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Development of enzyme linked immunosorbent assay
(ELISA) to detect antibodies to Pseudomonas
aeruginosa cell surface antigens in sera of patients with
cystic fibrosis
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SUMMARY An enzyme linked immunosorbent assay (ELISA) to measure free serum IgG antibodies
to Pseudomonas aeruginosa in patients with cystic fibrosis was developed. Seven strains of
Paeruginosa cells, treated with glutaraldehyde and representing the most commonly isolated sero-
types in our cystic fibrosis unit, were used. The specificity of the test was confirmed by the absence
of cross reacting antibodies to other Gram negative bacteria. The results showed differences in the
titres of antibodies at different stages of P aeruginosa infection.

Because of its reproducibility, specificity, and sensitivity these preliminary results suggest that this
test may be of value in monitoring the progress of P aeruginosa infection in patients with cystic
fibrosis.

Pulmonary infection after colonisation with
Paeruginosa is an important cause of morbidity and
mortality in patients with cystic fibrosis.' Once
Paeruginosa has become established in the lungs it is
never completely eradicated, even after aggressive
antimicrobial treatment. The early stages of
colonisation and infection of the lungs in such
patients are important because tissue invasion may be
delayed or even prevented by early treatment with
antibiotics.
Growth of Paeruginosa from the respiratory tract

may represent colonisation (the presence of the
organism in the airways without clinically important
tissue invasion or systemic immune response), or
infection (with tissue invasion and damage accom-
panied by an immune response). There are no sensi-
tive tests which differentiate between colonisation and
infection.
Hoiby et al have shown a correlation between

serum antibodies to sonicated Paeruginosa cells and
the clinical state of patients, using crossed immu-
noelectrophoresis. The number of precipitin lines rep-
resenting different antibodies, however, showed an
increase only in patients with chronic Paeruginosa
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infection. This test could not identify colonised
patients nor patients infected for less than six
months.2
The purpose of this study was to develop an

enzyme linked immunosorbent assay to measure free
serum IgG antibodies to surface antigens of
Paeruginosa, which would be suitable for routine use.

Patients and methods

Sixteen patients with cystic fibrosis attending the pae-
diatric and adult cystic fibrosis clinics at this hospital
were investigated. Diagnosis of the disease was
confirmed by at least one sweat test.3 In five patients
with cystic fibrosis (three females, two males)
Paeruginosa had never been isolated from sputum.
Their age range was 1-15 years, mean (SE) was 8-4
(2-1). In seven (four females, three males)
Paeruginosa had been isolated from sputum on one
or more occasions during the previous year but these
patients had no recognisable illness attributable to
that organism. Their ages ranged from 6-24 years,
mean 15 (2 6) years. In four patients with cystic
fibrosis (three females, one male) Paeruginosa had
been isolated continuously from their sputum cul-
tures for at least a year. Their age range was 12-24
years, mean 16 25 (2-3) years. They had recognisable
chest illness attributable to Paeruginosa.
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CONTROLS
These comprised 17 patients (seven females, 10 males)
attending the paediatric clinic at this hospital. The
mean age was 9 54 (1 42) years ranging from 5
months to 15 years. None had any evidence of lung
disease or Paeruginosa infection. Conditions were
diabetes (3), anaemia (2), short stature (2), lethargy
(1), intestinal polyp (1), oesophageal reflux (1), hae-
matemesis (2), malaria (1), congenital emphysema (1),
severe retardation (2) and hypothyroidism (1).

SERUM
Serum from patients and controls was stored at
-20°C until immediately before use.

STRAINS
Clinical isolates of P aeruginosa
These were identified from sputum samples of

patients with cystic fibrosis by the API 20 NE series of
biochemical reactions.

Gram negative bacteria other than P aeruginosa
Clinical isolates of Escheric hia coli, Enterobacter
cloacae, Citrobacter diversus, Citrobacter amolenitus,
Klebsiella pneumoniae, Serratia marcescens, and Pro-
teus mirabilis, which had been obtained from sputum
samples of patients with cystic fibrosis, were used to
test the antigenic cross reactivity with Paeruginosa.
Strains were stored on nutrient agar slopes at 4°C and
in nutrient broth at -196°C.
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and incubated overnight at 4°C. A single serotype was
used in each plate. The unbound supernatant was
then aspirated and 120 pl glutaraldehyde 0 5% v/v
was added and incubated at room temperature for 30
minutes. This was aspirated and the wells washed
three times for five minutes in phosphate buffered
saline. Unbound sites were blocked by overnight
incubation at 4°C with 120 ,l 10% bovine serum albu-
min (BSA) in phosphate buffered saline. After wash-
ing three times in phosphate buffered saline and dry-
ing the plates were stored at 4'C and used within 10
days.
A pool of sera with high titres was used for a stan-

dard curve on each plate. It was diluted between
I/1 500 and 1/50 000 in phosphate buffered saline, I %
BSA. Test serum was diluted 1/1000, or 1/10 000 in
the same diluent. Each sample and standard was incu-
bated in triplicate for 75 minutes at room temperature
followed by washing three times with phosphate
buffered saline for five minutes. Goat antihuman IgG
(^y-chain specific) congugated to horseradish per-
oxidase (Zymed Laboratories San Francisco, United
States of America) was diluted 1/2000 in phosphate
buffered saline, 10% BSA and 100 ,ul added to each
well and left for two hours at room temperature. The
wells were washed three times with phosphate
buffered saline for five minutes. Then 100 pl of sub-
strate solution containing 5 mg orthophenyldiamine
and 20 1l of 12% H202 in 10 ml citrate phosphate
buffer (243 ml citric acid, 0IM, 2 57 ml sodium

SEROTY PING
P aeruginosa was serotyped as soon as possible after
isolation and identification. The Paeruginosa anti-
serum set produced by Difco (Detroit, United States
of America) was used. This is based on the Inter-
national antigenic typing scheme.4

ENZYME LINKED IMMUNOSORBENT ASSAY
(ELISA)
An ELISA was developed to measure IgG antibodies
against Paeruginosa antigens. A series of assays was
performed with the following antigens: viable cells;
glutaraldehyde or heat treated cells; and sonicated
cells. Cells treated with glutaraldehyde gave the most
reproducible results. Each strain was grown overnight
as a lawn on blood agar plates at 37°C. Growth from
each plate was removed in 10 ml phosphate buffered
saline (pH 7-4) and centrifuged at 10000 x g for 10
minutes at 4°C. The pellet was washed twice and then
resuspended in phosphate buffered saline at 4°C to a
concentration of 1010 colony forming units/ml.
Methylglyoxal (Sigma) was added to give a final con-
centration of 0 3% v/v.5 The solid support used was
microtitre plates (Immulon grade A, Dynatech). Bac-
terial cell suspension (120 pl) was added to each well
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Table I Absorbance at 492 nm produced by IgG antibodies from serum ofpatients with cysticfibrosis diluted 1/1000 against eight species of
Gram negative bacteria in ELISA

Case No Species

Pseudomonas Pseudomonas
Proteus Seratia Escherichia Klebsiella Citrobacter Citrobacter Enterobacter aeruginosa aeruginosa
mirabilis marcescens coli pneumoniae amolenitus diversus cloacae serotype I I serotype 6

1 00053* 0 051 0 040* 0-051 0-024 0-015 0-062 0-092 0 040
2 0006 0025 0.015 0.071* 0 0 0 0042 0079
3 0 018 0.018* 0-082 0 051 0-009 0-005 0 007 0-060 0-104
4 0008 0008 0013 0005 0 0 0 0.241* 0264*
5 0.008* 0-013 0 016 0 012 0 0 0* 0-626* 0.398*
6 0 0 0 0 0 0 0 10-07$ 13 73+
7 0 0 0 0 0 0 0 10l13$ 2 56+
8 0 0 0 0 0 0 0 9-38+ 4 481
Serum samples 6, 7, and 8 were diluted 1/10 000 against P aeruginosa. The blanks were 00100. P aeruginosa isolated continuously for at least one year from
cases 6, 7, and 8$. P aeruginosa isolated intermittently from patients 4 and 5. Other species isolated occasionally during the previous year.*

phosphate, O-2M and 50 ml distilled water) was
added. The reaction was allowed to proceed for two
minutes in daylight and then was stopped by adding
100 pI 4M H2SO4. Absorption at 492 nm was mea-
sured using a Titerteck plate reader. Absorbance was
< 0- 10 in wells containing no adsorbed antigen, or no
test serum, or no labelled antibody. The blank was
subtracted from the test absorbance. To standardise
the results and eliminate day to day variation this
value was converted to a dilution by reference to the
standard curve. The figure shows a typical standard
curve. The reciprocal of the dilution used for the
patient's serum was divided by the reciprocal of the
dilution obtained from the standard curve, multiplied
by 1000, and expressed as a titre. Serum from each
patient was tested against all antigens on the same
day. The titre of one sample measured on six
occasions gave a mean (SE) of 5558 (463).

Results

All Paeruginosa isolates from patients with cystic
fibrosis were serotyped for six months. After this pre-
liminary work it was decided to test serum against
strains with serotypes 1, 3, 6, 9, 10, 11, and a non-
typable strain. These represented 85% of isolates
obtained from our patients during the previous six
months.
Serum from eight patients with cystic fibrosis was

tested by ELISA against two strains of Paeruginosa
and eight other species of Gram negative bacteria.
The absorbance produced by serum from patients 1-5
against non-pseudomonal strains was less than 0 090
(table 1). In contrast, the absorbance produced
against Paeruginosa was considerably higher in the
two patients (cases 4 and 5) from whom it had been
isolated intermittently. Serum from patients that grew
Paeruginosa continuously (cases 6, 7, and 8) pro-
duced no detectable reaction against non-
pseudomonal bacteria but an extremely high reaction
against Paeruginosa. These results indicate that the

contribution of antibodies to other species towards
the reaction against Paeruginosa was negligible.

Sera from 17 paediatric patients without cystic
fibrosis and no known Paeruginosa infection were
tested for IgG antibodies by ELISA. Table 2 shows
the sum titre to seven serotypes and the highest titre
against an individual serotype. The highest titre
against a single strain was 35. The sum titre to all
seven serotypes ranged from 140 to 250, with a mean
of 200.
The titre of serum from five patients with cystic

fibrosis with no history of Paeruginosa infection is
also shown (table 2). These titres were low. There was
no correlation between titre and either age or sex.

Table 3 shows the titre of serum from seven
patients from whom Paeruginosa had been isolated
intermittently. There was a wide spread of titres
within this group of patients. Paeruginosa was iso-
lated less than four times from cases 1-4. Titres
greater than control values were present against one
or two different strains in these patients. Paeruginosa
had been isolated intermittently for one to two years
from cases 5 and 6 and continuously for four months
from case 7. In these patients titres against all sero-
types were greater then those of control values. In two

Table 2 ELISA titre produced by serum IgG antibodies to
P aeruginosa in patients with and without cysticfibrosis with
no P aeruginosa infection

Without cystic With cystic
fibrosis fibrosis
(n = 17) (n = 5)

Titre to seven serotypes 140-250 140-180
Range mean (SD) 200 (7) 150 (7)
Highest individual titre 20-38 20-31
Range mean (SE) 29 (0 9) 25 (2-5)
Age range 5 m-15 y 1-15
Mean years (SE) 9 54 (1-42) 8-4 (2 11)

The strains used were serotype 1, 3, 6, 9, 10, I1, and a non-typable
strain.
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Table 3 Serum IgG ELISA litre against P aeruginosa in patients with cysticfibrosis patients who grew P aeruginosa
intermittentl/

P aeruginosa serotYpe Case No

1 2 3 4 5 6 7

1 115 45 570
3 85 69 200 650
6 168 154 170 295
9 75 145 300
10 76 74 80
11 71 82 140 425 600 250
Non-typable 106 100 590
Sum 71 167 168 140 1014 1334 2735
Sputum serotype 1,10 6 NT, 1

Serotypes to the international antigenic typing scheme.4

Table 4 Serum IgG ELISA titre against P aeruginosa in patients with csticfibrosis continuously infected with Paeruginosa

P aeruginosa serotivpe Case No

1 2 3 4

1 145 515 210 720
3 100 310 250 300
6 160 870 1690 1030
9 155 600 1630 810
10 325 1750 4170 2400
11 205 1100 2780 1750
Not typable 200 860 1560 1640
Sum 1290 6005 12290 8650
Sputum serotype 10 10,11 10,11 NT, 1,9

Serotypes according to the international typing scheme.'

patients (cases 5 and 7) the serotype producing the
highest titre was the same as the serotype isolated
from sputum but this was not the case for case 6.

Table 4 shows titres in four patients that grew
P aeruginosa continuously for over a year. There was
a wide spread of titres to individual strains. Titres
were appreciably higher than those in the other
groups of patients. In three of these four patients the
serotype(s) producing the highest titre were those
isolated from sputum.

Discussion

The purpose of this work was to develop a test, suit-
able for routine use, to measure the humoral immune
response associated with P aeruginosa infection in
patients with cystic fibrosis. Of the several antigens
tested, cells treated with glutaraldehyde gave the most
reproducible results and the widest spread of titres
between controls and patients with cystic fibrosis
chronically infected with Paeruginosa. Glutaralde-
hyde is a polyaldehyde that cross links the amino
groups present in proteins exposed at the bacterial
surface.5 These amino groups are also present in the
lipopolysaccharide (in alanine and amino sugars) of
the serotypes used here.6 The cells were bound to the
ELISA plates by methylglyoxal. Although the mech-
anism of action of methylglyoxal is not known, it

probably behaves like other polyaldehydes-cross
linking between amino groups or by electrostatic
action with polystyrene.5

In preliminary studies two or more strains of the
same 0-serotype were used. Titres against each strain
were within 5% on repeated tests with the same
serum. Different strains of the same serotype, how-
ever, did not always give the same titre with the same
serum (2-15%). This may have been due to a different
amount or conformation of the 0-serotype antigen,
presence of additional weakly reacting 0-serotypes,
or, varying amount, exposure, or conformation of
either the outer membrane proteins or other protein
antigens such as flagellar antigen.7 Although the
outer membrane proteins are highly conserved in
Paeruginosa,8 9 quantitative studies using mono-
clonal antibodies have shown that the amount of anti-
body binding to protein I was similar in 17 strains,
while the amount of antibody binding to protein H2
was different.9 Because the purpose of this work was
the early detection of humoral antibodies, the strain
producing the highest titre was used in the routine
test.

Antibodies directed against other Gram negative
bacteria did not seem to make a quantitatively
important contribution to the titre against
Paeruginosa in this assay. In a radioimmunoassay
using rabbit antipseudomonal serum to detect bacte-
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1128
rial cells in urine Kohler et al reported that cross reac-
tion with other Gram negative bacteria was low.'0
The results presented here show that antibodies

reacting with P aeruginosa were present at very low
titres both in patients with cystic fibrosis and in the
control group with no known Paeruginosa infection.
Hoiby, using counterimmunoelectrophoresis, showed
that the prevalence of precipitating antibodies against
sonicated P aeruginosa increased gradually with age
in a normal population. These antibodies, however,
were present only at low titres and were directed
against two antigens that cross reacted with antigens
from other bacterial species. '2 In a survey of 100
adults of unspecified age, using ELISA, serum anti-
bodies against P aeruginosa surface antigens were also
present at low titres.'3 We found that patients who
grew P aeruginosa continuously had very high anti-
pseudomonal IgG antibodies, while patients who
grew that organism intermittently had titres that were
lower but still greater than those of the controls.
There was a wide spread of titres in both groups of
patients (tables 3 and 4).
The serotype that produced the highest titre was

not always the same serotype as the sputum isolate.
There are several possible reasons for this: a strain
may be present in the lungs but not be detectable in
the sputum; organisms present in numbers less than
104 ml are unlikely to be detected by the protocol
used in our laboratory. Furthermore, treatment with
nebulised antibiotics may kill organisms in sputum
but not all those present in the lungs. The number of
different strains isolated from a chronically infected
patient was often at least five and commonly more
than 10 on daily examination over a week or two,
but each strain was not isolated from every sputum
sample. This may have been due to sampling of
sputum from different regions of the lungs, which
contain different strains. Sputum from most patients
was obtained at intervals of weeks or months rather
than days and so may not have given a complete
picture.
Another possible reason for the discrepancy

between serotype of sputum isolates and serum anti-
body is that serum IgG formation and removal is not
instantaneous. Therefore an organism may be present
in sputum for a few weeks before serum IgG anti-
bodies can be detected. Similarly, a decline in anti-
body titre is likely to occur some weeks after complete
removal of the antigen.

Finally, a high titre may be caused by antibodies
reacting with cell surface components other than the
0-serogroup. The non-typable strain used in this
assay often produced a high titre. This may be caused
by antibodies directed against the core region of lipo-
polysaccharide, the cell membrane proteins, or other
cell surface antigens. Several workers have reported

Brett, Ghoneim, Littlewood, Losowsky

antibodies to surface components other than the lipo-
polysaccharide side chain. Hancock et al reported
antibodies specific to the core region of lipo-
polysaccharide in 74% of chronically infected
patients with cystic fibrosis,'4 while absorption of
rabbit immune serum with the core region of lipo-
polysaccharide removed only 50% of antibodies.'5
Antibodies to outer membrane proteins have been
shown in experimentally infected mice5167 and
patients with cystic fibrosis chronically infected with
P aeruginosa."'18 Vaccination of mice with purified
protein F (Porin) was shown to have a protective
effect against infection in mice.'9

In conclusion, the assay reported here is both a sen-
sitive and specific monitor of IgG antibodies directed
against P aeruginosa cell surface components and is
suitable for routine use. Antibody titres in control
patients were low. In patients with cystic fibrosis anti-
body titre increased with length of Paeruginosa
infection. Work is currently in progress to assess the
value of this test for monitoring the progress of
Paeruginosa infection in a larger number of patients
and in differentiating between early colonisation and
infection.

This work was supported by the Cystic Fibrosis
Research Trust, United Kingdom (grant No 244).
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