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Adaptive immune responses in which CD8" T cells recognize pathogen-derived peptides in the context of
major histocompatibility complex class I molecules play a major role in the host defense against infection with
intracellular pathogens. Cells infected with intracellular bacteria such as Listeria monocytogenes, Salmonella
enterica serovar Typhimurium, or Mycobacterium tuberculosis are directly lysed by cytotoxic CD8* T cells. For
this reason, current vaccines for intracellular pathogens, such as subunit vaccines or viable bacterial vaccines,
aim to generate robust cytotoxic T-cell responses. In order to investigate the capacity of a herpes simplex virus
type 1 (HSV-1) vector to induce strong cytotoxic effector cell responses and protection from infection with
intracellular pathogens, we developed a replication-deficient, recombinant HSV-1 (rHSV-1) vaccine. We dem-
onstrate in side-by-side comparison with DNA vaccination that rHSV-1 vaccination induces very strong CD8*
effector T-cell responses. While both vaccines provided protection from infection with L. monocytogenes at low,
but lethal doses, only rHSV-1 vaccines could protect from higher infectious doses; HSV-1 induced potent
memory cytotoxic T lymphocytes that, upon challenge by pathogens, efficiently protected the animals. Despite
the stimulation of relatively low humoral and CD4-T-cell responses, rHSV-1 vectors are strong candidates for
future vaccine strategies that confer efficient protection from subsequent infection with intracellular bacteria.

Major histocompatibility complex (MHC) class I-restricted
CD8" T cells recognizing antigenic peptides derived from
pathogens play major roles in protection against intracellular
bacteria like Mycobacterium tuberculosis, Salmonella enterica
serovar Typhimurium, and Listeria monocytogenes (for a re-
view, see references 15 and 16). Vaccines utilizing inactivated
or recombinant bacteria have been demonstrated to elicit both
CD4- and CD8-T-cell activation (16), but they seem to be
inefficient stimulators of effector (25) and memory (34) T cells
if compared side by side with live bacteria (25) or recombinant
viral vaccines (34). In this respect, inactivated intracellular
bacterial vaccines are similar to natural M. tuberculosis (44)
and L. monocytogenes (33) infections, which fail to induce
sufficient immunological memory to prevent recurrent infec-
tions. DNA vaccines have been demonstrated to induce pro-
tection against infections with M. tuberculosis (43) and L.
monocytogenes (9). However, it was demonstrated that com-
bining DNA vaccines with attenuated bacteria (12), protein
antigen (42), or modified vaccinia virus (28) in heterologous
prime-boost vaccination protocols could further optimize pro-
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tection. In other words, DNA vaccines alone are not sufficient
to induce maximal protective immunity and, in a clinical set-
ting, might require complex vaccination arrangements. Simi-
larly, recombinant vaccinia virus could elicit only limited pro-
tection against intracellular bacteria and delayed, rather than
prevented death after infection (2). Thus, as stated previously
elsewhere (16), efficacious “single-shot” vaccines to intracellu-
lar infection have yet to be developed.

While most intracellular bacteria replicate in maturation-
arrested phagosomes (17), L. monocytogenes bacteria egress
from the phagosome and gain access to the cytoplasm of in-
fected cells (37). This led initially to the assumption that,
because their antigens have access to the cytosolic MHC class
I presentation pathway, only the latter would induce CDS8-T-
cell responses. In contrast, bacteria localized in phagosomes
were thought to preferentially trigger CD4-T-cell responses via
the phagosomal MHC class II presentation pathway. However,
it has been demonstrated in mice (39) as well as in humans (41)
that cytotoxic T lymphocytes (CTL) are important players in
the control of both M. tuberculosis and L. monocytogenes in-
fections (24, 29), and human MHC class I peptides derived
from M. tuberculosis were recently identified (6). In addition to
lysis of infected cells, CTL expressing granulysin have been
shown to directly kill extracellular bacteria (11, 40). CD8* T
cells seem to be the effector cells of choice for intracellular
bacteria and are currently major targets for vaccination studies
(for review see (16).

Replication-deficient (10, 30) or disabled infection with sin-
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gle-cycle herpes simplex virus (HSV) (3, 27) has been shown to
induce strong immune responses against HSV-derived anti-
gens. Besides vaccination against HSV infections (26), the ap-
plication of replication-deficient HSV vectors has been largely
restricted to suicide (20) or cytokine (22) gene therapy against
tumors. Vaccination with replication-defective recombinant
HSV (rHSV) encoding simian immunodeficiency virus Env
and Nef proteins could also be shown to induce partial pro-
tection against simian immunodeficiency virus in rhesus mon-
keys (32). However, neither in vivo analysis of humoral and
cellular responses following recombinant HSV type 1
(rHSV-1) vaccination nor results of rHSV-1-based vaccination
against bacterial infection has been reported.

In order to examine the potential of rHSV-1 vaccines for
vaccination against intracellular bacteria, we used recombinant
replication-defective HSV-1, which was modified to encode
OVA as a model antigen. We demonstrate that in contrast to
gene gun DNA vaccination, rHSV-1 induce neither strong
humoral responses nor CD4-T-cell responses specific for the
model antigen OVA. However, when ex vivo CDS8-T-cell re-
sponses were compared, rHSV-1 was much more potent than
DNA vaccination and resulted in immediate as well as long-
term memory protection against infection with recombinant L.
monocytogenes expressing OVA. Thus, rHSV-1 represents a
promising “single-shot” vaccine with the potential to induce
long-term protective CTL responses.

MATERIALS AND METHODS

Mice. All mice were bred and maintained under standard conditions in the
animal facilities of the Institute for Immunology, Ludwig-Maximilians-University
Munich; the Institute for Microbiology, Immunology and Hygiene, Technical
University Munich; or the Department of Pharmacy, University of Ferrara.
DO11.10 mice (expressing transgenic T-cell receptors [TCR] specific for
OVAs,3.330/MHC class 1T I-A%) were obtained from Jackson Laboratory, Bar
Harbor, Maine.

Plasmid construction and preparation of recombinant, replication-deficient
HSV-1 vaccines. A BamHI/Xhol fragment of rabbit Bglobin was cloned into a
BamHI/Xhol-opened pcDNA3 vector (Invitrogen) to create pcDNA3-Bglobin.
The pcDNA3-OVA vector encoding the secreted form of chicken ovalbumin
(OVA) was constructed by cloning a 1.9-kb EcoRI fragment from the plasmid
pAc-Neo-OVA (provided by F. Carbone, Melbourne, Walter and Eliza Hall
Institute, Australia), which contained the entire coding sequence of OVA, into
the EcoRI site of pcDNA3-Bglobin. Plasmids were prepared from Escherichia
coli with Qiagen (Hilden, Germany) Mega Kits. A recombination plasmid
(pB410H:OVA) was constructed by introduction of HCMV-Bglobin OVA
cDNA expression cassette into the Ul41 locus of HSV-1. The cDNA under the
transcriptional control of the human cytomegalovirus promoter was inserted in a
Smal/Xbal-opened pBBSK-plasmid between the two UL41 fragments (map po-
sitions 93,858 to 92,230 and 91,631 to 90,145) 100 bp downstream of the HSV
immediate-early ICPO promoter. This plasmid (pB410H:OVA) was recombined
with the genome of TOZGFP using the previously described Pac-facilitated lacZ
substitution method (19). TOZGFP is a nonreplication HSV viral vector back-
ground that has low toxicity due to the deletion in three immediate early genes
(ICP4 and ICP27, which are essential for viral replication, and ICP22) with
c¢DNA encoding GFP inserted into the ICP22 locus and an insertion of LacZ in
the UL41 locus. The recombination was carried out using standard calcium
phosphate transfection of 5 ug of viral DNA and 1 pg of linear recombination
plasmid pB410H:OVA. Transfection and isolation of the recombinant virus was
performed in 7b Vero cells (African green monkey kidney cells CCL81; Amer-
ican Type Culture Collection, Manassas, Va.) capable of providing the essential
ICP4 and ICP27 HSV gene products. The recombinant virus containing the
OVA cDNA was identified by isolation of a clear plaque phenotype after X-Gal
(5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside) staining. TOH-OVA virus
was purified by three rounds of limiting dilution and the presence of the trans-
gene was verified by Southern blot analysis. Viral stocks of the TOH-OVA virus
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and the control vector TO-GFP (derived from TOZGFP without lacZ reporter
gene in UL41 locus) were prepared and titrated using 7b cells.

Adoptive transfer. DO11.10 cells were prepared from lymph nodes and
spleens of transgenic mice. Briefly, spleen and lymph nodes were taken out, and
single-cell suspensions were prepared. Erythrocytes were removed by osmotic
lysis, and after determining the percentage of DO11.10 TCR-transgenic T cells
by flow cytometry, 2.5 X 10° transgenic T cells were injected intravenously into
the recipient mice.

Vaccination. Naked DNA immunization was performed by gene gun admin-
istration (Bio-Rad Laboratories, Hercules, Calif.). Cartridges of DNA-coated
gold particles were prepared according to the manufacturer’s instructions. For
each preparation, gold particles (25 mg; diameter, 1 pwm) were coated with 200
ng of DNA. Mice were anesthetized prior to vaccination with a mixture of
ketaminhydrochloride and xylazinhydrochloride in phosphate-buffered saline
(PBS). A total of 8 pg of plasmid DNA was delivered to the shaved abdominal
skin of adult mice with a discharge pressure of 400 Ib/in%. For TOH-OVA vac-
cination, frozen virus stocks were thawed on ice, diluted in PBS to 4 x 10°
TOH-OVA/200 pl, and injected intravenously (i.v.).

Enzyme-linked immunosorbent assay. For the detection of OV A-specific an-
tibodies, 96-well microtiter plates (Nunc Maxisorp, Nunc, Wiesbaden, Germany)
were coated with OVA (15 pg/ml; Sigma Chemical Co., St. Louis, Mo.) at room
temperature overnight. Plates were blocked (PBS, 0.5% milk powder, 0.05%
NaN3;), and immune sera (diluted 1:100 in blocking buffer) were incubated for
2 h at room temperature. After washing five times with PBS, horseradish per-
oxidase-labeled second-step goat sera specific for mouse immunoglobulin M
(IgM) or IgG (Serotec Ltd., Oxford, England) or IgG1 or IgG2a (Southern
Biotechnology Assoc. Inc., Birmingham, Ala.) in PBS (0.5% milk powder, 0.05%
Tween20) was added and incubated for 2 h. After five washing steps, the amount
of bound antibody was determined by addition of substrate solution (1 mM
3,3',5,5" tetramethylbenzidine, 30% H,O, [0.3 wl/ml] in 0.2 M potassium ace-
tate). The reaction was stopped by addition of 2 N H,SO, and the absorbance
at 450 nm was determined with a V.. microplate reader (Molecular Devices
Corporation, Sunnyvale, Calif.).

MAbs, tetramers, and flow cytometry. Lymphocytes were analyzed using the
following monoclonal antibodies (MAbs): anti-CD4-PerCP (L3T4), anti-CD8a-
PerCP (Ly2), and anti-CD62L (Mel-14) from PharMingen (San Diego, Calif.)
and KJ1-26-fluorescein isothiocyanate specific for DO11.10 TCR, anti-CD8a-
APC (Ly2), and anti-CD44-PE from Caltag (Burlingame, Calif.). Biotinylated
MADs were detected with streptavidin-APC (Caltag). Analytic flow cytometry
was performed on a FACScalibur (Becton Dickinson, Mountain View, Calif.),
and the data were analyzed using CellQuest software (Becton Dickinson). Tet-
rameric H2-K®/Ova,s;_,, complexes were generated as previously described (5).
In brief, refolded and biotinylated MHC-peptide complexes were multimerized
with the addition of phycoerythrin-conjugated streptavidin (Molecular Probes,
Eugene, Oreg.). Tetrameric complexes were stored at 2 mg/ml at 4°C in PBS (pH
8.0) containing 0.03% sodium azide, pepstatin (1 pg/ml), leupeptin (1 pwg/ml),
and 1 mM EDTA. The reagents were frequently tested on antigen-specific T-cell
lines to document staining quality.

Listeria. Mice were infected i.v. with L. monocytogenes expressing the secreted
form of OVA (36) (L.m.-OVA, kindly provided by Hao Chen, Philadelphia, Pa.).
Viable bacterial counts within spleen and liver were determined by homogeniz-
ing the respective tissue in PBS containing 0.05% Triton X-100 and plating on
brain heart infusion agar plates (Life Technologies, Gaithersburg, Md.). L.
monocytogenes colonies were identified by their characteristic morphology and by
Gram staining.

max

RESULTS

Induction of CTL responses by rHSV-1 vaccines. The goal of
the present study was to investigate the capacities of rHSV-1
vectors to induce protective primary and long-term immune
responses against intracellular bacterial infection in vivo. Ear-
lier attempts to use HSV-1-derived vectors in gene therapy
approaches were complicated by viral cytotoxicity and tran-
sient expression of transgenes. Replication-defective HSV-1
strains, in which nonreverting mutations have been incorpo-
rated into mandatory viral genes, retain the immunogenicity of
wild-type HSV but are much safer. Deletion of a series of viral
immediate-early genes such as ICP4, ICP22, and ICP27 sub-
stantially reduces cytotoxicity and enhances long-term trans-
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gene expression (21). Further studies have shown that these or
similar mutant vectors do not interfere with MHC class I ex-
pression in the infected neurons (20) or fibroblasts (46), an
important consideration with respect to antigen presentation.
For our studies, a replication-incompetent, low-cytotoxicity,
ICP47, ICP227, and ICP27" triple mutant HSV-1 virus was
modified to express the model antigen chicken OVA under
control of the human cytomegalovirus (CMV) promoter. This
virus (TOH-OVA) was used to vaccinate mice. As positive
vaccination control, we employed gene gun DNA vaccination,
a method previously proven to confer CDS-T cell-mediated
protective immunity against bacterial challenge (9). The plas-
mid used for this approach was pcDNA3-OVA, containing the
same CMV-OVA-expression cassette as TOH-OVA.

Using OVA as a model antigen, we first investigated the
capacity of the different vaccines to induce OV A-specific CD8-
T-cell activation and expansion in vivo. With tetrameric H2-
K®/Ova,s; 56, complexes (Tet), we determined that the fre-
quency of OVA-specific Tet” CD8* T cells in normal
nonimmune C57BL/6 mice was, on average, 0.05% of all pe-
ripheral blood lymphocytes (Fig. 1a). This percentage did not
increase upon gene gun (0.03%) (Fig. 1b) or control rHSV-1
(TO-GFP) vaccination (0.02%) (Fig. 1d). In contrast, TOH-
OVA induced a 10-fold expansion of OVA-specific CTL com-
pared to the background (0.59%) (Fig. 1c). When the kinetics
of CD8" Tet™" T-cell expansion in peripheral blood was ana-
lyzed as a percentage of total CD8" T cells (Fig. 1e), a weak,
but statistically significant (Student’s ¢ test, P = 0.0026) expan-
sion was detectable at day 7 after gene gun vaccination (0.43%
+ 0.15%) compared to negative-control mice vaccinated with
TO-GFP (0.145% = 0.03%). However, a significant expansion
after gene gun vaccination could not be observed in all of our
experiments (see Fig. 4). In contrast, TOH-OVA vaccination
induced >21-fold expansion of Tet™ CD8" CTL over back-
ground (Fig. 1e) (3.03% = 0.57%) (except as noted, values are
presented as means * standard deviations). At the peak of the
response (day 7), the frequency of Tet™ CD8" T cells induced
by TOH-OVA was sevenfold larger than following gene gun
vaccination. While levels of Tet™ CD8* CTL remained ele-
vated in TOH-OVA-vaccinated mice for more than 50 days, the
expansion in gene gun-vaccinated mice was transient and
short-lived, declining rapidly to background levels (Fig. le). As
CDS8-T-cell expansion in animals vaccinated with TOH-OVA
was variable between different experiments, we could not ob-
serve elevated levels of Tet™ CD8" CTL for such a long period
in each experiment performed (see Fig. 4b). When the periph-
eral blood of the same animals was analyzed for nonspecific
(Tet™) augmentation of the CD8"-T-cell compartment, TOH-
OVA and TO-GFP induced an approximately twofold increase
of Tet™ CD8™" T cells (data not shown). This effect was prob-
ably due to a proinflammatory response in rHSV-1-vaccinated
mice and was not observed in the DNA-vaccinated group.
These results show that TOH-OVA induce a severalfold stron-
ger expansion of antigen-specific CD8" T cells compared to
gene gun vaccination.

Recombinant HSV-1 vaccination protects against L. mono-
cytogenes infection. While infection of mice with sublethal
doses of L. monocytogenes leads to rapid clearance of the
bacterium and long-lived protective immunity, larger doses
result in death of the animals within a few days. Despite a
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FIG. 1. Visualization of antigen-specific CTL expansion after vac-
cination. PBL were stained with anti-CD8-APC and H-2K®/OVA s 564
tetramers-phycoerythrin and analyzed by flow cytometry before (a)
and 7 days after vaccination with pcDNA3-OVA (b), TOH-OVA (c), or
TO-GFP (4 X 10° virus particles i.v.) (d). The percentage of CD8"
Tet" CTL among PBL is indicated on each plot. (e) The frequency of
antigen-specific cells among peripheral blood CD8™ T cells was deter-
mined by H-2K°/OVA,s; », tetramer staining for pcDNA3-OVA-,
TOH-OVA-, and TO-GFP-immunized mice as shown (a to d). Data
represent average values *+ standard deviations (error bars) obtained
from five mice per group at each time point. p.i., postimmunization.

relatively weak induction of antigen-specific CTL expansion, as
demonstrated in Fig. 1, gene gun DNA vaccination has been
reported to provide protective immunity against L. monocyto-
genes infection in mice (9). We wondered if vaccination with
TOH-OVA would have similar protective properties. To di-
rectly compare both vaccination strategies, we challenged
rHSV-1 or gene gun-vaccinated mice with a lethal dose (5 X
10%, two times the 50% lethal dose [LDs,]) of L. monocytogenes
genetically modified to express the model antigen OVA (L.m.-
OVA [36]). In order to determine the expansion of OVA-
specific CTL after vaccination and L.m.-OVA challenge, the
experimental protocol was designed as shown in Fig. 2a, in-
cluding Tet analysis at two stages during the experiment. Tet-
analysis at day 7 postvaccination confirmed the findings shown
in Fig. 1; a strong increase of Tet™ CD8" CTL could be
detected in TOH-OVA immunized mice, while DNA vaccina-
tion induced a weak, but significant (P < 0.05) increase com-
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FIG. 2. Protection against L.m.-OVA infection. (a) C57BL/6 mice were left unimmunized or vaccinated with pcDNA3-OVA, TOH-OVA, or
TO-GFP (4 X 10° virus particles i.v.) (day 0) and infected i.v. with 5 X 10* (two times the LDsy) L.m.-OVA cells 8 days later. H-2K’/OVA,5, 564
tetramer staining for OVA-specific CD8" T cells in blood was performed at day 7 postvaccination (b), and survival of the mice was monitored for
10 days after infection (c). At day 10 postinfection (day 18 postimmunization), spleens of surviving mice were analyzed for presence of Tet* CTL
(d). The bar graphs (b and d) depict the percentage (mean * standard deviation [error bars]) of Tet-positive cells among total CD8" T cells (five
mice/group). (e) As a control for the antigen-specificity of protection, vaccinated mice were infected with 5 X 10* wild-type L. monocytogenes cells
(not expressing OVA), and survival was monitored. Abbreviations: no imm, no immunization; p.i., postimmunization.

pared to nonimmunized mice (Fig. 2b). Despite the relatively
weak expansion of Tet™ CTL following gene gun vaccination,
all mice from this group were protected from the subsequent
L.m.-OVA challenge, whereas all control animals (unimmu-
nized or control-vaccinated with TO-GFP) died between day 3
and day 6 postinfection (Fig. 2c). TOH-OVA-vaccinated mice
were also fully protected (Fig. 2c). These results demonstrate
that under these conditions of bacterial challenge (low dose)
the strength of the CD8*-T-cell response did not correlate
with protection. As expected, elevated levels of Tet™ CD8*
CTL were detectable in both gene gun- and TOH-OV A-vacci-
nated mice 18 days postvaccination (10 days postinfection, Fig.
2d). While the average of Tet” CD8" CTL was higher in
DNA-vaccinated mice than in the TOH-OVA-vaccinated
group, the difference was not statistically significant (Fig. 2d).
To control the specificity of protection, we infected gene gun-
and TOH-OVA-vaccinated mice with wild-type L. monocyto-
genes not expressing the model antigen OVA (Fig. 2e). As
expected, neither group was protected, and all animals died
from infection. Together with the results from control vacci-
nation using TO-GFP (Fig. 2c), where mice were not protected
from lethal infection with L.m.-OVA, these data exclude the
possibility that protection induced by TOH-OVA is due to
unspecific HSV-1-mediated effects. These findings indicate
that TOH-OVA induce strong CTL responses specific for re-
combinant antigen and are sufficient to protect mice from
subsequent bacterial infection.

Protection from infection with a high dose of L. monocyto-
genes is induced by HSV-1 vaccines but not by DNA vaccina-

tion. Although DNA vaccination induced much lower numbers
of circulating antigen-specific Tet™ CTL compared to TOH-
OVA, both groups were protected from a lethal (two times the
LDs,) L.m.-OVA challenge (Fig. 2). We wondered, however, if
DNA vaccination would also provide protection from higher
doses of L. monocytogenes. We therefore repeated the exper-
iment shown in Fig. 2a, infecting the mice with a twofold-
higher dose of L.m.-OVA (10° cells, four times the LDs).
When spleens and livers were analyzed 3 days postinfection for
presence of viable Listeria, striking differences between gene
gun- and TOH-OVA-vaccinated mice became evident: spleens
from two out of three TOH-OVA-vaccinated animals were
completely free of bacteria, while bacterial counts in the third
were approximately 6,000-fold lower than those from gene
gun-vaccinated mice (Fig. 3a). The latter had bacterial num-
bers similar to the control-vaccinated (TO-GFP) group. Livers
of the same mice showed a similar picture, with an average of
>430-fold-lower bacterial counts in livers of TOH-OVA-vacci-
nated mice than in gene gun- or control virus (T0-GFP)-vac-
cinated mice (Fig. 3b). In order to test if these differences in
bacterial numbers correlate with survival, we infected vacci-
nated mice with 10-fold more L.m.-OVA (5 X 10° cells, 20
times the LDs,) than the amounts used for the experiment
depicted in Fig. 2, and then we monitored survival (Fig. 3c).
With this high dose, a direct relationship between the fre-
quency of antigen-specific Tet* CTL induced by the vaccine
and protection from infection became clear. The TOH-OVA-
vaccinated mice survived without signs of disease (data not
shown), while all gene gun- and TO-GFP-vaccinated mice died
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FIG. 3. Protection against infection with high dose of L.m.-OVA.
C57BL/6 mice were vaccinated with TOH-OVA, T0-GFP (4 X 10° virus
particles i.v.), or pcDNA3-OVA and infected with 10° (four times the
LDs,) L.m.-OVA cells 7 days postvaccination. Mice were sacrificed 3
days after infection, and bacterial counts in spleen (a) and livers (b)
were determined from organ homogenates (n = 3 to 4 mice per
group). (c) Differentially vaccinated mice (three or four per group)
were infected with 5 X 10° (20 times the LD5,) L.m.-OVA cells, and
survival was monitored for 13 days.

(Fig. 3c). These data show that while the DNA vaccine induces
protection against infection with a low, but lethal dose of
L.m.-OVA, TOH-OVA induces much stronger responses capa-
ble of protecting against a much more potent infectious dose.

Long-lived CTL immunity to L. monocytogenes induced by
recombinant replication-deficient HSV-1. The induction of
long-term memory responses is a prerequisite for optimal vac-
cine efficacy. In order to test if TOH-OVA is able to induce
antigen-specific long-term protection against intracellular bac-
terial infection, we vaccinated mice with TOH-OVA or control-
vaccines and challenged the mice 6 weeks later with a lethal
dose of L.m.-OVA (5 X 10* cells, two times the LDs,). Ex-
pansion of Tet* CD8" CTL was monitored in the blood fol-
lowing vaccination and challenge. As observed previously (Fig.
1 and 2), only TOH-OVA induced strong expansion of Tet™
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CD8" CTL 7 days postvaccination (Fig. 4b). This increase was
transient and after the contraction of Tet* CTL, lower levels
of Tet™ CD8* CTL could be detected in the vaccinated mice
5 weeks after vaccination (day 39) (Fig. 4b). Following chal-
lenge with L.m.-OVA, changes were first detectable at day 5
(day 47) (Fig. 4b), with significantly elevated levels of Tet™
CD8" CTL in TOH-OVA-vaccinated animals compared to the
gene gun group or controls (P < 0.001); more than 20% of all
CD8™ T cells in the blood of TOH-OVA-vaccinated mice were
Tet ™. Elevated levels of antigen-specific Tet" CD8" CTL in
gene gun-vaccinated mice could be detected at day 49, 7 days
postinfection, where they represented approximately 10% of
all CD8" CTL, an expansion sixfold lower than that of the
TOH-OVA group (Fig. 4b).

Despite these differences in antigen-specific CTL frequency,
both TOH-OVA- and gene gun DNA-vaccinated mice were
well protected from low-dose (5 X 10* cells) L.m.-OVA chal-
lenge, showing no signs of serious illness. In contrast, all con-
trol TO-GFP-vaccinated mice died within 6 days postinfection
(Fig. 4c).

At day 7 postinfection, we sacrificed the surviving mice and
analyzed spleens and livers for presence of L. monocytogenes.
The spleens of all animals from both surviving groups were
bacteria free (data not shown). However, while the livers of
TOH-OVA-vaccinated mice were also free of L. monocyto-
genes, 50% of the gene gun-vaccinated mice had not yet
cleared the bacteria (3 X 10* to 9 X 10* bacteria per liver; data
not shown). These data indicate that despite survival of all
mice from both groups, the TOH-OVA vaccine results in more
complete or, alternatively, more rapid bacterial clearance.

The different frequencies of antigen-specific CTL observed
in TOH-OVA- versus gene gun-vaccinated mice (Fig. 4b) is a
systemic phenomenon, observed not only in the peripheral
blood, but also in spleens of surviving mice (day 49) (Fig. 4d).
The mesenteric lymph nodes of TOH-OVA immunized mice
also contained significantly more Tet* CD8* CTL than de-
tected in gene gun-vaccinated animals (P < 0.005), although
the difference was not as great as observed in spleen or blood
(Fig. 4d). This analysis excludes the possibility that the differ-
ences in frequencies of Tet™ CD8* CTL detected in peripheral
blood lymphocytes (PBL) following TOH-OVA or gene gun
vaccination were a result of differential homing properties of
the stimulated T cells.

Taken together this analysis shows that TOH-OVA-derived
vaccines induce potent long-term protection against infection
with the facultative intracellular bacterium L. monocytogenes
and generate a large memory CTL pool capable of clearing
even large bacterial loads very efficiently. In contrast, gene gun
vaccination induces lower frequencies of specific CTL suffi-
cient for the protection of mice from challenge with lower but
lethal Listeria-doses but are less efficient at achieving complete
bacterial clearance.

Induction of antigen-specific CD4™ T helper responses and
antibodies by recombinant replication-deficient HSV-1. In or-
der to directly monitor the capacity of TOH-OVA to induce
CD4 " -T-cell responses against their encoded recombinant an-
tigen in vivo, we vaccinated mice that had previously received
adoptively transferred TCR-transgenic OVA-specific DO11.10
CD4" T cells (18). DO11.10 transgenic T cells recognize the
OVA;,; 55 peptide in the context of MHC class II I-A“ and
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FIG. 4. Long-term protection against L.m.-OVA infection. (a) Ex-
perimental protocol: C57BL/6 mice were vaccinated with pcDNA3-
OVA, TOH-OVA, or TO-GFP (4 X 10° virus particles i.v.) and infected
iv. with 5 X 10* (two times the LDs;) L.m.-OVA cells 6 weeks later.
(b) The percentage of H-2K°/OV A 5, 54,4 tetramer-specific cells among
CD8" T lymphocytes in the blood was determined by flow cytometry at
the days indicated. (c) Survival of the mice was monitored daily; no
death occurred after day 7 postinfection. (d) On day 7 after infection
(day 49 postvaccination), spleen, mesenteric (mes), inguinal, and bra-
chial lymph nodes were isolated and analyzed by flow cytometry; in-
guinal and brachial lymph nodes (ing. and bra. LN) were pooled for
each mouse. The bar graphs depict the percentage (mean * standard
deviation [error bars]) of H-2K°/OVA,s, s, tetramer-positive cells
among CD8" T cells (n = 4 to 5 per group).
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FIG. 5. Monitoring of OVA-specific CD4"-T-cell responses in vivo
following THSV-1 vaccination. BALB/c mice received 2.5 X 10° naive
DO11.10 cells at day —1 and were immunized with gene gun
(pcDNA3-OVA), TOH-OVA, or TO-GFP (4 x 10° virus particles) i.v.
at day 0. The frequency of DO11.10 T cells present in the inguinal
lymph nodes and spleen was measured by flow cytometry. (a to c) Cell
suspensions were stained with anti-CD4, and KJ1-26-fluorescein iso-
thiocyanate (DO11.10 TCR-specific). The percentages of CD4"/KJ1-
26" cells in lymph nodes of control (T0-GFP)-, pcDNA3-OVA-, and
TOH-OVA-immunized mice at day 5 postimmunization are indicated
in the dot plots. Kinetics of DO11.10 T-cell expansion is shown for
lymph nodes (d) and spleen (e). In panels d and e, the total cell
numbers *+ standard deviations (error bars) of CD4" KJ1-26" cells are
indicated (three to four animals per group).

can be detected with the clonotypic TCR-specific MAb KJ1-26
facilitating the monitoring of their activation and expansion
following vaccination with the specific antigen. While control
vaccinated mice contained very few CD4" KJ1-26" T cells
(TO-GFP) (Fig. 5a and d), the percentages increased 5- to
10-fold and total numbers increased 10- to 30-fold in the drain-
ing lymph nodes in gene gun-vaccinated animals (Fig. 5b and
d) 5 days after vaccination. In contrast, vaccination with TOH-
OVA did neither augment the frequencies (Fig. 5¢) nor cell
numbers (Fig. 5d) of antigen-specific DO11.10 T cells. Simul-
taneously, we monitored the activation status of DO11.10 T
cells with a MAD specific for CD44, a cell surface marker
modulated from moderate levels on naive T cells to high ex-
pression on activated T cells (data not shown). While CD4™"
KJ1™ 26" T cells demonstrated a highly activated phenotype
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FIG. 6. OVA-specific antibody responses in immunized BALB/c
mice. Sera were obtained from mice immunized with pcDNA3-OVA,
TOH-OVA, or TO-GFP (4 X 10° virus particles i.v.) at the indicated
time points postvaccination, and OVA-specific antibody serum levels
were determined by enzyme-linked immunosorbent assay. Preimmune
serum (day 0) from each group was determined with a pool of sera.
Results are expressed as the mean of optical density at 450 nm (O.D.
450 nm) * standard deviation (error bars) from at least three individ-
ual mice per group.

following gene gun vaccination, in lymph nodes of control
(TO-GFP-), and TOH-OVA-immunized mice they did not gain
an activated phenotype (data not shown). A CD4-T-cell re-
sponse, following iv. TOH-OVA vaccination would be ex-
pected primarily in the spleen. Surprisingly, the kinetics of
DO11.10 expansion in the spleen following TOH-OVA vacci-
nation was also not significantly different from the control
immunized mice during the first 5 days postvaccination (Fig.
5¢). A twofold expansion of CD4" KJ1-26" T cells (Fig. 5¢)
with high levels of CD44 (data not shown) was first detected in
the spleens of TOH-OVA-vaccinated mice at day 7 postvacci-
nation compared to gene gun-vaccinated animals. Other vac-
cination routes for TOH-OVA such as intraperitoneal, subcu-
taneous, and intradermal routes did not induce greater
expansion of antigen-specific CD4 T cells (data not shown).
These findings indicate that rHSV-1 vaccines elicit poorer CD4
T helper responses than gene gun vaccination.

Poor induction of CD4 helper T-cell responses by HSV-1-
derived vaccines could result in similarly weak induction of T
dependent antibody responses. To address this possibility, we
analyzed the sera of vaccinated mice for OVA-specific anti-
bodies. While none of the vaccinations resulted in significant
levels of specific IgM (Fig. 6), specific IgG was induced at later
time points after vaccination (Fig. 6). The recombinant virus
(TOH-OVA) and gene gun immunization induced similar IgG
levels 17 days postvaccination, but only gene gun immunization
resulted in further increase at later time points (Fig. 6). No
specific IgG was detected following control (TO-GFP) immu-
nization (Fig. 6). Further analysis of IgG subclasses revealed
that gene gun vaccination induces a Th2-dominated response
with OVA-specific IgG1 antibodies (Fig. 6), while a weak Th1-
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like IgG2a-dominated response is induced by TOH-OVA (Fig.
6). These data show that vaccination with rHSV-1-derived vac-
cines leads to the induction of a significantly weaker humoral
response than gene gun immunization with additional skewing
of the response towards Thl.

Thus, recombinant HSV-1-derived vaccines are weak induc-
ers of CD4 T helper and antibody responses but activate a
large and efficient CD8"-T-cell response.

DISCUSSION

Protective vaccination against bacteria with a facultative in-
tracellular life style is dependent on the induction of cytotoxic
T-cell responses (17, 39). Since natural Listeria-derived CTL
epitopes have not been identified in H-2" mice, we studied and
visualized the vaccine efficacy of rHSV-1 vectors by using the
model antigen OVA; mice were vaccinated with rHSV-1 en-
coding OVA and then challenged with recombinant OVA-
expressing L. monocytogenes. As a control we used gene gun
DNA vaccination, which has been shown to induce reliable
protective CTL-mediated immunity to intracellular L. mono-
cytogenes infection (9). Analysis of vaccinated mice with
H-2K"-OVA peptide tetramers revealed that rHSV-1 vaccines
induce strong activation and expansion of OVA-specific CD8"
T cells, resulting in peak frequencies much greater than those
observed following gene gun vaccination (Fig. 1). These data
are in concordance with recent reports showing that DNA
vaccines induce very low numbers of epitope-specific CTL
which are poorly detectable ex vivo by flow cytometry after a
single DNA vaccination via either gene gun (1) or intramus-
cular application (45).

At the peak of the response following TOH-OVA vaccina-
tion, 2 to 5% of all CD8™" T cells in the blood and spleen were
specific for OVA,s; 564 This frequency is two- to threefold
lower than that shown in a recently published report for HSV-1
glycoprotein epitope gB,og.505 specific CTL in H-2° mice in-
fected with replication competent HSV-1 (7). The lower fre-
quencies of specific CTL in our system might be explained by
our use of a replication-deficient (ICP4~, ICP22", and ICP27~
triple mutant) rHSV-1 vaccine, which reduces the number of
infected cells compared to replication competent HSV-1.
However, side-by-side comparison of OVA- and gB-specific
CTL in the same animal infected with the same HSV-1 variant
would be necessary to validate these speculations.

The efficiency of a vaccine is directly proportional to its
capacity to activate T cells and to generate a memory T-cell
pool. Development of memory T cells has been shown to be
directly proportional to the intensity of the primary response
(31), and in several viral infection models, the viral dose cor-
related positively with T-cell memory development (23, 34, 35).
Recombinant replication-deficient mutant HSV-1 not only in-
duced strong expansion of CD8" CTL (Fig. 1), it also proved
to be an extremely efficient vaccine against infection with an
intracellular bacterium. Gene gun DNA vaccination protected
equally well when we mice were challenged with low but lethal
doses of bacteria, but following infection with higher doses of
Listeria, only TOH-OVA-vaccinated animals showed low bac-
terial counts in spleen and liver (Fig. 3a) and were completely
protected (Fig. 3c). However, further experiments will have to
clarify if long-term memory response as shown in Fig. 4 for a
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low-dose challenge will be sufficient to protect the animals
from high doses of infectious material. Thus, as a consequence
of the low frequencies of memory precursor CTL generated in
gene gun-vaccinated mice, the response to a large infectious
challenge was insufficient to offer protection (Fig. 4). These
data are in line with findings that gene gun vaccination can be
further enhanced by combining it in heterologous prime-boost
protocols with other vaccines (12, 28, 42); rHSV-1 vaccine, on
the other hand, is by itself a very efficient vaccine against even
high doses of infection with intracellular bacteria. Interest-
ingly, TOH-OVA, unlike DNA vaccination, did not induce sig-
nificant CD4 T helper cell or antibody responses specific for
the recombinant antigen. This may be irrelevant, as protection
against intracellular bacterial pathogens such as L. monocyto-
genes is largely CTL mediated (17, 39). Although antibody
responses could be important to neutralize L. monocytogenes
immediately after bacterial entry into the host and might there-
fore be considered a prerequisite for the establishment of an
efficient long-term vaccination effect against intracellular bac-
teria (8), a lack of pathogen-specific antibodies did not nega-
tively affect the ability of HSV-1-derived vaccines to provide
long-term memory protection in our system.

Many different recombinant viral vector systems, including
alpha-, adeno-, pox- and poliovirus systems, have been devel-
oped for vaccination. One concern common to all these vac-
cines is that their efficiency might be negatively affected by
preexisting immunity to the viruses, as has proven true in the
case of adenovirus (38) and poxvirus vectors (14). It has re-
cently been demonstrated that HSV-1-derived vectors are not
affected by preexisting immunity to HSV-1 (4). This aspect is
currently being investigated in our laboratory for the specific
rHSV-1 vaccine presented here. In the light of 75% of the
adult human population have been previously exposed to
HSV-1, this is an important prerequisite for the efficient usage
of these vaccines (13). In addition, the strength of CTL re-
sponse we observed upon vaccination with TOH-OVA indi-
cates that, in contrast to other vaccines tested in the infectious
Listeria model (for a review, see reference 16), further homol-
ogous or heterologous prime-boost protocols may be superflu-
ous in the case of rHSV-1.

We have evaluated the efficacy of rHSV-1 vaccines in mice
and demonstrate in the present report that a single vaccination
is sufficient to elicit a protective response specific for a vaccine-
encoded, nonviral protein. We have directly compared the
cellular and humoral responses elicited by tHSV-1 vaccines
and gene gun DNA vaccination and demonstrate significant
differences in the strength and quality of the elicited responses.
To our knowledge this is the first report analyzing the capacity
of a recombinant HSV-1 vaccine to directly induce primary
and memory CTL, CD4 T helper cells, and humoral responses
specific for a nonviral antigen. We demonstrate for the first
time that HSV-1-derived vectors induce strong CTL responses,
making them a promising candidate for vaccines against intra-
cellular bacterial infection. Further experiments with HSV-1-
derived vaccines will be necessary to evaluate if our findings
with the model antigen OVA can be extended to more relevant
bacterial antigens, which may have different immunogenic
properties. Experiments will have to be performed to confirm
the usefulness of HSV-1 as a vector for human immunization.
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