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Introduction

Acinetobacter baumannii is an important opportun-
istic pathogen associated with nosocomial infections, 
including bacteremia, pneumonia, meningitis, urinary 
tract infections, and wound infections (Fournier and 
Rich et al. 2006; Munoz-Price and Weinstein 2008). 
Recently, multidrug-resistant A. baumannii, the main 
causative pathogen of nosocomial infections world-
wide, has become a significant problem (Kempf and 
Rolain 2012; Antunes et al. 2014; Ushizawa et al. 2016). 

Additionally, although A. baumannii is regarded as 
a low-virulence pathogen (Peleg et al. 2008), it possesses 
several mechanisms of pathogenicity, including biofilm 
formation, adherence, and invasion of lung epithelial 
cells, host cell death, and iron acquisition (Uppalapati 
et al. 2020). Thus, the development of new treatments or 
vaccine therapies is required to manage A. baumannii 
infection (Gellings et al. 2020). To achieve this, the viru-
lence of A. baumannii and the host immune response 
against the pathogen must be clarified (Eveillard 
et al. 2010).

Histopathological Analysis of Acinetobacter baumannii Lung Infection
in a Mouse Model

SHIGERU TANSHO-NAGAKAWA*  , YOSHINORI SATO, TSUNEYUKI UBAGAI,
TAKANE KIKUCHI-UEDA, GO KAMOSHIDA, SATOSHI NISHIDA and YASUO ONO

Department of Microbiology and Immunology, Teikyo University School of Medicine, Tokyo, Japan

Submitted 25 August 2021, accepted 31 October 2021, published online 20 December 2021

A b s t r a c t

K e y w o r d s: Acinetobacter baumannii, neutrophils, macrophages, a mouse lung infection model

Acinetobacter baumannii is the main causative pathogen of noso-
comial infections that causes severe infections in the lungs. In this 
study, we analyzed the histopathological characteristics of lung 
infection with two strains of A. baumannii (ATCC 19606 and the 
clinical isolate TK1090) and Pseudomonas aeruginosa PAO-1 in 
C3H/HeN mice to evaluate the virulence of A. baumannii. Survival 
was evaluated over 14  days. At 1, 2, 5, or 14  days postinfection, 
mice of C3H/HeN were sacrificed, and histopathological analysis 
of lung specimens was also performed. Histopathological changes 
and accumulation of neutrophils and macrophages in the lungs 
after infection with A. baumannii and P. aeruginosa were analyzed. 
Following intratracheal inoculation, the lethality of ATCC 19606- 
and TK1090-infected mice was lower than that of PAO-1-infected 
mice. However, when mice were inoculated with a sub-lethal dose 
of A. baumannii, the lung bacterial burden remained in the mice 
until 14 days post-infection. Additionally, histopathological analy-
sis revealed that macrophages infiltrated the lung foci of ATCC 
19606-, TK1090-, and PAO-1-infected mice. Although neutrophils 
infiltrated the lung foci of ATCC 19606- and TK1090-infected 
mice, they poorly infiltrated the lung foci of PAO-1-infected mice. 
Accumulation of these cells in the lung foci of ATCC 19606- and 
TK1090-infected mice, but not PAO-1-infected mice, was observed 

for 14 days post-infection. These results suggest that A. baumannii is 
not completely eliminated despite the infiltration of immune cells 
in the lungs and that inflammation lasts for prolonged periods in 
the lungs. Further studies are required to understand the mecha-
nism of A. baumannii infection, and novel drugs and vaccines 
should be developed to prevent A. baumannii infection.
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Animal models for bacterial infection are often 
considered valuable tools for developing new drugs 
and vaccines (Byrne et al. 2020). Some mouse models 
of A. baumannii infection have been established, and 
immune responses and treatments against the patho-
gen have been analyzed (Crandon et al. 2009; Qiu et al. 
2009a; 2009b; Jacobs et al. 2010). In particular, neutro-
phils and alveolar macrophages (AMs) play impor-
tant roles in host resistance to respiratory infections 
by A. baumannii (van Faassen et al. 2007; Qiu et al. 
2012; Lee et al. 2020). In addition, Toll-like receptor 
(TLR) 2 and 4 play key roles in eliciting innate immune 
responses against A. baumannii infection (Knapp et al. 
2006; Kim et al. 2014). These results suggest that innate 
immune responses play important roles in host resist-
ance to early A. baumannii infection. In pneumoniae 
models of A. baumannii infection, hypervirulent strains 
(LAC-4 and SJZ24) induced rapid bacterial replication, 
cytokine induction in the lungs, significant extrapul-
monary dissemination, and severe bacteremia by 24 h 
postintranasal inoculation (Harris et al. 2013; Zeng 
et al. 2019). These studies have focused on immune 
responses during the early stage of A. baumannii infec-
tion because of the lethal pneumonia models of A. bau­
mannii. Although A. baumannii is regarded as a low-
virulence pathogen, it possesses several mechanisms 
of evading immune responses (e.g., capsule (Geisinger 
and Isberg 2015) and catalase expression (Sato et al. 
2019), and inhibition of neutrophil extracellular traps 
(NETs) (Kamoshida et al. 2018). Thus, it is a possibility 
that A. baumannii can survive in the host for prolonged 
periods. However, there is relatively little literature on 
the immune responses against A. baumannii for long-
term persistent infection and histopathological analysis 
of A. baumannii lung infection.

Both A. baumannii and P. aeruginosa are included 
among the six critical nosocomial pathogens: Entero­
coccus faecium, Staphylococcus aureus, Klebsiella pneu­
moniae, A. baumannii, P. aeruginosa, and Enterobacter 
spp. (ESKAPE) that acquire multidrug resistance and 
virulence (Mulani et al. 2019). Additionally, A. bau­
mannii and P. aeruginosa are opportunistic patho-
gens associated with nosocomial infections, including 
pneumonia, so that these bacteria have gained impor-
tance as a human pathogen in hospital environments. 
In this study, we established an A. baumannii mouse 
lung infection model in commonly used experimental 
C3H/HeN mice and analyzed whether A. baumannii 
showed long-term infection compared to P. aeruginosa 
as a major bacteria caused by pneumoniae. Addition-
ally, A. baumannii isolated from a patient with pneu-
monia (TK1090 strain) was evaluated whether the 
clinical isolate was a high virulent strain or not. In this 
model, although intratracheal inoculation with a high 
dose of A. baumannii was shown to be lethal, in low 

doses of A. baumannii inoculation, temporal changes 
in the exudation of immune cells, such as neutrophils 
and macrophages, to the infected foci and changes in 
pulmonary lesions were observed.

Experimental

Materials and Methods

All methods were performed in accordance with 
relevant guidelines and regulations.

Mice. Five-week-old female C3H/HeN mice were 
purchased from Japan SLC (Shizuoka, Japan). All ani-
mal experiments were performed in accordance with 
the Institutional Animal Care and Use Committee of 
Teikyo University Animal Ethics Committee (Approval 
No. 12–079). Five animals were housed per cage and 
provided with sterilized food and water ad libitum.

Bacterial culture. ATCC 19606 strains of A. bau­
mannii and P. aeruginosa PAO-1 were used as stand-
ard strains in this study. The A. baumannii TK1090 
strain was isolated during an Acinetobacter outbreak 
in 2010 from a patient with pneumonia and preserved 
at Teikyo University of Medical Hospital, Tokyo, Japan. 
The isolates were streaked onto blood agar plates and 
cultivated for 24 hours to obtain monoclonal colonies 
and identified as A. baumannii by DNA sequencing of 
a partial RNA polymerase β-subunit (rpoB) gene (La 
Scola et al. 2006). Additionally, the isolates were con-
firmed as non-clonal by pulsed-field gel electrophore-
sis (data not shown). After identification, these isolates 
were stored in glycerol stocks at –80°C at the Depart-
ment of Microbiology and Immunology, Teikyo Univer-
sity School of Medicine. Bacteria were grown until the 
mid-logarithmic phase at 37°C in Luria-Bertani broth 
(Difco, Detroit, MI) and then washed and resuspended 
in sterile isotonic saline (106–108 CFU/50 µl).

Infection. Mice were infected by the strains of 
A. baumannii and P. aeruginosa PAO-1 as described by 
Bernabeu-Wittel et al. (2005). Mice were then anesthe-
tized by the intraperitoneal administration of 0.6 ml/kg 
of a mixed anesthetic consisting of 15 µg/ml dimor-
phoramine (Eisai Tokyo, Japan), 120 µg/ml xylazine 
(Bayer, Leverkusen, Germany), and 600 µg/ml sodium 
pentobarbital (Dainippon Sumitomo Pharma, Tokyo, 
Japan). A suspension of bacteria in a volume of 50 µl 
was inoculated intratracheally. A 25-gauge X 23/8 dis-
posable needle (Top, Tokyo, Japan) was used to deliver 
the inoculum to the trachea. Mice fully recovered 
within 30 min after the procedure, and none died due 
to the inoculation procedure.

Survival studies. Survival of the animals (n = 7 or 
8 for uninfected and infected-mice, respectively) was 
checked daily for 14 days post-infection. On day 1 after 
the infection and at the end of the experiment, the 
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surviving mice were killed by CO2 anoxia. Their lungs 
and kidneys were removed and placed in 1 ml of ster-
ile saline and homogenized. A total of 0.05 ml of each 
homogenate was spread onto LB agar plates, and the 
bacterial count (CFU) was confirmed by the growth of 
the bacteria on LB agar after 24 h of incubation at 37°C.

Histological examination. Lung tissues from the 
pneumonia mouse model were harvested under sterile 
conditions. All lung samples were fixed with 4% for-
malin, embedded in paraffin, sliced, and stained with 
hematoxylin and eosin (HE). The slices were observed 
at 100 × magnification (Luna et al. 2019). Granulocyte 
staining was performed as described by Gong et al. 
(2013). Neutrophils and macrophages were immu-
nostained with anti-Ly-6G antibody (clone: RB6-8C5; 
Abcam, Tokyo, Japan) and anti-CD68 antibody (clone: 
FA-11; Abcam), respectively, and were detected using 
diaminobenzidine (DAB) method and restained with 
hematoxylin. The sections were observed under a light 
microscope (Nikon). The number of granulocytes was 
analyzed using HALO® image analysis software, the 
standard image analysis platform for quantitative tissue 
analysis in digital pathology (Albuquerque, NM, USA).

Statistical analysis. Bacterial density and immune 
cell rates were compared using the unpaired t-test. Dif-
ferences were considered significant if p < 0.05.

Results

Survival rates of A. baumannii and P. aeruginosa-
infected C3H/HeN mice. We examined the survival 
rates of C3H/HeN mice after intratracheal infection with 
A. baumannii and P. aeruginosa. When 1.5 × 108 CFU of 

ATCC 19606 and 3.2 × 108 CFU of TK1090 were inoc-
ulated, all mice died within three days post-infection 
(Figs. 1A and 1B). Meanwhile, when 9 × 107 of ATCC 
19606 and 1.5 × 108 CFU of TK1090 were inoculated, 
the survival rates were 50–80% (Fig. 1A and 1B). When 
3.8 × 107 CFU of P. aeruginosa PAO-1 was inoculated, all 
mice died within three days. Meanwhile, when 2.5 × 106 
of P. aeruginosa PAO-1 was inoculated, the survival rate 
was 50% (Fig. 1C). These results indicate that although 
the ATCC 19606 and TK1090 strains of A. baumannii 
have low virulence compared with P. aeruginosa PAO-1, 
the inoculation of a high dose of A. baumannii to the 
lungs leads to the development of a lethal phenotype.

Lung bacterial burden remains in A. baumannii-
infected C3H/HeN mice for the long term. To confirm 
the number of bacteria in the lungs of C3H/HeN mice 
after infection, a sub-lethal dose (107 CFU) of ATCC 
19606 and TK10190 were inoculated into the lungs 
of the mice. On day 1 after inoculation, 8 × 106 CFU/g 
of ATCC19606 and 2.5 × 107 CFU/g of TK1090 were 
detected in the lungs. Moreover, 1.4 × 103 CFU/g of 
ATCC 19606 and 2.1 × 104 CFU/g of TK1090 were 
detected in the kidneys (Fig. 2A). Additionally,  
1.4 × 103 CFU/g of ATCC 19606 and 2.5 × 103 CFU/g 
of TK1090 were detected in the lungs on day 14 after 
inoculation; however, neither of the pathogens was 
detected in the kidneys (Fig. 2B). These results indicate 
the long-term colonization of A. baumannii in the lungs 
of C3H/HeN mice.

A. baumannii elicits pulmonary inflammation 
in C3H/HeN mice for the long term. To analyze 
histopathological changes in the lungs of C3H/HeN 
mice after infection with A. baumannii, 1 × 107 CFU of 
ATCC 19606, 1 × 107 CFU of TK1090 of A. baumannii, 

Fig. 1. Survival rates of mice with a lung infection. Survival 
rates of CH3/He mice following intratracheal inoculation with 
ATCC 19606 (A), TK1090 (B), and PAO-1 (C) strains. Groups of 
mice (ATCC 19606, TK1090, and PAO-1; n = 7 or 8 for uninfected 
and infected mice, respectively) were intratracheally inoculated as 
indicated, and their clinical outcome was monitored daily for up 

to 14 days.
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and 1 × 106 CFU of P. aeruginosa PAO-1, which were less 
than the lethal dose of the bacteria, were inoculated 
into the lungs of C3H/HeN mice. After the inoculation, 
the pathogen-infected lungs were resected at 0, 1, 2, 

5, and 14 days post-infection, and the individual sam-
ples were stained with HE and pathologically analyzed 
(Fig. 3). On day 1 after inoculation, inflammation was 
observed in the alveoli of ATCC 19606-, TK1090-, and 

Fig. 2. Bacterial densities in mice infected with Acinetobacter baumannii. A. baumannii bacterial load in the lungs and kidneys of female 
C3H/HeN mice (groups of 3 mice for ATCC 19606- and TK1090-infected mice, respectively) intratracheally inoculated with 107 CFU 
of ATCC 19606 (open) and TK109 (closed) strains. Bacterial load in the respective organs was determined by quantitative bacterio-
logy at 1 day (A) and 14 days (B) post-infection. The data are presented as the mean + standard deviation (SD). The detection limits 
for bacterial load were 1.3 log10 CFU/organ for the lung and kidney. Asterisks indicate statistically significant differences in the number 

of bacteria (*p < 0.05; ATCC 19606 vs. TK1090; unpaired t-test).

Fig. 3. Histopathological analysis of the lung tissues from Acineto bacter baumannii- 
and Pseudomonas aeruginosa-infected mice. The lung tissues from C3H/HeN mice 
infected with ATCC 19606 (A, B, C, and D), TK1090 (E, F, G, and H), and PAO-1 
(I, J, K, and L) strains and uninfected mouse (M) are shown. The lung tissues from 
the mice infected with ATCC 19606 at 1 day (A), 2 days (B), 5 days (C), and 14 days 
(D) post-infection. The lung tissues from the mice infected with TK1090 at 1 day (E), 
2 days (F), 5 days (G), and 14 days (H) post-infection. The lung tissues from the mice 
infected with PAO-1 at 1 day (I), 2 days (J), 5 days (K), and 14 days (L) post-infection. 

Photo micrograph images (magnification, 100×; hematoxylin and eosin staining).
Squares represent high magnification (400×).
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PAO-1-infected mice and inflammatory infiltrates were 
observed in the alveolar lumen of these mice, as shown 
in the magnified images (Fig. 3A, 3E, and 3I). On days 2 
and 5 after inoculation, inflammatory infiltrates were 
extensively observed in the lung tissues of these mice 
(Fig. 3B, 3C, 3F, 3G, 3J, and 3K). However, on day 14 
after inoculation, although the areas of inflammation 
and inflammatory cell counts were reduced in these 
mice, the A. baumannii-infected mice recovered from 
inflammation at a slower rate than the P. aeruginosa-
infected mice (Fig. 3D, 3H, and 3L). These results sug-
gest that inflammation caused by A. baumannii infec-
tion is prolonged in the lungs of mice compared with 
P. aeruginosa infection.

A. baumannii infection prolongs the accumula-
tion of neutrophils and macrophages in the lung tis-
sues. To identify the infiltrating cells in the lung tissues 
of A. baumannii-infected mice, lung tissues were immu-

nostained using anti-Ly-6G and anti-CD68 antibodies 
to detect neutrophils and macrophages, respectively. 
On day 2 after inoculation with A. baumannii, infiltra-
tion of neutrophils and macrophages was observed in 
the lung tissues of ATCC 19606- and TK1090-infected 
mice (Fig. 4A, 4B, 4E, and 4F). On day 5 after inocula-
tion, infiltration of neutrophils was mainly observed 
in the inflamed tissues of ATCC 19606-infected mice 
(Fig. 4C and 4D), whereas infiltration of macrophages 
was mainly observed in the inflamed tissues of TK1090-
infected mice (Fig. 4G and 4H). In the case of PAO1 
infection, although only the infiltration of macrophages 
was observed in the lung tissues of the mice at two days 
post-infection (Fig. 4I and 4J), neither neutrophils 
nor macrophages were detected in the lung tissues of 
the mice at five days post-infection (Fig. 4K and 4L). 
Moreover, we counted the number of immune cells in 
the inflamed tissues, as shown in Fig. 5. On day 2 after 

Fig. 4. Infiltration of neutrophils and macrophages in the lung tissues of Acinetobacter baumannii- and Pseudomonas aeruginosa-
infected mice. The lung tissues from C3H/HeN mice infected with ATCC19606 (A, B, C, and D), TK1090 (E, F, G, and H), and PAO-1 
(I, J, K, and L) strains and uninfected mice (M and N) are shown. The lung tissues from the mice infected with ATCC 19606 at 1 day 
(A and B) and 5 days (C and D) post-infection. The lung tissues from the mice infected with TK1090 at 1 day (E and F) and 5 days 
(G and H) post-infection. The lung tissues from the mice infected with PAO-1 at 1 day (I and J) and 5 days (K and L) post-infection. 
Neutrophils and macrophages were detected by immunostaining with anti-Ly-6G antibody (A, C, E, G, I, and K) and anti-CD68 anti-

body (B, D, F, H, J, and L) using diaminobenzidine (DAB) method and restained with hematoxylin, respectively.
Photomicrograph images (magnification, 100×).
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infection, 49% and 46% of neutrophils were detected 
in the inflamed tissue of ATCC 19606- and TK1090-
infected mice (Fig. 5A). Additionally, 85% and 49% 
of macrophages were detected in the inflamed tissue of 
TK1090-infected mice (Fig. 5A). On day 5 after infec-
tion, 9.5% of neutrophils were detected in the inflamed 
tissue of ATCC 19606-infected mice (Fig. 5A, ATCC 
19606), whereas 11% of macrophages were detected in 
the inflamed tissue of TK1090-infected mice (Fig. 5B, 
TK1090). Meanwhile, 3% of neutrophils and 39% of 
macrophages were detected in the inflamed tissue 
of PAO-1-infected mice at two days post-infection 
(Fig. 5A and 5B, PAO-1). These results suggest that 
A. baumannii induces the infiltration of inflammatory 
cells and prolongs the accumulation of neutrophils and 
macrophages in the lung tissues. Additionally, differ-
ent induction patterns of immune cells were observed 
between ATCC 19606 and TK 1090 strains, suggesting 
that the virulence of A. baumannii is strain-dependent.

Discussion

A. baumannii mainly infects the respiratory tract, 
and pneumonia is one of the main clinical manifesta-
tions of A. baumannii infection. In the present study, 
we established an A. baumannii pneumonia infection 
model in C3H/HeN mice and showed the temporal 
changes in the accumulation of neutrophils and mac-
rophages, which are the main cells involved in innate 
immunity, in infected foci as well as temporal changes 

in viable bacterial cell count and lung lesions. In the 
lung infection model of C3H/HeN mice, the virulence of 
P. aeruginosa PAO-1 strain was the highest, in terms of 
lethal effect, followed by that of A. baumannii reference 
ATCC 19606 strain and clinical isolate TK1090 strain.

A previous study has reported that C57BL/6 mice 
were intranasally inoculated with A. baumannii ATCC 
19606, and lung bacterial burden was detected in the 
mice at 1 day post-infection (Harris et al. 2013). Simi-
larly, we detected lung bacterial burden in C3H/HeN 
mice at 1 day post-infection and subsequently detected 
them at 14 days post-infection. Although ATCC 19606 
strain shows lower virulence than other clinical isolates, 
there are various researches of A. baumannii virulence 
using ATCC 19606 in vitro (e.g., biofilm formation, 
adherence, and invasion of lung epithelial cells, host cell 
death, and iron acquisition) (Uppalapati et al. 2020). 
Especially, in vitro studies suggested that A. baumannii 
induces inflammatory lung responses in pneumonia by 
adhering to lung epithelial cells (Uppalapati et al. 2020) 
and survives within macrophages in vitro (Sato et al. 
2019). These results indicate that A. baumannii infec-
tion may prolong pneumonia. Therefore, A. baumannii 
ATCC 19606 is a useful strain to clarify the pathogenic-
ity of A. baumannii infection and immune responses 
in pneumonia model. This study established a pneu-
monia model of C3H/HeN mice infected with ATCC 
19606 strain. Our mouse model is expected to serve 
the knowledge of pneumonia caused by A. baumannii 
infection and becomes a valuable tool for the analysis 
of A. baumannii infection.

Fig. 5. Frequency of neutrophils and macrophages accumulated in the lung tissues of Acinetobacter baumannii- and Pseudomonas aeru­
ginosa-infected mice. Infiltrated neutrophils and macrophages in the lung tissues of the infected mice were detected by monoclonal 
antibodies using diaminobenzidine (DAB) method and restained with hematoxylin, and were measured by the HALO image analysis 
system for counting of cell numbers. The frequencies of neutrophils (A) and macrophages (B) in the mice post-infection are shown. The 
frequencies of infected mice on day 2 and day 5 are shown as open and closed bars, respectively. Symbols indicate statistically significant 
differences (*p < 0.05, C3H/HeN mice infected with A. baumannii strains ATCC 19606 or TK1090 at 2 days post-infection vs. C3H/HeN 
mice infected with P. aeruginosa PAO-1 at 2 days post-infection, unpaired t-test; †p < 0.05, C3H/HeN mice infected with A. baumannii 
strains ATCC 19606 or TK1090 at 5 days post-infection vs. C3H/HeN mice infected with P. aeruginosa PAO-1 at 5 days post-infection, 

unpaired t-test).
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In the A. baumannii pneumonia model, inflamma-
tion was induced in the lungs, and the infiltration of 
neutrophils and macrophages was observed during the 
early phase of infection. Neutrophils play an impor-
tant role in protecting against A. baumannii infection 
(Knapp et al. 2006; van Faassen et al. 2007; Qiu et al. 
2009b). The analysis of cells collected from bronchoal-
veolar lavage fluid or crushed resected lung tissues by 
fluorescence-activated cell sorting (FACS), using a fluo-
rescent antibody in a mouse lung infection model, has 
been reported in a study (Qiu et al. 2012). These meth-
ods allow the simple measurement of cells that exuded 
into infected lung tissues. However, analysis using tis-
sue slices is essential to detect immune cells accumu-
lated in the foci and elucidate the relationship between 
these cells and lung lesions. In the analysis of lesions 
caused by pneumonia, many inflammatory cells were 
detected by HE staining. In addition, immunostaining 
with specific antibodies allows the detection of neutro-
phils and macrophages. Accumulation of neutrophils 
was observed in the infected foci in an A. baumannii 
lung infection mouse model using histopathological 
analysis (Qiu et al. 2009a). Additionally, inflammatory 
cytokines, such as TNF-α, were detected in the lungs 
of mice (Qiu et al. 2009a).

When co-cultured with A. baumannii in vitro, 
human neutrophils strongly produce not only TNF-α 
but also IL-8 (Kamoshida et al. 2016). These inflam-
matory cytokines contribute to the exudation of mac-
rophages (Joly-Guillou et al. 2000; Qiu et al. 2009a; 
2009b). Therefore, these studies suggest that immune 
cells, such as neutrophils and macrophages, accumu-
late in A. baumannii lung infection foci and play an 
important role eliminating A. baumannii. Likewise, 
in our study, the accumulation of neutrophils and 
macrophages on day 2 after A. baumannii infection in 
the mice with pneumonia implies the involvement of 
inflammatory cytokines produced in the lung tissues 
and subsequent activation of complement compo-
nents, such as C5a. Moreover, on day 5 after A. bau­
mannii infection, although the number of neutrophils 
and macrophages was decreased in the lung tissues, 
these cells accumulated in the lung lesions. However, 
viable bacterial cells were detected in the lung tis-
sues even on day 14 after infection, suggesting that 
this pathogen might be resistant to phagocytosis by 
neutrophils. Our previous study demonstrated that 
A. baumannii-stimulated phagocytosis by neutrophils, 
and ROS production was weaker than that stimulated 
by P. aeruginosa (Kamoshida et al. 2016). Meanwhile, 
the reason the mice did not die, although the pathogen 
survived for a long time without undergoing phagocy-
tosis by neutrophils, might be related to the fact that 
the pathogen did not produce exotoxins and that its 
virulence was weak. In contrast, although phagocytosed 

by neutrophils, P. aeruginosa produces pathogenic fac-
tors, such as leucocidins, exotoxins, and pyocyanin, 
which can destroy immune cells, such as neutrophils 
(Gellatly and Hancock 2013; Kamoshida et al. 2016). 
The reason for the low neutrophil count on day 2 after 
P. aeruginosa lung infection could be attributed to the 
phagocytosis by neutrophils and associated neutro-
phil damage by the pathogenic factors produced by 
P. aeruginosa (Fig. 4 and 5). The extent of lung tissue 
damage caused by P. aeruginosa may also depend on 
these pathogenic factors (Usher et al. 2002; Lau et al. 
2004; Allen et al. 2005; Gellatly and Hancock 2013; 
Yong et al. 2018).

Our study demonstrated that viable bacterial cells 
were detected in the kidneys 24 h after the inocula-
tion of A. baumannii in the lungs, showing that sys-
temic dissemination of infection occurred in the early 
stages. Since A. baumannii is not flagellated, it does not 
exhibit motility. Regarding the systemic dissemination 
of this pathogen, we hypothesized that although A. bau­
mannii is attached to neutrophils, it does not undergo 
phagocytosis but adheres to neutrophils to migrate 
from infected lesions (Kamoshida et al. 2016). Thus, 
pulmonary inflammation and systemic dissemination 
(e.g., bacteremia) should be noted in A. baumannii via 
respiratory tract infections.

Previous studies have reported A. baumannii-infec-
ted mouse models using C57BL/6 (H2b) and Balb/c 
(H2d) (García-Patiño et al. 2017). When these mice 
were infected with a sub-lethal dose of A. baumannii, 
bacteria were eliminated in their mice within seven 
days. As we showed that A. baumannii was not elimi-
nated in the lungs of C3H/HeN (H2k) mice for at least 
14 days, these results imply the possibility that the dif-
ference of mouse MHC haplotype effects the immune 
responses for A. baumannii infection. The MHC haplo-
type affects T-cell recognition of Mycobacterium tuber­
culosis antigens (Kamath et al. 2004). Further studies 
might be required to analyze the immune responses 
for A. baumannii infection in a different strain of mice.

We established a mouse model of A. baumannii lung 
infection and analyzed the temporal and histopatho-
logical changes in lung lesions, accumulation of neu-
trophils and macrophages involved in innate immunity 
in infected foci, and viable bacterial cell counts in the 
foci. Although immune responses against A. bauman­
nii for long-term infection have not been made evident 
in this study, we demonstrated that the pathogen sur-
vived even in the convalescent phase of infection, that 
is, at 14 days after infection. We believe that this mouse 
model will be helpful for analyzing the virulence of this 
pathogen, which survives by escaping from the biode-
fense mechanism, and for developing future treatments 
of infectious diseases and a methodology for vaccine 
efficacy studies.
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