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Introduction

PRV (the species Suid herpesvirus 1, the genus Varicello-
virus) is a neurotropic virus containing a linear double-
stranded DNA that codes for 11 glycoproteins (Mettenleiter,
2000). This infectious agent causes Aujeszky's disease in pigs
manifested by nervous disorders, respiratory distress, and
marked weight loss, mortality in young piglets and abortion
in pregnant sows. Vaccination of pigs is still mandatory in
many countries due the economic consequences of this

disease. Recently, a DNA vaccine, an alternative to the
conventional vaccine, was successfully used to protect pigs
against PRV infections. A combination of plasmids encoding
PRV glycoproteins B (gB), C (gC) and D (gD) (Dory et al.,
2005a; Fischer et al., 2003; Hong et al., 2002) that are
involved in essential steps of viral infection was employed
(Mettenleiter, 2000). Several B cell epitopes detected on PRV
gB and gC and T cell epitopes detected at least on PRV gC
induce humoral and cytotoxic responses in pigs (van Rooij
et al., 1998, 2000; Ober et al., 1998, 2000; Zaripov et al.,
1998, 1999). However, PRV-gD induces the highest level of
neutralizing antibodies and a weak cytotoxic T cell response
(van Rooij et al., 2000). Various procedures were used to
enhance the efficiency of DNA vaccination, as co-injection
of a plasmid encoding porcine granulocyte-macrophage
colony-stimulating factor, unmethylated cytosine-guanosine
containing oligodeoxynucleotides or dimethyldioctadecyl
ammonium bromide. These vaccines produced increased
humoral and cellular response as well as clinical protection
(Dufour et al., 2000; Dory et al., 2005a; van Rooij et al.,
2002). A new generation of non-replicating plasmids derived
from Sindbis virus was found to be highly efficient in
inducing protective immunity against PRV in pigs (Dory et
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al., 2005b). In spite of much smaller amount of injected
plasmids (25 times less than conventional DNA plasmid),
the level of protection was similar. Nevertheless, even with
this progress, the viral excretion in immunized animals
remained high, indicating the need for further improvement
of DNA vaccines. The improvement strategy consists of
fusing ubiquitin to proteins used for vaccination.
Degradation of fused proteins in proteasomes enhances their
presentation to the major histocompatibility complex
(MHC), which could improve the cell-mediated immune
response. This is especially important for PRV vaccination,
because the cell-mediated immunity is involved in the
protection against this virus (van Rooij et al., 2004;
Zuckermann, 2000).

To date, the targeting of an antigen to the proteasome
pathway by fusion with ubiquitin has been tested in mice
and rabbits with discordant results. Although some studies
failed to detect enhanced cytotoxic T lymphocyte (CTL)
activity (Fu et al., 1998; Vidalin et al., 1999), others were
successful (Delogu et al., 2000; Konishi et al., 2003;
Leachman et al., 2002; Liu et al., 2001; Ramakrishna et al.,
2004). For example, the fusion of ubiquitin to the
nucleoprotein (NP) of Lymphocytic choriomeningitis virus
(LCMV) increased the NP degradation that correlated with
a reduction of virus titer in the spleen of vaccinated animals
after virus challenge (Rodriguez et al., 1997).

The ubiquitin-proteasome-dependent proteolytic pathway
is involved in the degradation of proteins that control vital
processes and in the MHC class-I-restricted antigen
presentation of many viral and non-viral proteins (Eggers
et al., 1995; Hershko et al., 2000; Michalek et al., 1993). In
most cases, the whole process of proteasomal targeting starts
with the attachment of one ubiquitin moiety through its C-
terminal Gly76 to an e-amino group of any Lys in the targeted
protein (Johnson et al., 1995). The binding of the first
ubiquitin moiety often results in the attachment of other
ubiquitin moieties creating a multi-ubiquitin chain in which
the Gly76 of the new ubiquitin added to the complex binds
to the Lys48 of the last ubiquitin (Chau et al., 1989). This
reversible ATP-dependent, covalent attachment of multiple
ubiquitin molecules targets proteins to the proteasome that
degrades proteins into peptides, which are usually used for
amino acid recycling. Interferon-γ (IFN-γ) is known to
activate the synthesis of a proteasome activator, PA28 and
several other proteasome immunosubunits, thereby changing
the specificity and affinity of enzymes of the proteasome
(immunoproteasome), improving the degradation of viral
proteins and generation of the peptides used in MHC class-
I assembly and presentation to T lymphocytes (Kruger et
al., 2003).

Two different ways of fusing ubiquitin to proteins have
already been used (Dantuma et al., 2000). The first approach
(N-End rule) utilizes the ability of ubiquitin to bind to

N-terminal residues and internal Lys with high affinity
(Varshavsky, 1996).This bond allows the ubiquitin cleavage
from the fused protein leaving a destabilized N-terminal
residue on the protein that facilitates its degradation. The
second approach known as ubiquitin fusion degradation
strategy prevents ubiquitin cleavage, thereby stabilizing the
mono-ubiquitinated fusion product and facilitating its entry
into the classical ubiquitin pathway (Johnson et al., 1995).
In this approach, the C-terminal Gly76 of ubiquitin is replaced
with an Ala or Val that inhibits rapid cleavage of ubiquitin
at the Gly-X-X sequence by a specific enzyme.

To enhance the DNA vaccine potential we generated
plasmids encoding PRV glycoproteins fused to ubiquitin.
A mixture of three plasmids encoding ubi- or non-ubi-
glycoproteins was administered to pigs followed by
a challenge with infectious PRV. C-terminal Gly76 of
ubiquitin was changed to Ala and fused to the N-terminus
of PRV gB, gC and gD. The assumed enhanced degradation
of ubi-glycoproteins was verified in vitro. Cellular and
humoral immune responses as well as nasal excretion of
infectious virus in vaccinated pigs were examined as well.

Materials and Methods

Viruses and cells. Porcine PK15 cells and monkey Vero cells
were grown in Eagle's MEM (Cambrex) containing 10% FCS.
Peripheral blood mononuclear cells (PBMC) were obtained from
heparinized blood using Ficoll-Hypaque (Amersham Biosciences),
washed 3 times with PBS, and incubated in RPMI 1640 (Invitro-
gen) containing 10% FCS and 15 µg/ml gentamycine (Invitrogen).
The PRV NIA3 strain was kindly provided by J.C. Audonnet,
Merial, Lyon, France and propagated in PK15 cells. When 80% of
the infected cells showed CPE, the cultures were frozen at -80°C.
After two cycles of freeze-thawing, the virus-containing medium
was centrifuged (1,800 × g, 30 mins, 4°C) and the supernatant was
stored at -80°C.

Virus titration. Samples of nasal fluid were mixed with 2 ml
of Eagle's MEM. Monolayers of PK15 cells were incubated with
serial 10-fold dilutions of nasal samples and CPE was read after
5 days of incubation at 37°C. Virus titers were calculated accor-
ding to Kärber (1931) and Vannier et al. 1991).

Construction of plasmids. pcDNA3 plasmids encoding non-ubi-
gB, -gC, and -gD of PRV (designated gB-pcDNA3, gC-pcDNA3,
and gD-pcDNA3) were constructed, characterized (Dufour and De
Boisseson, 2003), and produced by Plasmid Factory (Germany).
A mixture of these three plasmids (designated PRV-pcDNA3) was
used for vaccination. The mouse ubiquitin sequence was cloned
between the HindIII and EcoRI sites of pcDNA3 under a Human
cytomegalovirus promoter. The ubiquitin C-terminal Gly76 was
replaced with Ala to avoid cleavage and nucleotides were added to
the C-terminus of ubiquitin to allow a frameshift. The plasmids
encoding PRV ubi-gB, ubi-gC, and ubi-gD and ubiquitin alone
were generated and designated ubi-gB-pcDNA3, ubi-gC-pcDNA3,
ubi-gD-pcDNA3 and ubi-pcDNA3, respectively. A mixture of the
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three plasmids encoding the PRV ubi-glycoproteins was designa-
ted ubi-PRV-pcDNA3 and used for vaccination. Each plasmid was
transfected to Escherichia coli Top10 strain, amplified and puri-
fied using the EndoFree Plasmid Mega Kit (Qiagen).

Animals. Fourteen-week-old SPF pigs were divided into gro-
ups of 8 animals with a mean weight of 47 kg. Pigs were housed
and treated in accordance with the Veterinary office regulations.

Immunization and challenge. Pigs received a single intra-
muscular (i.m.) injection of 100.8 pmoles of a mixture of 3 plasmids
encoding ubi- or non-ubi-glycoproteins, respectively, in the neck.
Particularly, the PRV-pcDNA3 group of pigs received a mixture
of 183.2 µg of gB-pcDNA3, 155 µg of gC-pcDNA3, and 149.6 µg
of gD-pcDNA3. The ubi-PRV-pcDNA3 group of pigs received
a mixture of 187.5 µg of ubi-gB-pcDNA3, 159.3 µg of ubi-gC-
pcDNA3, and 153.9 µg of ubi-gD-pcDNA3. Control groups rece-
ived 375.6 µg of ubi-pcDNA3 and 362.4 µg of empty pcDNA3
plasmid, respectively Three weeks later, the immunized pigs were
challenged intranasally (i.n.) with 105.5 TCID50 of PRV.

Western blot analysis. PK15 or Vero cells were transfected with
2 µg of each plasmid using lipofectamine as transfection reagent
(Invitrogen). After 2 days, 300 µl of a lysis buffer containing a 50x
protease inhibitor cocktail was added to the transfected cells. The
obtained lysate (50 µg of proteins) was separated by PAGE (12%
gel) and blotted to a Hybond-electrochemiluminiscent nitrocellu-
lose membrane (Amersham). The blot was incubated in 5% dry
milk in Tris-buffered saline containing 0.2% Tween-20. The gly-
coproteins were detected with hybridoma supernatants (diluted
1:25) containing mouse monoclonal antibodies against PRV gly-
coproteins gB, gC, and gD, respectively, and then incubated with
horseradish peroxidase (HRP) -labeled sheep anti-mouse IgG. The
bound IgG was detected by Supersignal  West Dura Extended
Duration Substrate (Pierce).

Immunoperoxidase staining. Cells transfected with plasmids
were incubated with a hyperimmune pig PRV antiserum (diluted
1:200) or the sera collected from pigs 12 and 19 days after vacci-
nation with PRV-pcDNA3 or ubi-PRV-pcDNA3, and 4 days after
the challenge. The bound IgGs were visualized with HRP-labeled
rabbit anti-swine IgG (diluted 1:1,000) (Sigma) and 3-amino-9-
ethylcarbazole as substrate (Serotec). In some experiments,
a proteasomal inhibitor, MG132 (Calbiochem) was added to the
cell-culture medium to a final concentration of 5 µmol/l.

Indirect ELISA of serum IgG1, IgG2 and total IgG antibodies
was performed as described (Dory et al., 2005a,b). Briefly, Maxi-
sorb 96-well plates (Nunc) were coated with PRV glycoproteins
(kindly provided by J.C. Audonnet, Merial, Lyon, France) and in-
cubated with serial threefold dilutions of tested sera. The bound
IgGs were detected with a mouse anti-porcine IgG1, IgG2 or total
IgG (Serotec), a HRP-labeled rabbit anti-mouse IgG (Jackson La-
boratories), and tetramethyl benzidine (Pierce). Titers of IgG1, IgG2
and total IgG antibodies expressed in log values were defined as
the highest serum dilutions giving A450 higher than the 3-fold A450

of a serum from non-vaccinated and non-challenged pig.
Virus neutralization (VN) test. Heat-inactivated sera were se-

rially diluted 2-fold and 50 µl of each dilution was incubated with
100 TCID50 of PRV in a volume of 50 µl in 96-well plates for 1 hr
at 37°C. Then, 2.25 x 104 PK15 cells in 150 µl was added to each
well and incubated for 5 days at 37°C. VN titers expressed in log

values were defined as the highest serum dilutions inhibiting CPE
in 50% of the wells.

Assay of IFN-γ and interleukin 4 (IL-4) mRNA. PBMC were
isolated from the blood of pigs collected before vaccination, 8 and
19 days after vaccination, and 2 and 7 days after the challenge.
PBMC were stimulated in vitro for 16 hrs with PRV at a multiplicity
of infection (MOI) of 10 and used for total RNA extraction as
described (Dory et al., 2005a,b). IFN-γ and IL-4 mRNA expressi-
ons were determined by a quantitative real-time PCR described
previously (Dory et al., 2005a,b). Cytokine mRNA and ß-actin
mRNA threshold cycle (Ct) values were determined for each sam-
ple. The cytokine Ct was normalized using an internal ß-actin re-
ference (∆Ct = cytokine Ct – ß-actin Ct). Relative amounts of each
cytokine mRNA (cytokine mRNA in PRV-stimulated cells/cyto-
kine mRNA in non-stimulated cells) were determined using the
ABI PRISM 7700 Sequence Detection System (Applied Biosys-
tems).

Clinical parameters. The mortality rate, body temperature and
clinical signs were monitored daily. The animals were checked for
absent, mild, and severe nervous symptoms. Some animals had to
be euthanized to prevent unnecessary suffering. Mean relative daily
weight gain during seven days post challenge (MRDG7) was de-
termined; ∆G7 corresponded to the difference in MRDG7 betwe-
en immunized and non-immunized animals (Stellmann et al., 1989).
Only animals surviving at least 7 days after the challenge were
weighed.

Statistical analysis. The obtained data were analyzed using
the non-parametric Mann-Whitney test (Mann and Whitney, 1947)
included in the Systat 9 software. This test was suitable for data
representing small sets with unpaired numbers. The size of each
animal group was influenced heavily by the mortality and this fact
was considered to ensure statistical validity of the analysis. The
following comparisons were performed: (i) PRV-pcDNA3 vs emp-
ty pcDNA3, ubi-PRV-pcDNA3 vs empty pcDNA3, or ubi-pcDNA3
vs empty pcDNA3 to evaluate the effect of immunization with
ubi-glycoproteins and non-ubi-glycoproteins, and ubiquitin alone
vs. control; (ii) ubi-PRV-pcDNA3 vs PRV-pcDNA3 to evaluate
the effect of immunization with ubi-glycoproteins vs. non-ubi-gly-
coproteins. All results were expressed as mean ± SD.

Results

Characterization of the plasmids in vitro and in vivo

The mouse ubiquitin gene was used for the construction
of plasmids encoding ubi-glycoproteins, because it showed
a 100% homology with the porcine ubiquitin. Initially, the
gene encoding mouse ubiquitin was cloned into pcDNA3.
The genes for PRV glycoproteins gB, gC and gD,
respectively, were cloned in frame with the ubiquitin gene
and the plasmids ubi-gB-pcDNA3, ubi-gC-pcDNA3, and
ubi-gD-pcDNA3, respectively, were generated. After
transfection of PK15 cells with the plasmids encoding PRV
ubi-glycoproteins and non-ubi-glycoproteins, gB (one band
of 125 K) and gC (two bands of 74 K and 92 K) were detected
by Western blot analysis, while slight and no bands were
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Table 1. Antibodies detected by the immunoperoxidase staining in the sera of pigs vaccinated with plasmids encoding PRV ubi- and
non-ubi-glycoproteins

Serum of pigs vaccinated Serum of pigs vaccinated

Glycoprotein with PRV-pcDNA3 with ubi-PRV-pcDNA3 Hyperimmune Negative
detected                                                                                  Day post vaccination serum serum

12 19 25a 12 19 25a

gB + ++ ++ ++ +++ +++ +++++ –
ubi-gB + ++ ++ + ++ ++ ++++ –

gC – – – – – – + –
ubi-gC – – – – – – + –

gD – – – – – – ++ –
ubi-gD – – – – – – ++ –

Vero cells were transfected with the plasmids encoding PRV ubi- and non-ubi-glycoproteins. The intensity of staining is expressed as the average from
3 experiments. aDay 25 post vaccination corresponds to day 4 post challenge.

Fig. 1

Western blot analysis of PK15 cells transfected with plasmids encoding PRV ubi- and non-ubi-glycoproteins (A) and immunoperoxidase
staining of Vero cells transfected with plasmids encoding PRV ubi-and non-ubi-glycoproteins (B)

detected for ubi-gB and ubi-gC, respectively (Fig. 1A)
(Whealy et al., 1990; Robbins et al., 1986). The band of 60 K
detected for gD was very slight, while none was detected
for ubi-gD (Rauh and Mettenleiter, 1991).

Intracellular localization of PRV ubi-glycoproteins and
non-ubi-glycoproteins produced by corresponding plasmids
was done by the immunoperoxidase staining of transfected
Vero cells. gB was mainly found in intracellular vesicles
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(Fig. 1B), whereas gD was found in defined intracellular
structures close to the nucleus and in the membranes of
transfected cells. However, the intracellular staining of gC-
transfected cells was more discrete. On the other hand, most
of the ubi-glycoproteins encoded by ubi-gB-pcDNA3, ubi-
gC-pcDNA3, and ubi-gD-pcDNA3 accumulated in
intracytoplasmic structures of transfected cells (Fig. 1B).
These seemed larger in the presence of the proteasomal
inhibitor MG132 (data not shown), suggesting that a partial
degradation of the ubi-glycoproteins occurred also in the
absence of MG132. Taken together, the Western blot analysis
as well as the immunoperoxidase staining indicated that the
ubiquitination of PRV glycoproteins resulted in partial
degradation of gB, gC and gD in transfected cells.

The antisera produced in pigs after immunization with
the mixtures of 3 plasmids encoding ubi- and non-ubi-
glycoproteins, respectively, were tested by immuno-
peroxidase staining. Vero cells transfected with gB-pcDNA3
and ubi-gB-pcDNA3, respectively, were incubated with pig
sera collected 12 and 19 days after immunization (Table 1).
Interestingly, the cells transfected with gB-pcDNA3 were
more intensively stained with the ubi-PRV-pcDNA3
antiserum than those transfected with ubi-gB-pcDNA3.

These results could be explained by a higher affinity of the
antibodies against ubi-PRV-pcDNA3 due to the better
presentation of the antigen. Ubi- and non-ubi-gC- and gD-
pcDNA- transfected cells were not recognized by the antisera
from animals immunized with PRV ubi- and non-ubi-
glycoproteins, respectively. The hyperimmune serum against
PRV showed only a weak staining.

IgG1, IgG2 and total IgG serum antibodies

The TH1-like immune response induces B cells to produce
IgG2 antibodies. On the other hand, IgG1 antibodies are
markers of theTH2-like immune response that is important
for the development of the cytotoxic response.

Serum samples from the pigs immunized with plasmids
encoding PRV ubi- and non-ubi-glycoproteins, respectively,
were assayed for PRV antibodies by ELISA. The sera of
non-immunized animals had no antibodies against PRV. In
the sera of pigs immunized with control plasmids ubi-
pcDNA3 or pcDNA3 (empty), PRV-specific IgG1 and IgG2
antibodies were first detected on day 12 after the challenge
(Fig. 2A and B). Similar levels of anti-PRV IgG1 antibodies
were detected in pigs injected with either ubi-PRV-pcDNA3

Fig. 2

Elisa titers of PRV IgG1 (A) and IgG2 (B) antibodies of the sera of pigs vaccinated with plasmids encoding PRV ubi-and non-ubi-
glycoproteins and challenged with PRV

*p <0.05; **p = 0.064; #p = 0.10.
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or PRV-pcDNA3 on day 13 after immunization (Fig. 2A).
The mean IgG1 titer remained stable (around 1.5 x 102) until
day 2 after the challenge, when it increased to a plateau
(1.5 x 104) that remained stable until the end of the
experiment (Fig. 2A). This revealed that the PRV-specific
IgG1 humoral immune response was not affected by the
fusion of glycoproteins to ubiquitin. Similar results were
obtained for total IgG (data not shown).

In contrast, the PRV IgG2 antibody production was
apparently different for ubi-PRV-pcDNA3 and PRV-
pcDNA3. The group of pigs vaccinated with PRV-pcDNA3
produced some amount of IgG2 antibodies, whereas no or
low level was detected in the ubi-PRV-pcDNA3 group on
days 13 and 19 after immunization (Fig. 2B). In fact, 3 and
4 out of 8 pigs produced IgG2 antibodies in the PRV-
pcDNA3 group on days 13 and 19, respectively (data not
shown), whereas none and 1 out of 8 pigs produced IgG2
antibodies on the same days in the ubi-PRV-pcDNA3 group.
The probability of error in stating that the PRV-pcDNA3
group produced a higher amount of IgG2 antibodies than
the ubi-PRV-pcDNA3 group was 6.4% (p = 0.064) and 10%
(p = 0.10) on days 13 and 19, respectively. Just the PRV-
pcDNA3 group produced a statistically significant (p <0.05)
higher amount of IgG2 antibodies than the pcDNA3 (empty)
group, whereas no statistically significant differences were
observed between the ubi-PRV-pcDNA3 and the control ubi-
pcDNA3 groups.

We detected a delay in the production of IgG2 antibodies
in the ubi-PRV-pcDNA3 group in comparison with the PRV-
pcDNA3 group until day 23. Two days after the challenge,
the production of IgG2 antibodies in both groups was about
the same (Fig. 2B). The PRV-pcDNA3 group showed
a statistically significant (p <0.05) higher production of IgG2

antibodies than the pcDNA3 group. The ubi-PRV-pcDNA3
group produced only a slightly higher amount of IgG2
antibodies than the control ubi-pcDNA3 group, but the
difference was not significant. Twelve days after the-
challenge, the production of IgG2 antibodies was similar in
all the challenged groups (Fig. 2B).

Altogether, these results indicated that the PRV-specific
IgG1 response was not affected by the fusion of PRV
glycoproteins to ubiquitin. The PRV-specific IgG-2 response
was slightly affected by ubiquitination of the glycoproteins,
but the probability of error in stating that the IgG2 antibody
productions in the ubi-PRV-pcDNA group was lower than
that in the PRV-pcDNA3 group on days 13 and 19 after
immunization was 6.4 and 10%, respectively. The detected
differences between the two groups started to decline soon
after the challenge.

VN antibodies

No VN antibodies were detected in pigs vaccinated
with plasmids encoding PRV ubi- and non-ubi-glyco-
proteins before and after vaccination and 2 days after the
challenge (Fig. 3). VN antibodies were detected in the
groups of pigs vaccinated with ubi-PRV-pcDNA or 
PRV-pcDNA3 on day 7 after the challenge (Fig. 3),
demonstrating a successful priming by DNA vaccination.
VN antibodies in pigs vaccinated with control ubi-
pcDNA3 or empty pcDNA3 plasmids were first detected
on day 12 after the challenge. In the groups vaccinated
with ubi-PRV-pcDNA3 or PRV-pcDNA3 a peak titer was
obtained on day 33. Summing up, the production of PRV-
specific VN antibodies was not affected by the fusion of
PRV glycoproteins to ubiquitin.

Fig. 3

VN antibodies in the sera of pigs vaccinated with plasmids encoding PRV ubi-and non-ubi-glycoproteins and challenged with PRV
*p <0.05.
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IFN-γ and IL-4 mRNA expression in PRV-stimulated PBMC

IFN-γ has several immunoregulatory roles and effector
functions involved in TH1- responses and IL-4 plays a key role in
TH2-responses (Finkelman et al., 1988, Wood and Seow, 1996).
mRNAs of both cytokines were determined to assess humoral
and cellular immune responses. Relative quantities of IFN-γ and
IL-4 mRNAs were determined in PBMC after their in vitro
stimulation with virulent PRV (Dory et al., 2005a,b). Before the
DNA vaccination, low background levels of IFN- γ and IL-4
mRNAs were detected in all groups of animals (Fig. 4A and B).

The amount of IL-4 mRNA remained low throughout
the study in the pigs injected with control ubi-pcDNA3 or
pcDNA3 (empty) even after the challenge. No difference in
IL-4 mRNA production was observed between the PRV-
pcDNA3 and ubi-PRV-pcDNA3 groups (Fig. 4A). This
indicated that the PRV-specific TH2-like proliferation was
unaffected by the fusion of PRV glycoproteins to ubiquitin,
at least as determined by our techniques.

In contrast, the profile of IFN-γ mRNA production
slightly differed between the ubi-PRV-pcDNA3 and PRV-
pcDNA3 groups (Fig. 4B). On day 13 after vaccination, the

pigs vaccinated with ubi-PRV-pcDNA3 and PRV-pcDNA3,
respectively, produced the same levels of IFN-γ mRNA,
although the population was very heterogeneous (Fig. 4B).
On day 19 after vaccination, the pigs vaccinated with ubi-
PRV-pcDNA3 produced much smaller amounts of IFN-γ
mRNA in comparison with those vaccinated with PRV-
pcDNA3. The differences between these two groups were
not statistically significant (p = 0.14) (Fig. 4B). Moreover,
the probability of error in stating that the PRV-pcDNA3
group produced more IFN-γ mRNA than the pcDNA3
(empty) group was 5.9% (p = 0.059), whereas no differences
were observed between the Ubi-PRV-pcDNA3 and Ubi-
pcDNA3 groups (p = 0.916). Two days after the challenge,
the groups vaccinated with ubi-PRV pcDNA3 and PRV-
pcDNA3 produced the same amounts of IFN-γ mRNA.

Protective efficacy of DNA vaccines

The immunization with DNA vaccines was tolerated well
and no side effects were observed in any of the vaccinated
animals. The protective efficacy of DNA vaccine was
evaluated by analyzing clinical symptoms after PRV

Fig. 4

Expression of IL-4 (A) and IFN-γ (B) mRNAs in PRV-stimulated PBMC originating from pigs vaccinated with plasmids encoding PRV ubi-
and non-ubi-glycoproteins and challenged with PRV

The mean relative quantity of cytokine mRNA + SD is shown. *p <0.05; **p = 0.059).
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challenge, such as mortality, body temperature, nervous
symptoms, weight loss and excretion of infectious virus
(Table 2). Three out of 8 pigs injected with the control ubi-
pcDNA3 and 2 out of 8 pigs injected with the control
pcDNA3 (empty) plasmid died. One pig injected with ubi-
pcDNA3 and 2 pigs injected with pcDNA3 had to be
euthanized for ethical reasons. These two groups of pigs
showed the same mean fever periods and body weight losses
during the first week after the challenge. In contrast, the
groups of pigs vaccinated with ubi-PRV-pcDNA3 and PRV-
pcDNA3 showed no mortality, no nervous symptoms,
reduced mean period of high fever and positive ∆G7 values
of 1.05 and 1.00 reflecting a reduction of weight loss.

In all groups of pigs the virus excretion was detected on day
2 after the challenge (Fig. 5). The probability of error in stating

that the ubi-PRV-pcDNA3 group excreted less virus than the
PRV-pcDNA3 group was 7.8% (p = 0.078). The PRV-pcDNA3
and control pcDNA3 (empty) groups excreted the same amount
of virus. All the groups excreted the same amount of virus on
day 5 after challenge. Two vaccinated groups, PRV-pcDNA3
and ubi-PRV-pcDNA3 excreted significantly less virus on day
7 after the challenge than the control groups injected with
pcDNA3 (empty) and ubi-pcDNA3.

Summing up, the pigs vaccinated with the plasmids
encoding PRV ubi- and non-ubi-glycoproteins were equally
protected against PRV infection. Nevertheless, two days after
the challenge, the small difference between these two groups
in the amount of excreted virus was evaluated as insignificant.
At later times after the challenge, both vaccinated groups of
pigs excreted the same amount of virus.

Table 2. Clinical parameters in DNA-vaccinated pigs challenged with PRV

DNA vaccine Mortalitya Nervous symptoms Fever daysb MRDG7c ∆G7d

PRV-pcDNA3 0/8 0/8 2.4 ± 1.5 –0.88 ± 0.39 1.00
ubi-PRV-pcDNA3 0/8 0/8 2.5 ± 1.4 –0.83 ± 0.45 1.05
ubi-pcDNA3 3/8 7/8 4.4 ± 1.5 –1.68 ± 0.34 0.20
pcDNA3 2/8 7/8 5.0 ± 2.1 –1.88 ± 0.61 n.a.
No vaccine, no challenge n.a. n.a. n.a. +1.75 ± 0.34 3.6.

aDead/total.
bFever days (T >40.5oC) ± SD.
cMRDG7 expressed as kg/100 kg/day ± SD.
dDifference in MRDG7 between pigs vaccinated with ubi and non-ubi PRV glycoproteins and ubi and non-ubi control plasmids.
n.a. = not applicable.

Fig. 5

Virus titers of nasal fluids from DNA-vaccinated pigs before and after PRV challenge
The mean virus titer expressed as log TCID50/g nasal fluid ± SD. *p <0.05; **p = 0.078.
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Discussion

Several strategies to improve DNA vaccination against
PRV infection in pigs have been tested with various degree
of success (Dufour et al., 2000; van Rooij et al., 2002; Dory
et al., 2005a,b). Despite all positive advances, the vaccine
efficacy still needs an improvement, particularly the
reduction of virus excretion and the enhancement of CTL
response, which are important in protection against PRV
infection (Depierreux et al., 1997). In order to induce a CTL
response, antigens have to undergo an intracellular
degradation into small peptides via the ubiquitin-proteasome
pathway (Sijts et al., 2001). This can be achieved by covalent
attachment of the antigen to ubiquitin (Delogu et al., 2000;
Konishi et al., 2003; Leachman et al., 2002; Liu et al., 2001;
Ramakrishna et al., 2004) that leads to an enhancement of
the protection in some viral and non-viral systems
(Rodriguez et al., 1997, 1998; Xiang et al., 2000).

The aim of the present study was to generate plasmids
encoding PRV gB, gC, and gD fused to ubiquitin and
evaluate their effect when injected to pigs. As expected, the
fusion of ubiquitin to each of the PRV glycoproteins
enhanced their intracellular degradation as shown by
Western blot analysis. This result probably reflected the
partial degradation of ubi-glycoproteins in the proteasome
and/or the cleavage of ubiquitin from the glycoprotein,
which were observed in 10–20% of cases even after the
replacement of the C-terminal Gly76 of ubiquitin with Ala
(Rodriguez et al., 1997). This might explain the expression
of ubi-glycoproteins after in vitro transfection and the
unexpected induction of specific humoral response after
in vivo administration due to the presence of small amounts
of expressed glycoproteins in extracellular milieu. In clear
contrast, the entire absence of antibody induction reported
for covalent attachment of ubiquitin to the LCMV NP
protein correlated with total degradation of the protein in
vitro (Rodriguez et al., 1997). Differences in the
degradation of LCMV ubi-NP protein and PRV ubi-
glycoproteins might be due to the following factors. (i)
Partial impairment of transport of glycoproteins to
proteasome and/or their degradation within proteasome due
to strong transmembrane signals present in the glyco
proteins. (ii) The competition between the attached
ubiquitin (proteasomal targeting signal) and other
intracellular targeting moieties of glycoproteins, as was
shown for the hepatitis B core antigen (Rodriguez F,
unpublished data). (iii) Different stability of ubi-glyco-
proteins depending on the N-terminal amino acid (Asn,
Gly, and Gly for gB, gC, and gD, respectively) after
ubiquitin cleavage. (iv) The low proportion of potential
sites for ubiquitination, namely 2, 0.6 and 1% for gB, gC,
and gD, respectively, compared to 10% for LCMV NP
(Andersson and Barry, 2004). (v) The amount of injected

plasmids. A failure of the ubiquitin targeting to improve
vaccination occurred when maximum doses of DNA were
used for immunization. Suboptimal doses of DNA actually
improved the immune responses induced by the ubiquitin
fusion (Andersson and Barry, 2004; Fu et al., 1998; Ye et
al., 2002). (vi) The fact that 3 different PRV glycoproteins
were used in combination.

No differences were observed for IgG1 and VN antibodies
production between the animals vaccinated with PRV ubi-
and non-ubi-glycoproteins, but the ubiquitination of PRV
glycoproteins seemed to modify the induced cellular immune
response. Moreover, IFN-γ mRNA was produced by PRV-
stimulated PBMCs in both groups of animals on day 13 after
vaccination. However, on day 19 after vaccination, IFN-γ
mRNA was produced only by PRV-stimulated PBMC
originating from the animals vaccinated with PRV-pcDNA3
but not with ubi-PRV-pcDNA3. This fact might be related
to a shorter stimulation of PBMC due to a shorter half-life
of the ubi-glycoproteins compared with non-ubi-glyco-
proteins. Nevertheless, a clear-cut conclusion about the
delayed appearance of IgG2 and IFN-γ could not be drawn.
The pigs vaccinated with either DNA vaccine were equally
protected against PRV infection. No death, no nervous
symptoms, and the same reduction of body weight loss were
observed in the PRV-pcDNA3 and the ubi-PRV-pcDNA3
groups. Considering the important issue of nasal excretion
of infectious virus, a delay in the excretion was detected in
the ubi-PRV-pcDNA3 group. Starting with day 5 after the
challenge, both vaccinated groups excreted the same amount
of infectious virus.

In conclusion, the PRV ubi-glycoproteins gB, gC and gD
used in DNA vaccines seemed to modify cellular but not
humoral immune response of pigs. This modification had
no impact on clinical protection of the pigs but seemed to
delay the excretion of infectious PRV.
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