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Abstract. Acinetobacter baumannii is an important pathogen 
that primarily causes hospital‑acquired pneumonia. The 
present study sought to investigate whether small protein A 
(SmpA) and phospholipase D (PLD) are potential candidates for 
protective immunity against infection with A. baumannii. Mice 
immunized with the fusion proteins histidine (His)‑SmpA and 
His‑PLD exhibited a specific immunoglobulin G response. In 
a pneumonia model, active and passive immunization against 
SmpA and PLD protected mice from A. baumannii infection. 
The protection was demonstrated by a markedly improved 
survival rate, and reduced pulmonary bacterial load, infiltra-
tion and cytokine levels in the broncho‑alveolar lavage fluid 
and the serum, although a combination of the two antigens did 
not provide improved protection compared with immunization 
with the individual antigens alone. In conclusion, it was identi-
fied that SmpA and PLD are highly immunogenic proteins, 
and potential antigen candidates for the development of effec-
tive vaccines or to prepare antisera to mitigate A. baumannii 
infection.

Introduction

Acinetobacter baumannii is a gram‑negative, aerobic bacte-
rium that causes a severe infection in immunocompromised 
patients (1), leading to bacteraemia, urinary tract infection, 
surgical site infection and, particularly, ventilator‑associated 
pneumonia in intensive care patients (2). A. baumannii has 
emerged as an important pathogen due to its capacity to spread 
in a nosocomial environment and to display diverse mecha-
nisms of antibiotic resistance (3). In recent years, epidemics 

caused by multidrug‑resistant strains of A. baumannii have 
been widely investigated and described  (3,4). The easy 
acquisition of multi‑ or pan‑drug resistance by this organism 
to clinically available antimicrobial agents has led to serious 
therapeutic complications (5‑8). Multi‑locus sequence typing 
(MLST) results (sequence type 191 is the most commonly‑used) 
have indicated a local epidemic of carbapenem‑resistant 
A. baumannii (9,10), resulting in fewer therapeutic choices 
being available to combat this infection. Novel approaches 
to prevent and treat multi‑ or pan‑drug‑resistant infections 
are required. Immunological strategies that may function 
via different mechanisms, compared with antibiotics, are 
emerging as a viable option and may be able to circumvent 
complex multidrug‑resistant mechanisms.

Outer membrane lipoprotein A, a small protein A (SmpA) 
homologue in Pseudomonas aeruginosa, is considered to be 
important in the formation and maintenance of cell membrane 
structure and integrity, and is a virulence factor in Gram‑nega-
tive bacilli (11‑13). Reverse immunology has indicated that 
SmpA may be an appropriate vaccine candidate against 
A. baumannii infection (14), despite a lack of investigation of 
the function of SmpA in A. baumannii. An essential role in 
the process of transmission of pathogens via blood has been 
demonstrated for phospholipase D (PLD) (15,16), and it has 
been implicated to be a virulence factor of A. baumannii (16). 
Therefore, based on in silico analysis, PLD may be an appro-
priate subunit vaccine candidate (17).

The present study focused on the effects of SmpA and 
PLD immunization in a pneumonia model of A. baumannii 
infection using active and passive approaches. The present 
study additionally investigated whether the efficiency of 
combined immunization with both subunits has an advantage 
over separate immunizations. The results of the present study 
may facilitate an evaluation of the protection produced by 
immunological approaches against infection by drug‑resistant 
A.  baumannii, and lead to increased understanding of 
A. baumannii infection and immunization.

Materials and methods

Ethics statement. All animal procedures and experimental 
protocols were established according to the guidelines of 
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the National Institutes of Health (Bethesda, MA, USA) and 
were approved by the Ethics Committee of Xiangya Hospital, 
Central South University (Changsha, China).

Bacterial strains and mice. A.  baumannii strain ATCC 
17978 was obtained from the American Type Culture Collec-
tion (Manassas, VA, USA). A. baumannii clinical isolates 
were previously obtained from respiratory intensive care 
unit patients in Xiangya Hospital, Central South Univer-
sity (Changsha, China) (18). In a previous study (18), DNA 
sequencing analysis using MLST demonstrated that the most 
frequently detected sequence type (ST) is ST191, followed by 
ST208 and ST425; these are the predominant sequence types 
in the carbapenem‑resistant A. baumannii clinical isolates 
used in the present study.

A total of 128 female BALB/c mice (4‑6 weeks of age, 
14‑16 g) were obtained and raised at the Department of Labo-
ratory Animal Science, Central South University (Changsha, 
China) under specific pathogen‑free conditions. Mice were 
maintained in a 12‑h light/dark cycle at 20‑25˚C, and had free 
access to food and water. Previous clinical data have indicated 
that diabetes is a risk factor for the acquisition of A. baumannii 
infection and may lead to worse outcomes (19‑21). All mice in 
the present study were intraperitoneally injected with a low 
dose (70 mg/kg) of streptozotocin (STZ) for 5 consecutive 
days, as repeated administration of STZ has been demonstrated 
to establish a diabetic model with long‑term stability (22). 
After 1 week, random weekly blood glucose monitoring of 
mice that had received STZ indicated that glucose levels were 
>16.7 mmol/l, and that this was maintained for 12 weeks. The 
mice use in the present study were all diabetic models.

SmpA and PLD production. Using genomic DNA extracted 
from A. baumannii ATCC 17978, the SmpA and PLD genes 
were obtained via polymerase chain reaction (PCR) amplifica-
tion, with sequences from gene accession number ABAYE2921 
(SmpA) and A1S_2989 (PLD) serving as references. SmpA was 
amplified with the forward and reverse primers 5'‑ATG​CAA​
AAA​CTC​GTG​CTG​A‑3' and 5'‑TTA​TAG​TGG​TGG​GGC​
AGT​TAA​A‑3', respectively; and PLD was amplified with the 
forward and reverse primers 5'‑GAC​ACC​ATA​TGG​TTG​ACA​
TCC​CTC​AGG​G‑3' and 5'‑GTG​TCC​TCG​AGT​TAC​ATA​AAG​
CCT​TCC​A‑3', respectively. The PCR was performed under the 
following conditions: 94˚C for 30 sec, 56˚C for 45 sec and 72˚C 
for 45 sec, for a total of 30 cycles. The amplified fragment was 
sequenced with assistance from Songong BioTech (Shanghai, 
China; data not presented) and subsequently cloned into the 
plasmid pThioHisA (Invitrogen; Thermo Fisher Scientific, 
Inc., Waltham, MA, USA) between the NdeI and XhoI restric-
tion sites. The newly constructed plasmid was transformed 
into Escherichia coli BL21 (DE3) cells (Songong BioTech) 
with pre‑cooling in 0.1 mM calcium chloride solution, and the 
cells were grown in lysogeny broth medium (Qingdao Hope 
Biol‑Technology, Co., Ltd., Qingdao, China) at 37˚C for 8 h. 
Subsequently, 0.2 mM isopropyl b‑D‑1‑thiogalactopyranoside 
was added to the culture medium to promote recombinant 
protein overexpression at 37˚C for 4 h. Following sonication 
of bacterial cells, the precipitate with inclusion bodies was 
collected by centrifugation at 12,000 x g for 20 min at 4˚C. 
The precipitate with inclusion bodies was resuspended and 

dissolved in solubilisation buffer (20 mM Tris‑HCl pH 8.0, 
0.5 M NaCl, 8 M urea). Following centrifugation at 12,000 x g 
for 20 min at 4˚C, the supernatant containing dissolved inclu-
sion bodies was reserved for purification. The expressed 
recombinant proteins contained a six histidine (His)‑tag, and 
were purified by refolding (completed when the concentration 
of urea decreased to 2M) in vitro, followed by His‑Ni affinity 
chromatography on HiTrap Q FF and HisTrap FF columns 
(both from GE Healthcare Life Sciences, Chalfont, UK), 
according to the manufacturer's protocol.

Immunoblotting. Subsequent to Ni‑chelating affinity chro-
matography, the concentrations of the purified recombinant 
proteins were measured using a bicinchoninic acid Protein 
Assay kit (Beyotime Institute of Biotechnology, Shanghai, 
China), according to the manufacturer's protocol. Proteins 
(20  µg) were isolated on 12% SDS‑PAGE gels, and the 
proteins were transferred to a polyvinylidene fluoride 
(PVDF) membrane. Blots were blocked in 5% skimmed milk 
solution at 37˚C for 1 h and briefly washed in TBS‑Tween  
(v/v 0.5%). The membrane was incubated with a pooled 
anti‑His tag antibody (sc‑8036; Santa Cruz Biotechnology, 
Inc., Dallas, TX, USA) at a dilution of 1:1,000 at 37˚C for 1 h 
and was subsequently incubated with a bovine horseradish 
peroxidase‑conjugated anti‑mouse immunoglobulin (Ig)
G secondary antibody (sc‑2371; Santa Cruz Biotechnology, 
Inc.) at a dilution of 1:10,000 at 37˚C for 4 h. The PVDF  
membrane was developed using an enhanced chemilumines-
cence reagent (Thermo Fisher Scientific, Inc.) and was exposed 
to X‑ray film.

Mouse immunization and pneumonia model. In order to 
select the antigen dose, mice were immunized following the 
protocols presented in Fig. 1A. Female BALB/C mice were 
immunized subcutaneously with a dose gradient (5, 25 and 
125 µg) of His‑SmpA or His‑PLD and a separate adjuvant 
(0.1 mg aluminium hydroxide). The mice were immunized 
three times with the same dosage at 2‑week intervals (Fig. 1A). 
The appropriate doses were selected according to the dose of 
antigen and the immune response, indicated by the serum IgG 
titre.

Subsequent animal experiments were performed using a 
repeated immunization scheme (Fig. 1B) for active immuniza-
tion. The mice were immunized subcutaneously with 25 µg 
His‑SmpA or 5 µg His‑PLD, a combination of both proteins, 
or adjuvant alone. ELISA analysis was used to determine the 
specific IgG response. In order to establish a pneumonia model 
to study active immunization, the mice were subsequently 
infected via aerosolized bacterial cells (clinical isolate ST191) 
produced by a nebulizer in an inhalation chamber, as previously 
reported (23). The mice were placed in a hermetically sealed 
Plexiglas container and exposed to a bacterial aerosol produced 
by atomizing a 12 ml suspension (1011 cells/ml) using a nebu-
lizer driven by compressed air at 0.2 MPa. The nebulizer was 
connected to the sidewall of the chamber, and the aerosol occu-
pied the entire space for 1 h. The entire process was performed 
in a negative pressure environment. To verify that the inoculum 
had been inhaled, three mice from each group were sacrificed 
immediately following the procedure, and their lungs were 
harvested and quantitatively cultured on blood agar plates.
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For passive immunization, the mice were injected 
intravenously with 100 µl antiserum taken from previous 
actively immunized mice 1  h prior to challenge with an 
intra‑tracheal instillation of A. baumannii (Fig. 1C), as previ-
ously described (24). Tracheal cannulation using a needle was 
performed in an anaesthetised mouse, and 100 µl of a bacte-
rial suspension containing 108 colony‑forming units (CFU) 
was introduced. Control serum was taken from mice which 
received only an adjuvant treatment. The mice were observed 
for 15 days in order to determine the survival rate.

ELISA and cytokine determination. Serum samples were 
taken 21 days subsequent to the last immunization. Specific 
IgG antibody responses were measured by ELISA. Recombi-
nant SmpA and PLD were used to coat microplates at 5 µg 
total protein/100 µl in each well. Serum was added subsequent 
to blocking at 37˚C for 30 min with bovine serum albumin 
(Hyclone; GE Healthcare Life Sciences, Logan, UT, USA), 
and the plates were incubated with bovine anti‑mouse IgG 
secondary antibodies (Santa Cruz Biotechnology, Inc.; 
1:10,000) at 37˚C for 1 h and developed with alkaline phos-
phatase. The endpoint titre was defined as the highest dilution 
at which the optical density at 405 nm was ≥0.1 above that of 
the background; serum was replaced with PBS in the back-
ground wells (25,26). Broncho‑alveolar lavage fluid (BALF) 
and serum samples were collected at 3 days following aerosol 
exposure. Following anaesthesia, the left lung of each mouse 
was flushed with 1 ml PBS three times, and the BALF was 
collected by retaining the wash. The serum sample was 
produced by centrifuging blood at 300 x g, at 4˚C for 10 min, 
that had been harvested by cardiac puncture. The cytokine 
concentrations [interleukin (IL)‑1β, IL‑6 and tumour necrosis 
factor‑α (TNF‑α)] in the BALF and serum samples were deter-
mined using the MILLIPLEX MAP Mouse TH17 Magnetic 
Bead Panel (Merck KGaA, Darmstadt, Germany) following 
the supplier's protocol.

Lung tissue bacterial burden and histology. The right upper 
lobe of each mouse lung was weighed and homogenized to 
produce a tissue suspension in 3 ml PBS. The bacterial load in 
the lung homogenate was determined by plating 10‑fold dilu-
tions on goat‑blood agar plates. The plates were incubated at 
37˚C overnight, and the CFUs were counted. The right middle 
lobes of individual mouse lungs were fixed in 4% paraformal-
dehyde at 4˚C overnight and paraffin‑embedded. The lung 
gland tissue sections (3 µm) were stained with hematoxylin and 
eosin. A semi‑quantitative analysis was performed by scoring 
from 0 (no lesion) to 4 (major and extended lesions) based on 
the following criteria: Vascular congestion, alveolar necrosis, 
neutrophil infiltration and macrophage infiltration (27).

Statistical analyses. Statistical analyses were performed using 
Prism software (version 6.05; GraphPad Software, Inc., La Jolla, 
CA, USA). Survival was compared using the non‑parametric 
log‑rank test. Student's t‑test or one‑way analysis of variance 
(ANOVA) followed by Tukey's multiple comparisons test were 
applied to assess differences in the IgG levels, CFU counts, 
histological scores and cytokine concentrations. P<0.05 was 
considered to indicate a statistically significant difference. 
Data were expressed as the mean ± the standard deviation.

Results

Immunization with SmpA and PLD produces a high IgG 
response to A.  baumannii. The recombinant proteins 
His‑SmpA and His‑PLD, which exhibited molecular weights 
of ~14.2 and ~45 kDa, respectively, were efficiently expressed. 
Proteins were purified to homogeneity and analysed by 
SDS‑PAGE (Fig. 2). The purified proteins were used to immu-
nize mice, and the antibody titres were calculated a week 
subsequent to the final immunization in order to determine an 
appropriate vaccine dose. Responses were efficiently elicited 
by His‑SmpA immunization with a maximum titre of 1x104, 
whereas His‑PLD immunization elicited a maximum titre 
of 1x103 (Fig. 3). The maximum antibody titres for SmpA 
occurred at vaccine dosages of 25 and 125 µg, whereas PLD 
titre did not vary with dosage. Dosages of 25 and 5 µg were 
selected for vaccination with SmpA and PLD, respectively. 
Fig. 4 illustrates that no significant immune interference was 
noted in the combined immunization group (SmpA and PLD) 
for active immunization.

Immunization with SmpA and PLD reduces bacterial load 
in a pneumonia model. Nebulization of 1.0x1011/ml bacterial 
cells delivered an inoculum in the range 2.0‑3.0x106 CFU to 
the mouse lungs. No mortalities had occurred in any group 
72 h following the aerosol administration. Determination of 
the bacterial load in the lungs harvested from all mice demon-
strated that SmpA and PLD active immunization therapy 
resulted in ~2.0‑log decreases in the lung bacterial burden 
compared with the adjuvant‑treated mice, and the combined 
immunization therapy resulted in no more than a 0.1‑log 
difference compared with the SmpA‑only or PLD‑only mice; 
however, the difference was significant (Fig. 5).

Immunization with SmpA and PLD alleviates pulmonary 
infiltration in a pneumonia model. Histopathologically, the 

Figure 1. The protocols for (A) antigen dose selection, and (B) active and 
(C) passive immunization against Acinetobacter baumannii infection using a 
pneumonia model. SmpA, small protein A; PLD, phospholipase D.



LI et al:  SmpA-PLD IMMUNOLOGICAL PNEUMONIA MODEL OF Acinetobacter baumannii1074

lungs from control mice 72 h subsequent to A. baumannii 
inhalation exhibited infiltrations of mixed neutrophils and 
lymphocytes in the perivascular and peribronchial spaces 
(Fig. 6A). By contrast, the histopathological alterations in the 
lungs of mice immunized with SmpA and PLD, which were 
sacrificed at 72 h post‑infection, were milder and limited 
largely to the alveolar space, where small to moderate numbers 
of neutrophils and lymphocytes were observed (Fig. 6B‑D). 
The histological scores of the lungs in each group were in 
accordance with the photomicrograph images of the lungs 
(Fig. 7). A significant difference between vaccinated groups 
and the control (P<0.001) was present; however, no differences 
between the vaccinated groups were observed by one‑way 
ANOVA (control group, 7.05±0.17; SmpA group, 1.88±0.40; 
PLD group, 1.78±0.38; SmpA and PLD group, 1.58±0.40).

Immunization with SmpA and PLD influences the cytokine 
levels in BALF and serum in a pneumonia model. Sera and 
BALF were harvested simultaneously from each group 
of mice, and the IL‑1β, IL‑6 and TNF‑a expression levels 
were determined (Fig. 8). The expression levels of the three 
cytokines were significantly reduced in all groups of vacci-
nated mice compared with control mice (P<0.001; one‑way 
ANOVA), Additionally, in the BALF, the TNF‑α levels in mice 
immunized with SmpA and PLD were reduced compared with 
mice immunized with SmpA and PLD alone, as were IL‑1β 
and IL‑6 levels in the serum (P<0.05; t‑test).

Passive immunization with SmpA and PLD increases mouse 
survival in a pneumonia model. In order to evaluate the 
protective efficacy of the antiserum, a pneumonia model was 
challenged via intra‑tracheal instillation rather than aerosol 
inhalation, as the former is able to provide an increased 
concentration of A. baumannii, reaching a lethal dose. Treat-
ment with antiserum improved the 15‑day survival of infected 
mice compared with the control. In mice infected with ST191 
(Fig. 9), a 50% survival rate was observed with the anti‑SmpA 

Figure 2. Expression and purification of the recombinant His‑SmpA and 
His‑PLD proteins on SDS‑PAGE. SmpA, small protein A; PLD, phospho-
lipase D.

Figure 3. Antibody responses to immunization with SmpA and PLD. 
Serum samples were collected from SmpA‑vaccinated, PLD‑vaccinated 
and control mice when the immunization schedule was complete, and 
total antigen‑specific IgG levels were measured by ELISA analysis (n=6 
mice/group). Data were analysed using a t‑test. ***P<0.001. ns, not significant; 
SmpA, small protein A; PLD, phospholipase D; IgG, immunoglobulin G.

Figure 4. Specific IgG levels in serum induced by His‑SmpA and His‑PLD 
immunization were measured by ELISA following active immunization (n=8 
mice/group). ns, not significant; SmpA, small protein A; PLD, phospholipase 
D; IgG, immunoglobulin G.

Figure 5. Effect of vaccination on lung tissue bacterial load. Mice were 
infected with strain ST191 (106 CFU), and the lung bacterial load was 
determined 72 h post‑infection (n=8 mice/group). Data were analysed using 
one‑way analysis of variance, ***P<0.001, and t‑test, *P<0.05. SmpA, small 
protein A; PLD, phospholipase D; CFU, colony forming units.
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and anti‑PLD sera alone, a 66.7% survival rate with combined 
immunization, and a 0% survival rate in the control group 
(P=0.0168; log‑rank test). In mice infected with ST208, a 50% 
survival rate was observed with anti‑SmpA serum, a 66.7% 
survival rate with anti‑PLD serum, a 66.7% survival rate with 
combined immunization, and a 16.7% survival rate in the 
control group (P=0.0380; log‑rank test). In mice infected with 
ST425, a 33.3% survival rate was observed with the anti‑SmpA 
and anti‑PLD sera alone, a 50% survival rate with combined 
immunization, and a 0% survival rate in the control group 
(P=0.0162; log‑rank test). However, no significant differences 
were observed between the groups immunized with antisera 
containing a single component or a combination upon infec-
tion with any strain.

Discussion

During the past decade, A. baumannii has emerged as one of the 
principal antibiotic‑resistant bacterial pathogens worldwide. 
The strategy of developing a vaccine against A. baumannii for 
use in humans was a novel approach to fighting the increased 
risk of infection caused by these multidrug‑resistant strains.

A programme was undertaken to identify a series of 
candidate antigens for A. baumannii (28‑34). Individual outer 
membrane proteins, including outer membrane protein A 
(OmpA) (29,31), biofilm‑associated protein (Bap) (35), and 
Acinetobacter trimeric autotransporter (Ata) (31), have been 
identified as effective candidates for vaccines that immuno-
logically intervene in A. baumannii infection. However, as the 
most promising candidate, OmpA did not reduce the bacte-
rial load in mouse lung tissue (30,32), and it was not certain 
that Bap was expressed in all strains (35). Antibodies against 
Ata have in vivo antibacterial activity; however, no evidence 
has demonstrated that Ata antibodies are sufficient to reduce 
post‑infection mortality in an animal model (31). There are 
additional concerns regarding adaptation to immune pressure 
via downregulation of antigens, and purification processes 
may alter the conformation of an antigen (36). However, multi-
component vaccines, including inactivated whole cells (28), 
outer membrane complexes (8), and outer membrane vesicles 
of A.  baumannii, have been demonstrated to be effective 
immunogens that have protected mice from bacterial chal-
lenge via active or passive immunization strategies  (30). 
Compared with single vaccines, multicomponent vaccines 
may increase vaccine coverage; however, legitimate concerns 
exist about the difficulties involved in standardizing all 
components and the presence of impurities that may produce 
side effects (8,28,30). Current vaccination strategies against 
A. baumannii have aimed at accentuating the strengths of 

Figure 6. Photomicrograph images of lung histopathology. Photomicrograph images (magnification, x200; hematoxylin and eosin staining) of lung histopa-
thology in (A) control mice, (B) SmpA‑immunized mice, (C) PLD‑immunized mice and (D) mice immunized with both SmpA and PLD. SmpA, small protein 
A; PLD, phospholipase D.

Figure 7. Effects of vaccination on histological scores. Data were analysed 
using one‑way analysis of variance. ***P<0.001. ns, not significant; SmpA, 
small protein A; PLD, phospholipase D.
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Figure 9. Effects of vaccination on survival in a mouse pneumonia model of Acinetobacter baumannii infection. Mice were monitored twice a day for 15 days 
(n=6 mice/group). ST, sequence type; SmpA, small protein A; PLD, phospholipase D.

Figure 8. Effects of vaccination on pro‑inflammatory cytokine levels post‑infection. The levels of IL‑1β, TNF‑a, and IL‑6 in BALF and serum from vaccinated 
or control mice (n=8 mice/group) were determined. **P<0.001, *P<0.05. BALF, broncho‑alveolar lavage fluid; IL, interleukin; TNF, tumour necrosis factor; 
SmpA, small protein A; PLD, phospholipase D.
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single‑ and multi‑component approaches rather than mitigating 
their weaknesses. Therefore, a vaccine consisting of a combi-
nation of several purified single components may constitute a 
new strategy. SmpA and PLD may be potential candidates for 
A. baumannii vaccines. Reverse vaccinology, and progress in 
genomics, proteomics and in silico technology, have allowed 
for the selection of promising theoretical targets (22,26). The 
present study investigated whether two such proteins were 
efficient in practice and whether the proteins stimulated each 
another to enhance the potency of the immunization.

Recombinant SmpA and PLD were efficiently produced in 
E. coil cells. In order to facilitate the expression and refolding 
of SmpA and PLD as natural epitopes for the induction of 
specific IgGs, fusion proteins with His‑tags at the N termini 
of SmpA and PLD were engineered and purified by affinity 
chromatography using a metal‑chelating resin (37). The puri-
fication protocol ensured that the purified fusion proteins in in 
the present study were folded correctly and exhibited natural 
immunogenicity.

In the present study, active and passive immunization strat-
egies were used. Active immunization elicited a persistent IgG 
response, and an appropriate vaccine dose was chosen to elicit 
the highest IgG titre for the minimum dosage. In the active 
immunization study, challenge with A. baumannii occurred 
at 3 weeks following the final immunization to allow for the 
loss of the innate immunity elicited by immunization with 
SmpA and PLD, thereby avoiding possible interference when 
assessing an adaptive immune response. The groups vaccinated 
with SmpA‑ and PLD‑IgG exhibited a reduced bacterial load 
in the lung tissue, reduced lung infiltration and expression of 
mediating cytokines in the BALF and serum, which improved 
15‑day survival. As a result, the IgG titre of SmpA was 
increased compared with the PLD titre; however, the bacterial 
load in the lung in the PLD‑only vaccine group was not signifi-
cantly different compared with that in the SmpA‑only group, 
indicating that the PLD content may be reduced compared 
with that of SmpA, although it may serve an important role in 
bacterial metabolic activity. The mice in the groups vaccinated 
with the combination of SmpA and PLD exhibited a decreased 
bacterial load in the lungs compared with mice vaccinated 
with the individual proteins; in addition, certain cytokine 
levels in the BALF or the serum were reduced. The cytokine 
levels in the BALF reflect lung tissue inflammation caused 
by infection with A. baumannii, while the cytokine levels in 
the serum reflect the systemic inflammatory responses. The 
results of the present study are consistent with the results of the 
analysis of pathological alterations in the lung tissue. However, 
pulmonary infiltration, as evaluated by the histological score, 
was not significant in groups immunized with SmpA, PLD or 
a combination of the two, and nor were survival rates. The 
results of the present study indicated that the bacterial load was 
not reduced sufficiently to confer a clinical advantage to the 
group immunized with the combined proteins. Additionally, 
the present study demonstrated that active and passive immu-
nization with SmpA and PLD was efficient, and a combination 
appears to be unnecessary to protect against infection by a 
particular strain. It may be difficult for a recombinant protein 
vaccine to provide effective protection against different clinical 
strains. The three different strains selected to test the passive 
strategy demonstrated that SmpA and PLD are conserved in 

A. baumannii and serve protective roles against A. baumannii 
pneumonia. The passive immunization protocol in the present 
study, performed on healthy animals with subsequent bacterial 
challenge, may not be optimal; however, it is sufficient to draw 
the conclusion that passive immunizations with SmpA and 
PLD antisera were efficient. In conclusion, active immuniza-
tion may serve a clinical role in the prevention of infection 
in a high‑risk population, whereas passive immunization may 
be applied to therapeutic treatment with antisera for infected 
individuals. It may be appropriate to discuss the association 
between the titre of the antiserum and survival rates in passive 
immunization; however, it has been traditionally hypothesized 
that an increased titer of antiserum results in a more potent 
antibacterial effect, without concern for adverse reactions 
caused by antiserum rejection. Future studies will investigate 
the therapeutic potency of the antisera of the proteins in the 
present study by applying them to clinical treatment.

Using an immunological approach with a pneumonia model 
for A. baumannii infection, and active and passive immuniza-
tion strategies, the present study demonstrated that SmpA and 
PLD are important candidate antigens that effectively control 
infection with A. baumannii. Due to bacterial mutation, and to 
cover as many A. baumannii strains as possible, immunization 
with a mixture of subunits of SmpA and PLD may be required.
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