100 µl per limb; intramuscular) on Days 0, 21, 
and 42.  Each 100 µl gD subunit vaccination will contain a mixture of 1. 5 µg of protein antigen precipitated 
onto an aluminum hydroxide adjuvant, and 2. 12.5 µg of the TLR4 agonist monophosphoryl lipid A (61, 63, 
91).  This improved adjuvant formulation for the HSV-2 gD subunit is based upon the procedures 
developed by Bourne, et al. in a guinea pig HSV-2 vaccine-challenge model (5, 6, 86).  Monophosphoryl 
lipid A (Avanti Polar Lipids, Inc) is commercially available, and the HSV-1 gD and HSV-2 gD proteins are 
soluble, His-tagged, proteins that will be purified from insect cells infected with gD-expressing 
baculoviruses (a kind gift of Dr. Gary Cohen, Univ. of Pennsylvania; Ref. 68).  Protein-immunized guinea 
pigs will be bled on Days 30 and 60 to monitor the increase in titers of IgG antibodies specific for i. HSV-2 
gD (1 of 75 viral proteins), or ii. HSV-2-infected cell lysates (nearly all of HSV-2’s 75 proteins). 

  Female, Hartley guinea pigs will be vaccinated with viruses (n=5 / group) in both the left and right 
footpads with 100 µl of medium containing 2 x 105 pfu of the HSV-1 or HSV-2 viruses indicated above.  The 
HSV-2-∆OBP and HSV-2 ICP0- viruses are under construction, but all other viruses are in the P.I.’s 
possession (the OBP- hr94 virus is a kind gift of Sandra Weller, Univ. Connecticut HSC; Ref. 57).  No 
problems are anticipated in using 1 mg / ml oral acyclovir in the drinking water of guinea pigs (Days -3 to 
+12 p.i.) to restrict the spread and pathogenesis of wild-type HSV-1 and HSV-2 infection (Fig. 5, 6).  Virus-
immunized guinea pigs will be bled on Days 30 and 60 to monitor the increase in titers over time of IgG 
antibodies that are specific for i. HSV-2 gD, ii. HSV-2-infected Vero cell lysates, or iii. uninfected Vero cell 
lysates (negative control).  The antibody-capture ELISA methods will be the same as in Specific Aim 2 with 
the exception that the secondary antibody will be specific for the γ-chain of guinea pig IgG. 

    On Day 70 post-vaccination, protection against genital herpes will be tested in female guinea pigs by 
introducing 40 µl containing 2 x 106 pfu of wild-type HSV-2 (MS) into the vaginal vault with a P200 pipettor.  
Viral replication will be assessed by swabbing the cervicovaginal secretions on Days 1, 2, 3, 5, 7, and 10 
post-challenge.  Guinea pigs will be monitored daily between Days 71 and 90 p.i. for the progression of 
genital herpes disease, or lack thereof. 

replication-
defective

- controls

+ controls

C
on

ce
rn

 1
-2

 

C
on

ce
rn

 1
-3

 

C
on

ce
rn

 3
-2

 

Research Design & Methods                                                                                     Page 38

Principal Investigator/Program Director (Last, first, middle): Halford, William



  Two-way ANOVA and post-hoc t-tests will be used to determine the probability that the null hypothesis 
is correct.  Statistical analysis will be based on two parametric measures of HSV-specific immunity: (a) IgG 
titers against total HSV-2 antigens and (b) reduced HSV-2 shedding at 24 h post-challenge (Fig. 6C).  This 
statistical analysis is expected to support two major conclusions: 

 1. Immunization with live HSV vaccines (groups 7 - 8) will elicit HSV-specific IgG titers and protection 
against HSV-2 that is equivalent to recovery from infection with wild-type HSV-1 or HSV-2 (+ controls). 

 2. Immunization with non-replicating HSV vaccines (groups 3 - 6) will elicit reduced HSV-specific IgG titers 
and incomplete protection against HSV-2 that is not equivalent to recovery from infection with wild-type 
HSV-1 or HSV-2 (+ controls). 

3-3. Do live HSV-1 and HSV-2 ICP0- viruses elicit protection that is species-dependent? 
 Rationale.  If immunization with an HSV-2 ICP0- virus protects female guinea pigs against HSV-2 genital 

herpes, then it will be important to determine whether this is (1) a species-specific phenomenon or is (2) a 
broadly applicable principle that is likely to be true in all species (including humans).  

 Design. To test this hypothesis, the protective efficacy of HSV ICP0- viruses will be compared to wild-type 
HSV controls in a side-by-side fashion in 1.  female New Zealand white rabbits, 2.  female Hartley guinea 
pigs, and 3. female Syrian hamsters.  These animals will be vaccinated by injection of the left and right rear 
feet with 100 µl containing a. culture medium, or 2 x 105 pfu of b. HSV-1 ICP0- virus, c. HSV-2 ICP0- virus, 
d. wild-type HSV-1 KOS, or e. wild-type HSV-2 MS.  Animals that are inoculated with wild-type HSV-1 or 
HSV-2 will be treated with 1 mg/ml oral acyclovir in their drinking water from Days -3 to +12 post-
vaccination.  The total number of animals to be included in each experiment is 75 (n=5 per group x 5 
treatments per species x 3 species).  On Days 30 and 60 post-vaccination, HSV-specific IgG titers will be 
determined in animals using a secondary antibody specific for the γ-chain of rabbit IgG, guinea pig IgG, or 
hamster IgG.  On Day 70 post-vaccination, female animals will be challenged by introducing 40 µl 
containing 2 x 106 pfu of wild-type HSV-2 (MS) into the vaginal vault with a P200 pipettor.  Viral replication 
will be assessed by swabbing the cervicovaginal secretions on Days 1, 2, 3, 5, 7, and 10 post-challenge.  
Animals will be monitored daily between Days 71 and 90 p.i. for the progression of genital herpes disease.  
On Day 100 p.i., animals will be sacrificed to harvest blood, and verify that lack of herpetic disease is not 
the result of inefficient inoculation, but rather was conferred by an active, immune process that resulted in a 
significant boost in serum titers of HSV-specific IgG antibodies. 

Anticipated outcome of Specific Aim 3.  Completion of these tests is expected to support one primary 
conclusion: The protection elicited against herpetic disease by a live HSV-2 viral vaccine is not site-specific or 
species-dependent.  Subsequent tests (not described for lack of space) will verify that this protection is not 
gender-specific (true in both males and females).  Collectively, these studies are expected to yield data that will 
support the advancement of a live, interferon-sensitive HSV-2 virus to human clinical trials.  Based on the 
available evidence, it is anticipated that a live HSV-2 vaccine candidate will have a greater potential to succeed 
as a preventative genital herpes vaccine than the non-replicating HSV-2 vaccine candidates that have been 
the focus of research for the past 30 years.  An invaluable counterpart to such a live HSV-2 ICP0- viral vaccine 
would be a simple assay that may be used to predict a patient’s relative risk (or lack thereof) for contracting 
genital herpes following vaccination.  Completion of Specific Aims 2 and 3 will evaluate the possibility that 
HSV-specific IgG titers may provide a correlate of live HSV vaccine-induced protection against herpetic 
disease in all animal species to be tested (i.e., mice, guinea pigs, rabbits, and hamsters). 

Timeline    Year 1    Year 2  
 -------------------------------------------------------------------------------- 
Specific Aim 1:  cell culture 
 HSV-2 ICP0- virus construction 

Specific Aim 2:  mouse eye 
 HSV-2 ICP0- virus in vivo characterization 

Specific Aim 3:  vaccine-challenge studies 
 guinea pigs, rabbits, hamsters 
            -------------------------------------------------------------------------------- 
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Vertebrate Animals 
Mice to be used for the proposed experiments will be housed in the primary animal facility in the Springfield 

Combined Laboratory Facility Addition at the Southern Illinois University School of Medicine.  This animal 
facility, which lies directly below the P.I.’s laboratory, is adequate for the proposed work and all non-terminal 
procedures will be conducted therein.  The number of animals to be used is, as follows: Aim 1 = no animals; 
Aim 2 = 400 mice; Aim 3 = 90 hamsters, 90 rabbits, and 400 guinea pigs. 
(1)  In Specific Aim 2, live HSV-2 ICP0- viruses will be evaluated in female strain 129 mice that are 6 to 8 

weeks of age.  Following anesthesia, mouse corneas will be scratched with a 26 g needle and 4 µl of 
medium containing 2 x 104 pfu or 2 x 105 pfu of HSV-2 viruses will be placed on each cornea.  Viral 
replication and pathogenesis will be recorded over a 14-day observation period, HSV-specific IgG titers will 
be determined 30 and 60 days post-inoculation, and mice will be challenged with 500,000 pfu of HSV-2 MS 
on Day 70, which will be introduced into the vaginal vault with a P10 pipettor.  Mice that develop herpes 
encephalitis, hindlimb paralysis, or other severe symptoms will be euthanized by CO2 inhalation.  All mice 
that remain healthy on Day 100 p.i. will be euthanized by CO2 inhalation, and their blood, trigeminal 
ganglia, and dorsal root ganglia will be harvested for measurement of HSV-specific IgG titers and 
competitive PCR of viral DNA loads, respectively.  A total of 400 mice will be required for Specific Aim 2. 

 In Specific Aim 3,  all of the experiments are similar in method to what is described for Aim 2 (i.e., 100-day 
vaccine-challenge tests in which animals are vaccinated on Day 0 and challenged with a high dose of wild-
type HSV-2 on Day 70).  The details of each experiment are described within Specific Aim 3.  Regarding 
numbers of animals, Experiment 3-1 will require n=160 female Hartley guinea pigs (250 to 350 g); 
Experiment 3-2 will require n=150 female Hartley guinea pigs (250 to 350 g), and Experiment 3-3 will 
require n=90 female Hartley guinea pigs (250 to 350 g), n=90 female New Zealand white rabbits (2 to 2.5 
kg), and n=90 female Syrian hamsters (100 to 160 g).  A total of 400 guinea pigs, 90 rabbits, and 90 
hamsters will be required for Specific Aim 3. 

(2) Mice (14, 25, 30, 56), guinea pigs (5, 6, 85), rabbits (25, 72), and hamsters (95, 96) have all been used as 
models to study virological and/or immunological aspects of herpes simplex virus infection, latency, and/or 
pathogenesis.  The number of animals to be used is determined by the minimum number of replicates 
required to assure that statistical analysis will provide an objective measure of differences between 
treatment groups. 

(3) The animals will be housed in the animal facility at the Southern Illinois University School of Medicine.  The 
facility is approved by the American Association for the Accreditation of Laboratory Animal Care and 
Teresa Liberati, DVM, oversees the day-to-day operation of the facility.  In addition, there are three full-time 
staff members that care for the animals and maintain breeding colonies. 

(4)  Female animals will be inoculated with HSV-1 or HSV-2 by applying a virus-containing solution to the 
scarified left and right corneas, injection into footpads, or introduction of a 5 µl inoculum (mice) or 30 µl 
inoculum (larger species) into the vaginal vault.  Prior to any HSV inoculation procedure, animals will be 
anaesthetized by injection of isotonic citrate buffer containing ketamine-xylazine, which will be administered 
i.p. to mice (100 & 7 mg/kg), i.m. to guinea pigs and hamsters (30 & 5 mg/kg), and i.m. to rabbits (35 & 5 
mg/kg).  A topical proparacaine solution will be applied to the eyes of animals prior to ocular scarification. 

(5) Mice and hamsters will be euthanized by CO2 inhalation followed by cervical dislocation.  Rabbits and 
guinea pigs will be euthanized by sodium pentobarbital overdose (i.p. injection of 150 mg/kg) after being 
anaesthetized with ketamine-xylazine (35 & 5 mg/kg).  These euthanasia methods are consistent with the 
recommendations of the Panel on Euthanasia of the American Veterinary Medical Association. 
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