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Abstract
Acinetobacter baumannii (A. baumannii) is an opportunistic pathogen that causes serious infections in the lungs, blood, 
and brain in critically ill hospital patients, resulting in considerable mortality rates every year. Due to the rapid appearance 
of multi-drug resistance or even pan-drug resistance isolates, it is becoming more and more difficult to cure A. baumannii 
infection by traditional antibiotic treatment, alternative strategies are urgently required to combat A. baumannii infection. In 
this study, we developed a DNA vaccine encoding two antigens from A. baumannii, OmpA and Pal, and the immunogenicity 
and protective efficacy was further evaluated. The results showed that the DNA vaccine exhibited significant immune protec-
tive efficacy against acute A. baumannii infection in a mouse pneumonia model, and cross protective efficacy was observed 
when immunized mice were challenged with clinical strains of A. baumannii. DNA vaccine immunization induced high 
level of humoral response and a mixed Th1/Th2/Th17 cellular response, which protect against lethal bacterial challenges by 
decreased bacterial loads and pathology in the lungs, and reduced level of inflammatory cytokines expression and inflam-
matory cell infiltration in BALF. These results demonstrated that it is possible to prevent A. baumannii infection by DNA 
vaccine and both OmpA and Pal could be serve as promising candidate antigens.
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Introduction

Acinetobacter baumannii (A. baumannii) is a Gram-neg-
ative opportunistic pathogen that has been identified as 
the etiological pathogen of severe nosocomial infections in 
patients, especially those with compromised immune sys-
tems and in the intensive care settings with several illness 
[1]. Infection caused by A. baumannii is mainly associ-
ated with but not limited to pneumonia, bacteremia, wound 
infections, urinary tract infections, and meningitis, result-
ing in considerable morbidity and mortality every year, the 
reported mortality associated with A. baumannii infection 
is up to 40% in the intensive care unit (ICU) settings, but 
varies largely between different infections and countries 
[2, 3]. Due to the rapid emergence of multi- and pan drug-
resistant strains of A. baumannii, it has been classified as 
an ‘ESKAPE’ pathogen, which is a group of nosocomial 
infection pathogens with a high rate of antibiotic resist-
ance and involve in nosocomial infections [4]. Mean-
while, A. baumannii is also identified as ‘Iraqibacter’ due 
to its sudden emergence in military treatment facilities 
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during the Iraq War [1]. Antibiotic resistance has greatly 
decreased the effectiveness of antibiotic treatments, few 
antibiotics are effective for treating infections caused by 
this pathogen for the moment [5], and thus there is urgent 
requirement for the development of alternative therapeutic 
strategies to combat infection caused by A. baumannii.

Vaccination strategies are proved to be effective to pre-
vent or treat infectious disease, and a series of researches 
have been focused on developing a vaccine against A. bau-
mannii infection [6–8]. The antigens used in these studies 
including inactivated whole cells, cell components such 
as outer membrane vesicles (OMVs) and outer membrane 
complexes (OMCs), polysaccharide, and outer membrane 
proteins such as OmpA, Omp34 kDa and OprC [9–12]. 
Some of these antigens have been proven to be effective to 
protect against A. baumannii challenge in animal models, 
however, few of them entered clinical studies and no vac-
cine against A. baumannii was authorized for immuniza-
tion in humans so far. This may be attributes to a series of 
reasons, for example, some of these antigens exhibited low 
immunogenicity and safety, some antigens showed limited 
protective efficacy, some of the protein antigens identified 
were outer membrane proteins and was difficult to express 
and purify.

DNA vaccines are proved to be efficient to provide 
protective immunity by direct injection of genetic mate-
rial into a living host, they have potential advantages over 
conventional vaccines in preparation, stability, safety, and 
the ability to induce a wider range of immune response 
[13]. In this study, we constructed a bivalent DNA vaccine 
composed of plasmids pVAX1 encoding two outer mem-
brane proteins from A. baumannii, OmpA and Pal. Among 
them, OmpA is regarded as the most promising antigen for 
the development of vaccines against A. baumannii infec-
tion, because it is a virulence factor that participated in 
the pathogenesis of A. baumannii and is highly immuno-
genic in animal models, immune with it alone was able to 
provide partial protection against lethal challenge of A. 
baumannii [14, 15]. Besides, OmpA is highly conserved 
among different strains and is the most abundant proteins 
identified in the OMVs isolated from A. baumannii [12]. 
Pal is a peptidoglycan-associated lipoprotein that present 
in the cell envelope and associated with the peptidoglycan 
layer, it contains an OmpA like domain in the C-terminal 
and plays an important role in the integrity of the outer 
membrane [16]. Almost all Pal proteins studied so far are 
highly immunogenic, which makes them attractive anti-
gens for the production of subunit vaccines [17–19]. How-
ever, both proteins contain transmembrane domains and 
are difficult to express in E. coli, thus we developed a DNA 
vaccine based on the sequence of the two antigens, and the 
aim of this study was to evaluate the immunogenicity and 
protective efficacy of the bivalent DNA vaccine.

Materials and methods

Ethics statement

All animal care and use procedures in this study were in 
accordance with the Animal Ethics Procedures and Guide-
lines of the People’s Republic of China. All animal experi-
ments in this study were approved by the Animal Ethical 
and Experimental Committee of the Army Medical Uni-
versity (Chongqing, Permit No. 2011-04).

Bacterial strains and culture method

The A. baumannii LAC (Los Angeles County) -4 was kindly 
provided by Professor Chen [20]. Three clinical strains of A. 
baumannii (SJZ18, SJZ04 and SJZ28) were collected from 
Bethune International Peace Hospital (Hebei, China), the 
information of these strains was shown in Supplementary 
Table 1. All these strains were cultured in Tryptic Soy Broth 
at 37.0 °C overnight with constant shaking at 190 rpm, the 
bacterial suspension was centrifuged at 6000×g for 10 min, 
and the precipitate was washed with sterile PBS twice, and 
diluted to a suitable cell concentration determined spectro-
photometrically at 600 nm (OD 600).

Mice

Six–eight week-old female C57BL/6 mice (weight at 
18–22 grams) were purchased from Experimental Animal 
Center of Chongqing Medical University, under specific 
pathogen-free (SPF) condition.

Construction of DNA vaccines

The genomic DNA extracted from A. baumannii strain 
LAC-4 was used as template. The gene encoding OmpA 
and Pal (without signal peptide) was amplified from the 
genome DNA, and then inserted into an expression vec-
tor derived from the pVAX1 plasmid (Trans Gen biotech 
Company, China) and placed between BamHI and XhoI 
restriction sites, respectively. The plasmid of pVAX1-
OmpA-Pal was synthesized by Sangon (Shanghai, China), 
a DNA sequence encoding the “GGGGS” linker was 
placed between the sequence of OmpA and Pal. All plas-
mids were confirmed by restriction endonuclease digestion 
and DNA sequencing. The recombinant plasmids (pVAX1-
OmpA, pVAX1-Pal and pVAX1-OmpA-Pal) were trans-
formed into E. coli DH5α Competent cells, and cultured to 
extract plasmid for preparing of DNA vaccines.
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Recombinant proteins

Recombinant protein  OmpA23–353 and  Pal23–187 were 
expressed and purified similar to the protocol described pre-
viously [21]. In brief, the gene encoding the corresponding 
protein was cloned to the pGEX-6p-1 vector, the protein was 
expressed under the induction with 0.2 mM IPTG at 16 °C. 
GST-tagged proteins were harvested from cleared lysates 
with glutathione-Sepharose, and the GST tag was cleaved 
using PreScission Protease (GE Healthcare, Chicago, USA).
The purified proteins were analyzed by SDS-PAGE and the 
concentration was determined by BCA assay.

Preparation of the CpG ODN 1826

Nuclease-resistant phosphorothioate-modified ODN 1826 
(5′-TCC ATG ACG TTC CTG ACG TT-3′) was synthesized 
by Invitrogen (Shanghai, China). The CpG ODN 1826 
(5′-TCCAT-GAC GTT CCT GAC GTT-3′) were synthesized 
by Sangong (Shanghai, China) with a nuclease-resistant 
phosphorothioate backbone [22].

Intramuscular immunization of mice and serum 
collection

C57BL/6 mice were divided into five groups randomly (ten 
mice per group). After anaesthesia with pentobarbital, the 
quadriceps of mice were injected with 100 μl of DNA vac-
cine containing 15 μg of CpG ODN 1826 and 100 μg of 
pVAX1-OmpA, pVAX1-Pal and pVAX1-OmpA-Pal, respec-
tively. As for the control group, mice were injected with 
equivalent pVAX1 blank plasmid and PBS. Mice in each 
group were inoculated in the same way on day 1, 15 and 22. 
The serum samples were collected 7 days after the final vac-
cination for further analysis. Two extra groups (three mice 
per group) immunized with pVAX1-OmpA and pVAX1-Pal 
without adjuvant were used as control for serum samples 
collection.

Measurement of mice survival against A. baumannii 
challenge

One week after the last immunization, all vaccinated mice 
were challenged with 20 μl of LAC-4 at two different dose 
(1.2 × 107 or 3.0 × 107 colony-forming units) or clinical 
strains (1.0 × 108 colony-forming units) of A. baumannii by 
intratracheal injection, survival rate from each group of mice 
was monitored for 7 days. Each mouse was observed and 
assessed through clinical symptom score [23] every 12 h. 
All dead mice were recorded.

Bacteria burden

Seven days after the last immunization, all vaccinated mice 
were challenged with 20 μl of LAC-4 at a sub-lethal dose 
(6 × 106 CFU) by intratracheal injection. 24 h after the infec-
tion, mice (ten mice/group) were sacrificed as described 
previously and lungs were taken out, weighed and homog-
enized in 2 ml PBS under sterile conditions. Serial 10-fold 
dilutions of lung homogenates were coated on Tryptic Soy 
Agar, and incubated at 37 °C for 16 h. All calculable CFUs 
were counted in a double-blinded manner.

Histological analysis

Lung tissue from the pneumonia model mice was removed 
under sterile conditions 24 h after infection. All lung sam-
ples were fixed with 10% formalin, embedded in paraffin, 
sliced, stained with hematoxylin and eosin (HE). Slices were 
observed at × 200 magnifications by the pathologist. All lung 
slices were quantitative analyzed through a score of 0–4 (no 
abnormality to most severe) according to the standard of 
exudate, edema, hemorrhage and inflammatory cell infiltra-
tion [24].

Evaluation of inflammation

Bronchoalveoar lavage fluid (BALF) was collected from 
infected mice 24 h after the challenge. In order to quantify 
neutrophil infiltration, BALF cells were stained with the 
following antibodies: PE/Cy7 anti-mouse CD45 antibody, 
PerCP-CY5.5 anti-mouse CD11b antibody and FITC anti-
mouse Gr-1 antibody (Biolegend, Inc, San Diego, USA). 
Samples were analyzed by BD FACS Array software™ on 
BD flow cytometry (BD Biosciences, New Jersey, USA) to 
analyze the neutrophil infiltration. Then the supernatant of 
BALF was collected and used for cytokines detection. The 
levels of TNF-α in BALF supernatants were measured by 
using ELISA kit (Dakewe Biotech Co, Shenzhen, China), 
according to the manufacturer’s instructions.

Cytokine responses assay

Seven days after the last immunization, the mice were 
sacrificed by cervical dislocation under anesthetic with 
pentobarbital and their spleens were taken out under sterile 
conditions. Single-cell suspension of spleen was prepared 
according to standard procedure. For proliferative assay, 
spleen cells grown in a 96-well plate at a concentration of 
4 × 105 living cells/200 μl per well. We added 30 μM/well of 
5-bromo-2-deoxyuridine (BrdU, Roche, Germany) for meas-
urement of lymphocyte proliferation. 10 mM phytohemag-
glutinin-A (PHA) (Gibco, USA) and PBS was served as pos-
itive and negative controls, recombinant protein OmpA and 



5400 Molecular Biology Reports (2019) 46:5397–5408

1 3

Pal, were added to the plates (10 μg/ml). Spleen cells were 
incubated at 37.0 °C with 5%  CO2 for 96 h. Dyed incorpo-
ration was determined by measuring absorbance at 450 nm 
[25]. The stimulation index (SI) was calculated by dividing 
the absorbance of the stimulating cells by the absorbance of 
the unstimulating cells (SI = OD 450 of stimulated cells/OD 
450 of unstimulated cells). Then the supernatant of spleen 
cells was collected and used for cytokines detection. The lev-
els of INF-γ, IL-4 and IL-17A in supernatant were measured 
by using ELISA kit (Dakewe Biotech Co, China).

Statistical analysis

The data was expressed as mean ± Standard Deviation (SD) 
or mean ± Standard Error of Mean (SEM). The scores were 
marked blindly. The survival data was analyzed through 
Kaplan–Meier survival curves. To calculate P values, non-
parametric Mann–Whitney test, log-rank test, Student’s t 
test, one-way ANOVA with Bonferroni correction were used 
depending on sample distribution and variation as mentioned 
in figure legends (SPSS statistics 18.0 and GraphPad Prism 
6.0). P < 0.05 was considered as significant difference.

Results

Preparation of recombinant plasmids

Three recombinant plasmids that encoding OmpA, Pal and 
the fusion protein OmpA-Pal were constructed in this study 

(Fig. 1a). The signal peptide of OmpA and Pal (both cor-
responding to residues 1–22) was predicted by SignalP 5.0 
and was not included in these constructs. The fusion gene 
of OmpA-Pal was synthesized by Sangon, a flexible linker 
(GGGGS) was inserted between OmpA and Pal to avoid the 
possible interaction between the two proteins, the Kozak 
sequence (GCC ACC ATGG) was placed at the 5′ terminal 
of each fragment to ensure efficient translation of the result-
ing protein. Eukaryotic expression vector pVAX1 was used 
in this study because it was specifically designed for use 
in the development of DNA vaccines and was approved by 
FDA (Fig. 1b). PCR amplification combined with restriction 
enzyme digestion (BamH 1 and Xho 1) were performed to 
test the correctness of insertion. As shown in Fig. 3c, the 
sequences encoding OmpA, Pal and OmpA-Pal were approx-
imate 1000 bp, 500 bp and 1500 bp in length on agarose gel 
when characterized by restriction endonuclease digestion. 
The inserts were sequenced and determined to be in com-
plete agreement with the expected sequences, suggesting 
that all the recombinant plasmids were constructed correctly.

DNA vaccines improves survival rate in murine 
pneumonia model

To validate the protective efficacy of DNA vaccines, mice 
were immunized with pVAX1-OmpA, pVAX1-Pal and 
pVAX1-OmpA-Pal and CpG was used as adjuvant. As 
shown in Fig. 2a, compared with pVAX1 and PBS control 
group, mice vaccinated with DNA vaccines all exhibited 
higher survival rates at the end of the observation period. 

Fig. 1  Construction and 
identification of recombi-
nant plasmids. a Schematic 
presentation of DNA vac-
cines used in this study, three 
recombinant plasmids, termed 
pVAX1-OmpA, pVAX1-Pal 
and pVAX1-OmpA-Pal, were 
constructed to be used as DNA 
vaccines. b The construction 
map of recombinant plasmids, 
the Kozak sequence was 
added to the 5′ terminal of 
each insertion and then placed 
between the site of restrictive 
enzymes BamHI and XhoI of 
pVAX1 vector. c Identification 
of recombinant plasmids by 
agarose electrophoresis. Lane 
1–3 represent recombinant plas-
mids pVAX1-OmpA, pVAX1-
Pal and pVAX1-OmpA-Pal, 
respectively. Lane 4–6 represent 
the same plasmids digested by 
BamHI and XhoI 
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Moreover, when mice were challenged with 2 × LD50 of 
LAC-4 (1.2 × 107 CFUs/mouse), higher survival rates, 
but not statistical difference, were observed in pVAX1-
OmpA-Pal immunized group when compared with those 
immunized with pVAX1-OmpA or pVAX1-Pal alone. 
When the challenging dose reached to 5 × LD50 (3.0 × 107 
CFUs/mouse), mice immunized with pVAX1-OmpA-
Pal showed a significantly higher survival rate than those 
immunized with pVAX1-OmpA or pVAX1-Pal alone (P 
OmpA-Pal vs. OmpA = 0.0358 and P OmpA-Pal vs. Pal = 0.0143, 
Fig. 2b). Furthermore, the survival rates in the pVAX1-
OmpA-Pal group varies between 50 and 80%, and the death 
was delayed in mice immunized with all the DNA vaccines. 
These results clearly confirmed that OmpA and Pal could 
be used as promising candidate antigens for DNA vaccine 
development against A. baumannii infection, and immuniza-
tion with pVAX1-OmpA-Pal resulted in improved protective 
efficacy when compared with pVAX1-OmpA or pVAX1-Pal 
immunized alone.

DNA vaccines protects mice from pneumonia 
by reducing bacterial burden and inflammation

Seven days after the last boost immunization, mice 
from all groups were challenged with a sub-lethal dose 
(6.0 × 106 CFU/mouse) of A. baumannii via the trachea 

to investigate the possible mechanism for DNA vaccines 
mediated protection. Firstly, the lungs from each group 
of mice were collected 24 h after challenge, and viable 
bacterial numbers were counted. As shown in Fig. 3a, 
the lungs from DNA vaccine groups showed significantly 
lower bacterial burden than the pVAX1 and PBS control 
group (P < 0.0001). Further, the bacterial burden was 
significantly reduced in the pVAX1-OmpA-Pal group 
compared with pVAX1-OmpA and pVAX1-Pal group 
(P OmpA-Pal vs. OmpA = 0.0030 and P OmpA-Pal vs. Pal = 0.0002, 
Fig. 3a). These results indicated that immunization with 
these DNA vaccines could partially reduce the coloniza-
tion of A. baumannii in the lung of mice.

We then evaluated the histological changes in mice, as 
shown in Fig. 3b, the lung slices of the DNA vaccine groups 
showed less extensive of lung lesions, alveolar edema, lym-
phocyte infiltration and structural damage caused by inten-
sive inflammatory response compared with the pVAX1 and 
PBS control groups. Moreover, in the three DNA vaccine 
groups, there were more mononuclear cell infiltration, nor-
mal structure and clearer alveoli than the pVAX1 and PBS 
group. The results of severity score showed that the sever-
ity of lung injury in DNA vaccine groups was significantly 
lower than that in pVAX1 and PBS control group (Fig. 3c), 
suggesting that mice immunized with DNA vaccines showed 
decreased inflammatory response in lungs.

Fig. 2  DNA vaccines improves 
survival rate in murine pneu-
monia model. C57BL/6 mice 
(n = 10) were immunized with 
DNA vaccines (pVAX1-OmpA, 
pVAX1-Pal and pVAX1-
OmpA-Pal) plus CpG adjuvant 
and challenged with LAC-4 
at 2 × LD50 (1.2 × 107 CFU/
mouse, a) or 5 × LD50 (3.0 × 107 
CFU/mouse, b) by intratracheal 
injection. The survival rate 
was monitored for 1 week. The 
P-value was calculated using 
the Mantel-Cox log-rank test
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In the BALF, inflammatory biomarkers including pro-
inflammatory cytokine TNF-α, neutrophil percentages and 
absolute values were measured 24 h after the pulmonary 
infection. As shown in Fig. 3d, the level of TNF-α in mice 
immunized with DNA vaccine was significantly lower than 
that of mice immunized with pVAX1 or PBS, and the level of 
TNF-α from mice immunized with pVAX1-OmpA-Pal was 
significantly lower than that of the pVAX1-Pal (P = 0.0078, 

Fig. 3d). Meanwhile, the level of neutrophil percentages 
and absolute values about neutrophil in the BALF of mice 
immunized with DNA vaccine was significantly lower than 
that of mice immunized with PBS or pVAX1 (Fig. 3e, f). 
In addition, mice immunized with pVAX1-OmpA-Pal 
cause a decrease in neutrophil percentages and absolute 
values compared with mice immunized with pVAX1-Pal 
(Pneutrophil percentages = 0.0003, Pneutrophil absolute values = 0.0233). 

Fig. 3  DNA vaccines protects mice from pneumonia by reducing 
bacterial burden and inflammation. a–f C57BL/6 mice were immu-
nized with DNA vaccines (pVAX1-OmpA, pVAX1-Pal and pVAX1-
OmpA-Pal) plus CpG adjuvant and infected with LAC-4 at 6.0 × 106 
CFU/mouse by intratracheal injection. a The number of viable bac-
teria in the lungs of mice (n = 10) 24  h post-infection are shown. b 
Hematoxylin–eosin staining of lungs from immunized mice and 
control mice 24  h after infection, representative histopathological 
sections from 10 mice per group are shown (magnification = × 200). 
c Semi-quantification of lung inflammation in infected mice. Sever-

ity scores of lungs (n = 10) from immunized mice and control mice 
24 h post-infection are shown. The data are presented as scatter plots. 
d Quantitative detection of proinflammatory cytokines (TNF-α) in 
infected mice (n = 10). (e–f) Evaluation of neutrophil infiltration in 
infected mice (n = 10). The bar represents the percentage (e) and the 
number (f) of neutrophils in the BALF of immunized mice 24 h post-
challenge. The data (a, c–f) are shown as the mean ± SD. Multiple 
comparisons among different groups were calculated using one-way 
ANOVA (ns no significance)
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These results were consistent with reduced cell infiltration 
observed by histological analysis.

About all, the immune protection of DNA vaccines was 
correlated with reduced viable bacterial numbers, pathologi-
cal change, pro-inflammatory cytokine production and neu-
trophil infiltration in the lung tissue in mice.

DNA vaccines elicits a mixed Th1, Th2 and Th17 
responses

In order to clarify the protective efficacy of DNA vaccine, 
corresponding recombinant proteins were used as antigens 

to stimulate the spleen cells of immunized mice, the prolif-
eration reaction and cytokine level were measured in vitro. 
Firstly, the stimulation index (SI) of spleen cells from immu-
nized mice was measured. As shown in Fig. 4a, the SI of 
the spleen cells from mice immunized with pVAX1-OmpA, 
pVAX1-Pal or pVAX1-OmpA -Pal was significantly higher 
than that of the two control group (P < 0.0001), and the SI of 
the spleen cells from mice immunized with pVAX1-OmpA-
Pal was significantly higher than that of the pVAX1-Pal 
(P = 0.0077). However, there was no difference between 
mice immunized with pVAX1-OmpA-Pal and pVAX1-
OmpA (Fig. 4a).

Fig. 4  Analysis of spleen cells proliferation and cytokine secretion. 
a Lympho-proliferative activity of mouse spleen cells (n = 5) after 
in vitro stimulation with corresponding recombinant protein (OmpA 
or/and Pal) for 72  h, respectively. Proliferation was measured using 
the bromodeoxyuridine (BrdU) labeling method. The stimulation 
index (SI) was calculated by dividing the absorbance of the stimulat-
ing cells by the absorbance of the unstimulating cells. b–d Compari-
son of cytokine production by antigens stimulated spleen cells from 

immunized and control mice. Two weeks after the final immuniza-
tion, spleens (n = 5) were processed and stimulated with correspond-
ing recombinant protein, and the levels of IL-4 (b), IFN-γ (c), and 
IL-17 (d) in each culture supernatant were measured after 72 h. Dif-
ferences were compared to determine their statistical significance 
using one-way ANOVA followed by Tukey’s multiple comparison 
test (ns no significance)
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Then, the level of cytokines secreted by stimulated spleen 
cells were measured by ELISA. The spleen cells from the 
DNA vaccine immunized mice induced significantly higher 
level of IL4, IFN-γ and IL-17A when stimulated with the 
corresponding recombinant proteins than did the pVAX1 
and PBS control group (P < 0.0001, Fig. 4b–d). Moreover, 
the spleen cells from mice immunized with pVAX1-OmpA-
Pal induced the highest level of IFN-γ after corresponding 
recombinant proteins stimulation (P < 0.0001, Fig. 4b–d). 
Besides, the level of IL-4 and IL-17A of the spleen cells 
from mice immunized with pVAX1-OmpA-Pal was signifi-
cantly higher than that of the pVAX1-Pal (PIL-4 = 0.0004, 
PIL-17A = 0.0004). In contrast, there was no statistical differ-
ence about the level of IL-4 and IL-17A between pVAX1-
OmpA-Pal and pVAX1-OmpA group. These results demon-
strated that immunize with DNA vaccines was efficient to 
induce cellular response.

DNA vaccines induce high level of humoral response

In order to determine the immunogenicity of DNA vaccines, 
serum antibody levels against both OmpA and Pal antigens 

were evaluated after the final immunization. As shown in 
Fig. 5a, c the level of antigen specific antibody (IgG) in all 
DNA vaccine groups were dramatically higher than in the 
pVAX1 and PBS group (P < 0.0001). However, there was 
no difference between pVAX1-OmpA-Pal and single DNA 
vaccine groups. Moreover, CpG adjuvant was efficient to 
enhance the humoral response induced by DNA vaccines, as 
the antigen specific antibody was significantly higher in the 
serum of mice immunized with DNA vaccines plus adjuvant 
compared to DNA vaccines alone (Fig. 5a, c).

Furthermore, to explore the type of specific antibody 
response induced by each antigen, the level of IgG subtypes 
(IgG1 and IgG2a) in serum was evaluated by ELISA. When 
mice were immunized with pVAX1-OmpA alone, the level 
of IgG1 was significantly higher than IgG2a, indicating a 
Th2 biased response was induced. When CpG was used 
as adjuvant, a relatively balanced Th1/Th2 response was 
observed, this is in consistence with the ability of CpG to 
induce cellular response (Fig. 5b). In contrast, mice immu-
nized with pVAX1-Pal alone showed higher level of IgG2a 
than pVAX1-OmpA, and a balanced Th1/Th2 response was 
induced without adjuvant, which was also observed in a 

Fig. 5  Analysis of antibody 
responses. (a–d) C57BL/6 
mice were immunized with 
DNA vaccines (pVAX1-OmpA, 
pVAX1-Pal and pVAX1-
OmpA-Pal) with (n = 10) or 
without (n = 3) CpG adjuvant, 
PBS and pVAX1 were used as 
negative control (n = 10). Serum 
was collected from mice on day 
28 and diluted by PBS at a ratio 
of 1:1000. a Comparison of 
serum total IgG against OmpA. 
b Comparison of serum IgG1 
and IgG2a subtypes against 
OmpA. c Comparison of serum 
total IgG against Pal. d Compar-
ison of serum IgG1 and IgG2a 
subtypes against Pal. Data 
were shown as the mean ± SD. 
Multiple comparisons among 
different groups were analyzed 
using one-way ANOVA (ns no 
significance)
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previous report [26], suggesting that Pal is efficient to induce 
cellular response (Fig. 5d). Further, when CpG was used as 
adjuvant, there is no difference in the level of IgG1 in all 
groups, but the level of IgG2a was significantly increased, 
suggesting that the increased level of humoral response 
induced by CpG was mainly attributed to increased level of 
IgG2a. Moreover, when adjuvant was used, there is no dif-
ference in the level of IgG1 and IgG2a in mice immunized 
with pVAX1-OmpA-pal compared with those immunized 
with pVAX1-OmpA or pVAX1-Pal alone (Fig. 5b, d), which 
was similar to the result of total IgG. These results indicate 
that the protective efficacy of DNA vaccines was not medi-
ated by humoral response alone, other mechanisms, such as 
cellular and innate immune response, also participated in 
the protective efficacy.

DNA vaccine immunization provide cross‑protective 
efficacy in mice challenged with clinical strains of A. 
baumannii

There is report that the sequences of both OmpA and Pal 
were highly conserved among different species and differ-
ent strains of A. baumannii [27, 28], and we have aligned 
the sequence of the two antigens from different strains of 
A. baumannii, as shown in supplementary Figs. 1 and 2, 
the sequence of the two antigens almost completely con-
served among different strains. Thus we wonder if DNA 
vaccine immunization could provide protective effect against 
challenge with different clinical strains of A. baumannii. In 
this study, three clinical strains were chosen to further test 
the protective efficacy of the DNA vaccine. As shown in 
Fig. 6, mice were immunized with DNA vaccine and chal-
lenged with 1.0 × 108 CFUs of different clinical strains of 
A. baumannii. One week after infection, all the three clini-
cal strains exhibited different pathogenicity and virulence in 
mice (SJZ18 < SJZ04 < SJZ28), as indicated by the survival 
rates in the PBS control group. DNA vaccine immunization 

significantly decreased the death in DNA vaccine immu-
nized mice as compared with control group. This result 
strongly indicated that this DNA vaccine yielded broad pro-
tective efficacy after immunization. Given the high conser-
vation of the two antigens, the different efficacy observed 
between LAC-4 and the clinical strains may due to the 
potential masking of surface antigens by the capsule of A. 
baumannii, which is crucial in development of a generaliz-
able vaccine or therapeutic antibody [29].

Discussion

The OmpA family proteins are abundant and highly con-
served among different species of Gram-negative bacteria, 
and they have been reported to be essential in bacterial 
growth and infection. For example, they are involved in 
bacterial virulence, adhesion, invasion and serve as adaptor 
proteins to interact with surface receptors on host cells [27, 
30]. More importantly, these proteins exhibit high immuno-
genicity and OmpA specific antibodies are reported to be 
protective in animal experiments [15, 31]. These proper-
ties make them promising candidates for vaccine develop-
ment, and OmpA family proteins from a variety of species 
have been reported to be able to induce protective immunity 
against bacterial infection, such as P. aeruginosa, S. flexneri, 
C. abortus, E. coli and K. pneumonia [31–35]. OmpA from 
A. baumannii was also reported to be able to induce high 
titers of anti-OmpA antibodies and markedly improved sur-
vival and reduced tissue bacterial burden in mice infected 
intravenously [14, 15]. We have cloned the gene encoding 
OmpA of A. baumannii to a number of expression plasmids, 
but it was difficult to get soluble fractions of this protein, 
mainly because it is a membrane associated protein. Finally, 
we cloned it to the pGEX6p-1 vector and expressed it as a 
GST-OmpA fusion protein, most of OmpA was precipitated 
when the GST tag was digested, only a little fraction was 

Fig. 6  Immunization with DNA vaccine provide cross protective effi-
cacy in mice pneumonia model. C57BL/6 mice (n = 10) were immu-
nized with pVAX1-OmpA-Pal plus CpG adjuvant and challenged 
with different clinical strains of A. baumannii at 1.0 × 108 CFU/

mouse by intratracheal injection. The survival rate was monitored for 
1 week. The P-value was calculated using the Mantel-Cox log-rank 
test
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soluble in solution, thus it is difficult to be used as ideal can-
didate antigens for further development of vaccines. Similar 
to OmpA, expression of the full length of Pal was also not 
successful. So in this study, we aimed to construct a DNA 
vaccine based on the sequences of the two proteins.

Adjuvants is a critical component for an effective vac-
cine. In this study, CpG was selected as adjuvant to enhance 
the immune response of DNA vaccine against A. bauman-
nii infection. For one thing, CpG is the most commonly 
used adjuvant for DNA vaccine development [36, 37]. 
For another, there is report that neutrophil mediated host 
defenses induced by Th1-type cytokines may be essential for 
the elimination of A. baumannii [38], and CpG was capa-
ble of stimulating the secretion of cytokines such as IFN-γ 
and IL-12, both of which support the generation of Th1-
dependent immune responses. Our results clearly showed 
that immune with DNA vaccine with CpG resulted in higher 
level of antigen specific IgG2a, which is a marker of a Th1 
immune response, and the level of IFN-γ was increased 
followed by DNA vaccines immunization, which also con-
firmed that a Th1 immune response was induced. Besides, 
CpG was also reported to play an important role in anti-
body production and was able to improve mucosal immune 
responses [39].

It has been reported that immunization of mice with 
recombinant OmpA formulated with aluminum hydroxide 
adjuvant markedly improved survival and reduced tissue 
bacterial burden, and the levels of antigen specific antibody 
correlated with survival rate in mice [40], indicating that 
OmpA specific antibody is essential for the protective effi-
cacy. Another study reported that OmpA from A. bauman-
nii induces differentiation of CD4+ T cells toward a Th1 
polarizing phenotype through the activation of dendritic 
cells [41]. In this study, we found that immune of OmpA 
without adjuvant was able to induce high level of humoral 
response, and a Th2-bialsd response was induced as indicted 
by antibody subtype assay. When CpG was used as adjuvant, 
elevated antibody level was observed and a Th1 immune 
response was enhanced. The difference observed in these 
studies may be attributed to the use of different adjuvants.

Previous studies observed that intravenously immuniza-
tion with recombinant Pal was able to elicit a strong humoral 
response due to the activation of Th2 lymphocytes, but it does 
not evoke an efficient cellular response. In contrast, intramus-
cular immunization of a DNA vaccine based on pal was found 
to induce a Th1-biased response [26]. A later study reported 
that passive immunization with E. coli Pal specific antibody 
did not protect mice in a mice sepsis model [42], indicating 
Pal mediated protection is not mediated by humoral response. 
In this study, in order to induce a high level of Th1 response, 
we developed DNA vaccine based on Pal and used CpG as 
adjuvant, the results showed that high level of Pal specific anti-
bodies was detected upon immunization with Pal, which was 

consistent with results reported previously [26]. Meanwhile, 
immunization with Pal alone mainly induce a Th2 response, 
a relatively lower level of Th1 response was also observed. 
When CpG was formulated with Pal, a balanced immune 
response was elicited, which may be essential for Pal medi-
ated protection.

In this study, we have add the Kozak sequence to the 5′ ter-
minal of the plasmid to enhance the expression of the antigens. 
However, we have no OmpA or Pal specific antibody for the 
moment, and add any other tags, such as GFP and HA, to the 
N- or C-terminal of the antigens may change the conformation 
of the resulting protein, thus the level of expression of OmpA 
and Pal was not determined following vaccination, which is a 
limitation of this study. When testing the protective efficacy, 
plasmid encoding the two antigens was significantly higher 
than the empty plasmid, indicating that both of OmpA and 
Pal were expressed, but further quantification of the level of 
expression is required.

Although two antigens were used in this study, and a mixed 
humoral and cellular response was induced upon immuniza-
tion, only 50–80% mice were survived after lethal challenge 
with A. baumannii. To improve the protective efficacy, further 
studies will focused on identify other candidate antigens for 
vaccine development. Meanwhile, we will try to change the 
delivery system of DNA vaccines, such as liposomes, micro-
spheres, nanoparticles, dendrimers or micellar systems, which 
has reported to be effective to enhance the efficacy of vaccines 
[43]. Finally, we will also try to compare the efficacy of the 
vaccine by using different administration route, such as intra-
nasal vaccination, which was confirmed to induce higher IgA 
and cellular response to a DNA vaccine and improves protec-
tion against pulmonary mycobacterial challenge [44].
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