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Abstract
We analysed the ability of a plasmid carrying the gene encoding glycoprotein D (gD) of pseudorabies virus (PRV) to induce
humoral and cell-mediated immune responses and assessed the protection provided by PRV-gD DNA vaccination against
challenge infection with PRV. Immunization with plasmid PRV-gD induced neutralizing antibodies and lymphocyte proliferative
responses both in mice and pigs. Moreover, when challenged with virulent PRV six weeks following the last immunization,
PRV-gD DNA vaccinated pigs excreted virus for a signi®cantly shorter period and showed less clinical symptoms than pigs
vaccinated with a control plasmid. Thus, in the target animal, DNA vaccination with PRV-gD DNA induces protective
immunity against challenge infection. # 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction
Pseudorabies or Aujeszky's disease is caused by an
alphaherpesvirus and leads to mortality in piglets and
to latent infections in adult pigs (for a review see
Ref. [1]). With the notable exception of man, vertebrates are highly susceptible to pseudorabies virus
(PRV) and succumb mostly to infections of the nervous system. The disease is characterized by neurological signs, severe respiratory illness, abortions, reduced
litter size and decreased growth rates of survivors.
Third-generation recombinant PRV vaccines presently
employed in the ®eld are virus strains missing genes or
harboring defective genes. Irrespective of their sophistication they have a major disadvantage: they contain
replication competent virus. Therefore the virus may
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persist and exert immunosuppressive eects in animals,
spread to other animals and even revert to virulence.
The observation that delivery of plasmid DNA by
intramuscular injection or other routes (e.g. intradermal or mucosal) led to protein expression [2, 3] has
opened new avenues to vaccination. When tested in
several animal model systems, DNA immunization
induced a vigorous long-lived immune response [4].
Ulmer et al. [5] ®rst demonstrated the ecacy of DNA
immunization against a viral infection; injection of
DNA encoding the in¯uenza A virus nucleoprotein
protected mice from lethal challenge infection.
Subsequent studies in mice have shown that DNA immunization can induce neutralizing antibodies (Abs)
and cytotoxic T-cells against several viral pathogens,
including rabies virus [6], herpes simplex virus [7, 8],
lymphocytic choriomeningitis virus [9, 10], murine
cytomegalovirus [11] and papilloma virus [12].
However, only few studies have addressed the question
whether DNA vaccines induce eective and long lasting immunity in the natural host [13±15].
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Previously, we and others have shown that protection against PRV can be achieved in mice and pigs [16±
21]. The glycoprotein D (gD), which permits ecient
infection of target cells [22, 23] is one of the most
potent immunogens of the virus [24]. Moreover, vaccination of mice or pigs with recombinant gD or with
recombinant vectors harboring the gD gene conferred
protection to the animals [16±18]. Although neutralizing (monoclonal) Abs directed against gD are able to
protect animals against PRV [25], the levels of Abs
present in vaccinated animals do not always correlate
with protection, indicating that T-cell mediated mechanisms also contribute to immunity. Apart from the
need for new PRV vaccines, available knowledge
about PRV makes it particularly suitable for studying
the potential of DNA vaccination in pigs. Here we
describe initial immunization studies using plasmid
DNA expressing the PRV-gD gene.

2. Material and methods
2.1. Animals
Female C57BL/6 and BALB/c mice were purchased
from the breeding facility of the Central Animal
Laboratory Utrecht. The mice were housed in ®lter
top cages and immunized at 4±5 weeks of age. 10- to
12-week-old Dutch landrace pigs from the speci®edpathogen-free herd of the ID-DLO were used. The
pigs were born from unvaccinated sows, free from Abs
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against PRV before the start of the experiment and
they were randomly assigned to the experimental
groups. The animal experiments had been approved by
the Institutional Animal Welfare Committee.
2.2. Virus
The seventh cell culture passage of strain NIA-3 [26],
prepared in secondary porcine kidney cells as described
by Kimman et al. [19], was used for challenge inoculation.
2.3. Cloning and DNA preparation
A HindIII/EcoRI fragment from plasmid pMZ33,
containing the full length gD, was cloned into vector
VR1012 (Vical, San Diego, USA), which contains the
human cytomegalovirus immediate early promoter,
intron A, the bovine growth hormone polyadenylation
processing signal and the gene encoding kanamycin resistance (Fig. 1a). The VR1012 plasmid lacking the
PRV-gD DNA insert served as a control. Plasmids
were grown in the HB101 strain of Escherichia coli
and puri®ed using Qiagen columns (Westburg, The
Netherlands).
2.4. Immunocytochemistry
L-Cells were grown on coverslips and transfected
with 1 mg plasmid DNA using lipofectin (Gibco) or
infected with PRV at a multiplicity of infection of 3;

Fig. 1. (a) Schematic representation of PRV-gD, containing cytomegalovirus immediate-early gene enhancer and promoter (CMV promoter) plus
intron A (CMV intron) driving expression of PRV-gD. The bovine growth hormone polyadenylation processing signal (BGH term) and the gene
encoding kanamycin resistance (Kan) are indicated. (b) Expression of gD in PRV-gD DNA transfected cells. L-Cells were transfected with PRVgD DNA and 24 h later the cells were ®xed and stained with a monoclonal Ab against gD (magni®cation 400).

1266

B.L. Haagmans et al. / Vaccine 17 (1999) 1264±1271

after 24 h the cells were ®xed with 4% formaldehyde
(15 min) and permeabilized with 70% ethanol (5 min).
After blocking with 20% normal goat serum (30 min),
cells were incubated with a monoclonal Ab against
gD [27] (1:200 dilution, 1 h at room temperature).
After rinsing (all washes were in PBS), they were incubated with biotinylated goat anti-mouse IgG Ab
(Dakopatts) followed by three washes. Avidin-coated
¯uorescein isothiocyanate complexes (Nordic) were
used at a 1:100 dilution for 30 min. Coverslips treated
with an irrelevant monoclonal Ab served as negative
controls. The preparations were mounted in PBS±glycerol containing 2% 1,4-diazabicyclo(2,2,2)octane and
examined in an epi¯uorescence microscope.

2.5. Experimental protocol
Mice (n = 5) were anesthetized by intraperitoneal
(i.p.) injection of 50 ml Nembutal and immunized with
50 mg plasmid/50 ml saline in the musculus tibialis and
intradermally at the base of the tail. Twelve days later
the spleens were removed and single cell suspensions
of splenocytes were tested for PRV speci®c proliferative activity. Muscle tissue was ®xed in 4% formaldehyde and embedded in paran; sections (3 mm) were
deparanated and counterstained using hematoxylin
and eosin. Mice were bled from the retro-orbital
plexus and their sera were analyzed for the levels of
virus neutralizing (VN) Abs. All mice were challengeinoculated via the i.p. route with 250 plaque forming
units (p.f.u), corresponding to 250 LD100 of virulent
PRV strain NIA-3.
Pigs were vaccinated three times with an interval of
4 weeks with 400 mg plasmid DNA in PBS in the (epi)dermis and in the muscle behind the ear using a 22
gauge needle (200 mg of plasmid was administered at
each site). At weekly intervals, samples were taken to
assess the induction of VN Abs and cell-mediated
immune responses. Six weeks after the third vaccination, all pigs were challenged intranasally with 105
p.f.u. of virulent wildtype strain NIA-3 per animal.
Humoral and cell-mediated immune responses were
recorded until day 21 after challenge; clinical signs,
rectal temperatures and body weights were recorded
for 14 days. Virus excretion was monitored by collection of oropharyngeal ¯uid (OPF) from the day before
until day ten after challenge using swabs. Swabs were
extracted with 4 ml of Dulbecco's minimal essential
medium (DMEM) supplemented with 2% fetal bovine
serum and antibiotics. To determine the virus content
per gram OPF, the weight of the collected ¯uid was
measured after centrifugation of the swabs in a homemade container.

2.6. Proliferative lymphocyte responses
Twelve days after immunization, erythrocytedepleted single cell suspensions were prepared from the
spleens of mice. Splenocytes were cultured in 96-well
round bottom plates at a density of 105 cells per well
in RPMI 1640 medium containing 10% FCS, 2 mM Lglutamine, 100 U/ml penicillin and 100 mg/ml streptomycin. Puri®ed inactivated PRV or concanavalin
(Con) A was added at concentrations of 1.25 and 5
mg/ml, respectively. After 72 h incubation at 378C in a
5% CO2 atmosphere the cultures were pulsed with 1.0
mCi [3 H]-thymidine (Amersham) for another 16 h.
Cells were harvested on glass ®lters and the incorporated radioactivity was measured in a Betaplate scintillation counter (LKB-Wallac). The data represent the
mean values 2 S.E.M. of [3 H]-thymidine uptake of triplicate cultures determined in 3 mice/group.
Peripheral blood mononuclear cells (PBMC) from
pigs were analyzed for speci®c PRV responses according to Kimman et al. [28]. Brie¯y, PBMC were isolated
from heparinized blood samples by density gradient.
The isolated PBMC were seeded in 96-well ¯at-bottom
plates (Greiner) at a density of 5  106 cells/ml in
RPMI 1640 medium containing 10% porcine serum, 2
mM L-glutamine, 50 mM 2-mercaptoethanol, 200 U/ml
penicillin, 200 mg/ml streptomycin and 100 U/ml
mycostatin. To 100 ml of leucocyte suspension, 50 ml of
live virus preparation containing 5  106 p.f.u./ml of
the PRV strain NIA-3 was added. Control wells were
incubated with supernatant from non-infected cells. In
each test four wells were incubated with 5 mg/ml of
Con A as a positive control. After 4 days incubation
in a humi®ed incubator at 378C in a 5% CO2 atmosphere, the cultures were pulsed with 0.4 mCi [3 H]-thymidine for another 16 h. Cells were harvested and the
incorporated radioactivity was measured in a Betaplate
scintillation counter. Proliferation is expressed as the
number of counts of PRV-stimulated PBMC minus
the number of counts of the medium-stimulated
PBMC (delta counts). The data represent the mean
values 2S.E.M. of [3 H]-thymidine uptake of quadruplicate cultures.
2.7. PRV Abs
VN Abs were detected by incubating sera with 100
(range: 30±300) tissue infective doses (TCID50) of PRV
strain NIA-3 for 24 h at 378C as described [29]. Titres
are expressed as log10 of the reciprocal of the highest
serum dilution inhibiting cytopathogenic eect in 50%
of the cultures. Prior to testing, sera were heat-treated
(30 min at 568C) to inactivate complement. Sera were
tested for PRV speci®c antibodies in an ELISA as
described earlier [21].
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2.8. Virus titration
The amount of virus excretion was measured by
virus titration on SK-6 monolayers in DMEM supplemented with 5% fetal bovine serum, L-glutamine
(0.3 mg/ml), penicillin (90 U/ml), streptomycin (100 U/
ml) and nystatin (45 U/ml) in a humidi®ed incubator
at 378C with 5% CO2 as described by Kimman et
al. [19].
2.9. Statistical analysis
Dierences in lymphocyte proliferation responses
and virus neutralization titers were tested for statistical
signi®cance by analysis of variance (ANOVA).
Dierences in duration of virus shedding, fever and
clinical signs were tested for statistical signi®cance by
the non-parametric Mann±Whitney U test. The signi®cance level was set at 95%.

3. Results
3.1. In vitro expression of plasmid PRV-gD
The gene encoding the full-length gD protein from
PRV was cloned into the expression vector VR1012
which was subsequently designated as PRV-gD.
Expression of the encoded protein from the PRV-gD
DNA plasmid was con®rmed in tissue culture by transient expression assays; after transfection into L-cells,
gD was detected by immuno¯uorescence staining using
a monoclonal Ab directed against gD (Fig. 1b). The

Fig. 2. Lymphocytic in®ltration of PRV-gD DNA injected murine
muscle tissue (magni®cation 160).
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Table 1
Immunogenicity of PRV-gD DNA in mice
Immunizationa

Proliferation (cpm)b

Serum VN Ab titerc

Control plasmid
PRV-gD plasmid

497294
26632721

<4
16

a
C57BL/6 mice (n = 5) were immunized once with 50 mg plasmid
by the intramuscular and intradermal route.
b
Splenocytes were isolated at 12 days post immunization and restimulated with PRV in vitro. Proliferation in the absence of antigen
was always <630 cpm.
c
Sera were collected at 12 days post immunization. The VN titer is
expressed as the reciprocal of the highest dilution of serum which
protected greater than 50% of the cells from cytopathic eects.

protein was present both intracellularly as well as on
the cell surface of transfected cells, consistent with the
presence of a transmembrane domain in gD. On the
basis of immuno¯uorescence staining, the level of gD
expression was higher in PRV-gD DNA transfected
cells than in PRV-infected cells; no staining was
observed using irrelevant Abs or cells transfected with
the control plasmid (not shown).
3.2. Immunogenicity of PRV-gD DNA in mice
In order to assess the ability of the PRV-gD DNA
plasmid to induce PRV-speci®c immune responses,
C57Bl/6 and BALB/c mice (n = 5) were injected intramuscularly and intradermally with 50 mg PRV-gD
DNA or control plasmid DNA. As shown in Fig. 2,
in®ltrating leucocytes were 12 days after immunization
with PRV-gD DNA in the injected muscle, but not in

Fig. 3. Induction of serum VN Abs in PRV-gD DNA (®lled symbols) and control plasmid (open symbols) immunized pigs. Pigs
(n = 5, squares) were vaccinated at week 0, 4 and 8 (arrows). In addition, the kinetics of VN Abs from a pilot experiment (n = 3, circles) are shown. Data are given as geometric mean log10 VN titre.
Pigs vaccinated with PRV-gD had signi®cantly higher (p < 0.05)
antibody levels than the sham-vaccinated controls after second and
third vaccination.
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Fig. 4. Induction of cell-mediated immune responses in PRV-gD
DNA (®lled bars) and control plasmid (open bars) immunized pigs.
Data are expressed as arithmetic mean delta counts (number of
counts of PRV-stimulated PBMC minus the number of counts of the
medium-stimulated PBMC) and S.E.M. Pigs were vaccinated at week
0, 4 and 8 (arrows). Pigs vaccinated with PRV-gD had signi®cantly
higher ( p < 0.05) LPT responses than the sham vaccinated controls
after the third vaccination.

muscle tissue from mice injected with the control plasmid (not shown). At the same time VN Abs were
detected in the sera of mice injected with the plasmid
PRV-gD (Table 1). The presence of PRV-speci®c Abs
in C57Bl/6 and BALB/c mice, which further increased
upon boost immunization at 4 weeks, was con®rmed
by ELISA; similar end point titers were found as compared to the VN Abs (not shown). Moreover, mice
immunized with PRV-gD DNA generated antigenspeci®c proliferative responses when restimulated in
vitro with inactivated virus (Table 1). However, mice
were not protected against a virulent challenge with
250 LD100 PRV at 2 weeks after the boost immunization.
3.3. Immunogenicity of PRV-gD DNA in pigs
Groups of 5 pigs were immunized with 400 mg PRVgD plasmid DNA or control plasmid: 200 mg in the
(epi)dermis and 200 mg in the muscle. Signi®cant VN
Ab titres were detected after the second immunization

Fig. 5. Virus excretion after challenge infection with PRV strain
NIA-3 in PRV-gD DNA (®lled symbols) and control plasmid (open
symbols) immunized pigs. The kinetics of virus excretion from two
dierent experiments [squares (n = 5), circles (n = 3)] are shown.
Data are expressed as arithmetic mean log10 virus titre per gram oropharyngeal ¯uid (OPF).

(Fig. 3) and were boosted after the third immunization, reaching levels comparable to those seen after
vaccination with conventional vaccines. These results
were similar to those obtained in a preceding pilot experiment (Fig. 3). After the third vaccination, a shortlived PRV-speci®c lymphocyte proliferative response
was detected in the peripheral blood of 4/5 PRV-gD
vaccinated pigs (Fig. 4). Thus, immunization of pigs
with PRV-gD resulted in the induction of high levels
of VN Abs and relatively weak cell-mediated immune
responses.
3.4. PRV challenge of PRV-gD DNA immunized pigs
Six weeks after the third vaccination, pigs were challenge-inoculated intranasally with 105 p.f.u. of PRV
strain NIA-3 to assess the protection provided by
DNA vaccination. Vaccinated pigs excreted virus for a
signi®cantly shorter period (p < 0.05) as compared
with the control vaccinated pigs (Table 2). Virus excretion started from day 1 and peaked on day 2 to 5
with titres between 106±107 p.f.u./g OPF in vaccinated
and non-vaccinated pigs. However, in PRV-gD vaccinated pigs virus excretion started to cease from day 6

Table 2
Duration of virus excretion, fever and clinical signs after intranasal challenge infection of pigs with PRV strain
NIA-3
Immunization

Mortality

Virus excretiona

Feverb

Clinical signsa

PRV-gD plasmid
Control plasmid

0/5
1/5

6.420.9
1020.0

3.620.9
5.520.6

4.820.3
10.820.6

a

Days (mean2standard deviation).
Number of days during which the mean body temperature of the animals was above 408C. Dierences
between the PRV-gD and control group in duration for virus excretion, days of fever and clinical signs are
statistically signi®cant ( p < 0.05).
b
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Fig. 6. Mean percent body weight gain after challenge infection with
PRV strain NIA-3. The weight at the day of challenge infection is
used to calculate the relative increase in body weight at days 7, 10
and 14. Shown are PRV-gD DNA (solid squares) and control plasmid (open squares) immunized groups.

whereas control animals excreted virus until day 10
(Fig. 5). Similar results were observed in a preceding
pilot experiment (Fig. 5).
After challenge, PRV-gD DNA vaccinated pigs seroconverted quicker and stronger than non-vaccinated
animals; in PRV-gD DNA vaccinated pigs Ab titres
started to increase from day 6 onwards and reached
mean VN titres of 104.8 at day 21 post challenge. In
control-vaccinated pigs, Ab titres increased at day 10
onwards reaching mean titres of 103.5 at day 21 post
challenge. There was no signi®cant dierence in the
kinetics and height of the lymphocyte proliferation responses between both groups of pigs; all started to
develop lymphocyte proliferation responses at day 6
(not shown).
Control animals suered severe growth retardation
as they had lost on average 7.2% of their body weight
at day 7 after challenge. In contrast, pigs vaccinated
with PRV-gD DNA showed a slight increase of body
weight. At day 10 after challenge all PRV-gD DNA
vaccinated pigs had regained their initial body weight
whereas none of the control pigs had regained their initial body weight 14 days after challenge (Fig. 6).
Moreover, PRV-gD vaccinated pigs had a signi®cantly
shorter period of fever and clinical signs as compared
to control-vaccinated pigs (Table 2). One animal in the
control plasmid vaccinated group succumbed to the
infection, whereas all PRV-gD DNA vaccinated animals survived. We conclude that DNA immunization
of pigs with PRV-gD provides partial protection
against a high dose of challenge.

4. Discussion
In this report we show that DNA vaccination with a
plasmid encoding glycoprotein D of PRV in pigs, an
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economically important target animal, stimulates eectively humoral immune responses and provides protective immunity against a virulent challenge with the
NIA-3 virus strain. We have checked expression of the
PRV-gD plasmid in vitro as well as in mice of dierent
genetic background: in both BALB/c and C57BL/6
strains the PRV-gD plasmid induced humoral and cellular immune responses. PRV-gD DNA vaccinated
pigs excreted virus for a signi®cantly shorter period
and showed less clinical symptoms than pigs vaccinated with a control plasmid. The dose of 105 pfu of
the virulent strain NIA3 induces severe signs of
Aujeszky's disease and 50% of the non vaccinated spf
pigs at an age of 6±16 weeks will die. We have challenged the pigs at an age of 26 weeks: at this age lethality is less but still severe signs of disease are induced
(growth retardation, days of fever and clinical signs).
A challenge at a young age is not useful as in the ®eld
maternal immunity still plays a dualistic role (protection and interference with vaccination). Secondly, there
are less virulent strains in the pig population in the
®eld (which cause no mortality). Therefore more relevant parameters for assessing vaccine induced protection are prevention of disease (growth retardation) and
prevention of virus transmission (virus excretion and
transmission). On the other hand, inbred mini pigs
(haplotype d/d) are more susceptible for PRV infections. Vaccination with PRV-gD DNA fully protected
against a challenge infection at an age of 24 weeks,
whereas 2 out of 3 sham-vaccinated control mini-pigs
died and the third control pig showed severe signs of
disease (van Rooij et al., unpublished observations).
Recently, Gerdts et al. [30] demonstrated that pigs
vaccinated with a plasmid encoding glycoprotein C of
PRV survived a lethal challenge with PRV strain
75V19 and showed partial protection against the
highly virulent NIA-3 strain. However, protection was
not observed after vaccination with the gD plasmid.
Similarly, Monteil et al. [32] observed only weak Ab
responses and no protection after DNA vaccination
with PRV-gD in piglets. Such dierences in outcome
may in part be due to the choice of plasmid which
may have lead to insucient levels of protein expression resulting in less ecient stimulation of the
immune system. The levels of neutralizing Abs
obtained in our experiments were comparable with
those observed after vaccination with conventional
attenuated or inactivated whole virus vaccines [31, 19].
Therefore our studies indicate that vaccination with
this PRV-gD plasmid is capable of inducing strong
humoral immunity in pigs. PRV-gD DNA induced Ab
titres in mice, on the other hand, were relatively low as
compared to conventional vaccine preparations which
exert protection [21].
However, immunity against PRV in pigs is probably
not solely based on VN Abs; cell-mediated immune re-
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sponses are also essential for providing antiviral immunity upon challenge infection. We have detected a
PRV-speci®c lymphocyte proliferative response in pigs
after vaccination with PRV-gD. These cell-mediated
immune responses could be detected only after
repeated vaccination. This slow lymphoproliferative response in pigs might have been caused by the fact that
gD is not the prime antigenic determinant for the induction of cell mediated immune responses [28]. Other
explanations for the slow induction of cell mediated
immune responses could be the vaccine dose or the
route of application [33]. Preliminary studies indicate
that the intradermal route is more ecient in the induction of humoral and cell-mediated immune responses in pigs than the intramuscular route (van
Rooij et al., unpublished observations). Pig skin, when
injected with DNA, transiently expresses the injected
gene at high levels in the epidermis [34].
Epitopes from DNA plasmid-expressed protein can
be presented by major histocompatibility complex
(MHC) class I molecules and thus elicit CD8+ cytotoxic T-lymphocyte (CTL) responses. However, studies
on the role of CTL in immunity to PRV in pigs have
been hampered by diculties in measuring MHCrestricted cytotoxicity. Moreover, demonstrating
MHC-restricted CTL may require antigen speci®c restimulation in vitro. Zuckermann et al., [35] have
demonstrated that the major portion of the PRV
speci®c CTLs that are induced by immunization with
PRV are directed against gC, while glycoproteins gE,
gI and gX play a minor role. Studies are undertaken
to assess the possible role of gD in the induction of
CTLs. Nonspeci®c killer cells on the other hand, e.g.
activated by e.g. MHC class II restricted T-cells, may
also be involved in the cytotoxic response which
restricts viral replication [36]. Moreover, these CD4+
T-cells may inhibit viral replication by production of
cytokines with antiviral activity, such as IFN-g [37].
CD4+ T-cells have been implicated in the resistance
against another alphaherpes virus, herpes simplex virus
(HSV); Manickan et al. [7] demonstrated that in mice
immunized with HSV-gB DNA, a CD4+ T-cell response protected the animals from infection with HSV1.
Ecacy of PRV vaccines is still being based on their
capacity to reduce clinical signs and virus excretion.
The reduction in virus excretion obtained after DNA
vaccination with PRV-gD is comparable to some of
the commercial, conventional vaccines tested in vaccine
evaluation trials at the ID-DLO. It is therefore
expected that by improving the procedure for DNA
vaccination, e.g. by gene gun delivery, speci®c targeting,
use
of
an
adjuvant
or
combining
plasmids [3, 6, 38, 39], it will be possible to produce
DNA vaccines which will be as ecient as live attenu-

ated vaccines in preventing clinical disease and virus
transmission.
The advantages of DNA immunization are the ease
of manipulation by standard recombinant DNA techniques and the relative simple method for delivery and
expression of the antigens. Therefore, using DNA vaccination it may be possible to scan the PRV genome
for novel immunogens and test their capacity to elicit
protective immunity in pigs. In addition, the potential
of DNA vaccines to overcome the negative eect of
maternally transferred immunity on the development
of active immunity has to be assessed. It will even be
possible to develop multidisease vaccines coding for
immunorelevant antigens from several microbes and
for immunomodulating molecules leading to vaccines
which can confer protection against several pathogens.
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