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Protective effects of intranasal vaccination with plasmid encoding
pseudorabies virus glycoprotein B in mice

Ayato Takada, Katsunori Okazaki, and Hiroshi Kida™*

(Accepted for publication: Aug. 6, 1999)

Abstract

Intranasal administration of plasmid DNA encoding glycoprotein B of pseudorabies virus

into mice induced both serum and secretory antibody responses.
intranasal challenge with lethal dose of the virus, but did not intraperitoneal challenge.

These mice resisted
On the

other hand, intramuscular injection of the plasmid induced less secretory and higher serum

antibody responses than those of intranasally vaccinated mice.

from virus challenge.

None of them was protected

The present results suggest that administration of plasmid DNA

encoding glycoprotein B by respiratory mucosal route generates local secretory antibodies which.
serve to protect animals from pseudorabies virus infection.
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Introduction

Pseudorabies virus (PrV), also known as
Aujeszky’s disease virus, belongs to the family
Herpesviridae. Like other alpha-herpesviruses,
PrV causes latent infection in its natural host,
pigs?¥. PrV in the latent state may be reacti-
vated by environmental or physical stress of the
host, resulting in the spread of the virus to other
animals®. Parenteral vaccination of pigs, dogs,
and cattle with live or inactivated PrV induced
serum antibodies to the virus, sensitized lympho-
cytes, and consequently suppressed the severity
of disease, but conferred only partial protection
against PrV challenge®%>29,

As is the case of other secondary hosts for

PrV, the mouse is a terminal host, and unable to
survive acute virus replication. The mouse,
thus, has been used as a good model animal to
evaluate the protective effect of vaccination
against PrV infection. Previously, we showed
that intranasal vaccination of mice with inacti-
vated PrV virions induced secretory IgA and IgG
antibody responses specific to glycoprotein B
(gB), resulting in complete protection of the
animals against intranasal challenge with lethal
doses of the virus?®®. The gB is one of the major
glycoproteins of PrV, consisting of a complex of
three glycoproteins which are covalently linked
by disulfide bonds®'*!”, and shares homology
with glycoprotein B of herpes simplex virus 1%,
It has a major role for the virus entry into
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cells??®,  We, therefore, demonstrated that

intranasal vaccination with purified gB conferred
the protective immunity into mice?®.

Recently, a number of works has shown that
immunization using a plasmid DNA expressing
viral proteins (DNA vaccine) is a novel and new
method to give animals protective immunity by
eliciting variable antibody and /or cytotoxic T-cell
responses. However, those studies mainly fo-
cused on the systemic immune responses induced
by parenteral vaccination such as intramuscular
injection and gene gun delivery system. On the
contrary, only a limited information is available on
the DNA vaccination by mucosal routes. In the
present study, the efficacy of intranasal and
intramuscular vaccinations with plasmid DNA
encoding PrV-gB was compared for the potential
to induce secretory antibody responses and
hence to confer protective immunity against PrV
infection on mice.

Materials and Methods

Virus and cell culture

PrV strain YS-81 and CPK cells (porcine
kidney cells) were kindly provided by Dr. M.
Shimizu of the National Institute of Animal Health
(Tsukuba, Japan). CPK cells were cultured in
Eagle’s minimal essential medium (EMEM) sup-
plemented with 10% calf serum. PrV was inocu-
lated to CPK cell monolayers at a multiplicity of
0.01 PFU /cell. After adsorption for 1 hr,
EMEM was added and the cultures were incu-
bated at 37°C for 2days. From the culture fluids
harvested, the virus was purified by differential
centrifugation and sedimentation through a
10-50% sucrose gradient!?.
Construction of plasmids

Genomic DNA of PrV was prepared from
purified virions as described previously'®. A
Kpnl-C fragment containing PrV gB gene was
cloned into the Kpnl site of plasmid pGEM-4Z
(Promega), which was designated pGKC. To
subclone a PpuMI-Ncol fragment containing the

whole gB gene into pGEM-4Z, the construction
was performed as follows (Fig. 1) : Since the gB
gene possess the PpuMI site, the PpuMI-Ncol
fragment was constructed from two following
plasmids. The plasmid pGKC was digested with
Nhel and blunt-ended with large fragment of DNA
polymerase [ (Klenow fragment). To give the
Nhel site of the gB gene, a 10-mer BamHI or
EcoRI linker was inserted into the blunt-ended
site, and each plasmid was digested with BamHI
or EcoRI, respectively, and ligated by T4 DNA
ligase. The resulting plasmids were designated
pGBH1 and pGBT, respectively. To give an
EcoRlI site upstream from the gB gene in pGBH1,
the EcoRI linker was inserted into the PpuMI site
end-filled with Klenow fragment. The plasmid
was designated pGBH2. The EcoRI-Nhel frag-
ment from pGBH2 was inserted into the EcoRI
and Nhel sites of pGBT. The plasmid was
designated pGB1. To remove the Ncol and the
Ncol-BamHI fragments in the pGB1, the plasmid
was digested with Ncol and the BamHI linker was
inserted into the Ncol site end-filled with Klenow
fragment. The plasmid was digested with
BamHI, and then ligated by T4 DNA ligase.
The resulting plasmid was designated pGB2.
The Xbal linker was inserted into the EcoRI site
of pGB2, end-filled with Klenow fragment. The
Xbal fragment containing the gB gene was
transferred into eukaryotic expression vector,
pEF-BOS!® containing a human elongation factor
1 @ promoter. The resulting plasmid was desig-
nated pEF-BOSgB. The pEF-BOS and pEF-
BOSgB were grown in Escheria coli HB101 and
purified on cesium chloride density gradients by
standard protocols. Cos-1 cells (a gift from Dr.
K.C.Gupta, Rush University, Chicago, USA)
were transfected with pEF-BOSgB by using
Lipofectin reagent (Gibco BRL). Expression of
the gB gene was monitored by indirect immuno-
fluorescence assay using gB-specific monoclonal
antibodies 19 /425).

Vaccination and protection tests
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Fig. 1. Construction of the plasmid expressing PrVgB. The gB gene was cloned from KpnI-C fragment as described
in the text. The restriction sites in the plasmids, used for the construction, were indicated.
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Vaccines were prepared as follows ; purified
plasmid 100 #g in 25 of Dulbecco’s Modified
Eagle’s medium (DME) was mixed with an equal
volume of Lipofectin reagent. For intramuscu-
lar injection, 150 4 of DME was added to the
mixture. For intranasal vaccination, 5ug of
cholera toxin B subunit (CTB) (Sigma Chemical
Co.) was added to the 504 mixture as an
adjuvant. Fifteen 6-week-old female ddY mice
(Shizuoka Laboratory Animal Center) were anes-
thetized by an intraperitoneal injection with
sodium pentobarbital (0.5-0.75 mg) and then
vaccinated by intranasal administration or intra-
muscular injection with plasmid pEF-BOS gB or
pEF-BOS vaccines. The vaccination was done
three times at 2-week intervals. Ten days after
the last vaccination, 5 mice of each group were
sacrificed, and the sera, the nasal and trachea-
lung washes were collected as described by
Nedrud et al.'®. The remaining 10 mice were
challenged by intranasal administration (5 mice)
or intraperitoneal injection (5 mice) with 10 LDs,
of live virus in 5 24 or 100 £ of PBS, respectively,
under anesthesia.

Antibody assays

Neutralization test was done by plaque
reduction assay using CPK cells with pooled
mouse sera. The sera were incubated at room
temperature with 100-200 PFU of PrV in the
presence of 5 % guinea pig serum as a source of
complement or of heat-inactivated serum (56C,
30min.). Anti-PrV IgA and IgG antibodies were
measured by enzyme-linked immunosorbent
assay (ELISA)'Y.
prepared from the purified virus.

Disrupted viral antigen was
Rabbit anti-
mouse IgA and goat anti-mouse IgG conjugated to
horseradish peroxidase were purchased from
Zymed Laboratories and Bio-Rad Laboratories,
respectively.

Results

Serum IgG antibody response of DNA-vaccinated
mice

Sera of 5 mice from each group were pooled
and tested for antibodies specific to PrV by
ELISA and neutralization tests (Figs. 2 and 3,
respectively). Low level of virus specific IgG
antibodies was detected in the sera of mice
vaccinated intranasally with pEF-BOSgB. In
the sera of mice vaccinated intramuscularly with
pEF-BOSgB, significantly high level of IgG anti-
bodies was detected. IgG antibodies were de-
tected also in the sera of mice vaccinated with
pEF-BOS intramuscularly, but the level was
lower than those of mice vaccinated with pEF-
BOSgB. In the presence of complement, the
sera from mice vaccinated intramuscularly or
intranasally with pEF-BOSgB gave 55 % or 22%
reduction of plaques, respectively, at the dilution
of 1:2, while little neutralizing activity was found
in the absence of complement. Neither samples
from mice vaccinated intramuscularly nor intrana-
sally with pEF-BOS neutralized virus infectivity,
irrespective of the presence of the complement.
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Fig. 2. ELISA of the sera from mice vaccinated

intranasally (i.n.) or intramuscularly (i.m.)
with pEF-BOSgB or pEF-BOS. Mice were
vaccinated intranasally (squares) or intramus-
cularly (circles) with pEF-BOSgB (open) or
pEF-BOS (solid). Sera of 5 mice from each
group were pooled and tested. Normal ddY
mouse serum was also tested (open triangle).
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Fig. 3.
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Neutralizing activity of the sera from mice vaccinated with pEF-BOSgB

or pEF-BOS. Neutralization tests were done by plaque reduction assay
with or without addition of complement (C+ or C-, respectively). The
number of plaques formed with normal serum gave 100 % at each

dilution.

Secretory antibody response of DNA-vaccinated
mice

IgA and IgG antibodies in the secretion of
the respiratory tracts of the vaccinated mice
were examined (Fig. 4). In the nasal washes of
2 of the 5 mice vaccinated intranasally with
pEF-BOSgB, IgA antibodies were detected at
low but obviously higher level than those of mice
vaccinated with pEF-BOS.  No difference of IgA
levels in the trachea-lung washes was found
between these two groups. IgG antibody levels
in the nasal and trachea-lung washes of these
mice also showed similar pattern. On the other
hand, IgA antibody levels in both samples from
mice vaccinated intramuscularly with pEF-
BOSgB were not higher than background levels
given by samples from mice vaccinated with the
control plasmid pEF-BOS. IgG antibodies were
scarcely detected in the nasal and trachea-lung
washes of intramuscularly vaccinated mice, with
one exception. This markedly high level of IgG

antibodies might be derived from the serum.

Protective effects of intranasal or intramuscular
vaccination with plasmid DNA

To evaluate protective effects of intranasal
and intramuscular vaccination with pEF-BOSgB,
mice were challenged with lethal dose of live PrV
intranasally or intraperitoneally. Survival rates
of the mice are shown in Fig. 5. Forty percents
of mice (2 /5) vaccinated intranasally with pEF-
BOSgB survived after the intranasal challenge.
One mice of this group resisted the challenge as
shown by prolonged survival periods (132 hrs),
while all of the mice vaccinated with pEF-BOS
intranasally were died within 72 hrs. None of
these mice vaccinated intranasally survived after
the intraperitoneal challenge. On the other
hand, mice vaccinated intramuscularly with pEF-
BOSgB did not resisted both intranasal and
intraperitoneal challenges. Irrespective of the
route of vaccination, mice vaccinated with control
plasmid (pEF-BOS) died within 3 or 4 days after
intranasal or intraperitoneal challenge, respec-
tively.
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IgA and IgG antibodies in the secretion of the respiratory tracts of mice

vaccinated intranasally (A) or intramuscularly (B) with pEF-BOSgB or
pEF-BOS. Virus-specific antibodies were measured by ELISA. Undi-
luted nasal wash (NW) and trachea-lung wash (TW) tested. Each point
represents a single mouse. Samples which gave 3-fold higher absorb-
ance than the average value of those from 5 mice vaccinated with control
plasmid, pEF-BOS were considered to be positive.
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Fig. 5. Survival rates of mice vaccinated intranasally
(A) or intramuscularly (B) with pEF-BOSgB or
pEF-BOS. Mice were challenged intranasally
(i.n.) or intraperitoneally (i.p.) with 10 LD50 of
live virus.
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Discussion

The present results indicate that intranasal
administration of plasmid expressing gB can
induce both systemic and mucosal antibody re-
sponses and confer protection from PrV infection
on mice. In contrast, intramuscularly vaccin-
ated mice produced much higher serum antibody
response than intranasally vaccinated mice, and
notwithstanding any of these mice did not re-
sisted the virus challenge. In accord with our
previous study??, the present results substanti-
ates that serum IgG antibody response is not fully
contribute to the protection of mice from initial
infection of PrV on the respiratory mucosal
tissues. Serum and secretory antibody re-
sponses elicited by intranasal administration of
plasmid in this study were indeed similar levels to
those induced by vaccination with low dose
(0.05mg) of gB together with CTB, which gave
partial protection in our previous study?”.

It has been shown that parenteral immuniza-
tion of animlas with PrV vaccine, including
plasmid DNA, induced serum antibody response,
sensitized lymphocytes, and hence suppressed
the severity of disease>*>"1%1527)  In this
study, however, intramuscular vaccination did
not protect mice from lethal infection of PrV,
although it induced systemic antibody response.
Hence, in consistence with our previous study?®,
complete protection is likely to be achieved by
induction of secretory antibodies which preclude
initial replication of the virus on the mucosal
epithelial cells.

In this study, comparatively high levels of
IgG antibodies were detected by ELISA in the
sera of mice intramuscularly vaccinated with
control plasmid, pEF-BOS, but these sera did not
neutralize PrV infectivity even in the presence of
complement. In addition, these sera did not
immunoprecipitated any viral proteins, while sera
from mice vaccinated with pEF-BOSgB im-
munoprecipitated gB (data not shown). Such a

nonspecific immune reaction by injection with
vector DNA was observed in several studies by
others®%28),

Fynan et al.¥ initially demonstrated that
intranasal administration of plasmid encoding
influenza virus hemagglutinin suppressed the
severity of influenza and gave partial protection
from lethal infection. The ability of intranasal
administration of plasmid encoding gB of herpes
simplex virus 1 to generate systemic and mucosal
immune responses was reported®. In accord
with these earlier studies, the present results
suggest the potential of mucosal immunization of
animals with plasmid DNA to generate local
secretory antibodies which act as a barrier
against viral infections. The development of
DNA delivery systems such as a liposome and a
microcapusule and investigation of a suitable
promoter which efficiently works in the cells
consisting in the mucosal tissues should be
addressed for the practical use of an effective
mucosal DNA vaccine.

References

1) Biront, P., Vandeputte, J., Pensaert, M. B.,
and Leunen, J. 1982. Vaccination of cattle
against pseudorabies (Aujeszky’s disease)
with homologous virus (herpes suis) and
heterologous virus (herpes bovis 1). Am. J.
Vet. Res., 43 : 760-763.

2) Crandell, R. A. 1985. Selected animal herpes-
viruses : new concepts and technologies. In :
Advances in Veterinary Science and Compara-
tive Medicine, vol. 29, pp. 281-327, Corne-
lius, C. E., Simpson, C. F., eds, Academic
Press, Orlando.

3) Fynan, E. F., Webster, R. G., Fuller, D. H.,
Haynes, J. R., Santoro, J. C., and Robinson,
H. L. 1993. DNA vaccines : Protective im-
munizations by parenteral, mucosal, and gene-
gun inoculations. Pro. Natl. Acad. Sci., 90 :
11478-11482.

4) Gerdts, V., Jons, A., Makoschey, B., Visser,
N., and Mettenleiter, T. C. 1997. Protection
of pigs against Aujeszky’s disease by DNA



32

5)

6)

7

8)

9

10)

11)

12)

13)

14)

vaccination. J. Gen. Virol., 78: 2139-2146.
Gerdts, V., Jons, A., and Mettenleiter, T. C.
1999. Potency of an experimental DNA vac-
cine against Aujeszky’s disease in pigs. Vet.
Microbiol., 66: 1-13.

Ghiasi, H., Cai, S., Slanina, S., Nesburn, A.
B., and Wechsler, S. L. 1995. Vaccination of
mice with herpes simplex virus type 1 gly-
coprotein D DNA produces low levels of
protection against lethal HSV-1 challenge.
Antiviral. Res., 28: 147-157.

Haagmans, B. L., van Rooij, E. M., Dubelaar,
M., Kimman, T. G., Horzinek, M. C,,
Schijns, V. E., and Bianchi, A. T. 1999.
Vaccination of pigs against pseudorabies virus
with plasmid DNA encoding glycoprotein D.
Vaccine, 17 : 1264-1271.

Hampl, H., Ben-Porat, T., Ehrlicher, L.,
Habermehl, K.-O., and Kaplan, A. S. 1984.
Characterization of the envelope proteins of
pseudorabies virus. J. Virol., 52 : 583-590.
Howarth, J. A. 1969. A serologic study of
pseudorabies in swine. J. Am. Vet. Med.
Assoc., 154 : 1583-1589.

Ho, T. Y., Hsiang, C. Y., Hsiang, C. H., and
Chang, T. J. 1998. DNA vaccination induces a
long-term antibody response and protective
immunity against pseudorabies virus in mice.
Arch. Virol., 143 : 115-125.

Kida, H., Brown, L. E., and Webster, R. G.
1982. Biological activity of monoclonal anti-
bodies to operationally defined antigenic re-
gions on the hemagglutinin molecule of A/
Seal / Massachusetts / 1/ 80 (H7N7) influenza
virus. Virology, 122 : 38-47

Kida, H. and Yanagawa, R. 1979. Isolation and
characterization of influenza A viruses from
wild free-flying ducks in Hokkaido, Japan.
Zentralbl. Bakteriol. Parastenkd. Infek-
tionokr. Hyg., 1. Orig., A 244 : 135-143g.

Kuklin, N., Daheshia, M., Karem, K., Man-
ickan, E., and Rouse, B. T. 1997. Induction of
mucosal immunity agamst herpes simplex
virus by plasmid DNA immunization. J. Virol.,
71: 3138-3145.

Lukics, N., Theil. H.-]., Mettenleiter, T. C.,
and Rziha, H.-J. 1985. Demonstration of three

15)

16)

17)

18)

19)

20)

21)

22)

23)

24)

major species of pseudorabies virus glycopro-
teins and identification of a disulfide-linked
glycoprotein. J. Virol., 53: 166-173.
Martin, S., Wardly, R. C., and Donaldson, A.
I. 1986. Functional antibody responses in pigs
vaccinated with live and inactivated Aujeszky’s
disease virus. Res. Vet. Sci., 41: 331-335.
Mizushima, S. and Nagata, S. 1990. pEF-
BOS, a powerful mammalian expression vec-
tor. Nucleic Acids Res., 18 : 5322.
Nakamura, T., Thara, T., Nagata, T., Ishiha-
ma, A., and Ueda, S. 1990. A complement-
dependent neutralizing monoclonal antibody
against glycoprotein II of pseudorabies virus.
Vet. Microbiol., 24 : 193-198.

Nedrud, J. G., Liang, X., Hague, N., and
Lamm, M. E. 1987. Combined oral /nasal
immunization protects mice from Sendai virus
infection. J. Immunol., 139: 3484-3492.
Pellicer, A., Wigler, M., Axel, R., and Silver-
stein, S. 1978. The transfer and stable in-
tegration of the HSV thymidine kinase gene
into mouse cells. Cell, 14: 133-141.
Pensaert, M. B., Commeyne, S., and
Andries, K. 1980. Vaccination of dogs against
pseudorabies (Aujeszky’s disease), using an
inactivated-virus vaccine. Am. J. Vet. Res., 41
: 2016-2019.

Rauh, 1. and Mettenleiter, T. C. 1991.
Pseudorabies virus glycoproteins glI and gp50
are essential for virus penetration. J. Virol.,
65 : 5348-5356.

Rauh, L., Weiland, F., Fehler, F., Keil, G. M.,
and Mettenleiter, T. C. 1991. Pseudorabies
virus mutants lacking the essential glycopro-
tein gII can be complemented by glycoprotein
gl of bovine herpesvirus 1. J. Virol., 65:
621-631.

Robbins, A. K., Dorney, D. ]J., Wathen, M.
W., Whealy, M. E., Gold, C., Watson, R. J.,
Holland, L. E., Weed, S. D., Levine, M.,
Glorioso, J. C., and Enquist, L. W. 1987. The
pseudorabies virus gl gene is closely related
to the gB glycoprotein gene of herpes simplex
virus. J. Virol., 61: 2691-2710.

Sabo, A. and Rajcani, J. 1976. Latent pseudor-
abies virus infection in pigs. Acta. Virol., 20 :



25)

26)

27)

DNA vaccine against pseudorabies 33

208-214.

Takada, A. and Kida, H. 1995. Induction of
protective antibody responses against
pseudorabies virus by intranasal vaccination
with glycoprotein B in mice. Arch. Virol., 140
1 1629-1635.

Takada, A., Shimizu, Y., and Kida, H. 1994.
Protection of mice against Aujeszky’s disease
virus infection by intranasal vaccination with
mnactivated virus. J. Vet. Med. Sci., 56:
633-637.

van Rooij, E. M., Haagmans, B. L., de Visser,
Y. E., de Bruin, M. G., Boersma, W., and

28)

Bianchi, A. T. 1998. Effect of vaccination
route and composition of DNA vaccine on the
induction of protective immunity against
pseudorabies infection in pigs. Vet. Immunol.
immunopathol., 66: 113-126.

Wang, B., Boyer, J., Srikantan, V., Coney,
L., Carrano, R., Phan, C., Merva, M., Dang,
K., Agadjana, M,. Gilbert, L., Ugen, K. E.,
Williams, W. V., and Weiner, D. B. 1993.
DNA inoculation induces neutralizing immune
responses against human immunodeficiency
virus type 1 in mice and nonhuman primates.
DNA Cell Biol., 12: 799-805.



