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Introduction

Cystic fibrosis (CF) is a life-limiting autosomal recessive disor-
der caused by mutations in the gene encoding the cystic fibrosis 
transmembrane conductance regulator protein. The mutations 
result in a defective anion channel and altered composition and 
quantity of fluid on the surface of epithelial cells.1 As a result, 
the pulmonary environment is markedly altered making CF 
patients more susceptible to Pseudomonas aeruginosa infec-
tions, which, once established are difficult to eradicate despite 
a strong antibody response in serum, saliva and pulmonary 

Pseudomonas aeruginosa is an important prognostic determinant in cystic fibrosis (cF). Little is known however, about P. 
aeruginosa induced local mucosal and systemic immune responses. Twenty cF children were categorized according to 
their P. aeruginosa status: (1) chronic lower respiratory tract infection (LRTI), (2) prior successfully treated initial LRTI, (3) 
isolated upper respiratory tract (URT) colonization, and (4) no known URT colonization or previous LRTI. Their antibody 
responses, and those of six non-cF disease controls, in serum and bronchoalveolar lavage (BaL) fluid to potential P. 
aeruginosa vaccine antigens outer membrane protein F (OprF), outer membrane protein H (OprH), catalase a (Kata) and 
a whole killed cell (WKc) extract were evaluated. Outer membrane protein G (OprG) responses were also measured in 
blood. Natural exposure, colonization and infection resulted in detectable antibody levels in BaL and serum in all cF 
groups. Both chronically infected and URT colonized cF children had substantially elevated immunoglobulin a antibody 
levels in the BaL fluid and sera toward the WKc extract and OprF antigen compared with the other groups of cF children 
and non-cF controls. The serum levels of specific P. aeruginosa antibodies involving immunoglobulin G and M isotypes 
increased with chronic LRTI, especially antibody levels to Kata, OprH and WKc extract, which were substantially greater 
in chronically infected children compared with all other groups. In conclusion, natural exposure, URT colonization and 
LRTI with P. aeruginosa all induce substantial mucosal and systemic antibody responses to potential vaccine antigens 
with chronically infected cF children having the highest levels.
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secretions.2-5 Presently, chronic infection of the respiratory tract 
with mucoid strains of P. aeruginosa is the leading cause of mor-
bidity and mortality in CF patients.6-8 Previous studies from 
our group have demonstrated in animal models that protection 
against both acute and chronic P. aeruginosa respiratory infec-
tion can be achieved through immunization with whole killed 
cell (WKC) and purified protein antigens.9-13 Furthermore, 
oral WKC immunization of healthy adults was found to be 
safe and immunogenic, while WKC immunization of patients 
with bronchiectasis showed a significant decrease in the total 
bacterial sputum count.14 It is also well documented that outer 
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KatA is one of two heme-containing catalases that detoxifies 
hydrogen peroxide during aerobic metabolism and enables P. 
aeruginosa to neutralize potentially hazardous oxygen reduction 
products. KatA is located in both the cytoplasm and periplasm, 
but is also located on the bacterial surface.12 Animal studies have 
shown that KatA is an efficacious vaccine antigen in a rodent 
model of acute respiratory infection.12 However, its protective 
ability has not been evaluated in microaerophilic environments 
such as biofilms. OprF and OprH are well characterized Oprs. 
OprF is an outer membrane porin and an important virulence 
factor.32 OprH provides stability to the outer membrane through 
interaction with lipopolysaccharide,33 while OprG has potential 
porin function.34 A literature search did not reveal any vaccine 
studies on OprH or OprG. However, given their structure and 
function, they are likely to be conserved and therefore may be 
worthwhile pursuing as potential vaccine antigens.

Results

BAL immunoglobin G (IgG). Despite P. aeruginosa being unde-
tectable by culture, both non-CF controls (Group 5) and CF chil-
dren without a history of this organism being present in either 
upper respiratory tract (URT) or lower respiratory tract (LRT) 
secretions (Group 4) had similar and substantial detectable levels 
of IgG antibody to P. aeruginosa antigens in their BAL fluid.

P. aeruginosa is found ubiquitously in the environment and 
these responses most likely represent environmental exposure. 

Children with a prior acute P. aeruginosa LRTI treated success-
fully with an eradication antibiotic protocol (Group 2) tended to 
have lower antibody levels than those observed in either non-CF 
controls (Group 5) or CF children who were P. aeruginosa nega-
tive (Group 4). IgG levels to the WKC extract, OprF and OprH 
were increased in children with URT colonization (Group 3) or 
chronic LRTI (Group 1). The order of the antigen specific IgG 

membrane proteins (Oprs), F (OprF) and I (OprI), are lead vac-
cine candidate antigens.15-17 Preventing P. aeruginosa infection 
by vaccinating CF patients has been a goal for many years, but 
despite numerous animal studies and several human trials, an 
efficacious vaccine for P. aeruginosa remains elusive.18-20

Several P. aeruginosa antigens invoke the characteristic rise in 
antibody titers as the disease state progresses and can be detected 
in the sera, sputa, saliva, tears and bronchoalveolar lavage (BAL) 
fluid from CF patients.21-27 Specific antibody responses to vari-
ous P. aeruginosa antigens have been studied in the sera of adult 
patients, however, the characterization of antibody responses in 
children who differ in their pulmonary clinical status during 
the early years of life and initial stages of infection has not been 
conducted.28-30 A study investigating serum antibodies against 
alkaline phosphatase, elastase and exotoxin A in 183 CF patients 
(mean age 16.7 y) indicated that regular determination of serum 
antibody may be a useful indicative measure of probable infec-
tion for CF patients with negative or intermittent P. aeruginosa 
cultures.31

As P. aeruginosa infects the mucosal surfaces of the respira-
tory tract, examining the mucosal immune response of young CF 
children could provide important complementary knowledge to 
concurrent systemic serology studies. Also, there is little informa-
tion on the antibody response in bronchial secretions to natural 
exposure, colonization and infection of the respiratory tract with 
P. aeruginosa. The aim of this study was to quantitate the muco-
sal and systemic antibody responses toward specific P. aeruginosa 
proteins that are potential vaccine candidates. Antibodies to 
OprF, OprH, OprG, the enzyme catalase A (KatA) and a WKC 
extract were measured in young CF children to assess responses 
as a result of colonization, initial and chronic P. aeruginosa lower 
respiratory tract infection (LRTI). In addition, OprG antibody 
was also measured in serum.

Table 1. Bronchoalveolar lavage fluid antibody responses to P. aeruginosa antigens. 

Ig Isotype 
(ng/mL)

Antigen
Group 1  

CF Chronic LRTI (+)
Group 2  

CF LRTI (+) to (-)
Group 3  

CF URT (+) LRTI (-)
Group 4  

[b] CF URT (-) LRTI (-)
Group 5  

[b] Non-CF controls

IgG

WKc extract 47.0 [30.2 - 63.9] 27.5 [15.4 - 39.6] 42.0 [26.7 – 57.6] 31.7 30.8

OprF 40.4 [33.9 – 47.0] 23.1 [8.3 - 37.8] 42.8 [24.2 – 61.5] 31.4 30.3

Kata 32.1 [20.4 – 43.8] 22.7 [8.3 – 37.1] 35.7 [28.5 – 42.9] 29.2 28.2

OprH 20.9 [2.3 – 39.5] 10.0 [a] 22.9 [8.3 – 37.6] 31.0 29.8

Iga

WKc extract 1597.0 [277.6 – 2041.7] 200.0 [1.1 – 398.9] 437.8 [0 – 1127.8] 82.4 ND

OprF 1192.9 [145.7 – 2240.1] 180.2 [4.8 – 355.5] 470.5 [0 – 1252.5] 126.3 4.0

Kata 679.2 [0 – 1657.9] 121.4 [0 – 250.0] 208.8 [0 – 575.1] 54.2 ND

OprH 44.1 [11.9 – 76.4] 8.11 [1.6 – 14.6] 22.6 [0 – 62.3] 98.5 ND

IgM

WKc extract 30.8 [23.5 – 38.1] 27.7 [14.8 – 40.6] 27.4 [25.5 – 29.2] 22.2 23.8

OprF 31.1 [26.2 – 39.0] 29.8 [12.7 – 46.8] 29.1 [27.0 – 31.3] 26.5 24.2

Kata 28.9 [25.4 – 32.3] 26.1 [12.6 – 39.7] 27.0 [25.7 – 28.4] 25.0 23.7

OprH 25.5 [18.4 – 32.6] 22.1 [18.6 – 25.5] 23.8 [19.2 – 28.4] 27.4 23.8

Values presented are the means and the 95% confidence intervals of the antibody concentrations (ng/ml). [a] Only one of the five samples was positive 
for Opr H; [b] BaL fluid samples within this group were pooled. cF, cystic fibrosis; LRT, lower respiratory tract; LRTI, lower respiratory tract infection; ND, 
No antibody was detected; URT, upper respiratory tract; WKc, whole killed cell.
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OprG were in children with chronic LRTI (Group 1). Negligible 
responses were observed in both non-CF (Group 5) and CF chil-
dren without a history of URT or LRTI colonization with P. 
aeruginosa (Group 4, Table 2).

Serum IgM. Specific IgM antibodies were present in the 
sera of most children with CF. Highest levels were observed for 
all antigens in the CF children with chronic LRTI (Group 1). 
Negligible responses were observed in non-CF children (Group 
5, Table 2).

Longitudinal analysis of individual patients. While there 
was considerable variation in the clinical progression of each 
child over time and the individual antibody responses for each 
child also varied, some interesting observations can be made 
from the data: (1) When a child became culture positive (at any 
level) in either the URT or LRT, an increase in antibody lev-
els to one or more antigens, involving one or more isotypes was 
observed (example Patient 1: Fig. 1) and (2) In two CF chil-
dren who remained culture negative over the observation period, 
fluctuations in individual antigen-specific antibody profiles may 
have been due to infrequent sampling in a setting of intermit-
tent colonization or infection of the airways by P. aeruginosa or, 
alternatively, small numbers of the organism being present but 
falling below the level of detection for routine bacterial cultures 
(example Patient 4: Fig. 2).

Discussion

This limited, exploratory study was conducted in order to char-
acterize the humoral and mucosal immune responses generated 
toward potential P. aeruginosa vaccine antigens in infants and 
young CF children and to determine if these responses change 
as a result of P. aeruginosa colonization and infection. Following 

antibody response was clearly WKC extract > OprF > KatA > 
OprH once a colonization or infection event occurred (Table 1).

BAL immunoglobin A (IgA). Negligible levels of IgA spe-
cific antibodies were detected against all P. aeruginosa antigens in 
non-CF children (Group 5). In contrast, all the CF groups had 
substantially detectable levels of antibody for each of the anti-
gens. The levels of IgA specific antibodies in children who had 
only been colonized in the URT (Group 3) were higher than 
those who had previously experienced an acute LRTI (Group 2). 
Once the CF children developed a chronic LRTI (Group 1), a 
substantial specific IgA antibody response was observed across all 
antigens. The patterns of specific antibody responses to OprF was 
similar to that observed for the WKC extract and KatA for all CF 
groups. The lowest IgA response was seen for OprH. However, 
within Group 4 (i.e. CF children without a history of URT colo-
nization or LRTI), the response to OprH was the second highest 
response following OprF (Table 1).

BAL immunoglobin M (IgM). All five groups of children had 
detectable levels of IgM antibody against all antigens tested in 
BAL fluid. The levels were quantitatively similar for most anti-
gens across all groups (Table 1).

Serum IgG. Across all antigens, there was a pattern where the 
levels of antibodies increased with progression of disease, i.e. CF 
chronic P. aeruginosa LRTI (Group 1) > CF acute LRTI (Group 
2) > CF URT colonization (Group 3) > CF no LRTI or URT 
colonization (Group 2) ≥ non-CF children (Group 5). Generally, 
the lowest responses were observed for OprH and OprG (Table 
2).

Serum IgA. Interestingly, children who presented with URT 
colonization (Group 3) had similar serum specific antibody 
levels to WKC extract, OprF and KatA to those with chronic 
LRTI (Group 1). The only substantial responses to OprH and 

Table 2. serum antibody responses to P. aeruginosa antigens. 

Ig Isotype (µg/ml) Antigen
Group 1  

CF chronic LRTI (+)
Group 2  

CF LRTI (+) to (-)
Group 3  

CF URT (+) LRTI (-)
Group 4 [b]  

CF URT (-) LRTI (-)
Group 5 [b]

Non-CF controls

IgG

WKc extract 65.8 [0 - 277.0] 20.3 [0 – 80.4] 7.3 [0 – 27.3] 4.2 4.7 

OprF 64.1 [0 – 279.3] 12.1 [0 - 37.3] 9.8 [0 – 40.8] 1.6 1.7 

Kata 54.5 [0 – 245.2] 13.1 [32.8 – 59.0] 7.1 [0 – 28.4] 1.4 1.7 

OprH 20.5 [0 – 59.8] 0.7 [0.2 – 1.3] 2.4 [0 – 10.22] 0.6 0.1 

OprG 13.6 [0 – 45.3] 4.1 [0 – 13.8] 3.4 [1.4 – 5.4] 0.9 1.6 

Iga

WKc extract 28.4 [0 – 133.1] 1.4 [0 – 5.2] 20.6 [0 – 107.7] 4.7 0. 2 

OprF 15.8 [0 – 81.7] 1.2 [0 – 4.1] 13.4 [0 – 70.4] 2.1 0.2 

Kata 7.6 [0 – 38.6] 0.5 [0 – 1.6] 11.4 [0 – 58.1] 2.3 0.1 

OprH 5.8 [0 – 24.6] 0.2 [0 – 0.5] 0.1 [a] 0.3 0.1 

OprG 3.8 [0 – 15.8] 0.4 [0 – 1.2] 1.9 [0 – 1.3] 0.3 0.2 

IgM

WKc extract 16.6 [0.5 – 32.7] 1.6 [0 – 5.9] 1.2 [0 – 4.0] 2.5 0.1 

OprF 15.8 [0 – 81.7] 1.9 [0 – 6.8] 3.7 [0 – 16.5] 3.5 0.9 

Kata 6.3 [5.1 – 7.4] 1.4 [0 – 5.0] 2.1 [0 – 8.4] 2.1 0.7 

OprH 2.8 [0 – 5.6] 0.2 [0 – 0.5] 0.4 [0 – 1.3] 0.3 0.5 

OprG 3.3 [2.8 – 3.8] 0.4 [0 – 1.2] 1.6 [0 – 5.5] 1.3 0.7 

Values presented are the means and the 95% confidence intervals of the antibody concentrations (µg/ml). [a] Only one of the five samples was positive 
for Opr H; [b] sera within this group were pooled for this group. cF, cystic fibrosis; LRT, lower respiratory tract; LRTI, lower respiratory tract infection; 
URT, upper respiratory tract; WKc, whole killed cell.
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or very low levels of bacterial colonization in the airways unde-
tectable by culture.

Previous studies have demonstrated that OprH is one of the 
earliest proteins to elicit an antibody response following coloniza-
tion or infection.28,30,38 In this study, IgA specific OprH antibody 
in BAL was higher in CF children without a history of positive 
P. aeruginosa airway cultures compared with the other CF groups 
and non-CF children. In contrast, BAL IgG antibody levels 
toward OprH tended to be lower in CF children with chronic 
LRTI. While the significance of this finding is unclear and is 
limited by the small sample size, the decline in antibody titer 
toward OprH in comparison with responses being developed to 
the other P. aeruginosa proteins during chronic infection requires 
further examination.

A sustained immune response to OprF is the predominant 
finding in the sera of chronically infected adult patients and has 
stimulated much research into using this protein as a potential 
vaccine candidate.29,30,39,40 In this study, a strong response was 
also observed to OprF for all immunoglobulin isotypes in serum, 
which increased with disease progression and culture positive 
status. In BAL, the OprF specific antibody response was most 
prominent in the IgA isotype.

KatA consistently exhibited both a strong systemic and muco-
sal immune response that mirrored that observed for OprF, but 
at approximately half the concentration. This protein is located 
both in the cytoplasm and periplasm of the bacterial cell and 
breaks down hazardous hydrogen perioxide molecules.41 Previous 
studies have demonstrated that the immunoglobulin response to 
this protein enhances bacterial clearance in a rat model of acute 
respiratory infection.12

colonization or infection, antibodies were detected in the BAL 
and serum of all CF children. This varied with antibody isotype 
and antigen. We used a small group of non-CF children with-
out P. aeruginosa LRTI as a comparator group. These, however, 
had a secondary role and with the exception of specific IgA levels 
in BAL fluid provided reassurance that the results seen in the 
non-colonized and uninfected CF group were comparable to 
what might be found in children without CF. The observation 
that non-CF disease controls and CF children who were culture 
negative in both the URT and LRT had detectible antibodies to 
several antigens, albeit at low levels, suggests that environmental 
exposure to P. aeruginosa is able to stimulate both mucosal and 
systemic antibody responses.

CF children with chronic LRTI and those who were colo-
nized in the URT had the highest levels of specific IgA antibody 
in both BAL and serum. This was particularly so for the WKC 
extract, OprF and KatA. Children with more advanced CF lung 
disease, characterized by chronic LRTI, had the highest level of 
antibodies for all antibody isotypes and antigens in serum. It was 
also apparent from the study that CF children develop antibod-
ies to P. aeruginosa, particularly BAL IgA, to a greater extent 
than non-CF children. While this may simply be a function 
of age, given that the comparator group was on average much 
younger than the CF participants, it could also result from a 
greater baseline level exposure in CF children. The IgA response 
also suggests that this may have been local (aerosol) exposure 
to the LRT.35 It is possible that this came from attending a CF 
clinic where at the time those harboring P. aeruginosa mixed 
freely with other patients.36 Alternatively, frequent environmen-
tal exposure37 in young CF patients may have led to intermittent 

Figure 1. patient 1. a child whose matching bronchoalveolar lavage (BaL) samples, throat swabs and sera were available annually for three of four 
years of monitoring. This child had no prior history of P. aeruginosa and the BaL and throat swabs remained P. aeruginosa culture negative for samples 
obtained in year one and two of the observation period. However, in year four the child developed a persistent cough and a throat swab was culture 
positive for P. aeruginosa, while a simultaneously collected BaL sample grew low numbers of P. aeruginosa (102 colony forming units/ml) and demon-
strated signs of increased airway inflammation.
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This study has provided evidence of the immunogenic prop-
erties of selected P. aeruginosa Oprs in eliciting both systemic 
and mucosal Opr-specific antibody titers following exposure to 
P. aeruginosa through colonization, infection and probably, natu-
ral environmental exposure. However, despite these substantial 
responses, infection in subjects with CF ultimately occurs. While 
in this study the functional activity and protective ability of the 
stimulated antibodies was not assessed in these children, animal 
models of acute lung infection have found that immunization 
with WKC, OprF and KatA all induce enhanced clearance of 
the P. aeruginosa from the lungs.9-11 In these models, the experi-
mental animals were immunologically naïve for P. aeruginosa. In 
subjects with CF, even from a very young age, any vaccination 
intervention is most likely to occur in the presence of natural 
antibodies acquired through exposure, colonization or infec-
tion with P. aeruginosa. In addition to these naturally acquired 
antibodies being ineffective in preventing progression from ini-
tial intermittent colonization to chronic infection, they may also 
interfere with the protective activities of vaccine-induced antibody 
responses. Skurnik and coworkers44 recently demonstrated that 
both vaccine-induced and natural antibodies to Staphylococcus 
aureus capsular polysaccharides were able to interfere with the 
functional activities of vaccine induced antibodies to these anti-
gens. The least naturally immunogenic Oprs observed in this 
study were OprH and particularly, OprG. Given the porin nature 
of these Oprs, vaccine studies with these antigens would be worth 
considering. Natural antibody interference and the possibility of 
impaired immune responses against P. aeruginosa in subjects with 
CF45,46 may explain the relatively low efficacy of those P. aerugi-
nosa vaccines that have been trialled to date. In a recent review by 
Gerd Doring,19 he suggests that hygiene interventions and early 

This is the first clinical study demonstrating a mucosal IgA 
antibody response toward Oprs of P. aeruginosa in the BAL fluid 
of young CF children. Chronically infected CF children had sig-
nificantly elevated IgA titers in their BAL fluid and sera toward 
crude extract, OprF and KatA, compared with other clinical 
groups. This observation correlates with adult findings.42 Despite 
high levels of mucosal IgA antibodies directed toward these pro-
teins during colonization and chronic infection, these children 
failed to clear the bacteria, suggesting that immunization with 
these proteins may invoke an ineffective antibody response. It is 
well established that mucoid exopolysaccharide (MEP) expres-
sion by the P. aeruginosa is more common in chronically infected 
patients and while highly immunogenic, the protective abilities 
of the antibody response is reduced by the effects of this MEP.24,43 
However, other factors must also be operating as only two of the 
five children with chronic P. aeruginosa infection cultured colo-
nies with the typical mucoid phenotype (data not shown). Levels 
of specific IgG and IgM antibodies directed against the Oprs of 
P. aeruginosa were also detectable in the BAL fluid, although, at 
much lower concentrations than those observed for IgA.

The systemic immune response differed from the mucosal 
immune response both across the clinical groups and also in 
response to specific proteins. A strong IgG response predomi-
nates with a several fold increase in concentration in the chroni-
cally infected group compared with all other CF and non-CF 
groups. Interestingly, the CF children with a previous history of 
a successfully treated acute P. aeruginosa infection demonstrated 
an increased mean IgG titer compared with those with iso-
lated URT colonization by the organism. The elevated systemic 
IgG titer may be reflective of the previous LRTI these patients 
experienced.

Figure 2. patient 4. This child had a history of successfully treated initial P. aeruginosa lower respiratory tract infection and was monitored for the next 
three years during which time they remained stable. Bronchoalveolar lavage and throat swab samples were available for years one, two and three. 
Matching sera samples were only available for year one and three. Over the three-year observation period, P. aeruginosa was not cultured in any throat 
swab or BaL samples and the latter showed minimal signs of airway inflammation.
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age.49,50 Throat swabs were also obtained for culture on each of 
these occasions and at the time of their regular three monthly 
clinic visits. Patients hospitalized due to respiratory exacerbations 
at any time during the study submitted additional samples for 
analysis. Conventional laboratory bacteriology was used to iden-
tify P. aeruginosa from all clinical samples.51 A group of otherwise 
healthy infants and young children who had not experienced an 
acute respiratory infection or received antibiotics in the previ-
ous two weeks and were undergoing bronchoscopy for congeni-
tal stridor served as a non-CF disease control group. None of 
the control children grew P. aeruginosa from their BAL or throat 
swab cultures.

The CF patients were categorized into one of four microbio-
logically defined groups (Table 3), each comprising of five indi-
viduals with BAL and sera samples, plus an additional group of 
six non-CF controls. Samples were analyzed in a blinded man-
ner with each of the five groups being identified by an alpha-
numerical code. This code was broken upon completion of the 
study, revealing both the nature of the groups and the sequence 
in which the samples were taken. Those with chronic (≥ 6 mo)
P. aeruginosa LRTI (BAL culture ≥ 105 colony-forming units 
(CFU)/mL)49,50 were maintained on inhaled tobramycin therapy. 
Six children with CF were followed longitudinally for up to five 
years after the cross-sectional study. Three were from Group 4 
who had not previously grown P. aeruginosa from either throat 
swab or BAL fluid cultures. Three were from Group 2 who had 

antibiotic eradication therapy will remain the primary strategies 
to prevent chronic lung infection in CF patients for the time 
being. However, the pursuit for a vaccine against P. aeruginosa 
in patients who are prone to life-threatening infections caused 
by this pathogen must remain a priority for researchers and the 
pharmaceutical industry.47 Antigens that are conserved on the 
outer membrane and to which there is little antibody response 
following natural exposure, should be prioritized.

Materials and Methods

Study design. A nested exploratory study was undertaken using 
material (BAL and sera) obtained as part of a prospective, longi-
tudinal study of early CF lung disease in children in the state of 
Victoria, Australia.27,42,48 The Royal Children’s Hospital Ethics 
Committee approved this study and written informed consent 
was obtained from the parents or guardians of each child before 
undergoing flexible bronchoscopy and BAL.

Participants. The samples analyzed were from 20 infants 
identified by a state-based CF newborn screening program and 
whose diagnosis had been confirmed by CF gene mutation analy-
sis and a sweat chloride concentration ≥ 60 mmol/L. Each were 
participants in the major birth cohort study.27,42,48 Using methods 
described previously, paired serum and BAL fluid samples were 
obtained when the child was in a stable clinical state shortly after 
diagnosis and then annually until at least two to three years of 

Table 3. study participants

Group Clinical Status Average Age (months)
Gender

M:F

Group 1

cF chronic Pa LRTI 

n = 5

cF children with chronic Pa LRTI (≥ 105 cFU/mL) 
recovered in BaL samples ≥ 6 mths apart

32.6 1:4

Group 2

cF URT (-)

LRTI(+) to (-)

n = 5

cF children with prior Pa LRTI (≥ 105 cFU/mL) and 
subsequent BaL culture negative42 30.2 0:5

Group 3

cF URT(+)

LRTI (-)

n = 5

cF children with URT colonisation (throat swab  
positive). BaL culture negative

35.8 1:4

Group 4

cF controls

URT(-)

LRTI (-)

n = 5

cF children without evidence of Pa LRTI or URT 
 colonisation (BaL and throat swab culture negative)

31.8 3:2

Group 5

Non-cF controls

URT (-)

LRTI (-)

n = 6

Non-cF children undergoing flexible bronchoscopy 
to evaluate congenital stridor

15.8 4:2

cFU, colony-forming units; cF, cystic fibrosis; LRTI, lower respiratory tract infection; Pa, Pseudomonas aeruginosa; URT, upper respiratory tract.
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fractions removed according to the method described by Suzuki 
and Terada.53 All analytical SDS-PAGE was performed using the 
MinPROTEAN® II Electrophoresis Unit (BioRad) according 
to the manufacturer’s instructions. The gels were stained with 
Coomassie brilliant blue R-250 (Thermo Fisher Scientific) and 
following initial assessment, those that appeared to contain puri-
fied proteins were silver stained to increase the sensitivity of pro-
tein detection and to ensure purity.

Enzyme linked immunosorbent assay (ELISA). Oprs were 
suspended in sodium carbonate/bicarbonate coating buffer (15 
mM Na

2
CO

3
, 35 mM NaHCO

3
, pH 9.6) to a final concentra-

tion of l μg/mL and incubated overnight at 4°C. ELISA plate 
(Nunc; Thermo Scientific, USA) wells were coated in duplicate 
with 100 μL of coating buffer containing purified proteins, 
human antibody standards (IgG 0.5 μg/mL, IgA 0.25 μg/
mL, IgM 0.l μg/mL) or coating buffer alone (Invitrogen; Life 
Technologies, USA). For BAL samples, all antibody classes were 
blocked at a final concentration of 2% (w/v) skim milk sus-
pended in phosphate buffered saline (PBS)/Tween 20 solution. 
In the sera, blocking was increased to 5% (w/v) skim milk for the 
IgG and IgM antibody classes. Plates were washed [PBS contain-
ing 0.05% (v/v) Tween 20] and patient samples were applied and 
incubated at room temperature for 90 min. BAL samples were 
diluted to a final concentration of 1:5 or 1:10, whereas, sera dilu-
tions ranged from 1:250 to 1:1,000, dependent on clinical group. 
Peroxidase conjugated anti-rat immunoglobulins (Invitrogen; 
Life Technologies) were diluted to the appropriate concentration 
for each antibody class (IgG 1/10,000, IgA 1/8,000 and IgM 
1/1,000) and 100 μL applied to all wells. After incubation at 
room temperature for 90 min, the plates were washed and devel-
oped with 100 μL of substrate tetramethylbenzidine [TMB; 1% 
(w/v) TMB in demethylsulfoxide; Fluka, Sigma-Aldrich, USA] 
diluted 1:100 in a phosphate citrate buffer (0.1 M Na

2
HPO

4
, 

0.05 M citric acid, pH 5.0) containing 0.05% (v/v) H
2
O

2
. The 

reaction was allowed to proceed for 15 min before stopping by 
adding 100 μl of 0.5 M H

2
SO

4
. The color development of each 

sample was measured at 450nm using an automatic microplate 
reader (Model 3550, BioRad). Logarithmic conversion of patient 
samples, using the immunoglobulin standard curves, converted 
the absorbance values into μg/mL (serum) or ng/mL (BAL). The 
between plate co-efficient of variation was 8.30% for IgG, 8.9% 
for IgA and 5.6% for IgM.

Statistical methods. As this was an exploratory study involv-
ing residual BAL fluid and serum collected from CF and non-
CF infants and young children undergoing general anaesthesia, 
the numbers of biological specimens available for analysis were 
limited. Therefore, only descriptive statistics are presented for 
both serum and BAL results, including the mean and 95% con-
fidence interval (CI) of the antibody measurements. In some 
instances, the lower CI limits were negative, which while being 
statistically correct, were meaningless. Thus, any negative lower 
CI was reset to zero. For CF children who were not colonized 
or infected with P. aeruginosa and healthy non-CF disease con-
trols, the samples were pooled and analyzed and only the means 
of the assays are presented. The longitudinal data are described 
qualitatively.

prior evidence of an initial P. aeruginosa LRTI, but after anti-
pseudomonal eradication therapy,48 had a subsequent negative 
BAL culture, suggesting that the infection was acute and had 
been treated successfully. The clinical and culture status of these 
children progressed over time and matching BAL and sera were 
collected semi-annually from these children.

Procedures for protein preparations. A mucoid P. aerugi-
nosa strain 385, serotype 2, phage type 21/44/109/119X/1214, 
obtained previously from a chronically infected CF patient13 and 
confirmed by the Central Public Health Laboratory London, 
United Kingdom, was used for purification of the proteins and 
preparation of the whole cell extract. Bacterial stocks were stored 
at -85°C in nutrient broth (Oxoid; Thermo Fisher Scientific, 
Australia) supplemented with 10% glycerol (v/v) and revived 
on nutrient agar (Oxoid) at 37°C in a 5% CO

2
 atmosphere 

overnight.
Crude protein was extracted using the Zwittergent® (EMD 

Millipore, Australia) based extraction method.52 To facilitate 
removal of the Zwittergent® detergent from the crude protein 
extract, the supernatant was dialyzed against 4 L of nanopure 
water overnight at 4°C and frozen to -85°C for one hour before 
lyophilization. This extract was used as the WKC antigen in the 
antibody assays and as the first step in the purification of the 
Oprs.

Oprs were separated from the lyophilized crude protein extract 
using anion exchange chromatography as described by Thomas 
et al.12 and a Bio-scale Q2 anion exchange column (Bio-Rad, 
Australia). The lyophilized crude Oprs were resuspended in low 
ionic strength 20 mM tris(hydroxymethylaminomethane), pH 
8.5, to a concentration of ~20 mg/mL and eluted from the col-
umn using the gradual introduction of 20 mM tris-HCl, 500 mM 
sodium chloride pH 8.5 at a flow rate of 1 mL/min. The bound 
proteins eluted in this method were frozen to -85°C, lyophyl-
ized and analyzed by sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE). Unbound proteins from the second 
elution peak were further separated. Pooled unbound fractions 
were exchanged into 2.4 M ammonium sulfate, 100 mM sodium 
phosphate, pH 6.8, using PD10 columns (GE Healthcare Life 
Sciences, Australia). The eluted fraction was applied to a hydro-
phobic interaction column (BioRad) and the proteins were eluted 
by the gradual introduction of 100 mM sodium phosphate, pH 
6.8, at a flow rate of 1mL/min over 30 min. The eluted frac-
tions were frozen to -85°C, lyophilized and analyzed by SDS-
PAGE. Fractions containing semi-pure Oprs were subjected to 
preparative gel electrophoresis (Model 491 Prep Cell; Bio-Rad). 
The fractions were reconstituted in 1.0 mL nanopure water and 
diluted 4-fold in SDS reducing buffer containing 500 mM tris-
HCI, pH 6.8, 10% (w/v) glycerol, 0.05% (w/v) SDS, 0.05% 
(w/v) bromophenol blue, 0.01% (v/v) β-mercaptoethanol and 
incubated at 37°C for 30 min. The suspension was loaded onto 
a 20 mL 9% resolving gel and 10 mL 4% stacking gel, cast in a 
28 mm internal diameter column, with running conditions set 
at constant 40 mÅ and 10 W for 14 h. A flow rate of 1 mL/
min of 25 mM Tris/HCI, pH 8.3, was used to collect the frac-
tions. The fractions containing purified proteins were identified 
from SDS-PAGE analysis, pooled, and the residual SDS in these 
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