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An important aspect of ocular herpes simplex virus type 1 (HSV-1) vaccine development is identification of
an appropriate adjuvant capable of significantly reducing both virus replication in the eye and explant
reactivation in trigeminal ganglia. We showed recently that a recombinant HSV-1 vaccine expressing inter-
leukin-4 (IL-4) is more efficacious against ocular HSV-1 challenge than recombinant viruses expressing IL-2
or gamma interferon (IFN-�) (Y. Osorio and H. Ghiasi, J. Virol. 77:5774–5783, 2003). We have now constructed
and compared recombinant HSV-1 viruses expressing IL-12p35 or IL-12p40 molecule with IL-4-expressing
HSV-1 recombinant virus. BALB/c mice were immunized intraperitoneally with IL-12p35-, IL-12p40-, IL-
12p35�IL-12p40-, or IL-4-expressing recombinant HSV-1 viruses. Controls included mice immunized with
parental virus and mice immunized with the avirulent strain KOS. The efficacy of each vaccine in protecting
against ocular challenge with HSV-1 was assessed in terms of survival, eye disease, virus replication in the eye,
and explant reactivation. Neutralizing antibody titers, T-cell responses, and expression of 32 cytokines and
chemokines were also evaluated. Mice immunized with recombinant HSV-1 expressing IL-12p35 exhibited the
lowest virus replication in the eye, the most rapid virus clearance, and the lowest level of explant reactivation.
The higher efficacy against ocular virus replication and explant reactivation correlated with higher neutralizing
antibody titers, cytotoxic-T-lymphocyte activities, and IFN-� expression in recombinant HSV-1 expressing
IL-12p35 compared to other vaccines. Mice immunized with both IL-12p35 and IL-12p40 had lower neutral-
izing antibody responses than mice immunized with IL-12p35 alone. Our results confirm that recombinant
virus vaccines expressing cytokine genes can enhance the overall protection against infection, with the IL-
12p35 vaccine being the most efficacious of those tested. Collectively, the results support the potential use of
IL-12p35 as a vaccine adjuvant, without the toxicity-associated concerns of IL-12.

Previously, we have shown that improved vaccine efficacy
against ocular HSV-1 infection correlates with increased TH1
cytokine responses (17, 22, 23, 44, 46). Various cytokines have
been used as genetic adjuvants to direct immune responses
toward a TH1 response and away from a TH2 response (32, 40,
45, 46, 52). Recently, we compared adjuvant efficacy of recom-
binant herpes simplex virus type 1 (HSV-1) expressing TH1
(i.e., interleukin-2 [IL-2] and gamma interferon [IFN-�]) and
TH2 (i.e., IL-4) genes in live virus vaccines (45). In that study
we showed that IFN-�-expressing recombinant virus did not
exhibit any adjuvant effect. However, both IL-2 and IL-4 acted
as adjuvants in immunizations with HSV-1 recombinant vi-
ruses, with IL-4 showing greater overall efficacy. However,
other studies have shown that IL-12 is a more potent cytokine
than IL-4 in promoting the development and activation of TH1
responses (5, 16).

IL-12 is a regulatory protein produced mainly by activated
hematopoietic phagocytic cells (monocytes, macrophages, and

neutrophils) and dendritic cells (54). The biological activities
of IL-12 include the growth stimulation of activated CD4� and
CD8� T cells and natural killer cells (3, 25, 50, 55, 57). Murine
IL-12 also promotes the development of proinflammatory/
TH1-like CD4� T cells and cytotoxic CD8� T cells (56). Mu-
rine IL-12 is a disulfide-linked heterodimeric protein (70 kDa)
comprising two unrelated disulfide-linked subunits (54). The
two subunits of IL-12 are not related to any other known proteins.
The larger 40-kDa subunit (p40) shows some homology with the
extracellular domain of the IL-6 receptor, and the smaller 35-kDa
subunit (p35) appears to be a homologue of IL-6 (54). The p40
dimer has been shown to bind the IL-12 receptor and act as an
IL-12 antagonist (24, 37). Free p40 is secreted in excess of IL-12
in cells expressing both p35 and p40 mRNAs (10), and it also
binds to p19 to form IL-23 (41). In contrast, p35 has not been
detected in supernatant solutions of cultured cells expressing only
p35 or both p35 and p40 mRNAs (3, 25).

IL-12 has been shown to act as a molecular adjuvant by
bridging both innate and adaptive immunity; however, concern
has been raised regarding the potential side effects of IL-12
administration as an adjuvant. Systemic administration of
IL-12 is associated with toxicity in humans (36), and injection
of mice with IL-12 causes suppression of immune responses
and protective immunities to lymphocytic choriomeningitis vi-
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rus (42), hepatitis C virus (34), and Japanese encephalitis virus
(7). Using p35- and p40-deficient mice, we have shown that the
presence of p40 correlates with exacerbated corneal pathology,
whereas the presence of p35 correlates with decreased pathology
(47), suggesting separate functions for p35 and p40. Similarly,
different functions have also been assigned to p35 and p40 mol-
ecules regarding experimental autoimmune encephalomyelitis (9,
27). Together, these studies suggested that p35 and p40 molecules
play different roles in protective immunity. Therefore, the side
effects reported when IL-12 heterodimer was used as a genetic
adjuvant could be attributed to p35 alone, p40 alone, or both p35
and p40. Consequently, we sought to evaluate the adjuvant effi-
cacy of each subunit of IL-12 by constructing HSV-1 recombinant
viruses individually expressing the p35 or p40 subunit of IL-12.
Expressing each IL-12 subunit as a single polypeptide versus ex-
pressing them as a single chain allows us to determine and dissect
the potential benefits, as well as the site effects, associated with
one or both IL-12 subunits.

In the present study we evaluated the adjuvant effects of
each IL-12 subunit separately and together, and we also com-
pared these recombinant viruses with our previously described
efficacious recombinant virus that express IL-4 (45). We dem-
onstrate here that these recombinant viruses express IL-12p35
and IL-12p40 in vitro. We also provide evidence that immuni-
zation of mice with these recombinant viruses, especially IL-
12p35, enhances the generation of both CD8� cytotoxic-T-
lymphocyte (CTL) and neutralizing antibody responses that
lead to faster virus clearance and lower virus replication in the
eye of challenged mice. After ocular challenge, the IL-12p35-
immunized mice also exhibit lower explant reactivation in their
trigeminal ganglia (TG) compared to other groups. These re-
sults reinforce the utility of immunomodulatory adjuvants for
enhancing the protective immunity against ocular HSV-1 in-
fection. In addition, these data illustrate that the p35 and p40
subunits of IL-12 may have different immunomodulatory ad-
juvant effects when used in a live virus vaccine system.

MATERIALS AND METHODS

Viruses and cells. Rabbit skin (RS) cells—used for preparation of virus stocks,
culturing of mouse tear films, and determination of growth kinetics—were grown
in Eagle minimal essential media (MEM) supplemented with 5% fetal calf
serum. Plaque-purified HSV-1 strains and their derived recombinant viruses
were grown in RS cells. McKrae, a stromal disease causing, neurovirulent strain
of HSV-1, was used as the ocular challenge virus (Fig. 1A). Control vaccines
included live viruses that do not result in fatality or produce stromal disease
when given peripherally, including HSV-1 strain KOS, a LAT-�34.5-null mutant
of HSV-1 strain McKrae (double mutant parental, dbl-p; Fig. 1B), and a LAT-
�34.5-null mutant expressing IL-4 (vIL-4) (45). Ocular challenge of mice with
these recombinant viruses showed that, similar to the parental virus (49) and
other recombinant HSV-1 lacking the �34.5 gene (8), these recombinant viruses
are also attenuated (46). CL7 and spleen cells were grown in RPMI 1640
supplemented with 10% fetal calf serum.

Mice. Female BALB/c, BALB/c-IL-12p35�/�, and BALB/c-IL-12p40�/� mice
of 4 to 6 weeks of age were obtained from The Jackson Laboratory (Bar Harbor,
Maine).

Construction of IL-12p35 plasmid. A plasmid containing the murine IL-12p35
gene was digested with NotI/HindIII. After addition of a BamHI linker, the
insert was ligated into the BamHI site of pLAT (19), and the resulting plasmid
was designated pLAT-IL12p35. This insert contains the complete 215-amino-
acid coding region of the IL-12p35 gene plus 126 and 9 bp of noncoding sequence
in its 5� and 3� regions, respectively.

Construction of IL-12p40 plasmid. A plasmid containing the murine IL-12p40
gene was digested with EcoRI and HindIII. After the addition of a BamHI
linker, the insert was ligated into the BamHI site of pLAT (19), and the resulting

plasmid was designated pLAT-IL12p40. This insert contains the complete 335-
amino-acid coding region of the IL-12p40 gene plus 34 and 11 bp of noncoding
sequence in its 5� and 3� regions, respectively.

Generation of recombinant viruses. IL-12p35- and IL-12p40-expressing re-
combinant viruses were generated by homologous recombination as described
previously (19). Briefly, pLAT-IL12p35 or pLAT-IL12p40 were cotransfected
individually with infectious HSV-1 double mutant (LAT-�34.5-null mutant)
DNA by using the calcium phosphate method. This virus is a mutant of HSV-1
strain McKrae in which 1.8 kb of LAT and 0.9 kb of �34.5 have been deleted (49).
Viruses from the cotransfection were plated, and the isolated plaques were
picked and then screened for insertion of IL-12p35 or IL-12p40 gene by using
restriction digestion and Southern blot analysis. Selected plaques containing the
IL-12p35 or IL-12p40 gene were plaque purified eight times and reanalyzed by
restriction digestion and Southern blot analysis to ensure that the IL-12p35 or
IL-12p40 DNA was present in the LAT region. A single plaque meeting this
criterion for each recombinant was chosen and designated vP35 (for IL-12p35
recombinant virus) or vP40 (for IL-12p40 recombinant virus). The final recom-
binant viruses contain either the murine IL-12p35 or IL-12p40 gene under the
control of the LAT promoter, in the normal LAT location in the viral genome
(Fig. 1C and D). Thus, each virus contains two copies (one in each viral long
repeat) of the LAT promoter–IL-12p35 or -IL-12p40.

Virus replication in tissue culture. RS cell monolayers at 70 to 80% confluency
were infected with 1 PFU of each recombinant virus or control virus/cell. Virus
was harvested at various times postinfection by two cycles of freeze-thawing of
the cell monolayers with medium. Virus titers were determined by standard
plaque assay on RS cells.

Immunization. Mice were immunized three times intraperitoneally (i.p.) with
106 PFU of live vP35, vP40, or control virus (i.e., vIL-4, dbl-p, and HSV-1 strain
KOS). BALB/c-IL-12p35�/� and BALB/c-IL-12p40�/� mice were vaccinated i.p.
three times at 3-week intervals with 2 � 105 PFU of live HSV-1 strain KOS.
Mock-immunized mice were similarly inoculated three times with MEM col-
lected from mock-infected RS cells. In some experiments mice were immunized
three times with 106 PFU of vP35 and 106 PFU of vP40 recombinant viruses.

Serum-neutralizing antibody titers were determined by using 50% plaque
reduction assays on sera collected 3 weeks after the third immunization but
before ocular challenge.

Ocular challenge. Mice were challenged ocularly with 2 � 105 or 2 � 106 PFU
of HSV-1 strain McKrae per eye, in 5 �l of tissue culture medium, without
corneal scarification.

Titration of virus in tears. Tear films were collected from both eyes of ten mice
from two separate experiments per group on days 1 to 10 after ocular challenge
with 2 � 105 PFU/eye. Each swab was placed in 0.5 ml of tissue culture medium,
and the amount of virus in the medium was determined by a standard plaque
assay on RS cells.

Monitoring of eye disease. The severity of corneal scarring in surviving mice
was scored in a masked fashion by examination with slit lamp biomicroscope
after addition of 1% fluorescein eye drops. Disease was scored on a scale of 0 to
4 (0% � no disease and 1 � 25%, 2 � 50%, 3 � 75%, and 4 � 100%
involvement).

Cytokine and chemokine microarrays. Three weeks after the third immuniza-
tion, spleens from immunized mice were removed aseptically, and single cell
suspensions were prepared. Splenocytes were cultured in six-well plates in a
humidified 5% CO2 atmosphere for 72 h at a concentration of 2 � 107 cells/well
in a total volume of 3 ml. Lymphocytes were cultured in medium alone or in
medium containing 5 PFU/cell of UV-inactivated HSV-1 strain McKrae. The
supernatants were collected after 72 h of culture and stored at �80°C until their
use in a protein microarray assay. Cell-free culture supernatants were assayed for
32 different cytokines and chemokines by using a mouse cytokine antibody array,
according to the manufacturer’s protocol (Ray Biotech, Norcross, Ga.).

Lymphokine ELISA. The secretion of IL-2, IL-3, IFN-�, and tumor necrosis
factor alpha (TNF-�) by spleen cells obtained from mice immunized with each
recombinant virus was measured in vitro 3 weeks after the third immunization.
Three mice per group from three separate experiments were euthanized, and
single cell suspensions of spleen cells were prepared. Spleen cells were cultured
in 24-well plates in a humidified 5% CO2 atmosphere for 72 h at a concentration
of 106 cells/well in a total volume of 1 ml. Lymphocytes were cultured in medium
alone or in medium containing 5 PFU of UV-inactivated HSV-1 strain McKrae/
cell. The supernatants were collected after 72 h of culture and stored at �80°C
until their use in an enzyme-linked immunosorbent assay (ELISA). Cell-free
culture supernatants were assayed for IL-2, IL-3, IFN-�, and TNF-� by using
ELISAs specific for each cytokine (BD Pharmingen, San Diego, Calif.). The
concentration of each cytokine in the supernatants was estimated by comparing
the optical densities of the experimental samples to those of the standards. The
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data are presented as mean picograms/milliliter 	 the standard error of the
mean (SEM).

In vitro depletion of CD4� or CD8� T cells. Mice immunized three times as
described above were sacrificed 3 weeks after the third immunization. The
spleens were removed, and single-cell suspensions were prepared as described
above. Before in vitro lymphocyte culture, 106 cells were incubated with 100 �g
of anti-CD4� (GK1.5) monoclonal antibody (MAb), anti-CD8� (2.43) MAb, or
irrelevant (mock) MAb of a similar isotype for 30 min. The treatment was
repeated once, and the cells were washed three times with RPMI before the
numbers of live cells were counted. A total of 5 � 105 CD4�-depleted, CD8�-
depleted, or mock-depleted T cells were grown in RPMI 1640, and the produc-
tion of IL-2 and IFN-� was evaluated by using ELISAs specific for each cytokine
(BD Pharmingen). The percentages of IL-2 and IFN-� produced by each of the
T-cell subtypes were calculated based on the total IL-2 and IFN-� produced by
mock-depleted spleen T cells.

Lymphocyte proliferation response. Spleens from immunized mice were re-
moved 3 weeks after the third immunization, and single-cell suspensions were

prepared and stimulated in vitro with 5 PFU of UV-inactivated McKrae for 72
h/cell. On day 3, 1 �Ci of [3H]thymidine was added to 106 lymphocytes. Incor-
poration of [3H]thymidine was determined 24 h later, as previously described
(18). Controls included unstimulated lymphocytes from immunized and mock-
immunized mice.

CTL assay. Three weeks after the third immunization, spleens from immu-
nized mice were removed aseptically, and single cell suspensions were prepared
as described previously (18). Prior to CTL assay, effector cells were depleted of
CD4� T cells by using anti-CD4� (GK1.5) MAb plus Low-Tox-M rabbit com-
plement (Cedarlane) for 30 min as described previously (45). The CL7 target
cells were infected with HSV-1 (McKrae) at a multiplicity of infection of 5
PFU/cell for 3 h and labeled for 45 min with 51Cr. After labeling, the target cells
were washed, and 2 � 104 target cells were incubated with different ratios of
effector to target cells (100:1, 50:1, and 25:1) for 4 h at 37°C. The amount of
specific 51Cr released was calculated as described previously (1).

Detection of latent virus in trigeminal ganglia. Mice surviving 30 days after
ocular challenge were euthanized. Both TG were removed and explanted indi-

FIG. 1. Construction and structure of the vP35 and vP40 recombinant viruses. (A) The top of the schematic shows the HSV-1 McKrae genome
in the prototypic orientation. The rectangles labeled long terminal repeat (TRL) and long inverted repeat (IRL) represent the terminal and internal
(or inverted) long repeats, whereas the rectangles labeled short terminal repeat (TRS) and short inverted repeat (IRS) represent the terminal and
internal (or inverted) short repeats. Unique long (UL) and unique short (US) labels represent the long and short unique regions, respectively. The
expanded presentation of part of the internal long and short repeats indicates the location and orientation of LAT and �34.5 transcripts. The ICP0
and �34.5 mRNA is shown for reference. The solid rectangle represents the very stable 2-kb LAT. The arrow at �28 indicates the LAT TATA
box. (B) LAT-�34.5-null mutant (dbl-p) virus is a mutant of HSV-1 strain McKrae in which 1.8 kb of LAT (nucleotides �161 to �1667) and 0.9
kb of �34.5 (nt �6309 to �7103) have been deleted (49). The deleted regions are indicated by “XXXXXX” and “XXX.” (C) vP35 was constructed
from parental virus by homologous recombination between parental virus DNA and a plasmid containing the complete LAT promoter and the
entire structural IL-12p35 gene [including its 3�-poly(A) signal] as described in Materials and Methods. (D) vP40 was constructed similar to vP35
except recombination occurred between parental virus DNA and a plasmid containing the IL-12p40 gene.
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vidually onto RS cell monolayers (20). The presence of infectious virus in co-
culture was monitored for 10 days.

Statistical analysis. The Student t test and the Fisher exact test were per-
formed by using Instat (GraphPad, San Diego, Calif.) to analyze protective
parameters. The results were considered to be statistically significant when the P
value was 
0.05.

RESULTS

Structure of the vP35 and vP40 recombinant viruses. We
constructed two HSV-1 recombinants expressing either IL-
12p35 or IL-12p40 to identify an appropriate virally expressed
adjuvant that is capable of stimulating a protective immune
response and safe for use in vivo. McKrae was used to con-
struct the parental virus for these recombinants. The genomic
structure of wild-type HSV-1 McKrae is shown schematically
in Fig. 1A. The HSV-1 genome contains a unique long region
(UL) and a unique short region (US), both of which are flanked
by inverted repeats (long terminal and internal repeats [TRL

and IRL] and short terminal and internal repeats [TRS and
IRS]). The location of the LAT promoter TATA box is indi-
cated by “TATA.” The transcription start site of the primary
8.3-kb LAT RNA is 28 nucleotides downstream (�28) of the
TATA box (62). The previously described LAT-�34.5-null mu-
tant (double mutant parental, dbl-p) was derived from McKrae
(49) (Fig. 1B) and produces no LAT or �34.5 transcripts.

vP35 (Fig. 1C) and vP40 (Fig. 1D) were derived from dbl-p
by inserting the IL-12p35 or IL-12p40 gene and restoring the
LAT promoter such that IL-12p35 and IL-12p40 are under the
control of the LAT promoter as described in Materials and
Methods. Restriction enzyme analysis and partial sequencing
confirmed the genomic structures of vP35 and vP40. Multiple
restriction enzyme analyses suggested that, in terms of restric-
tion fragment length polymorphism, the genomic structures of
vP35 and vP40 are similar to that of the parental virus. vP35
and vP40 contain the entire sequence of the IL-12p35 and
IL-12p40 genes, respectively, including the polyadenylation
signal (Fig. 1C and D). vP35 and vP40 are identical to the
parental dbl-p, except that the LAT promoter is restored to
drive expression of IL-12p35 and IL-12p40, respectively.

After isolation of vP35 and vP40 recombinant viruses, the
expression of IL-12p35 and IL-12p40 in tissue culture was
determined. Confluent monolayers of RS cells were infected at
a multiplicity of infection of 1 PFU of vP35, vP40, vP35�vP40,
dbl-p, vIL-4, or KOS virus/cell. Media were collected 72 h
postinfection and assayed by using an ELISA for the presence
of IL-12p35, IL-12p40, and IL-12p70 protein by using antisera
specific for each cytokine. vP35, vP40, and vP35�vP40 recom-
binant viruses secreted 35 	 5 pg of IL-12p35, 51 	 19 pg of
IL-12p40, and 95 	 25 pg of IL-12p70 protein/ml, respectively.
The vIL-4 control virus expressed 31 	 3 pg of IL-4/ml. The
media from RS cells infected with dbl-p or KOS virus did not
contain any detectable levels of any cytokine. Thus, our results
established that these recombinant viruses are capable of ex-
pressing and secreting each cytokine gene in this cell line.

Replication of recombinant viruses in tissue culture. To
determine whether the vP35 and vP40 recombinant viruses
replicated in tissue culture as efficiently as the parental dbl-p
virus, HSV-1 KOS, or a recombinant HSV-1 expressing IL-4
(vIL-4), RS cells were infected in triplicate with 1 PFU of vP35,
vP40, dbl-p, KOS, or vIL-4 virus/cell. The cell monolayers were

freeze-thawed at 0, 12, 24, 48, 72, and 96 h postinfection, and
the yield of infectious virus was quantitated by using a standard
plaque assay. Replication kinetics of vP35 at 0 and 12 h postin-
fection was significantly higher than vP40 or the three control
viruses (Fig. 2; P 
 0.05, Student t test). In contrast, expression
of IL-12p40 by vP40 did not appear to have a profound effect
on virus replication in tissue culture compared to that of con-
trol viruses. However, by 24 h postinfection the replication of
all five viruses appeared to be similar (Fig. 2; P � 0.05). Thus,
while the expression of IL-12p35 by HSV-1 did appear to have
an effect on virus titer in tissue culture during the early phase
of virus replication, it had no effect on virus replication during
later stages of infection.

Induction of HSV-1 neutralizing antibody titers after immu-
nization of mice. Groups of 10 mice from two separate exper-
iments (five mice/experiment) were immunized three times
with vP35, vP40, vP35�vP40, vIL-4, dbl-p, or KOS virus as
described in Materials and Methods. Three weeks after the
final immunization, sera were collected for neutralization titer
determination by using a 50% plaque reduction assay (Fig. 3).
The average neutralizing antibody titer of the vP35 group was
significantly higher than that of all immunized groups (Fig. 3;
P 
 0.003, Student t test). However, vP40 and vP35�vP40
vaccines produced similar neutralizing antibody titers as vIL-4
and KOS control viruses (Fig. 3; P � 0.05). Mice immunized
with both vP35�vP40 viruses had reduced neutralizing anti-
body titers compared to vP35-immunized mice (Fig. 3; P �
0.003), but they had similar titers compared to mice immu-
nized with vP40 (Fig. 3; P � 0.6). All recombinant viruses had
significantly higher neutralizing antibody titers than mice im-
munized with the parental dbl-p virus (Fig. 3; P 
 0.0003).
Finally, all immunized groups had significantly higher neutral-
izing antibody titers than the mock-immunized mice (Fig. 3; P

 0.0001, Student t test). Thus, these results suggest that vP35

FIG. 2. Replication of recombinant viruses in tissue culture. Sub-
confluent RS cell monolayers were infected with 1 PFU/cell of vP35,
vP40, vIL-4, dbl-p, or KOS as described in Materials and Methods.
Total virus was harvested at the indicated times postinfection by two
cycles of freeze-thawing. The amount of virus at each time point for
each virus was determined by standard plaque assay on RS cells. Each
point represents mean 	 the SEM from three experiments.
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and vP40 recombinant virus vaccines induced higher neutral-
izing antibody titers than parental virus. Furthermore, mice
immunized with both vP35 and vP40 had lower neutralizing
antibody titers than mice immunized with vP35 alone.

The above results suggest that mice immunized with recom-
binant HSV-1 expressing IL-12p35 produced higher neutraliz-
ing antibody titers than mice immunized with virus expressing
IL-12p40. To determine whether the effects of IL-12p35 on
neutralizing antibody response after vaccination was due to
expression of IL-12p35 rather than virus replication in vivo
(Fig. 2), IL-12p35�/� and IL-12p40�/� mice were vaccinated
three times with KOS or mock vaccinated with MEM as de-
scribed in Materials and Methods. Control wild-type BALB/c
mice were similarly immunized or mock immunized as de-
scribed above. Three weeks after the third vaccination, sera
were collected from five mice per group, the individual sera
were heat-inactivated, and the neutralizing antibody titers were
determined as described above. The average neutralizing an-
tibody titer for the IL-12p40�/� immunized group was found
to be higher than that of the IL-12p35�/� group (Table 1; P �
0.04, Student t test) or the BALB/c group (Table 1; P � 0.05).

As expected, all three vaccinated groups had significantly
higher neutralizing antibody titers than the mock-vaccinated
mice (Table 1; P 
 0.0001, Student t test). These results sug-
gest that the absence of p40 (and higher amounts of free p35)
contributed to higher neutralizing antibody titers in IL-
12p40�/� group, as shown for vP35 recombinant virus.

Clearance of virus from eyes. The effect of IL-12p35 or
IL-12p40 immunization on reduction or prevention of virus
replication in the eye of the above immunized mice was deter-
mined after ocular challenge with 2 � 105 PFU of HSV-1
strain McKrae/eye. Tear films were collected from 20 eyes/
group from two separate experiments on days 1 to 10 postchal-
lenge, and the amount of virus was determined by standard
plaque assay (Table 2). Mice immunized with vP35 had the
lowest amount of virus per eye than any other group, but this
was not statistically significant from that of mice immunized
with vP40, vP35�vP40, vIL-4, KOS, or dbl-p virus (Table 2; P
� 0.05, Student t test). All immunized mice had significantly
lower peak virus titers/eye than mock-vaccinated mice (Table
2; P 
 0.0001). The range of virus titers in the eyes of vP35
immunized mice was lower (0 to 175 PFU/eye) than that of
mice immunized with vP40, vP35�vP40, vIL-4, KOS, or dbl-p
virus (0 to 420 PFU/eye). In addition, mice immunized with
vP35 and vIL-4 showed complete clearance of virus by day 5
postinfection, whereas mice immunized with vP40 or dbl-p
virus did not show complete clearance until 8 days after ocular
challenge. Finally, mice immunized with both vP35 and vP40
viruses cleared virus by day 6 postchallenge as did mice im-
munized with KOS control, whereas mock-immunized mice
cleared virus by day 9 postinfection (Table 2). These findings
suggest that vP35 vaccine is more effective than any other
vaccine in decreasing both the amount and the duration of
HSV-1 replication in mouse tears. Furthermore, regardless of
recombinant virus used, inclusion of the cytokine genes in-
creased clearance of HSV-1 from the eyes of challenged mice
compared to mice immunized with parental dbl-p virus.

Protection of immunized mice from lethal ocular challenge.
The effect of IL-12p35 or IL-12p40 expression on survival of

FIG. 3. Neutralizing antibody titers in vaccinated mice. Mice were
vaccinated i.p. with vP35, vP40, vP35�vP40, vIL-4, dbl-p, or KOS as
described in Materials and Methods. Three weeks after the third im-
munization, 10 mice from two separate experiments were bled, and
neutralizing antibody titers were determined by plaque reduction as-
say. Mock-vaccinated mice were injected similarly with media collected
from mock-infected RS cells. Each bar represents the average neutral-
izing antibody titer from 10 serum samples (two experiments), and the
error bars indicate the SEM.

TABLE 1. Neutralizing antibody titers in IL-12p35�/� and
IL-12p40�/� vaccinated micea

Vaccine
Mean neutralizing antibody titer 	 SEMb

IL-12p35�/� IL-12p40�/� BALB/c

KOS 498 	 67 767 	 98 513 	 50
Mock 21 	 8 29 	 6 18 	 11

a Mice were vaccinated i.p. three times with 2 � 105 PFU of HSV-1 strain KOS
and were bled 3 weeks after the third vaccination as described in Materials and
Methods. Neutralization titers are expressed as the reciprocal of the geometric
means.

b P values, determined by using the Student t test, were as follows: IL-
12p35�/�, P 
 0.0001 (KOS versus mock); IL-12p40�/�, P 
 0.0001 (KOS versus
mock) and P � 0.04 (versus vaccinated IL-12p35�/�); and BALB/c, P 
 0.0001
(KOS versus mock), P � 0.9 (versus vaccinated IL-12p35�/�), and P � 0.05
(versus vaccinated IL-12p40�/�).

TABLE 2. Amount of virus and duration of virus clearance in
mouse eyes after ocular challenge of immunized micea

Vaccine Virus titer/eyeb (n) Range of virus
titer/eyec

Days to clear
virusd

vP35 67 	 19 (100) 0–175 5
vP40 114 	 34 (160) 0–1400 8
vP35�vP40 84 	 15 (120) 0–420 6
vIL-4 86 	 26 (100) 0–800 5
dbl-p 231 	 120 (160) 0–4000 8
KOS 106 	 33 (120) 0–1800 6
Mock 2,886 	 504 (180) 0–21160 9

a BALB/c mice were immunized three times with each virus or mock immu-
nized as described in Materials and Methods. At 3 weeks after the third immu-
nization, mice were challenged ocularly with 2 � 105 PFU of HSV-1 strain
McKrae/eye. Tears were collected from days 1 to 10 postinfection from 20
eyes/group from two separate experiments, and the amount of virus was deter-
mined by plaque assay. Numbers in parentheses (n) indicate the number of eyes
used to determine the virus titer/eye.

b The data represent the mean of the virus titer/eye from day 1 until the virus
was completely cleared from all of the eyes 	 the SEM.

c Range of virus titer/eye from day 1 until the virus was cleared.
d That is, the number of days required to completely clear the virus from the

eyes of challenged mice.
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the above immunized and challenged mice (20 mice from two
separate experiments) was determined 30 days after ocular
challenge. Of 20 mice in each group immunized with the re-
combinant viruses, 20 (100%) survived ocular challenge (Table
3, left panel). In contrast, only 4 of 20 (20%) mock-immunized
mice survived the lethal challenge (Table 3, left panel). The
protection provided by the two recombinant viruses was statis-
tically significant compared to that of the mock-immunized
mice (P 
 0.0001, Fisher exact test). However, the protection
afforded by immunization with the recombinant viruses in this
test was similar to that afforded by the vIL-4, dbl-p, and KOS
viruses (P � 1, Fisher exact test) (Table 3, left panel).

The dose (2 � 105 PFU/eye) of HSV-1 used in the challenge
above failed to reveal possible differences in the efficacy of
protection among the recombinant virus vaccines. Therefore,
an additional 10 mice per group were immunized three times
and challenged with a 10-fold-higher dose of McKrae. Our
results suggest that, even after ocular challenge with higher
dose of infectious virus, all immunized mice were protected
against HSV-1 challenge (Table 3, right panel). However, 0 of
the 10 (0%) mock-immunized mice survived the lethal chal-
lenge (Table 3, right panel). The levels of protection provided
by the two recombinant viruses and control viruses were sta-

tistically significant compared to that of mock immunization (P

 0.0001, Fisher exact test).

Protection of vaccinated mice from blepharitis and corneal
scarring. Herpetic blepharitis is an inflammation of the lid
margin that occurs after intraocular HSV-1 infection, and in-
creased blepharitis correlates with increased HSV-1 replica-
tion in the mouse (22, 23). Therefore, to determine the efficacy
of recombinant viruses in preventing or reducing blepharitis,
the eyes of the above groups of mice, infected with 2 � 105

PFU of HSV-1 strain McKrae/eye, were examined on day 7
postinfection. Disease was scored on a scale of 0 to 4 as de-
scribed in Materials and Methods. Mice vaccinated with vP35
had less blepharitis than any other group (Fig. 4; P 
 0.004,
Student t test) except KOS (P � 0.34). All immunized mice had
significantly lower blepharitis than mock-vaccinated mice (Fig.
4; P 
 0.0001). Thus, all vaccines reduced the severity of
blepharitis in challenged mice, with vP35 and KOS being the
most efficacious vaccines tested.

The eyes of the above surviving mice were also examined on
day 28 postinfection for the incidence of corneal scarring.
However, we found a complete absence of corneal scarring in
all groups of vaccinated mice (score, 0) compared to mock-
vaccinated mice that had considerable amounts of corneal
scarring (score, 2.8 	 0.3; P 
 0.0001, Student t test) (not
shown).

Lymphocyte proliferation and CTL assays. The results de-
scribed above revealed that mice immunized with vP35 had
relatively higher protection from ocular HSV-1 challenge. In
addition to neutralizing antibody titer, this higher vaccine ef-
ficacy could be due to higher levels of CD4� T cells, CD8�

CTLs, or both. Thus, we examined lymphocyte proliferation
and CTL responses in immunized mice as described in Mate-
rials and Methods. Figure 5 shows that mice immunized with
vP35 had higher lymphocyte proliferation than mice immu-
nized with vP40 or control groups (P 
 0.05). However, mice
immunized with vP40 had similar proliferation response as
mice immunized with vIL-4 or KOS (P � 0.1). Mice immu-
nized with dbl-p had significantly lower responses than any
other vaccinated group (P 
 0.05). All vaccinated groups had

FIG. 4. Blepharitis after ocular challenge of immunized mice. Mice were immunized three times and challenged intraocularly with 2 � 105 PFU
of HSV-1 strain McKrae/eye. Blepharitis was examined on days 1 to 14, as described in Materials and Methods. Peak blepharitis on day 7 is shown.
Each blepharitis score represents the average 	 the SEM from 20 eyes.

TABLE 3. Survival after ocular challenge of immunized micea

Vaccine

No. of mice surviving/no. of mice tested (%)
after challenge dose of:

2 � 105 2 � 106

vP35 20/20 (100) 10/10 (100)
vP40 20/20 (100) 10/10 (100)
vIL-4 20/20 (100) 10/10 (100)
dbl-p 20/20 (100) 10/10 (100)
KOS 20/20 (100) 10/10 (100)
Mock 4/20 (20) 0/10 (0)

a Mice were vaccinated three times and challenged ocularly with 2 � 105 or 2
� 106 PFU of HSV-1 strain McKrae/eye. Survival was determined 4 weeks
postchallenge. P (vaccinated versus Mock). 
 0.0001 for both doses as deter-
mined by the Fisher exact test.
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significantly higher responses than the mock-immunized group
(P 
 0.05).

Mice immunized with vP35 recombinant virus exhibited sig-
nificantly higher HSV-1-specific cytotoxicity than mice immu-
nized with vP40, vIL-4, KOS, or dbl-p virus (P 
 0.05, Fig. 6).
The mock-immunized mice did not exhibit any significant CTL
response (Fig. 6). Thus, immunization of mice with vP35 elicits
significantly higher lymphocyte proliferation and CTL re-
sponses than immunization with vP40 or control viruses.

Profiles of cytokines and chemokines expressed by spleno-
cytes of immunized mice. In an effort to screen and identify
cytokines and chemokines that may be associated with vaccine
efficacy, we used a microarray composed of antibodies against
32 different cytokines and chemokines. Mice were immunized
three times with the recombinant viruses as described above,
and 3 weeks after immunization or mock immunization, the
splenocytes from one mouse per group were obtained. Single-
cell suspensions were stimulated in vitro with 5 PFU of UV-
inactivated HSV-1 strain McKrae/cell. We measured cytokines
and chemokines secreted by splenocytes of each vaccinated
group by using supernatant collected from each vaccinated
group as described in Materials and Methods. The signal in-
tensity for each cytokine and chemokine was quantitated by
densitometry, and positive controls were used to normalize the
results from different arrays used for each vaccine (Fig. 7). Of
the 32 cytokines and chemokines examined, we detected sig-
nificant differences in the intensity of IL-2, IL-3, and IFN-�
between immunized and mock-immunized mice but no differ-
ences in the intensity of IL-5, IL-6, macrophage inflammatory
protein 1� (MIP-1�), MIP-2, RANTES, KC, or TNF-� be-
tween immunized and mock-immunized mice (Fig. 7). How-
ever, the intensity of IL-10 expression by more efficacious vac-
cines (i.e., vP35, vP40, vIL-4, and KOS) was higher than that
of a less efficacious vaccine (i.e., dbl-p) (Fig. 7, see D2). The
level of expression of IL-10 between dbl-p and mock samples
were the same (Fig. 7, D2, see mock versus dbl-p). Finally,
MIP-1�, MIP-2, and RANTES were expressed by all groups,
including mock-immunized mice without in vitro stimulation
by UV-inactivated virus (not shown). These results suggest
that of the 32 cytokines and chemokines screened in the
present study, only IL-2, IL-3 and IFN-� may have contrib-
uted to different vaccination efficacy between vP35 and other
groups.

In vitro cytokine secretion by splenocytes of immunized
mice. With the microarray analyses we showed that the inten-
sity of IL-2, IL-3, and IFN-� expression was different among
immunized and mock-immunized mice (Fig. 7). To confirm
these results and to quantitate possible cytokine expression
differences between different vaccine groups, we used ELISAs
to measure IL-2, IL-3, and IFN-� expression in immunized
mice. In our microarray comparisons we did not see any dif-
ferences for expression of some cytokines and chemokines
between immunized and mock-immunized mice. We chose one
cytokine in this group (TNF-�) to confirm our densitometry
results that there were no quantitative differences in TNF-�
expression between different vaccine and mock groups. Mice
were immunized as described above, and 3 weeks after immu-
nization or mock immunization, the splenocytes were ob-
tained. Single-cell suspensions were stimulated in vitro with 5
PFU of UV-inactivated HSV-1 strain McKrae/cell. Subse-
quently, the levels of IL-2, IL-3, IFN-�, and TNF-� secreted
into the media were analyzed by using ELISA as described in
Materials and Methods (Fig. 8). As shown in Fig. 8A, spleno-
cytes from mice immunized with vP40 or KOS produced the
highest levels of IL-2 (P 
 0.05 compared to other groups).
vP35 induced expression of significantly lower levels of IL-2
than vP40 or KOS but significantly higher levels of IL-2 than
vIL-4 or dbl-p (P 
 0.05). All immunized mice produced sig-
nificantly higher IL-2 levels than mock-immunized mice (Fig.

FIG. 5. Lymphocyte proliferation activity in spleens of mice immu-
nized with recombinant viruses. BALB/c mice were immunized three
times with vP35, vP40, vIL-4, dbl-p, or KOS or were mock immunized
as described in Materials and Methods. Spleens were collected 3 weeks
after the third immunization. Splenocytes were primed in vitro for
72 h, and cells were labeled with [3H]thymidine for 24 h as described
in Materials and Methods. Each point represents mean 	 the SEM
from three experiments.

FIG. 6. CTL activity in immunized mice. Splenocytes from immu-
nized and mock-immunized mice described in Fig. 5 were prepared as
described in Materials and Methods. CD4� T cells were removed by
incubating the splenocytes with anti-CD4� (GK1.5) MAb plus Low-
Tox-M rabbit complement for 30 min at 37°C. 51Cr release assays were
performed with splenocytes as effector cells and HSV-1-infected CL7
cells as target cells (as described in Materials and Methods). Each
point represents mean 	 the SEM for three experiments. Spontaneous
release was 
11% of total release.
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8A; P 
 0.05). Similarly, the splenocytes from vP40 and KOS
groups also produced the highest levels of IL-3 expression than
any other group (Fig. 8B; P 
 0.05). The vP35 group had the
least amount of IL-3 expression, similar to IL-3 expression by
mock-immunized group (Fig. 8B; P � 0.05).

Significantly higher amounts of IFN-� were secreted by cul-
tured splenocytes from mice immunized with vP35, KOS, and
vP40 than from mice immunized with vIL-4 or dbl-p (Fig. 8C;
P 
 0.05). Overall, lymphocytes from the vP35 group produced
more IFN-� than any other group (Fig. 8C; P 
 0.05). The
lymphocytes from mock-immunized mice secreted very low
amounts of IFN-� (Fig. 8C). Similar to our microarray analyses
(Fig. 7, above) we did not detect any significant differences in
expression of TNF-� between immunized and mock-immu-
nized groups (P � 0.05, Fig. 8D). Thus, our ELISAs confirm
our microarray results for expression of IL-2, IL-3, IFN-�, and
TNF-�, suggesting that IL-2, IL-3, and/or IFN-� may improve
immunization efficacy in vaccinated mice.

Sources of IL-2 and IFN-� in immunized mice. The results
of the above studies, as shown in Fig. 8, suggested that immu-

nization with different recombinant viruses resulted in different
patterns of IL-2, IL-3, and IFN-� production by T cells. It is
known that, depending on the response, these cytokines can be
produced primarily by CD4� T cells, primarily by CD8� T
cells, or by both CD4� and CD8� T cells. Therefore, to iden-
tify the source of IL-2 and IFN-�, mice were immunized three
times as described above. At 21 days after the third immuni-
zation, spleens from three mice per group were obtained, and
the CD4� or CD8� T cells were depleted by incubating spleno-
cytes with anti-CD4� MAb, anti-CD8� MAb, both anti-CD4�

and anti-CD8� MAbs, or an irrelevant MAb as described in
Materials and Methods. The individual T-cell subtypes were
stimulated as described above, and the secretion of IL-2 and
IFN-� were determined for each T-cell subtype and compared
to that of the total undepleted T cells treated with the irrele-
vant MAb. The results for each cytokine are shown in Table 4
as the percentage of cytokine secreted by the undepleted T
cells population. Our results suggest that following immuniza-
tion with vP35, vP40, or both vP35 and vP40, the pattern of
IL-2 production by CD4� and CD8� T cells was different

FIG. 7. Detection of cytokines and chemokines secreted by lymphocytes of mice immunized with recombinant viruses. Spleens from immunized
mice were harvested 3 weeks after the third immunization. Single cell suspensions of T cells were prepared and subjected to in vitro stimulation
for 72 h with 5 PFU of UV-inactivated McKrae/cell as described in Materials and Methods. The presence of cytokines and chemokines in the
supernatant was determined by an antibody microarray. Each cytokine or chemokine is presented in duplicate, and each panel represents the
pattern of cytokine and chemokine expression for vP35, vP40, vIL-4, dbl-p, KOS, or mock-immunized mouse. The order of cytokines and
chemokines on each template are as follows: A1 (positive control), A2 (IL-5), A3 (MCP-5, monocyte chemotactic protein 5), A4 (blank), B1
(positive control), B2 (IL-6), B3 (MIP-1�), B4 (blank), C1 (negative control), C2 (IL-9), C3 (MIP-2), C4 (blank), D1 (negative control), D2
(IL-10), D3 (MIP-3�), D4 (blank), E1 (6Ckine), E2 (IL-12p40), E3 (RANTES), E4 (blank), F1 (cutaneous T-cell-attracting chemokine or CCL27),
F2 (IL-12p70), F3 (stem cell factor), F4 (blank), G1 (eotaxin), G2 (IL-13), G3 (soluble TNF receptor type I), G4 (blank), H1 (granulocyte-colony
stimulating factor), H2 (IL-17), H3 (thymus and activation regulated chemokine), H4 (blank), I1 (granulocyte-macrophage colony-stimulating
factor), I2 (IFN-�), I3 (tissue inhibitor of metalloproteinase 1), I4 (blank), J1 (IL-2), J2 (KC), J3 (TNF-�), J4 (blank), K1 (IL-3), K2 (leptin), K3
(thrombopoietin), K4 (blank), L1 (IL-4), L2 (monocyte chemoattractant protein 1), L3 (vascular endothelial growth factor), and L4 (positive
control). The results are repeated twice.
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compared to that of vIL-4, dbl-p, or KOS virus (Table 4, left
panel). After immunization with vIL-4, dbl-p, or KOS, both
CD4� and CD8� T cells produced equivalent amounts of IL-2
(Table 4). However, after immunization with vP35, vP40, or
both vP35 and vP40, the CD8� T cells produced more than
two-thirds of the IL-2, with approximately one-third produced

by the CD4� T cells (Table 4). Similarly, CD8� T cells in the
vP35 group produced more IFN-� than CD4� T cells (Table 4,
right panel). In contrast to vP35, the pattern of IFN-� produc-
tion after immunization with vP40, vP35�vP40, or control vi-
ruses was the same for both CD4� and CD8� T cells, with both
contributing equally to IFN-� production (Table 4). Lympho-
cytes depleted of both CD4� and CD8� T cells did not secrete
detectable amounts of IL-2 or IFN-� (not shown). These re-
sults suggest that CD8� T cells in vP35 group are more activate
(also have higher CTL activity, as shown in Fig. 6, above) than
those of other vaccine groups.

Effect of immunization on explant reactivation. Mice that
were immunized three times and survived intraocular chal-
lenge with 2 � 105 PFU/eye of HSV-1 McKrae were eutha-
nized 30 days postinfection. TGs were removed and analyzed
for the presence of HSV-1 by explant cocultivation. Mice vac-
cinated with vP35 exhibited less explant reactivation than mice
immunized with vP40, vIL-4, dbl-p, or KOS (Table 5). The
differences between vP35 and vP40 or vIL-4 and KOS were not
statistically significant (Table 5; P � 0.4, Fisher exact test),
whereas there was a significant difference between vP35 and
dbl-p (Table 5; P � 0.009). All immunization protocols pro-
duced explant reactivation in fewer TG than mock immuniza-
tion (Table 5; P 
 0.01), indicating that all vaccine regimens
provided some degree of protection against explant reactiva-
tion.

FIG. 8. Cytokine production by splenocytes of immunized mice. BALB/c mice were immunized three times as described in Materials and
Methods. Three weeks after the third immunization, mice were euthanized, and spleens were harvested. Single cell suspensions of splenocytes were
prepared and stimulated in vitro for 72 h with UV-inactivated McKrae. The concentrations of IL-2, IL-3, IFN-�, and TNF-� in the supernatant
were measured by ELISA. Each point represents the mean titer from four experiments. (A) IL-2 production; (B) IL-3 production; (C) IFN-�
production; (D) TNF-� production.

TABLE 4. Source of cytokine production by splenocytes from mice
vaccinated with recombinant viruses expressing different

cytokine genesa

Vaccine

Amt (%) of:

IL-2 produced by: IFN-� produced by:

CD4� T
cells

CD8� T
cells

CD4� T
cells

CD8� T
cells

vP35 21 79 42 58
vP40 35 65 49 51
vP35�vP40 32 68 50 50
vIL-4 51 49 49 51
dbl-p 47 53 53 47
KOS 52 48 51 49

a Mice were immunized with each recombinant virus, and spleens were har-
vested 3 weeks after the third immunization. Single cell suspensions of CD4�,
CD8�, or pooled CD4� and CD8� T cells were prepared and subjected to in
vitro stimulation for 72 h with 5 PFU of UV-inactivated HSV-1 McKrae/cell. The
presence of cytokines in the supernatant was determined by ELISA. Each num-
ber represents the percentage of each cytokine that was produced by CD4� T
cells or CD8� T cells in relation to the amount produced by both T cells from
three experiments.
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DISCUSSION

An ideal vaccine should induce immune responses adequate
to prevent or to significantly reduce primary infection. If pri-
mary infection is prevented or reduced, the establishment of
latency in the ganglia should be reduced or not occur, there-
fore reducing the source of virus for subsequent recurrence or
transmission. Previous work from this laboratory and other
groups has shown that protection against lethal HSV-1 infec-
tion can be achieved by a wide range of vaccine approaches
(13, 18, 35, 53). In contrast, reducing virus replication in the
eye and the establishment of latency in TG is more difficult to
achieve by these vaccines, leading to higher incidence of re-
currence. Recurrence of ocular HSV-1 infection after reacti-
vation from latency is a major cause of corneal scarring and
blindness in the United States (2, 11, 12). Thus, preventing or
significantly reducing virus replication in the eye should be the
most efficient method of preventing latency and subsequent
recurrent infection that leads to loss of vision.

One of the primary failures of many (if not most) HSV-1
subunit vaccines in preventing recurrent infection is that anti-
gen is processed and presented by antigen-presenting cells
primarily through the major histocompatibility complex class II
pathway, resulting in the development of antibody-mediated
but not cell-mediated immune responses. Therefore, an impor-
tant goal to overcome this problem involves design of vaccine
regimens that elicit the most appropriate responses, namely, to
elicit cell-mediated responses in addition to antibody-mediated
responses. Previously, we showed that a successful and effica-
cious vaccine against ocular HSV-1 infection should induce a
potent TH1-mediated immune response in addition to neutral-
izing antibody (17, 21–23). Such protective immune responses
can be further enhanced or altered by using cytokine genes as
genetic adjuvants (40, 45). Since, IL-12 is a critical cytokine in
the development of a strong TH1 response (54), we constructed
recombinant HSV-1 expressing the two subunits of IL-12 and
investigated the efficacy of these recombinant live virus vac-
cines in controlling ocular virus replication and explant reac-
tivation.

Mice immunized with vP35 recombinant virus had signifi-
cantly higher neutralizing antibody titers than mice immunized
with vP40 or control viruses. Similarly, we showed that p40-
deficient mice had higher neutralizing antibody titers than p35-

deficient mice. Thus, our results suggest that the increased
neutralizing antibody titer after immunization with vP35 is due
to direct effects of p35 on humoral immunity, possibly by bind-
ing free p40 in vivo to produce more IL-12p70 and/or reducing
IL-23 formation by competing with p40 for IL-23p19. Similarly,
free IL-12p40 blocks the binding of IL-12p70 to its receptor
and inhibits IL-12-mediated biological activity (14, 37). One or
both of these mechanisms probably explain how p40-deficient
mice had higher neutralizing antibody titers than p35-deficient
mice. The importance of p35 is further demonstrated by the
association between the deficiency in generation of fetal im-
mune responses in neonates and impaired IL-12p35 expression
but not IL-12p40 in neonatal dendritic cells (26).

The neutralizing antibody titers of mice immunized with a
mixture of vP35 and vP40 viruses were similar to that of vP40
but significantly lower than neutralizing antibody titers induced
by vP35 immunization, despite the use of twofold more viruses.
Thus, our results suggest that a mixture of both p35- and
p40-expressing recombinant viruses suppresses the neutraliz-
ing antibody titers of immunized mice compared to vP35. Sim-
ilar to the present study, administration of high-doses of IL-12
to mice infected with lymphocytic choriomeningitis virus re-
sults in decreased body weights, higher virus titers, and im-
paired CTL development (42, 43). Recombinant IL-12 given to
mice vaccinated with irradiated tumor cells enhances host pro-
tection, but only after an early immune suppression. This im-
munosuppression is IL-12 dose dependent and manifests as
reduced splenic CTL activity, stimulated cytokine release, and
stimulated rejection of tumor cells (33). A high dose of IL-12
has also been reported to abolish the hepatitis C virus-specific
cellular immunity induced by an adenovirus vector expressing
hepatitis C virus proteins (34). Furthermore, protective im-
mune responses to Japanese encephalitis virus are suppressed
after coadministration of Japanese encephalitis virus envelope
protein DNA and an IL-12-expressing plasmid (7). However,
inclusion of IL-12 DNA with HSV-2 gD DNA was shown to
enhance protective immunity to HSV-2 infection (51). In our
system we also observed a significant enhancement of protec-
tive immunity when we used a mixture of vP35 and vP40
viruses over that of parental virus despite a suppression of
neutralizing antibody titers compared to vP35 alone. This sug-
gests that using p35 is a more powerful adjuvant than p40 or
both p35 and p40.

Inclusion of IL-12 as an adjuvant shifts the immunization-
induced responses toward TH1-related responses and away
from TH2-related responses (28, 58). Similarly, based on the
strong IL-2 and IFN-� responses detected in immunized mice,
we characterized the responses induced by the two recombi-
nant virus vaccines and control vaccines as type 1 TH re-
sponses. Our results also suggest that vP40-immunized mice
produce higher amounts of IL-2 than the vP35 group, whereas
the condition was reversed for IFN-� production by the two
recombinant viruses. Previously, it has been shown that p35
knockout mice produce less IFN-� than wild-type control mice
(27). These differences in the patterns of IL-2 and IFN-� pro-
duced by immunization with these recombinant viruses may
suggest that the p35 and p40 molecules of IL-12 contribute
differently to induction of a TH1 response. Similar to vP35 and
vP40 recombinant viruses, p35 and p40 knockout mice have
been shown to be functionally different (9, 47).

TABLE 5. Detection of latent virus in TG of immunized mice 30
days after ocular challengea

Vaccine No. of TG with infectious virus/total no.
of TG (%)

vP35 8/40 (20)
vP40 12/40 (30)
vIL-4 13/40 (32)
dbl-p 20/40 (50)
KOS 11/40 (27)
Mock 8/8 (100)

a At 30 days after ocular challenge of surviving immunized and mock-immu-
nized mice, each individual mouse TG was examined by explant cocultivation
with RS cells for the presence of latent virus as described in Materials and
Methods. Each value represents the number of TG with infectious virus per total
TG from two experiments. P values were determined by using the Fisher exact
test. P (vP35 versus vP40, vIL-4, or KOS) � 0.4; P (vP35 versus dbl-p) � 0.009;
P (vaccinated versus mock) 
 0.01.
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In the present study both CD4� and CD8� T cells contrib-
uted to induction of a protective TH1 response in immunized
mice with CD8� T cells playing a more important role in IL-2
and IFN-� production in the vP35 group. CD8� T cells play a
central role in the resolution and containment of HSV-1 in-
fection by exhibiting direct ex vivo effector functions, such as
cytotoxicity and cytokine production (45). The higher activity
of CD8� T cells in vP35-immunized mice was also associated
with higher CTL activity in this group. Previously, administra-
tion of IL-12p40 was shown to inhibit the effect of the IL-12
heterodimer and suppress TH1-mediated immune responses
(31, 38). This may explain why vP40-immunized mice had
lower IFN-� and CTL activity than vP35-immunized mice.
Thus, our results suggest that the stimulatory effects of IL-
12 on CTL and IFN-�-mediated immune responses may be
mainly associated with the p35 subunit of IL-12.

In contrast to vP35, dbl-p, or vIL-4 immunization, mice
immunized with vP40 or HSV-1 strain KOS produced signifi-
cant amounts of IL-3. IL-3 is produced by activated T cells,
mast cells, and eosinophils (4, 15, 61). IL-3 provides the cyto-
kine connection between the immune system and the hemato-
poietic system (29). For example, IL-3 supports the prolifera-
tion and development of almost all types of hematopoietic
progenitor cells and can act as a chemoattractant for eosino-
phils (61). In addition, IL-3 induces major histocompatibility
complex class II and B7-2 expression on eosinophils, rendering
them capable of supporting T-cell proliferation (4). Thus, it is
possible that vP40 stimulates mast cells and/or eosinophils
more efficiently than vP35, vIL-4, or dbl-p. In the present study
we also detected IL-3 in KOS group, which, in contrast to our
recombinant viruses or parental virus (dbl-p), is LAT-�34.5
positive. Thus, IL-3 production in the KOS group may be due
to the presence of LAT and/or �34.5. Similar to the present
study, mouse splenocytes infected with wild-type virus and
stimulated in vitro have been shown to secrete IL-3 (6). How-
ever, based on the efficacy of vP35 and vIL-4 vaccines, we do
not believe that IL-3 plays a major role in improving vaccine
efficacy. Finally, it is possible that some of the differences in the
immune responses observed in mice immunized with vP35
recombinant virus vaccine could be due to secondary muta-
tions. Previously, it has been shown that a single amino acid
change between HSV-1 strains can have dramatic effects in
virulence and cellular immune response (30, 39, 59).

In the present study we also found a positive correlation
between efficacious vaccines and IL-10 expression. Previously,
protection against ocular HSV-1 infection and inflammation
were found to be associated with IL-10 expression (48, 60).
IL-10 is an indicator of a TH2 response, and the higher inten-
sity of IL-10 responses in mice immunized with vP35, vP40,
vIL-4, and KOS (but not with dbl-p) correlates with higher
humoral immunity. Similar to IL-10, IL-4 is also an indicator of
a TH2 response; however, in the present study we did not
detect any IL-4 expression in immunized or mock-immunized
groups. In addition, the efficacy of a vaccine correlates with
lower or no expression of IL-4 in immunized mice (17, 23, 45).

In conclusion, the improved vaccine efficacy associated with
IL-12p35-expressing recombinant virus may be associated with
one or all of the following: (i) it directly enhances vaccine
efficacy, (ii) it binds to free IL-12p40 and increases IL-12p70
responses, (iii) it binds to free IL-12p40 and blocks the inhib-

itory effect of IL-12p40, (iv) it competes with p40 for binding of
IL-23p19, or (v) it interacts with other molecules such as
Epstein-Barr virus-induced protein 3 (EB13) (54). Thus, in the
present study we have demonstrated that by using the p35
subunit of IL-12, rather than the p70 dimer containing both
p35 and p40 molecules of IL-12, we can enhance both humoral
and cell-mediated immune responses without generating the
side effects associated with IL-12p40. These results also suggest
that the overall efficacy of some cytokine genes is compromised by
their failure to stimulate both arms of the immune response and,
in some cases, their ability to actively suppress one of the arms.
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