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Abstract 
 The host interferon response plays a pivotal role in the in vivo repression of herpes simplex virus 1 
(HSV-1) and herpes simplex virus 2 (HSV-2).  Each long-repeated (RL) segment of these homologous 
viruses functions as an interferon-resistance locus, and encodes two viral interferon antagonist 
proteins, ICP0 and ICP34.5.  Synthesis of ICP0 and ICP34.5, or lack thereof, controls whether HSV 
replication proceeds or stalls in virus-infected cells in vivo. 
 These basic science conclusions have important implications.  Live HSV-2 ICP0- and/or ICP34.5- 
viruses may represent ideal vaccines that can be used to control the epidemic spread of genital herpes, 
a disease that currently afflicts 50 million people worldwide.  Excision of ICP0 or ICP34.5 should render 
HSV-2 avirulent in vivo, but capable of inducing a protective immune response that is comparable in 
efficacy to recovery from low-level, asymptomatic HSV-2 infection.  
 For three decades, safety concerns have suppressed all consideration of live HSV-2 vaccines.  In 
erring on the side of caution, perhaps we have overlooked the most feasible approach to vaccinate 
against genital herpes. There is a sound theoretical basis that explains why HSV-2 ICP0- and/or 
ICP34.5- viruses should be avirulent in vivo, but far more protective than transient HSV-2 vaccines such 
as an HSV-2 glycoprotein D subunit or replication-defective HSV-2 virus.  The goal of the research 
proposed herein is to determine if, in fact, live HSV-2 ICP0- and/or ICP34.5- viruses are sufficiently 
safe, immunogenic, and protective to warrant advancement to human Phase I clinical trials.  
Specifically, support is sought to determine if the P.I.’s experience with interferon-sensitive and highly 
protective HSV-1 ICP0- viruses can be translated into HSV-2, such that testing may commence to 
address the question: 

 “Will a live HSV-2 ICP0- and/or ICP34.5- viral vaccine elicit a protective immune response 
against HSV-2, which is similar in quality and magnitude to the host response that protects 
one billion asymptomatic HSV-2 carriers from genital herpes disease?” 
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Narrative 
 Live, interferon-hypersensitive herpes simplex virus-2 (HSV-2) vaccine strains 
may be used to put an end to the hidden epidemic of genital herpes, which 
afflicts ~50 million people worldwide.  The work proposed herein is designed to 
test the hypothesis that immune-evasion-deficient HSV-2 viruses may be used 
for this purpose, and will provide superior protective immunity relative to other 
HSV-2 vaccine candidates that have previously been considered. 
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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 Virology / 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. 

28. 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. 

29. 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. 

30. 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. 

 
 
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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 A.  Specific Aims 
 Since the 1970s, an effective vaccine has been sought to prevent diseases caused by herpes 
simplex virus 2 (HSV-2).  Attention has focused upon the development of transient HSV-2 vaccines that 
are safe because they are cleared from the body within days to weeks after administration.  In the 
1990s, an HSV-2 glycoprotein D (gD) subunit vaccine advanced to human clinical trials, but failed to 
protect recipients from contracting either HSV-2 or genital herpes later in life.  Since then, efforts have 
focused on antigen expression vectors or replication-defective HSV-2 viruses, which may elicit more 
potent CD8+ T cell responses.  These latter strategies represent an improvement, but do not address 
the fundamental problem faced by all herpes vaccines:  HSV-2 is an immune-escape artist. 
 HSV-2 encodes a small arsenal of proteins that thwart all levels of host defense.  Elucidation of 
HSV-2’s immune-evasion capacity explains 1. the failure of the gD subunit vaccine, and how 2. HSV-2 
may produce recurrent lesions in people with “immunity” to HSV-2 (i.e., as measured by antibody titers 
and T cell responses).  Based on these facts, there is no a priori reason that a less potent and transient 
HSV-2 vaccine should protect vaccine recipients from contracting HSV-2 or genital herpes later in life. 
 The immune evasion capabilities of herpesviruses have long been viewed as a barrier to a 
successful vaccine.  Perhaps we have been looking at the problem backwards.  Rather than lament the 
failure of transient vaccines to penetrate HSV-2's armor, scientists could focus on removing this armor 
and rendering HSV-2 vulnerable to the host immune response.  Deletion of key immune-evasion genes 
represents a promising and unexplored avenue to create live, attenuated HSV-2 vaccines that are safe 
and yet induce protection against genital herpes.  Excision of the viral interferon antagonists ICP0 
and/or ICP34.5 is a rational starting point.  The P.I. has worked with interferon-sensitive HSV-1 ICP0- 
viruses for 10 years, and has an efficient system for introducing mutations into the long-repeated (RL) 
genetic loci that contain the ICP0 and ICP34.5 genes (Fig. 1).  R21 grant support is sought for 
preliminary studies to determine if the P.I.’s experience with interferon-sensitive, immunogenic HSV-1 
mutants can be translated into HSV-2, such that testing may commence to address the question: 

 “Will vaccination with a live, attenuated HSV-2 virus elicit a protective immune response that is 
similar in quality and magnitude to the host response to asymptomatic HSV-2 infection, which 
currently protects ~1 billion people from genital herpes disease?” 

  This central hypothesis will be tested by completion of the following Specific Aims. 

Specific Aim 1 To determine if live HSV-2 ICP0- and/or ICP34.5- viruses are hypersensitive to 
interferon-α/β and avirulent in lymphocyte-deficient mice. 

Specific Aim 2 To determine if live HSV-2 ICP0- or ICP34.5- viruses elicit more potent B and T cell 
responses to HSV-2 antigens than a gD subunit or replication-defective HSV-2 virus.  

Specific Aim 3 To determine if live HSV-2 ICP0- or ICP34.5- viruses confer better protection against 
lethal HSV-2 challenge than a gD subunit or replication-defective HSV-2 virus.  

 

Fig. 1. Long-repeated (RL) segments of the HSV-1 
genome.  Numbers refer to base positions in the HSV-1 
genome, and arrows denote the LAT, L/ST, ICP0, and 
ICP34.5 genes.  The ICP0 and ICP34.5 genes encode
proteins that function as viral interferon antagonists.  The
antisense LAT and L/ST genes synthesize non-coding 
RNAs, do not contribute to viral replication, and thus may
contribute to the regulation of viral latency. 
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B.  Background and Significance 
B-1.  Impact of herpes simplex viruses.  Approximately 2 million Americans live with genital herpes 
infections that produce recurrent lesions 1 to 4 times per year (21, 35, 70).  These numbers are stated so often 
that it is easy to lose sight of their meaning.  However, if we consider the impact that genital herpes can have 
upon a single person, then the problem comes into sharper focus.  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 (21, 35, 70).   

B-2.  One billion successfully “vaccinated” against genital herpes.  Currently, the most effective means to 
acquire life-long immunity to genital herpes is to engage in romantic activity with a partner who is infected with 
HSV-2.  Three of four people who acquire HSV-2 in this manner are unaware of the molecular hitchhikers that 
they carry, hidden away in neurons of their peripheral nervous system.  Such persons derive a huge benefit 
from these molecular hitchhikers:  life-long immunity from genital herpes disease. 
 The natural approach to acquiring HSV-2 has a serious downside:  2 to 5% of HSV-2 infected people 
endure outbreaks of genital herpes that may recur over the rest of their lives.  It is absurd to suggest that 
unprotected sex is the best means to vaccinate against HSV-2 and genital herpes.  Yet, in the absence of an 
effective man-made vaccine, it is fortunate that the vast majority of HSV-2 infections produce no symptoms 
during the primary infection or later in life.  Thus, approximately 1 billion people worldwide have been 
unknowingly “vaccinated” against genital herpes by virtue of their status as asymptomatic carriers of HSV-2. 
B-3.  HSV-2 subunit vaccines: what have we learned?  If one thinks of vaccine development in purely 
molecular terms, then an ideal HSV-2 vaccine would be a protein subunit of the virus that boosts the adaptive 
immune response to HSV-2.  Thus, HSV-2 vaccine development has focused on how to deliver 
immunodominant epitopes of HSV-2 to the immune system (4, 11, 61, 79, 89). 
 Glycoprotein D (gD) is an immunodominant protein of HSV-1 and HSV-2.  Clinical trials have been 
conducted to determine if an HSV-2 gD vaccine protects people from HSV-2 infection and/or genital herpes.  
On both counts, the gD subunit vaccine is marginally effective (72, 74, 75).  Likewise, glycoprotein 120 subunit 
vaccines fail to protect people against human immunodeficiency virus (HIV) infection or AIDS (10, 80, 90).  
Other attempts to produce HSV-2 vaccines have included inactivated HSV-2 vaccines (68, 69) and replication-
defective viral vectors (6, 12, 13, 52).  As discussed below, each strategy has significant limitations. 

B-4.  Limitations of conventional vaccine strategies.  Many strategies to vaccinate against genital herpes 
have overlooked at least one of four key points that should be considered in developing an HSV-2 vaccine. 
 i. Subunit vaccines lack antigenic complexity.  The proteome of HSV-2 is sufficient to give rise to >1000 B 

cell and T cell epitopes.  The permutations are staggering regarding how B cells, CD4+ T cells, and CD8+ T 
cells may collectively respond to a natural HSV-2 infection.  It is unlikely that the host response to a single 
viral protein faithfully mimics the natural protective immune response mounted against HSV-2. 

 ii. Killed, inactivated vaccines lack immunological context.  Within the cytoplasm of cells, intracellular proteins 
are constantly degraded into ~10 amino acid peptides that are exported to the cell surface in the context of 
MHC class I molecules.  CD8+ T cells, a key component of antiviral defense, limit viral spread when they 
encounter intracellular viral peptides presented on the surface of virus-infected cells.  Subunit and 
inactivated HSV-2 vaccines are extracellular antigens, and thus have only limited access to the MHC class 
I antigen presentation pathway that primes the CD8+ T cell response against HSV-2. 
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 iii. Live, replication-defective HSV-2 vaccines are short-lived.  Replication-defective HSV-2 mutants have been 
proposed as a means to vaccinate against genital herpes (6, 12, 13, 52).  Because a single round of 
infection is initiated, intracellular viral antigens are generated and presented to CD8+ T cells.  However, 
HSV-2 antigen expression is short-lived compared to a natural HSV-2 infection.  Replication-defective 
vectors are cleared from the body within weeks, whereas natural HSV-2 infections persist for life. 

 iv. HSV-2 is not poliovirus.  Clonal expansion of poliovirus-specific B cells and T cells explains how the Salk 
vaccine (inactivated poliovirus) confers protection against poliomyelitis disease.  However, success in 
eradicating acute viral disease such as poliomyelitis does not necessarily mean that “Salk-like” vaccines 
should be effective in controlling persistent viral diseases such as genital herpes and AIDS. 

B-5.  Natural history of HSV-1 and HSV-2 infections.  Herpes simplex virus type 1 (HSV-1) and HSV-2 are 
two distinct serotypes of the same virus, share a nearly identical set of ~75 co-linear genes, and produce the 
same spectrum of disease in humans.  Over 50% of the world’s population (6.6 billion people) is latently 
infected with HSV-1 and/or HSV-2.  More than 2.5 billion of these infections are asymptomatic.  The natural 
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 vaccine against genital herpes. 
 Following a first exposure, HSV-1 produces an infection in experimental animals such as mice, rabbits, or 
guinea pigs that leads to the establishment of 1,000 to 10,000 latently infected neurons throughout the 
peripheral nerves of the animal.  Productive replication appears to re-initiate in single, HSV latently infected 
neurons in a stochastic and episodic manner over the lifetime of the host.  Each “single-cell reactivation event” 
produces a limited quantity of infectious virus in the peripheral nerves that is carried to the epithelium, which 
may result in a visible “outbreak” of recurrent herpes.  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 disease in humans.  Most reactivation events prove to be so brief (< 3 days) that 
HSV-2 spread is limited, and lesions do not form.  Rather, clinical disease only occurs when HSV-2 
reactivation events lead to 3 days or more of viral replication in the epithelium (83, 84).  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 (7). 
 The immunological memory that protects people from herpes infections does not appear to be conferred by 
a one-time encounter between viral antigens and lymphocytes.  Rather, protective immunity against herpes 
infections appears to be actively maintained by the frequent oscillation of HSV-1 or HSV-2 between true 
“molecular latency” and “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 (7, 38, 66). 

B-6.  Herpes simplex viruses are immune-escape artists.  Herpesviruses are a remarkable product of co-
evolution between virus and host.  Herpesvirus genomes are 15 to 25 times the size of poliovirus.  Within that 
extra order of magnitude of complexity, herpesviruses encode factors that counteract every level of host 
defense including innate, humoral, and cell-mediated immunity. 
 Specifically, HSV-1 and HSV-2 encode two viral proteins, ICP0 and ICP34.5, which counteract the innate 
interferon system (31, 32, 42, 43, 53, 54).  Viral glycoproteins C, E, and I bind and neutralize key initiators of 
the humoral immune response, C3b and IgG (45, 55).  Finally, ICP47 binds the TAP antigen transporter and 
delays viral peptide association with MHC class I molecules (33, 88).  Thus, CD8+ T cells have difficulty 
recognizing HSV-infected cells before these virus factories can produce more progeny. 
 Given HSV's capacity to thwart the normal function of the host immune system, clonal expansion of HSV-
specific lymphocytes alone is unlikely to confer life-long protection against genital herpes.  Many of the past 
difficulties in vaccinating against genital herpes stem from the frequent assumption that HSV is just another 
three-letter antigen, such as BSA (bovine serum albumin) or KLH (keyhole limpet hemocyanin).  The immune 
evasion potential of HSV-1 and HSV-2 explains much about how these viruses can cause recurrent disease in 
healthy adults.  Any genital herpes vaccine strategy should account for HSV-2’s extraordinary capacity to 
escape detection and clearance by the human immune system. 
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B-7.  A live vaccine to prevent genital herpes?  An important principle emerges from the epidemiology and 
natural history of HSV-1 and HSV-2 infections: viral replication is necessary, but not sufficient, for HSV-1 and 
HSV-2 to produce human disease (reviewed in Ref. 37, 39).  A simple, but understudied approach to vaccinate 
against genital herpes would be to construct a live, attenuated vaccine strain of HSV-2 that 1. establishes 
latent but clinically inapparent infections in human hosts, 2. reactivates subclinically to stimulate life-long 
protective immunity, and is 3. unable to produce clinical disease. 
 The immune evasion armor of herpesviruses has long been viewed as a barrier to vaccination (51, 85).  
Perhaps we have been looking at the problem backwards.  Rather than lament the failure of subunit vaccines 
to penetrate HSV-2's armor, scientists could strip the virus of its armor and render HSV-2 vulnerable to the 
host immune response.  Key immune evasion genes that could be disrupted to achieve this end include: 
      Genotype Predicted Phenotype in vivo        
 1.  ICP0- virus repressed by interferons (31), 
 2.  ICP34.5- virus repressed by interferons (43), 
 3.  ICP47- virus repressed by CD8+ T cells (58), 
 4.  gE- virus repressed by IgG antibodies (55), and 
 5.  gC- virus repressed by complement-driven inflammation (45). 
 Is it possible to safely administer a live HSV-2 vaccine to millions 
of people?  The answer to this question lies in the fact that 16 - 20% of 
the adult population is already seropositive for HSV-2 (21, 35, 70).  
Although more than 1 billion people worldwide are infected with wild-
type HSV-2, 80% of these infections are clinically inapparent but allow 
the carrier to maintain high levels of IgG antibodies against HSV-2.  
There is no evidence that latent HSV-2 infection pose 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 highly 
variable, and is predictive of the future severity of disease (3, 44). 
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. (86, 87) may be 
summarized in terms of this model, as follows: 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 was limited in its 
capacity to spread, and thus unable to produce disease (dashed curve in Fig. 2).  Such a deliberate, low-level 
HSV-2 infection should 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. Purpose of proposed studies.  Given the scope of the health problems caused by HSV-2, perhaps it is 
time to reconsider the possibility that a live, attenuated HSV-2 vaccine may be used to safely and effectively 
control the epidemic spread of genital herpes.  The purpose of the proposed studies is to test the hypothesis 
that HSV-2 ICP0- and/or ICP34.5- null viruses will be avirulent in animals and will induce a protective immune 
response against HSV-2 that is functionally comparable to recovery from wild-type HSV-2 infection.  If this 
hypothesis is corroborated, studies designed to address safety, efficacy, and manufacture of a vaccine product 
will be conducted in accordance with FDA guidelines to support an investigative new drug application, and 
advance a fundamentally new type of HSV-2 vaccine into human Phase I clinical trials. 
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Fig. 2. HSV-2 infection versus  disease.
For wild-type HSV-2 (solid curve), it is 
predicted that 80% of 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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C.  Preliminary Studies. 
C-1. Potential efficacy of live HSV-2 ICP0- viruses as a herpes vaccine?  The preliminary studies 
presented in Sections C-2 to C-5 establish three points about HSV-1 biology:  1. host interferons are potent 
inhibitors of HSV-1 in vitro and in vivo, 2. the ICP0 protein of HSV-1 functions as a viral interferon antagonist, 
and 3. the opposing forces created by host interferons and ICP0 dictate whether HSV-1 establishes productive 
or non-productive infections in vivo.  These findings explain why HSV-2 ICP0- null viruses should be safe 
enough to consider as a genital herpes vaccine. However, the possibility of a live, attenuated HSV-2 vaccine is 
only worth discussing if there is evidence that such a vaccine is superior to the most promising transient HSV-2 
vaccine candidates under study.  Preliminary data that address this point are presented, as follows. 
 Protection against HSV-1 challenge was compared in mice vaccinated with a 1. live HSV-1 ICP0- virus or a 
2. transient, replication-defective HSV-1 ICP4- virus.  Following vaccination, 
the live ICP0- virus replicated briefly at the site of inoculation (Days 0 to 5, Fig. 
3A) and, as expected, the ICP4- virus did not replicate (Fig. 3B).  For 30 days 
after vaccination, both groups of mice were indistinguishable from normal mice 
(i.e., both viruses are avirulent).  On day 30, mice were challenged with a 
lethal dose of HSV-1 strain McKrae (105 pfu / eye).  In mice vaccinated with 
the live ICP0- virus, 1 of 6 mice shed infectious virus at 24 hours post-
challenge (Day 31 in Fig. 3A), and 100% of the mice survived until Day 60 
without disease (upper triangles in Fig. 3A).  In mice vaccinated with the 
replication-defective ICP4- virus, 6 of 6 mice shed infectious virus (>1000 pfu / 
eye) at 24 hours post-challenge (Day 31 in Fig. 3B), and 0% of the mice 
survived beyond Day 37 (upper squares in Fig. 3B). 
 If this challenge experiment were modified to use a less virulent HSV-1 
strain or a less efficient method of inoculation, the weak immune response 
elicited by an HSV-1 ICP4- virus vaccine would be adequate to allow 
vaccinated mice to preferentially survive HSV-1 challenge.  Thus, survival is a 
condition-specific, qualitative outcome that does not provide an absolute 
measure of vaccine potency.  A much better measure of HSV vaccine potency 
is to measure precisely what the vaccine is supposed to do:  increase the rate 
of host clearance of wild-type HSV upon secondary exposure.  Using the eye 
model of HSV challenge, this measure of vaccine-induced protection is readily 
obtained.  By this absolute criteria, a replication-defective ICP4- virus is a poor 
vaccine because vaccinated mice only shed 5-fold less HSV-1 at 24 hours 
post-challenge than naïve mice (mean naïve titer = 4.3 log pfu/eye).  In 
contrast, mice vaccinated with a live, attenuated HSV-1 ICP0- virus shed 
~1000-fold less HSV-1 at 24 hours post-challenge than naïve mice (Fig. 3A). 
 Both survival and quantitative measures indicate that a live HSV-1 ICP0- 
virus is ~2 orders of magnitude more effective than a replication-defective 
HSV-1 ICP4- virus (Fig. 3).  Likewise, a live HSV-2 ICP0- virus should be far 
more potent than replication-defective HSV-2 viruses (6, 12, 13, 52).  A live 
HSV-2 ICP0- virus has been constructed, and the vaccine-challenge studies described below will commence 
immediately upon procuring support for this work.  The publications of Halford, et al., 2006 (31) and Halford, 
2007 (23) introduced the possibility that HSV-2 ICP0- viruses may be useful as a genital herpes vaccine.  

C-2.  Overview of safety considerations.  Live, attenuated HSV-2 vaccines have been proposed by a few 
scientists over the past 20 years (2, 50, 59, 62, 71, 76).  This idea has not gained acceptance in the past, nor 
is likely to gain acceptance until a compelling answer is provided to one central question: “How can scientists 
be certain that a live, attenuated HSV-2 virus is safe enough to administer to a fellow human being?” 
 In recent years, it has become evident that the host interferon response plays a key role in the life cycle of 
HSV-1.  The virus encodes two interferon antagonists (ICP0 and ICP34.5) whose synthesis, or lack thereof, 
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Fig. 3.  ICP0- virus protects 
against lethal HSV-1 challenge.
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appears to control whether HSV-1 replication proceeds or stalls in virus-infected cells.  These findings have 
clinically relevant implications.  Excision of ICP0 or ICP34.5 renders HSV-1 avirulent in vivo, but still 
immunogenic.  There is a sound theoretical basis that explains why these viruses should be avirulent.  The 
goal of the research proposed herein is to determine if this level of certainty may be extended to HSV-2, such 
that discussion may commence on whether or not HSV-2 ICP0- and/or ICP34.5- viruses should be considered 
in the fight against genital herpes.  Evidence that supports the safety of this proposal is presented below. 

C-3.  Live α-herpesviruses can be safely administered to people.  Live, neurotropic α-herpesviruses have 
been in clinical use in the United States for well over a decade.  The results to date of administering live α-
herpesviruses to people are summarized: 
 1. The chickenpox vaccine is a live, attenuated α-herpesvirus.  For the past 15 years, millions of infants 

have been infected with a live, attenuated strain of varicella-zoster virus (VZV) that establishes a life-
long, latent infection in vaccine recipients (40).  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. 

 2. Live, attenuated HSV-1 ICP34.5- viruses are administered to humans as an anti-cancer therapy.  Live, 
attenuated HSV-1 viruses deleted in the ICP34.5 and ribonucleotide reductase genes (i.e., G207 virus) 
have been proven safe enough to inject into brain tumors of cancer patients (48, 78).  Based on this 
decade-old precedent, a similar HSV-2 ICP34.5- virus may be safe enough to inject intramuscularly or 
subcutaneously into human patients for the purpose of eliciting protective immunity against HSV-2. 

C-4.  Need for a paradigm shift in HSV biology.  Why do replication-competent HSV-1 ICP34.5- viruses 
produce no disease when injected directly into the brains of experimental animals (77, 81)?  For 20 years, 
this phenomenon has been well-documented, but poorly understood.  To understand this dichotomy between 
observation and theory, it is necessary to consider three points: i. the HSV-1 gene regulation model, ii. the 
absence of ICP34.5 and ICP0 from this model, and iii. an updated model 
that predicts why failure to synthesize ICP34.5 or ICP0 should cause HSV-1 
replication to rapidly stall in vivo.  Each point is addressed, as follows. 
i. The HSV-1 gene regulation model.  HSV-1's double-stranded DNA 
genome is organized into a 108 kb unique long (UL) segment, a 13 kb 
unique short (US) segment, and two 15 kb repeats comprised of the long-
repeated (RL) and short-repeated (RS) segments (Fig. 4A).  Gene 
expression from the co-linear HSV-1 and HSV-2 genomes has been 
described in terms of a cascade of expression of immediate-early (IE), early 
(E), and late (L) genes (Fig. 4B).  This model of HSV-1 gene regulation, 
advanced by Honess and Roizman in 1974 (34), was intended for the 
purpose of describing HSV-1 gene expression in cultured cells.  The model 
remains remarkable in its accuracy for this purpose, but was not intended to 
explain how HSV-1 establishes latent infections in humans (Fig. 4B). If we 
wish to explain how HSV-1 behaves in vivo, an important first step is to 
update this model to indicate how HSV-1 may be directed down one of two 
divergent paths in vivo:  productive replication or non-productive infection. 
ii. Latency-regulating RL segments of the HSV-1 genome.  The RL 
segments represent a genetic circuit that regulates the balance between 
productive replication and latent infection in vivo (Fig. 1).  Each copy of the 
RL segment encodes the latency-associated transcript (LAT), the long-short 
spanning transcript (L/ST), infected cell protein 0 (ICP0), and infected cell 
protein 34.5 (ICP34.5).  The LAT and L/ST genes produce RNA transcripts 
that encode no known proteins (5, 19, 41).  The ICP0 and ICP34.5 genes, 
which lie on the opposite strand of DNA, promote HSV-1 replication.  ICP0 
is an E3 ubiquitin ligase that overcomes cellular repression of HSV-1 (15, 
16).  ICP34.5 antagonizes protein kinase R (PKR)-induced shutoff of viral 
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Fig. 5.  Checkpoint Model proposes 
that HSV-1 gene expression is IFN-
repressible if 1. ICP0 is not produced 
during the IE phase, or if  2. ICP34.5 
is not produced during the L phase. 
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protein synthesis by inducing dephosphorylation of the translation factor, eIF-2α (8, 43, 49).  The process by 
which the RL segments produce “ON-OFF decisions” in the HSV-1 life cycle has eluded definition for decades. 
iii. A checkpoint model of HSV-1 gene regulation.  Host interferons play a more central role in repression of 
HSV-1 replication than was previously appreciated (reviewed in Ref. 24, 28).  In light of such evidence, a new 
pattern emerges in how the HSV-1 genome is organized:  the two RL-encoded proteins, ICP0 and ICP34.5, 
function as viral interferon (IFN) antagonists.  When ICP0 or ICP34.5 is not synthesized, picomolar quantities 
of interferon (IFN)-α/β are sufficient to induce an ~1000-fold block to HSV-1 replication (32, 35, 53, 54).  In 
contrast, wild-type HSV-1 is insensitive to IFN-α/β alone.  Because IFN-α/β are present at sites of infection in 
vivo, differential synthesis of ICP0 and ICP34.5 is sufficient to create a point of divergence (checkpoint) 
between productive-replication and non-productive infection.  A “Checkpoint Model” has thus been proposed to 
incorporate these observations into the existing model of HSV-1 gene regulation (Halford, et al., 2006; Ref. 
(31).  The model suggests that ICP0 synthesis is not a given during HSV-1 replication.  Rather, whether or not 
ICP0 is synthesized creates an ON-OFF checkpoint, at which more than one outcome of infection is possible 
(Fig. 5).  Likewise, whether or not ICP34.5 is synthesized creates a second 
checkpoint (Fig. 5).  The outcomes of each checkpoint are summarized: 
Checkpoint 1 
  ON=ICP0 expressed.  ICP0 prevents repression of viral gene expression; 

replication proceeds (white arrow). 
  OFF=ICP0 repressed. Without ICP0, IFN-inducible repression of viral gene 

expression occurs (black arrow). 
Checkpoint 2  
  ON=ICP34.5 expressed. ICP34.5 prevents shutoff of L protein synthesis; 

replication proceeds (red arrow). 
  OFF=ICP34.5 repressed. Without ICP34.5, IFN-activated host cells repress 

HSV-1 L protein synthesis (black arrow). 
C-5. Evidence for IFN-regulated checkpoints in the HSV-1 life cycle.    
The P.I.’s laboratory and others have published studies that form the basis for 
3 conclusions that are central to the validity of the Checkpoint Model and the current research proposal:  
   Conclusion 1.   Host interferons are potent repressors of HSV-1 replication in vitro and in vivo.  
   Conclusion 2.   HSV-1’s resistance to host interferons is an active, ICP0-dependent process. 
   Conclusion 3.   Disruption of host interferon signaling pathways alleviates HSV-1’s need for ICP0. 
These conclusions form the basis for the statement that ICP0 is a viral IFN antagonist, and the inference that 
ICP0 may be removed from HSV-2 to generate a safe and effective live, attenuated vaccine.  Equivalent 
evidence supports the conclusion that ICP34.5 is a viral IFN antagonist, and thus may be removed to make a 
safe HSV-2 vaccine strain.  A synopsis of the evidence that supports these conclusions is presented below. 
C-5.1. Host interferons are potent repressors of HSV-1 replication.  If host IFNs play a central role in the 
repression of HSV-1 replication, then:  I. recombinant IFNs should be sufficient to disrupt productive HSV-1 
replication in vitro and II. host IFN-signaling pathways should be necessary to control HSV-1 infections in vivo. 
I. IFN-α/β and IFN-γ are sufficient to repress wild-type HSV-1 in vitro.  Co-activation of the IFN-α/β and 
interferon-γ (IFN-γ) signaling pathways prevents HSV-1 from completing its replication cycle in cultured cells, 
and the magnitude of inhibition is not attainable with IFN-β or IFN-γ alone.  This effect is not cell type-, species- 
or virus strain-specific (64).  One example of this phenomenon is illustrated.  Viral replication was compared 30 
hours post inoculation (p.i.) in Vero cells, which were inoculated with 0.1 pfu/cell of HSV-1 and treated with 64 
unique dose combinations of IFN-β and IFN-γ (Fig. 6A).  The amount of viral DNA synthesized in each culture 
was measured by dotblot analysis with a 32P-labeled HSV-specific probe (Fig. 6A; degree of blackness is 
proportional to viral replication).  Inhibition of HSV-1 replication increases as the dosage of IFN-β is increased 
(left edge of Fig. 6A), and the dose-response relationship is described by a sigmoid curve (front edge of Fig. 
6B).  IFN-γ does not alter the shape of the IFN-β dose-response curve, but rather IFN-γ acts as a multiplier that 
increases the amplitude (height) of the curve (front → back of Fig. 6B).   Thus, combinations of IFN-β and IFN-
γ inhibit HSV-1 replication with a potency that far exceeds the individual effects of IFN-β or IFN-γ (Fig. 6A & B).  
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Consequently, wild-type HSV-1 can replicate in cells whose IFN-α/β receptors 
or IFN-γ receptors have been activated, but viral replication is grossly inefficient 
in cells whose IFN-α/β receptors and IFN-γ receptors have been co-activated. 
The publications of Sainz and Halford, 2002 (64), Halford, et al., 2005 (27), and 
Pierce, et al., 2005  (60) support this conclusion. 
II. IFN-α/β and IFN-γ are necessary to repress HSV in vivo. Knockout mice that 
lack the IFN-α/β receptor or the IFN-γ receptor retain a surprising degree of 
resistance to HSV-1.  In contrast, mice that lack both IFN-α/β receptors and 
IFN-γ receptors are profoundly susceptible to HSV-1 infection (46, 82).  
Likewise, mice that lack the downstream IFN-activated Stat 1 transcription factor 
are profoundly susceptible to HSV-1 (28).  A homozygous deficiency in Stat 1 
has been identified in three children, who each died before 18 months of age (9, 
14, 36).  One Stat 1-deficient child died of herpes simplex encephalitis (14), the 
second died shortly after fulminant Epstein-Barr Virus infection (9), and the third 
died at home of an undiagnosed, viral-like illness (14).  Therefore, host IFNs 
play a central role in the normal immune response that prevents the unchecked 
spread of herpesviruses in both mice and human beings. 
C-5.2. HSV’s resistance to interferon is an ICP0-dependent process.   The 
checkpoint model (Fig. 5) suggests that wild-type HSV-1 should exhibit a 
measurable resistance to IFN-induced repression, and that this resistance 
should be dependent upon the synthesis of ICP0 and ICP34.5. 
Loss of ICP0 renders HSV-1 sensitive to IFN-α/β.  Wild-type HSV-1 is resistant 
to IFN-α/β alone.  The KOS virus (ICP0+) forms plaques with ~20% efficiency in 
IFN-β activated Vero cells.  In contrast, ICP0- null viruses form plaques with 
~0.002% efficiency in IFN-β activated Vero cells.  Thus, loss of ICP0 renders 
HSV-1 acutely sensitive to repression by IFN-α/β in vitro (32, 53).  Likewise, 
absence of ICP34.5 renders HSV-1 hypersensitive to IFN-α/β in vitro (8, 54). 
ICP0- null viruses are avirulent in vivo.   Wild-type HSV-1 produces infections that are lethal in 100% of severe-
combined immunodeficient (SCID) mice, which lack mature B and T lymphocytes.  In contrast, HSV-1 ICP0- 
viruses are repressed within 3 days after inoculation of SCID mice and produce no disease over a 90-day 
observation period (31).  Likewise, ICP34.5- viruses are avirulent in SCID mice (81).  The publications of 
Härle, et al., 2002 (32)  and Halford, et al., 2006 (31) clarified that HSV-1’s resistance to IFN-α/β is an active 
process and that the innate immune response of SCID mice is sufficient to 
potently repress HSV-1 ICP0- viruses in vivo. 

C-5.3. Disruption of host IFN signaling alleviates HSV-1’s need for ICP0.   
HSV-1 ICP0- viral infection was compared in lymphocyte-deficient rag2-/- mice 
versus rag2-/- mice that were deficient in IFN-signaling.  On day 3 p.i., replication 
of an ICP0- virus was low to undetectable in the eyes of rag2-/- mice, and all 
mice remained disease-free for 60 days p.i. (Fig. 7).  In contrast, the ICP0- virus 
replicated to 1000-fold higher levels in rag2-/- mice lacking the IFN-α/β receptor, 
and these rag2-/- ifnar -/- mice succumbed to infection by 11 ± 1 days p.i. (Fig. 7).  
The ICP0- virus also produced uncontrolled, lethal infections in rag2-/- stat1 -/- 
mice, which lacked the IFN-activated Stat 1 signal transducer (Fig. 7).  Likewise, 
an HSV-1 ICP34.5- virus is avirulent in rag2-/- mice, but is lethal in rag2-/- ifnar -/- 
mice and rag2-/- stat1 -/- mice (unpublished data). The publication of Halford, et 
al., 2006 (31) clarified that the avirulent phenotype of HSV-1 ICP0- viruses in 
lymphocyte-deficient mice is due to rapid repression by the innate IFN-α/β 
response, which all animals mount within hours after the onset of viral infection. 

Fig. 7. ICP0- virus is virulent in 
IFN-deficient mice. Shedding of 
0-GFP (ICP0-) virus in eyes of 
rag2-/- mice, rag2-/- ifnar-/- mice, or 
rag2-/- stat1-/- mice at day 3 p.i. 
(n=8/group; line = limit of 
detection).  Duration of survival 
for each group is denoted above.
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Fig. 6. IFN-γ acts as a multiplier 
of IFN-β-mediated inhibition of 
HSV-1 replication.  A. Viral DNA 
harvested 30 hours p.i. from 
cultures of HSV-1-infected cells 
(MOI=0.1) treated with IFN-β and 
IFN-γ. B. Response surface 
analysis indicates that combin-
ations of IFN-β and IFN-γ inhibit 
HSV-1 DNA synthesis by an 
amount that equals the multiplied 
product of their individual effects.
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D.  Research Design and Methods 
Introduction.  Wild-type HSV-2 is transmitted to millions of people every year.  A live, genetically-attenuated 
HSV-2 virus provides a potentially effective means to break this transmission cycle by vaccinating HSV-2  
seronegative persons before they become sexually active.  The exciting aspect of the work proposed herein is 
that the preliminary data suggest that an HSV-2 ICP0- viral vaccine would achieve a level of protection that is 
comparable to the protection enjoyed by asymptomatic carriers of wild-type HSV-2. 
 Live, immune evasion-deficient mutants of HSV-2 represent a new and promising approach to develop an 
effective genital herpes vaccine.  The aims of this 2-year study are to explore this untapped possibility and 
determine if, in fact, HSV-2 ICP0- and/or ICP34.5- viruses are: 
  Aim 1  Avirulent  Aim 2  Immunogenic (as compared to wild-type HSV-2), and 
  Aim 3  Protective against exogenous HSV-2 infections (as compared to wild-type HSV-2). 
--------------------------------------------------------------------------------------------------------------------------------------------------- 
Specific Aim 1 To determine if live HSV-2 ICP0- and/or ICP34.5- viruses are hypersensitive to 

interferon-α/β and avirulent in lymphocyte-deficient mice. 
a. Rationale:  The P.I. proposes that live HSV-2 ICP0- and/or ICP34.5- viruses will be safe enough to 

consider for use in people as a vaccine, because null mutations in ICP0 or ICP34.5 will render HSV-2 IFN-
sensitive and unable to produce disease in lymphocyte-deficient rag2-/- mice.  The clinical equivalent of 
rag2-/- mice are people with rare genetic diseases that result in severe-combined immunodeficiency (SCID), 
which is defined by the complete absence of B cells, CD8+ T cells, and CD4+ T cells.  If HSV-2 ICP0- and/or 
ICP34.5- viruses are avirulent in lymphocyte-deficient mice (due to repression by interferon-α/β), then such 
viral vaccines should be incapable of causing disease in healthy people, AIDS patients (CD4+ T cell-
deficient), organ transplant recipients, or rare SCID patients.  The following experiments will determine if 
HSV-2 ICP0- and/or ICP34.5- viruses meet this stringent measure of safety. 

b. Design:  1. Efficiency of viral replication in cells treated with IFN-α/β.  Resistance to IFN-α/β will be 
compared between HSV-2 (strain MS) and the HSV-2 ICP0- and/or ICP34.5- viruses, HSV-2-Δ0, HSV-2-
Δ34.5, or HSV-2-Δ0+34.5 (Table 1).  HSV-1 (strain KOS) and corresponding HSV-1 ICP0- and/or ICP34.5- 
viruses will provide controls that define the extremes of ‘IFN-resistant’ and ‘IFN-sensitive’ viruses. Inhibition 
by IFN-α/β will be measured in terms of fold-reduction in viral titers produced in IFN-treated cells relative to 
viral titers in untreated cells. 2. Viral replication and virulence in vivo.  Strain 129 (immunocompetent) mice 
and lymphocyte-deficient rag2 -/- mice will be inoculated by applying 105 pfu of each virus (Table 1) to the 
scarified corneal epithelium of the left and right eyes.  Duration of survival will be monitored in each group 
daily, and viral titers in ocular tear film will be measured daily during the first week after inoculation, and 
biweekly thereafter.  Mice that survive until 100 days p.i. will be sacrificed to verify that low levels of 
infectious virus are not detectable  in tissue homogenates of eye or trigeminal ganglia (TG).   Each 
experiment will be based on n=5 mice per group x 18 groups, and at least three experiments will be 
performed to produce a summated value of n=15 per group. 

c. Anticipated Results & Interpretation:  1. 
Efficiency of viral replication in cells treated 
with IFN-α/β.  IFN-β will inhibit the 
replication of wild-type HSV-2 by less than 
10-fold (Table 1).  In contrast, IFN-α/β will 
inhibit replication of HSV-2-Δ0, HSV-2-
Δ34.5, and HSV-2-Δ0+34.5 in Vero cells by 
more than 1000-fold relative to untreated 
cultures of Vero cells.  2.  Productive viral 
replication and virulence in rag2-/- mice.  
Wild-type HSV-2 will produce lethal disease 
in rag2-/- mice.  It is anticipated that HSV-2 
ICP0- and/or ICP34.5- viruses will establish 

Table 1. Predicted IFN-sensitivity and virulence of 
HSV-2 ICP0- and/or ICP34.5- viruses  

 
Virus strain 

Fold-inhibition 
by IFN-α/β 

Duration of survival of 
infected rag2-/- mice (days)

HSV-2 (MS) <10 6 - 10 
HSV-2-Δ0 >1000 >100 

** HSV-2-Δ34.5 >1000 >100 
** HSV-2-Δ0+34.5 >1000 >100 

 HSV-1 (KOS) <10 12 - 18 
HSV-1-Δ0 >1000 >100 

** HSV-1-Δ34.5 >1000 >100 
** HSV-1-Δ0+34.5 >1000 >100 
** Reagent not yet constructed.  
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brief cycles of productive replication in the eyes of rag2-/- mice (~48 hours), but shedding of infectious virus 
will be undetectable between days 4 and 100 p.i.  Thus, it is anticipated that IFN-sensitive HSV-2 ICP0- 
and/or ICP34.5- viruses will produce no disease over a 100-day observation period (Table 1).  Equivalent 
results are expected with HSV-1 control viruses. 

d. Pitfalls and Solutions:  1.  Mutagenesis of HSV-2.  The P.I.’s laboratory has developed efficient methods 
to introduce mutations into the RL segments of HSV-1.  When the desired mutation co-segregates with 
expression of a green-fluorescent protein (GFP) or Tomato (red) reporter, plaques formed by recombinant 
viruses may be visualized and selected on the stage of a fluorescent microscope based on their green- or 
red-fluorescent phenotypes.  The virus HSV-2-Δ0 has already been constructed, and no problems are 
anticipated in constructing HSV-2-Δ34.5 and HSV-2-Δ0+34.5 in a 3-month period of time.  2.  Propagation 
of HSV-2-Δ0, HSV-2-Δ34.5, and HSV-2-Δ0+34.5. The P.I.’s laboratory has ICP0-complementing L7 cells 
(65) for efficiently propagating HSV-2-Δ0 and HSV-2-Δ0+34.5.  Like all ICP34.5-null viruses, HSV-2-Δ34.5 
will replicate like wild-type virus in vitro (63, 77, 81).  3. Why are ICP0- and/or ICP34.5- viruses avirulent?  If 
HSV-2 ICP0- and/or ICP34.5- viruses are avirulent in rag2-/- mice, this will not establish a mechanism.  
Subsequent tests will be performed in rag2-/- mice that lack IFN-α/β receptors (Fig. 7) to verify that the 
innate IFN response is the mechanism that explains the avirulence of HSV-2 ICP0- and/or ICP34.5- viruses 
in vivo.  4. Safety concern:  reversion of mutations?  Unlike insertion mutations which revert in vivo at a low 
frequency due to rare recombination events, there is no analogous process that can repair an ~400 bp 
deletion in a viral gene at a measurable frequency.  However, as a precaution, deletions in the ICP0 and/or 
ICP34.5 genes will be filled with coding sequences for the GFP and Tomato fluorescent reporter proteins.  
Thus, cells infected with HSV-2-Δ0 will emit green fluorescence, cells infected with HSV-2-Δ34.5 will emit 
red fluorescence, and cells infected with HSV-2-Δ0+34.5 will emit both green and red fluorescence when 
viewed with a fluorescent microscope.  Thus, fluorescent microscopic analysis will be used to continuously 
monitor and verify that 100% of the plaques produced by each virus stock retain their expected GFP+ 
(ICP0-null) and/or Tomato+ (ICP34.5-null) phenotypes. 

 e. Methods:  HSV-2 and HSV-1 are two serotypes of the same virus, which share 75 homologous genes 
distributed in a co-linear manner throughout their respective 155 and 152 kb genomes.  Mutagenesis of 
HSV-2 and HSV-1 is achieved by identical methods, and both viruses grow efficiently under the same 
conditions (17, 18).  There are no technical barriers to the generation of the HSV-2 mutants required for 
this study, and the P.I.’s experience working with HSV-1 in animal models and in mutagenizing HSV-1 is 
directly applicable to HSV-2.  The mutagenesis strategy that will be applied to HSV-2 strain MS is 
described, as follows.  1. Construction of HSV-2-Δ0.  The virus HSV-2-Δ0 was constructed, as follows.  
ICP0 is a 825 amino acid protein encoded in the RL segments of the HSV-2 genome (homologous to RL 
segments of HSV-1, Fig. 1).  The plasmid p0-GFP-24 carries a mutation in the ICP0 gene in which a green-
fluorescent protein (GFP) coding sequence replaces codons 24 to 242 of the ICP0 gene, thus eliminating 
ICP0’s RING finger domain and destroying ICP0’s biological activity.  The plasmid p0-GFP-24 was co-
transfected with HSV-2 strain MS viral DNA, and individual GFP+ (green) plaques were selected.  The virus 
was plaque-purified until a virus clone was identified that yielded a uniform population of GFP+ plaques 
(i.e., homotypic for ICP0-null mutation), and the identity of the virus was confirmed by i. complementation 
of HSV-2-Δ0 on ICP0-complementing L7 cells; ii. demonstration that HSV-2-Δ0 is hypersensitive to IFN-β; 
and by iii. Southern blot analysis.  2. Construction of HSV-2-Δ34.5. ICP34.5 is a 261 amino acid protein 
encoded in the long-repeated (RL) segments of the HSV-2 genome (homologous to RL segments of HSV-1, 
Fig. 1). The ICP34.5- mutation to be introduced into HSV-2 strain MS will be carried in the plasmid p34.5--
Tomato-48, which will contain a Tomato (red fluorescent) reporter-coding sequence in lieu of codons 48 to 
213 of the ICP34.5 gene.  Following co-transfection of the plasmid p34.5--Tomato-48 and HSV-2 viral DNA, 
the recombinant virus HSV-2-Δ34.5 will be selected based on its Tomato+ phenotype. 3. Construction of 
HSV-2-Δ0+34.5.  The plasmid p34.5--Tomato-48 and HSV-2-Δ0 viral DNA will be co-transfected into ICP0-
complementing Vero cells (L7 cells), and the recombinant virus HSV-2-Δ0+34.5 will be selected based on 
its combined red (Δ34.5) and green (Δ0) fluorescent phenotype.  4. Viral replication assays and 5. 
Measurement of viral titers in mice will be performed as previously described  (29, 30, 32, 64). 
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Specific Aim 2 To determine if live HSV-2 ICP0- or ICP34.5- viruses induce stronger B and T cell responses 
to HSV-2 antigens than a gD subunit or replication-defective HSV-2 virus. 

Introduction.  HSV-specific B- and T-cell responses will be compared amongst mice vaccinated with 1. a gD 
subunit vaccine, 2. a replication-defective HSV-2 origin-binding protein- (OBP-) virus, or 3. live HSV-2 ICP0- 
and/or ICP34.5- viruses.  All vaccine-induced immune responses will be normalized relative to mice that 
recover from wild-type HSV-2 infection, and will be expressed in terms of “% natural response.”  The positive 
control of wild-type HSV-2 latently infected mice will provide an objective basis to gauge how closely each 
vaccine approaches the 100% target level of a bona fide protective immune response.  
 The choice of HSV-2-ΔOBP virus as a replication-defective control is based on its failure to launch viral 
DNA synthesis, a defect that is shared by viruses lacking OBP, ICP8, HSV DNA polymerase (UL30-UL42), or 
HSV DNA helicase (UL5-UL8-UL52). Thus, an HSV-2-ΔOBP virus will recapitulate the level of immunity 
induced by an HSV-2-ΔICP8 virus, which is currently being considered for use as an HSV-2 vaccine (6, 12, 13, 
52).  Preliminary studies indicate that less than 25% of mice vaccinated with HSV-1-ΔOBP (hr94) survive 
challenge with HSV-1 (McKrae), and these mice shed >1000 pfu per eye of McKrae at 24 h post-challenge 
(unpublished data; hr94 and 2B.11 cells were a kind gift of Sandra Weller, Univ. Connecticut HSC, Ref.  47).  
-------------------------------------------------------------------------------------------------------------------------------------------------- 
Exp. 2-1 Do live HSV-2 ICP0- and/or ICP34.5- viruses induce a more potent virus-specific IgG antibody 

response than a gD subunit or replication-defective HSV-2 virus? 
 a. Rationale:  The synthesis of HSV-specific IgG is coupled to the process by which naïve IgM+ HSV-specific 

B cells differentiate into long-lived IgG+ memory B cells or IgG-antibody secreting factories (plasma cells).  
Due to low-level replication and spread, it is hypothesized that live HSV-2 ICP0- and/or ICP34.5- viruses 
may stimulate a greater B cell response to HSV-2 antigens than transient HSV-2 vaccines.  Experiment 2-1 
will determine if, in fact, HSV-2 ICP0- and/or ICP34.5- viruses elicit a greater HSV-specific IgG response 
than a glycoprotein D (gD) subunit vaccine or replication-defective HSV-2-ΔOBP virus. 

 b. Design:  1. Vaccination with recombinant proteins.  Strain 129 mice will be vaccinated on days 0, 21, and 
42 with recombinant HSV-2 gD or irrelevant keyhole limpet hemocyanin (KLH) antigen by an intramuscular 
injection of 5 µg protein in aluminum sulfate adjuvant solution (n=10 per group). 2. Vaccination with HSV-2 
viruses.  Strain 129 mice will be inoculated in both eyes on day 0 with 105 pfu per eye of i. wild-type HSV-2 
(strain MS); ii. a replication-defective HSV-2-ΔOBP virus; or iii. the live, attenuated HSV-2 viruses, HSV-2-
Δ0, HSV-2-Δ34.5, or HSV-2-Δ0+34.5 (n=10 mice per group).  Viral titers in ocular tear film will be measured 
daily during the first week to document the efficiency of vaccination. 3. Measurement of HSV-specific IgG 
response.  On days 30 and 60, blood will be collected from anaesthetized mice.  Titers of HSV-specific IgG 
will be determined in serum by antibody-capture ELISAs in plates coated with: i. HSV-2 gD (simple 
antigen), ii. purified HSV-2 virions (intermediate complexity), iii. lysates of HSV-2 infected cells (total 
repertoire of HSV-2 antigens), or iv. uninfected cell lysates (negative control).   

 c. Anticipated Results & Interpretation:  1. Interpretation.  For each capture antigen (gD, virions, or cell 
lysates), the significance of differences in 
IgG titers between groups of mice will be 
determined by one-way analysis of 
variance (ANOVA) followed by Tukey’s 
post hoc t-test.  2. Anticipated results.  i. 
IgG response to gD vaccine.  Three 
vaccinations with a gD subunit vaccine 
should induce a titer of gD-specific IgG 
that is equivalent to the response elicited 
by wild-type HSV-2 (Table 2.1, left 
column).  However, vaccination with gD 
will not induce an IgG response against 
the other 98% of HSV-2’s proteins.  Thus, 
the gD vaccine will induce a weak IgG 

Table 2.1. Predicted antibody response to HSV-2 test vaccines.
IgG titers against HSV-2: 

      Immunogen gD virions infected cells
Negative controls    
1. none (naïve animals) <10 <10 <10 
2. KLH + alum adjuvant <10 <10 <10 

Positive control    

3. wild-type HSV-2 (MS) 20 – 40 160 – 320 1280 – 2560

HSV-2 test vaccines    

4. HSV-2 gD + alum 20 – 40 10 – 20 10 – 20 
5. HSV-2-ΔOBP <10 <10 20 - 40 
6. HSV-2-Δ0 10 – 20 40 – 80 320 – 640 
7. HSV-2-Δ34.5 10 – 20 40 – 80 320 – 640 
8. HSV-2-Δ0+34.5 <10 20 – 40 160 - 320 
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response against total HSV-2 antigens (infected cell lysates) relative to the IgG response elicited by wild-
type HSV-2 (Table 2.1, right column).  ii. IgG response to HSV-2 viruses.  HSV-2 viruses are expected to 
stimulate a broad-based IgG response against total HSV-2 antigens.  Because the HSV-2-ΔOBP virus will 
not replicate, it is expected to induce an IgG response that is ~1% of the IgG response to wild-type HSV-2 
(Table 2.1).  By virtue of replication and spread (i.e., higher antigen load over a longer period of time), it is 
expected that HSV-2-Δ0, -Δ34.5, or -Δ0+34.5 viruses will induce an IgG response that is >10-fold higher 
than in HSV-2-ΔOBP-vaccinated mice, but which is less than the IgG response elicited by wild-type HSV-2. 

 d. Pitfalls and Solutions:  1. Feasibility of wild-type HSV-2 controls?   Wild-type HSV-2-infected mice may 
be used to define the 100% level of IgG response that exists in animals with bona fide immunity to HSV-2.  
However, HSV-2 strain MS will produce a lethal infection in >90% of mice if a standard inoculation 
procedure is used.  To circumvent this problem, procedures used to study the virulent HSV-1 McKrae strain 
will be applied, which may include: 1. reducing the viral inoculum from 105 to 102 pfu (30), 2. application of 
HSV-2 to unabraded epithelium (not scarified) (e.g., Fig. 1 of Ref. 24), and/or 3. adding 0.3 mg/ml acyclovir 
to the drinking water of animals (Fig. 1 of Ref. 25).  Empirical tests will be conducted to determine which of 
these steps provides a simple means to achieve >90% survival in mice infected with wild-type HSV-2. 

 e. Methods:  1. HSV-2 coating antigens for ELISA. ELISA plates will be coated with optimized concentrations 
of one of the following coating antigens: i. Glycoprotein D will be purified from insect cells inoculated with 
an HSV-2 gD-expressing baculovirus (a kind gift of Gary Cohen, University of Pennsylvania; Ref. 57); ii. 
HSV-2 virions will be purified from HSV-2 infected Vero cells by ultracentrifugation through sucrose 
gradients (60); iii. HSV-2 infected cell lysates and iv. Uninfected Vero cell lysates will be processed in 
parallel, and the latter will define background cross-reactivity with Vero cell antigens.  2. IgG antibody 
capture ELISA will be performed by the P.I.’s published methods (20, 25, 26), using a detection antibody 
that is specific for the mouse γ chain (IgG heavy chain).  Multiple dilutions of each serum sample and a 
standard curve will be used to translate differences in absorbance into titers of antigen-specific IgG. 

--------------------------------------------------------------------------------------------------------------------------------------------------- 
Exp. 2-2 Do live HSV-2 ICP0- and/or ICP34.5- viruses induce a more potent virus-specific DTH response 

than a gD subunit vaccine or a replication-defective HSV-2 virus? 
 a. Rationale:  Delayed-type hypersensitivity (DTH) responses are mediated by antigen-specific CD4+ T cells, 

and provide a reliable means to gauge whether a vaccine elicits a T cell response that is functionally active 
in vivo.  Due to low-level replication, it is hypothesized that live HSV-2 ICP0- and/or ICP34.5- viruses will 
stimulate a stronger CD4+ T cell response than a gD subunit vaccine or replication-defective HSV-2 virus.  
The magnitude of vaccine-induced DTH responses will be expressed in terms of “% natural response,” 
where 100% will be defined by the DTH response that occurs in response to wild-type HSV-2. 

 b. Design: The same groups of mice vaccinated in Exp. 2-1 will be the subjects of DTH testing in Exp. 2-2.   
1. Measurement of DTH response to HSV-2 antigens.  On day 59, mice will be anaesthetized and injected 
with HSV-2 antigen in the left rear footpad and control 
antigen in the right rear footpad.  On day 60 (36 h 
later), the DTH footpad swelling response to HSV-2 
antigens will be measured in terms of the difference in 
swelling of the left and right rear footpads (μm) with a 
digital micrometer.  2. DTH test only applied to 5 of 10 
mice per group.  The vaccinated mice used in Aim 2 
will be challenged with HSV-2 in Aim 3.  The HSV-2 
antigens injected in the DTH test may boost immunity 
to HSV-2, and thus may skew the results of the 
challenge test in Exp. 3-1.  To address this 
confounding variable, only 5 of 10 mice per group will 
be included in DTH testing.  Thus, two-way ANOVA 
may be applied to determine if protection against HSV-
2 differs between DTH-tested and untested mice. 

Table 2.2. Predicted T cell response
 to HSV-2 test vaccines.  

      Immunogen 
HSV-2 DTH response

(footpad swelling) 
Negative controls  
1. none (naïve animals) 15 ± 10 μm 
2. KLH + alum adjuvant 15 ± 10 μm 

Positive control  

3. wild-type HSV-2 (MS) 180 ± 10 μm 

HSV-2 test vaccines  

4. HSV-2 gD + alum 15 ± 10 μm 
5. HSV-2-ΔOBP 15 ± 10 μm 
6. HSV-2-Δ0 50 ± 10 μm 
7. HSV-2-Δ34.5 50 ± 10 μm 
8. HSV-2-Δ0+34.5 35 ± 10 μm 
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 c. Anticipated Results & Interpretation:  Mice vaccinated with HSV-2-Δ0, -Δ34.5, or -Δ0+34.5 viruses will 
mount a detectable DTH response to HSV-2 antigens in the footpad swelling test, but this response will be 
only ~30% of the natural response to wild-type HSV-2 (Table 2.2).  It is not anticipated that mice vaccinated 
with the gD subunit or replication-defective HSV-2-ΔOBP virus will mount a detectable DTH response to 
HSV-2 antigens in the footpad swelling test.  This prediction is based on the hypothesis that non-replicating 
HSV-2 antigens may be cleared from the body with minimal involvement of HSV-specific T cells.  

 d. Pitfalls and Solutions:  1.  Is a DTH response relevant to protective immunity?  A DTH test provides a 
reliable index of the potency of HSV-specific CD4+ T cell responses (Gebhardt and Halford, 2005; Fig. 5 in 
Ref. 20).  Virus-specific CD4+ T cells are a critical component of protective immunity to HSV-2 (56), and the 
magnitude of HSV-specific CD4+ and CD8+ T cell responses increases in parallel in response to HSV-2 
infection  (22).  Therefore, the HSV-specific DTH test will provide a reliable measure of protective immunity. 
2. Sensitivity of DTH test?  The DTH test will be less sensitive than direct measurements of HSV-specific T 
cell frequency in lymph nodes or spleens (e.g., ELIspot assays).  However, a vaccine that fails to elicit a 
detectable DTH response to HSV-2 antigens is also unlikely to confer detectable protection against HSV-2 
virus.  The DTH test is expected to provide a good screening tool for predicting which vaccines will be most 
protective against HSV-2 challenge.  This prediction will be explicitly tested in Specific Aim 3. 

 e. Methods:  1.  Footpad swelling assay for delayed type hypersensitivity response to HSV antigens will be 
performed as described by Gebhardt and Halford, 2005 (20).  The DTH response will be measured 36 
hours after injection of HSV-2 test antigens (left rear footpad) and control antigens (right rear footpad), and 
will be expressed in terms of difference in swelling (µm), as determined with a spring-loaded micrometer 
(Starett Inc., Athol, MA).  The control and HSV-2 test antigens to be used will be 2x104 UV-inactivated 
mouse embryo fibroblast cells that are either i. uninfected or ii. infected with HSV-2 (MOI=2.5; 24 hours). 

-------------------------------------------------------------------------------------------------------------------------------------------------- 
Specific Aim 3 To determine if live HSV-2 ICP0- or ICP34.5- viruses confer better protection against lethal 

HSV-2 challenge than a gD subunit or replication-defective HSV-2 virus.  
Introduction.   When vaccinated animals are challenged by introducing an HSV-2 inoculum into a poorly 
accessible site such as the bloodstream, peritoneum, or vagina, negative outcomes such as lack of disease or 
lack of death provide the primary measures of vaccine-induced protection.  The P.I.’s work establishes that in 
the absence of quantitation, such +/- measures of pathogenesis can lead to erroneous conclusions about the 
magnitude of an animal’s innate resistance to HSV-1 infection (24).  Likewise, survival alone provides an 
indirect measure of acquired resistance to HSV-2 infection, and thus is highly prone to false-positive outcomes 
(i.e., vaccines that are protective in survival-based animal experiments may not be clinically effective). 
 Survival is a condition-specific outcome that may be unintentionally biased by choosing experimental 
conditions that maximize the difference in survival between vaccinated and naïve animals.  This pitfall may be 
circumvented by using a more direct measure of vaccine-induced protection against HSV-2.  Unlike the multi-
step, multi-organ process by which HSV-2 spreads and produces herpes encephalitis, the initial replication of 
HSV-2 at the site of inoculation proceeds by a defined series of steps.  Thus, reductions in HSV-2 shedding at 
24 hours post-challenge provide a simple and direct measure of vaccine-enhanced immune clearance of HSV-
2 challenge virus.  Importantly, this quantitative measure of protection against HSV-2 is more robust than +/- 
survival statistics because it spans a 3000-fold range and has less than a 10-fold standard deviation (Fig. 3). 
 Based on these considerations, an important feature of the ocular model of HSV-2 challenge to be used in 
these studies is that each vaccinated animal will yield three quantitative (objective) measures of immunity that 
may be correlated by regression analysis: 1. virus-specific IgG response, 2. virus-specific DTH response, and 
3. vaccine-induced protection against HSV-2 as quantified by reduced shedding of the challenge virus at 24 
hours post-challenge (Fig. 3).  Unlike survirval, these statistics do not yield false-positive results, particularly 
when vaccine-induced protection is expressed as “% natural protection,” as compared to the level of protection 
conferred by recovery from wild-type HSV-2 infection. Because of the statistical power of regression analyses, 
this 2-year pilot study will yield sufficient quantitative data to establish proof-of-principle that supports or refutes 
the hypothesis that live, attenuated HSV-2 vaccines will impart protective immunity against HSV-2 challenge 
that is functionally comparable to recovery from wild-type HSV-2 infection. 
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 Exp. 3-1 Does vaccination with live HSV-2 ICP0- and/or ICP34.5- viruses protect mice from lethal HSV-2 
challenge with an efficiency comparable to recovery from wild-type HSV-2 infection? 

 a. Rationale:  Mice are a valuable tool for testing vaccines because adequate numbers (statistical power) 
may be readily achieved, and because many tools are available in mice for dissecting mechanisms of 
immunity (e.g., MHC class I tetramers, hundreds of gene knockouts, adoptive transfer, etc).  However, 
guinea pigs offer a better model for HSV-2 vaccine-challenge studies for reasons that are discussed below.  
To derive the full benefit of both models, the protective efficacy of live HSV-2 viruses will be compared to 
transient HSV-2 vaccines in mice (Exp. 3-1) and guinea pigs (Exp. 3-2).  Exp. 3-1 will test the hypothesis 
that vaccination of mice with live HSV-2 ICP0- and/or ICP34.5- viruses confers protection against lethal 
HSV-2 challenge that is comparable to recovery from wild-type HSV-2 infection. 

 b. Design:  1. Lethal challenge of vaccinated mice with wild-type HSV-2.  Mice vaccinated in Exp. 2-1 will be 
carried forward to this experiment.  On day 70 post-vaccination, mice will be inoculated by applying 105 pfu  
of HSV-2 strain MS to the eye following scarification of the corneal epithelium (n=10 per vaccination group).  
Duration of survival will be monitored in each group until 30 days post-challenge.  Viral titers in ocular tear 
film will be measured daily between days 1 and 7 post-challenge, and weekly thereafter. 

 c. Anticipated Results & Interpretation:  1. Vaccine-induced protection against HSV-2 pathogenesis.   Less 
than 25% of mice vaccinated with gD or HSV-2-ΔOBP are expected to survive HSV-2 challenge. In 
contrast, 100% of mice vaccinated with live HSV-2 viruses (attenuated or wild-type) are expected to survive 
HSV-2 challenge (Table 3). 2. Vaccine-induced clearance of HSV-2 challenge virus.  It is anticipated that 
naïve mice will shed 2 x 104 pfu per eye of HSV-2 at 24 hours post-challenge, and will shed virus daily 
thereafter until the time of death.  Preliminary results with HSV-1 suggest that mice vaccinated with gD or 
HSV-2-ΔOBP will shed titers of virus that are 2- to 6-fold lower at 24 hours post-challenge, and will shed 
virus daily for 4 to 6 days post-challenge (Table 3).  Mice vaccinated with live HSV-2 viruses are expected 
to shed 300- to 3000-fold less infectious virus than naïve controls at 24 hours post-challenge, and will not 
shed infectious virus on day 2 post-challenge or thereafter. 3. Protection against HSV-2 challenge. This 
parameter will be estimated in terms of three values:  i. Frequency of survival, ii. Reduced viral shedding at 
24 hours (pfu/eye naive ÷ pfu/eye vaccinated), and iii. Reduction in duration (days) of viral shedding (naïve - 
vaccinated).  4. Predictive value of DTH response.  On an animal-by-animal basis, the magnitude of the 36-
hour DTH response to HSV-2 test antigens is expected to be proportional to protection against HSV-2 
challenge, and this hypothesis will be tested by regression analysis (r2 = goodness of fit measure).  

 d. Pitfalls and Solutions:  1. Ocular HSV-2 infection is not an accurate model of genital herpes. Neither the 
route of HSV-2 vaccination (the eye) nor the route of challenge (the eye) are ideal from the standpoint of 
mimicking human vaccination (intramuscular) or human exposure to exogenous HSV-2 (genital infection).  
However, as an initial screening tool for 
an exploratory study, the eye provides 
an excellent site for HSV-2 challenge 
because challenge virus shedding may 
be monitored in the tear film over time.  
Thus, vaccine-induced protection may 
be quantified and expressed in terms of 
“% natural protection,” where 100% will 
be defined by the reduction in shedding 
of the HSV-2 challenge virus in wild-
type HSV-2 infected control mice. 

  e. Methods: 1. Measurement of viral 
titers in mice will be performed as 
described by Halford & Schaffer, 2000, 
2001 (29, 30). 

Table 3.  Predicted protection against HSV-2 challenge 
induced by candidate HSV-2 vaccines.  

Immunogen 
log virus (pfu / eye), 
24 h post-challenge 

Survival 
frequency 

Days of vi
shedding

Negative control    
1. KLH + alum adjuvant 4.3 ± 0.5 0% 6 ± 1 

Positive control    

2. wild-type HSV-2 (MS) 0.5 ± 0.5 100% 1 ± 0 

HSV-2 test vaccines    

3. HSV-2 gD + alum 4.0 ± 0.5 < 25% 5 ± 2
4. HSV-2-ΔOBP 3.5 ± 0.5 < 25% 4 ± 1
5. HSV-2-Δ0  1.0 ± 0.5 100% 1 ± 0
6. HSV-2-Δ34.5 1.0 ± 0.5 100% 1 ± 0
7. HSV-2-Δ0+34.5 2.0 ± 1.0 100% 2 ± 1
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 Exp. 3-2 Does vaccination with live HSV-2 ICP0- and/or ICP34.5- viruses protect guinea pigs from lethal 
HSV-2 challenge with an efficiency comparable to recovery from wild-type HSV-2 infection? 

 a. Rationale:  Mouse models overestimate the immune protection that is conferred by HSV-2 vaccine 
candidates.  This is likely because mouse IgG and CD8+ T cells are more effective in controlling HSV-2 
infections than their human counterparts.  Specifically, two key immune evasion proteins of HSV-2 are not 
functional in mice: 1. the viral Fc-γ receptor (gE-gI) does not effectively block mouse IgG (Fig. 5 of Ref. 55) 
and 2. the viral ICP47 protein does not block the mouse TAP antigen transporter as efficiently as human 
TAP (1); thus, mouse CD8+ T cells respond quickly to HSV-infected mouse cells (58). 

  HSV-2’s full suite of immune-evasion proteins appears to be functional in guinea pigs.  Spontaneous 
reactivation (i.e., subclinical shedding) occurs in HSV-2 infected guinea pigs in the same manner that 
occurs in humans (67, 73).  Thus, guinea pigs provide a superior index (relative to mice) to gauge how 
protective an HSV-2 vaccine candidate will be in protecting humans against exogenous HSV-2 infections.   

  It is hypothesized that live HSV-2 ICP0- and/or ICP34.5- viral vaccines will induce a B cell- and T cell-
response against HSV-2 antigens that protects guinea pigs against lethal HSV-2 challenge with an efficacy 
that is comparable to recovery from wild-type HSV-2 infection. 

 b. Design:  The experimental designs described in Exp. 2-1, Exp. 2-2, and Exp. 3-1 are not species-specific, 
and will be applied to guinea pigs as follows.  Guinea pigs will be vaccinated with gD or KLH as described 
in Exp. 2-1 (n=10 per group).  Guinea pigs will be inoculated in both eyes on day 0 with 105 pfu per eye of 
the viruses listed in Table 2.1, and viral replication will be monitored to establish the efficiency of 
vaccination in animals inoculated with live viruses.  On days 30 and 60, guinea pigs will be anaesthetized 
and bled (n=10 per group) to determine titers of HSV-specific IgG by antibody-capture ELISAs using the 
same antigens described in Table 2.1.  ELISAs will differ in that a detection reagent specific for guinea pig 
IgG will be used (i.e., anti-guinea pig γ chain).  On days 59 and 60, n=5 of 10 guinea pigs per vaccination 
group will be used in DTH tests with HSV-2 test antigens versus control antigens derived from guinea pig 
embryonic fibroblasts (Table 2.2).  On day 70 post-vaccination, guinea pigs will be inoculated with 105 
pfu/eye of HSV-2 strain MS, and duration of survival and viral titers in ocular tear film will be measured.  
Thus, B-cell, T-cell, and protective immune responses will be compared amongst guinea pigs vaccinated 
with 1. a gD subunit vaccine, 2. HSV-2-ΔOBP virus, or 3. HSV-2-Δ0, -Δ34.5, or -Δ0+34.5 viruses.  Vaccine-
induced immune responses will be normalized relative to guinea pigs that recover from wild-type HSV-2 
infection, and these immune responses will be expressed in terms of “% natural response.” 

 c. Anticipated Results & Interpretation:  Most guinea pigs vaccinated with an HSV-2 gD subunit vaccine or 
replication-defective HSV-2-ΔOBP virus will succumb to lethal HSV-2 challenge (<20% survival).  In 
contrast, guinea pigs inoculated with live HSV-2 viruses (attenuated or wild-type) will exhibit i. a detectable 
DTH response against HSV-2 antigens, ii. rapid clearance of HSV-2 challenge virus from the ocular site of 
challenge, and iii.  100% survival after HSV-2 challenge.  

 d. Pitfalls and Solutions / e. Methods:  Will be the same as described in Exp. 2-1, 2-2, and 3-1, whose 
designs are not species-specific, and thus apply to HSV-2 vaccine-challenge studies in guinea pigs. 

Conclusion.  The studies described above represent the first phase in a 5-year plan.  In Phase 1 of this 
project, proof-of-principle will be sought to determine if live HSV-2 ICP0- and/or ICP34.5- viruses are avirulent 
and effective as an HSV-2 vaccine, as defined by the achievement of wild-type-like levels of protection.  In 
Phase 2 of this project (Years 3 - 4), guinea pigs will be vaccinated with live HSV-2 ICP0- and/or ICP34.5- 
vaccines by subcutaneous or intramuscular routes to verify that (like wild-type HSV infections) protective 
immunity is not site-specific, but rather is systemic.  Thus, guinea pigs vaccinated with live HSV-2 ICP0- and/or 
ICP34.5- viruses should be protected against HSV-2 challenge of the eye, flank, footpad, or genitals.  Upon 
successful completion of these studies, Phase 3 (Years 4-5) will focus on product development.  Specifically, 
processes will be established and validated for manufacture of a vaccine product that meets the good 
manufacturing practice guidelines set forth by the FDA.  In addition, animal safety, tolerability, and efficacy 
studies will be conducted in accordance with good laboratory practice guidelines to support an investigative 
new drug application to advance a new HSV-2 vaccine candidate into human Phase I clinical trials. 
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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 = 300 mice, Aim 
2 (and 3) = 300 mice, Aim 3 = 300 guinea pigs. In total, 600 mice and 300 guinea pigs will be used. 
(1)  For Specific Aim 1, female strain 129 mice and rag2-/- mice (6-8 weeks) will be used for Exp. 1-2.  

Following anesthesia, mouse corneas will be scratched with a 26 g needle and 4 μl of medium containing 
105 pfu of HSV-1 and HSV-2 viruses will be placed on each cornea.  Viral replication and pathogenesis (or 
lack thereof) will be recorded over a 100-day observation period.  Mice that develop symptoms of serious 
disease will be euthanized by CO2 inhalation.  All mice that remain healthy on day 100 p.i. will be 
euthanized by CO2 inhalation, and their TG will be harvested for measurement of viral DNA loads in the 
TG.  A total of 300 mice will be required for Specific Aim 1. 

 For Specific Aim 2, female strain 129 mice will be vaccinated with 1 of 8 HSV-2 vaccine candidates or 
controls, and bled for measurement of HSV-specific IgG titers and evaluated for delayed-type 
hypersensitivity responses to HSV-2 antigens.  A total of 300 mice will be required for Specific Aim 2. 

 For Specific Aim 3, female strain 129 mice will be carried forward from Specific Aim 2, and thus no 
additional mice will be required for Exp. 3-1.  In Exp. 3-1, vaccinated mice will be challenged by ocular 
infection with a virulent strain of HSV-1 (strain G).  Exp. 3-2 will be the same as experiments describe in 
Exp. 2-1, Exp. 2-2, and Exp. 3-1, but guinea pigs will be the animal model, and identical method will be 
used.  Because of the identical experimental design, a total of 300 guinea pigs will be required for Exp. 3-2. 

(2) Mice and guinea pigs are established models that allow investigation of both the virological and 
immunological aspects of HSV-2 vaccine-challenge studies.  The number of animals to be used is 
determined by the minimum number of replicates that is required to assure that statistical analysis will 
provide an objective measure of differences between treatment groups in each experiment. 

(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)  Prior to inoculation with HSV-1, isotonic citrate buffer containing xylazine (7 mg/kg) and ketamine (100 
mg/kg) will be administered i.p. to mice or guinea pigs, and a topical analgesic (Proparacaine) will be 
applied to both eyes.  Both corneas will be scratched with a 26 g needle, and 4 – 10 μl of medium 
containing 105 pfu of herpes simplex virus 1 or herpes simplex virus 2 will be placed on each cornea. 

(5) Mice and guinea pigs will be euthanized by CO2 inhalation.  This method of euthanasia is consistent with 
the recommendation of the Panel on Euthanasia of the American Veterinary Medical Association. 
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