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Abstract. Toll-like receptor 2 (TLR2) has been identified as 
a sensor for bacterial lipoprotein. To determine the role of 
TLR2 in host defense against Acinetobacter baumannii infec-
tion, wild-type (WT) and TLR2‑deficient mice were infected 
intranasally with A. baumannii. Body weight, cytokine and 
chemokine levels in bronchoalveolar (BAL) fluid and lung 
histopathology were examined. Body weight changes in 
TLR2‑deficient mice were comparable to those of WT mice 
throughout the experimental period. However, TLR2‑deficient 
mice exhibited an increased bacterial load in the lungs and 
increased levels of interleukin‑6 and chemokine (C-X-C 
motif) ligand 2 in BAL fluids compared with WT mice 1 day 
after infection. Histopathological features of lung tissue in WT 
and TLR2‑deficient mice were comparable between WT and 
TLR2‑deficient mice. Results of the present study demonstrate 
that TLR2 may have a minimal role in the host defense against 
A. baumannii at the early stages of infection.

Introduction

Acinetobacter baumannii has emerged as a major causative 
agent of nosocomial infection in hospitals worldwide (1,2). 
According to the data from a national surveillance study 
performed in the United States, A. baumannii was shown 
to be the etiological agent in 6.9% of nosocomial pneu-
monias in 2004, which was an ~72% increase compared 
with data collected in 1986 (3). Pulmonary compartments 
are the most favored site of A. baumannii infection, and 

ventilatory‑associated and community‑acquired pneumonia 
are extremely common. The mortality of ventilatory-associated 
pneumonias due to A. baumannii may be as high as 75% (4). 
Furthermore, emergence of multi‑drug resistant A. baumannii 
has become a significant health concern leading to limited 
therapeutic options in recent decades (1,2). The increased 
incidence of antibiotic resistance in these bacteria underlines 
the importance of understanding the host immune response 
against A. baumannii to prevent and control infection.

Innate immune systems provide the first line of defense 
against pathogenic bacteria, by recognition of pathogen-asso-
ciated molecular patterns. Toll‑like receptors (TLRs) are the 
best‑studied family of pattern recognition receptors (PRRs) and 
are comprised of N‑terminal leucine‑rich repeats, a transmem-
brane domain and a C-terminal Toll/interleukin (IL)-1 receptor 
domain. TLRs 1, 2, 4, 5 and 6 are present on the cell surface, 
whereas TLRs 3, 7 and 9 are localized in the endosome (5). 
Following the recognition of specific molecular patterns 
found in microbial pathogens, TLRs trigger downstream 
signaling pathways [myeloid differentiation primary-response 
protein 88 (MyD88)-dependent and/or TIR domain-containing 
adapter‑inducing interferon‑β-dependent pathways], and 
produce proinflammatory cytokines and antimicrobial factors to 
eradicate the invading pathogens. Engagement of TLRs initiates 
signaling through intracellular pathways that lead to activation 
of nuclear factor‑κB (NF-κB), mitogen-activated protein kinases 
(MAPKs) and interferon regulatory factors (6,7).

TLR4 is critical for host defense against Gram-negative 
bacterial infection as it recognizes lipopolysaccharide 
(LPS) (7). TLR4 mediates bacterial clearance and production 
of proinflammatory cytokines and chemokines in A. baumannii 
infection (8). In addition to TLR4, TLR2 is involved in host 
innate immunity against microbial infections by recognizing 
peptidoglycans of the bacterial cell wall and activating NF-κB 
and MAPKs through the MyD88‑dependent pathway (9‑11). 
Although A. baumannii is known to induce TLR2‑stimulatory 
activity (12,13), the role of TLR2 in A. baumannii‑induced 
immune responses remains unclear. Previously, an in vivo study 
demonstrated that TLR2 deficiency leads to improved bacterial 
clearance and increased production of chemokines and myelo-
peroxidase in the lungs of mice infected with A. baumannii (8). 
By contrast, TLR2 is essential for optimal immune responses 
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against A. baumannii in macrophages and lung epithelial 
cells (12,14). Therefore, the present study sought to confirm the 
role of TLR2 in bacterial colonization, cytokine and chemokine 
production and lung histopathology, by A. baumannii infection 
in mice.

Materials and methods

Mice. TLR2-deficient mice on C57BL/6 background were 
purchased from Jackson Laboratory (Bar Harbor, ME, USA) 
and wild-type (WT) C57BL/6 mice were from Koatech 
(Pyeongtaek, Korea). The animal studies were conducted 
under approved protocols by the Institutional Animal Care 
and Use Committee of Konyang University (Daejeon, Korea).

Bacterial infection. A. baumannii strain KCCM 35453 
(ATCC 15150) was purchased from Korean Culture Center 
of Microorganisms (Seoul, Korea). For bacterial preparation, 
single colonies were inoculated into 5 ml Luria Bertani (LB) 
broth and grown overnight at 37˚C under agitation. A 1:5 dilu-
tion of the culture grown overnight was allowed to grow in 
fresh medium at 37˚C under agitation for a further 2 h. Bacteria 
were washed and resuspended with sterile phosphate‑buffered 
saline (PBS) to 109 colony‑forming units (CFU)/ml. Mice were 
anesthetized by intraperitoneal injection of 10 mg/kg rompun 
(Bayer Korea Ltd., Seoul, Korea) and 50 mg/kg zoletil (Virbac 
Korea Co., Ltd., Seoul, Korea), and 30 µl prepared bacteria was 
inoculated intranasally. Infected mice were monitored daily 
for body weight changes and clinical signs. At 1, 3 and 5 days 
after inoculation, mice were sacrificed and bronchoalveolar 
lavage (BAL) fluid was collected.

Bacterial count in lung tissue. Following BAL fluid collection, 
the right lobes of lungs were collected in sterile PBS for bacte-
rial counting. The extracted lobes were weighed, homogenized, 
serially diluted and 100 µl homogenate was spread onto LB 
agar plates. Following overnight culture in a 37˚C incubator, 
the colony was counted and the number of bacteria (measured 
as CFU/g lung tissue) was calculated.

Measurement of cytokines and chemokines. The levels of 
IL‑6, tumor necrosis factor‑α (TNF-α), chemokine (C-X-C 
motif) ligand 2 (CXCL2) and chemokine (C-C motif) ligand 2 

(CCL2) from BAL fluid of A. baumannii-infected mice were 
determined using commercial ELISA kits (R&D Systems, 
Minneapolis, MN, USA).

Histopathological examination. The left lobes of lungs 
were harvested and fixed in 10% neutral formalin for histo-
pathological observation. The tissues were routinely processed 
with alcohol and xylene series and embedded in paraffin. 
Subsequently, 3‑µm sections were prepared, stained with 
hematoxylin and eosin and examined by microscopy.

Statistical analysis. The differences in mean values among 
different groups were tested and the values were expressed as 
the mean ± standard deviation. All of the statistical calcula-
tions were carried out using Microsoft Excel (Microsoft, 
Redmond, WA, USA). P<0.05 was considered to indicate a 
statistically significant difference.

Results

Clinical signs and body weight changes by A. baumannii 
infection in mice. A. baumannii infection caused mild physical 
signs of ill health in WT and TLR2‑deficient mice, manifested 
as weight loss, ruffled fur, decreased movement and huddling. 
These were without any significant difference 1 day after 
infection (data not shown). These clinical signs improved from 
3 days after infection. The weight loss was prominent in the 
early stages of infection and continued until 3 days after infec-
tion. Following this, the majority of mice gradually regained 
body weight and had recovered to within a normal range by 
5 days after infection (Fig. 1).

Bacterial clearance in the lungs of mice infected with 
A. baumannii. To determine the role of TLR2 in bacte-
rial clearance in vivo, the lung tissue was extracted from 
A. baumannii-infected WT and TLR2-deficient mice and 
the number of bacteria was counted. The pulmonary bacte-
rial loads were significantly higher in TLR2‑deficient mice 
compared with WT mice 1 day after infection (Fig. 2A). 
However, at 3 and 5 days after infection, the loads were 
comparable in WT and TLR2‑deficient mice (Fig. 2B and C). 
These results indicate that TLR2 may contribute to bacterial 
clearance in A. baumannii-infected mice at the early stages of 
infection but not at the later stages.

Production of cytokines and chemokines by A. baumannii 
in BAL fluids. To examine whether TLR2 has a role in 
the production of cytokines and chemokines following 
A. baumannii infection, levels of cytokines (IL‑6 and TNF‑α) 
and chemokines (CXCL2 and CCL2) from BAL fluids of 
A. baumannii‑infected mice were measured 1, 3 and 5 days 
after infection. The levels of IL‑6 and CXCL2 were signifi-
cantly higher in the BAL fluid of TLR2‑deficient mice than in 
WT mice 1 day after infection (Fig. 3A and B). Although there 
was no statistically significant difference, the TNF‑α level was 
also slightly higher in the BAL fluid of TLR2‑deficient mice 
compared with WT mice (Fig. 3C).

Histopathology of the lung of A. baumannii‑infected mice. 
Histopathological features of lung tissue from WT and 

Figure 1. Body weight changes with A. baumannii infection in WT 
and TLR2-deficient mice. WT and TLR2-deficient mice were infected 
intranasally with A. baumannii (3x107 CFU) and body weight changes 
were monitored daily. WT, wild‑type; TLR2, toll‑like receptor 2; CFU, 
colony‑forming units.
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TLR2‑deficient mice was assessed 1, 3 and 5 days after 
inoculation with A. baumannii. Whilst no infiltration of inflam-
matory cells was observed prior to A. baumannii infection in 

the lungs of WT and TLR2‑deficient mice (Fig. 4A and B), 
infection led to polymorphonuclear (PMN) cell infiltration in 
the alveolar spaces and perivascular and peribronchiolar areas 
in WT and TLR2‑deficient mice from 1 day after infection 
(Fig. 4C and D). Infiltration of these cells became severe at 
3 (Fig. 4E and F) and 5 days (Fig. 4G and H) after infection, 
and no marked difference in inflammatory cell infiltration was 
observed between WT and TLR2‑deficient mouse lung tissue 
(Fig. 4). These results indicate that TLR2 may not be involved 
in the progression of lung inflammation in mice.

Discussion

Inflammatory responses play a pivotal role in lung defense 
against bacterial pathogens, including A. baumannii. This 
specific response includes the release of pro‑inflammatory cyto-
kines and chemokines (8,15,16). IL‑6, TNF‑α, and IL-1β are 
representative proinflammatory cytokines and are associated 
with the upregulation of cell adhesion molecules and antigen 
presentation. IL-8 (keratinocyte-derived protein chemo-
kine/CXCL1 in mice), monocyte chemotactic protein-1/CCL2, 
and macrophage inflammatory protein-2/CXCL2 act as 
chemoattractants and are required for recruitment of immune 
cells from the bloodstream into the airway (17). In addition 
to immune cells, airway epithelial cells contribute to host 
resistance against A. baumannii by producing antimicrobial 
peptides, for example defensins (18,19). All of these factors 
are closely related and cooperate during the immune response 
against A. baumannii.

In the present study, mice lacking functional TLR2 exhib-
ited a selective impaired bacterial clearance compared with 

Figure 2. Bacterial clearance in the lung of mice infected with A. baumannii. Bacterial numbers of WT and TLR2‑deficient mice were measured in lung 
homogenates (A) 1, (B) 3 and (C) 5 days after infection. *P<0.01, vs. WT group. WT, wild‑type; TLR2, toll‑like receptor 2.

Figure 3. The production of cytokines and chemokines by A. baumannii in BAL fluids. WT and TLR2‑deficient mice were infected with A. baumannii and 
BAL fluids were collected 1, 3 and 5 days after infection. The levels of (A) IL‑6, (B) TNF-α, (C) CXCL2 and (D) CCL2 in BAL fluids were measured by 
ELISA. *P<0.01, vs. WT group. BAL, bronchoalveolar lavage; TLR‑2, toll‑like receptor 2; IL‑6, interleukin‑6; TNF‑α, tumor necrosis factor‑α; CXCL2, 
chemokine (C-X-C motif) ligand 2; CCL2, chemokine (C‑C motif) ligand 2; WT, wild‑type.

Figure 4. Histopathology in the lung of A. baumannii-infected mice. WT 
and TLR2‑deficient mice were infected with 3x107 CFU A. baumannii and 
representative histological images of the lungs are depicted (hematoxylin and 
eosin; magnification, x40). WT, wild‑type; TLR2, toll‑like receptor 2; CFU, 
colony‑forming units.
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WT mice 1 day after infection, although lung infiltration of 
immune cells was comparable between the two groups. These 
results are in accordance with a previous report demonstrating 
that TLR2 deficiency impaired the nitric oxide‑mediated bacte-
rial killing capacity of PMN cells and alveolar macrophages, 
without any defects in the immune cell influx in pulmonary 
infection of Porphyromonas gingivalis (20). In addition, the 
possible role of TLR2‑dependent local immune responses 
cannot be excluded. Our previous study revealed that TLR2 
is not required for cytokine production in macrophages in 
response to A. baumannii (21). However, A. baumannii may 
induce IL‑8 production in human lung epithelial cells and 
was inhibited by TLR2 small interfering RNA (12). Although 
TLR2 deficiency demonstrated increased CXCL2 production 
1 day after infection, no significant difference was observed 
between the two groups with regard to PMN cell infiltration 
into the lung. It is possible that TLR2‑independent mechanisms 
may have compensated for this function, for example stimula-
tion by bacterial-derived formyl peptides of the formyl-peptide 
receptor, which plays a major role in PMN recruitment to 
infected alveoli (22).

A number of studies have reported that TLR2‑deficient 
mice exhibit  increased resistance to pulmonary 
infect ion with A. baumannii  (8)  or pi lA mutant 
Pseudomonas aeruginosa (23), and to systemic challenge 
with Yersinia enterocolitica (24) or Candida albicans (25). 
It is hypothesized that these results may be due to TLR2 
signaling having several inhibitory effects on the inflamma-
tory response, by inducing IL‑10 or downregulating TLR4 
expression. However, the distinct mechanisms have not been 
clearly identified. In the present study, no bacterial clear-
ance defects were observed in the lungs of TLR2‑deficient 
mice compared with those of WT mice 3 and 5 days after 
infection. In addition, TLR2‑deficient mice exhibited similar 
inflammatory cell infiltration in the lungs as WT mice with 
A. baumannii, which was not consistent with the previous 
report (8). This discrepancy may be due to the distinct bacte-
rial origin and different experimental conditions.

Although TLR4 is regarded as the main PRR of 
Gram-negative bacteria, TLR2 has also been reported to 
participate in the recognition of some Gram-negative bacteria, 
including Helicobacter pylori, Porphyromonas gingivalis and 
Bacteroides fragilis (11,26,27). Therefore, TLR2 serves as a 
functional receptor for Gram‑positive and ‑negative bacteria 
and induces production of proinflammatory cytokines (28). 
In conclusion, results of the present study demonstrated that 
TLR2 may be involved in the recognition of A. baumannii, 
particularly at the early stages of infection. A previous study 
revealed that LPS‑deficient A. baumannii exhibited impaired 
ability to produce TNF‑α in TLR2-deficient macrophages 
compared with WT cells (14). Therefore, it is necessary to 
re‑analyze the in vivo effects of TLR2, using an LPS‑deficient 
strain of A. baumannii or by comparing phenotypes between 
TLR4- and TLR2/4‑deficient mice.
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