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Several vaccines have been investigated experimentally in the herpes simplex virus type 2 (HSV-2) model
system. While it is believed that CD4*-T-cell responses are important for protection in general, the correlates
of protection from HSV-2 infection are still under investigation. Recently, the use of molecular adjuvants to
drive vaccine responses induced by DNA vaccines has been reported in a number of experimental systems. We
sought to take advantage of this immunization model to gain insight into the correlates of immune protection
in the HSV-2 mouse model system and to further explore DNA vaccine technology. To investigate whether the
Th1- or Th2-type immune responses are more important for protection from HSV-2 infection, we codelivered
the DNA expression construct encoding the HSV-2 gD protein with the gene plasmids encoding the Th1-type
(interleukin-2 [IL-2], IL-12, IL-15, and IL-18) and Th2-type (IL-4 and IL-10) cytokines in an effort to drive
immunity induced by vaccination. We then analyzed the modulatory effects of the vaccine on the resulting
immune phenotype and on the mortality and the morbidity of the immunized animals following a lethal
challenge with HSV-2. We observed that Thl cytokine gene coadministration not only enhanced the survival
rate but also reduced the frequency and severity of herpetic lesions following intravaginal HSV challenge. On
the other hand, coinjection with Th2 cytokine genes increased the rate of mortality and morbidity of the
challenged mice. Moreover, of the Thl-type cytokine genes tested, IL-12 was a particularly potent adjuvant for

the gD DNA vaccination.

Herpes simplex virus (HSV) is the causative agent of a
spectrum of human diseases including cold sores, ocular infec-
tions, encephalitis, and genital infections (41). A variety of
traditional vaccine strategies have been explored against HSV.
Live, attenuated, and killed viruses have been shown to pro-
vide protective immunity against HSV infection in an animal
model system (4, 26). In addition, immunization with Freund’s
adjuvant-emulsified gD protein of either HSV-1 or HSV-2 has
been reported to provide protective immunity against infection
with both types of HSV in animals (34). On the other hand,
subunit vaccines analyzed in clinical trials recently failed to
protect humans from recurrent HSV infection (58). One sig-
nificant challenge in the development of a vaccine for HSV is
the uncertainty about the exact immune correlates of protec-
tion. It remains controversial if protective immune responses
can be provided by either the humoral arm or the cellular arm
of the immune system or both (49, 50).

DNA vaccination is a novel vaccination and immunothera-
peutic technique which delivers DNA expression constructs
encoding specific immunogens into host cells. These expres-
sion cassettes transfect the host cells, which become the in vivo
protein source for the production of antigen. This antigen then
is the focus of the resulting immune response. This vaccination
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technique is being explored as an immunization strategy
against a variety of viral pathogens including HSV (2, 29, 30,
32, 33, 36, 56, 61-63, 68). In addition to the ability of DNA
vaccines to induce both antigen-specific cellular and humoral
immune responses, this technique has the potential to drive
immune responses in a particular direction through the code-
livery of genes for immunologically important molecules such
as cytokines and costimulatory molecules (21, 23-25, 60). The
effects of such codelivery have not been investigated in the
herpesvirus model; they should be particularly useful as a test
of the ability of such a technology to modulate in vivo immu-
nity and correlate this modulation with infectious status.

In this study, we used a DNA vaccine model to investigate
whether driving an HSV-2 immunogen toward a Thl or Th2-
phenotypic immune response could affect the protection
against HSV-2 challenge in a defined mouse model system. To
investigate the modulation of immune responses and protec-
tive immunity, we codelivered a DNA expression construct
encoding HSV-2 gD protein with the gene plasmids encoding
Thl-type (interleukin-2 [IL-2], IL-12, IL-15, and IL-18) and
Th2-type (IL-4 and IL-10) cytokines. We then analyzed their
modulatory effects in immunity and protection. Our focus was
to determine the effects of the cytokine gene codelivery on the
mortality and the morbidity in the immunized animals follow-
ing HSV challenge. We observed that significant immune sys-
tem modulation could be achieved through the use of codeliv-
ered cytokine genes and that the use of these gene-delivered
adjuvants (especially IL-12) could be important in crafting
more efficacious vaccines for HSV.
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MATERIALS AND METHODS

Mice. Female 4- to 6-week-old BALB/c mice were purchased from Harlan
Sprague-Dawley (Indianapolis, Ind.). They were cared for under the guidelines
of the National Institutes of Health (Bethesda, Md.) and the University of
Pennsylvania IACUC (Philadelphia, Pa.).

Reagents. HSV-2 strain 186 (a kind gift from P. Schaffer, University of Penn-
sylvania, Philadelphia, Pa.) was propagated in the Vero cell line (American Type
Culture Collection, Rockville, Md.). The DNA vaccine, pAPL-gD2 encoding
HSV-2 gD protein, was previously described (46). The expression vectors,
pCDNAS3-IL-2, pCDNA3-IL-4, pCDNA3-IL-10, pCDNA3-IL-12, pCDNA3-IL-
15, and pCDNA3-IL-18, were previously constructed in our laboratory (24, 25).
Plasmid DNA was produced in bacteria by using double banded CsCl prepara-
tions. Recombinant HSV-2 gD proteins, a generous gift from G. H. Cohen and
R. J. Eisenberg, University of Pennsylvania, Philadelphia, Pa., were used as
recombinant antigens in these studies.

DNA inoculation of mice. The quadriceps muscles of BALB/c mice were
injected with 60 g of gD DNA constructs, formulated in a final volume of 100
wl of phosphate-buffered saline-0.25% bupivacaine-HCI (Sigma, St. Louis, Mo.),
via a 28-gauge needle (Becton Dickinson, Franklin Lakes, N.J.). Samples (40 pg)
of various cytokine gene expression cassettes were mixed with pgD plasmid
solution before the injection.

ELISA. Enzyme-linked immunosorbent assay (ELISA) was performed as pre-
viously described (56). In particular, HSV-2 gD protein (0.75 pg/ml in phos-
phate-buffered saline) was used as a coating antigen. For the determination of
relative levels of gD-specific immunoglobulin G (IgG) subclasses, anti-murine
IgG1, IgG2a, IgG2b, or IgG3 conjugated with horseradish peroxidase (Zymed,
San Francisco, Calif.) was substituted for anti-murine IgG-horseradish peroxi-
dase. To determine ELISA titers, sera pooled in an equal volume from 10 mice
per group were twofold serially diluted and reacted with gD protein. The titers
were defined as the reverse of the highest sera dilution showing the same optical
density as sera of naive mice.

Th-cell proliferation assay. The Th-cell proliferation assay was performed as
previously described (24).

Intravaginal HSV-2 challenge. Three weeks after the last DNA injection, mice
were challenged intravaginally with HSV-2 strain 186 as previously described
with some modifications (39, 40). Before inoculating the virus, the intravaginal
area was swabbed with a cotton-tipped applicator (Hardwood Products Com-
pany, Guiford, Maine) soaked with 0.1 M NaOH solution and then cleaned with
dried cotton applicators. Mice were then examined daily to evaluate pathological
conditions and survival rates.

Statistical analysis. Statistical analysis was done by the paired Student # test
and analysis of variance (ANOVA). Values for gD DNA vaccines alone were
compared with values for cytokine coinjection groups. P < 0.05 was considered
significant.

RESULTS

IL-12 coadministration inhibits the systemic IgG response.
To modulate gD-specific IgG levels in gD DNA vaccination,
animals were coimmunized twice with gD DNA construct and
a collection of Thl and Th2-type cytokine genes (IL-2, IL-4,
IL-10, IL-12, IL-15, and IL-18). Co-injection with IL-4, IL-10,
or IL-18 cytokine genes showed similar levels of antibody re-
sponses to that of gD vaccination alone. Coadministration with
IL-2 or IL-15 genes resulted in a moderate but not significant
enhancement of gD-specific IgG antibodies (Fig. 1). In con-
trast, coinjection with the IL-12 gene displayed a significant
inhibition of gD-specific IgG levels. ELISA titers of equal
pools of sera collected 2 weeks after the second immunization
were also determined as 12,800 (IL-2), 6,400 (IL-4), 6,400
(IL-10), 1,600 (IL-12), 12,800 (IL-15), 6,400 (IL-18), and 6,400
(gD DNA vaccine alone). This type of suppressive effect of
IL-12 on antigen-specific antibody responses has been previ-
ously reported for other viral antigens (24). However, granu-
locyte-macrophage colony-stimulating factor (GM-CSF) coin-
jection used as a positive control significantly enhanced
systemic IgG responses (data not shown) and displayed a two-
fold-increased ELISA titer of 25,600.

Cytokine coimmunization shifts IgG subclasses to Thl or
Th2 isotypes. IgG subclasses give an indication of the Thl-
versus-Th2 nature of the induced responses. Since we believe
that the cytokine genes should drive the resulting immune
responses in different directions, we analyzed the IgG sub-
classes induced by the coinjections. IgG isotypes induced by
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FIG. 1. Levels of systemic gD-specific IgG in mice immunized with DNA
vectors. Each group of mice (n = 10) was immunized with gD DNA vaccines (60
ng per mouse) and/or cytokine genes (40 pg per mouse) at 0 and 2 weeks. The
mice were bled 2 weeks after the last immunization, and then sera were diluted
to 1:100 for reaction with gD. The optical density (O.D.) was measured at 405
nm. Values and bars represent the mean and standard deviation, respectively. *,
statistically significant at P < 0.05 by Student’s ¢ test compared to gD DNA
vaccine alone.

each immunization group are shown in Fig. 2A, and the rela-
tive ratios of IgG2a to IgG1 (Thl to Th2) are shown in Fig. 2B.
The pgD-immunized group had an IgG2a-to-IgG1 ratio of 0.7.
Coinjection with IL-2, IL-10, and IL-18 genes produced an IgG
subtype pattern similar to that for pgD vaccination. On the
other hand, coinjection with IL-4 decreased the relative ratio
of gD-specific IgG2a to IgG1 (to 0.5), whereas coimmunization
with Th1 cytokine genes (IL-12 and IL-15) increased the rel-
ative ratio of IgG2a to IgGl. In particular, the group immu-
nized with pgD plus IL-12 had the highest ratio (1.8), indicat-
ing a dramatic shift to Th1 phenotype.

Th1 cytokine coinjection enhances Th-cell proliferative re-
sponses. Th-cell proliferation is a standard parameter used to
evaluate the potency of cell-mediated immunity. We measured
Th-cell proliferative responses following coimmunization with
cytokine genes by stimulating splenocytes from immunized an-
imals in vitro with gD protein. As shown in Fig. 3, pgD DNA
vaccination alone resulted in gD-specific Th-cell proliferative
responses. We also observed the enhancement of Th-cell pro-
liferative responses over that of gD DNA vaccine alone by
coinjection with Th1 cytokine genes (IL-2, IL-12, IL-15, and
IL-18). In contrast, coimmunization with IL-4 and IL-10 genes
appeared to have minimal effects on the levels of Th-cell pro-
liferative responses. However, cytokine coinjection showed no
effects on phytohemagglutinin (PHA)-induced non-specific Th
cell proliferative responses (stimulation index, 30 to 50).

Thl cytokine coadministration improves the survival rate
following intravaginal HSV challenge. To determine the 50%
lethal dose (LD)s,, for infectivity studies, naive mice were chal-
lenged intravaginally with different doses of HSV-2 strain 186.
Table 1 shows the survival rates of naive and immunized mice
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FIG. 2. (A) Levels of IgG subclasses in mice immunized with DNA vectors. Each group of mice (n = 10) was immunized with gD DNA vaccines (60 ug per mouse)
and/or cytokine genes (40 pg per mouse) at 0 and 2 weeks. The mice were bled 2 weeks after the last immunization, and then sera were diluted to 1:100 for reaction
with gD. Optical density (O.D.) was measured at 405 nm. The relative optical density was calculated as optical density of each IgG subclass/total optical density. Line
bars represent the mean of the relative optical densities of each mouse IgG subclass. (B) Relative ratio of IgG2a to IgG1. The mean (n = 10) IgG2a level was divided
by the mean IgG1 level in each immunization group. *, statistically significant at P < 0.05 by Student’s ¢ test compared to each corresponding isotype of gD DNA vaccine

alone.

after different doses of HSV challenge. In our preliminary
challenge studies, we observed that coimmunization with Thl
cytokines appeared to improve survival while coimmunization
with Th2 cytokines appeared to decrease survival (data not
shown). Accordingly, a comparative study was initiated. Eight
immunized mice per group immunized with gD plus cytokines
were challenged with 200 LD, of HSV-2 (7 X 10° PFU). The
high lethal dose was used to investigate differences in survival

rates among vaccinated animals. As shown in Fig. 4, all naive
mice died within 8 days after an intravaginal challenge with 200
LD, of HSV-2. The group immunized with gD DNA vaccine
alone had a 63% survival rate after the challenge. In contrast,
coinjection with Thl cytokine genes (IL-2, IL-12, and IL-18)
increased the survival rate to 88% (Fig. 4A), while IL-15 coin-
jection also increased survival but only moderately. Coimmu-
nization with Th2 cytokine genes (IL-4 and IL-10), however,
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FIG. 3. Th-cell proliferation levels of splenocytes after in vitro gD stimula-
tion. Each group of mice (n = 2) was immunized with gD DNA vaccines (60 ng
per mouse) and/or cytokine genes (40 pg per mouse) at 0 and 2 weeks. Two
weeks after the last DNA injection, two mice were sacrificed and their spleen
cells were pooled for the proliferation assay. Splenocytes were stimulated with 5
and 1 pg of gD-2 proteins per ml and 5 pg of PHA per ml as a positive control.
After 3 days of stimulation, the cells were harvested and the cpm was counted.
Samples were assayed in triplicate. The figure shows the results of one of three
separate experiments with similar results. The PHA control sample showed a
stimulation index of 30 to 50. #, statistically significant at P < 0.05 by Student’s
t test compared to gD DNA vaccine alone.

resulted in a significant reduction of the survival rates to 25%
(Fig. 4B). As shown in Fig. 5, 84% survival rates in a Th1 group
(27 of 32 animals) were noted, compared to 25% survival rates
in a Th2 group (4 of 16) and 63% in a group receiving gD DNA
vaccines alone (5 of 8). These data support the notion that the
type of immunity induced by a vaccine is particularly important
in this challenge model.

Th1 coadministration reduces the frequency and severity of
herpetic lesions following intravaginal HSV challenge. Mice
challenged with 200 LD, of HSV-2 were observed for herpetic
lesions for 2 months. Naive mice infected with HSV-2 started
to show pathological signs, such as lethargy, abnormal gaits,
and ruffling fur 2 to 3 days after virus infection; they died
starting 5 days after infection, and they had all died by 8 days
of infection. Figure 6 displays representative herpetic lesions
(Fig. 6A to F) of mice infected with HSV-2 and deceased mice
(Fig. 6G) showing necrosis around the abdominal area. As
shown in Table 2, the groups coinjected with Thl cytokine
genes (IL-2, IL-12, IL-15, and IL-18) contained a smaller num-
ber of mice exhibiting herpetic lesions on the vaginal area than
the group immunized with gD DNA vaccine alone. Rather
dramatically, not only did the pgD-plus-IL-12-immunized
group contain the fewest number of mice with herpetic lesions,
but also 100% of the mice had recovered completely from the
lesions at 24 days after viral challenge. Coinjection with IL-2
genes also led ultimately to complete healing of herpetic le-
sions, but at a later time (61 days after viral challenge). In
contrast, this effect was not detected in mice coinjected with
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FIG. 4. Survival rates of mice immunized with gD DNA vaccines plus Thil-
type cytokine genes (A) or Th2 type cytokine genes (B) by lethal virus challenges.
Each group of mice (n = 8) was immunized with gD DNA vaccines (60 pg per
mouse) and/or cytokine genes (40 pg per mouse) at 0 and 2 weeks. Three weeks

after the second immunization, mice were challenged intravaginally with 200
LDs, of HSV-2 strain 186 (7 X 10° PFU).

IL-15, and IL-18 genes. This study demonstrates two distinct
advantages of such a vaccination scheme: one on survival and
one on actual disease. We scored the herpetic lesions 1 to 3
based upon their severity (3 being the highest level of severity).
As shown in Fig. 7, the gD-plus-IL-2 and gD-plus-IL-12 coim-
munized groups showed a lower degree of severity in herpetic
lesions than did the group immunized with gD DNA vaccine.
However, coinjections with IL-15 and IL-18 genes displayed a
similar level of lesion severity to those of gD DNA vaccine
alone (data not shown).

TABLE 1. Protection against intravaginal challenges with a
different dose of HSV-2 in mice immunized with gD DNA vaccines”

No. of mice that

Immunogen Challenge dose (PFU) survived/no. tested (%)
None 1.4 X 10? 6/6 (100)
None 1.4 X 10° 4/6 (67)

None 1.4 x 10* 0/6 (0)
None 1.4 X 10° 0/6 (0)
None 1.4 x 10° 0/6 (0)
[:40] 1.4 X 10* (4 LDsp) 8/8 (100)
eD 1.4 X 10° (40 LDs) 8/8 (100)
gD 7 X 10° (200LDsy) 5/8 (63)
gD 1.4 X 10° (400LDs,) 3/8 (38)

“ Mice were immunized intramuscularly with gD DNA vaccines (60 pg) at 0
and 2 weeks. Three weeks after the second immunization, naive and immunized
mice were challenged intravaginally with different doses of HSV-2 186 strain.
The number of surviving mice was scored 30 days after HSV-2 challenge.
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FIG. 5. Difference in protection rates between Th1 and Th2 cytokine groups.
Numbers in parentheses are the number of surviving animals/number tested in
group. *, statistically significant at P < 0.05 by ANOVA compared to the
pgD-plus-Th2 cytokine coinjection group. =, statistically significant at P < 0.05
by ANOVA compared to the gD DNA vaccine alone.

DISCUSSION

HSYV infection is a major cause of morbidity in humans (41).
HSV-2 infects mucocutaneously and causes genital infection
(41). After infection, the virus maintains itself in the sensory
ganglia, some with recurrent HSV infection (49). In animal
models, immunization of some HSV glycoproteins or DNA
constructs expressing the viral components provides complete
or partial protection against viral challenge (2, 29, 34, 37, 38,
48). Several HSV proteins have been analyzed as potential
immunization targets. Immunization with cDNA encoding gC,
ICP27, or gD induces antigen-specific immune responses and
protection against in vivo challenge with HSV in animals (2, 29,
37, 38). The gD protein is a glycoprotein which is involved in
the binding and entry of HSV into the host cells (66). This
protein is highly conserved and antigenically cross-reactive be-
tween HSV-1 and HSV-2 (42). This increased the belief that
gD could function as a preventive vaccine against both types of
HSYV infection. Recently, clinical trials with a subunit vaccine

TABLE 2. Number of mice showing herpetic lesions after
HSV-2 infection”

o No. of mice with herpetic lesion/no. that survived (%) on
Immunization postinfection day:

group

16 20 24 28 42 61

gD alone  5/5(100) 4/5(80) 4/5(80) 4/5(80) 2/5(40) 2/5(40)
gD +IL-2  3/7(43) 2/7(29) 2/7(29) 1/7(14) 1/7(14) 0/7 (0)
gD + IL-12 3/7(43) 2/7(29) 0/7(0) 0/7(0) 0/7(0) 0/7(0)
gD + IL-15 5/7(71)  6/7(86) 3/6(50) 2/6(33) 2/6 (33) 1/6 (17)
gD + IL-18 3/7(43) 4/7(57) 2/7(29) 2/7(29) 2/7(14) 1/7 (14)

“ Each group of mice (n = 8) was immunized with gD DNA vaccines (60 pg
per mouse) and/or cytokine genes (40 pg per mouse) at 0 and 2 weeks. Three
weeks after the last DNA injection, the mice were challenged intravaginally with
200 LDs, of HSV-2 strain 186 (7 X 10° PFU). The mice were checked every day
after viral challenges to observe the pathological symptoms.
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failed to protect from recurrent HSV infection, supporting that
additional insight is needed to design a more effective ap-
proach for this pathogen (58).

An important feature of the DNA approach is the potential
to manipulate the immune responses generated by DNA vac-
cination through the codelivery of immunologically important
molecules, effectively driving immune responses in a particular
direction. In this study, we sought to take advantage of this
feature to drive immune responses in the HSV-2 system and
then analyze if such driving could affect morbidity or mortality
in this small-animal model. We focused the HSV DNA immu-
nization model to investigate the effects of Thl and Th2 cyto-
kine genes on the induction and regulation of immune re-
sponses. Recently, several groups including ours have reported
that specific immune responses generated by DNA vaccine
could be modulated with the coinjection of gene expression
cassettes encoding cytokines and costimulatory molecules (6,
21, 23-25, 56, 60, 67). When GM-CSF cDNA was used for
coimmunization with a DNA vaccine, protective immune re-
sponses against rabies virus and encephalomyocarditis virus K
were enhanced (56, 67). More recently, we investigated the
induction and regulation of immune responses to the codeliv-
ery of T,1, and T,2 cytokines, as well as proinflammatory
molecules (25). None of the above studies compared direction-
ally driven immune responses in these models, nor has there
been an examination of this phenomenon in the HSV system.

In this study, we investigated the effect of cytokine gene
codelivery in HSV immunization because cytokines play im-
portant roles in immune and inflammatory responses as the
initiators and regulators of the immune system network. For
HSV-2 specifically, it has been suggested that cytotoxic T cells
or B cells or perhaps both are critical to protection in this
model, but the nature of the protective responses is still under
investigation. The Thl-type cytokines (IL-2, IL-12, IL-15, and
IL-18) and the Th2-type cytokines (IL-4, IL-5, and IL-10)
predominantly induce the cellular and humoral arms of the
immune responses, respectively. IL-2, a cytokine secreted
mainly from activated Th cells, can activate NK cells and cy-
totoxic T cells (10, 17), induce gamma interferon (IFN-y) pro-
duction from T cells (22), and stimulate B cells (65). IL-12 has
been found to induce Thl-type immune responses by eliciting
the differentiation of Th1 cells from uncommitted ThO cells, to
promote NK activity, and to activate cytotoxic T lymphocytes
(1, 13, 14, 27). IL-12, a heterodimeric cytokine consisting of
p35 and p40 chains, is produced mainly from macrophages and
B cells and is a potent inducer of cytotoxic cells (1, 13, 14, 51).
IL-15, a recently identified analogue of IL-2, is reported to
have T-cell-stimulatory effects similar to those of IL-2 (3, 15).
IL-18, previously known as the IFN-vy inducing factor, induces
IFN-y production and NK-cell activity and inhibits IL-10 pro-
duction from activated peripheral blood mononuclear cells
(45). As a prototypical Th2-type cytokine, IL-4 stimulates B-
cell growth and plays a major role in suppressing cell-mediated
immune responses by inhibiting Th1 cytokine production from
T cells (35, 53). IL-4 also stimulates the production of IgE- and
IgGl1-type antibodies (47). IL-10, a cytokine secreted mainly
from Th2 cells, as well as B cells and monocytes (9, 12), inhibits
cell-mediated immune responses by interfering with the acti-
vation of macrophages and NK cells, as well as IL-2- and
IFN-vy-producing Th1 cells (19).

We investigated the in vivo effects of Thl and Th2 type
cytokine genes on the induction of protective immunity against
HSV-2 infection by coinjecting them along with gD DNA vac-
cine constructs. We observed that the groups coimmunized
with IL-2 and IL-15 cytokine genes had slightly higher IgG
responses than did the gD-immunized group. However, we
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FIG. 6. Photographs showing scoring of deceased mice and those with herpetic lesions after HSV-2 infection. Each group of mice (n = 8) was immunized with gD
DNA vaccines (60 g per mouse) and/or cytokine genes (40 pg per mouse) at 0 and 2 weeks. Three weeks after the last DNA injection, the mice were challenged
intravaginally with lethal doses of HSV-2. The mice were checked every day after the viral challenges to observe the pathological symptoms (A to F). The severity of
herpetic lesions was recorded as tiny lesions (A and B), mild to less severe lesions (C and D), and severe lesions (E and F). (G) Deceased mouse.

previously observed that coinjection with both Thl and Th2
type cytokine genes enhanced systemic IgG production in HIV
DNA vaccine studies (25). Only coinjection with GM-CSF
c¢DNAs induced significantly higher production of IgG in gD
DNA vaccines (data not shown). This discrepancy might be
due to a difference in the nature of the antigens tested. This is
based upon our observation that gD DNA vaccines alone could
induce an ELISA titer of 6,400 but HIV DNA vaccines alone
induced significantly lower ELISA titers under similar immu-
nization conditions. In contrast, IL-12 gene coinjection re-
sulted in a significant inhibition of gD-specific IgG responses.
In this case, this activity cannot be ascribed to backbone CpG
motifs, since mixing of gD plasmids with pCDNA3 vector did
not result in similar immune system modulatory function or
change the outcome of the challenge (data not shown). This
finding is compatible with previous findings that IL-12 gene
coadministration inhibits antigen-specific humoral immune re-
sponses in human immunodeficiency virus DNA vaccination
studies (24).

It is known that production of IgG1 isotype is induced by
Th2-type cytokines whereas the IgG2a isotype production is
influenced by Thl-type cytokines (7, 11). This has also been
used as an indicator of whether immune responses are under
control of the Thl or Th2 type. In this study, modulation of
antigen-specific IgG isotype responses has been achieved by
using cytokine genes as a molecular adjuvant. We have ob-
served that Thl cytokine genes (IL-12 and IL-15), more sig-
nificantly IL-12 genes, increased the relative ratio of gD-spe-
cific IgG2a to IgGl. However, coinjection with IL-4 genes
induced more favorable production of IgG1 than of IgG2a.
Thus, these results strongly imply that the shift in humoral
immune responses to either Thl or Th2 could be achieved by
using the Thl or Th2 cytokine genes as adjuvants in DNA
vaccination. Interestingly the IL-12-coimmunized group had a
lower total IgG level but had better protection. In terms of
both mortality and morbidity, the Thl shift in IgG isotype
seems to be an important marker for protection.

In vitro immune system parameters, such as Th-cell prolif-
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FIG. 7. Severity of herpetic lesions in mice surviving after HSV-2 infection.
Each group of mice (n = 8) was immunized with gD DNA vaccines (60 pg per
mouse) and/or cytokine genes (40 pg per mouse) at 0 and 2 weeks. Three weeks
after the last DNA injection, the mice were challenged intravaginally with 200
LDs, of HSV-2 strain 186 (7 X 10° PFU). The mice were checked every day after
viral challenges to observe the pathological symptoms. The degrees of severity of
herpetic lesions were recorded as tiny lesions (1+), mild to less severe lesions
(2+), and severe lesions (3+). Values and bars represent the mean degree of
severity and the standard deviation, respectively.

erative and cytotoxic T-lymphocyte responses have been used
to evaluate the potency of cell-mediated immunity. We ob-
served that coinjection with Thl-type cytokine genes (IL-2,
IL-12, IL-15, and IL-18) induced higher Th-cell proliferation.
On the other hand, we did not see significant enhancement of
Th-cell proliferation responses with Th2-type cytokine gene
coadministration (IL-4 and IL-10). However, we previously
observed that coinjection with HIV DNA vaccines plus IL-10
slightly enhanced Th-cell proliferation (25). It is not unlikely
that different antigens may behave uniquely in this regard.
These results support the conclusion that Thl-type cytokines
may be more important in the induction of antigen-specific
cell-mediated immune responses, and they extend the validity
of this model for testing the driving of immune responses in
vivo.

It has been reported that humoral or cellular immune re-
sponses or both could be responsible for protective immunity
against HSV infection (49, 50). During viral infection, neutral-
izing antibodies can inactivate free viral particles but are not
able to inhibit intracellular HSV infection (44). It appears that
antibody-dependent complement-mediated and antibody-de-
pendent cell-mediated cytotoxicity are insufficient to control
HSV infection (28, 43, 44, 55, 59). Therefore, it has been
suggested that HSV-specific cell-mediated immunity may play
a more major effector role in eradicating HSV-infected cells
and controlling HSV infection (44, 54, 70, 71).

To emulate the natural route of HSV infection, we chose a
well-tested intravaginal HSV-2 challenge model for this study
(39, 40). We found that gD genetic vaccination conferred com-
plete protection against infection with 4 LD, of HSV-2 strain
186. However, gD vaccination alone resulted in 63% survival
rates at the challenge inoculum of 200 LDy, of HSV-2. By
coinjecting Th1 cytokine genes (IL-2, IL-12, IL-15, and IL-18),
better survival rates (88%) were achieved. In contrast, code-
livery of Th2 cytokine genes (IL-4 and IL-10) reduced the rate
of survival of challenged mice to 25%, more than a 50% re-
duction in overall survival from that due to the gD vaccine
alone. These observations are particularly striking if one con-
siders the entire group of Thl versus that of Th2 cytokines
(survival rates of Thl types, 27 of 32 [84%]; survival rates of
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Th2 types, 4 of 16 [25%]). Although Th-cell proliferation levels
and gD-specific antibody levels in mice coinjected with Th2
cytokine genes were no worse than those for gD DNA vacci-
nation alone, Th2-type cytokine-mediated susceptibility to
HSV-2 infection was observed in these animals. This implies
that polarization of gD-specific immune responses to Th2 types
by coinjection with IL-4 and IL-10 genes results in increased
susceptibility of animals to HSV-2 infection. This appears to be
a different finding from that of a previous study, which found
that enteric immunization with incompetent HSV expressing
IL-4 or IFN-y showed better protection against intravaginal
HSV challenge (31). However, the vaccination method used
was very different, suggesting that the type as well as the route
of immunization is irrelevant here. Furthermore, our data is
compatible with previous in vivo findings that UV irradiation
of mice suppressed IL-2 and IFN-y production but enhanced
IL-4 production, resulting in more susceptible infection with
HSV (69). It was also suggested that a Thl-like cytokine re-
sponse might be responsible for resistance from UV-induced
herpetic infection in humans (57). Moreover, Thl-cell-medi-
ated ocular inflammatory disease due to HSV infection was
suppressed by tropical administration of plasmid expressing
IL-10 but not by intramuscular immunization whereas the dis-
ease (inflammation in the eye) was exacerbated by IL-2 cDNA
inoculation (8). This finding in this alternative disease model is
similar to our findings that Th1 cytokines induced strong cel-
lular responses. Furthermore, our findings appear to be similar
to those with the Th1/Th2 parasitic infection model in which
shifts from Th1 cellular immune types to Th2 humoral immune
types are correlated with pathogenic progression in murine
leishmaniasis (16, 52). Thus, Thl-type cytokine-mediated cel-
lular immune responses in the context of this type of immuni-
zation seem to play more important roles in preventing mice
from lethal infection by HSV-2. More specifically, these results
suggest that HSV-2 infection is more effectively controlled by
the modulation of antigen-specific cellular immune environ-
ment.

In the case of morbidity, we also observed that coinjection
with IL-2 and, most impressively, IL-12 resulted in reduction of
the number of mice with herpetic lesions, compared to injec-
tion of gD DNA vaccine alone. Compared with IL-15, an
analogue of IL-2, IL-2 coinjections seem to be more effective
in reducing morbidity. This might result partially from antiviral
effects of IFN-y induced by IL-2 coinjections. This is based
upon our observation that compared to IL-15, IL-2 coinjec-
tions induced higher production of IFN-y from splenocytes
after stimulation in vitro with gD protein (data not shown).
Similarly, recombinant IL-2 as an adjuvant has been also found
to enhance protective efficacy against mortality, morbidity, and
recurrent infection by HSV (18, 64). Furthermore, coinjection
with IL-12 genes resulted in much faster recovery from the
onset of lesions. These results further suggest that Thl-type
cytokine (most significantly IL-12)-mediated cellular immune
responses play a critical role in reducing the emergence of
herpetic lesions and in shortening the recovery time from the
lesions. This is supported by our earlier reports that codelivery
of IL-12 genes induces potent T-helper cell proliferation and
CTL activity but inhibits humoral immunity in human immu-
nodeficiency virus DNA vaccine studies (24). This is also in line
with the previous finding that recurrence of latent herpesvirus
is linked to decreased cellular responses in the guinea pig
model (20). Of interest, a regimen of IL-12 protein injection
has been reported to induce protective immunity against lethal
intraperitoneal infection with HSV-2 (5). One could extrapo-
late on our data to hypothesize that one problematic feature of
subunit vaccines with regard to HSV infection may be their
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TABLE 3. Summary of the effects of Th1l and Th2 cytokine
coinjection on IgG levels, the ratio of IgG2a to IgG1, Th-cell
proliferation responses, mortality, and morbidity”

Th-cell

Cytokine 1gG level  1gG2a/IgGl response Mortality ~ Morbidity

Thl types

IL-2 1 — i \ I

IL-12 ) i) i ! J

IL-15 1 1 i y I

IL-18 — — 1 ! l
Th2 types

IL-4 — l t 1 ND

IL-10 — — ! 1 ND

“ 1 and |, increase and decrease of the responses, respectively, compared to
that without cytokine coinjections; —, no change; ND, not determined.

polarization toward Th2-type immunity. This should be exam-
ined in additional studies.

In conclusion, the data presented here demonstrates that
Th1-type immune responses lead to better protective immunity
against herpetic infection whereas Th2-type immune responses
worsen disease, at least with this type of vaccine (Table 3).
Moreover, among the Thl-type cytokine genes tested, IL-2 to
some extent but IL-12 in particular is a superior molecular
adjuvant for gD DNA vaccination, strongly suggesting that
IL-12 should be investigated as an adjuvant for HSV-2 DNA
vaccine studies. These studies further support the conclusion
that molecular adjuvants can increase both the potency and
focus of DNA vaccine preparations, suggesting that additional
studies of such multicomponent preparations for both vaccine
and immune therapeutic applications should be performed.
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