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EXPRESSING HEMAGGLUTININ, NEURAMINIDASE,
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Summary. — Every year, a vaccination against Influenza B virus (IBV) is essential due to an antigenic
variation. Development of an efficient and convenient vaccine is important for the prevention of viral infection.
This study reports examination of the protective immunity in mice evoked by a single inoculation of plasmid
DNA expressing hemagglutinin (HA DNA) or neuraminidase (NA DNA) of IBV. The HA DNA or NA DNA
was injected intramuscularly into BALB/c mice separately or as a mixture. The injection of plasmid was
followed by an electroporation close to the site of puncture. Four weeks later, the immunized mice were challenged
with a lethal dose of IBV. The protective abilities of DNA vaccines were evaluated by the detection of specific
antibodies in serum, survival rate, virus titer in lungs, and change of body weight. We found that a single dose
of HA DNA or NA DNA induced the formation of specific antibodies and conferred effective protection
against the lethal challenge of IBV. However, the combined vaccine HA DNA and NA DNA enhanced the
protective ability of immunized mice. The obtained results suggested that immunization with single dose of
HA DNA, NA DNA or with combination of both could be an efficient method for preventing IBV infection.
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Introduction

Influenza A and B viruses are responsible for considerable
morbidity and mortality every year. Though IBV is less
common and severe than Influenza A virus (IAV), it causes
local outbreaks and infection rate can be high, particularly
in younger people (Nicholson et al., 2003). In addition,
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Abbreviations: HA = hemagglutinin; HA DNA = plasmid DNA
expressing hemagglutinin; IAV = Influenza A virus; IBV =
Influenza B virus; NA = neuraminidase; NA DNA = plasmid DNA
expressing neuraminidase; NI = neuraminidase inhibition;
p-i. = post infection

a severe illness requiring hospitalization is seen frequently
(Lin et al., 2006; Murphy and Webster, 1996).

IBV undergoes relatively slow antigenic variation in
comparison with TAV and to date has only one recognized
subtype (Nicholson et al., 2003). Nevertheless, there are
two antigenically distinct lineages continually existing in
humans, represented by the B/Yamagata/16/88 and
B/Victoria/2/87 viruses (Mizuta et al., 2004; Shaw et al.,
2002; Rota et al., 1990). Though IBV tends to be more stable
than AV, it undergoes changes too. Apart from antigenic
drift, an insertion and/or deletion in the HA and NA genes
together with reassortment have been shown to be the sources
of antigenic diversity and evolution of IBV (Hatakeyama et
al., 2007; Matsuzaki et al., 2004; Xu et al., 2004; McCullers
etal., 1999). The isolation of IBV from seals in 1999 revealed
that the virus is not restricted only to human beings
(Osterhaus et al., 2000). Consequently, it raises concerns
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about its potential to emerge as a virus with new antigenic
properties.

Currently, prophylaxis of IBV infection is conducted by
the injection of trivalent inactivated vaccine that contains two
TAV strains (HIN1 and H3N2) and one IBV strain. It represents
an effective measure to prevent infection, but the currently
available inactivated vaccines suffer from several production
limitations, especially for IBV strains (Nicholson ez al., 2003;
Hoffmann et al., 2002). DNA vaccine is a novel alternative
to conventional one and offer many advantages not only in
production but also in many other aspects (Liu, 2003). DNA-
based influenza vaccines focused on IAV have been
extensively investigated (Chen et al., 2000). Initially, the
protective abilities of viral genes including HA, NA, NB, and
nucleoprotein (NP) of the IBV were evaluated by Chen et al.
(2001). It proved that both HA DNA and NA DNA applied
twice by the gene gun or electroporation conferred complete
protection against lethal virus challenge in mice.

However, the single administration of DNA vaccine
should be much simpler and more convenient. Our recent
study demonstrated that NA DNA of TAV in a single dose
could provide the adequate protection against lethal
homologous virus challenge in mice (Chen et al., 2005).
Yet, the protective abilities of a single dose of IBV DNA
vaccines remain to be evaluated.

Materials and Methods

Virus and cells. Influenza virus B/Ibaraki/2/85, a mouse-adap-
ted virus strain, was propagated in Madin-Darby canine kidney
(MDCK) cells. The cells were maintained in Eagles's minimal es-
sential medium (MEM) supplemented with 10% calf serum.

Animals. SPF female BALB/c mice aged 6-8 weeks were pur-
chased from Hubei Center of Experimental Animal (Wuhan, P.R.
China) and randomly divided into groups with 12 animals per group.

DNA vaccines. Plasmids pPCAGGSP7/HA and pPCAGGSP7/NA
were constructed by cloning of the PCR products of HA and NA
genes from B/Ibaraki/2/85 virus strain into the plasmid expres-
sion vector pPCAGGSP7 (Chen et al., 2001). Plasmids were ampli-
fied in Escherichia coli XL1-blue bacteria and purified by using
plasmid purification kits (Qiagen).

Immunization by electroporation. In vivo electroporation was
carried out according to Aihara and Miyazaki (1998). The mice
were injected with a single dose of plasmid DNA into the quadri-
ceps muscles under light anesthesia. After the injection, a pair of
electrode needles 5 mm apart was inserted into the muscle to co-
ver the DNA injection site and electric pulses were delivered using
an generator (Electro Square Porator T830 M; BTX). Three pul-
ses each of 100 V followed by the three pulses of the opposite
polarity were performed on the each injection site at a rate of one
pulse/sec. Each pulse lasted for 50 msec.

Virus challenge. Four weeks after the vaccination, the mice
were challenged intranasally with 40 LD, of the mouse-adapted
virus (B/Ibaraki) in a volume of 20 pl. This infection caused rapid

and widespread viral replication in the lungs followed by death of
the control non-immunized mice within 7 days (Chen ez al., 2001).
After challenge, survival rate and individual body weight of mice
were monitored within 21 days post infection (p.i.).

Collecting of specimens. Three days after the challenge, 6 mice
from each group were anaesthetized and bled. The sera were col-
lected and used for the determination of antibody levels in ELISA.
Then, trachea and lungs were taken out and washed twice by in-
jecting 2 ml of PBS containing 0.1% BSA. The bronchoalveolar
wash was clarified by a centrifugation and used for the virus titra-
tion (Tamura et al., 1992).

HA antibody determination by ELISA. The levels of IgG anti-
bodies against HA prepared from B/Ibaraki virus were determi-
ned by ELISA as previously described (Chen et al., 2001). The
absorbance of samples was measured at A =414 and 405 nm in
a Labsystems Multiskan Ascent Autoreader (model 354). From
each absorbance reading a cut-off value (a mean for non-immune
serum + 2 SD) was substracted.

NA antibody titration by neuraminidase inhibition (NI) assay.
The NI assay of NA activity by anti-NA antibody was performed
using fetuin (Sigma) as substrate according to the standard World
Health Organization methods (Webster et al., 2002). The B/Ibara-
ki (107 EID, /ml) grown in the 10-day-old chicken embryos and
stored as allantoic fluid at -80°C was employed as enzyme source.
The NI titer of the mouse antiserum was defined as the dilution of
the serum inhibiting 50% of NA activity.

Virus titration. The bronchoalveolar wash was diluted 10-fold
serially starting from a dilution of 1:10, inoculated on MDCK ce-
1ls, incubated at 37°C, and examined for CPE 3 days later. The
virus titer of each specimen expressed as TCID, was calculated
by Reed-Muench method (Reed and Muench, 1938). The virus
titer in each experimental group was presented as the mean + SD
of the virus titer/ml of specimen taken from 6 mice in each group.

Statistical analysis. Significance of differences between two
mean values was evaluated by the Student's t-test; a difference with
p <0.01 was considered significant. For survival, the probability
was calculated by using Fisher's exact test, comparing the survival
rate of mice immunized with the viral-protein-expressing DNA
with that of the control groups.

Results

Protection of mice immunized with a single dose of HA
DNA or NA DNA against lethal virus challenge

In this experiment, 9 groups of mice were used. Four
groups were immunized once with HA DNA at a dosage
of 1, 5, 10, and 50 pg, respectively, and 4 groups with NA
DNA with the same doses. The control group of mice was
untreated. Four weeks after the immunization, all groups
of mice were challenged by the intranasal administration
of a lethal dose (40 LD, ) of the B/Ibaraki virus. To evaluate
the ability of each dose of HA DNA or NA DNA to protect
mice against acute infection, the virus titer was measured
3 days p.i. and body weight changes and survival of mice
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Table 1. Determination of antibody levels, virus titer, and survival rate after IBV challenge of mice immunized with HA DNA or NA DNA

. Dosage Antibody levels in serum Virus titer in lungs® Survival rate
DNA vaccine .
(ug) ELISA titer* (2" NI titer® (27) (logTCIDsn/ml) (survivors/total)
HA 50 12.0 £0.7 37 +£0.6° 6/6"
10 1.5 £0.7 45 +£04" 6/6"
5 10.5 £ 1.3 4.7 £0.2° 5/6"
1 63 +1.7 5.6 +0.3 3/6
NA 50 79 +£0.2 33 £0.6" 6/6"
10 72 +£03 45 +05" 6/6"
5.6 £0.7 4.6 £0.17 6/6"
1 22 +04 54 +0.7 1/6
Control 6.7 £0.2 0/6

“Values represent mean * SD of 6 mice in each group.

"The serum samples were diluted 2-fold serially and “n” represents the dilution factor.

“Significant difference in comparison with control.

were monitored within 3 weeks p.i. (Table 1). The
immunized mice in comparison with control mice showed
a drop in the virus titer determined in lungs. The higher
were the doses of DNA vaccine used, the lower were the
virus titers. The survival rates of the mice immunized by
HA DNA with the doses used were 50, 83.3, 100, and
100%, respectively, and those immunized by NA DNA were
16.7, 100, 100, and 100%, respectively. In contrast, the
challenged non-immunized mice showed high residual lung
virus titers and all died within 7 days after the challenge.
The body weight of mice varied according to their health
condition for all examined groups (Fig. 1a,b). The body
weight of mice in 100% survival groups decreased only
a little (within 5-10% of the initial body weight) and
resumed their normal weight within 2 weeks. The data
indicated that 5 pg of HA DNA or NA DNA could confer
effective protection against lethal virus challenge in the
BALB/c mice.

Protection of mice immunized with HA DNA and NA
DNA combined against lethal virus challenge

To investigate the protection elicited by a single dose of
combination of HA DNA and NA DNA, 3 groups of mice
were immunized once with a mixture of the two plasmids at
the dosage of 1, 5, and 10 pg for each component,
respectively. Four weeks after immunization, the mice were
challenged with a lethal dose (40 LD, ) of the B/Ibaraki
virus. The virus titers detected in lungs were significantly
lower in all immunized mice compared with those in the
control mice (Table 2). The combined vaccine even at
a dosage of 1 pg for each DNA could protect mice with 100%
survival rate against lethal virus challenge. The mice in
control group all died. Body weight changes reflected the
vaccination effects (Fig. 1c). The data indicated that
combined vaccine HA DNA and NA DNA containing only
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Fig. 1

Changes of body weight after virus challenge in mice
Immunization with a single dose of HA DNA (a), NA DNA (b), and
combination of both (c). Values represent mean + SD. In the group of control

mice none survived (0/6) and in the group of mice immunized with 1 pg of
HA DNA or NA DNA survived 3 mice (3/6) or 1 mouse (1/6), respectively.
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Table 2. Determination of antibody levels, virus titer, and survival rate after IBV challenge of mice immunized with the combination

of HA DNA and NA DNA
. Dosage Antibody levels in serum* Virus titer in lungs® Survival rate
DNA vaccine .
(ng) ELISA titer® (2) NI titer® (2") (logTCID, /ml) (survivors/total)
HA + NA
combined 10 10.6 £ 1.5 7.6 £0.3 29 +£0.3" 6/6"
10.3 £ 0.6 5.8+04 3.6 £0.1" 6/6"
1 6.0 £2.6 25+0.2 4.0 +£0.2° 6/6"
Control 6.7 £0.2 0/6

“Values represent mean + SD of 6 mice in each group.

*The serum samples were diluted 2-fold serially and “n” represents the dilution factor.

“Significant difference in comparison with control.

1 ug of each plasmid was sufficient to confer effective
protection to mice against lethal virus challenge.

Antibody response in mice immunized with a single
dose of HA DNA or NA DNA or combined

Three days after the challenge, 6 mice from each group were
bled and the sera were used for HA and NA antibody detection
by ELISA and NI assay, respectively (Table 1 and 2). In mice
injected either with HA DNA and NA DNA alone or with
combination of both, the antibody levels increased along
with the increased dosage of vaccine. The HA and NA
antibodies in mice induced by a mixture of HA DNA and
NA DNAs could reach the same levels as those induced by
the same amount of HA DNA or NA DNA alone that
suggested that the antigenic competition was not
predominant in the combined DNA vaccine.

Discussion

In this study, we presented the protective effect of a single
administration of plasmids expressing HA and NA genes
alone or combined against lethal challenge with IBV in mice.
We found that a single dose of HA DNA, NA DNA or
combined, could confer effective protection against lethal
homologous IBV challenge.

HA and NA are the major surface glycoproteins of the
influenza virus. They are the most protective antigens among
all viral proteins. We have already proved that HA and NA
DNAs of either IAV (A/PR8) or IBV (B/Ibaraki) could
provide protection in mice against lethal challenge of
homologous virus, when injected twice at a 3-week interval
by the electroporation (Chen et al., 2001, 1998). In addition,
we showed in our recent work that a single inoculation of
TIAV (A/PR8) NA DNA could provide efficient and long-
term protection against lethal virus challenge (Chen et al.,
2005).

In this study, we demonstrated that the mice could be
effectively protected against lethal challenge by the single
administration of HA DNA or NA DNA derived from IBV.
Generally, two or more doses are needed for plasmid DNA
to elicit effective immunity in animals (Davis, 1997; Hinkula
etal., 1997; Leitner et al., 1997), but a single dose of plasmid
DNA has also been reported as effective (Lima et al., 2003;
Lodmell et al., 2003; Moraes et al., 2002). We found that
combined HA DNA and NA DNA vaccine administered in
a single injection was very effective and the injection dosage
of the combined vaccine could be reduced. The vaccine
mixture containing 1 pug of each DNA (the final amount 2 pg
of DNA) is sufficient to achieve an adequate protection. It
means that the combination of plasmids could enhance the
protective efficacy by the functional complement of the two
antigens. It is apparent that HA DNA or NA DNA played
different roles in preventing viral infection based on their
induced antibodies. The HA antibodies neutralize the
infectivity of the virus and therefore, they are primarily
responsible for the prevention of infection (Tamura et al.,
2005). However, NA antibodies block the release of newly
generated virus particles from infected cells and are
responsible for reduction of viral spread. Consequently,
the recovery from influenza is accelerated (Tamura et al.,
2005). We could not differentiate what type of antibodies
is more important in the prophylaxis of influenza. The
antigenic competition between the antigens observed in
inactivated influenza vaccines, when HA and NA were
presented together on intact influenza virus particles
(Johansson and Kilbourne, 1993), did not seem to play
arole in our experiments as was evident from the antibody
levels induced. The HA and NA antibodies in mice induced
by combination of HA DNA and NA DNA could reach the
same level as antibodies induced by the same amount of
HA DNA or NA DNA alone. The phenomenon that plasmid
DNA vaccines evade antigenic competition has been
repeatedly published (Zhang et al., 2005; Chen et al., 1999;
Grifantini et al., 1998).
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Vaccination against IBV is an unavoidable task every year
due to antigenic variation and co-circulation of the two viral
lineages. A vaccine that is not only safe and effective, but
also ready to be manufactured and administered in a simple
and cost-effective manner should be developed. Many types
of novel vaccines against IBV were investigated to reach
this goal (Bianchi et al., 2005; Hoffmann et al., 2002). The
data in this paper suggested that HA DNA and NA DNA
vaccines of IBV have the potential to be employed as the
single-administration vaccines. This fact may promote the
development of more effective IBV vaccine.
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