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Herpes simplex virus (HSV) recombinants are being developed as vaccine vectors for the expression of
heterologous antigens. There is concern, however, that preexisting HSV immunity may decrease their effec-
tiveness. We have addressed this issue in an animal model. Inmunized mice were inoculated with a replication-
defective HSV-1 vector that expressed the Escherichia coli 3-galactosidase protein as a model antigen. We
assessed vector efficacy by analyzing the immunoglobulin G (IgG) antibody response and cellular proliferative
response directed against (3-galactosidase. We report that the ability of the vector to induce antibody or
proliferative responses was not diminished by preexisting immunity to HSV. Of further note, the anti-HSV and
anti-B-galactosidase IgG responses following vector administration were extremely durable in both immunized
and naive mice. These results indicate that the ability of a replication-defective HSV-derived vaccine vector to
elicit long-lived immune responses in mice is not impaired by prior HSV exposure.

Herpes simplex virus (HSV) recombinants and replication-
defective HSV mutants are being evaluated as potential genital
herpes vaccines (1, 10, 12, 17, 40, 43, 56, 66) and as novel
vaccine vectors (50). Because HSV vectors are capable of in-
fecting a wide range of tissues and host species, they are suit-
able for use in a variety of vaccination strategies. In particular,
HSYV has been shown to generate immune responses by various
routes of inoculation, including intranasal administration. Fi-
nally, due to its large viral genome, multiple antigens may be
expressed simultaneously from a single HSV vector to generate
a combination vaccine.

HSV infection often results in a localized lesion within ep-
ithelial cells of the skin or a mucosal membrane. The innate
immune response, consisting of macrophages, natural killer
(NK) cells, cytokines, and complement proteins, may act to
contain initial viral infection (27, 70). NK cell-mediated lysis
(33) and numerous cytokines, including interleukin (IL)-12
(25, 68), IL-18 (21, 25), and gamma interferon and tumor
necrosis factor alpha (26), have been reported to affect HSV
pathogenesis in mouse models of disease.

The adaptive immune response to infection is comprised of
CD8" and CD4" cells (42), and clearance of viral lesions may
involve cytotoxic CD4™ T cells (38, 71). Replication-defective
HSV strains are able to take advantage of the immunogenicity
inherent to wild-type HSV but are much safer due to the
incorporation of nonreverting mutations in essential viral
genes (53). As a result, these HSV mutants are able to elicit
robust and long-lived antiviral immunity (3, 41, 44, 46). In
addition, analysis of cytokine expression and immunoglobulin
G (IgG) antibody profiles following infection indicates that a
Th1 type of cellular helper response is generated against wild-
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type HSV antigens and replication-defective HSV mutant-de-
rived proteins (4-6, 52, 54).

The antibody response to HSV and HSV-encoded antigens
is T cell dependent, and we have shown previously that it is also
dependent on innate factors of the complement system (11).
The presence of serum antibody alone does not protect the
host from infection or primary disease but has been shown to
reduce the spread of virus into the central nervous system and
prevent the occurrence of viral encephalitis, which can result in
death (69). Recently, it has been reported that antibody and
helper T cells may act synergistically to enhance the rate of
viral clearance following mucosal infection (47). Despite clear-
ance of the virus from the periphery, HSV can establish a
life-long latent infection within the sensory neurons that inner-
vate the site of primary infection. In humans, periodic reacti-
vation of this latent virus results in a recurring disease at or
near the site of primary exposure.

Currently, many vector systems are being developed for use
in vaccine design (24). In addition to HSV, other promising
virus-derived vaccine systems include poxviruses (48, 54, 59),
adenoviruses (31, 60, 61, 63), alphaviruses (7, 14, 58, 67), and
poliovirus-derived vectors (37). One concern that affects all of
these vaccine systems is the potential that prior host immunity
may result in diminished efficacy of the vector or threaten the
ability to use the same vector construct for repeated vaccina-
tions. This has been reported to be the case for both poxvirus
(16, 19) and adenovirus (55, 57, 64) vectors. In these instances,
immune-mediated suppression of the vector was reversed in
one of several ways: by altering the route of vaccination (2); by
adding multiple booster vaccinations (16); or by changing the
virus strain used for the vector (23, 39). Suppression of a viral
vector as a result of prior infection, however, may not be a
universal consequence, because both poliovirus- and alphavi-
rus-derived vectors are reported to elicit similar antibody re-
sponses despite preexisting immunity (36, 37, 58). Cytotoxic T
lymphocyte (CTL) responses in immune hosts have not been
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thoroughly investigated in any of these systems but may be
diminished following poliovirus vector delivery (37).

Understanding the effects of preexisting immunity on HSV-
derived vectors is of particular concern, considering the ubig-
uitous nature of HSV in the population. Recent estimates of
HSV-1 infection in the adult population often range as high as
75% in the United States, while the rate of HSV-2 infection is
currently 22% but continues to increase (9, 18). Several recent
publications have described the use of HSV-derived gene ther-
apy vectors in immunized mice, with various results. It has
been reported that prior immunity had no effect on the efficacy
of an HSV-mediated oncolytic therapy involving intratumoral
injection (8). Nevertheless, another study has shown that prior
immunity may decrease the ability of an HSV vector to com-
plete in vivo gene transfer into brain tumors (28).

The consequence of preexisting immunity on the vaccine
response generated by an HSV vector has not been reported
previously. To address this issue, we used an animal model
system in which immunized mice or mock-infected controls
were inoculated with a replication-defective HSV recombinant
virus expressing the Escherichia coli B-galactosidase (B-galac-
tosidase) protein as a model antigen. By comparing the I1gG
antibody responses elicited by this vector between these two
groups, we assayed vaccine efficacy in immune versus naive
hosts. If prior HSV immunity were detrimental to vaccine
efficacy, then we would have expected to see a quantitative
decrease in the immune response directed towards B-galacto-
sidase that was relative to the degree of immune-mediated
vector suppression.

We report that the generation and durability of a B-galac-
tosidase-specific IgG antibody response were equivalent in im-
mune and naive animals. This result suggests that preexisting
antiviral immunity does not impair the ability of an HSV-
derived vaccine vector to elicit new antibody responses in im-
mune mice and indicates that replication-defective HSV-de-
rived vectors should be evaluated further as vaccine delivery
vehicles.

MATERIALS AND METHODS

Cells and viruses. Vero cells were purchased from the American Type Culture
Collection (Manassas, Va.) and used for propagation of wild-type virus strains.
The Vero-derived cell line V8-27 was used for propagation of replication-defec-
tive mutant viruses. V8-27 cells express the viral proteins ICP8 and ICP27 upon
HSV infection (13). Cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM,; Invitrogen, Carlsbad, Calif.) supplemented with 5% bovine calf serum,
5% fetal calf serum (HyClone, Logan, Utah), L-glutamine, penicillin G, and
streptomycin (Glu-Pen-Strep; Irving Scientific, Santa Ana, Calif.) at 37°C with
5% CO,. Following viral infection, cells were maintained in DMEM containing
1% fetal bovine serum (DMEM-V) at 34°C until harvest.

The replication-defective HSV-1 recombinants and the parental wild-type
KOSI1.1 strain have been described previously (22). The d102 and d301 viruses
contain large deletions within the U,29 gene. This gene encodes the ICP8
protein, which is essential for viral DNA replication. The HD-2 virus expresses
the E. coli B-galactosidase protein fused in frame to the N terminus of ICP8 and
has been used as an HSV-1 B-galactosidase vector.

Stocks of the viruses were generated as either infected-cell lysates, as de-
scribed previously (32) except that cell pellets were resuspended in DMEM-V
containing 20% glycerol, or cell-free virus stocks. For cell-free virus stocks, HD-2
virions were harvested from the supernatant of infected cells as follows. Infected
cells and cellular debris were pelleted by low-speed centrifugation (1,000 X g) for
10 min at 25°C. Virus particles were collected from the clarified supernatant by
high-speed centrifugation (30,000 X g) for 1 h at 4°C. The resulting virus pellet
was resuspended in fresh DMEM-V containing 20% glycerol. All viruses were
titered on the appropriate complementing cell line as described previously (32)
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using DMEM-V containing 0.1% human immune globulin (Massachusetts Pub-
lic Health Biologic Laboratories, Boston, Mass.) as the overlay medium.

UV inactivation of HD-2 virus. HD-2 virus was partially inactivated by expo-
sure to 254-nm UV light for 10 min at a distance of 5 cm as described previously
(45). Subsequent titering revealed that UV treatment reduced viral infectivity
approximately 2,000-fold, from 2 X 10° PFU/ml to 1 X 10° PFU/ml.

Mice and inoculations. Six-week-old female BALB/cJ mice were purchased
from Jackson Laboratories (Bar Harbor, Maine) and acclimated for 1 week prior
to use. Groups of mice were immunized once by subcutaneous (s.c.) inoculation
into the right flank with 2 X 10° PFU of KOSI1.1, d301, or d102 virus, as
indicated, or mock-infected by s.c. inoculation with uninfected Vero cell lysate.
In some cases, a second identical inoculation was given 3 weeks later to boost
host immunity. Four weeks after the final immunization, mice were inoculated
s.c. in the left flank with 2 X 10° PFU of the HD-2 virus, followed by one or more
booster inoculations with HD-2 at 3- or 4-week intervals. Inoculations consisted
of virus stock diluted into a volume of 20 pl of sterile, endotoxin-free sodium
chloride solution, 0.9% (Sigma, St. Louis, Mo.) per mouse. Mice were housed in
accordance with National Institutes of Health (NIH) and Harvard University
guidelines.

Serum collection, ELISA, and antibody neutralization. Blood was collected
from the tail vein of each mouse before immunization and at the times indicated
during each experiment. Serum was prepared using Becton Dickinson Micro-
tainer serum separators (VWR) and then stored at —20°C prior to analysis.

Enzyme-linked immunosorbent assays (ELISAs) to determine antigen-specific
IgG titers were completed as described previously (11). Briefly, 96-well Nunc
Maxisorp microtiter plates (VWR) were coated with HSV-1 antigen (Advanced
Biotechnologies Inc., Columbia, Md.) at 50 ng per well or with B-galactosidase
antigen (Sigma) at 250 ng per well in 50 pl of sodium bicarbonate buffer (pH 9.6)
(Sigma) overnight at 4°C. Plates were blocked with phosphate-buffered saline
(PBS, pH 7.4) containing 5% (wt/vol) nonfat milk for 1 h at 37°C and washed
with PBS containing 0.05% Tween 20 (PBS/T) using a Skatron CellWasher 600
(Molecular Devices, Sunnyvale, Calif.). Serial twofold dilutions of mouse serum
(from 1:100 to 1:12,800) in PBS/T were added and incubated for 2 h at 37°C.
Following serum antibody binding, plates were washed with PBS/T and then
incubated with a rabbit anti-mouse IgG secondary antibody conjugated to alka-
line phosphatase (1:1,000 dilution; Sigma) for 1 h at 37°C. Plates were washed
with PBS/T and developed by incubation with the alkaline phosphatase substrate
p-nitrophenyl phosphate (Sigma) for 20 min at room temperature, and results
were read at 405 nm on a VersaMax microplate reader (Molecular Devices,
Sunnyvale, Calif.).

The IgG antibody titer indicated is the mean reciprocal log, value of the last
dilution resulting in an optical density (OD) reading 0.2 units above that of a
control serum (background). In each case, negative OD readings at the 1:100
dilution were scored as positive at a 1:50 dilution (reciprocal dilution 50 = log,
5.65), and this value (5.65) was used as the limit of detection and subtracted from
all results.

Neutralizing antibody titers were determined by plaque reduction in the pres-
ence of complement as reported previously (45) using twofold dilutions of pooled
serum from at least five mice. Values reported are the reciprocal dilution at
which at least 50% plaque reduction of HSV-1 strain KOS1.1 was observed.

B-Galactosidase enzyme assays. B-Galactosidase enzymatic activity present in
the virus stocks was determined using the B-galactosidase enzyme assay system
(Promega, Madison, Wis.) according to the manufacturer’s recommendations.
Protein concentrations were calculated by comparison to a standard curve of
freshly prepared B-galactosidase protein (Sigma) on the basis of OD,,, values.

Cellular proliferation assay. Cellular proliferation responses were measured
as described previously (6). Single-cell suspensions were prepared from whole
spleens in complete DMEM. Erythrocytes were lysed using the whole blood
erythrocyte lysing kit (R&D Systems, Minneapolis, Minn.), and B cells were
removed using Dynabeads Pan B (B220) magnetic beads (Dynal Inc., Lake
Success, N.Y.). Lymphocytes were counted, and 2 X 10° cells were plated in
quadruplicate wells of a flat-bottomed 96-well plate (Costar, Cambridge, Mass.)
in the presence of soluble HSV-1 (Advanced Biotechnologies Inc.) or B-galac-
tosidase (Sigma) (at 5 pg/well final concentration) or in DMEM alone to a final
volume of 200 pl. After incubation for 4 days at 37°C, cells were labeled for 6 h
with bromodeoxyuridine (BrdU). BrdU incorporation was measured using an
ELISA-based assay (Cell Proliferation ELISA; Roche, Indianapolis, Ind.) using
the accompanying protocol and reagents. Results are shown as a fold induction
of cell proliferation, which was determined by dividing the signal obtained in the
presence of HSV or B-galactosidase antigen by that observed with medium alone.
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FIG. 1. HSV-1 recombinants used in this study. HSV-1 viruses in-
cluded the wild-type (wt) laboratory strain KOS1.1 and replication-
defective KOS1.1-derived recombinants d301, 102, and HD-2. d301
and d102 each contain large deletions within the U, 29 gene encoding
the ICP8 protein. HD-2 encodes a truncated ICP8 protein fused to E.
coli B-galactosidase (B-gal).

RESULTS

We used a mouse model of HSV infection with several
recombinant viruses (Fig. 1) to test the efficacy of HSV-derived
vaccine vectors in the presence of preexisting host immunity. In
most experiments, groups of BALB/cJ mice were immunized
by s.c. inoculation with 2 X 10° PFU of a replication-defective
HSV-1, either d301 or d102. We chose this immunization pro-
tocol because a single s.c. inoculation with the replication-
defective HSV-1 mutant d301 has been shown previously to
protect mice from death following corneal challenge infection
with a highly virulent HSV-1 strain, to significantly reduce
shedding of challenge virus from the eye, to significantly en-
hance the rate of virus clearance from the eye following chal-
lenge, and to markedly diminish the establishment of latent
infection by this challenge virus (44—46). By any of these mea-
sures, immunization with d301 was shown to be equivalent to
immunization with its replication-competent parental virus
KOSI1.1 (44-46). In addition, immunization of mice with either
d301 or KOS1.1 induced similar neutralizing antibody and
T-cell proliferative responses (45, 46) and comparable primary
and memory CTL responses (5).

To directly compare immunity generated by a replication-
competent virus, in one experiment a group of mice was im-
munized with the parental, replication-competent HSV-1
strain KOS1.1. Four weeks after immunization, mice were in-
oculated s.c. with 2 X 10° PFU of the replication-defective
HSV-1 mutant HD-2 in the opposite flank. The HD-2 mutant
expresses (-galactosidase fused to the N-terminal portion of
the viral ICP8 protein and has been used as a model HSV-
derived vaccine vector (B-galactosidase vector). B-cell re-
sponses were assayed by measuring the total IgG antibody
responses directed towards HSV and p-galactosidase by
ELISA at various times following immunization, primary 3-ga-
lactosidase vector inoculation, and secondary B-galactosidase
vector inoculation. In one experiment, cellular proliferative
responses against HSV and B-galactosidase were determined
to measure the induction of cellular immunity. By comparing
the B-galactosidase-specific antibody responses between virus-
inoculated and mock-infected animals, we determined the rel-
ative efficacy of the HSV vector in immune and naive mice.

IgG antibody responses in mice were proportional to the
infectious dose of replication-defective virus vector and not
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FIG. 2. Antibody responses as a function of viral dose. Groups of
six mice were inoculated with various doses of HD-2 (0 to 10* PFU) or
UV-treated HD-2 (10® PFU prior to treatment, 5 X 10* PFU following
treatment), at weeks 0 and 3. Serum samples were collected at weeks
3 (primary) and 5 (secondary). HSV-1- (A) and B-galactosidase-
(B) specific IgG titers were determined by ELISA, and results are
shown as mean titer (log,) * standard deviation.

total protein amount. To establish that this system provided a
quantitative measure of host immunity, we determined if the
humoral immune response generated by the B-galactosidase
vector was proportional to the dose of virus inoculated. Groups
of six mice were inoculated s.c. in the flank with the indicated
doses of the HSV-1 B-galactosidase-expressing recombinant
HD-2, ranging from 0 (mock infection) to 10° PFU. Three
weeks later, mice received an identical booster inoculation
with HD-2. Serum samples were collected from each animal
prior to infection, at 3 weeks following primary inoculation
(primary), and at 3 weeks following secondary inoculation (sec-
ondary).

Anti-HSV and anti-B-galactosidase IgG titers were deter-
mined by ELISA (Fig. 2). Primary and secondary IgG titers to
both HSV (Fig. 2A) and B-galactosidase (Fig. 2B) antigens
were proportional to the dose of HD-2 virus. These results
ensure that the vector inoculum had not surpassed a plateau
for measuring increasing IgG antibody responses and that the
IgG antibody response to the dose of B-galactosidase vector (2
X 10° PFU) used in subsequent experiments was within the
linear range detected by ELISA.

In addition, one group of mice was inoculated with an equiv-
alent volume of the highest-titer HD-2 virus that had been
partially inactivated by treatment with UV light. This exposure
resulted in a 2,000-fold reduction in the infectivity of the in-
oculum (from 1 X 10® PFU/mouse to 5 X 10* PFU/mouse).
Following primary and secondary infection with UV-treated
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FIG. 3. Induction and durability of IgG responses in mice. The generation of IgG antibody specific for HSV-1 (A) and B-galactosidase (B) and
the durability of the IgG responses directed towards HSV-1 (C) and B-galactosidase (D) antigens are shown. Groups of six mice were immunized
once with 2 X 10° PFU virus (solid circles) using either d301 (solid lines) or d102 (dashed lines) or mock infected (open squares) at week 0 (open
arrow). At weeks 4 and 8, all mice were inoculated with 2 X 10° PFU of HD-2, expressing B-galactosidase (solid arrows). Serum samples were
collected at the indicated times, and HSV-1- and B-galactosidase-specific IgG antibody titers were determined by ELISA. Results are shown as the

mean reciprocal dilution (log,) * standard deviation.

HD-2, we observed a reduction in the IgG antibody responses
against both HSV-1 (Fig. 2A; UV primary and UV secondary)
and B-galactosidase (Fig. 2B; UV primary and UV secondary)
compared to the untreated HD-2 inoculum (10® PFU/mouse).
Furthermore, the antibody response appeared to be propor-
tional to the viral PFU and not to the amount of input protein,
because the IgG antibody titers elicited by UV-treated HD-2
were similar to IgG titers resulting from untreated HD-2 in-
oculated at 10* PFU/mouse. These results indicated that the
antibody response was mainly a result of viral infection and was
not simply due to input viral or B-galactosidase antigen.
Prior HSV immunity did not diminish the induction of a
durable B-galactosidase antibody response by an HSV vector.
To assess the effect of prior HSV-1 infection on the ability of
an HSV-1-derived vector to generate IgG antibody responses,
we immunized mice once with 2 X 10° PFU of a replication-
defective HSV-1 mutant containing a deletion within the U, 29
gene encoding the ICPS8 protein, either d301 or d102, or mock-

infected animals with uninfected Vero cell lysate, as indicated.
To verify immunization following a single d301 inoculation, we
measured anti-HSV neutralizing antibody in the serum of
these mice, and we obtained a neutralization titer of 64. This
value was similar to previous results with @301 in mice (45) and
comparable to neutralizing titers observed in humans (range,
12 to 372) that have been reported previously (62).

At 4 and 8 weeks after the immunization, all mice were
inoculated with 2 X 10° PFU of the B-galactosidase vector
HD-2. Serum samples were collected from the mice, and HSV-
1-specific and B-galactosidase-specific IgG antibody titers were
measured by ELISA (Fig. 3). Despite the induction of an
antiviral antibody response following inoculation with d301 or
d102 (Fig. 3A, week 4), indicative of preexisting immunity, the
generation of B-galactosidase-specific antibody was equivalent
between the immune groups and mock controls following
HD-2 inoculation (Fig. 3B, weeks 4 to 12).

Previous reports have indicated that replication-competent
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and replication-defective HSV strains are capable of eliciting a
stable antiviral neutralizing antibody response in experimen-
tally infected mice (46) that persists for at least 7 months
postinfection. To further address this issue, we evaluated the
ability of HD-2 to elicit durable IgG antibody responses fol-
lowing inoculation in these immune mice. We continued to
collect serum from the HD-2 inoculated mice up to one year
following vector administration and boost, and we determined
the HSV-1-specific and B-galactosidase-specific I[gG antibody
titers. We observed that inoculation with HD-2 generated a
remarkably durable antibody response toward HSV-1 (Fig. 3C,
weeks 15 to 60) and B-galactosidase (Fig. 3D, weeks 15 to 60)
antigens and that prior HSV immunity did not alter the lon-
gevity of this antibody response. These results indicated that
prior immunity to HSV-1 did not diminish the ability of an
HSV-1-derived vector to generate durable, high-titer antibody
responses.

HSYV vectors were effective in the presence of boosted anti-
viral immunity. Because recurrent HSV infection may increase
the host response directed against the virus, we enhanced the
antiviral immunity to address vector efficacy in this situation.
We immunized mice with 2 X 10° PFU of d301 and boosted
the response with the same dose of d301 3 weeks later or
mock-infected mice with uninfected Vero cell lysate at both
times. The addition of a d301 boost resulted in an observed
neutralizing antibody titer of 1,024 and an increase in the
anti-HSV IgG titer (Fig. 4A, weeks 3 and 7). At 4, 7, and 10
weeks after the second immunization, mice were inoculated
with 2 X 10° PFU of HD-2. Despite the increased anti-HSV
response elicited with the immunization-boost regimen, equiv-
alent B-galactosidase IgG titers were generated by HD-2 inoc-
ulation in mock-infected and immunized groups of animals
(Fig. 4B, weeks 7 to 18). This result indicated that even a
heightened level of HSV immunity was unable to reduce the
capacity of an HSV vector to generate IgG antibody responses.

Antibody response was induced by a purified HSV vector in
immune mice. To confirm that the B-galactosidase-specific an-
tibody responses that we observed were the result of vector-
expressed antigen rather than protein present in the inoculum,
we prepared cell-free stocks of the HD-2 virus from the super-
natant of infected cells as described in Materials and Methods.
B-Galactosidase enzyme activity was measured for virus stocks,
and cell-free stocks were found to contain 65-fold less B-ga-
lactosidase activity than virus stocks prepared as infected-cell
lysates.

We determined the effect of a single immunization with 301
on the efficacy of the cell-free HD-2 virus stock to elicit a
B-galactosidase-specific IgG antibody response (Fig. SA and
B). Groups of mice were immunized once at week 0 by s.c.
inoculation with 2 X 10° PFU of d301 or mock infected. At
weeks 4 and 7, all mice were inoculated s.c. with 2 X 10° PFU
of the cell-free HD-2 virus. Serum samples were collected at
the beginning of the experiment (naive), at week 3 (immune),
at week 7 (primary), and at week 9 (secondary). Despite the
generation of an HSV-specific immune response following a
single d301 inoculation (Fig. 5A, immune), cell-free HD-2 vi-
rus elicited a B-galactosidase-specific IgG response (Fig. 5B,
primary and secondary) that was similar in magnitude to pre-
vious results obtained with preparations of virus in infected-
cell lysate (Fig. 3B).
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FIG. 4. Induction of B-galactosidase IgG after two HSV-1 immu-
nizations. Titers of IgG specific for HSV-1 (A) and B-galactosidase
(B) are shown. Groups of six mice were immunized twice, at weeks 0
and 3 (open arrows), with 2 X 10° PFU of d301 virus (solid circles) or
mock infected (open squares). At weeks 7, 10, and 13, all mice were
inoculated with 2 X 10° PFU of HD-2 virus, expressing B-galactosidase
(solid arrows). Serum samples were collected at the indicated times,
and IgG was detected by ELISA. Results are shown as the mean
reciprocal dilution (log,) = standard deviation.

In a second experiment, the effects of two d301 immuniza-
tions on the cell-free HD-2 virus was assessed (Fig. 5C and
5D). Two groups of six mice were immunized by s.c. inocula-
tion with 2 X 10° PFU of d301 or mock infected at weeks 0 and
3. At weeks 7, 10, and 13, all mice received 2 X 10° PFU of the
cell-free HD-2 virus s.c. in the opposite flank. Naive serum was
collected from each mouse prior to week 0, HSV immune
serum was collected at week 6, and primary, secondary, and
tertiary serum samples were collected at weeks 10, 12, and 15,
respectively. Despite the increased level of anti-HSV immunity
elicited by the second d301 inoculation (Fig. 5C, immune), the
cell-free HD-2 virus generated B-galactosidase-specific IgG an-
tibody responses that were equivalent between mock-treated
and immune animals (Fig. 5D, primary, secondary, and tertia-
Iy).

Together, these experiments showed that the cell-free HD-2
recombinant virus elicited B-galactosidase-specific antibody re-
sponses in mice immunized either once or twice with 301 that
were equivalent to those of mock-infected controls. These re-
sults also reiterate the point that the humoral responses gen-
erated by HD-2 are due to vector infection and not input
antigen. We have shown that the IgG response to UV-treated
virus is PFU dependent (Fig. 2, UV-treated viruses) and that
the antibody response appears to be similar when either in-
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FIG. 5. Induction of B-galactosidase IgG by cell-free HD-2 virus after one or two immunizations. (A and B) Groups of six mice were immunized
once with 2 X 10° PFU of d301 (solid bars) or mock infected (open bars) at week 0. At weeks 4 and 7, all mice were inoculated with 2 X 10° PFU
of cell-free HD-2 virus, expressing B-galactosidase. IgG antibodies specific for HSV-1 (A) and B-galactosidase (B) were determined by ELISA
using serum collected prior to week 0 (naive), at week 3 (immune), at week 7 (primary), and at week 9 (secondary). (C and D) Groups of six mice
were immunized twice with 2 X 10° PFU of d301 virus (solid bars) or mock infected (open bars) at weeks 0 and 3. All mice received 2 X 10° PFU
of cell-free HD-2 at weeks 7, 10, and 13. Serum samples were collected prior to week 0 (naive), at week 6 (immune), at week 10 (primary), at week
12 (secondary), and at week 15 (tertiary). Titers of HSV-1- (C) and B-galactosidase- (D) specific IgG antibody were determined by ELISA. Results

are shown as the mean reciprocal dilution (log,) * standard deviation.

fected-cell lysate (Fig. 3 and 4) or partially purified virions
(Fig. 5) are used for inoculation.

Immunity generated with replication-competent HSV-1 did
not diminish antibody responses to an HSV vector. In each of
the previous experiments, replication-defective viruses were
used to generate antiviral immunity. The experiments were
designed in this way because we had previously shown that
immunization with a replication-defective virus is as effective
as immunization with a replication-competent virus for induc-
ing protective immunity and because the immune phenotype of
d301-immunized mice is comparable to that of KOS1.1-immu-
nized animals (5, 45, 46). Because it may still be argued that
the immunity generated by a replication-competent virus is
qualitatively different from that elicited by a replication-defec-
tive virus in this model, we addressed whether prior infection
with a replication-competent virus was able to inhibit an HSV
vector.

We compared the efficacy of the cell-free HD-2 vector in
mice inoculated with either the replication-defective virus d301
or the replication-competent parental virus KOS1.1 (Fig. 6).
Groups of mice were immunized by s.c. inoculation in the right
flank with 2 X 10° PFU of either KOS1.1 or d301 or mock
treated. A neutralizing antibody titer of 128 was measured in
the KOS1.1-immunized mice, a value similar to that observed
following a single d301 inoculation in mice and values previ-
ously reported for human serum (62). At weeks 4 and 7, all
mice were inoculated s.c. with 2 X 10° PFU of cell-free HD-2
virus. Serum samples were collected before immunization (na-

ive), at week 3 (immune), at week 7 (primary), and at week 10
(secondary). Despite phenotypic differences in their ability to
replicate in vitro and in vivo, KOS1.1 and d301 viruses gener-
ated equivalent antiviral IgG responses (Fig. 6A, immune)
compared to mock-infected animals. Despite preexisting anti-
viral immunity following KOS1.1 or d301 infection, HD-2 was
able to elicit equivalent P-galactosidase-specific antibody
responses in both groups of mice (Fig. 6B, primary and sec-
ondary). Thus, in this system, anti-HSV immunity induced
by either replication-competent or replication-defective HSV
strains did not diminish the vaccine efficacy of the HSV vector.

Cellular proliferative responses to (3-galactosidase were not
affected by preexisting HSV immunity. To confirm that B-ga-
lactosidase-specific cellular responses were being activated in
these mice following vector inoculation, we analyzed cellular
proliferation responses to HSV and B-galactosidase antigens.
Mice were immunized with a single inoculation of 2 X 10° PFU
of d301 or mock infected. At weeks 4 and 7, all mice were
inoculated with 2 X 10° PFU of cell-free HD-2. Spleens were
harvested at week 10 from two mice per group, and lympho-
cytes were isolated, pooled for analysis, and plated at 2 X 10°
cells per well in a microtiter plate. Cells were cultured in the
presence of soluble HSV or B-galactosidase (5 pg/well) for 4
days. Proliferation was measured by BrdU incorporation using
an ELISA-based chemiluminescence assay.

Following immunization and HD-2 inoculation, specific re-
sponses were elicited against both HSV and B-galactosidase
antigens (Fig. 7). When cultured in the presence of HSV, a
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FIG. 6. Induction of B-galactosidase IgG by cell-free HD-2 virus
after immunization with replication-competent HSV-1. HSV-1-
(A) and B-galactosidase- (B) specific IgG antibody responses are
shown. Groups of six mice were immunized once with 2 X 10° PFU of
either a replication-competent virus, KOS1.1 (hatched bars), or a rep-
lication-defective virus, d301 (solid bars), or mock infected (open bars)
at week 0. All mice were inoculated with 2 X 10° PFU of cell-free
HD-2 virus at weeks 4 and 7. Serum samples were collected prior to
week 0 (naive) and at week 3 (immune), week 7 (primary), and week
10 (secondary). IgG titers were determined by ELISA, and results are
shown as the mean reciprocal dilution (log,) * standard deviation.

12-fold induction was observed in cells from mock-immunized
mice and a 22.5-fold induction was detected in cells from
d301-immunized mice compared to cells incubated in medium
alone. This difference in cellular activity can be attributed to
the fact that the d301-immune mice had received one addi-
tional viral inoculation. When cells were cultured in the pres-
ence of B-galactosidase, an 11-fold induction was found for
mock-immunized mice and a 9.5-fold induction was observed
in immune animals. Because this difference was not statistically
significant, the proliferative response to B-galactosidase did
not appear to be diminished by prior d301 immunization. This
result indicated that cellular responses to a vector-encoded
antigen may also be unaffected in immune mice.

DISCUSSION

HSV-1 and HSV-2 are highly prevalent in the human pop-
ulation. Thus, HSV-derived vaccine vectors are likely to en-
counter preexisting host immune responses upon in vivo de-
livery. As a result, the utility of these types of vectors will
undoubtedly depend on their ability to elicit effective immune
responses in the presence of prior antiviral immunity. In this
study, using a mouse model, prior HSV infection did not di-
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FIG. 7. Cellular proliferative responses to pB-galactosidase in im-
mune mice. Proliferation was measured in the presence of HSV and
B-galactosidase antigens. Mice were immunized once with 2 X 10°
PFU of d301 or mock infected at week 0. At weeks 4 and 7, all mice
were inoculated with 2 X 10° PFU of cell-free HD-2 virus. Spleens
were harvested from two mock-immune (open bars) and two d301-
immune (solid bars) mice and pooled for analysis. Single-cell suspen-
sions were generated, and 2 X 10° cells were cultured in the presence
of HSV or B-galactosidase antigen (5 pg per well) or medium alone for
4 days at 37°C. BrdU was added to each culture for the final 6 h, cells
were fixed and lysed, and BrdU incorporation was measured in an
ELISA-based assay. Results are shown as the mean fold proliferation
(BrdU incorporation in the presence of antigen divided by incorpora-
tion in medium alone) of quadruplicate samples = standard deviation.

B-gal

minish the magnitude or the durability of the IgG antibody
response generated by a replication-defective HSV-1 vector
expressing a model antigen, B-galactosidase. In addition, B-ga-
lactosidase-specific cellular proliferative responses were not
reduced in immune mice, indicating that cellular immunity
may also be unaffected by preexisting HSV immunity. Further
studies are needed to determine if this property extends to
immunization situations in human clinical trials.

These results are perhaps unexpected, because we have
shown that the same inoculation protocols could immunize
mice against wild-type HSV challenge (45, 46). However, im-
munization protects against disease, which involves multiple
rounds of viral replication and spread (49). In contrast, repli-
cation-defective mutant viral vectors infect only one round of
cells and do not spread. Thus, protective immunity may not
block the primary infection of cells but may be mounted
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quickly enough to prevent spread of wild-type virus and induc-
tion of disease.

Possible role for viral immune evasion. Prior immunity has
been shown to decrease the efficacy of vaccine vector systems
derived from certain other DNA viruses, such as poxviruses
and adenoviruses (16, 19, 55, 57, 64). As a result, the use of
these vaccine candidates may be limited by their inability to
vaccinate immune individuals or to be readministered to a
single patient.

It is unclear why HSV behaves differently than these other
viruses, and a greater understanding of the subtle differences
between HSV and these other viral systems will be necessary to
determine the reasons for the observed variations in vaccine
efficacy in vivo. We hypothesize that the ability of the HSV
vectors to be efficacious in immune mice is due in part to the
immune evasion properties of HSV. HSV encodes a number of
immune-modulatory proteins that may aid in the protection of
virions or virus-infected cells from immune-mediated clear-
ance. For example, the interaction of glycoprotein C (gC) with
the complement component C3 has been shown to protect
virions from complement-dependent neutralization and to de-
fend virus-infected cells from complement-mediated lysis (20,
35). Binding of HSV-1 gC to mouse C3 has been observed in
vitro (29; unpublished result), consistent with a role for gC in
enhancing primary infection or persistence of virus-infected
cells in this system. In addition, a heterodimer of glycoproteins
E (gE) and I (gI) forms an Fc gamma receptor that has been
reported to protect virus-infected cells from antibody-depen-
dent cellular cytotoxicity (15), though this Fc binding appears
to be limited to human IgG and does not extend to mouse
antibody (51).

There is some evidence that preexisting immunity can di-
minish the ability of an HSV gene therapy vector to transduce
a tumor in mice following intravenous delivery (28) but not
after direct intratumoral injection (8). These results suggest
that the route of vector delivery is an important factor in the
efficacy of HSV vectors and that serum factors may play a
determining role in the effectiveness of these vectors. A recent
report by Ikeda et al. (30) implicates the complement system in
this antiviral serum response, because depletion of comple-
ment C3 using cobra venom factor in naive mice resulted in
increased vector efficacy, as measured by gene transduction
into a brain tumor, following intravascular delivery of either an
HSV-derived or adenovirus-derived vector. Therefore, HSV
vectors appear to be labile when delivered directly into mouse
serum. However, because HSV infection does not naturally
occur intravenously, it is possible that the virus has evolved
mechanisms that are better suited for infection at peripheral
sites.

Potential mechanisms for immune durability. A second sur-
prising result is the durability of the antibody responses in-
duced by the HSV vector. We propose that the ability of the
vector to infect primary cells and the potential of virus-infected
cells to persist in vivo may be important determinants of vac-
cine efficacy. Cellular cytopathic effects induced by the virus
may significantly affect the ability of infected cells to maintain
long-term antigen expression. The durability of the antibody
response generated by HSV may also indicate that this virus is
able to readily activate long-lived plasma cells (65). Alterna-
tively, viral antigens may persist for extended periods on anti-
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gen-presenting cells, or the virus itself may persist at low levels
and continue to express small amounts of antigen.

Clinical implications. The results from this report may also
influence the interpretation of experiments to test candidate
genital herpes vaccines. We have shown previously, using the
same virus (d301), dose (2 X 10° PFU), and route of inocula-
tion (s.c.), that immunization with a replication-defective HSV
protected mice from disease following challenge HSV infec-
tion, and always in the absence of sterilizing immunity (34, 43,
45, 46). The data presented here suggest that HSV will be able
to infect a first round of cells regardless of preexisting host
immunity against the virus. This may indicate that sterilizing
immunity to HSV will be very difficult if not impossible to
achieve by vaccination. In addition, our results show that an-
tibody responses to novel viral antigens can be generated
equally well in naive and HSV-immune hosts. Therefore, mea-
suring seroconversion to an HSV-2-specific antigen, such as
¢G-2, following immunization may not be a true indication of
a vaccine’s ability to protect from disease. Rather, in vivo
measures of viral replication and spread, such as clinical dis-
ease scores, reactivation profiles, and virus shedding, may con-
tinue to be the preferred endpoints for future HSV vaccine
studies.

We have evaluated the efficacy of replication-defective
HSV-derived vaccine vectors in immune animals by measuring
the generation and durability of IgG antibody responses and
have shown that the efficacy of an HSV vector is not dimin-
ished by prior HSV immunity, as judged by the ability of
immune mice to generate B-galactosidase-specific IgG re-
sponses. This observation differs from the suppression that has
been described for some vector systems in similar mouse mod-
els. This difference may be due to the ability of HSV to evade
host immune responses in the periphery. In addition, we have
shown that HSV vectors are able to elicit a durable immunity,
characterized by HSV-specific and B-galactosidase-specific
IgG antibody responses that are maintained for at least 1 year
following vector administration. Notably, the durability of
these responses is not diminished by prior immunization. Ad-
ditional studies are needed to determine if this is due to in-
duction of long-lived plasma cells, persistence of viral antigens,
or maintenance of transcriptionally active viral genomes.
These properties of HSV as a vector in the murine system
would be very useful if they can be extended to the situation of
human immunization.
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