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The potential for DNA vaccines encoding mutated versions of the same antigen to modulate immune
responses in C3H/HeN mice was investigated. We created expression plasmids that encoded several versions
of glycoprotein D (gD) from bovine herpesvirus 1, including authentic membrane-anchored glycoprotein
(pSLRSV.AgD), a secreted glycoprotein (pSLRSV.SgD), and an intracellular protein (pSLRSV.CgD). Immu-
nization of an inbred strain of mice with these plasmids resulted in highly efficacious and long-lasting humoral
and cell-mediated immunity. We also demonstrated that the cell compartment in which plasmid-encoded gD
was expressed caused a deviation in the serum immunoglobulin (Ig) isotype profile as well as the predominant
cytokines secreted from the draining lymph node. Immunization of C3H/HeN mice with DNA vaccines encoding
cell-associated forms of gD resulted in a predominance of serum IgG2a and gamma interferon-secreting cells
within the spleens and draining lymph nodes. In contrast, mice immunized with a secreted form of this same
antigen displayed immune responses characterized by greater levels of interleukin 4 in the draining lymph
node and IgG1 as the predominant serum isotype. We also showed evidence of compartmentalization of distinct
immune responses within different lymphoid organs.

Bovine herpesvirus 1 (BHV-1) is a member of the subfamily
Alphaherpesvirinae and the causative agent of infectious bovine
rhinotracheitis and infectious pustular vulvovaginitis (79).
BHV-1 has also been shown to cause conjunctival infections,
abortions, meningo-encephalitic diseases, and infectious bala-
noposthitis (30, 84). BHV-1 may be the primary viral agent
involved in the development of secondary opportunistic bac-
terial infections leading to “shipping fever” in cattle (4, 70, 86).
Of the 13 proteins associated with the viral lipid envelope,
glycoproteins B (gB), C (gC), and D (gD) are consistently
recognized by convalescent-phase sera from BHV-1-infected
animals (15, 78). Immunization of cattle with each of these
individual glycoproteins, formulated with a conventional adju-
vant, leads to protective immune responses that include neu-
tralizing serum antibodies and cell-mediated immunity (CMI)
(3, 35, 71, 79). Immunization of cattle with gD typically results
in the humoral responses of the greatest magnitude (3, 81).
Also, gD has been demonstrated to efficiently induce CMI and
humoral immune responses in C57BL/6 (H-2") mice following
immunization in a novel water-in-oil adjuvant (5). Finally, a
DNA-based vaccine encoding the authentic, membrane-an-
chored versions of gB, gC, and gD induced humoral immune
responses in BALB/c (H-2) mice and cattle (gD only) (20).

DNA immunization, also termed polynucleotide, nucleic
acid, or genetic immunization, represents an exciting, novel
approach to eliciting protective immune responses in animals
(24, 75, 76). These vaccines are typically composed of bacteri-
ally derived plasmid DNA carrying eukaryotic gene regulatory
elements driving the expression of genes encoding antigens.
Delivery of these DNA-based vaccines into animals can be
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carried out by a variety of methods, including direct injection
of DNA vaccines solubilized in saline (32, 41, 68, 77, 83).

Somatic cell uptake of DNA, followed by expression of en-
coded antigen, is a fundamental feature of DNA-based immu-
nization (16, 17, 59, 76). Antigen presentation by transiently
transfected, professional antigen-presenting cells (APC) or in-
direct presentation following acquisition of antigen from non-
professional APCs by professional APCs is a crucial compo-
nent of the process (16, 17, 59, 76). A significant feature of
DNA-based vaccines, unlike most conventional vaccines, is the
unique ability to stimulate humoral, cell-mediated, and CD8™
cytotoxic responses in immunized animals. The ability to in-
duce a potent Thl-type immune response is of considerable
importance, because with many pathogens, cell-mediated im-
munity and not the presence of antibody is correlated with
protection (28, 75). Recall responses of CD4 " Thi-type T cells
typically result in the secretion of gamma interferon (IFN-y),
interleukin 2 (IL-2), and tumor necrosis factor alpha (48). It
has been demonstrated that specific hypomethylated CpG mo-
tifs within bacterially derived DNA can exhibit a potent adju-
vant effect that is, in part, responsible for induction of this
Thl-type response that is a characteristic feature of DNA-
based vaccines (56, 57).

Humoral immunity also plays a significant role in prevention
of infection, and it has been shown that in many instances,
immunoglobulin G2a (IgG2a) is the predominant isotype in-
duced following immunization with DNA-based vaccines (75).
Furthermore, it has been demonstrated that the Thl cytokine
IFN-vy is an important B-cell switch factor for the induction of
antigen-specific IgG2a-secreting B cells and that many viral
infections in mice induce a humoral response characterized by
a predominance of IgG2a (18, 19, 67). Conversely, production
of antigen-specific [gG1 and IgE antibody depends, at least in
part, on the presence of the Th2 cytokine IL-4 (66). Of course,
a variety of other factors, including mouse strain, dose of
antigen, type of pathogen, route of infection or immunization,
vaccine formulations, antigen form (soluble or modified), and
early induction of IL-6 can all have an impact on the specific
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FIG. 1. Diagrammatic depiction of expression cassettes. Panel a depicts membrane-anchored (AgD), secreted (SgD), and cytosolic (CgD) forms of BHV-1 gD. The
expression cassettes all utilized the high-copy-number pSL301 plasmid backbone. The evolution of secreted and cytosolic versions of BHV-1 gD is shown as are details
regarding relevant changes in coding sequences, start codons (CgD), and termination codons. The Nhel restriction sequence (underlined) and triple stop codons
(boldface) are shown for gene SgD. Novel amino acids translated at the amino and carboxy termini of CgD are in boldface. Gene and construct designations are
indicated to the immediate right of each diagram. All genes encoding full-length or truncated versions of BHV-1 gD were inserted at the Bg/II site (V) shown in panel
b. Panel b depicts the null vector (pSLRSV.Nul) with the RSV-LTR enhancer or promoter and the short polyadenylation sequence derived from SV40.

character of the developing immune repertoire (1, 2, 11, 14, 31,
53, 85).

In an effort to further characterize the immune repertoire to
a DNA-based vaccine, we immunized C3H/HeN (H-2¥) mice
with plasmids encoding several deletion mutants of BHV-1 gD.
Our data show that C3H/HeN mice receiving plasmids encod-
ing cell-associated forms (cytosolic or plasma membrane an-
chored) developed serum isotype profiles that were predomi-
nantly IgG2a, with an almost exclusive production of the Thl
cytokine IFN-v following antigen restimulation of splenocytes
in vitro. In contrast, mice immunized with a plasmid encoding
the secreted form of BHV-1 gD displayed a predominance of
IgG1 in serum despite the presence of antigen-specific IFN-y-
secreting splenocytes. In an effort to understand the relation-
ship between splenic Thl profiles and a serum isotype that
reflected the influence of IL-4, we determined the antigen-
specific levels of IL-4, IFN-vy, and IgG isotype-secreting B cells
from the iliac lymph node. This node is the primary draining
node of the deep tissues of the quadriceps muscle mass. The
data show that draining lymph node cytokine and antigen-
specific antibody isotype profiles more accurately reflect the
predominant serum isotype of C3H/HeN mice immunized with

cell-associated or -secreted forms of the BHV-1 gD antigen.
The relevance of these observations is discussed in the context
of manipulating immune responses by controlling the intra- or
extracellular location of the antigen when it is first perceived by
the immune system.

MATERIALS AND METHODS

Plasmid construction. All restriction enzymes and DNA-modifying enzymes,
as well as markers and plasmids, were purchased from Pharmacia Biotech (Que-
bec, Canada) or New England Biolabs Ltd. (Mississauga, Ontario, Canada)
unless indicated otherwise. Vectors pSLRSV.AgD and pSLRSV.SgD were cre-
ated by partially digesting pRSV1.3 and pRSV1.3tglV (20) with Ndel-BamHI
and ligating the 947-bp fragment containing the Rous sarcoma virus-long termi-
nal repeat (RSV-LTR) promoter or enhancer, genes encoding the authentic or
secreted forms of BHV-1 gD, and the simian virus 40 (SV40) polyadenylation
signals into Ndel-BamHI-cut pSL301 (72, 74) (Fig. 1a).

We created a third expression vector, designated pSLRSV.CgD, which en-
codes a cytosolic, or intracellular, version of BHV-1 gD that lacks both the signal
sequence and transmembrane domain encoded within authentic, full-length gD
(72) (Fig. 1a). This construct was generated by subcloning the Xcal-Nhel sub-
fragment of pSLRSV.SgD into Xcal-Nhel-digested pSL301. This clone was di-
gested with Xcal and EcoRV, and the gD fragment was blunt end ligated into
Smal-digested pAAS505. The prokaryotic expression cassette pAAS05 is a deriv-
ative of pGH433 with a multiple cloning site consisting of Ncol, BamHI, and
Smal downstream from a Tac promoter (69). The appropriate orientation of the
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ligation product created a novel start codon contributed by pAA505 followed by
Asp and Pro prior to in-frame commencement of the gD amino acid sequence
Tyr Val Asp Pro immediately downstream from the signal peptide sequence.
Clone pAACgD was digested with Ddel and Eco471I1, end repaired with the
Klenow fragment of Escherichia coli DNA polymerase I, and blunt end ligated to
a BglII linker containing in-frame stop codons (GTAGCTAGATCTG). This
ligation product was then digested with Bg/IL, purified with a Geneclean kit (BIO
101, Inc.), and ligated into Bg/II-digested pSLRSV.Nul. This construct displays
six additional amino acids (Met-Arg-Lys-Phe-Lys-Ala), contributed by the Nhel-
EcoRV fragment of pSL301, at the carboxy terminus. A null vector was created
by digesting the pPSLRSV.AgD with Bg/II to excise the gene encoding BHV-1 gD
and religation of the vector to create pSLRSV.Nul (Fig. 1b).

Bacterial hosts, mammalian cell lines, and tissue culture reagents. JM105
(New England Biolabs, Inc.), HB101 (Invitrogen), and DH5a (Clontech Labo-
ratories, Inc.) were the bacterial strains used to amplify plasmid DNA. Murine
1929 connective tissue cell line was received from the American Type Culture
Collection (ATCC; Rockville, Md.) (NCTC clone 929). The Madin-Darby bo-
vine kidney (MDBK) cell line was obtained from ATCC (CCL 22). C3H/HeN
mice were purchased from Charles River (St. Constante, Quebec, Canada). All
media and media supplements were purchased from GIBCO/BRL (Burlington,
Ontario, Canada) or Sigma Chemical Co. (St. Louis, Mo.), unless otherwise
indicated. All tissue culture plasticware was purchased from Corning, Inc. (Corn-
ing, N.Y.) or Costar/Nucleopore Canada, Inc. (Toronto, Ontario, Canada) unless
indicated otherwise.

Transient transfection of COS-7 cells. COS-7 cells at 70 to 80% confluency in
six-well tissue culture plates were transfected with pSLRSV.AgD, pSLRSV.SgD,
pSLRSV.CgD, or pSLRSV.Nul. Lipofectamine (GIBCO-BRL) was utilized to
facilitate transfection at a ratio of 5 pg of Lipofectamine to 1 wg of plasmid
DNA. Plasmid DNA was purified with Qiagen columns (Qiagen Inc., Santa
Clarita, Calif.) and combined with Lipofectamine as described in the protocol
insert. Optimem containing DNA-lipid complexes was removed from cells after
5 h, and complete medium containing glucose (Dulbecco’s modified Eagle’s
medium) and 15% fetal bovine serum (FBS) was added to the cells. After 12 h,
transfected cell monolayers were washed with warm phosphate-buffered saline
(PBS: 0.137 M NaCl, 0.003 M KCl, 0.008 M Na,HPO,, 0.001 M NaH,PO,), and
1.5 ml of methionine-free minimal essential medium containing 2% dialyzed FBS
and 50 pCi of **S-labelled L-methionine per ml (Tran>*S-Label; ICN Pharma-
ceuticals, Inc., St. Laurent, Quebec, Canada) was added to each well. Cells were
incubated for 24 h and harvested for immunoprecipitation. Cell-associated an-
tigen or extracellular antigen was detected by immunoprecipitation of media or
cell lysates as described previously (73).

All immunoprecipitated pellets were washed two times in 500 ul of cold
radioimmunoprecipitation assay buffer containing protease inhibitors. Following
the final wash, pellets were resuspended in 40 pl of a 1.5X reducing sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) loading buffer.
Samples were mixed, boiled for 3 min, and chilled on ice for 5 min prior to
loading on a 12 by 16-cm SDS-PAGE gel (4% stacking and 10% separating).
Electrophoresis was carried out for 4 h at 180 V. Gels were fixed (40% methanol,
10% acetic acid) for 15 min and equilibrated for 30 min in a fluorographic agent
(Amplify; Amersham, Oakville, Ontario, Canada). Gels were dried for 2 h at
80°C under vacuum and exposed to preflashed Kodak X-OMAT AR film for 12
to 24 h.

Mouse injections. Inbred 7-week-old female C3H/HeNCrIBR mice were in-
jected with column-purified (Qiagen, Inc.) plasmid DNA dissolved in normal
saline. All injections of DNA were intramuscular (i.m.), while injections of
purified recombinant truncated gD (rtgD) formulated in VSA3 (VSA3/rtgD)
(BIOSTAR Inc., Saskatoon, Saskatchewan, Canada) were subcutaneous and
carried out as described previously (3). All other mice received injections of 50
pg of plasmid DNA in the left and right quadriceps muscle mass with DNA at a
concentration of 1.0 pg/ul. All mice were given booster injections at 14 days.
Nonlethal tail bleeds were carried out every 2 weeks until the experiments were
terminated.

Spleen and lymph node cell harvests. Mouse splenocytes were prepared as
described previously (5). Splenocytes were resuspended at a final concentration
of 107 cells/ml in RPMI 1640 supplemented with 10% FBS (Sigma Chemical
Co.), 100 U of penicillin per ml, and 100 pg of streptomycin per ml (Sigma
Chemical Co.), 2 mM L-glutamine (GIBCO, Life Technologies), 1 mM sodium
pyruvate (GIBCO, Life Technologies), 10 mM HEPES (GIBCO, Life Technol-
ogies), and 5 X 107> M 2-mercaptoethanol (Sigma Chemical Co.) (complete
RPMI 1640). A modification of a method for the harvest of Peyer’s patch
lymphocytes was utilized to prepare single-cell suspensions from lymph nodes
(67). Briefly, iliac lymph nodes were collected into 15-ml tubes containing sterile
chilled PBS. Pooled nodes were decanted into a sterile Petri dish, and excess
PBSA was discarded. Nodes were diced with a sterile scalpel in a small volume
of CMF solution (0.1x Ca?>* Mg>"-free Hanks balanced salt solution [HBSS], 10
mM HEPES [pH 7.2], 25 mM NaHCO; [pH 7.2], 2% FBS) and then mixed with
10 ml of digestion buffer (1X HBSS, 10% FBS, 15 mM HEPES [pH 7.2])
containing 150 U of collagenase per ml (CLS 1; Worthington Biochemical Cor-
poration) and 0.015 mg of DNase I per ml (Pharmacia Biotech, Inc., Baie d’Urfe,
Quebec, Canada). Diced nodes in digestion buffer were transferred to silanized
25- to 50-ml Ehrlenmeyer flasks containing a sterile Teflon-coated stir bar and
incubated at 37°C, with stirring, for 90 min. Samples were harvested into sterile
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15-ml plastic tubes and allowed to sit for 10 min. Large pieces of undigested
material were returned to the Erhlenmeyer flask and incubated for an additional
30 to 60 min with 5.0 ml of digestion buffer. This material was combined with the
initial harvest, and cells were centrifuged (250 X g) to pellet. Digestion buffer was
decanted, and the cells were resuspended in PBSA (GIBCO-BRL). Cells were
counted with a hemocytometer and centrifuged (250 X g) one final time. Cells
were resuspended to a final concentration of 107 cells/ml.

ELISA. Immulon IT microtiter plates (Dynatech Laboratories, Inc., Alexan-
dria, Va.) were coated with purified recombinant truncated gD (Biostar, Inc.) at
a concentration of 0.050 pg/well in enzyme-linked immunosorbent assay
(ELISA) coating buffer (0.012 M Na,COs;, 0.038 M NaHCO; [pH 9.6]), and
coating was allowed to proceed overnight at 4°C. Plates were washed five times
in PBS (0.137 M Nacl, 0.003 M KCl, 0.008 M Na,HPO,, 0.001 M NaH,PO,)
with 0.05% Tween 20 (PBST) prior to addition of fourfold dilutions of mouse
sera prepared in PBST with 0.5% gelatin (PBST-g) (Bio-Rad Laboratories, Ltd.,
Mississauga, Ontario, Canada). After a 2-h incubation, plates were washed in
PBST, and an affinity-purified biotinylated goat anti-mouse Ig (Zymed Labora-
tories Inc., San Francisco, Calif.) diluted to 1/5,000 in PBST-g was added to each
plate. After incubation of 60 min, plates were washed extensively, and strepta-
vidin-alkaline phosphatase (Gibco, Life Technologies, Burlington, Ontario, Can-
ada), diluted to 1/2,000 in PBST-g, was added to each plate. Following a 60-min
incubation, plates were washed six times in PBST. Prior to addition of substrate,
the plates were washed two additional times in PBS. Development of plates
involved the addition of 0.01 M p-nitrophenyl phosphate (Sigma Chemical Co.,
St. Louis, Mo.) in substrate buffer (0.104 M diethanolamine [Sigma Chemical
Co.], 0.5 mM MgCl,). Absorbances were read on a model 3550 Microplate
Reader (Bio-Rad Laboratories, Ltd.) at 30 min and again at 60 min at 405 nm
with a reference wavelength of 490 nm. Antibody isotyping ELISAs were carried
out in a similar fashion, except that biotinylated goat anti-murine IgG1, IgG2a,
1gG2b, and IgG3 (Caltag Laboratories, San Francisco, Calif.) were used at a
dilution of 1/8,000. Biotinylated goat anti-murine IgM was used at 1/2,000. The
incubation time with these antibodies was 60 min. Addition of streptavidin-
alkaline phosphatase and development of plates were performed as described for
total IgG ELISA.

Cytokine ELISPOT. A cytokine-specific enzyme-linked immunospot assay
(ELISPOT) was used as described previously (5, 21). Briefly, single-cell suspen-
sions isolated from spleens, lymph nodes, or bone marrow were stimulated in
vitro for 20 h in the presence of authentic gD (0.4 pg/ml). After antigen stimu-
lation, cells were washed twice in complete RPMI 1640 and diluted to a con-
centration of 107 cells/ml of complete RPMI 1640. Nitrocellulose plates (FILT-
Aplate; 0.45-um pore diameter; Polyfiltronics, Inc., Rockland, Mass.) were
prepared by being coated overnight at 4°C with 2.5 pg of purified antimurine
IL-4 (catalog no. 11B11) or 5 pg of purified antimurine IFN-y (catalog no.
R4-6A2) (Pharmingen, San Diego, Calif.) per pl diluted in carbonate-bicarbon-
ate buffer (45.3 mM NaHCO;, 18.2 mM Na,COj; [pH 9.6]). After the coating,
unbound antibody was washed from the wells three times with sterile PBST
followed by three washes with sterile PBS. Wells were blocked for 2 h at 37°C
with complete RPMI 1640. Blocking medium was decanted, and 100 pl of
antigen-stimulated cell suspensions was added to triplicate wells. After a 20-h
incubation at 37°C and 5% CO,, plates were washed twice in tap water and five
times in PBST to remove cells and nonspecifically bound cytokine. One hundred
microliters of biotinylated antimurine IL-4 (catalog no. BVD6-24G2) and anti-
IFN-y (catalog no. XMG1.2) (Pharmingen Canada, Inc.) monoclonal antibodies
(3 pg of each per ml in 1% FBS-PBS) was added to the appropriate wells, and
the mixture was incubated for 4 to 6 h at ambient temperature on an oscillating
mixer. Plates were washed six times in PBST, and 100 wl of a 1/1,000 dilution of
streptavidin-alkaline phosphatase (Bio/Can Scientific, Mississauga, Ontario,
Canada) in 1% FBS-PBS was added to each well. After a 2-h incubation at
ambient temperature, the plates were washed as before with two final washes in
PBS. Plates were developed by the addition of 50 wl of the substrates 5-bromo-
4-3-indolyl phosphate (BCIP) and nitroblue tetrazolium NBT (Moss, Inc., Pas-
adena, Md.). Plates were allowed to develop at ambient temperature for 10 to 30
min, after which reactions were stopped by extensive washing in distilled water.
After air drying, spots were counted under a dissecting microscope.

B-cell ELISPOT involved the use of nitrocellulose plates (Millipore Millis-
creen-HA; Millipore, Bedford, Mass.) that were coated overnight at 4°C with
purified recombinant truncated gD at 5.0 pg/ml in carbonate-bicarbonate buffer
(pH 9.6). Coated plates were washed three times in sterile PBST, followed by
three washes in sterile PBS. Nonspecific binding sites were then blocked with
complete RPMI 1640 at 37°C for 1 to 2 h. Fresh, unstimulated cells from spleen
or lymph nodes, prepared as described above, were added in a volume of 100 .l
(107 cells/ml) to each well. Uncoated but blocked control wells also received cells
from each test sample in triplicate. Plates were incubated at 37°C and 5% CO,
for 10 to 12 h. After the incubation period, all cells were washed out of the wells
by two initial tap water washes followed by six PBST washes. Biotinylated anti-
murine IgG1 or IgG2a antibodies (1/8,000 dilution) were added in a 100-pul
volume of PBST (with 1% FBS) and incubated with mixing for 3 to 4 h at
ambient temperature. After being washed in PBST six times, streptavidin-alka-
line phosphatase (1/1,000 dilution in PBS-T with 1% FBS) was added to each
well (100 wl). After a 60-min incubation, plates were washed six times in PBST
and two times in PBS. Plates were developed as described for the cytokine
ELISPOT.
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FIG. 2. Autoradiograph of immunoprecipitated forms of membrane-an-
chored, secreted, and cytosolic BHV-1 gD. Preconfluent COS-7 cells transiently
transfected with pSLRSV.AgD, pSLRSV.SgD, pSLRSV.CgD, or pSLRSV.Nul
were grown for 48 h in the presence of 3°S-labelled methionine and cysteine.
Radioactively labelled gD was immunoprecipitated from medium and/or cell
lysates by using an anti-gD monoclonal antibody pool (see Materials and Meth-
ods). SDS-PAGE of precipitates demonstrates the calculated molecular masses
(kDa) of mutated gD and cellular localization as predicted. Immunoprecipitates
of media collected from COS-7 cells transfected with the following are shown: 1,
pSLRSV.AgD; 2, pSLRSV.SgD; 3, pSLRSV.CgD; and 4, pSLRSV.Nul. Immu-
noprecipitates of lysates of COS-7 cells transfected with the following are shown:
5, pPSLRSV.AgD; 6, pSLRSV.SgD; 7, pSLRSV.CgD; and 8, pSLRSV.Nul. Im-
munoprecipitates of plasma membrane-associated gD are shown: 9, pSLRS-
V.AgD; 10, pSLRSV.SgD; 11, pSLRSV.CgD; and 12, pSLRSV.Nul. Molecular
mass markers are indicated on the left. The positions of membrane-anchored (f),
secreted (t), and cytosolic (c) versions of gD are indicated on the right.

Serum neutralization assays. Sera from mice immunized with DNA-based or
subunit vaccines were assayed for virus neutralizing capacity by a BHV-1 plaque
reduction assay as described previously (66). Briefly, 110 pl of two- or fourfold
dilutions of heat-inactivated sera (in RPMI 1640 containing 2% FBS and a 1:40
dilution of guinea pig complement [GIBCO/BRL]) were mixed with 110 pl of
live BHV-1 for 60 min. Following incubation, 100 wl of each dilution was placed
on confluent MDBK cells, in duplicate, in a 96-well flat-bottom culture plate
(Nunc, Inc., Naperville, IIl.). Plates were incubated for 48 h, and plaques were
visualized by decanting the medium overlay and staining the cells with 1% crystal
violet in 70% ethanol. Neutralizing titers are expressed as the reciprocal of the
highest dilution of antibody that caused 50% reduction of plaques relative to the
virus control wells.

Statistical analysis. Data were entered into a database in the statistical anal-
ysis program Instat GraphPad. Differences in antibody titers among vaccine
groups were investigated with the nonparametric Mann-Whitney U test.

RESULTS

In vitro transfection of COS-7. Transient transfection of
COS-7 cells with expression plasmids demonstrated that the
genes were functional. Second, these studies demonstrated
that the cytosolic (pSLRSV.CgD), authentic (pSLRSV.AgD),
and secreted (pSLRSV.SgD) forms of BHV-1 gD occurred
within the predicted cell compartment. COS-7 cells transiently
transfected with pSLRSV.AgD yielded labelled protein that
occurred exclusively in the whole-cell lysate or plasma mem-
brane fraction (Fig. 2, lanes 5 and 9, respectively). Transfection
with pSLRSV.SgD vyielded a slightly smaller protein that oc-
curred almost exclusively within the extracellular fraction (Fig.
2, lane 2). Several smaller bands do occur in the whole-cell
lysate following transfection with pPSLRSV.SgD (Fig. 2, lane 6).
These bands, in all likelihood, represent the secreted form of
gD at various stages of glycosylation (34, 72, 73). We antici-
pated that the removal of gene sequences encoding the trans-
location and transmembrane domains from authentic gD
would yield a construct (pSLRSV.CgD) encoding a protein
that would occur primarily in the cytosolic fraction of cells
harboring this plasmid. The presence of a single band within
lane 7 (Fig. 2) demonstrates that this was indeed the case.
Some of the cytosolic protein encoded by pSLRSV.CgD does
occur in the extracellular space, as indicated by the faint band
in lane 3 (Fig. 2); however, it is likely that this is simply a result
of cell death during the transfection procedure and subsequent
release of soluble cytosolic proteins into the media. The mo-
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FIG. 3. Kinetics of serum anti-BHV-1 gD antibodies in C3H/HeN mice im-
munized with plasmids encoding cell-associated or secreted forms of BHV-1 gD.
Each DNA-based vaccine group was comprised of five mice. Each mouse re-
ceived 100 pg (2 pg/pl in normal saline) of plasmid DNA im. in the left
quadriceps muscle mass on days 0 and 14. Serum ELISA titers for individual
mice were determined by using the extrapolation function (Microsoft Excel)
based on endpoint dilutions and with preimmune serum means (plus 3 standard
deviations) as cutoffs. Endpoint titers are expressed as 1/1og;o. Serum antibody
levels were determined for individual mice at each time point, except at 2 weeks,
when blood samples for each group were pooled. Data are expressed as the
geometric mean of four (pSLRSV.AgD) or two (pSLRSV.CgD) seropositive
mice. Error bars show the standard error of the means. Only 23-week titers from
mice that were seropositive at week 14 were determined.

lecular weights and relative gel mobilities of each of the pro-
teins encoded by these plasmids are consistent with previous
studies (34, 72, 74) or as predicted based on cloned sequence
data.

Serum IgG kinetics in DNA-immunized mice. Immunization
of C3H/HeN mice with a plasmid encoding the intracellular
form of BHV-1 gD displayed antibody kinetics that differed
from those in mice receiving cell surface or secreted forms of
BHV-1 gD. Figure 3 shows that mice from all groups immu-
nized with the plasmids encoding the authentic (pSLRS-
V.AgD) or secreted (pSLRSV.SgD) versions of BHV-1 were
capable of seroconverting as early as 2 weeks following the
initial immunization. Interestingly, mice immunized with plas-
mid encoding the intracellular version of gD (pSLRSV.CgD)
showed a 2- to 4-week lag in serum titer development com-
pared to that in mice immunized with constructs encoding
antigen that would occur at (AgD constructs) or outside (SgD
constructs) the cell surface. There was clear evidence in indi-
vidual mice within all vaccine groups (excluding pSLRSV.Nul)
that BHV-1 gD-specific serum IgG titers were maintained.
Figure 4 demonstrates a representative experiment showing
immune responses of individual mice. This experiment also
shows a two-week delay in immune responses to the cytosolic
gD, as does Fig. 3. Titers for mice immunized with a plasmid
encoding the cytosolic version of gD are significantly (P <
0.05) lower than the 2- and 4-week titers in mice immunized
with pSLRSV.AgD and significantly (P < 0.05) lower than the
2-, 4-, and 6-week titers of mice immunized with pSLRSV.SgD
(Fig. 4). Figure 4 also demonstrates that all plasmid-immu-
nized groups induce antibodies of similar magnitude to an
authentic gD subunit protein formulated in the adjuvant
VSA3.

Serum IgG isotype in DNA-immunized mice. To further
characterize the serum antibody responses, we determined the
IgG isotype profiles in mice immunized with plasmids encoding
each of the three different forms of BHV-1 gD and the subunit
gD protein. Sera taken at 6 weeks following immunization
were assessed for serum IgG isotypes by using an indirect
ELISA. IgG1/IgG2a ratios clearly demonstrate that mice im-
munized with plasmids encoding cell-associated versions of
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FIG. 4. Serum antibody levels after immunization of C3H/HeN mice with
plasmids encoding cell-associated (AgD or CgD) or secreted (SgD) antigens.
Experimental groups consisted of 10 mice and included a null plasmid control
group and a subunit gD vaccine group. Mice 6 to 7 weeks of age were immunized
in each quadriceps muscle mass with 50 pg of DNA (total of 100 ng) or
subcutaneously with 400 ng of affinity-purified rtgD in 100 pl of VSA3 plus
HBSS. All mice were given a booster injection at 2 weeks after initial immuni-
zation with the same dose. Serum ELISA titers were determined as described for
Fig. 3. Plasmid construct or subunit gD designations are indicated in the top
center of each graph. Each symbol represents a single mouse. The horizontal line
in each column represents the mean antibody titer for the group.

BHV-1 gD (pSLRSV.AgD and pSLRSV.CgD) show a pre-
dominance of IgG2a, whereas mice immunized with a plasmid
encoding the secreted version of gD (pSLRSV.SgD) show a
predominance of IgG1 (Fig. 5). The mice immunized with the
gD glycoprotein subunit vaccine developed a strong Th2-based
response characterized by IgG1 without any IgG2a (Fig. 5).
Splenic cytokine profiles reflect a Thl-like phenotype. Fol-
lowing in vitro restimulation of pooled splenocytes from sero-
positive mice, we found a predominance of IFN-y-secreting
splenocytes in all groups of mice immunized with DNA encod-
ing any form of BHV-1 gD (Fig. 6). We had anticipated a
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FIG. 5. Serum IgG isotype after immunization with DNA vaccines encoding
cell-associated (AgD or CgD) or secreted (SgD) forms of BHV-1 gD or a gD
subunit vaccine. BHV-1 gD-specific IgG1 or IgG2a isotypes were detected by
ELISA with biotinylated secondary antibodies. Antibody titers were calculated as
described for Fig. 3. Values are depicted as 1/log,, of antibody titer (determined
by serial endpoint dilution analysis).
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FIG. 6. Splenic cytokine profiles in mice 5 1/2 months postimmunization.
Seropositive mice depicted in Fig. 3 were assessed for antigen-specific produc-
tion of IFN-y or IL-4. Spleens from seropositive mice were pooled and stimu-
lated in vitro for ~40 h with affinity-purified BHV-1 gD. Stimulated splenocytes
were plated at 1.0 X 10° or 0.5 X 10° cells/well on Polyfiltronics plates. Cytokine-
secreting splenocytes are depicted as the number of cytokine-producing cells per
million plated cells. Mean values of triplicate wells are depicted.

predominance of IFN-y in mice immunized with cell-associ-
ated forms of gD largely because this cytokine has been shown
to play an important role in Ig switching to IgG2a. However,
the presence of a predominance of IFN-y-secreting spleno-
cytes harvested from mice immunized with pSLRSV.SgD and
displaying a predominance of gD-specific IgG1 was somewhat
unexpected.

Cytokine and AFC profiles in the iliac node. Since the cy-
tokine profiles of the spleens did not correlate with the anti-
body isotypes in all instances, we tested the cytokine profiles of
cells isolated from the draining lymph nodes. We determined
that the iliac lymph node was the primary draining node for the
deep tissues of the quadriceps muscle mass (data not shown).
The draining lymph node cytokine and B-cell isotype ELIS-
POT profiles did correlate with the predominant serum isotype
(Fig. 7).

The iliac lymph node showed a predominance of IFN-y-
secreting cells in mice immunized with the cell-associated
pSLRSV.AgD and a significant increase in the level of IL-4
secretion in mice immunized with pSLRSV.SgD. The level of
IL-4 production became significantly greater than the number
of antigen-specific IFN-y-secreting cells in the pSLRSV.SgD-
vaccinated group when background levels of IFN-y depicted in
the null vector group were taken into consideration. There was
a significant level of IL-4 production in restimulated inguinal
lymph node cells taken from mice immunized subcutaneously
with VSA3/rtgD. This is not surprising, considering immuni-
zation occurs at the dorsal thoracic midline and would be
expected to drain to superficial nodes of the foreleg and neck
and hind limb (inguinal node). Figure 7 further demonstrates
that early splenic cytokine kinetics also show a predominance
of IFN-y-secreting cells. At first glance, there also appeared to
be a predominance of IFN-y-secreting splenocytes harvested
from mice immunized with a subunit vaccine (VSA3/rtgD),
however, this value became negligible when background cyto-
kine production was subtracted (see the null vector group in
Fig. 7). Although we had demonstrated that the iliac lymph
node was the primary draining node for the deep tissues of the
quadriceps muscle mass, additional PCR-based data suggested
that DNA injected into this muscle group could access the
more superficial inguinal lymph node (data not shown). We
postulated that reflux of injected material along the needle
tract and into the subcutaneous space could result in move-
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FIG. 7. Cytokine profiles in lymph nodes (L.N.) and spleen after immuniza-
tion with DNA vaccines. Antigen-specific cytokine profiles were measured in
several different lymphoid tissues of C3H/HeN mice immunized with plasmids
encoding cell-associated or secreted versions of BHV-1 gD. Mice were eutha-
nized 5 weeks after booster injection, and spleens and draining and nondraining
lymph nodes were excised and pooled. Pooled cell populations were stimulated
in vitro for 18 to 20 h with 400 ng of affinity-purified BHV-1 gD. Stimulated cells
were harvested and plated on Polyfiltronics plates at 10° cells/well in triplicate.
Pooled values are represented as mean values and as the number of cytokine-
producing cells per million plated cells. Control wells for nonspecific binding of
cytokine were set up for all groups, and mean values from control wells were
subtracted from all groups.

ment of injected plasmid DNA sequences into the superficial
inguinal lymph node. Significant levels of IFN-y-secreting cells
in the pSLRSV.AgD group (Fig. 7, inguinal lymph node
group) support this idea. However, the twofold-lower levels of
IFN-vy-secreting cells within the pSLRSV.AgD-immunized
mice and the absence of any IL-4 within the pSLRSV.SgD
vaccine group (Fig. 7) (inguinal node group) suggest that the
appearance of antigen-specific cytokine-secreting cells within
the superficial inguinal lymph node following i.m. immuniza-
tion with DNA vaccines may be an injection artifact.

B-cell isotype ELISPOT data from mice immunized with
DNA-based or a recombinant vaccine (VSA3/rtgD) are illus-
trated in Fig. 8. Splenic antibody-forming cells (AFCs) were
either absent or below detection limits in all groups, except
mice immunized with pSLRSV.AgD. The total number of
AFCs in the spleens of mice immunized with pSLRSV.AgD
amounts to approximately 200 to 250/spleen. Conversely,
AFCs were easily detected in the iliac lymph nodes of mice
immunized with DNA vaccines and displayed a predominance
of IgG2a in mice immunized with pSLRSV.AgD and a pre-
dominance of IgG1 in mice immunized with pSLRSV.SgD.
The B-cell ELISPOT data correlate well with the predominant
cytokine (IFN-y with IgG2a and IL-4 with IgG1) secreted from
this node and with the predominant serum IgG isotype. The
superficial inguinal lymph node showed a substantial number
of IgGl-secreting AFCs taken from mice immunized with
VSA3/rtgD, which is consistent with the serum isotype profile
(Fig. 5) and the predominance of IL-4-secreting cells in these
nodes (Fig. 7).

DNA vaccines elicit viral neutralizing antibodies. Serum
antibodies taken from mice immunized with plasmids encoding
the authentic or secreted versions of BHV-1 gD were able to
neutralize BHV-1 in vitro. Individual immune sera from mice
7 weeks after an initial immunization (5 weeks post-booster
injection) with 100-pg plasmids (pSLRSV.Nul, pSLRSV.AgD,
pSLRSV.SgD, and pSLRSV.CgD) showed that only mice im-
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FIG. 8. Number of AFCs secreting IgG1 or IgG2a after immunization with
DNA vaccines. The data depicts antigen-specific IgG1 and IgG2a production in
several different lymphoid tissues of C3H/HeN mice immunized with plasmids
encoding cell-associated or secreted versions of BHV-1 gD. The mice depicted
were euthanized 5 weeks after booster injection. Spleens and lymph nodes (L.N.)
were excised and pooled. Pooled cells were plated in triplicate at 10° cells/well on
Millipore ELISPOT plates. Data are presented as the mean number of Ig-
secreting cells per million plated cells. Plate control wells for nonspecific binding
of Ig isotypes were set up for all groups, and mean values were subtracted from
all groups.

munized with plasmids encoding the authentic and secreted
versions of gD were able to effectively neutralize virulent
BHV-1 (Fig. 9). In this assay, there was no significant advan-
tage in neutralizing capacity noted between groups immunized
with pSLRSV.AgD and those immunized with pSLRSV.SgD,
but they were different from the null construct and those im-
munized with pSLRSV.CgD. Since neutralizing antibodies
against gD are predominantly conformational (34), the lack of
neutralizing antibody responses to pSLRSV.CgD is not sur-
prising, since they would not be processed normally to produce
the conformational epitopes.
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FIG. 9. Functional differences in serum antibodies after immunization with
plasmids encoding different forms of BHV-1 gD. Serum antibody responses of
mice following immunization and given a booster injection at 2 weeks with
plasmids encoding cell membrane-anchored gD (pSLRSV.AgD), secreted gD
(pSLRSV.SgD), cytoplasmic gD (pSLRSV.CgD), or null vector (pSLRSV.Nul)
are shown. BHV-1 gD-specific ELISA titers are expressed as the reciprocal of
the extrapolated (see Materials and Methods) dilution resulting in 3 standard
deviations above the control value (prebleed sera). BHV-1 neutralizing antibody
titers are expressed as the reciprocal of the highest dilution of antibody that
caused a 50% reduction of plaques relative to the virus control. Results are
expressed as geometric means, and bars indicate the standard error. S.N., serum
neutralization.
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DISCUSSION

DNA-based vaccines offer a number of potential advantages
over conventional vaccines that include breadth of efficacy
(single dosing, long-lasting immunity, CMI and humoral re-
sponses, appropriateness of responses), reduced downstream
processing, and vaccine stability (3, 24, 76). Of these proposed
advantages, duration and the protective efficacy of the immune
responses are critical considerations when developing vaccines.
In this article, we were able to demonstrate that immunization
with plasmids encoding membrane-anchored (pSLRSV.AgD),
secreted (pSLRSV.SgD), and cytosolic (pSLRSV.CgD) forms
of BHV-1 gD induced potent humoral and cell-mediated im-
mune responses. Furthermore, there was clear evidence of
long-term maintenance of serum antibody levels in mice im-
munized with plasmids encoding the intracellular or secreted
versions of BHV-1 gD at 23 weeks postimmunization (Fig. 3).
Several studies support this observation (46, 59, 60); however,
there is also recent evidence that the duration of in vivo ex-
pression, as well as humoral immunity following injection of
plasmids encoding proteins (reporter proteins or antigens), can
vary dramatically (45, 52).

Mice immunized with the intracellular version of gD
(pPSLRSV.CgD) displayed a lag in serum antibody appearance
and lower overall serum titers (Fig. 3 and 4). This lag in serum
antibody appearance may reflect the need for antigen-specific
CD8* cytotoxic T cells to lyse in vivo-transfected host cells
which subsequently release cytosolic antigens into the extra-
cellular space. Recent evidence describing inflammatory reac-
tions at the sites of DNA injection lend support to the conten-
tion that in vivo-transfected cells may become immunological
targets as antigen-specific immunity develops (23). It also
seems apparent that neutralizing serum titers raised against
this cytosolic, nonglycosylated antigen are lower than those
occurring in mice receiving plasmids encoding the secreted and
membrane-anchored forms of gD which are posttranslationally
modified (Fig. 2 and 9) (73). Indeed, it has been demonstrated
previously that recombinant gD produced in E. coli generates
excellent antibody titers when used to immunize cattle; how-
ever, serum neutralizing titers are nonexistent (79). The im-
munological significance of systemic antibody responses to an-
tigens not normally occurring at the surface of pathogens
(nonstructural proteins) is not well understood. There is recent
evidence that humoral responses against nonstructural viral
proteins of yellow fever, dengue, murine hepatitis, and rabies
viruses can confer significant levels of protection to the respec-
tive viruses (42, 50, 61, 64).

In this study, mice immunized i.m. with plasmids encoding
membrane-anchored and secreted forms of gD elicited im-
mune responses of a similar magnitude and duration, which is
consistent with the immune responses induced by plasmids
encoding membrane-anchored and secreted forms of gD in
cattle (80). However, following intradermal delivery, the plas-
mid encoding SgD elicited higher antibody titers and stronger
antigen-specific proliferation than the plasmid encoding gD,
both in C57BL/6 mice (10a) and in cattle (80). These higher
humoral and cellular immune responses were correlated with
enhanced protection of cattle from viral challenge. Thus, de-
pending on the route of delivery, a mutation that leads to
secretion of the expressed antigen may also have an effect on
the magnitude of the immune responses induced.

Cytokine ELISPOT results from splenocytes harvested from
several different experiments demonstrated an almost exclu-
sive production of IFN-y regardless of the cell compartment in
which the DNA-encoded antigen was expressed (Fig. 6 and 7).
These data are consistent with current published research
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demonstrating a Thl type of immune response to many i.m. or
intradermally administered DNA-based vaccines (24, 25, 76,
84). Recent evidence suggests that adjuvant effects of hypom-
ethylated CpG motifs encoded within the plasmid DNA play a
significant role in the skewing of immune responses toward a
Thl-type immunity following immunization with these novel
vaccines (56, 63). This tendency of DNA-based vaccines ad-
ministered i.m. or intradermally to skew immunity toward a
Th1 type of response is significant, because protective immune
responses to many viral, bacterial, and parasitic diseases are
characterized by a potent Th1 type of immunity (12, 19, 28, 29,
43,49, 51, 55, 58, 62, 64). In this article, we demonstrated that
the cell compartment in which the plasmid-encoded antigen
DNA vaccine encoded the antigen had little impact on the
overall splenic cytokine profile. However, it did appear that
intracellular (pSLRSV.CgD) localization enhanced the magni-
tude of the Thl response relative to membrane-anchored
(pPSLRSV.AgD) and secreted (pSLRSV.SgD) forms of antigen
(Fig. 6). These data are consistent with research utilizing in-
tracellular targeting technologies, such as ISCOMs or lipo-
some-antigen formulations to enhance Thl-type immune re-
sponses (2, 32).

It has been demonstrated that IFN-y and IL-4 can facilitate
the switching of Ig to IgG2a and IgGl, respectively (65, 66).
However, despite the prevalence of IFN-y production in
spleens of mice immunized with the DNA-based vaccines, we
found that the expected preponderance of serum IgG2a oc-
curred only in mice immunized with plasmids encoding cell-
associated gD (pSLRSV.AgD or pSLRSV.CgD) (Fig. 5). Sur-
prisingly, mice immunized with a plasmid encoding the
secreted form of gD consistently showed serum isotypes that
were predominantly IgG1. It is becoming increasingly evident
that the mechanistic routes to a specific Ig isotype are more
complex than the singular presence or absence of either IFN-y
or IL-4 (14, 19, 40, 51). Certainly, the serum isotype profiles
represent the sum of Ig secretion from plasma cells originating
from the spleen and draining lymph nodes and residing in the
bone marrow (64). Indeed, we found that cytokine and Ig
isotype secretion from T and B cells harvested from the drain-
ing iliac node more accurately reflected the serum isotype
character (Fig. 7 and 8). This apparent dichotomy between
splenic cytokine profiles and those seen in draining lymph
nodes underscores the importance of recognizing the contri-
butions of each immune compartment (spleen, lymph nodes,
bone marrow) to the serum profile at a given time point fol-
lowing immunization (10, 38, 47). Certainly, compartmental-
ization of immune responses is not a novel concept: mucosal B
cells produce an abundance of IgA and exhibit relatively short-
lived responses (22). Similarly, dendritic cells from different
tissues have been demonstrated to facilitate Th1- or Th2-type
immune responses (26).

There are at least three other factors that can influence the
type of immune response that occurs following immunization
with DNA-based vaccines. These factors include intrinsic, im-
munologically unique features of encoded antigens, the route
and method of immunization, and the development of cyto-
toxic T lymphocytes (27, 36, 44, 54). Immunization of C57BL/6
mice i.m. with a plasmid encoding the secreted antigen Ag85
from Mycobacterium tuberculosis resulted in a predominance of
serum IgG2b and IgG2a (36). However, immunization of the
same inbred mouse strain with plasmids encoding the hepatitis
B virus surface antigen results in the secretion of virus-like
particles and the predominance of primarily IgG2a (44). Other
researchers demonstrated that i.m. immunization of BALB/c
mice with plasmids encoding either cell membrane-anchored
or partially secreted forms of measles virus hemagglutinin elic-
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ited a predominance of serum IgG2a and IgGl, respectively
(13). Similarly, the membrane-anchored form of bovine para-
influenza virus 3 hemagglutinin/neuraminidase (HN) elicited a
Thl-based immune response, whereas the secreted form of
HN induced a mixed to Th2-type response (82). Conversely, a
plasmid encoding a secreted, amino-terminal portion of hep-
atitis C virus nucleocapsid failed to cause a deviation of the
serum IgG isotype toward greater levels of IgG1 following i.m.
injection into the tibialis anterior muscles of BALB/c mice
(37).

The route or rather the method of immunization has also
been demonstrated to have a major impact on the character of
the ensuing immune repertoire (27, 54). Gene gun administra-
tion of DNA-based vaccines typically results in a predomi-
nance of serum IgG1. However, it has also been demonstrated
that ballistic immunization of C3H/HeN mice with plasmid
encoding the influenza virus nucleoprotein resulted in IgG2a
as the predominant serum isotype (13). While it does seem that
ballistic and i.m. deliveries of DNA-based vaccines represent
opposite ends of the humoral isotypic spectrum, this is not,
perhaps, surprising when one considers the vast difference in
the immunological microenvironments these two anatomical
sites represent (9, 33). Furthermore, the importance of the
specific IgG isotype may be of questionable protective value,
particularly if high neutralizing titers of IgG1 are in evidence
(6-8). However, given that most protective immune responses
to viral infections in mice are characterized by a predominance
in IgG2a and that this isotype is clearly more efficient at com-
plement fixation, the issue of Ig isotype contribution to pro-
tection against infectious disease and vaccine development
strategies cannot be ignored (18, 19, 39, 51).

DNA-based vaccines represent a novel and simple method
of eliciting potent humoral and cell-mediated immunity.
Clearly the potential for these vaccines to induce potent Th1-
type immune responses that are frequently in conjunction with
high levels of IgG2a and cytolytic activity necessitates further
exploration. In light of our demonstration that the cell com-
partment in which the plasmid encoded the antigen has a
significant impact on the developing immunological pheno-
type, we might consider utilizing several different antigens
from the same pathogen as the basis for generating a balanced,
comprehensive immune response (25). Our data clearly sug-
gest that Th1 and Th2 (as well as IgG2a and IgG1) responses
are not mutually exclusive within the same animal and that
early compartmentalization of B-cell and T-cell responses may
allow the propagation of this apparent immunological para-
digm. This apparent coexistence of Thl and Th2 responses in
mice vaccinated with DNA vaccines may be a transient phe-
nomenon (63). For the moment, multivalent DNA-based vac-
cines encoding both cell surface (i.e., viral envelope glycopro-
teins) and intracellular (i.e., structural or nonstructural)
antigens may indeed be a logical approach for the generation
of appropriately protective immune responses. Ultimately, the
potential for many DNA-based vaccines to elicit both CMI and
antibody, in conjunction with longevity of these responses, will
test theories regarding self-regulation of each or both arms of
the immune repertoire.
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