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ABSTRACT: Pseudomonas aeruginosa is one of the most important pathogens in patients with

chronic airway conditions, such as cystic fibrosis and diffuse panbronchiolitis. Type III secretion

system-mediated virulence factors contribute to the lung damage in chronic P. aeruginosa

infection.

The effects of the anti-PcrV immunoglobulin (Ig)G, which blocks the type III secretion system,

were evaluated in a mouse model of chronic P. aeruginosa infection. On bacteriological

examination, anti-PcrV IgG showed no bactericidal effects. On bronchoalveolar lavage fluid

(BALF) analysis, total cell number and neutrophil ratios in the anti-PcrV IgG-treated groups were

lower than those in the control group. In addition, macrophage inflammatory protein-2, tumour

necrosis factor-a, and interleukin-b concentrations in BALF were lower in the anti-PcrV IgG-treated

groups when compared with controls. Plasma anti-PcrV IgG titre was elevated after administration

of anti-PcrV IgG. Although plasma titre decreased gradually, a significant concentration was

maintained during the experimental period.

These data suggest that anti-PcrV immunoglobulin G reduces the inflammatory reaction caused

by chronic Pseudomonas aeruginosa respiratory infection and may be useful in treating

respiratory diseases.
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P
seudomonas aeruginosa is an opportunistic
pathogen associated with hospital-
acquired pneumonia and chronic airway

infection in patients with chronic respiratory
conditions, such as cystic fibrosis and diffuse
panbronchiolitis. Even if strong antimicrobial
chemotherapy is performed, it is very difficult
to completely eradicate P. aeruginosa, and chronic
infection can cause lung tissue damage that
eventually leads to severe respiratory failure.

P. aeruginosa produces numerous extracellular
virulence factors, which contribute to its patho-
genesis in chronic infection. These virulence
factors are secreted into the surrounding extra-
cellular environment via the type I, II or III
protein secretion systems. Toxins such as exoen-
zyme S, T, U and Y are directly transported into
eukaryotic cells through the type III secretion
system [1–4]. Expression of these toxins causes
epithelial injury and inhibits the host immune
response [3, 5–7]. PcrV is homologous to the V-
antigen (LcrV) found on the surface of Yersinia

and appears to be an integral component of the
translocation process [7]. In a previous study, it
was shown that administration of anti-PcrV anti-
body (Ab) was able to block the translocation of P.
aeruginosa type III-secreted toxins [7]. Anti-PcrV
immunoglobulin (Ig)G also exerted therapeutic
effects, reducing septic shock and mortality in an
animal model of acute P. aeruginosa infection [7, 8].
However, the efficacy of anti-PcrV IgG in chronic
P. aeruginosa infection has not yet been clarified. In
the present study, the effects of anti-PcrV IgG in a
murine model of chronic P. aeruginosa respiratory
infection were investigated.

MATERIALS AND METHODS
Laboratory animals
Five-week-old, male, ddY, specific-pathogen-free
mice were purchased from Shizuoka Agricultural
Cooperative Association Laboratory Animals
(Shizuoka, Japan). All animals were housed in a
pathogen-free environment and received sterile
food and water in the Laboratory Animal Center
for Biomedical Science at Nagasaki University
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(Nagasaki, Japan). The experimental protocols were approved
by the Ethics Review Committee for Animal Experimentation
at the current authors’ institution (Nagasaki).

Bacterial strains and culture conditions
Nonmucoid P. aeruginosa strain 6073, a human corneal isolate,
was used in the present study [9]. The strain was serogroup
O11 and was characterised as cytotoxic [9]. For each experi-
ment, strains were plated from 10% skimmed milk (Yukijirushi
Co., Tokyo, Japan) stocks maintained at -70uC. All cultures
were grown at 37uC, and liquid cultures were shaken at
250 rpm.

Murine model of chronic P. aeruginosa respiratory
infection
Chronic airway infection was induced in mice using the
method described by YANAGIHARA et al. [10]. Disposable,
sterile, plastic cut-down i.v. catheters (3 Fr, 1.0 mm diameter;
Atom Co., Tokyo, Japan) were used for tracheal intubation.
The tubes were 3.0 mm in length, with slits at the proximal end
in order to prevent blockage by oral secretions. Bacteria were
grown overnight from frozen stocks on Trypticase Soy agar
plates. Bacteria were suspended in sterile saline in order to
achieve an optical density of 0.2 at 660 nm. The plastic tube
was then immersed in bacterial saline suspension for 3 days at
37uC. The intubation procedure was performed under pento-
barbital anaesthesia. The blunted end of the inner needle of an
i.v. catheter (Angiocath; Becton Dickinson Vascular Access,
Sandy, UT, USA) was inserted through the oral cavity with the
outer sheath and attached tube at the tip. The tube was
advanced through the vocal cords into the trachea. The inner
needle was then removed, and the outer sheath was gently
pushed in order to place the plastic tube into the main
bronchus. Infection was restricted to the lung and no animals
died as a result of subsequent infection.

Antibody administration
The polyclonal rabbit-derived anti-PcrV Ab and pre-immune
serum-derived control Ab used in the present study were
prepared and stored at -80uC, as previously reported [8]. The
mice were separated into three groups; each group received i.p.
administration of control IgG on day 7 and day 14, anti-PcrV
IgG on day 7 or anti-PcrV IgG on day 7 and day 14.

Bacteriological examination
Five mice from each group were sacrificed on day 21 after
inoculation. The tube was removed and the lungs were excised
under aseptic conditions. The lungs were homogenised in
1.0 mL of PBS and were cultured quantitatively by serial
dilution on Pseudomonas isolation agar.

Bronchoalveolar lavage and cytokine ELISA
Bronchoalveolar lavage (BAL) was performed as described
previously [11]. Briefly, mice were sacrificed on day 21 after
inoculation. The chest was opened to expose the lungs and a
disposable sterile plastic cutdown i.v. catheter was inserted
into the trachea. BAL was performed three times sequentially
using 1 mL saline each time; the recovered fluid fractions were
pooled for each animal. Fluid recovery was routinely o90%.
Leukocytes in the BAL fluid (BALF) samples obtained from each
mouse were washed and counted with a haemocytometer. For

differential cell counts, cells were centrifuged at 1,0006g
for 1 min onto slides, which were then stained with
May–Giemsa stain. Differential cell counts were performed
by counting 100 cells. Concentrations of macrophage
inflammatory protein (MIP)-2, tumour necrosis factor
(TNF)-a and interleukin (IL)-1b in BALF were assayed using
mouse cytokine ELISA test kits (R & D Systems,
Minneapolis, MN, USA).

Plasma anti-PcrV IgG titre
Serial changes in anti-PcrV titres in mouse plasma were
determined. Immunoplates for ELISA were coated with rPcrV
protein (10 g?mL-1) and were incubated overnight at 4uC.
Plasma samples were added to the plates, followed by
application of anti-rabbit monoclonal IgG conjugated with
alkaline phosphatase (Sigma-Aldrich, St. Louis, MO, USA) as a
secondary Ab. Plates were washed 2–6 times with PBS/Tween
20 after addition of each Ab. Optical density was measured at
405 nm after adding phosphatase substrates (Sigma 104;
Sigma-Aldrich). IgG concentration in each sample was
calculated by comparing the absorbance to a standard curve
constructed using anti-PcrV IgG solution.

Statistical analysis
All data are expressed as mean¡SEM. Differences between
groups were examined for statistical significance using an
unpaired t-test. A p-value ,0.05 denoted the presence of a
statistically significant difference.

RESULTS

Bacteriological examination
In order to determine the bactericidal effects of anti-PcrV IgG
against P. aeruginosa, viable bacterial numbers in the lungs
were evaluated. The numbers of viable bacteria in the lungs of
mice 14 days after inoculation were 4.80¡0.46 log10 colony-
forming units (CFU)?lung-1 in the control IgG-treated group,
5.46¡0.47 log10 CFU?lung-1 in the anti-PcrV IgG-treated once
group, and 5.38¡0.43 log10 CFU lung-1 in the anti-PcrV IgG-
treated twice group. The differences in the number of viable
bacteria in the lung among the three groups were not
statistically significant. Anti-PcrV IgG did not exhibit any
bactericidal effects against P. aeruginosa strain 6073.

Effects of anti-PcrV IgG on cell numbers in BALF
The effects of anti-PcrV IgG against inflammatory changes
induced by chronic P. aeruginosa infection in the lung were
examined in BALF on day 21 after inoculation. The total
numbers of cells in the once-treated anti-PcrV IgG group and
the twice-treated anti-PcrV IgG group were significantly lower
than in the control IgG-treated group (table 1). The ratio of
neutrophils/total cells in the once-treated anti-PcrV IgG group
and the twice-treated anti-PcrV IgG group was significantly
lower than in the control IgG-treated group (table 1).

Cytokine levels in BALF
In order to further explore the effects of anti-PcrV IgG in P.
aeruginosa chronic respiratory infection, cytokine levels in
BALF were analysed. MIP-2 (fig. 1a), IL-b (fig. 1b) and TNF-
a (fig. 1c) concentrations were significantly lower in the twice-
treated anti-PcrV IgG group when compared with the control
IgG-treated group.
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Plasma anti-PcrV IgG levels
Serial changes in plasma anti-PcrV IgG were measured. In the
control IgG-treated group, the current authors were not able to
detect anti-PcrV IgG during the experimental period. In the
once-treated anti-PcrV IgG group (treated on day 7 after
infection), plasma anti-PcrV titre was elevated on day 10 and
had decreased on days 14, 17 and 21 after infection. In the
twice-treated anti-PcrV IgG group (treated on days 7 and 14
after infection), plasma anti-PcrV IgG titre was elevated on day
17 after infection and had decreased slightly on day 21 after
infection (fig. 2).

DISCUSSION
In the present study, it is shown that treatment with anti-PcrV
IgG reduces the lung inflammation caused by chronic
P. aeruginosa infection.

PcrV is an integral component of the type III secretion system.
Expression of PcrV in clinical isolates of P. aeruginosa is
associated with morbidity and mortality in infected patients
[12]. Previous studies have shown that anti-PcrV IgG protects
animals from acute P. aeruginosa infection [7, 8]. In these
studies, anti-PcrV was given to animals at the same time, or
soon after, inoculation. To investigate the effects of anti-PcrV
IgG in chronic P. aeruginosa respiratory infection, anti-PcrV IgG
was administered to mice on day 7 after infection.

BALF analysis showed that total cell number and the ratios of
neutrophils in anti-PcrV IgG-treated groups were lower than
that for the control group (table 1). These data indicate that the
anti-PcrV IgG treatment may reduce the inflammatory
response caused by P. aeruginosa infection. Chronic P.
aeruginosa respiratory infection is characterised by chronic
infiltration of inflammatory cells into the airways [13].
Neutrophil-dominated airway inflammation and progressive
lung damage are the major causes of morbidity and mortality
in chronic P. aeruginosa infection. The present data indicate that
administration of anti-PcrV IgG is effective in reducing
inflammation in chronic P. aeruginosa respiratory infection.

No differences in the number of viable bacteria in the lungs
and in BALF (data not shown) were found between the anti-
PcrV IgG-treated group and the control IgG-treated group,
which was expected, because anti-PcrV IgG has no direct
bactericidal activity. However, anti-PcrV IgG has exhibited
some bactericidal effects in an acute P. aeruginosa infection
model [7, 8]; thought to be due to the preservation of alveolar
macrophage phagocytic function. In these studies, anti-PcrV
IgG was able to inhibit bacterial proliferation in the lung. In
contrast to the acute infection model, bacteria had already
proliferated and colonised the airway in the present chronic
infection model, thus, anti-PcrV IgG was unable to directly
reduce the bacterial population. As chronic inflammation

TABLE 1 Effect of the anti-PcrV antibody (Ab) administration in the cellular population of bronchoalveolar lavage fluid (BALF)
from chronically Pseudomonas aeruginosa infected mice#

Cell type Control IgG Anti-PcrV IgG

Treated once Treated twice

Total 105?mL-1 4.92¡0.39 2.23¡0.21" 2.29¡0.42"

Neutrophils 105?mL-1 2.97¡0.34 (60.4¡7.0) 0.76¡0.10 (34.3¡4.6)" 0.35¡0.13 (15.1¡5.8)**

Lymphocytes 105?mL-1 0.13¡0.02 (2.6¡0.4) 0.06¡0.01 (2.8¡0.6) 0.08¡0.01 (3.6¡0.5)

Macrophages 105?mL-1 1.85¡0.32 (37.5¡6.5) 1.41¡0.10 (63.3¡4.7)" 1.88¡0.16 (82.3¡6.8)**

Data are presented as mean¡SEM and n (%). #: Mice were treated with control immunoglobulin (Ig)G, anti-PcrV Ab (once) or anti-PcrV Ab (twice). BALF analysis was

performed 21 days after infection. ": p,0.0001; **: p,0.01 compared with control IgG.
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FIGURE 1. Cytokine levels in bronchoalveolar lavage fluid from eight mice on day 21 after infection. a) Macrophage inflammatory protein-2 concentration; b) interleukin-b

concentration; c) tumour necrosis factor-a concentration. Results are expressed as mean¡SEM. *: p,0.05; #: p,0.0001 compared with control immunoglobulin (Ig)G.
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causes airway destruction, the anti-inflammatory effects are as
important as any bactericidal effects in chronic P. aeruginosa
respiratory infection. Thus, administration of anti-PcrV IgG
may by effective in chronic P. aeruginosa respiratory infection.

Pro-inflammatory cytokines play an important role in chronic
P. aeruginosa infection as they contribute to the excessive influx
of neutrophils into the airways and subsequent lung inflam-
mation [14, 15]. On intrapulmonary cytokine analysis, MIP-2,
TNF-a and IL-1b levels in the anti-PcrV IgG-treated groups
were lower than those in the control group (fig. 1). Type III
secretion-mediated cytotoxic proteins cause lung tissue
injury and induce inflammatory reactions, such as increased
pro-inflammatory cytokine production. Therefore, anti-PcrV
IgG may have reduced pro-inflammatory cytokine production
by preventing the lung injury caused by type III-secreted
toxins.

The current authors also evaluated the changes in anti-PcrV
IgG titre in mouse plasma (fig. 2). The concentration of anti-
PcrV was .5 mg?mL-1 in the once-treated group and was
.10 mg?mL-1 in the twice-treated group. Pro-inflammatory
cytokine levels were significantly lower in the anti-PcrV IgG
twice-treated group, but not in the once-treated group; there-
fore, pro-inflammatory cytokines appear to be beneficial in
maintaining serum anti-PcrV concentrations at .10 mg?mL-1.

In conclusion, anti-PcrV immunoglobulin G reduced excessive
inflammatory reactions, such as the recruitment of inflamma-
tory cells and the production of pro-inflammatory cytokines,
caused by chronic Pseudomonas aeruginosa respiratory infection.
These data suggest that treatment with anti-PcrV immunoglo-
bulin G may be useful in chronic Pseudomonas aeruginosa
respiratory infection.
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FIGURE 2. Plasma anti-PcrV titre in mice given anti-PcrV immunoglobulin

(Ig)G. Results are expressed as mean¡SEM. $: control IgG; h: once-treated anti-

PcrV IgG group; m: twice-treated anti-PcrV IgG group. #: p,0.0001 compared with

control lgG; 1: p,0.0005 compared with control IgG; ": p,0.0001 compared with

anti - PcrV lgG (once); +: p,0.005 compared with anti-PcrV IgG (once).
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