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Construction and protective immunogenicity of DNA vaccine
PNMB0315 against Neisseria meningitidis serogroup B
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Abstract. Neisseria meningitidis (N. meningitidis) is a major
cause of meningitis and sepsis. Capsular polysaccharide-based
vaccines against serogroups A, C, Y, and W135 are available;
however, the development of a vaccine against N. meningit-
idis serogroup B (NMB) has been problematic. NMBO0315 is an
outer membrane protein of NMB that may be a virulence factor
for N. meningitidis and a possible target for functional bacteri-
cidal antibodies. The present study aimed to develop a potent
DNA vaccine against NMB by cloning the NMB0135 gene into
the pcDNA3.1(+) vector to construct the recombinant plasmid
pcDNA3.1(+)/INMB0315 (designated pNMBO0315). pNMBO0315
was transfected into eukaryotic COS-7 and RAW?264.7 cells
to express the recombinant ()NMBO0315 protein. Protective
immunogenicity of the DNA vaccine was assessed in an
in vivo mouse model. The levels of INMBO0315-specific
immunoglobulin G (IgG), IgG1 and IgG2a antibodies in the
pNMBO0315-immunized group increased dramatically up to
week 6 following the initial vaccination, and were significantly
higher compared with the levels in the Control groups. The
serum concentrations of interleukin-4 and interferon-y were
significantly higher in the pNMB0315-immunized group
compared with the control groups. Following intraperitoneal
challenge with a lethal dose of NMB strain MC58, the survival
rate in the pNMBO0315 + CpG group was 70% (14 out of
20 mice) at 14 days; by contrast, all mice in the control groups
succumbed within 3 days. The serum bactericidal titers of
the pNMBO0315 + CpG group in vitro reached 1:128 following
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three immunizations. The results indicated that pNMBO0315
may serve as a promising DNA vaccine against NMB.

Introduction

Neisseria meningitidis (N. meningitidis) is a Gram-negative
microorganism and a major causative agent of severe sepsis
and meningitis (1), both of which may lead to mortality in
children and young adults within h, although effective antibi-
otics are available (2,3). N. meningitidis causes meningococcal
diseases in ~500,000 people annually worldwide, mainly
affecting children between the ages of 3 and 48 months,
followed by adolescents (4), and although drug treatments such
as penicillin are available, 10-15% of children and adolescents
succumb to infection. Of those who survive, 11-19% exhibit
problems in the nervous system, including mental retardation,
hearing loss and paralysis (5). N. meningitidis is also respon-
sible for the development of invasive meningococcal diseases,
such as septicemia, pneumonia and arthritis (6).

N. meningitidis is classified into 13 serogroups (A, B, C,
D,H,.ILK,L,X,Y,Z,29E and W-135) based on the molecular
structure and antigenicity of bacterial capsular polysaccha-
rides (CPSs) (3); among the serogroups A-C cause <90% of
all meningitis cases. CPS-based vaccines have been developed
and used successfully to prevent the invasive meningococcal
disease that may be caused by serogroups A, C, W135 and
Y (7). However, the CPS of N. meningitidis serogroup B
(NMB) is an a,¢-linked polysialic acid that resembles a
molecule that is present on the surface of human tissues, thus
making a NMB CPS-based vaccine poorly immunogenic, as
well as presenting a possible cause of autoimmunity (2,7,8).

Over the past 40 years there has been an increase in
the number of studies directed towards the identification of
NMB antigens as a basis of developing a new vaccine. Outer
membrane proteins of N. meningitidis have been implicated in
bacterial virulence and may induce immune responses; there-
fore, they may present good antigen candidates for vaccine
design (9).

NMB outer membrane protein 0315 (NMBO0315; NCBI
Gene ID: 902431) was confirmed as an outer membrane
protein of NMB that comprises 430 amino acids and has a
molecular weight of 46 kDa, and has been demonstrated
to be a virulence factor for N. meningitidis and a target for



WU et al: A DNA VACCINE AGAINST Neisseria meningitidis SEROGROUP B

bactericidal antibodies (10). A previous study revealed that
certain proteins that were <98% identical to NMBO0315 were
not only in the different serogroups of N. meningitidis, but
also in Neisseria gonorrhoeae (10), which suggested that
NMBO0315 may be a potential candidate as a broad-spectrum
vaccine against meningococcal diseases.

An NMBO0315 DNA vaccine was constructed. The
NMBO0315 gene was amplified by polymerase chain reac-
tion (PCR) from the NMB MC58 standard strain genomic
DNA (NCBI accession no. NC_003112.2) and cloned into a
pcDNA3.1(+) plasmid to construct a recombinant plasmid,
pcDNA3.1(+)/NMBO0315 (designated pNMB0315). The
constructed pNMBO0315 was transfected into eukaryotic COS-7
and RAW?264.7 cells to express the recombinant NMBO0315
(rNMBO0315) protein. To determine the immunogenicity and
protective efficacy of pNMB0315, female BALB/c mouse were
used as an in vivo model. The levels of NMBO0315-specific
immunoglobulin G (IgG), IgG1 and IgG2a antibodies that
were induced by pcDNA3.1(+)/NMB0315 were detected, and
the protective immunogenicity was evaluated to develop a
novel DNA vaccine against NMB.

Materials and methods

Animals and housing. Pathogen free, female BALB/c inbred
mice (125 mice, 3-4 weeks, average weight, 19.8 g) were
purchased from The National Resource Center for Rodent
Laboratory Animal (Shanghai, China). Animals were main-
tained in the animal facilities of The University of South
China (Hengyang, China), and raised on a normal diet
(food and water were available ad libitum) at 25°C and 50%
humidity on a 12-h light/dark cycle prior to euthanasia. All
experimental protocols involving mice were approved by the
Ethics Committee of The University of South China.

Plasmids, bacterial strains, cell lines and reagents. The
pcDNA3.1(+) plasmid (Addgene, Inc., Cambridge, MA,
USA) and Escherichia coli strain JM109 (China Center
of Industrial Culture Collection, CICC®; Beijing, China)
were used in conventional recombinant experiments. NMB
strain MC58 was purchased from American Type Culture
Collection (ATCC; Manassas, VA, USA). Neisseria mucosa
was separated from a normal population. COS-7 monkey
kidney fibroblast (commonly used for the production of
recombinant proteins) and RAW264.7 mouse leukemia cell
lines (commonly used model of mouse macrophages for the
study of cellular responses to microbes and their products)
were purchased from Institute of Cell Biology of the Chinese
Academy Sciences (Shanghai, China). Restriction enzymes
BamHI and Xhol, T4 DNA ligase, Pfu DNA polymerase,
pre-stained protein molecular weight marker, nuclease-free
water and dNTP Mix were purchased from Thermo Fisher
Scientific, Inc. (Waltham, MA, USA). CpG (sequence TCC
ATGACGTTCCTGACGTT) was synthesized by Beijing
Genomics Institute (Shenzhen, China). Horseradish peroxidase
(HRP)-conjugated goat anti-mouse IgG (cat. no. ab97023),
IgGl (cat. no. ab97240), IgG2a (cat. no. ab97245) antibodies
were all purchased from Abcam (Cambridge, UK). ELISA
kits (cat. nos. IFN-r/88-7314-22 and 1L-4/88-7044-22) were
purchased from eBioscience (Thermo Fisher Scientific, Inc.).
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N. meningitidis Serogroup B Diagnostic Antiserum from
BD Biosciences (Franklin Lakes, NJ, USA) (3).

Construction and identification of pcDNA3.1(+)/NMBO0315.
BamHI and Xhol were selected as the restriction sites for the
upstream and downstream primers, respectively. The full
length NMBO0315 gene (GI: 902431, location 326,142-327,434,
length 1293 bp) was amplified by PCR (pre-denaturation
at 94°C, for 2 min, denaturation at 94°C, for 30 sec; annealing
at 60°C for, 30 sec and extension at 72°C, for 2 min, 34 cycles;
a final extension/72°C for 10 min. DNA polymerase,
nuclease-free water and dNTP Mix were purchased from
Thermo Fisher Scientific, Inc. Successful amplification was
confirmed using 1% agarose gel, stained with Gold View
(cat. no. 200601; BLKW Biotechnology Co., Ltd., Beijing,
China) using the NMB strain MC58 genomic DNA (extracted
by Bacteria Genomic DNA kit; CoWin Bioscience Co., Ltd.,
Beijing, China; cell density 1x10° cells/ml) as a template and
the upstream primer (BamHI), 5'-CGCGGATCCATGGCT
GTCTTCCCACTTTC-3' and downstream primer (Xhol),
5'-CCGCTCGAGTCAATCCGATTGCGACAC-3' were used.
The amplified PCR product was digested with restriction
enzymes BamHI and Xhol (1 ug PCR product, 0.4 uM BamHI,
0.4 uM Xhol/25 pl) and cloned into pcDNA3.1(+) to generate
a recombinant plasmid pcDNA3.1(+)/NMB0315 (pNMBO0315),
which was used as a DNA vaccine. The constructed recombi-
nant pNMBO0315 was confirmed by restriction digestion and
sequencing, and subsequently transformed (200 ul compe-
tent JM109/0Dg, = 0.6 plus 10 ng pcDNA3.1(+)/NMBO0315
plasmid were transformed at room temp for 30 min then 42°C
for 90 sec, 4°C for 3 min. Then 800 u1 LB broth was added and
incubated at 37°C for 1 h followed by centrifugation at 4°C,
4,000 x g for 60 sec. The positive transformants were selected
on LB agar containing ampicillin into E. coli IM109 for over-
expression. The clones containing the insert NMB0315 were
selected by resistance to ampicillin and stored for further use.

Expression and identification of rNMBO0315. Eukaryotic
COS-7 and RAW264.7 cell lines were cultured in Dulbecco's
modified Eagle's medium (Thermo Fisher Scientific, Inc.)
supplemented with 10% heat-inactivated fetal bovine serum
(Gibco; Thermo Fisher Scientific, Inc.) at 37°C in a 5% CO,.
The cell lines (2x10°/ml) were transfected with pNMB0315
(8 ug/ml) in a 24-well plate at room temperature for 48 h using
the X-treme GENE HP DNA Transfection Reagent (Roche
Diagnostics, Shanghai, China), according to the manufacturer's
instructions. COS-7 or RAW264.7 cells were transfected with
empty vector pcDNA3.1(+) or PBS as controls. The transfected
cells were harvested 48 h post-transfection to evaluate the
expression of INMBO0315 by immunocytochemical method and
western blot analysis. For immunocytochemical method and
western blot analysis, rabbit immune serum-containing anti-
bodies of recombinant INMBO0315 (prepared by the authors'
group, prokaryotic expression product) were used as primary
antibody (1:1,000) and HRP-conjugated goat anti-rabbit IgG
as secondary antibody (1:5,000, cat. no. SC-2357; Santa Cruz
Biotechnology, Inc., Dallas, TX, USA).

Immunocytochemistry. COS-7 or RAW264.7 cells
(10%/ml) were cultured in Dulbecco's modified Eagle's medium
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containing 10% fetal bovine serum (Gibco; Thermo Fisher
Scientific, Inc.), at 37°C in a humidified atmosphere containing
5% CO, Cells were washed three times with pre-cooled PBS
and seeded onto glass coverslips (Thermo Fisher Scientific,
Inc). The cells were fixed with 4% paraformaldehyde
(Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) for
20 min at room temperature and then washed three times with
PBS prior to the addition of 3% H,O, for 10 min (inhibitor
of endogenous peroxidase activity). Blocking was performed
with 5% bovine serum albumin (BSA; Gibco; Thermo Fisher
Scientific, Inc.) for 30 min at 37°C, incubated the primary anti-
body [1:1,000; preparation of primary antibody: New Zealand
rabbits (6 rabbits, 6 months, female, 2-2.5 kg, maintained under
specific pathogen-free conditions in isolated cages, with a 12-h
light-dark cycle at 25°C, 50% humidity and ventilation facility,
food and water were available ad libitum)] were immunized
with INMBO0315 protein (200 u#g/200 pl each time, prepared
by the authors' group) in subcutaneous injection above the
gluteals, with Freund's adjuvant (Sigma-Aldrich; Merck KGaA)
at 0 week (complete Freund's adjuvant; cat. no. F5881), 2,4 and
6 weeks (incomplete Freund's adjuvant; cat. no. F5506); two
weeks following the last immunization, blood was collected
via ear vein and centrifuged (800 x g) at room temperature
for 20 min, the serum was stored at -70°C] at 4°C overnight,
washed three times with PBS. HRP-conjugated goat anti-rabbit
IgG as secondary antibody (1:5,000; Abcam, Cambridge,
UK) was added for 60 min at room temperature, then washed
three times. Stained with DAB for 1 min, at room tempera-
ture and then with hematoxylin (both from Sigma-Aldrich;
Merck KGaA) for 8 min, at room temperature was performed.
Images were captured using an inverted microscope (XD202;
Nanjing Jiangnan Novel Optical Co., Ltd., Nanjing, China). A
total of 50 fields were examined (magnification, x200).

Western blotting. COS-7 or RAW264.7 cells (10%ml) were
harvested 48 h following transfection and resuspended in lysis
buffer [50 mM Tris (pH 7.5), 150 mM NaCl, 5 mM EDTA
and 1% NP-40] supplemented with Complete Mini (Roche
Diagnostics) for protein extraction. Protein concentrations
were determined using the bicinchoninic acid Protein Assay
kit (Beyotime Institute of Biotechnology, Shanghai, China).
Protein extracts (10 p#g/10 ul/lane) were separated by 10%
SDS-PAGE, transferred to polyvinylidene fluoride membrane
(Beyotime Institute of Biotechnology) blocked by 1% BSA for
3 h at room temperature. The membranes were incubated with
the primary antibody (1:1,000) anti-NMBO0315 (prepared by the
authors' group) at 4°C overnight then washed three times with
PBS-T. p-actin was used for internal control (f-actin rabbit
polyclonal antibody, cat. no. 20536-1-AP, 1:3,000; Proteintech,
Group, Inc., Chicago, IL, USA). HRP-conjugated goat
anti-rabbit IgG was added as a secondary antibody (1:5,000;
Abcam) for 45 min at room temperature, washed three times.
Signals detection was performed with an enhanced chemilu-
minescence kit (GE Healthcare, Chicago, IL, USA).

Animal immunization and specimen collection. A total of 125
4-week-old female BALB/c mice were randomly and equally
divided into five groups (25 mice/group), and were subse-
quently immunized intramuscularly as follows (total volume
of 100 ul each group): i) pNMBO0315 (50 ug) + CpG (10 ug; as
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an adjuvant); ii) pNMBO0315-alone (50 ug); iii) pcDNA3.1(+)
(50 pg); iv) CpG (10 pg); or v) PBS. The inoculation was
performed three times with an interval of 2 weeks four times
(0, 2, 4 and 6 weeks), and blood samples were collected from
the immunized mice by tail bleeding prior to each immuniza-
tion. The collected serum was stored at -70°C until use.

Specific antibody assay. NMBO0315-specific IgG, IgG1 and
IgG2a antibody levels were determined by indirect ELISA as
previously described (11). Briefly, ELISA plates were coated
with 1 ug/well of purified INMBO0315 (prokaryotic expression
product), sealed and incubated overnight at 37°C. Following
3 washes with PBS + 0.05% Tween-20 (PBST), the coated
plates were blocked with 150 ul blocking buffer (0.5% skim
milk in PBST) at 37°C for 1 h. The plate was washed 3 times
with PBST and incubated with 100 x1 NMBO0315-immune
mouse serum (1:10,000 in blocking buffer was used as a
working dilution following testing of serial dilutions) each
well in a 96 well plate for 1 h at room temperature. A blank
control without serum was set up concurrently. Following
3 washes, 100 x1 HRP-conjugated goat anti-mouse IgG, IgG1
or IgG2a secondary antibody (1:5,000 in PBST) was added
to the respective ELISA plate wells, and the plates were incu-
bated at room temperature in the dark for 30 min. The plates
were washed 5 times, 100 pl 3,3,5,5-tetramethylbenzidine
Microwell Peroxidase Substrate System (Tiangen Biotech Co.,
Ltd., Beijing, China) was added and the plates were incubated
37°C for 20 min. The reactions were stopped with the addition
of 100 u1 H,SO, (2 mol/l) to each well, and signal detected
using a Bio-Rad microplate reader (Bio-Rad Laboratories,
Inc., Hercules, CA, USA) at an absorbance of 450 nm. All
assays were performed in triplicate. The cutoff value was set
as previously described (12).

Cytokine assays. A total of 5 immunized mice from each
group were euthanized 2 weeks following the third immu-
nization, and their spleens were isolated for preparation of
splenic suspension. The spleen from the immunized mice
were obtained using aseptic techniques, ground and filtered by
200-mesh sieve (70-uM pore size) and prepared for single-cell
suspension. The suspension was used to seed 96-well plates
(1x10° cells/well), and the cells were incubated with INMB0315
(10 pg), as a specific stimulator, at 37°C in 5% CO, for 48 h.
The culture supernatant was collected and the levels of T
helper 1 (Thl)- and Th2-type cytokines, interleukin (IL)-4
and interferon (IFN)-vy, respectively, were detected by indirect
ELISA, method according to the manufacturer's instructions.

Serum bactericidal assay (SBA). Two weeks following the
third immunization (20 mice in each group), immune serum
was collected for SBA as described previously (3). Briefly, a
suspension of MNB strain MC58 (40,000 CFU/ml) was mixed
with newborn rabbit complement (Pel-Freez Biologicals,
Rogers, AR, USA) at a 1:1 ratio; the mixture was subse-
quently combined with the immune serum, serially diluted in
2-fold from 1:2 to 1:256, and cultured for 1 h at 37°C prior
to being inoculated on chocolate agar plates and incubated
at 37°C overnight. MNB diagnostic antiserum was used as
a positive control; negative controls included MC58 suspen-
sion + complement, U V-inactivated MC58 + complement, and
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Figure 1. Construction of pNMBO0315. (A) PCR amplification of NMB0315 gene from MC58. M, DNA marker; lane 1, control (Neiserria mucosa); lane 2,
NMBO0315 PCR product (1,293 bp). (B) Diagram representation of the recombinant plasmid pNMBO0315. Py is a human CMV immediate-early promoter
for high-level expression in eukaryotic cells. NMB0315 is the target gene of the protective antigen against NMB. BGH pA is an mRNA 3'-untranslated region
element for supporting transgene mRNA stability and regulating in mRNA translation. SV40 ori is for episomal replication and simple vector rescue in cell
lines. The neomycin resistance gene is responsible for the selection of stable cell lines and the ampicillin resistance gene is for selection and maintenance in
Escherichia coli. BGH pA, bovine growth hormone polyadenylation sequence; CMV, cytomegalovirus; NMB, Neisseria meningitidis serogroup B; SV40 ori,

simian virus 40 origin site.

immune serum + MC58 + heat-inactivated complement. When
the serum with a bactericidal rate (determined by counting of
the cultured bacteria colonies, compared with the negative and
positive controls) was >50%, the highest serum dilution was
determined using serum bactericidal antibody titers (3).

Immunoprotection of pNMB0315. Cultured MC58 cells were
diluted to an optical density with A, = 0.005 (a concentra-
tion equivalent to 4,000 colony-forming units/ml, which is
a lethal dose of MC58; mice were infected with 500, 1,000,
2,000, 3,000, 4,000 colony-forming units/ml MC58 respec-
tively, a lethal dose resulted in mice succumbing in 72 h was
confirmed) to form the strain suspension. The MC58 suspen-
sion (40,000 CFU/ml) was immediately injected into the
abdominal cavity of immunized mice (20 mice in each group),
2 weeks following the third immunization. Signs of MC58
infection and survival rate of the mice were recorded daily for
14 days, following which all mice were humanely euthanized
with 100% CO,.

Statistical analysis. Data are expressed as the mean + stan-
dard deviation. SPSS 18.0 statistical software (SPSS, Inc.,
Chicago, IL, USA) was used for one-way analysis of variance
for data sets containing multiple comparisons and a Dunnett's
test as a post-hoc test. Kaplan-Meier with log-rank test was
used for comparison of the survival rate of mice. P<0.05 was
considered to indicate a statistically significant difference.

Results

Construction of a recombinant plasmid pNMB0315. The
full-length NMBO0315 gene sequence from the genomic DNA
of NMB standard strain MC58 was amplified by PCR, and
a NMBO0315 gene (1,293 bp) was obtained (Fig. 1A). The
NMBO0315 gene was cloned into the mammalian expression

vector pcDNA3.1(+) to generate the recombinant plasmid
pNMBO0315 (Fig. 1B).

Identification of pNMBO0315. The constructed recombinant
plasmid pNMBO0315 (total length, 6,721 bp) was identified by
double digestion of the recombinant plasmid with restriction
enzymes BamHI and Xhol, followed by sequencing (data not
shown). The digested products were 1,293 bp, which corre-
sponded to the NMBO0315 gene insert, and 5,428 bp, which
corresponded to the pcDNA3.1(+) plasmid vector (Fig. 2A).
The recombinant plasmid pNMB0315 was transfected into
eukaryotic COS-7 and RAW264.7 cells, and the expressed
NMBO0315 protein was identified by immunocytochemical
method and western blot analysis (Fig. 2B and C, respectively).
Detection was similar for RAW264.7 cells (data not shown). For
immunocytochemical method and for western blotting, rabbit
immune serum containing NMBO0315-specific antibodies
was used as the primary antibody and HRP-conjugated goat
anti-rabbit IgG as the secondary antibody. Cells transfected
with pNMBO0315 were stained brown, indicating the detection
of INMBO315 expression (Fig. 2B-a), whereas no INMBO0315
protein was detected in the control cells (Fig. 2B-b-d). The
recombinant plasmid pNMB0315 was transfected into eukary-
otic COS-7 and RAW264.7 cells and the expressed NMBO0315
protein was identified by western blot analysis (Fig. 2C).
The results indicated that a eukaryotic recombinant plasmid
pNMBO0315 was successfully constructed and could effectively
expressed INMBO0315 protein in mammalian cells.

Humoral immune response is induced by pNMB0315. The
levels of NMBO0315-specific IgG, IgGl and IgG2a antibodies
in the pNMBO0315 + CpG group and the pNMBO0315-only
group notably increased between week 2 and week 6 following
the initial vaccination, and were significantly higher compared
with the respective antibody levels in the control groups,
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Figure 2. Enzyme digestion, immunocytochemical staining and western blot analysis of pNMBO0315. (A) Recombinant plasmid pNMB0315 was digested with
BamHI and Xhol to confirm successful cloning of the NMB0315 gene into the plasmid vector. M, DNA marker; lane 1, digested fragments of pNMBO0315, in
which the 5,428 bp fragment is the pcDNA3.1(+) vector, and the 1,293 bp fragment is NMB0315. (B) Expression of NMBO0315 protein in eukaryotic COS-7 cells
by immunocytochemical assay; magnification, x200. (B-a) COS-7 cells transfected with pNMB0315; (b) COS-7 cells transfected with pcDNA3.1(+); (c) COS-7
cells transfected with PBS; and (d) untransfected COS-7 cells. (C) Eukaryotic expression of recombinant NMBO0315 protein was detected by western blot
analysis. COS-7 control, untransfected COS-7 cells; COS-7 PBS, cells transfected with PBS; COS-7 pcDNA3.1(+), cells transfected with pcDNA3.1(+); COS-7
NMBO0315, cells transfected with pNMB0315; RAW264.7 control, untransfected RAW264.7 cells; RAW264.7 PBS, cells transfected with PBS; RAW264.7
pcDNA3.1(+), cells transfected with pcDNA3.1(+); RAW264.7 NMBO0315, cells transfected with pNMB0315. NMB, Neisseria meningitidis serogroup B.

pcDNA3.1(+), PBS and CpG-only at weeks 2, 4 and 6 (P<0.01;
Fig. 3). The specific IgG, IgGl and IgG2a antibody levels
in the pNMBO0315 + CpG group were significantly higher
compared with the levels in the pNMB0315-only group at
weeks 4 and 6 (P<0.05; Fig. 3). It has been reported previ-
ously that IgG2a predominantly indicates cellular immunity
and IgGl predominantly indicates humoral immunity (3);
therefore, the serum IgG2a/IgGl ratios were calculated in the
pNMBO0315-only group at weeks 2, 4 and 6 post-immunization
were 0.775 (0.152/0.196), 0.744 (0.253/0.340) and 0.614
(0.309/0.503), respectively; in the pNMB0315 + CpG group at
weeks 2,4 and 6 post-immunization 0.595 (0.084/0.141),0.723
(0.186/0.257) and 0.565 (0.234/0.414), respectively. All ratios
were <1, which suggested that the DNA vaccine pNMBO0315
predominantly induced humoral immunity responses.

Thi-type and Th2-type cytokines are induced by pNMBO315.
Splenic cells from the immunized mice were harvested 2 weeks
following the third immunization, and were subsequently stimu-
lated in vitro with 10 yg/ml of INMBO0315 protein for 48 h. The
levels of IL-4 and IFN-v in the splenic lymphocytes culture
supernatant were detected by indirect ELISA. The concentra-
tions of IL-4 and IFN-y in the pNMB0315 + CpG group and in

the pNMBO0315-only group were significantly higher compared
with the respective expression levels in the pcDNA3.1(+), PBS
and CpG control groups (P<0.01; Fig. 4A and B). In addition, the
concentrations of IL-4 and IFN-y in the pNMB0315 + CpG group
were significantly higher compared with the pNMB0315-only
group (P<0.05; Fig. 4). These results suggested that pNMB0315
may elicit a potent Thl-type cytokine (IFN-y) and Th2-type
cytokine (IL-4) response in the immunized mice.

Immunoprotection efficacy against challenge with NMB
MC58. Two weeks following the third vaccination, immu-
nized mice were challenged with a lethal dose of NMB
MCS58. All mice in the pcDNA3.1(+), PBS and CpG control
groups displayed signs of severe clinical symptoms, including
rough hair, shivering, decreased mobility and severe ataxia,
and succumbed to the infection within 3 days (Fig. 5).
Survival rates in the pNMBO0315-only group and in the
pNMBO0315 + CpG group were 65% (13 out of 20) and 70% (14
out of 20), respectively, at 14 days post-challenge. The survival
rates of the pNMB0315 and pNMBO0315 + CpG groups were
significantly higher compared with the PBS, pcDNA3.1(+) and
CpG control groups (P<0.01; Fig. 5); no significant difference
was identified in survival rate was identified between the
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Figure 3. Humoral immune responses induced by pNMB0315. Serum
was obtained from the immunized mice as weeks 0, 2, 4 and 6 following
immunization, and the levels of recombinant NMBO0315-specific IgG, IgG1
and IgG2a antibodies in the immune serum were determined by indirect
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Figure 4. Analysis of cytokine level in pNMBO0315-only, p)NMBO0315 + CpG,
pcDNA3.1(+), CpG and PBS groups (A) IL-4 and (B) IFN-y concentrations
in the immunized splenic lymphocyte culture supernatants. ‘P<0.01 vs. PBS,
CpG and pcDNA3.1(+) groups); *P<0.05 vs. pNMB0315-only group. IFN,
interferon; IL, interleukin; NMB, Neisseria meningitidis serogroup B.
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Figure 5. Immunoprotection efficacy against challenge with NMB MC58.
The pNMBO0315-only and the pNMBO0315 + CpG provided effective immuno-
protection with a survival rate of 65 and 70%, respectively, following a lethal
dose challenge at 14 days, whereas all mice in the PBS, CpG and pcDNA3.1(+)
control groups succumbed to infection within 3 days of challenge. "P<0.01 vs.
PBS, CpG and pcDNA3.1(+) groups. NMB, Neisseria meningitidis sero-
group B.

pNMBO0315 and the pNMBO0315 + CpG (P>0.05)). In addition,
SBA demonstrated that the serum bactericidal titers of the
pNMBO0315 group and the pNMBO0315 + CpG group reached
1:64 and 1:128, respectively (SBA titers >8 or a 4 fold increase
are considered as protective in many meningococcal species,
including group B) (13), following the three immunizations;
however, the titers of the control groups were all <1:2 (results
not shown). These results indicated that pNMB0315-induced
immune serum may have a potent complement-dependent
bactericidal activity in vitro and may be highly protective in
mice against NMB strain MC58 infection in vivo.

Discussion

N. meningitides, also known as meningococcus, is a
human-specific pathogenic organism that is the cause of
encephalomyelitis epidemics (14,15). The most common
presentation of invasive meningococcal infection (or menin-
gococcal disease) is meningitis, which results from the spread
of the bacterium through the bloodstream. In ~50% of cases,
N. meningitides crosses the blood-brain barrier and enters the
cerebrospinal fluid, causing purulent meningitis. The mortality
rate of meningococcemia is up to 40% as meningococcemia
is more severe than general meningococcal diseases. (2,6).
CPS-based vaccines are available and are used for the preven-
tion of infection by N. meningitides serogroups A, C, W135
and Y infections, and the development of an effective vaccine
against NMB is important for the prevention and control of
the disease (8).

DNA vaccines are a relatively new vaccination strategy.
Compared with the traditional vaccines, such as live attenu-
ated or inactivated viral vaccines, or protein subunit vaccines,
DNA vaccines offer a number of advantages (16). For example,
DNA vaccines are able to replicate and express the protein
of interest in the host cells, which is similar to a live attenu-
ated vaccine, but is inherently safer than live attenuated or
inactivated viral vaccines. In addition, the expressed protein
from DNA vaccines maintains its natural conformation,
which potentially produces increased native immunogenicity.
Furthermore, DNA plasmids are simple and inexpensive
to design and create, and the plasmids themselves are not
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immunogenic (17). The factors associated with the immune
effects of a DNA vaccine mainly include regulatory elements,
immunization routes and adjuvants. The promoter region is
an important regulatory element that directly influences the
expression levels of an exogenous gene in vivo. The plasmid
used in this study, pcDNA3.1(+), is a eukaryotic expression
vector with a strong promoter from cytomegalovirus, which
promotes high-efficiency expression of an exogenous gene
in mammalian cells (18). In the present study, a recombinant
pPNMBO0315 was constructed and transfected into eukaryotic
cell lines, which effectively expressed INMBO0315 protein,
indicating the successful construction of a DNA vaccine. CpG
was used as an adjuvant to enhance immune effects of the
DNA vaccine (19). CpGs are recognized by toll-like receptor 9
(TLRY), a receptor found on antigen presenting cells (APCs),
which results in the activation of TLR9 and the enhancement
of antigen presenting capacity of APCs (20,21).

As N. meningitides is an extracellular pathogen,
anti-N. meningitides infections are mainly dependent on
humoral immunity (22). The DNA vaccine pNMB0315 used
in the present study induced high-level NMBO0315-specific
antibodies IgG, IgGl and IgG2a in female BALB/c mice.
The results indicated that pNMBO0315 provided exceptional
immunogenicity and that the CpG adjuvant aided pNMBO0315
in eliciting the production of antibodies in mice. It has been
reported previously that the subclasses of IgG present in the
serum may reflect the type of immune response, and that IgG2a
was predominant in cellular immunity and IgG1 was predomi-
nant in humoral immunity (23). The Thl-type cytokine IFN-y
positively correlates with cell-mediated immune responses,
which promote the production of IgG2a, whereas the Th2-type
cytokine IL-4 is correlated with humoral immune response
and promotes the production of IgGl1 (24). Serum IgG2a/IgG1
ratios in the pNMBO0315 + CpG and the pNMBO0315 groups
were <1 at weeks 2, 4 and 6 post-inoculation, which suggested
that the pNMB0315 DNA vaccine predominantly induced
humoral immunity responses.

SBA is used to quantify the levels of antibodies that are
specific for bacterial surface determinants and results in
complement-mediated lysis of bacteria (25). SBA in vitro
is considered as the gold standard test for the evaluation of
functional anti-meningococcal antibodies and as an accepted
surrogate for protection (26). The serum bactericidal antibody
titer of the pNMBO0315 + CpG and the pNMBO0315 groups
in vitro reached 1:128 and 1:64, respectively, following three
immunizations, which may be correlated with the high levels
of IgG antibodies in the immunized serum. In addition, the
pNMBO0315 vaccine exhibited an high immunoprotective effi-
cacy. The vaccine pNMBO0315 + CpG group and pNMBO0315
group offered 70 and 65% protection against NMB MC58,
respectively, two weeks following innoculation. The survival
rate (70%) of pNMB0315 immunization is lower than that
of rNspA immunization (85% survival rate) reported by the
authors, previously (3), which might be associated with lower
transfection efficiency of eukaryotic plasmid pNMBO0315.
Therefore, a prokaryotic expression vector will be constructed
to express recombinant protein NMBO0315 and research its
immunocompetence and immunoprotection.

In conclusion, the present study successfully constructed
and effectively transfected eukaryotic cells with a
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pNMB0315 DNA vaccine. pNMBO0315 induced high levels of
NMBO0315-specific IgG,IgGl and IgG2a antibodies and offered
effective immunoprotection against NMB in inoculated mice.
In addition, the immune serum containing NMBO0315-specific
antibodies exhibited strong bactericidal activity, which
provided a preliminary proof that the outer membrane protein
NMBO0315 may be a potential vaccine candidate antigen, and
that the pNMBO0315 may serve as a promising DNA vaccine
against NMB. However, there are a variety of surface-exposed
proteins on the MNB that may be associated with bacterial
virulence and complicated pathogenesis. It is improbable
that the selection of a single virulence factor as a protective
antigen may provide complete protection. Therefore, future
studies should focus on the development of a multicomponent
or multivalent vaccine against NMB.
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