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ABSTRACT
The PcrV cap structure of the type III secretory apparatus of Pseudomonas aeruginosa is a vaccine
target. Human immunoglobulin G (IgG) molecules extracted from sera containing high or low anti-
PcrV titers were tested for their effects against P. aeruginosa pneumonia in a mouse model. Among
198 volunteers, we selected the top 10 high anti-PcrV titer sera and the bottom 10 low anti-PcrV
titer sera and extracted the IgG fraction from each serum sample. First, we examined the effects of
the IgG against virulent P. aeruginosa. A lethal dose of P. aeruginosa premixed with saline, low titer
human IgG, high titer human IgG, or rabbit-derived polyclonal anti-PcrV IgG was intratracheally
administered into the lungs of mice, and their survival and lung inflammation were evaluated for
24 h. The high anti-PcrV titer human IgG had a prophylactic effect. Next, the prophylactic effects of
intravenous administration of extracted and pooled high or low anti-PcrV titer human IgG were
examined. Here, prophylactic intravenous administration of pooled high anti-PcrV titer human IgG,
which showed binding capacity to P. aeruginosa PcrV, was more effective than the administration of
its low titer pooled equivalent, and the measured physiological and inflammatory parameters
correlated with the anti-PcrV titer levels. This result indirectly implies that high anti-PcrV titers in
blood can help to protect against virulent P. aeruginosa infections. In addition, the IgG fractions
from such high titer sera have potential to be a source of specific intravenous immunoglobulin
products for passive vaccination against virulent P. aeruginosa infections.
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Introduction

Infections in immunocompromised people caused by multi-
drug resistant pathogenic bacteria have become an increas-
ing problem worldwide.1,2 Pseudomonas aeruginosa is a
major opportunistic pathogen capable of causing acute and
fatal infections, such as ventilator-associated pneumonia,
bacteremia, and sepsis in critically ill individuals.3-5 P. aeru-
ginosa clinical isolates are often resistant to most b-lactams
and fluoroquinolones and, sometimes, resistant to aminogly-
cosides, such as gentamicin and amikacin, thus categorizing
them as multi-drug resistant P. aeruginosa (MDRP).4,6-9

Limitations in the number of effective antimicrobial agents
for treating MDRP infections leads to the high mortality
rates associated with the acute lung injury induced by this
bacterium.5

While seeking new prophylactic or therapeutic strategies
that do not rely on conventional antimicrobial agents, we
have investigated the use of an immunotherapy approach
that targets the P. aeruginosa type III secretion system.10 The
type III secretion system is the major virulence mechanism
in P. aeruginosa responsible for acute lung injury, bacter-
emia, and sepsis.11 In the type III secretion system of P. aer-
uginosa, PcrV, a cap structure on the tip of the type III

secretory apparatus, is a key molecule through which cyto-
toxic P. aeruginosa delivers lethal cytotoxic toxins into its
target eukaryotic cells.12 We have previously reported that
the blockade of PcrV by specific antibodies can inhibit trans-
location of type III secretory toxins.10,13,14 Active immuniza-
tion with recombinant PcrV protects animals from lethal
P. aeruginosa infections 14-16, and anti-PcrV antibodies also
protect infected animals from acute lung injury, bacteremia,
and sepsis.14,17-22 Based on these experimental results, an
engineered human anti–PcrV antibody was tested in patients
in Phase II trials 23-25, but no therapies based on it have
been adapted for clinical use as yet.

We recently reported that a commercially available
immunoglobulin solution possesses anti-PcrV titers and
intravenous administration of this solution protects mice
from infection with cytotoxic P. aeruginosa and several
clinical isolates of this bacterium.26 Additionally, the effi-
cacy of the immunoglobulin solution against a P. aeruginosa
clinical isolate was confirmed in leukopenic mice.27 The
above results imply that a certain subset of the blood donor
population has efficaciously high anti-PcrV titers in their
sera. Thus, we performed an epidemiological study in which
serum anti-PcrV titers were measured in 198 volunteers.28
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As a result, in 21 participants (10.6%), the anti-PcrV titers
exceeded an approximate 3-fold rise (>12 nM) compared
with the median value.28 However, we were uncertain
whether sera containing high anti-PcrV titers would be
efficacious against virulent P. aeruginosa infections. For the
effective blockade of type III secretion-associated virulence,
for example, a monoclonal antibody needs to bind a specific
blocking epitope region on the PcrV molecule.20 This means
that a high serum titer against PcrV may not always corre-
late with an effective blocking capability against type III
secretion. Therefore, in this study, we extracted IgG frac-
tions from human sera that possessed high or low
anti-PcrV titers in our epidemiological survey. The protec-
tive capacities of the extracted IgGs against type III secre-
tion-associated virulence were tested in a mouse model of
P. aeruginosa pneumonia, and the results suggest that high
titer human sera possess blocking capacities against P. aeru-
ginosa. We found that the immunoglobulin product from
human blood containing high anti-PcrV titers has potential
to act as a therapeutic agent against P. aeruginosa
infections.

Table 1. Anti-PcrV titers of the sera selected for IgG fraction purification.

Group No.
Age and
sex

Anti-PcrV titer
(6F5 equivalent, nM)

High anti-PcrV titer 1 71 F 113.81
2 47 F 64.60
3 63 M 42.96
4 73 M 36.61
5 29 F 30.23
6 61 F 27.68
7 47 M 23.99
8 37 M 17.96
9 76 F 17.61
10 83 F 17.50

Mean § SD 58.7 § 17.9 39.3§ 29.9
Low anti-PcrV titer 1 71 F 1.93

2 47 F 1.91
3 63 M 1.66
4 73 M 1.65
5 29 F 1.61
6 61 F 1.54
7 47 M 1.50
8 37 M 1.34
9 76 F 1.34
10 83 F 1.01

Mean § SD 51.2C20.7 1.55§ 0.27
Total Mean § SD 55.0 § 19.3 20.4§ 28.3

Figure 1. Survival, body temperature, lung edema and bacteriological data in the premixed setting. Five mice that received intratracheal instillation of saline with no bacteria
acted as the control mice. Saline, low titer hu-IgG, high titer hu-IgG, or anti-PcrV rab-IgG was premixed with a lethal dose (1.5 £ 106 CFU/mouse) of Pseudomonas aeruginosa
PA103 just before tracheal instillation. A. Survival was monitored for 24 h after infection. B. Mouse body temperature for 24 h after bacterial instillation. C. Lung edema index
(wet to dry weight ratio, W/D ratio) 24 h after bacterial instillation. D. The number of bacteria remaining in infected mouse lungs 24 h after bacterial instillation. E. The number
of bacteria in the blood of surviving mice 24 h after bacterial instillation. Data on body temperature are presented as the mean C SD. �, p < 0.05, vs. the saline-premixed
group; y, p < 0.05, vs. the 10-mg anti-PcrV rab-IgG premixed group.
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Results

In vivo testing of pre-mixed human IgG

Among the sera collected from 198 participants in the epidemi-
ological study28, the top and the bottom 10 sera in terms of
their anti-PcrV titer levels were selected for further small-scale
purification of the IgG fractions by affinity column chromatog-
raphy (Table 1). The top 10 high anti-PcrV titer sera contained
anti-PcrV titers ranging from 113.81 to 17.50 nM (mean § SD
D 39.3 § 29.9 nM), and the bottom 10 low anti-PcrV titer sera
contained anti-PcrV titers ranging from 1.93 to 1.01 nM (mean
§ SD D 1.55 § 0.27 nM). The difference in the anti-PcrV titers
between the high and low titer sera was 25.4 times the mean
values.

We first evaluated the effect of each purified human IgG
derived from individual volunteers on bacterial solutions in
vivo (Fig. 1). From our previous experience of screening for
effective antibody clones or IgG extracted from hyper-immune
serum that can block type III secretion-associated lung injury,
we found that the pre-mixed setting produced the clearest direct
effects with which to evaluate the efficacy of antibodies in
blocking acute lung injury in infected animals.14,20,23 In other
words, if no protective effect was observed in the pre-mixed set-
ting, administration of the antibodies via different routes (i.e.,
intravenous and intramuscular) would be unlikely to generate
any protective effects. The effect of 10 human IgGs displaying
high anti-PcrV titers (high titer hu-IgG) were compared with
that of 10 human IgGs displaying low anti-PcrV titers (low titer
hu-IgG), with saline used as a negative control and rabbit-
derived anti-PcrV polyclonal IgG (anti-PcrV rab-IgG) used as

a positive control. IgG (10 mg) was mixed directly with solu-
tions each containing the same lethal dose of P. aeruginosa,
and these solutions (60 mL/mouse) were instilled intratra-
cheally into the mouse lungs. This IgG dose was selected on the
basis of the results from our previous animal studies, where we
reported on the dose-dependent effect of commercially avail-
able intravenous immunoglobulin solution.26 The survival rates
and body temperatures of the mice were monitored for 24 h
after infection (Fig. 1A and B). As a non-infected control, 5
mice each received intratracheal instillation of saline with no
bacteria, after which they were monitored for 24 h. Mice in the
infected control group each received bacteria pre-mixed with
anti-PcrV rab-IgG (10 mg) or saline. All mice that received bac-
teria pre-mixed with saline became severely hypothermic
within 4 h, became more hypothermic after 12 h, and all of
them died within 24 h of bacterial administration (y, p < 0.05,
vs. premixed anti-PcrV rab-IgG). In contrast, all mice that
received bacteria pre-mixed with 10 mg of anti-PcrV rab-IgG
showed mild hypothermia after 4 h, recovered, and then sur-
vived for 24 h (�, p < 0.05, vs. premixed saline). Ninety percent
of mice that received bacteria pre-mixed with high titer hu-IgG
recovered from hypothermia at 4 h post-administration (�, p <
0.05, vs. premixed saline at each time point). In contrast, only
60% of mice that received bacteria pre-mixed with low titer hu-
IgG recovered from hypothermia at 4 h post-administration
and survived for 24 h (�, p < 0.05, vs. premixed saline at each
time point; y, p < 0.05, vs. premixed anti-PcrV rab-IgG).

Lung edema in the 5 mouse groups was evaluated 24 h after
the bacterial instillation (Fig. 1C). Severe lung edema with wet-
to-dry (W/D) weight ratios above 4.5 was observed at 24 h

Figure 2. Cytokine concentrations in plasma (A) and lung homogenates (B) in the premixed setting. Saline, low titer hu-IgG, high titer hu-IgG, or anti-PcrV rab-IgG was pre-
mixed with a lethal dose (1.5 £ 106 CFU/mouse) of Pseudomonas aeruginosa PA103 just before tracheal instillation. Blood from the surviving mice and the lungs from all
mice were collected 24 h post-instillation. Data are presented as median, first (boxes), and second quartiles (bars) with each value indicated by circles; �, p < 0.05 com-
pared with the saline-premixed group; z, p < 0.05 compared with the no bacteria control group.
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post-bacterial instillation in mice that received saline. The low
titer hu-IgG premixture did not significantly decrease the
edema level. In contrast, premixture of 10 mg of high titer hu-
IgG or anti-PcrV rab-IgG in bacterial solution significantly
decreased the edema levels with a W/D weight ratio below 4.0
(�, p < 0.05, vs. premixed saline).

The number of bacteria in the lungs of all the mice and the
bacteremia in those of the 24 h survivors was calculated
(Fig. 1D and E). First, about 108 colony forming units (CFUs;
8.5 £ 107 and 1.4 £ 108 median values, respectively) were
detected in the lungs of mice treated with the premixed saline
or the premixed low titer hu-IgG bacterial solution. Fewer bac-
teria (2.6 £ 103, median value) were detected in the mice
treated with the premixed high titer hu-IgG bacterial solution,
although there was no statistically significant difference in com-
parison with the saline-premixed control. A significantly
decreased number of bacteria (2.4 £ 102 CFU, median value)
was detected in the mice that received the premixed anti-PcrV
rab-IgG (�, p < 0.05, vs. premixed saline). Survivors in the
group that received premixed low titer hu-IgG had bacteremia
levels of 105 CFU/mL (1.1 £ 105 CFU, median value). Over
60% of the survivors in the group that received high titer hu-
IgG or anti-PcrV rab-IgG showed no bacteremia (no statistical
analysis on the bacteremia levels was performed because all
mice in the saline-premixed group died, while 90% of the mice
in the anti-PcrV rab-IgG premixed group showed no
bacteremia).

The levels of inflammatory cytokines and myeloperoxidase
(MPO) activities in the lung homogenates of the mice and the
cytokine levels in the blood of the 24-h survivors were

measured 24 h after bacterial instillation (Figs. 2 and 3). Three
mice that received intratracheal instillation of saline (60 mL)
without bacteria were treated as the non-infected control
group. No increases in cytokine levels and MPO activity were
detected in the non-infected control mice, and no cytokines
were measured in blood samples from all the mice that received
the saline premixture because all of these mice died within 24 h
of the bacterial instillation. Significant increases in IL-1b, IL-6,
TNF-a, and MPO levels were detected in the lungs of mice that
received the premixed saline and bacteria (z, p < 0.05, vs. the
no bacteria control); these levels decreased slightly in the lungs
of mice that received low titer hu-IgG (�, p < 0.05, vs. saline
premixed with TNF-a). Significantly lower levels of IL-1b,
IL-6, TNF-a, and MPO were detected in the lungs of mice
treated with premixtures of high titer hu-IgG or anti-PcrV
rab-IgG (�, p < 0.05, vs. saline premixture).

In a separate series of experiments, we evaluated lung histol-
ogy in the mice at 24 h post-intratracheal instillation of a lethal

Figure 3. Myeloperoxidase activity in lung homogenates. Saline, low titer hu-IgG,
high titer hu-IgG, or anti-PcrV rab-IgG was administered to the mice and their
lungs were removed 24 h post-instillation. MPO: myeloperoxidase activity; Dots
represent animals. Data are presented as median, first (boxes), and second quar-
tiles (bars) with each value indicated by circles; �, p < 0.05 compared with the
saline-premixed group; z, p < 0.05 compared with the no bacteria control group.

Figure 4. Lung histology 24 h after bacterial instillation. Saline, low titer hu-IgG,
high titer hu-IgG, or anti-PcrV rab-IgG was administered to the mice and their
lungs were removed 24 h post-instillation. A. saline solution alone (no bacteria). B.
P. aeruginosa PA103 was pre-mixed with saline. C. P. aeruginosa PA103 was pre-
mixed with low titer hu-IgG. D. P. aeruginosa PA103 was pre-mixed with high titer
hu-IgG. E. P. aeruginosa PA103 was pre-mixed with anti-PcrV rab-IgG. Mouse lungs
were fixed 10 h after bacterial instillation. Hematoxylin-eosin staining was con-
ducted after 10% formaldehyde fixation and paraffin embedding. Magnification,
100£ and 400£.
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dose of P. aeruginosa (Fig. 4). Edematous morphological
changes with inflammatory cell recruitment in the alveolar
space were observed in the lungs of mice treated with saline or
low titer hu-IgG. The edematous morphological changes were
not seen in the lungs of mice treated with premixtures of either
high titer hu-IgG or anti-PcrV rab-IgG.

Pre-treatment with intravenous human IgG (pre-iv)

Here, we evaluated the prophylactic effect of serum-derived
human IgG on bacterial infection (Fig. 5). In this series of
experiments, because of the dose-limitation per mouse, we
equally combined 10 purified low titer hu-IgGs (pooled low
titer hu-IgG), and 10 high titer hu-IgGs (pooled high titer
hu-IgG), and tested them among the 5 following groups: no
bacteria, saline alone, pooled low titer hu-IgG (100 mg),
pooled high titer hu-IgG (100 mg), and the anti-PcrV rab-
IgG (100 mg). The IgGs (100 mg) were intravenously admin-
istered 1 h prior to tracheal instillation of a lethal dose of P.
aeruginosa. Next, mouse survival and body temperature
were monitored for 24 h post-infection (Fig. 5A and B).

Mice in the infected control groups were intravenously
administered saline (100 mL) or 100 mg of anti-PcrV rab-
IgG (100 mL) 1 h prior to bacterial instillation. All mice that
were intravenously administered saline 1 h prior to bacterial
infection became severely hypothermic at 4 and 12 h post-
administration, and died within 16 h. In contrast, all mice
intravenously administered 100 mg anti-PcrV rab-IgG recov-
ered from temporal hypothermia at 4 h, and survived for
24 h. Sixty percent of the mice that received pooled low titer
hu-IgG survived for 24 h (y, p < 0.05, vs. anti-PcrV
rab-IgG-pretreatment; N.S. vs. saline pretreatment), and the
survivors were still hypothermic at 24 h post-administration
(y, p < 0.05, vs. anti-PcrV rab-IgG pretreatment). Although
the pooled high titer hu-IgG-treated mice were hypothermic
after 4 h, 90% of these mice survived for 24 h (�, p < 0.05
vs. saline pretreatment).

Severe lung edema with W/D weight ratios above 5.0 was
observed at 24 h post-bacterial instillation in mice that received
saline as well as in mice that received pooled low titer hu-IgG
(Fig. 5C). Administration of pooled high titer hu-IgG or anti-
PcrV rab-IgG significantly decreased the edema levels in each

Figure 5. Survival, body temperature, lung edema and bacteriological data in the pre-iv setting. Saline, pooled low titer hu-IgG, pooled high titer hu-IgG, or anti-PcrV rab-
IgG was administered 1 h prior to tracheal instillation of a lethal dose (1.5 £ 106 CFU/mouse) of P. aeruginosa PA103. A. Survival was monitored for 24 h after infection. B.
Mouse body temperature over the 24 h post bacterial instillation period. C. Lung edema index (wet to dry weight ratio, W/D ratio) 24 h after bacterial instillation. D. The
number of bacteria remaining in the infected mouse lungs 24 h after bacterial instillation. E. The number of bacteria in the blood of the surviving mice 24 h after bacterial
instillation. The data for the 5 non-infected control mice are from the premixed series in Fig. 1. Data for body temperature are presented as the meanC SD. �, p< 0.05, vs.
the saline pre-iv group; y, p < 0.05, vs. the 100-mg anti-PcrV rab-IgG pre-iv group; z, p < 0.05 vs. the no bacteria control group.
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group with a W/D weight ratio below 4.0 (�, p < 0.05 vs. saline
pretreatment).

The number of bacteria in the lungs of all the mice and the
bacteremia levels in the lungs of the 24-h survivors were calcu-
lated (Fig. 5D and E). First, >107 CFUs (6.0 £ 107 and 3.3 £
107 CFU median values) were detected in the lungs of mice
treated with saline or the pooled low titer hu-IgG, respectively.
Lower numbers of bacteria (9.2 £ 103, median value) were
detected in the mice treated with the pooled high titer hu-IgG
(�, p < 0.05, vs. saline pretreatment). A significantly decreased
number of bacteria (2.5 £ 104 CFU, median value) was
detected in the mice that received anti-PcrV rab-IgG (�, p <

0.05, vs. saline pretreatment). Bacteremia was not detected in
most of the survivors pretreated with any of the IgG types.

We measured inflammatory cytokines and MPO activity
levels in the lung homogenates of all the mice, and cytokine lev-
els in the blood samples from the 24-h survivors, 24 h after bac-
terial instillation (Figs. 6 and 7). Three mice that received
pretreatment with intravenous saline 1 hour prior to intratra-
cheal instillation of saline (60 mL) without bacteria were treated
as the negative control group. No increases in cytokine and
MPO activity levels were detected in the non-infected control
mice, and no cytokines in the blood were measured in all the
mice that received the saline premixture because all of them
died within 24 h of the bacterial instillation. Significant
increases in IL-1b, IL-6, TNF-a, and MPO levels were detected
in the lungs of mice that received intravenous saline before bac-
terial instillation (z, p < 0.05, vs. the no bacteria control); these

levels did not decrease in the lungs of mice that received pooled
low titer hu-IgG. However, lower levels of IL-1b, IL-6, TNF-a,
and MPO were detected in the lungs of mice treated with
pooled high titer hu-IgG or anti-PcrV rab-IgG (�, p < 0.05, vs.
saline pretreatment).

In a separate series of experiments, we evaluated the lung
histology of the mice at 24 h post-intratracheal instillation of a
lethal dose of P. aeruginosa (Fig. 8). Inflammatory cell recruit-
ment and alveolar bleeding were observed in the lungs of mice
pretreated with saline or pooled low titer hu-IgG. Contrast-
ingly, no morphological changes were seen in the lungs of mice
pretreated with pooled high titer hu-IgG or anti-PcrV rab-IgG.

Next, we analyzed the xy-correlation between individual val-
ues (x) of the measured parameters in the premixed condition
and the anti-PcrV titers (y) for each IgG (Fig. 9). The data
(mean § SD) for the pre-iv series were also plotted on the same
figures. The linear regression between the MPO levels in the
lungs and the anti-PcrV titers gave the highest correlation coef-
ficient of 0.754 for the parameters measured. The next highest
correlation coefficients between the anti-PcrV titers and lung
IL-6, lung edema, and plasma IL-1b were all greater than 0.6.

Immunoblot analysis of human IgG binding to
P. aeruginosa surface proteins

Finally, we analyzed the binding of high and low titer anti-PcrV
IgGs to P. aeruginosa surface proteins including PcrV. P. aeru-
ginosa surface proteins were eluted from a bacterial pellet using

Figure 6. Cytokine concentrations in plasma and lung homogenates in the premixed setting. Saline, pooled low titer hu-IgG, pooled high titer hu-IgG, or anti-PcrV rab-IgG
was intravenously administered 1 h prior to tracheal instillation of a lethal dose (1.5 £ 106 CFU/mouse) of P. aeruginosa PA103. The blood from the surviving mice and
lungs from all the mice were collected 24 h post-instillation. Data are presented as median, first (boxes), and second quartiles (bars) with each value indicated by circles;
�, p < 0.05 compared with the saline pre-iv group; z, p < 0.05 compared with the no bacteria control group.
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the osmotic shock method described in Materials and Methods.
The eluted proteins were separated by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE). Recombinant
PcrV (306 amino acids, M.W. 33.8 kDa) derived from Escheri-
chia coli was used as a reference. In a silver-stained SDS-PAGE,
several intensely stained protein bands, including one corre-
sponding to P. aeruginosa PcrV (294 amino acids, M.W.
32.4 kDa), were identified (Fig. 10A). Next, the electrophoresed
proteins were blotted onto a polyvinylidene difluoride blotting
membrane and immunostained with human anti-PcrV mono-
clonal antibody 6F5, pooled low titer hu-IgG, or pooled high
titer hu-IgG as the primary antibodies (Fig. 10B and C). Mono-
clonal anti-PcrV 6F5 recognized both recombinant and P. aeru-
ginosa PcrV among the eluted surface proteins. Pooled low titer
IgG detected both E. coli-derived recombinant PcrV and P. aer-
uginosa PcrV with low intensity, as well as a high-intensity pro-
tein of »70kDa. Notably, the pooled high titer IgG detected
recombinant P. aeruginosa PcrV and non-recombinant P. aeru-
ginosa PcrV the most intensely. The pooled high titer IgG also
detected several more smaller- and larger-sized proteins in
comparison with the pooled low titer IgG.

Discussion

When we recently analyzed the anti-PcrV titers in the sera of
the 198 study participants, they ranged between 1.01 nM, and

113.81 nM (median 4.09 nM).28 High anti-PcrV titers beyond
an approximate 3-fold rise (exceeding 12 nM) in comparison
with the median value were observed in 21 patients (10.6%),
and a significantly higher anti-PcrV titer was observed in the
70 y and older group compared with the other age groups.28 In
the current study, we selected sera samples containing the top
and bottom 10 anti-PcrV titers and extracted the IgG fractions
from them.

As a result, the human IgGs from the high anti-PcrV titer
sera had significantly higher potency than those from the low
anti-PcrV titer sera in terms of their ability to neutralize the
type III secretion-associated virulence of P. aeruginosa in the
premixed conditions used for our mouse model. Anti-PcrV
titers of premixed IgGs were inversely correlated with lung
edema indices, lung IL-1b, IL-6 and MPO levels. In addition,
intravenous administration of the pooled high titer hu-IgG was
more prophylactic than administration of low titer hu-IgG. In

Figure 7. Myeloperoxidase activity in lung homogenates. Saline, pooled low titer
hu-IgG, pooled high titer hu-IgG, or anti-PcrV rab-IgG was intravenously adminis-
tered 1 h prior to tracheal instillation of a lethal dose (1.5 £ 106 CFU/mouse) of P.
aeruginosa PA103. Mouse lungs were collected 24 h post-instillation. MPO: myelo-
peroxidase activity; Dots represent animals. Data are presented as median, first
(boxes), and second quartiles (bars) with each value indicated by circles; �, p <

0.05 compared with the saline pre-iv group; z, p< 0.05 compared with the no bac-
teria control group.

Figure 8. Lung histology 24 h after bacterial instillation. Saline, pooled low titer
hu-IgG, pooled high titer hu-IgG, or anti-PcrV rab-IgG was intravenously adminis-
tered 1 h prior to tracheal instillation of a lethal dose (1.5 £ 106 CFU/mouse) of P.
aeruginosa PA103. A. no bacterial control (tracheal instillation of saline solution
alone). B. intravenously pretreated with saline. C. intravenously pretreated with
pooled low titer hu-IgG. D. intravenously pretreated with pooled high titer hu-IgG.
E. intravenously pretreated with anti-PcrV rab-IgG. Mouse lungs were fixed 24 h
after bacterial instillation. Hematoxylin-eosin staining was conducted after 10%
formaldehyde fixation and paraffin embedding. Magnification, 100£ and 400£.
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our immunoblot analyses where the interactions of pooled low
and high hu-IgG to P. aeruginosa surface proteins were tested,
the pooled high titer hu-IgG showed a high binding capacity to
P. aeruginosa among the various P. aeruginosa surface proteins,
while the pooled low titer hu-IgG weakly recognized P. aerugi-
nosa PcrV. In addition, the pooled high titer hu-IgG had the
capacity to bind more non-PcrV P. aeruginosa surface proteins
than pooled low titer hu-IgG. These results imply that high titer
anti-PcrV serum from individuals is protective against virulent
P. aeruginosa, predominantly by PcrV blockade, and that the
antibody fraction from such high titer sera can target other sur-
face proteins in this bacterium, thereby enhancing its prophy-
lactic potency, as we have reported previously.26 Therefore, in
addition to the inhibition of type III secretion-associated viru-
lence by PcrV blockade, human IgG that contains specificities
to other P. aeruginosa surface antigens might have contributed
to the biological effects observed in our animal models.

Regardless of active or passive immunization, high titer anti-
PcrV sera had prophylactic properties against virulent P. aeru-
ginosa infections, and the IgG fraction derived from such high
titer sera is a potential source of immunoglobulin products for
treatment of P. aeruginosa pneumonia. While intravenous
immunoglobulin (IVIG) has been used against infectious dis-
eases with the expectation of opsonization, immune

bacteriolysis and neutralization of toxins and viruses, our
results suggest that in antibody-dependent cellular cytotoxicity
the role of specific antibody fractions against pathogens in
IVIG products should be more focused.26 Recent meta-analysis
and systematic reviews have highlighted the requirement for
more evidence from large, well-conducted randomized con-
trolled trials.29-31 However, because IVIG products are derived
from donor blood, product-by-product (or lot-by-lot) differen-
ces in the specific antibody titers in the IVIG should always be
taken into account when interpreting the data from clinical tri-
als on IVIG therapy performed in various countries.

Recent worldwide propagation of multi-drug resistant bacte-
ria has enhanced the strong anticipation for the development of
anti-bacterial antibody therapies for various Gram-negative
bacterial nosocomial infections. However, although many trials
of antibacterial monoclonal antibodies have been conducted
for bacterial infections, no antibody-based products, except
Obiltoxaximab for Bacillus anthracis 32, have proceeded to clin-
ical application.33-35 Even in the arena of common infectious
diseases, Palivizumab (Synagis� MedImmune, LLC. Gaithers-
burg, Maryland, USA), which is marketed for the prevention of
respiratory syncytial virus in high-risk babies, is almost the
only recombinant antibody in clinical use,36,37 although many
anti-cancer monoclonal antibodies are in full clinical use.38 We

Figure 9. Correlation and linear regression analyses (in hemi-logarithmic plots) between anti-PcrV titers and various biological values of premixed series. A. The xy correla-
tions between body temperature, lung edema, bacteria in lungs and lung myeloperoxidase levels (x values), and anti-PcrV titers (nM 6F5 equivalent, y values) at 24 h
post-infection. B. The xy correlations between various lung cytokine levels (x values) and anti-PcrV titers (y values). C. The xy correlations between plasma cytokine levels
(x values) and anti-PcrV titers (y values). Red circles are the values from premixed high titer hu-IgG, and the blue circles are values from premixed low titer hu-IgG. An
orange circle with a bar denotes the mean § SD values from the pooled high titer hu-IgG pre-iv series, and a green circle with a bar denotes the mean § SD values from
the pooled low titer hu-IgG pre-iv series.
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have investigated the development of a monoclonal antibody
targeting the P. aeruginosa virulence factor type III secretion
system. Our target is PcrV, which forms the tip of the type III
secretion apparatus responsible for the delivery of type III
secretory toxins (i.e., ExoS, ExoT, ExoU, and ExoY) into target
cells.12 Based on the preclinical data for the mAb166 murine

anti-PcrV monoclonal antibody in various animal mod-
els,19,20,22,39 a humaneered anti-PcrV monoclonal antibody
(KB001-A, KaloBios Pharmaceuticals) has been developed23

and tested for treating P. aeruginosa pneumonia in patients
with cystic fibrosis and in mechanically ventilated patients in
Phase II studies in the United States24 and France.25 Although

Figure 10. SDS-PAGE and immunoblot analyses. The binding capacity of pooled human IgG against P. aeruginosa PA103 surface proteins was analyzed using osmotic
shock elution methodology, SDS-PAGE, and immunoblotting. A. P. aeruginosa surface proteins derived from osmotic shock treatment of the bacteria and recombinant
PcrV were separated by SDS-PAGE (4–12% Bis-Tris gel), and the gel was silver-stained. B. After SDS-PAGE, the surface proteins of P. aeruginosa PA103 were electroblotted
onto a polyvinylidene difluoride blotting membrane and then incubated with human monoclonal anti-PcrV IgG 6F5, pooled low titer human IgG, or pooled high titer
human IgG. A secondary anti-human IgG molecule conjugated with horseradish peroxidase was applied to the blot, after which 3,30-diaminobenzidine was used to visual-
ize the immunostained protein bands. C. The intensities of the surface protein bands immunostained with human monoclonal anti-PcrV IgG 6F5, pooled low titer human
IgG, or pooled high titer human IgG were digitalized in 256 gradations of a gray scale and displayed in xy-plot graphs by using the surface plot function of the image
processing software, ImageJ. rePcrV: recombinant PcrV. M.W.: Molecular weight marker.
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KB001-A was generally safe and well-tolerated in these trials,
the candidate molecule failed to demonstrate an increase in the
time to needing antibiotics for worsening respiratory tract signs
and symptoms, therefore showing that KB001-A did not reduce
the risk of pulmonary disease exacerbation. Consequently, fur-
ther development of KB001-A has halted before conducting the
larger efficacy studies that were expected in the near future. As
mentioned by others,40 most of the failed antibacterial mono-
clonal antibodies target a single bacterial antigen, while anthrax
monoclonal antibodies are a cocktail of anti-toxin and anti-
capsule monoclonal antibodies. To obtain anti-infective mono-
clonal mixtures, the need to target not only different epitopes
on the same antigen, but different antigens also seems highly
likely.

When we examine the immunoglobulin products from
blood donors, several old and new products have been mar-
keted for infectious diseases. Tetanobulin, a blood product for
treatment of tetanus caused by Clostridium tetani, is still the
only commercially available immunoglobulin product. Anthrax
immune globulin (Anthrasil�, Emergent BioSolutions, Gai-
thersburg, MD, USA), which was granted approval by the US.
Food and Drug Administration for treating inhalation anthrax
in conjunction with antibiotics in 2015, is a human immune
globulin that is used in combination with antibiotics to treat
anthrax.41-43 Human hepatitis B immunoglobulin products
(Nabi-HB�, Biotest Pharmaceuticals Co, Boca Raton, FL, USA;
HepaGam B� Emergent BioSolutions, Gaithersburg, MD, USA;
HyperHEP B�, Grifols Therapeutics Inc. Research Triangle
Park, NC, USA) provide passive immunization for individuals
exposed to the hepatitis B virus as evidenced by a reduction in
the attack rate of hepatitis B following their use.37,44,45 These
products, which contain antibodies to the hepatitis B surface
antigen (anti-HBs), are prepared from plasma donated by indi-
viduals with high anti-HBs titers. Varicella-Zoster immuno-
globulin (VariZIG�, Emergent BioSolutions), which is purified
human IgG, contains antibodies to varicella zoster virus and
provides passive immunization for non-immune individuals
exposed to varicella zoster virus, thereby reducing the severity
of varicella infections.46,47 VariZIG� is specifically indicated for
post-exposure prophylaxis to varicella virus in high-risk indi-
viduals, such as immunocompromised children and adults, and
the newborns of mothers with varicella shortly before or after
delivery. Vaccinia immunoglobulin (VIGIV�, vaccinia immune
globulin intravenous, Emergent BioSolutions) is the purified
gamma globulin fraction from human plasma that contains
antibodies to vaccinia virus via boosting with the vaccinia vac-
cine prior to plasma donation.48,49

As we have discussed above, when considering immuno-
therapies for infectious diseases, immunoglobulin products
derived from blood donors are currently more active and look
more promising than therapeutic strategies that rely on recom-
binant monoclonal antibody technologies. The results of our
study raise the possibility that if we can determine the specific
antigen titers against the P. aeruginosa PcrV antigen in serum
derived from blood donors, immunoglobulin products derived
from high anti-PcrV titer sera have potential to become potent
prophylactic and therapeutic tools against lethal P. aeruginosa
infections. Development of an immunoglobulin product
against virulent P. aeruginosa may circumvent the struggle

there has been to develop recombinant monoclonal antibody
strategies against this bacterium.

Conclusion

Human IgGs extracted from human sera containing high anti-
PcrV titers were tested for their prophylactic effects against P.
aeruginosa pneumonia in a mouse model. Each IgG fraction
extracted from high titer serum improved the acute lung injury
and survival rate of mice infected with virulent P. aeruginosa.
Prophylactic administration of pooled IgG extracted from high
titer sera, which showed binding capacity to P. aeruginosa
PcrV, was more effective than prophylactic administration of
its low titer pooled equivalent. The results imply that the pro-
tective capacity of human IgG is conferred by inhibiting type
III secretion-associated virulence through PcrV blockade, as
well as via specificities to other P. aeruginosa surface antigens,
which might have contributed to the adjunctive biological
effect. These results raise the possibility of high anti-PcrV blood
titers helping to protect people against virulent P. aeruginosa
infections, and that IgG fractions from these high titer sera
could be a source of specific IVIG products that can specifically
target P. aeruginosa.

Materials and methods

This study was approved by the Kyoto Prefectural University of
Medicine Ethics Committee, Japan.

Immunoglobulin

From April 2012 to March 2013, 198 adult patients who had
anesthesia for scheduled surgeries in the operating theater of
the Kyoto Prefectural University of Medicine under the man-
agement of the Department of Anesthesiology, Kyoto Prefec-
tural University of Medicine, participated as volunteers in this
study. Written informed consent for blood sample collection
for serum titer measurement and purification of immunoglobu-
lin was obtained from each study participant. Human serum-
derived IgG molecules were prepared by affinity column chro-
matography using a protein A sepharose column (HiTrap Pro-
tein A HP, GE healthcare Life Sciences, #17-0402-01),
according to the manufacturer’s instructions. Affinity column
chromatography based on a starting volume of 1 mL of serum
produced 3 mg of IgG. The eluted IgG was dialyzed against
phosphate-buffered saline for 72 h. Aliquots were stored at
¡80�C. The anti-PcrV polyclonal IgG fraction was prepared
from a rabbit vaccinated (Kitayama Labes Co. Ltd., Ina, Japan)
with recombinant PcrV.

P. aeruginosa and culture conditions

The cytotoxic P. aeruginosa PA103 strain was used in this
study. PA103 came originally from a patient in Australia in the
late 1960s, and is a cytotoxic strain with the exoS¡, exoTC,
exoUC, and exoYC type III secretion system genotype, but has a
negative ExoY secretion phenotype by virtue of a premature
stop codon mutation.50-52 PA103, stored as individual bacterial
stocks at ¡80�C, was prepared for the experiments as described
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previously.53,54 Briefly, bacterial cultures were grown at 33�C
for 13 h in a shaking incubator, and then centrifuged at 8,500
£ g for 5 min. The bacterial pellet was washed 3 times in lac-
tated Ringer’s solution and then diluted to the appropriate
number of CFUs per milliliter, as determined by spectropho-
tometry (MTP-880Lab, Corona Electric Co., Hitachinaka,
Japan). The number of bacteria was confirmed by determining
the CFU of the diluted aliquots on sheep blood agar plates.

Anti-PcrV titer measurement

Quantification of the anti-PcrV titers was performed using an
enzyme-linked immunosorbent assay (ELISA).28 Micro-well
plates (Nunc C96 Maxisorp, Thermo Fisher Scientific Inc.,
#430341) were coated for 2 h at 4�C with recombinant PcrV sus-
pended in coating buffer (1.5 mg/mL in coating solution, 0.05M
NaHCO3, pH 9.6). Plates were washed twice with phosphate-
buffered saline (PBS) with 0.05% Tween-20 (Sigma-Aldrich Co.,
P9416), and then blocked with 200 mL of 1% bovine serum albu-
min/PBS overnight at 4�C. Samples (serial dilution: 32–1024£)
were applied to the plates (100 mL/well) and incubated overnight
at 4�C. Peroxidase-labeled anti-rabbit IgG (Sigma-Aldrich Co.,
A6154) or peroxidase-labeled anti-human IgG (Sigma-Aldrich
Co., A8667) were applied at 1:60,000 for 1 h at 37�C. Then, after
6 washes, the plates were incubated with 2,20-azino-bis (3ethyl-
benzthiazoline-6-sulfonic acid) (ABTS, Sigma-Aldrich Co.,
A3219) at room temperature for 30 min. After the addition of
0.5 M H2SO4 (100 mL/well) to the plates, the optical density
(OD) at 450 nm was measured by a microplate reader (MTP-
880Lab), and the dilution indices for ODs > 0.15 were consid-
ered positive. In the ELISA assays, the human anti-PcrV mono-
clonal antibody 6F5 (Shionogi & Co., Ltd., Japan) was used as a
standard to quantify the anti-PcrV titers as concentrations of
monoclonal antibody 6F5 equivalents.

Protocols used for the animal studies

Male ICR mice (5 weeks old; body weight, 25 g) certified patho-
gen-free, were purchased from Shimizu Laboratory Supplies,
Co. Ltd. (Kyoto, Japan). Mice were housed in cages with filter
tops under pathogen-free conditions. The protocols for all ani-
mal experiments were approved by the Animal Research Com-
mittee of Kyoto Prefectural University of Medicine, Kyoto,
Japan, prior to starting the experiments.

Mouse survival studies and lung edema index,
bacteriology, cytokines, myeloperoxidase (MPO) activities,
and lung histology

Intratracheal infections were induced using an endotracheal
needle under short-term volatile anesthesia.53-55 The mice were
briefly anesthetized with inhaled sevoflurane (Sevofrane�, Mar-
uishi Pharmaceutical Co., Osaka, Japan) and were placed
supine, at an angle of ¡30 degrees. The bacterial solution
(60 mL) was instilled slowly into the left lobe of the lungs
through a gavage needle (modified animal feeding needle, 24-
gauge, Popper & Sons, Inc., #20068-606) inserted into the tra-
chea via the oropharynx. The proper insertion of the needle in
the trachea was confirmed by palpation of the tip of the blunt

needle through the skin and the observation of movement of
the solution inside the syringe with respiratory efforts. Once
awake, the mice were returned to their cages, monitored regu-
larly, and allowed access to food and water. Rectal temperature
measurements were recorded and mouse survival was moni-
tored for 24 h. After 24 h, the surviving mice were euthanized
after the collection of arterial blood, and the lungs were har-
vested from the mice for physiological, microbiological, and
biomolecular assays. The lung edema index was obtained by
measuring the W/D weight ratios of the mouse lungs at the
24 h time point, as described previously.53,54 The concentra-
tions of interleukin-1 b (IL-1b), interleukin-6 (IL-6), and
tumor necrosis factor-a (TNF-a) in the lung homogenates and
in the plasma were quantified using an ELISA kit (BD OptEIA
ELISA Sets, BD Biosciences, #559603, #555240, and #555268)
according to the manufacturer’s instructions. The MPO activi-
ties in the lung homogenates were measured using a previously
described biochemical method.56 For the bacteriological assays,
the lung homogenates and the collected blood were diluted and
plated on sheep blood agar plates for quantitative assessment of
the bacterial counts. For fixation, mouse lungs were perfused
with 10% buffered formalin phosphate and then embedded in
paraffin. Mounted sections that had been stained with hema-
toxylin and eosin were observed by light microscopy. In the
pre-mixed series, anti-PcrV rab-IgG, human IgG, or saline was
mixed with the P. aeruginosa solution (1.5 £ 106 CFU, 60 mL)
just before tracheal instillation into each animal’s lungs. In the
pre-iv series, saline, pooled human IgG, or anti-PcrV rab-IgG
was intravenously administered to each mouse one h before the
infection.

Immunoblot analysis

For the immunoblot analysis, a pellet of P. aeruginosa PA103
from a culture maintained in trypticase soy broth overnight
was resuspended in 100 mL of osmotic shock solution #1
(20 mM Tris-HCl pH 8, 2.5 mM EDTA, 20% sucrose), and
then incubated on ice for 10 min. The solution was centrifuged
for 1 min at 4�C and the supernatant was decanted. Cell pellets
were resuspended in 100 mL of osmotic shock solution #2
(20 mM Tris-HCl pH 8, 2.5 mM EDTA), incubated on ice for
10 min, and centrifuged for 10 min at 4�C. The supernatants
(shock fluid, 10 mL aliquots for each sample) were mixed with
sample buffer and then subjected to SDS-PAGE (4–12%
NuPAGE Bis-Tris Gel, Thermo Fisher Scientific, Waltham,
Massachusetts, USA) followed by silver-staining (Silver Stain
Plus, Bio-Rad Laboratories, Hercules, CA, USA) of the gels.
Alternatively, following SDS-PAGE, the proteins were blotted
onto polyvinylidene difluoride blotting membranes (iBlot Gel
Transfer Stacks PVDF, Mini, Novex) using an electroblotter
(iBlot Gel Transfer Device, Invitrogen). Membranes were
immunostained with pooled hu-IgG (10 mg/mL) or human
anti-PcrV monoclonal antibody 6F5 (16 ng/mL, Shionogi &
Co., Ltd.) as the primary antibodies, and anti-human IgG con-
jugated with horseradish peroxidase (A8667, Sigma-Aldrich
Co.) as the secondary antibody; 3,30-diaminobenzidine
(SLBM4338V, Sigma-Aldrich Co.) was used as the developer.
The stained membranes were analyzed with the image process-
ing software, ImageJ.57
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Statistical analysis

The Mantel-Cox log rank test was used to assess mouse survival
with Prism4 (GraphPad Software, La Jolla, CA, USA). Differen-
ces in the body temperatures and the W/D weight ratio
between the treatment groups were compared by an unpaired t
test, and the Mann–Whitney U test was used for the bacteriol-
ogy comparisons (Instat3, GraphPad Software, La Jolla, CA,
USA). A p-value of < 0.05 was considered statistically signifi-
cant. The curve fittings between the anti-PcrV titers and the
individual biological values were performed using DeltaGraph
7 (Red Rock Software Inc., Salt Lake City, UT, USA).

Abbreviations

Anti-PcrV rab-IgG rabbit-derived polyclonal anti-PcrV IgG
CFUs colony forming units
E. coli Escherichia coli
high titer hu-IgG human IgG with high anti-PcrV titer
low titer hu-IgG human IgG with low anti-PcrV titer
IVIG intravenous immunoglobulin
MDRP multidrug resistant Pseudomonas

aeruginosa
MPO myeloperoxidase
OD optical density
PBS phosphate-buffered saline
P. aeruginosa Pseudomonas aeruginosa
SDS-PAGE sodium dodecyl sulfate polyacrylamide

gel electrophoresis
W/D weight ratios wet to dry weight ratios
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