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Abstract
The replication-defective herpes simplex virus 2 (HSV-2) dl5-29 mutant virus strain with deletions
in the UL5 and UL29 genes has been shown to protect mice and guinea pigs against challenge with
wild type (wt) HSV-2 and to protect against ocular disease caused by HSV-1 infection. The dl5-29
strain is currently being prepared for clinical trials as a herpes vaccine candidate. As a possible
approach to improve the efficacy of dl5-29 as a genital herpes vaccine, we replaced the UL41 gene
encoding the virion host shutoff function (vhs) with the UL41 gene from HSV-1. While the HSV-2
UL41 and HSV-1 UL41 gene products have analogous functions, vhs-1 is 40-fold less active than
vhs-2. Previously, it was shown that disruption of the UL41 gene can increase the efficacy of dl5-29
as a vaccine against HSV-2. These properties led us to hypothesize that replacement of vhs-2 by
vhs-1 would decrease cytopathic effects in infected host cells, allowing longer survival of antigen-
presenting cells and induction of stronger immune responses. The new recombinant dl5-29-41.1 virus
shows nearly the same immunogenicity and protection against HSV-2 challenge as the parental
dl5-29 virus or a triply deleted mutant virus, dl5-29-41, in the murine model of infection, and grows
to higher titers than the parental strain in complementing cells, which is important for GMP
production. The results have implications for the design of future HSV-2 vaccine candidates and
mechanisms of induction of protective immunity against genital herpes.

Introduction
Herpes simplex virus 2 (HSV-2) causes a sexually transmitted infection that is a common cause
of genital lesions. The worldwide HSV-2 seroprevalence has been reported to be approximately
16% in the adult population [1]. The highest prevalence of antibodies to HSV-2 among
developed counties has been reported in the USA with an overall age adjusted rate of
approximately 17% [2,3], although in certain groups the seroprevalence is reported to be nearly
40% [3]. The incidence of HSV-2 infection is particularly high in developing counties and
reaches above 90% in groups of high risk [4].
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Primary HSV-2 infection is particularly dangerous in pregnant woman due to a high risk of
transmission of the virus to the fetus and newborn. This can lead to significant morbidity and
mortality [5]. Recent studies have shown that HSV-2 infection is associated with increased
risk of acquisition of human immunodeficiency virus type 1 (HIV-1) [6,7] and that the use of
antiviral drugs targeting HSV in co-infected individuals reduces the HIV-1 viral load in both
genital lesions and plasma [8,9]. These findings have direct clinical implications, suggesting
that HIV-1 transmission and/or disease in the population may be reduced by therapy directed
against HSV-2.

Infection with HSV results in a life-long latent infection which may lead to intermittent
reactivation, shedding, and recurrences of disease [4]. While antiviral chemotherapy can reduce
HSV disease, it does not eliminate the latent viral reservoir and even the most stringent regimen
is not 100% effective at preventing transmission [10]. The most practical measure to prevent
HSV acquisition and transmission would be an effective prophylactic and/or therapeutic
vaccine.

Numerous attempts to develop an HSV-2 vaccine have been undertaken [11]. The most
successful candidate to date, a recombinant gD subunit vaccine with MPL adjuvant, gave
promising results in animal models [12,13]; however, when tested in the general population,
it gave protection only in women seronegative for both HSV-1 and HSV-2 [14]. A vaccine
candidate based on gB and gD glycoproteins also failed to prevent HSV-2 infection when tested
in the general population [15,16]. Another attempt to develop an HSV-2 vaccine was
undertaken using a single-cycle HSV-2 mutant containing a deletion of glycoprotein H. This
candidate was ineffective as a therapeutic in previously infected patients [17].

Replication-defective mutant viruses are also good potential candidates as HSV vaccines
because they activate innate immune responses through Toll-like receptors, can stimulate
humoral and cellular immune responses and have a high biosafety profile because of their
inability to replicate and spread and to establish latency. Studies have shown that replication-
defective mutants of HSV are able to stimulate immune responses similar in magnitude and
effectiveness to replication-competent viruses [18]. Because of these properties, replication-
defective HSV-2 mutant strains are being considered as vaccine candidates. An HSV-2 mutant
virus containing a deletion of the UL29 gene, which encodes infected cell protein 8 (ICP8), has
been shown to protect mice and guinea pigs against challenge with wild-type HSV-2 [19,20].
To reduce the potential for the generation of replication-competent virus due to recombination
with a wild-type HSV-2, a second mutation in the UL5 gene, which encodes a component of
viral helicase-primase complex, was introduced into the virus containing the UL29 deletion
[21]. This double-deletion mutant virus, dl5-29, was as effective as the UL29 mutant virus,
dl29 when used as a vaccine against HSV-2 in an animal model [22]. The dl5-29 HSV-2 mutant
has also been shown to protect against ocular infection with HSV-1 [23].

All alphaherpesviruses contain a homolog of the HSV UL41 gene, which encodes an abundant
tegument protein essential for shutoff of host protein synthesis and therefore is also known as
the virion shut-off (vhs) protein. Vhs has RNase activity [24] and is involved in degrading both
viral and host mRNA [25]. At early times post-infection, the high levels of viral gene
transcription allow the continued expression of viral genes, but the vhs activity prevents over-
expression of immediately early (IE) and early (E) genes, allowing for efficient transition
between gene classes [26]. At later times post-infection the vhs activity is neutralized by
interaction with another virion tegumet protein, VP16 [27,28]. Importantly, vhs RNase activity
contributes to HSV pathogenesis and neurovirulence [29,30] and plays a role in HSV evasion
of host immunity. There is evidence that 1) vhs degrades mRNA of the genes involved in the
antiviral immune response [31], 2) is required for inhibition of dendritic cell (DC) activation
[32,33], and 3) inhibits dendritic cell apoptosis [34]. Studies with replication-defective [35]
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and replication-competent [36] HSV-1 viruses have shown that deletion of UL41 increases the
immunogenicity of these viruses.

To improve the efficacy of dl5-29 as a vaccine against HSV-2, we disrupted the UL41 gene in
dl5-29 [37]. Experiments in mice showed that the additional deletion in the UL41 gene
significantly increases the efficacy of double-deletion mutant, when tested against challenge
with HSV-2 G strain. However, dl5-29 and the dl5-29-41L triple-deletion mutant were equally
efficient in reducing the genital disease and viral shedding after challenge with the wild-type
HSV-2 333 strain in guinea pigs and mice [38].

In this study we tested the effect on the immunogenicity of dl5-29 of replacement of the HSV-2
UL41 gene with the UL41 gene of the HSV-1 KOS strain. While vhs-1 and vhs-2 have analogous
functions in HSV-1 and HSV-2, vhs-1 is 40-fold less active than vhs-2 [39]. Therefore, we
hypothesized that replacement of vhs-2 with vhs-1 in the dl5-29 virus would result in slower
degradation of viral and host mRNA in infected cells and longer survival of infected cells and
greater immunogenicity.

Materials and Methods
Cells and viruses

Vero (ATCC #CRL-1586), Hep2 (ATCC #CCL-23), and V529 [21] cells which contain the
HSV-2 UL5 and UL29 (ICP8) genes, were grown and maintained as described [22]. The HSV-2
dl5-29 replication-defective mutant virus contains deletions in the UL5 and UL29 genes [21,
22], and the HSV-2 dl5-29-41L mutant virus also contains lacZ coding sequences within the
UL41 locus of dl5-29 virus, [37]. The dl5-29-41 triple deletion mutant virus was constructed
by co-transfection of dl5-29-41 viral DNA with linearized pUC41.1 plasmid DNA into V529
cells and selection of white plaques (T. Dudek and D. Knipe, unpublished results). The
replication-defective mutants dl5-29, dl5-29-41, dl5-29-41L and dl5-29-41.1 were propagated
on V529 cells as described [21]. The wild-type HSV-2 G strain [40] and 186syn+-1 [41] viruses
were grown in Vero cells. Supernatant virus and cell lysate stocks were prepared and stored
as described [19].

Plasmids
The pUC41.1 plasmid was constructed as follows. A 3585 bp HindIII-HpaI DNA fragment
containing the HSV-1 UL41 gene and flanking sequences was isolated from the pSG124
plasmid [42] and cloned into the Hind III-Sma I sites of plasmid pUC19 (Promega) to generate
the pUC41.1 plasmid. The UL41 gene and flanking sequences in pUC41.1 were determined at
the Dana Farber/Harvard Cancer center DNA Resource Core using standard primers specific
for the multiple cloning site (MCS) of pUC19. Viral genome nucleotide numbers correspond
to the published sequences of HSV-1 strain 17 [43] or HSV-2 strain HG52 [44].

Antibodies
Mouse monoclonal antibodies specific for gB (ab6506), gD (ab6507), β−actin (ab 8226), and
GAPDH (ab8245) antibodies were purchased from Abcam, Inc. Mouse monoclonal antibodies
specific for HSV ICP5, and ICP0 were purchased from East Coast Bio, Inc. The 3-83 rabbit
polyclonal anti-ICP8 serum has been described [45].

Viral growth assays
For viral growth curve experiments, dl5-29, dl5-29-41 and dl5-29-41.1 were used to infect
V529 cells at multiplicity of infection (MOI) of 3 PFU/cell as described [21] .
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Analysis of protein expression by western blotting
Viral protein expression was examined by western blotting as described [46]. Briefly, cultures
of Hep2 cells were infected at an MOI=10 with dl5-29, dl5-29-41 or dl5-29-41.1 mutant viruses
and harvested at the indicated times. Cells were lysed with Laemmli gel sample buffer with
complete Mini protease inhibitors (Roche Applied Science, Indianapolis, IN), and the lysates
were boiled for 10 min. Equal amounts of cell lysate from each infection were analyzed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and subsequent
Western blotting.

Analysis of protein expression by radioisotopic labeling
Cultures of Hep2 cells were infected at MOI=10 with dl5-29, dl5-29-41L, dl5-29-41.1, HSV-2
186syn+-1, HSV-1 KOS, or mock-infected. Cells were labeled with radioactive amino acids
according to [47,48] with the following modifications. At 30 min before the indicated times
(7-8 hpi) the cells were washed twice with methionine/cysteine-free DME medium (Invitrogen,
Carlsbad, CA) and then incubated in methionine/cysteine-free DMEM supplemented with 50
μCi/ml of NEG-772 Easy Tag EXPRESS 35-S Protein Labeling Mix containing 35S L-
methionine and 35S L-cysteine (Perkin Elmer Life and Analytical Sciences, Waltham, MA)
for 30 min. Cells were washed twice with cold PBS and lysed with gel sample buffer containing
complete Mini protease inhibitors (Roche Applied Science, Indianapolis, IN). Proteins were
resolved in diallyltartardiamide cross-linked 9.25% polyacrylamide gels by SDS-PAGE. The
gel was dried under vacuum, and the dried gel was exposed to Kodak BioMAX film for
autoradiography.

Animal studies
All procedures were according to a protocol approved by the Institutional Animal Use
Committee of Harvard Medical School.

Immunization and challenge—Five week old female C57Bl/6 mice (Taconic Farms) were
immunized twice, subcutaneously in the rear flank [49], 4 weeks apart, with 1×106 plaque
forming units (pfu) of extracellular supernatant virus in a 50μl volume. At 4 weeks after the
second immunization, mice were challenged with HSV-2 G stain by intravaginal infection as
described [19].

Measurement of antibody titers—At 7 days after the second immunization, blood was
taken via cardiac puncture, and sera were prepared using Microtrainer tubes (BD Biosciences,
Franklin Lakes, NJ), pooled and stored at −20° C. Total HSV-2-specific IgG titers were
determined by ELISA assays [21]. Neutralizing antibody titers were determined using a
standard plaque-reduction assay [18].

Measurement of T cell responses—For MHC-I pentamer staining of HSV gB specific
CD8+ T-cells, mice were bled via the tail vein at days 6, 7 and 8 post-immunization. The
quantification of circulating HSV gB-specific CD8+ T-cells was conducted by MHC-I
pentamer staining as described [37].

For intracellular cytokine staining, splenocytes from C57Bl/6 mice were harvested at day 7
after the second immunization. Analysis of the HSV gB-specific CD8+ T-cells by intracellular
cytokine staining was performed as described [37].

Measurement of viral shedding—On day 1 to 5 post challenge, the vaginal cavities of
mice were swabbed with pre-wetted dacron swabs (PurFybr, Munster, IN) twice. For each
mouse, the collected sample was placed in 1.0 ml of sterile phosphate buffered saline (PBS:
137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 2 mM KH2PO4, 10 mM MgCl2, 1 mM
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CaCl2, pH 7.4)-0.1% glucose −1% bovine calf serum (BCS) and stored at −80°C. Viral titers
were determined by standard plaque assay on Vero cells [48]

Clinical observations—Between days 1 and 10 post challenge mice were monitored for
signs of genital lesions. The severity of disease was scored as follows: 0, no sign; 1, slight
genital erythema and edema; 2, moderate genital inflammation; 3, purulent genital lesions; 4,
hind-limb paralysis. [19].

Measurement of GAPDH mRNA levels
Hep-2 cells were either mock-infected or infected with the indicated viruses at an MOI of 15
PFU/cell. Cells were harvested at 5 hpi in Trizol reagent (Invitrogen), and the sample was
extracted with 0.5 volume of chloroform. The samples were mixed with isopropanol and kept
at room temperature for 10 minutes, and the precipitate was collected by centrifugation and
washed twice with 70% ethanol. The RNAs were dissolved in RNase-free water and stored at
−80°C. To obtain cDNAs, three hundred nanograms of each RNA sample was reverse
transcribed using oligo-(dT) primers and 200 units of SuperScriptTM II RT (Invitrogen) in a
20 μl volume according to the manufacturer’s instructions. Real-time PCR were performed
using 0.5 μl of cDNA, 12.5 μl of Power SYBR green PCR Master Mix (Applied Biosystem)
and 250nM of each primer set. The sequence of GAPDH primers (5′-
GGACGGGAAGCTTGTCATCAATGG-3′ and 5′-
TGTGGTCATGAGTCCTTCCACGAT-3′) and 18S rRNA primers (5′-
GTAACCCGTTGAACCCCATT-3′ and 5′CCATCCAATCGGTAGTAGCG’-3) were
designed as described [50]. Each reaction was performed in triplicate in 20 μl volumes. The
reaction conditions were as follows: 50°C for 2 min, 95°C for 10 min initially, followed by 40
cycles of 95°C for 15 sec and 60°C for 1 min. The GAPDH RNA level was normalized to the
18S rRNA level using the PFAFFL method [51]. The GAPDH mRNA level in mock infected
cells was set as 100%, and the levels of GAPDH mRNA in infected cells were calculated as
the percentage of mock-infected cells.

Statistical analysis
Statistical analysis was performed using the two-sided Student’s t-test.

Results
Construction of an HSV-2 dl5-29 recombinant virus encoding HSV-1 vhs

A replication-defective triple mutant strain of HSV-2 with mutations in the UL5, UL29 and
UL 41 genes showed increased immunogenicity and protective capacity relative to the dl5-29
virus double mutant [21,22,52] in some [37] but not all situations [38]. It therefore appeared
that reduction in vhs activity might increase the immunogenicity of dl5-29. HSV-2 has a 40-
fold more active virion host shutoff activity than HSV-1 [39]; therefore we asked if replacement
of the HSV-2 UL41 gene encoding vhs with the HSV-1 UL41 gene could also increase
immunogenicity of dl5-29.

We isolated a new dl5-29 recombinant encoding HSV-1 UL41 by co-transfection of dl5-29-41L
viral DNA containing a lacZ expression cassette in the UL41 gene locus (Figure 1C) with
linearized pUC41.1 plasmid containing the HSV-1 UL41 gene (Figure 1D) into V529 cells.
Progeny viruses were harvested, and white plaques were isolated in medium containing X-gal,
as described previously [20]. The virus was plaque-purified three times, and the new virus was
named dl5-29-41.1.

Expression of HSV-1 vhs protein, by the dl5-29-41.1 virus, was verified by Western blotting
analysis of infected V529 cell lysates. HSV-1 and HSV-2 vhs proteins (ICP25) show different
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electrophoretic mobilities [53], and we observed that in our gel system, the HSV-2 strain
186syn+-1 vhs protein had a reduced mobility as compared to that of HSV-1 strain KOS vhs
(Figure 2, Panel A). The HSV-2 dl5-29 vhs protein co-migrated with the wild-type HSV-2 vhs,
while dl5-29-41L did not express any vhs protein. In contrast, the dl5-29-41.1 virus expressed
a vhs protein that co-migrated with HSV-1 KOS vhs. The dl5-29-41.1 recombinant did not
express β-galactosidase, as dl5-29-41L did (Figure 2, panel B), indicating that the HSV-1
vhs gene had replaced the lacZ expression cassette in the dl5-29-41.1 virus. Western blot
analysis with HSV-1 specific ICP4 anti-serum showed that only HSV-1 KOS expressed HSV-1
ICP4 (Figure 2, panel C), confirming that dl5-29-41.1 was an HSV-2 virus expressing an
HSV-1 vhs protein, not an HSV-1 contaminant. Western blot analysis with anti-serum specific
for both HSV-1 and HSV-2 ICP8 proteins provided a control for expression of viral proteins
in all infected cultures (Figure 2, panel D). These blots confirmed that dl5-29-41.1 was a
recombinant of HSV-2 dl5-29 expressing the HSV-1 vhs protein.

Growth properties of dl5-29-41.1
We further examined the properties of dl5-29-41.1 by studying its plaque size and replication
kinetics in the V529 complementing cell line. We observed that plaques formed by dl5-29-41.1
were larger than the double deletion mutant virus, dl5-29, or the triple deletion mutant virus,
dl5-29-41 (Figure 3A). Similarly, in single cycle growth analysis, dl5-29-41.1 replicated to
titers 8-fold higher than dl5-29 or dl5-29-41 (Figure 3B). Therefore, replacement of the HSV-2
vhs with HSV-1 vhs enhanced the replication of dl5-29.

Virion host shutoff activity
We investigated the ability of the dl5-29-41.1 virus to shut off host protein synthesis by
measuring both protein synthesis and mRNA levels in infected Hep-2 cells. In cells labeled
with 35S-L-methionine and L-cysteine, HSV-1 or HSV-2 infection caused a reduction in the
host protein synthesis, as shown by a decrease in specific proteins, e.g., bands H1 and H2, and
by a decrease in the smear of host proteins through the lane (Figure 4). In contrast, dl5-29-41
showed no decrease in host protein synthesis, and the new recombinant dl5-29-41.1 showed a
moderate decrease in host protein synthesis, similar to wild-type HSV-1.

A more direct test of vhs activity is measurement of host cell mRNA levels; therefore, we
determined the levels of cellular GAPDH mRNA by reverse transcriptase-polymerase chain
reaction (RT-PCR) assay of RNA from Hep-2 cells at 5 hours post-infection. Cells infected
with wild-type HSV-2 strain 186syn+-1 or dl5-29 virus showed an 80% reduction in GAPDH
mRNA, while cells infected with wild-type HSV-1 strain KOS virus showed a 50% reduction
(Figure 5) while dl5-29-41 showed no decrease in GAPDH mRNA levels. In contrast, the
dl5-29-41.1 virus-infected cells showed approximately 65% reduction in GAPDH mRNA
levels under these conditions; therefore, the reduction in mRNA was substantially greater in
cells infected with dl5-29-41.1 than in cells infected with dl5-29-41. The ability of dl5-29-41.1
to reduce GAPDH mRNA levels seemed to be less than wild-type HSV-2, but greater than
wild-type HSV-1, suggesting that HSV-2 specific factors other than vhs may affect the ability
of HSV-2 to reduce GAPDH mRNA levels.

Gene expression by dl5-29-41.1 virus in non-complementing cells
Comparison of viral cell protein synthesis in 35S-L-methionine- and cysteine-labeled cells
infected with the replication-defective dl5-29, dl5-29-41 or dl5-29-41.1 mutant viruses showed
similar levels of viral proteins such as ICP5, ICP6 and ICP25 (Figure 4). The viral glycoproteins
B (gB) and D (gD) were difficult to measure in the total infected cell profile, in particular gD,
so we measured expression of these viral proteins by western blotting (Figure 6).
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Viral surface glycoproteins are key targets for neutralizing antibodies and T-cell responses.
Among the 11 known herpes glycoproteins, gB and gD appear to be the most immunodominant
[54,55] and have been tested in subunit vaccines against HSV-2 [12,15,16,56]. Because a T-
cell epitope found within gB is highly dominant in C57Bl/6 mice and can be used to assess the
CD8+ T-cell responses elicited by HSV infection, we wished to determine the levels of gB and
gD expressed by dl5-29-41.1 as compared to the levels expressed by dl5-29 and dl5-29-41.
We performed Western blot analysis of Hep-2 cells infected with wild-type HSV-2 or the
dl5-29, dl5-29-41 or dl5-29-41.1 mutant viruses. The dl5-29 virus expressed gB at lower levels
than wild-type HSV-2, dl5-29-41.1 expressed less gB than dl5-29, and dl5-29-41 expressed
substantially less gB than dl5-29-41.1 (Figure 6). All of the mutant viruses expressed gD at
similar levels, approximately 50% less than that of wild-type HSV-2. Reduced gB expression
was previously observed for dl5-29 when compared to wild-type and single dl5 and dl29
deletion mutants [21]. Therefore, additional mutations seemed to reduce gB expression but did
not affect gD expression.

Vhs-1 protein is packaged into the dl5-29-41.1 virion
Vhs is an abundant tegument protein [25], and HSV-1 X HSV-2 recombinants isolated
previously suggest that the HSV-1 and HSV-2 vhs proteins are interchangeable [53]. To
confirm that vhs-1 protein was incorporated into dl5-29-41.1 virions, we performed western
blot analysis of virions from extracellular preparations of virus. We compared the virion
proteins of dl5-29-41.-1 virus with equivalent numbers of pfu of dl5-29 and dl5-29-41 viruses.
Vhs protein was observed at high levels in dl5-29-41.1 virions (Figure 7). The darker band
seen for vhs in dl5-29-41.1 virions could be due to increased amounts of vhs protein in virions
or due to preferential recognition by the antibody with the HSV-1 protein. To confirm that we
had compared the equal amounts of virions, the samples were also probed for gB, gD and ICP5.
Equal amounts of these proteins were observed (Figure 7), indicating that equal amounts of
virions had been analyzed. Therefore, vhs-1 protein was assembled in dl5-29-41.1 virions.

Immunogenicity Studies
HSV-2-specific antibody responses elicited by immunization with dl5-29-41.1
were similar to those of dl5-29 and dl5-29-41—To measure humoral immune responses,
we determined antibody titers at one week after the second immunization using the pooled sera
collected from all eight mice of each group. Total IgG responses to HSV-2 were assayed by
ELISA, using HSV-2 virions as the antigen. Mice immunized with dl5-29 showed titers of 800
while dl5-29-41 and dl5-29-41.1 gave similar titers of 400 (Table 1). When neutralizing
antibody titers were measured, mice immunized with dl5-29-41 showed titers of 256 while
dl5-29 and dl5-29-41.1 showed titers of 128 (Table 1). Thus, the viruses elicited similar
antibody responses in mice

The dl5-29-41.1 virus induces CD8+ T-cell responses to HSV gB-specific
epitopes at levels similar to those induced by dl5-29 and dl5-29-41—In HSV-
infected C57Bl/6 mice, approximately 70-90% of all HSV-specific CD8+ T-cells recognize a
gB epitope, SSIEFARL [54], providing an easily quantifiable assay for the CD8+ T-cell
response against HSV. Therefore, we used this epitope to measure and compare the HSV-
specific CD8+ T-cell responses elicited in mice immunized with dl5-29-41.1 virus, the dl5-29
double mutant virus, or the dl5-29-41 triple mutant virus. The primary gB-SSIEFARL specific
CD8+ T-cell responses were quantified using MHC-I pentamers on days 6 to 8 post-
immunization. The peak responses were observed at day 7 in all groups of immunized animals,
and similar levels of circulating gB-specific CD8+ T-cells were observed in mice immunized
with the three viruses (Figure 8A).
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Secondary HSV gB-specific CD8+ T-cell responses were also assayed in splenocytes at one
week after the second immunization. The collected splenocytes were stimulated with the gB-
specific SSIEFARL peptide, and the percentages of CD8+ T-cells that produced IFN-γ were
measured by an intracellular cytokine staining (ICS) assay. Similar to the primary responses,
we observed comparable responses among the animals immunized with the three viruses
(Figure 8B). Thus, both MHC-I pentamer and ICS assays showed that the three recombinant
viruses induced similar HSV gB-specific CD8+ T-cell responses.

dl5-29-41.1 immunization protects mice from vaginal challenge with HSV-2
We investigated the ability of the dl5-29-41.1 virus to elicit protective immunity against HSV-2
infection in a murine model of genital infection. To compare the protection induced by the
three viruses, we mock-immunized or immunized Balb/c mice twice, one month apart, by
subcutaneous injection in the rear flank with dl5-29, dl5-29-41 or dl5-29-41.1 virus. All groups
were challenged with HSV-2 strain G at one month after the second immunization. Mice were
then scored for the severity of the induced genital lesions and assayed for levels of viral
shedding within the genital tract.

Immunization with dl5-29-41.1 virus reduces viral shedding from the vaginal
tract after challenge with HSV-2—Virus shedding was measured in the genital tract from
1 to 5 days after genital challenge. The mock-immunized (control) group showed high levels
of virus shedding from days 1 to 5 post-challenge with maximal shedding at day 2 (Figure 9A).
In contrast, all three groups of immunized mice showed a significant reduction in virus
shedding as compared to the control group from days 1 to 5 (p < 0.05). Similar to the control
group, maximal viral shedding for all immunized mice was observed on day 2. Of the groups
of immunized mice, the greatest reduction of viral shedding was in animals immunized with
dl5-29-41. However, this shedding was not statistically different from the reduction in viral
shedding in mice from the groups immunized with dl5-29 (p = 0.36) or dl5-2941.1 (p = 0.18).
Thus, immunization with all of the replication-defective viruses tested efficiently reduced viral
shedding after challenge with wild-type HSV-2. In particular, dl5-29-41.1 reduced viral
shedding as effectively as either dl5-29 or dl5-29-41.

Effect of immunization with dl5-29-41.1 on disease progression—To determine if
dl5-29-41.1 could protect against disease induce by vaginal challenge with HSV-2, we
monitored the progression of clinical disease in mice immunized with dl5-29, dl5-29-41 or
dl5-29-41.1 compared to the control group. As observed previously, mock-immunized mice
developed genital lesions by day 4, and by day 10 all mice from this group developed severe
lesions in the genital tract, followed by hind limb paralysis, as reflected in disease scores (Figure
9B). In contrast, immunization with all of the replication-defective mutant viruses protected
mice from genital disease. In immunized mice we observed mild inflammation and erythema
of the genital area by day 5 reaching a maximum at day 7; however, all signs of disease were
eventually cleared in all mice from the immunized groups and all immunized mice survived
the challenge. Most importantly, the dl5-29-41.1 mutant virus protected against disease caused
by genital challenge as effectively as either dl5-29 or dl5-29-41.

Discussion
In this study we constructed a modified replication-defective HSV-2 vaccine candidate virus
by replacing the HSV-2 virion host shut-off (vhs) gene in the HSV-2 mutant virus dl5-29 with
an HSV-1 vhs gene. The new dl5-29-41.1 recombinant virus grows to higher titers than the
parental strain in complementing cells and shows nearly the same immunogenicity and
protection against HSV-2 challenge as the parental virus or a triple mutant virus, dl5-29-41,
containing a deletion within the HSV-2 vhs gene. Although dl5-29-41.1 does not show
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increased immunogenicity, these results have important implications for the design of future
genital herpes vaccine candidates.

Enhanced growth of the dl5-29-41.1 virus
The new recombinant virus, dl5-29-41.1, showed up to 8-fold higher viral yields in the V529
complementing cell line relative to the dl5-29 or the dl5-29-41 viruses. The increased yield of
this virus would be highly advantageous for growth of stocks of an HSV-2 vaccine candidate,
because the growth kinetics and yields of HSV-2 can be limiting in GMP production [57,58].
The increased growth of the recombinant with an HSV-1 vhs gene, as compared with the
parental strain containing the HSV-2 vhs, argues that the strong HSV-2 vhs activity may
actually limit viral yields, while the increased yields relative to dl5-29-41, which expresses no
vhs protein, argues that either some vhs activity is helpful to viral growth or that the UL41
protein enhances the formation or stability of viral particles. Geiss et al. [35] did not observe
any increased replication of an HSV-1 vhs mutant virus; therefore, the effect that we have
observed may be HSV-2 specific.

Gene expression by the new recombinant
Viral gene expression by the dl5-29-41.1 virus was reduced slightly compared to the dl5-29
parental virus, but not as much as the reduction in gene expression observed with the dl5-29-41
virus containing a deletion of the UL41 gene. This argues that either the vhs activity promotes
viral gene expression or that the vhs protein possibly enhances early steps in the infectious
process such as viral entry or uncoating [4]. Alternatively, vhs has been shown to promote the
transition from early to late viral gene expression [26], and this could contribute to the reduced
gene expression with the vhs-negative viruses.

In addition, it appeared that introducing sequential mutations in the replication-defective
mutant virus had a cumulative negative effect on the level of gB expression, while they had
no effect on gD expression. It is unclear at this time why introducing mutations into the UL5,
UL29 and UL41 genes affects expression of these two γ1 genes differently. There appear to be
subtleties of HSV gene control yet to be elucidated.

Immunogenicity of the new recombinant
The new dl5-29-41.1 recombinant induced HSV gB-specific CD8+ T-cell responses, as
measured by pentamer staining and intracellular cytokine expression assays, which were
equivalent to those induced by either the dl5-29 virus or the dl5-29-41 virus. This was surprising
because other groups have shown that disruption of the UL41 gene increases the
immunogenicity of both replication-competent and replication-defective HSV-1 viruses [35,
36] and we have shown previously that disrupting the UL41 gene in the dl5-29 virus by
introduction of a β-galactosidase expression cassette increases its immunogenicity [37]. Due
to this previous body of work, it was unexpected that the dl5-29 virus and dl5-29-41 viruses
would induce CD8+ T-cell responses of similar magnitude, and it was expected that addition
of HSV-1 vhs, with significantly less host-shut off activity [24], would most likely give the
dl5-29-41.1 virus an intermediate phenotype. The discrepancy between these results and the
expected results may be explained by a combination of the differences in glycoprotein B (gB)
expression levels, as the CD8+ T-cell responses were measured against a CTL epitope in this
protein, and the effects that HSV-1 vhs and HSV-2 vhs have on immunogenicity. A higher
level of antigen expression should result in increased CD8+ T-cell responses elicited against
an antigen. dl5-29 and dl5-29-41.1 express similar levels of gB (Figure 6), which is comparable
to that expressed by dl5-29-41L [37], while dl5-29-41 expresses gB at substantially lower
levels (Figure 6). Regardless of the reduced expression levels of gB, dl5-29-41, containing a
deletion of HSV-2 vhs, still elicited similar responses to those of dl5-29, with an intact HSV-2
vhs, and dl5-29-41.1, containing the less effective HSV-1 vhs. This suggests that the abrogation
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of HSV-2 vhs activity can compensate for the reduced viral gene expression levels.
Additionally, replacement of HSV-2 vhs with HSV-1 vhs does not substantially increase the
ability of the virus to induce a cellular immune response. The increased immunogenicity of
strains with reduced vhs activity may be due to 1) increased innate responses in the infected
cells; 2) increased survival of infected antigen-presenting cells; and/or 3) increased apoptosis
of infected cells, engulfment by dendritic cells and cross-presentation, as proposed previously
(Dudek et al., 2008). We conclude that inactivation of the vhs RNase activity is likely needed
for increased immunogenicity.

Protection against genital HSV-2 infection
The new dl5-29-41.1 recombinant virus protected mice against challenge with wild-type
HSV-2 virus with similar efficacy to that induced by dl5-29 or dl5-29-41. Again, this was
surprising, as the dl5-29-41L virus, containing a disruption of the UL41 gene, has previously
elicited stronger protection against HSV-2 G strain viral challenge than dl5-29 [37]. The most
likely explanation for this result would follow the argument given above to explain the lack of
differences seen in mutant viral immunogenicity, i.e. disruption of HSV-2 vhs increases the
immunogenicity and protective capacity of a replication-defective HSV-2 virus even in the
face of reduced viral gene expression, and while replacement of HSV-2 vhs with HSV-1 vhs
does not reduce viral gene expression, it also does not increase the immunogenicity or
protective capacity of a virus.

Implications for herpes vaccine design
At this point it is not clear whether the reduction in viral gene expression seen in the dl5-29-41
virus is an implicit result of the abrogation of all HSV vhs activity or an artifact of the
recombination event that led to the removal of the vhs gene, as the dl5-29-41L virus does not
appear to have a significant reduction in viral gene expression and shows a significantly higher
immunogenicity and protective capacity as compared to dl5-29 in mice challenged with the
HSV-2 G strain [37], although not against the HSV-2 333 strain in mice or guinea pigs [38].

Regardless, these results argue that the replacement of the HSV-2 vhs with HSV-1 vhs in a
replication-defective HSV-2 mutant virus will enhance the growth of the mutant virus in
culture, without reducing its immunogenicity or protective capacity. This is a highly desired
property, as the growth of HSV-2 viruses in GMP conditions can be limiting [57,58]. Therefore,
a higher yield of virus per cell would allow greater flexibility in manufacturing and
immunization protocols for any replication-defective HSV-2 vaccine candidate. Future studies
to design new vaccine constructs should attempt to combine the increased immunogenicity
observed by knocking out the vhs activity with the increased growth observed here with the
HSV-1 vhs protein.
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Figure 1. Schematic diagrams of the HSV and recombinant viral genomes
(A) Genome of wild-type HSV. Shaded boxes represent repeated sequences, and lines represent
unique sequences. (B) Genome of the dl5-29-41L triple mutant virus. The UL5 and UL29 genes
contain deletions, and the UL41 gene contains an insertion of a lacZ expression cassette. (C)
An expanded view of the UL41 gene disrupted by the lacZ expression cassette in dl5-29-41L.
(D) The HSV-1 KOS DNA fragment containing the UL41 gene and flanking regions introduced
into plasmid pUC19 to generate the pUC41.1 plasmid. Dashed lines define the boundaries of
the homologous sequences in which recombination may have occurred to generate dl5-29-41.1.
Nucleotide numbers in (C) correspond to the HSV-2 HG-52 viral genome and in (D) to the
HSV-1 strain 17 viral genome.
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Figure 2. Expression of viral and transgene proteins by the recombinant viruses
V529 cells were infected with the indicated viruses, and lysates were prepared at 10 hours post-
infection. Protein expression was analyzed by SDS-PAGE followed by Western blotting with
following antibodies: vhs (A), β-gal (B), ICP4 (C) and ICP8 (D).
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Figure 3. Growth properties of the recombinant viruses
(A) Plaque morphologies of recombinant viruses on the V5-29 complementing cell line. V529
cells were infected with dl5-29-41.1, dl5-29 or dl2-29-41 viruses, overlaid with medium
supplemented with anti-HSV IgG, and fixed and stained at 48 hours post-infection. (B)
Replication kinetics of the viruses in V529 cells. V529 cells were infected with dl5-29-41.1,
dl5-29 or dl5-29-41 at an MOI = 3 pfu and harvested at the indicated times. The yields of
progeny viruses were measured on V529 cells by standard plaque assay.
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Figure 4. Analysis of infected cell protein synthesis in Hep2 cells infected with recombinant viruses
Hep2 cells were mock-infected, or infected with wild-type HSV-1, wild-type HSV-2,
dl5-29-41.1, dl5-29, or dl5-29-41 at an MOI = 10. Cells were labeled with 35S-methionine
and 35S-cysteine at 6.5 and 11.5 hours post-infection and harvested 30 min. later. Proteins in
the resulting lysates were resolved by SDS-PAGE, and an autoradiogram of the dried gel is
shown.
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Figure 5. Levels of GAPDH gene transcript levels in cells infected with different viral strains
Hep2 cells were mock-infected or infected with dl5-29, dl5-29-41 or dl5-29-41.1 at an MOI
of 10. The amounts of GAPDH mRNA in the samples were determined by reverse transcription
and real-time PCR (RT-PCR) and normalized to the amounts of 18S rRNA. Average values
obtained from 3 experiments are shown.
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Figure 6. Levels of accumulation of gB and gD glycoproteins in cells infected with different
recombinants
Hep-2 cells were mock infected or infected with dl5-29, dl5-29-41 or dl5-29-41.1 at an MOI
= 10 and then harvested at 6 hours post-infection. Protein expression was analyzed by Western
blotting with antibodies specific for HSV gB, HSV gD, or cell GAPDH.
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Figure 7. Analysis of virion proteins of different recombinant viruses
Equal amounts of infectious virus (5×105 pfu) from extracellular preparations of dl5-29,
dl5-29-41 and dl5-29-41.1 viruses were analyzed by Western blotting for vhs, gB, gD or ICP5.
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Figure 8. CD8+ T-cell responses in mice immunized with recombinant viruses
C57Bl/6 mice were immunized with dl5-29, dl5-29-41 or dl5-29-41.1 viruses. (A) Blood
samples were collected at days 6 to 8 post-immunization, and CD8+ T-cells were stained with
MHC-I pentamers specific for the HSV-2 gB epitope SSIEFARL. The results are shown as the
percentage of CD8+ positive cells that are also pentamer-positive (± SEM). (B) Whole
splenocytes were collected one week after the boost. The splenocytes were stimulated with the
gB-SSEFARL peptide. The results are shown as the percentage of CD8+ positive cells that
express IFN-γ after stimulation with gB-SSEFARL peptide (±SEM).
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Figure 9. Protection against genital challenge with HSV-2
Balb/c mice were immunized at weeks 0 and 4 with 105 pfu of dl5-29, dl5-29-41 or dl5-29-41.1
supernatant virus. At 4 weeks after the boost, mice were challenged intravaginally with 50
times the lethal dose50 (50 LD50) of the wild-type HSV-2 G strain virus. (A) Vaginal swabs
were collected from day 1 to day 5 after the challenge, and virus titers from the samples were
measured by standard plaque assay on Vero cells. (B) Disease progression and survival.
Severity of genital disease and progression of encephalitis were monitored from day 4 to 10
post challenge.
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Table 1
Antibody responses in mice immunized with recombinant viruses

Immunogen
Antibody titer

Total IgG Neutralization

Mock <100 <4

dl5-29 800 128

dl5-29-41 400 256

dl5-29-41.1 400 128

C57Bl/6 mice were mock-immunized or immunized with dl5-29, dl5-29-41, or dl5-29-41.1 viruses and boosted at 4 weeks. Blood was collected one
week after the boost. The sera were pooled from mice of each group. The total HSV-2-specific antibody titers was measured by ELISA, and neutralizing
antibody titers were measured by plaque reduction assay against the HSV-2 G strain.
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