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The interaction between B7 costimulation molecules on antigen-presenting cells and CD28 on antigen-
responsive T cells is essential for T-cell activation and maturation of immune responses to herpes simplex virus
(HSV) infection. Vaccine-induced immune responses also depend upon adequate upregulation of B7 costimu-
lation molecules, but this signal may be limiting for replication-defective virus vaccines. We investigated
whether expression of B7 costimulation molecules by a prototypical replication-defective antiviral vaccine
could enhance immune responses to the vaccine and whether B7-1 and B7-2 would be similarly effective. We
altered an ICP8� replication-defective strain of HSV type 2 (HSV-2), 5BlacZ, to encode either murine B7-1 or
B7-2. B7 molecule expression was detected on the surface of cells infected in vitro and at the RNA level in tissue
of immunized mice. Immunization of B7-1/B7-2 knockout mice with B7-encoding virus modestly expanded the
number of gamma interferon-producing T cells and significantly augmented class-switched HSV-specific
antibody responses compared with the parental virus. Mice immunized with either B7-expressing virus showed
less replication of challenge virus in the genital mucosa than mice immunized with 5BlacZ, markedly fewer
signs of genital and neurological disease, and little weight loss. Virtually all mice immunized with B7-encoding
virus survived challenge with a large dose of HSV-2, whereas most 5BlacZ-immunized mice succumbed to
infection. These results indicate that protective immune responses can be enhanced by the inclusion of host B7
costimulation molecules in a prototypical replication-defective HSV vaccine against HSV-2 genital infection
and that B7-1 and B7-2 induce immune responses with similar capacities to fight HSV-2 infection.

T-cell activation is the central event in the development of
all cell-mediated and most humoral antigen-specific immune
responses. Activation of T cells depends on T-cell receptor
engagement of an appropriate antigen-major histocompatibil-
ity complex (MHC) complex and a second signal mediated by
engagement of costimulation molecules (14–16, 20, 34). B7-1
(CD80) and B7-2 (CD86) are two well-characterized costimu-
lation molecules that are up-regulated upon host exposure to a
pathogen (2, 23) and are down-regulated in the immunosup-
pressive environment of tumors (17), suggesting a role for B7-1
and B7-2 in initial T-cell priming. B7-1 and B7-2 engage the
positive costimulation regulator on T cells, CD28 and, later,
the negative regulator CTLA-4 (CD152) (53). B7-1 and B7-2
expression is limited to professional antigen-presenting cells
(APCs). Dendritic cells and macrophages in mice constitu-
tively express B7-2, and all types of professional APCs upregu-
late B7-2 expression upon activation (12, 32). B7-1, on the
other hand, is expressed initially at low levels on dendritic cells,
with activation-induced expression occurring on B cells and
macrophages (10, 15, 21, 32).

The signal transmitted by interaction of B7-1 or B7-2 with
CD28 is central to induction of primary immune responses,
promoting proliferation, cytokine production, cytotoxic T-lym-
phocyte (CTL) activity, and antibody production (19, 29, 50,

52, 54), but the extent to which signals provided by B7-1 and
B7-2 are redundant is still controversial. APCs expressing ei-
ther B7-1 or B7-2 show equivalent capacities to costimulate
T-cell proliferation and cytokine production in vitro (29, 33, 44,
50, 50, 51) and to promote CTL activity (29). In mice suscep-
tible to certain allergic or infectious diseases, treatment with
anti-B7-2 antibody suppresses production of the Th2 cytokines
that accelerate disease progression, but anti-B7-1 antibody has
little or no effect (6, 26, 43), suggesting a more central role for
B7-2 in induction of immune responses in general and Th2
responses in particular. However, anti-B7-2 antibody blockade
may have a more pronounced effect simply because B7-2 is
constitutively expressed and more rapidly up-regulated during
an immune response than B7-1 (3, 12). Furthermore, B7-1
expressed in the absence of B7-2 can induce the same cytokine
patterns as does B7-2, suggesting that neither costimulation
molecule inherently biases the Th lineage commitment. In the
context of virus infections, the extent of redundancy between
B7-1 and B7-2 activities is also in question. Blockade of B7-1
reduces the number of influenza virus-specific CTLs and
gamma interferon (IFN-�) production, whereas CTLA-4Ig ad-
ministration also reduces antibody titers (35), suggesting in-
completely redundant roles for B7-1 and B7-2. Yet, in vesicular
stomatitis virus infection, mice deficient in either B7-1 or B7-2
show no differences in antiviral CTL generation or antibody
production (38). Thus, although B7 costimulation is central to
induction of primary immune responses, there is uncertainty
about whether the roles of B7-1 and B7-2 overlap.

Herpes simplex virus (HSV) is a pathogen for which B7
costimulation strongly enhances induction of primary immune
responses (11, 45, 58). Mice lacking B7-1 and B7-2 (B7KO)
have impaired T-cell responses after primary HSV infection
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and during memory recall responses in comparison with wild-
type mice (59). Fewer IFN-�-producing T cells are present in
the genital lymph nodes of B7KO mice after HSV infection,
and T cells isolated from B7KO mice produce less IFN-� and
have attenuated CTL activity. In addition, B7KO mice have a
significant deficit in HSV-specific serum immunoglobulin G
(IgG) response, and this deficit is likely a consequence of
depressed CD40L expression by CD4� T cells (59). These
immune response deficiencies ultimately compromise the ca-
pacity of B7KO mice to control HSV-mediated disease and
clear the infection (58). Thus, B7 costimulation is a limiting
factor in the activation of HSV-specific T cells for cytokine
production, CTL activity, and provision of help for class-
switched antibody responses.

Given the central role of B7 costimulation in the induction
of most immune responses, B7 costimulation molecules have
been incorporated into a variety of vaccine formulations. Coin-
jection of plasmids encoding pathogen-specific epitopes and
B7-1 or B7-2 augments immune responses to several patho-
gens (37, 49, 61, 65), including HSV (13). Oncolytic adenovirus
and replication-impaired HSV and vaccinia virus vectors ex-
pressing B7 molecules have also been tested as treatments for
cancers. The B7-modified viruses enhance antitumor immunity
(36, 63) and promote regression following direct intratumoral
injection (25, 30, 46, 60). These studies suggest expression of
host B7 costimulation molecules by a live attenuated vaccine
virus could also potentially be used to induce more vigorous
immunity to the homologous viral pathogen. However, the
capacity of many viruses, including HSV, to down-regulate B7
molecule expression in infected professional APCs (7, 7, 22, 39,
47, 48) leaves the outcome uncertain.

Although replication-compromised forms of virus are a rel-
atively safe means of inducing antiviral immune responses, the
small amount of antigen available to professional APCs for
presentation may limit the induction of effective antiviral im-
munity (66). Vaccination with a replication-defective virus ex-
pressing T-cell costimulatory molecules theoretically could
provide every virally infected cell with the capacity to activate
naı̈ve T cells and thus augment induction of antiviral immunity.
We undertook the current study to answer two questions cen-
tral to this theory: whether virus-encoded B7 molecules would
be effective in inducing antiviral immunity in the context of the
infected cell and whether B7-1 and B7-2 would have differen-
tial effects on the developing antiviral immune responses and
the protection they afford. We report here the in vivo immu-
nogenicity and antiviral activity of replication-defective HSV
strains genetically altered to encode murine B7-1 or B7-2 co-
stimulation molecules. The B7-expressing vaccine strains were
tested in mice lacking B7-1 and B7-2 molecules (4) so that any
capacity to augment antiviral immunity could be unambigu-
ously attributed to the virus-encoded B7 molecule expressed in
infected cells. Because differences in the roles for B7-1 and
B7-2 have been described (26, 28, 31, 43), we developed both
B7-1- and B7-2-expressing, replication-defective HSV strains
to ensure a more complete understanding of B7-1 versus B7-2
efficacy in induction of the antiviral immune response.

MATERIALS AND METHODS

Cells and viruses. The replication-defective HSV-2 strain 5BlacZ does not
produce the essential viral gene product ICP8 due to a lacZ insertion in the

UL29 open reading frame (9). 5BlacZ was propagated in S2 cells, a Vero cell line
stably expressing ICP8 (18, 18). HSV-2 strain G-6 (42) was isolated by plaque
purification of strain G. Thymidine kinase (TK)-deficient HSV-2, strain
186�Kpn (24), contains a KpnI-KpnI deletion in the thymidine kinase gene,
rendering it replication-competent but nonlethal in mice. HSV-2 strain 333d41
contains a 939-bp excision in UL41 and completely lacks virion host shutoff
activity (55). These replication-competent viruses were propagated in Vero cells
essentially as previously described (41). Virus titers were determined on S2 or
Vero cells by standard plaque assay (27). A20-1.11 murine B lymphoma cells
(H-2d) were maintained in Dulbecco’s modified Eagle’s medium (30% low glu-
cose), supplemented with 10% fetal calf serum, 1% glutamine, 1% nonessential
amino acids, and 50 �M 2-mercaptoethanol.

Construction and isolation of recombinant viruses. The open reading frames
of murine B7-1 (CD80) in pCDNAI and B7-2 (CD86) in pCDM8 expression
vectors (kindly provided by G. Freeman, Harvard Medical School) were cloned
3� of the human cytomegalovirus (HCMV) immediate-early (IE) enhancer/pro-
moter in pYBCMV-MP1-lacZ (gift of P. Olivo, Washington University School of
Medicine). The HCMVp-B7 expression cassettes were then subcloned into a
KpnI-KpnI deletion in the open reading frame of the HSV-2 thymidine kinase
gene contained in the plasmid pEH48 (56) (gift of D. Knipe, Harvard Medical
School). These plasmids [pEH48(HCMV/B7-1) and pEH48(HCMV/B7-2)] were
linearized and cotransfected by calcium phosphate coprecipitation into S2 cells
along with full-length 5BlacZ DNA. Potentially recombinant virus plaques
(TK�) were selected by growth in the presence of acyclovir (100 �M). Plaque
isolates were inoculated onto S2 cell monolayers, and their genotypes were
confirmed by Southern blot analysis. Recombinant viruses were plaque purified
three times before use in experiments. The B7-1-expressing 5BlacZ virus was
named 5B80, and the B7-2-expressing 5BlacZ virus was named 5B86.

Southern blot analysis. DNAs prepared from 5BlacZ, 5B80, and 5B86 were
digested with EcoRI and HindIII, and fragments were separated by agarose gel
electrophoresis. Fragments were transferred to a nitrocellulose membrane and
hybridized to a random hexamer 32P-labeled probe consisting of an EcoRI-to-
SpeI fragment that spanned the 5� end of the TK gene and the HCMV imme-
diate-early promoter in plasmid pEH48(HCMV/B7-1). Following overnight hy-
bridization, the blot was washed and exposed to film.

Immunofluorescence detection of B7 molecule expression in vitro. S2 cell
monolayers were infected at a low multiplicity (approximately five plaques per
well) with 5BlacZ, 5B80, or 5B86 for 48 h. Cells were fixed in 2% paraformal-
dehyde for 10 min at 4°C and rinsed with phosphate-buffered saline (PBS). Cells
were then incubated in the presence of �1 �g biotinylated anti-B7-1 (Phar-
Mingen, San Diego, CA) or biotinylated anti-B7-2 (PharMingen) for 30 min at
room temperature and washed and stained with streptavidin-fluorescein isothio-
cyanate (FITC; Immunotech) for 20 min at room temperature protected from
light. Washed cells were visualized using a fluorescence microscope, and photo-
graphs were captured on a Nikon Diaphot 200 inverted microscope equipped
with a Nikon TE-FM epifluorescence attachment and a DVC 1310C charge-
coupled-device camera. Images were captured using C-View software (DVC Co.,
Austin, TX).

Flow cytofluorometric analysis of B7 molecule expression in vitro. Vero and
S2 cell monolayers were infected at a multiplicity of infection (MOI) of 5 with
5BlacZ, 5B80, or 5B86 and incubated at 37°C. Cells were collected by brief
incubation in EDTA followed by scraping 15 h after infection. Abdominal
paraaortic lymph nodes, hereafter referred to as genital lymph nodes, were
harvested from uninfected B7KO mice, and single-cell suspensions were infected
at an MOI of 3 for 15 h in DME supplemented to contain 10% fetal calf serum,
2 mM glutamine, 50 U/ml penicillin-streptomycin, and 50 �M 2-mercaptoetha-
nol. Vero, S2, and lymph node cells were incubated in 5% goat serum for 20 min,
washed in PBS containing 0.1% bovine serum albumin, and incubated for 30 min
on ice with rabbit–anti-HSV polyclonal antibody (Dako) at 1:100 and anti-B7-
1–biotin or anti-B7-2–biotin antibodies (PharMingen) at a 1:150 dilution.
Washed cells were incubated for 20 min on ice in buffer containing streptavidin-
FITC (Immunotech) and goat–anti-rabbit–phycoerythrin (PE; Vector Laborato-
ries), each at a 1:150 dilution. Cells were washed, and staining was visualized by
flow cytofluorometric analysis on a FACSCalibur cytometer (Becton Dickinson).
Seven thousand to 8,000 gated events for Vero and S2 samples and 50,000 gated
events for lymph node samples were collected, and analysis was conducted with
CellQuest software (Becton Dickinson). For further analysis of B7-expressing
cells, 5B80-infected lymph node cells were stained with anti-B7-1–biotin, anti-
CD45–allophycocyanin, anti-CD19–PerCP (peridinin-chlorophyll-protein), anti-
CD11b–PE–Cy7, and anti-CD11c–PE (all from PharMingen), followed by
streptavidin-FITC.

Immunization of mice. Female BALB/c mice were purchased from the Na-
tional Cancer Institute. Female mice genetically deficient in both B7-1 and B7-2
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(B7KO) (4), backcrossed to a BALB/c background, were bred at Saint Louis
University and housed under specific-pathogen-free conditions in sterile mi-
croisolator cages in accordance with institutional and federal guidelines. All mice
were used at 6 weeks of age. For immunization, hind flanks of the mice were
shaved and injected subcutaneously (s.c.) with 2.5 � 106 PFU of virus suspended
in 20 �l of normal saline.

In vivo characterization of B7 expression by RT-PCR. Mice were immunized
with 186�Kpn or 5B86. Eighteen, 44, or 66 h after immunization, mice were
sacrificed and draining genital lymph nodes were removed. Total RNA was
prepared from the lymph node cells using TRI reagent (Molecular Research
Center, Inc., Cincinnati, OH). Reverse transcription (RT) was performed on 1
�g total RNA using the reverse transcription system (Promega, Madison, WI).
Following RT, cDNA preparations were subjected to PCR amplification using
primers to B7-2 or glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The
sequences of the B7-2 primers were 5�-ATGGTGTGTGGCATATGACC-3� and
5�-CTTAGAGGCTGTGTTGCTGG-3�, which amplify a 220-bp product absent
in the B7KO mouse. The sequences of the B7-1 primers were 5�-TGCAGGAT
ACACCACTCCTCAAGT-3� and 5�-AAAGGACCAGGCCCAGGATGATA
A-3�, which amplify a 311-bp product absent in the B7KO mouse. The sequences
of the GAPDH primers were 5�-TCCACCACCCTGTTGCTGTA-3� and 5�-AC
CACAGTCCATGCCATCAC-3�, which amplify a 500-bp product. One-tenth of
the reverse transcription reaction was added to PCR mixtures containing high-
fidelity Taq buffer with MgCl2 (Roche), 0.2 mM deoxynucleoside triphosphates,
50 pmol each primer, and 1 U Taq polymerase. Each reaction mixture was
subjected to a hot start at 94°C for 4 min, followed by denaturation at 94°C for
50 s, annealing at 55°C for 50 s, and extension at 72°C for 60 s. Thirty cycles of
amplification were followed by a final extension at 72°C for 5 min. PCR products
were visualized on 2% agarose gels stained with ethidium bromide.

Quantitation of serum antibodies. To determine the titer of HSV-specific
serum antibodies induced by vaccination, B7KO mice were unimmunized or
immunized with 5BlacZ, 5B80, or 5B86. BALB/c mice immunized with 5BlacZ
were used as a positive control. Blood was collected from the tail vein of mice 24
days postimmunization and 14 days after challenge. Serum was prepared by clot
retraction and analyzed by enzyme-linked immunosorbent assay (ELISA) as
previously described (40). Anti-mouse IgG–biotin (R&D Systems) was used as
secondary antibody, and streptavidin-horseradish peroxidase (Pierce) was used
as a detection reagent. Plates were developed using OPD reagent (Sigma) ac-
cording to the manufacturer’s recommendations. Plates were read at 490 nm on
an EL340 plate reader (Biotek). Antibody titers were determined by comparison
to standard curves generated with serum containing known concentrations of
IgG captured on plates coated with goat–anti-kappa light chain antibody
(Caltag).

Intracellular cytokine staining. Genital lymph nodes were harvested from
control mice or from mice 5 days after immunization with 5BlacZ, 5B80, or 5B86.
Single-cell suspensions were prepared and nonspecifically stimulated for 4 h in
the presence of phorbol myristate acetate (PMA; 50 ng/ml), calcium ionophore
A23187 (1 �g/ml), and GolgiStop (0.67 �l/ml; PharMingen). Cell surface staining
was performed using anti-CD3–PerCP–Cy5.5 (1:160), anti-CD4–Pacific Blue (1:
300), and anti-CD8–Alexa Fluor 700 (1:80) (all from PharMingen). Intracellular
staining was performed using a cytostain kit (PharMingen) according to the
manufacturer’s instructions with the addition of anti-IFN-�–PE (PharMingen) at
a 1:100 dilution. Staining was visualized by flow cytofluorometric analysis on a
FACSCalibur cytometer. At least 100,000 cells in the lymphocyte gate were
collected for each sample, and analysis was conducted with CellQuest software
(Becton Dickinson). The percentage of CD4� IFN-�� or CD8� IFN-�� cells
from unstimulated samples was subtracted from the percentage in PMA-stimu-
lated samples, and the difference was multiplied by the total number of lymph
node cells recovered to yield the number of CD4� IFN-�� or CD8� IFN-��

cells. For analysis of memory cells, genital lymph nodes were collected 3 weeks
after immunization. Cells were cultured for 4 h in the presence of GolgiStop and
A20-1.11 B-lymphoma stimulator cells that had been infected 5 h before with
HSV-2 333d41 or left uninfected. Cells were stained with anti-CD4–FITC
(PharMingen) and then fixed and stained intracellularly for IFN-� as described
above. The number of CD4� IFN-�� cells in individual mice was determined as
described above based on analysis of 40,000 to 100,000 gated events per sample,
and the difference between uninfected and infected A20-1.11 stimulator cells was
calculated to determine the number of specific responding cells.

In vivo challenge. At 7 days and 1 day prior to challenge, mice were injected
s.c. in the neck ruff with 3 mg Depo-Provera (Pharmacia and Upjohn) suspended
in 100 �l normal saline. Mice were anesthetized by intraperitoneal injection of
ketamine-xylazine and infected by intravaginal inoculation of 6.5 � 105 PFU
virus in a volume of 5 �l. To measure virus replication in the genital mucosa,
vaginal vaults were swabbed twice with calcium alginate swabs on days 1 through

5 postinfection. Duplicate swabs for each time point were stored together in 1 ml
PBS and frozen until assayed. Virus was quantitated on Vero cell monolayers by
standard plaque assay. After challenge, mice were monitored on a daily basis to
assess body weight, signs of disease, and survival. Mice were weighed individu-
ally, and the mean change from initial body weight was calculated daily for each
group. Disease scores were assigned in a blinded fashion based on the following
scale: 0, no apparent signs of disease; 1, slight erythema and edema of the
genitals; 2, prominent erythema and edema of the genitals; 3, severe erythema
and edema with lesions on the genitals. Mean daily disease scores 	 standard
errors of the mean (SEM) were calculated for each group. Hind limb paralysis
was also assessed. Virus replication in neural tissues was analyzed by dissection
of brains, brain stems, and spinal cords from a cohort of mice 6 days after
challenge. Tissues were stored frozen until use. For virus titer determination, the
tissues were thawed and disrupted using a Mini-Bead beater (BioSpec, Inc.) and
diluted for a standard plaque assay.

RESULTS

Because replication-defective viruses do not spread in the
host, they have limited potential to infect cells naturally capa-
ble of expressing the costimulation molecules that are required
for activating immune responses. We investigated whether a
replication-defective (ICP8�) virus that encodes a host-de-
rived B7 costimulation molecule (ICP8�/B7�) would therefore
be more immunogenic than the standard replication-defective
vaccine strain. This work was carried out in mice lacking B7-1
and B7-2 costimulation molecules to allow us to ascribe any
observed immune stimulatory activity to virally expressed B7
molecules, rather than to B7 induced on APCs, either directly
or indirectly, by virus infection. B7-1 and B7-2 are expressed
with different kinetics during an immune response and may
have nonoverlapping roles in immune induction. We therefore
compared individual reconstitution of B7-deficient mice by
immunization with virus encoding either B7-1 or B7-2.

FIG. 1. Southern blot assay confirmation of genotypes. Potentially
recombinant plaque isolates that grew in the presence of acyclovir
were screened for the presence of the HCMV IEp-B7 insertion into
the TK locus. DNA was prepared from virus-infected cells, digested
with EcoRI and HindIII, and subjected to agarose gel electrophoresis.
DNA fragments were transferred to a nitrocellulose membrane and
hybridized to a random hexamer 32P-labeled probe consisting of an
EcoRI-to-SpeI fragment of plasmid pEH48(HCMV/B7-1) spanning
the 5� end of the TK gene and the HCMV IEp. Lane 1, lambda
HindIII markers; lanes 2 to 4, viral DNAs as indicated.
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FIG. 2. B7 molecule expression on the surface of cells infected in vitro with 5B80 or 5B86. (A) S2 cell monolayers were mock infected or
infected at a very low MOI and stained 48 h later with anti-B7–biotin followed by streptavidin-FITC. Individual plaques were imaged using an
inverted immunofluorescence microscope. (B and C) S2 (B) or Vero (C) cell monolayers were mock infected or infected at an MOI of 5 for 15 h,
then collected and stained with rabbit anti-HSV-2 and the appropriate anti-B7–biotin antibody followed by goat anti-rabbit–PE and streptavidin-
FITC. Cells were analyzed by flow cytometry. (A to C) Results for 5BlacZ-infected cells to which both anti-B7 antibodies were added (left panel)
or cells infected with 5B80 (middle panel) or 5B86 (right panel) and stained with the appropriate anti-B7 antibody. (D) Genital lymph node cells
from B7KO mice were infected at an MOI of 3 for 15 h and then stained as for panels B and C and analyzed by flow cytometry. Proceeding from
the left to the right, the panels show the following: panel 1, 5BlacZ-infected cells stained with secondary reagents only; panel 2, 5B80-infected cells
stained with anti-B7-1; panel 3, 5BlacZ-infected cells stained with anti-HSV and anti-B7-1; panels 4 and 5, 5B80- or 5B86-infected cells stained
with anti-HSV and the appropriate anti-B7 antibody.
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Construction and in vitro characterization of replication-
defective viruses expressing B7-1 or B7-2. HSV-2 strains en-
coding either B7-1 or B7-2 were constructed by cloning the
open reading frame of the murine B7-1 or B7-2 costimulation
molecule downstream of the HCMV IE promoter into the TK
gene of HSV-2 in plasmid pEH48 (56). The resultant plasmids
were cotransfected with full-length DNA from ICP8� virus
(5BlacZ) (40) in ICP8-complementing S2 cells (18). Plaques
isolated under acyclovir selection were analyzed by Southern
blotting for the presence of a new restriction site in the TK
locus (Fig. 1). Using a probe complementary to the amino-
terminal portion of TK, replication-defective viruses encoding
B7-1 or B7-2 (5B80 and 5B86, respectively) were identified by
hybridization to a band of faster mobility (Fig. 1, lanes 3 and
4), indicating the presence of a new restriction site in the
adjacent TK sequence. Expression of murine B7-1 or B7-2
from the replication-defective virus genome was confirmed by
immunofluorescence detection of B7 on virus plaques in in-
fected S2 cells (Fig. 2A, middle and right panels). B7 coex-
pression with HSV-2 antigens was also detected on produc-
tively infected S2 cells by flow cytometry (Fig. 2B, middle and
right panels) and on Vero cells, in which the viruses cannot
replicate (Fig. 2C, middle and right panels), indicating that B7
molecules are expressed in the absence of productive infection.
Genital lymph node cells of B7KO mice infected in vitro with
5B80 or 5B86 also coexpressed B7 and viral antigen (Fig. 2D,
the two right-most panels), in contrast to cells infected with
5BlacZ. Thus, B7-1 and B7-2 encoded in the context of the
replication-defective HSV-2 genome are expressed at the sur-
face of infected cells, including primary mouse lymph node
cells.

Detection of B7 transcripts in B7KO mice immunized with
B7-expressing virus. We were unable to detect cells expressing
B7 protein in the draining lymph nodes of mice immunized
with 5B80 or 5B86 by flow cytometry. This was not unexpected,
because few mobile cells are likely to be infected by replica-
tion-defective virus. To verify that B7 is expressed in vivo in
cells infected with recombinant, replication-defective virus, we
immunized B7KO mice with 5B86 s.c. in the hind flank and
prepared mRNA from genital lymph nodes collected at various
times after immunization for detection of B7-2 transcripts.
Wild-type or B7KO mice immunized with replication-compe-
tent HSV-2 served as positive and negative controls, respec-
tively. Total RNA was harvested from the genital lymph nodes
and reverse transcribed, and PCR was performed using prim-

ers to detect murine B7-2 cDNA. B7-2 transcript was detected
in immunized wild-type mice but not in samples to which
reverse transcriptase was not added (data not shown) or in
samples from B7KO mice immunized with replication-compe-
tent HSV-2 (Fig. 3A, lanes 2 and 3). B7-2 transcript was also
detected in all but one sample of genital lymph node cells from
B7KO mice 18 to 66 h after immunization with 5B86 (Fig. 3A,
lanes 4 to 9). GAPDH was amplified from all samples (Fig.
3B). Interestingly, B7-1 transcripts could be detected only at
18 h after immunization (data not shown). These results indi-
cate that the B7 open reading frame is transcribed in vivo from
the context of the viral genome and suggest that virally en-
coded B7 molecules are expressed in draining lymph nodes
after immunization.

IFN-�-producing cells are stimulated by B7 expression. To
determine whether immunization of B7KO mice with virus
encoding B7 molecules could induce effector T-cell responses,
B7KO mice were immunized with 5BlacZ, 5B80, or 5B86, and
cells in the draining lymph nodes were examined ex vivo. Gen-
ital lymph node cells isolated from mice immunized 5 days
previously were stimulated with PMA and calcium ionophore
and stained intracellularly for IFN-� (Fig. 4). Immunization
with any of the viruses expanded CD4� and CD8� IFN-�-
secreting T cells at least 10-fold compared with control mice
(P � 0.0121 and P � 0.0036, respectively). 5B80 and 5B86
stimulated slightly more IFN-�-secreting cells than did the
parental virus, 5BlacZ, but the differences were not statistically
significant. Antigen-specific memory T-cell responses in the
draining lymph nodes were also analyzed 17 to 21 days after
immunization. Cells isolated from genital lymph nodes were
restimulated in vitro with HSV-infected A20-1.11 B-lymphoma
cells followed by intracellular staining for IFN-�. Antigen-

FIG. 3. Detection of B7 mRNA in immunized B7KO mice. Groups
of B7KO mice were immunized with replication-defective viruses, and
genital lymph nodes were removed at various times after immuniza-
tion. Total mRNA was prepared, and reverse transcription was per-
formed on 1 �g per sample. cDNA preparations were subjected to
PCR amplification as described in Materials and Methods using prim-
ers to B7-2 (A) or GAPDH (B). Lane 1, 100-bp ladder; lanes 2 and 3,
B7KO mice immunized with 186�Kpn (negative control); lanes 4 to 9,
B7KO mice 18 h (lanes 4 and 5), 44 h (lanes 6 and 7), or 66 h (lanes
8 and 9) after immunization with 5B86.

FIG. 4. Acute T-cell responses in draining lymph nodes of immu-
nized B7KO mice. Genital lymph node cells were collected 5 days after
immunization of B7KO mice with 5BlacZ, 5B80, or 5B86. Cells were
enumerated and stimulated in vitro with PMA and calcium ionophore
in the presence of GolgiStop. Cells were stained with FITC-conjugated
antibody to CD4 (A) or CD8 (B), fixed and permeabilized, stained
with anti-IFN-�–PE, and analyzed by flow cytometry.
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specific CD4� IFN-�� memory cells were detected in the gen-
ital lymph nodes of nearly all mice immunized with 5B80 or
5B86 but in only 60% of mice immunized with 5BlacZ (Fig. 5).
Mice immunized with 5B86 had on average the greatest num-
ber of antigen-specific CD4� IFN-�� memory cells, 16-fold
greater than the background in control mice (P 
 0.0152) and
more than twice the number found in mice immunized with
5BlacZ, although this difference was not statistically signifi-
cant. CD8� IFN-�� T-cell responses were not reliably de-
tected by this method of stimulation, possibly due to HSV-
mediated inhibition of MHC class I-restricted antigen
presentation in the B-lymphoma cells (1). These results indi-
cate that cytokine-secreting T cells are induced by replica-
tion-defective virus vaccine and augmented by virally encoded
expression of B7 costimulation molecules, particularly B7-2.

Serum antibody responses to B7-encoding virus. To deter-
mine the effect of virally encoded B7 expression on develop-
ment of the humoral response to HSV, groups of B7KO mice
were immunized with 5BlacZ, 5B80, or 5B86. Twenty-four
days later, HSV-specific antibody titers in serum were deter-
mined by ELISA. Virus-specific IgG reached 13-fold-higher
titers in B7KO mice immunized with 5B80 or 5B86 than in
B7KO mice immunized with 5BlacZ (Fig. 6), although titers
did not reach the concentration found in 5BlacZ-immunized
wild-type mice. IgG2a/IgG1 ratios were similar after immuni-
zation with either B7-encoding virus or 5BlacZ (data not
shown), suggesting that neither B7 molecule skewed the Th
phenotype associated with vaccination. Thus, immunization
with replication-defective viruses expressing B7 molecules in-
duced stronger virus-specific humoral responses than replica-
tion-defective virus alone, but no difference was observed in
the magnitude of responses stimulated by B7-1 or B7-2 expres-
sion.

B7 expressed by the immunizing virus stimulates protective
immunity against HSV infection and genital disease. HSV-2
infection of the genital tract produces a burst of virus replica-
tion in the genital epithelium, which causes inflammation and
vesicular lesions in the genital mucosa. Virus also rapidly as-
cends along sensory neurons innervating the mucosa to estab-
lish latent infection of the nervous system. To assess the pro-
tective capacity of vaccination with B7-encoding viruses at

several stages of HSV infection, groups of B7KO mice were
immunized with 5BlacZ, 5B80, or 5B86 and challenged 1
month later by intravaginal infection with virulent HSV-2
strain G-6. Unimmunized mice were used as a negative con-
trol, and wild-type BALB/c mice immunized with 5BlacZ were
used as a positive control. HSV-2 G-6 replicated to similar
titers in all groups of mice 24 h postchallenge. Thereafter, the
level of replication in the genital mucosa of unimmunized or
5BlacZ-immunized B7KO mice remained high, reinforcing
previous observations that an anti-HSV immune response is
largely dependent on B7 costimulation (11, 58). In contrast,
mice immunized with either B7-1- or B7-2-expressing virus
prior to challenge showed significantly reduced mucosal repli-
cation of HSV-2 from 2 to 5 days postinfection (Fig. 7), al-

FIG. 5. Memory CD4� T-cell responses in the draining lymph
nodes of immunized B7KO mice. Genital lymph node cells were col-
lected from control B7KO mice or from mice 3 weeks after immuni-
zation with 5BlacZ, 5B80, or 5B86. Cells were enumerated and restim-
ulated in vitro with 5BlacZ-infected A20-1.11 B-lymphoma cells in the
presence of GolgiStop, then stained with anti-CD4 and intracellularly
for IFN-�, and analyzed by flow cytometry. P 
 0.0152 for 5B86-
immunized mice compared with unimmunized mice.

FIG. 6. Titers of HSV-specific antibody in B7KO mice immunized
with B7-expressing viruses. Groups of eight to nine B7KO mice were
immunized with the indicated viruses, and one group of six BALB/c
mice was immunized with 5BlacZ as a positive control. Blood was
collected 24 days postimmunization, and HSV-specific serum antibody
was quantitated by ELISA. Data represent the geometric mean titer
for each group 	 the SEM. **, P 
 0.0003 for 5B80; *, P 
 0.0047 for
5B86 compared with B7KO-5BlacZ, P � 0.0029 for BALB/c-5BlacZ
compared with 5B80 or 5B86, and P 
 0.0152 for unimmunized con-
trols compared with B7KO-5BlacZ.

FIG. 7. Replication of challenge virus in the genital mucosa of
immunized mice. Groups of B7KO mice were immunized s.c. with
the indicated virus or were left unimmunized, then challenged in-
travaginally 1 month later with wild-type HSV-2. BALB/c mice
immunized with 5BlacZ were a positive control for immunization.
Titers from daily swabs of the vagina were determined for the viral
titer shed from the mucosa. Data are the geometric means 	 SEM
for 10 to 15 mice per experimental group and are the combined
results of two independent experiments. The dashed line indicates
the limit of detection. *, P � 0.0001 for days 2 through 5 comparing
5B80 or 5B86 to B7KO-5BlacZ; **, P 
 0.0205 for 5B80 compared
with 5B86 on day 5. P � 0.00001 for days 2 through 4 comparing
5B86 to BALB/C-5Blacz.
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though replication was still higher than that seen in wild-type
mice immunized with 5BlacZ. Prior immunization with B7-1-
expressing virus reduced replication equivalently to B7-2-ex-
pressing virus until day 5 postchallenge, when mice immunized
with 5B86 but not 5B80 had completely cleared challenge virus
(Fig. 7). B7KO mice that were unimmunized or immunized
with 5BlacZ developed severe genital disease (Fig. 8A) and
rapidly lost weight (P � 0.0056 for days 7 through 9 when
comparing 5B80 or 5B86 to 5BlacZ [data not shown]), but
genital inflammation and weight loss in B7KO mice immu-
nized with B7-1- or B7-2-expressing virus were reduced nearly
to the levels seen in wild-type mice immunized with 5BlacZ
(P � 0.1). Thus, immunization with B7-expressing, replication-
defective virus provides B7KO mice with enhanced protection
from HSV-2 replication in the genital mucosa and develop-
ment of genital inflammation and lesions compared with virus
that does not express host B7 costimulation molecules.

Signs of severe disease were apparent in unimmunized
B7KO mice, which rapidly lost weight and succumbed to in-
fection (Fig. 8B). Most B7KO mice immunized with 5BlacZ
virus also showed hind limb paralysis, and mortality was 75%.
5B80- and 5B86-immunized B7KO mice, however, were strik-
ingly protected from neurologic manifestations and death due
to challenge virus infection (Fig. 8B). No mice immunized with
either B7-expressing virus showed signs of hind limb paralysis
(P � 0.0001 compared with 5BlacZ [data not shown]), and
mortality was �13% (P � 0.0005), indicating protective effi-
cacy nearly comparable to immunization of wild-type mice with
5BlacZ. The protective effect was dependent on the dose of

immunizing virus (data not shown). These data indicate that in
mice lacking B7-1 and B7-2 costimulation molecules, expres-
sion of B7-1 or B7-2 by an immunizing replication-defective
virus establishes significant protection against HSV-2 chal-
lenge.

Prophylactic protection of the nervous system by immuni-
zation with B7-expressing virus. The lack of hind limb paral-
ysis in B7KO mice immunized with B7-expressing virus prior to
challenge suggested that less challenge virus was able to reach
the spinal cord than in mice immunized with 5BlacZ. To con-
firm reduced infection of the nervous system and to exclude
the possibility that a greater inflammatory infiltrate in 5BlacZ-
immunized mice caused the increased incidence of paralysis,
groups of immunized B7KO mice were infected intravaginally,
and nervous system tissues were dissected 6 days postinfection
and assayed for infectious virus. Mice immunized with 5B80 or
5B86 had significantly lower virus titers in all portions of the
central nervous system than mice immunized with 5BlacZ
prior to challenge (Fig. 9). Unimmunized mice were not in-
cluded because they succumbed by 6 days postinfection. These
results confirm that less challenge virus spread to the nervous
system in mice immunized with B7-expressing, replication-de-
fective virus. Thus, expression of B7 costimulation molecules
from the HSV genome significantly enhance immune re-
sponses and protection over that provided by immunization
with replication-defective HSV vaccine.

DISCUSSION

Our approach of equipping a replication-defective virus with
host B7 costimulation molecules produced two novel results:
first, we demonstrated that reconstitution of B7-deficient mice
with HSV-encoded B7 costimulation molecules augments im-
mune responsiveness to HSV-2. Second, the strengthened im-
mune responses induced by replication-defective viruses ex-
pressing B7 costimulation molecules provided B7KO mice with
better protection from HSV-2 challenge, despite the fact that
they lacked endogenous B7-1 and B7-2 and so were otherwise
highly susceptible. Challenge virus replication was curtailed in
the genital mucosa and nervous system, reducing the patho-

FIG. 8. Signs of genital disease and survival. Mice as described in
the legend for Fig. 7 were monitored daily for signs of inflammation of
the external genitalia and presence of lesions. Data are the arithmetic
means � standard deviations. (A) Genital inflammation and lesions. *,
P � 0.012 for days 4 through 7 comparing 5B80 or 5B86 to 5BlacZ.
(B) Survival of immunized mice after challenge with HSV-2. *, P 

0.0083 to 0.0033 for 5B86 compared with B7KO-5BlacZ; **, P 

0.0049 to �0.0001 for 5B80 or 5B86 compared with B7KO-5BlacZ on
days 11 through 23.

FIG. 9. Immunization with B7-expressing virus significantly de-
creases HSV-2 infection of the nervous system. Groups of 9 to 13
B7KO mice were immunized s.c. with the indicated virus and then
challenged intravaginally 1 month later with wild-type HSV-2. Six days
postchallenge, virus contained in disrupted spinal cord, brain stem, and
brain tissues was quantified by standard plaque assay. Values represent
the geometric means 	 SEM. The dashed line indicates the limit of
detection. *, P � 0.0001 for 5B80 or 5B86 compared with B7KO-
5BlacZ.
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logical consequences of infection. Single reconstitutions of B7-
deficient mice showed that B7-2-expressing virus was slightly
more effective at inducing T-cell responses and protecting the
genital tract than was B7-1-expressing virus. Therefore, virus-
mediated expression of B7 costimulation molecules positively
influences induction of protective immune responses against
the homologous pathogen.

By employing the B7KO model, we were able to definitively
ascribe the enhanced in vivo protection observed after vacci-
nation with 5B80 and 5B86 to the virally encoded B7 mole-
cules. B7 expression driven by the HCMV IE promoter was
easily detected on cultured S2 cells infected in vitro with 5B80
or 5B86. B7� cells became actively infected, because B7 ex-
pression was not detected on the surface of cells exposed to
UV-inactivated 5B86 (data not shown). Similar levels of B7
expression were observed on infected Vero cells even though
5B80 and 5B86 cannot complete a replication cycle, suggesting
that B7 could be expressed in vivo after immunization with
replication-defective virus. Indeed, a small proportion of
B7KO mouse genital lymph node cells infected in vitro also
showed strong B7 expression coincident with viral antigen,
demonstrating that B7 molecules are expressed in mouse cells
in the absence of a complete virus replication cycle. The iden-
tities of the lymph node cells infected in vitro have not been
precisely determined, but the majority express CD11b and a
minority are CD11c�, consistent with cells of the macrophage
and dendritic cell lineage that make up a small fraction of the
lymph node population. Because we used lymph node cells
isolated from a naı̈ve B7KO mouse, they would most likely not
have included the subset of dendritic cells that migrate to the
lymph node from the submucosa in response to immunization
(64). We were unable to detect B7 antigen expression in lymph
nodes of B7KO mice after in vivo immunization with 5B80 or
5B86. Reasons for this may include a relatively small number
of B7-expressing cells migrating from the flank to the genital
nodes, transient B7 expression on or brief survival of infected
cells, or B7 expression levels below the limit of detection by
flow cytometry. We were, however, able to detect B7 mRNA
expression in 5B80- and 5B86-immunized B7KO mice, strongly
suggesting that B7 molecules are expressed in vivo. B7-2
mRNA was easier to detect than B7-1, which correlates with
the slightly enhanced immunogenicity of 5B86.

The augmented primary immune responses we observed im-
ply that the necessary second signal for immune induction is
provided by surface expression of B7 on replication-defective
virus-infected cells. It is unlikely that stimulation occurs via B7
protein in the input virus preparation, because there is no
evidence to date that host cell B7 molecules are incorporated
into HSV virions, and our virus is supernatant derived and thus
contains predominantly extracellular virions, not cell compo-
nents. Rather, detection of B7 transcripts in vivo suggests that
the B7 molecules are synthesized de novo within infected cells.
Stimulation of HSV-specific T cells may occur through direct
antigen presentation by infected cells or by cross-presentation.
We favor the former, because it is more straightforward to
envision stimulation of T cells via an immunologic synapse
containing B7 and MHC/antigen complexes present on the
infected cell. Still, some HSV-specific T cells may be stimu-
lated by antigen cross-presented on uninfected dendritic cells
after these have engulfed apoptotic, virus-infected cells (5).

Interestingly, strong B7-dependent immune stimulation by B7-
expressing, replication-defective virus occurred in an other-
wise-B7-deficient host, despite the capacity of wild-type HSV
to down-regulate B7 costimulation molecules in at least some
subsets of dendritic cells (47, 48).

The capacity to reduce HSV-2 replication and disease is the
most important consequence of incorporating B7 into replica-
tion-defective viruses. This protection was afforded by both
B7-1- and B7-2-expressing viruses. The differences detected in
T-cell responses of B7KO mice immunized with 5B80 or 5B86
versus 5BlacZ were small. HSV-encoded B7 boosted cellularity
of the draining lymph node only about 20% more than parental
virus, and the increases in numbers of IFN-�-producing T cells
and IFN-� production (data not shown) were equivalently
modest. Antibody responses, in contrast, were significantly am-
plified in mice immunized with B7-expressing virus compared
with 5BlacZ. Our results are consistent with previous observa-
tions that T-cell responses to HSV (59) or lymphocytic chorio-
meningitis virus (57) in the absence of CD28-B7 signaling are
reduced only about twofold, but antibody deficits in the ab-
sence of B7 costimulation are profound (38, 59). Thus, T cells
induced by the B7-encoding vaccine viruses must have pro-
vided additional T-cell help for antibody production, if not
through cytokine production then possibly through CD40L
expression in a T-cell-dependent induction of class-switched
responses (59).

In our current study, B7-1 and B7-2 expressed by replica-
tion-defective immunizing virus were quantitatively equivalent
in their cell surface abundance after in vitro infection and
substantially overlapped in their capacity to augment antiviral
immune responses in vivo. In B7KO mice, B7-2-expressing
virus showed a slightly greater capacity to augment the number
of IFN-�-secreting CD4� and CD8� T cells responding to
HSV, but B7-1- and B7-2-expressing viruses were equivalent in
terms of titers of HSV-specific IgG achieved and IgG1/IgG2a
ratios. Immune responses provoked by vesicular stomatitis vi-
rus infection of B7-1�/� or B7-2�/� mice are similarly indis-
tinguishable (38). Thus, in the absence of one or both forms of
B7, provision of either B7-1 or B7-2 may drive immune re-
sponses roughly equivalently. Alternatively, the strong Th1
stimulus provided by a typical virus infection may mask poten-
tially subtle types of Th bias engendered by B7-1 versus B7-2
expression.

We detected memory CD4� T cells in local lymph nodes of
almost all mice immunized with B7-expressing virus prior to
challenge, with a trend toward greater numbers of virus-spe-
cific memory cells maintained after immunization with 5B86.
HSV-specific antibody responses were higher in mice immu-
nized with either B7-expressing virus than 5BlacZ. These
stronger memory immune responses induced by B7-expressing
viruses translated into better protection against HSV-2 chal-
lenge. Interestingly, antibody titers 14 days after challenge of
B7KO mice immunized with 5B80 or 5B86 showed no anam-
nestic response (data not shown). This result is consistent with
the observations of Wu et al. (62) that secondary antibody
responses to protein antigen are abrogated if B7 costimulation
is blocked at the time of challenge.

B7 expression by the B7-encoding viruses is not completely
restorative in a B7-deficient host. Immune responses and pro-
tection are still well below the levels seen upon immunization
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of a B7-sufficient host with the 5BlacZ parental virus, possibly
due to B7 expression on fewer cells or different cell types than
would be typical in a B7-sufficient host. Nonetheless, the level
of protection afforded by the replication-defective virus ex-
pressing B7 is impressive considering that a single dose of
replication-defective vaccine reduced mucosal replication of
challenge virus 10- to 30-fold and turned a predominantly
lethal infection into one that could be cleared in mice com-
pletely devoid of endogenous B7. By comparison, three immu-
nizations with a mixture of plasmids encoding HSV-2 gD and
CD80 were required to reduce HSV replication, disease, and
mortality after challenge (13), and pCD86 was ineffective. With
the efficacy of vaccine-encoded B7 molecules now established
by reconstitution of a B7-deficient host, future studies will
determine whether B7-encoding virus immunization enhances
the stimulation of anti-HSV immunity in wild-type mice.
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