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Summary

BackgroundWe report the results of a study comparing the recombinantAspergillus
fumigatusallergen I (rAsp f I) to commercialA. fumigatusextracts in serological assays,
Pharmacia CAP System and skin tests.

ObjectiveThe study was designed to test the feasibility of using recombinant allergens in
an automated serology system for determination of allergen-specific IgE.

MethodsPatients with allergic bronchopulmonary aspergillosis (ABPA), asthmatics with
A. fumigatusallergy and control subjects, who included allergic asthmatics without allergy
to A. fumigatusand healthy subjects, were investigated. All subjects were characterized
with respect to their total IgE level, radio allergosorbent test toA. fumigatusand skin test
reactivity to both commercialA. fumigatusextracts and recombinant rAsp fI protein.

Results All patients with ABPA (n� 30) showed positive skin test reactions with
commercialA. fumigatusextracts, and 24 were sensitized to rAsp fI by the same criterion.
The 10 patients with asthma andA. fumigatusallergy showed positive skin reactions to at
least one commercial extract, and five reacted to rAsp f I. All control subjects (n� 19)
scored negatively in skin tests toA. fumigatusextracts and rAsp f I, and showed no
detectable rAsp fI-specific IgE. ImmunoCAP carrying immobilized rAsp f1 were evaluated
using sera from all individuals described and the results compared with those obtained with
the rAsp f I-specific ELISA for IgE. The data obtained with the two rAsp f I-specific
detection systems correlated closely (r � 0:997) and were in perfect agreement with the
skin test results.

Conclusion The data show that rAsp f I can be used as immobilized allergen in the
Pharmacia CAP System indicating the feasibility of using recombinant allergens for an
automated serological diagnosis of allergic diseases. However, every recombinant allergen
needs to be evaluated individually for its performance if applied to a new diagnostic
technology.
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Introduction

The discovery that IgE antibodies are involved in allergic
reactions in humans [1–4] has provided the rationale for the
development of IgE based laboratory tests for the diagnosis
of allergic diseases [5–7]. Specific serum IgE determination
is now used routinely in the diagnosis of IgE-mediated
allergic diseases. With the introduction of the radio allergo-
sorbent test (RAST) [5], the accuracy of the methods was
further improved [8]. In many of the systems available for
specific IgE determination, the IgE quantitation is not on an
absolute scale [8], which makes comparisons between
different in vitro IgE test systems difficult. The Pharmacia
(Uppsala, Sweden) CAP System, however, is calibrated
against the World Health Organization (WHO) standard
for IgE, and allows quantitative expression of total or
allergen-specific IgE [9]. The quality of solid-phase
immunoassays of specific IgE largely depends on the
quality of the allergen preparation used [10,11]. There-
fore, efforts have been made to standardize allergen
preparations [12–14] and guidelines regarding the stan-
dardization of extracts proposed [15].

Using well-characterized patients and standardized aller-
gen preparations, an excellent overall correlation between
skin test results and RAST can be obtained [16,17].
Although skin testing is a reliable method [15], the stan-
dardization of extracts may be difficult due to variability
among source materials and extraction processes used,
batch-to-batch variations and storage [18–20]. The appli-
cation of recombinant DNA techniques to produce IgE-
binding proteins offers the possibility of producing highly
pure, perfectly standardized allergens with defined bio-
chemical properties in virtually unlimited amounts [21,22].
We have chosenAspergillus fumigatusas an example of a
complex allergenic system involving more than 40 IgE
binding components [23], to investigate the feasibility of
relying on recombinant molecules for the diagnosis of
allergic conditions.

Aspergillus fumigatusis associated with an extensive
spectrum of diseases in humans, ranging from invasive
systemic aspergillosis, aspergilloma and saprophytic
colonization of the lung, to allergic diseases such as IgE-
mediated asthma, allergic rhinitis and sinusitis, hyper-
sensitivity pneumonitis and allergic bronchopulmonary
aspergillosis [24]. Unfortunately, efficient diagnosis of
pulmonary diseases related to the fungus are hampered by
the lack of standardizedA. fumigatus antigen/allergen
preparations [25]. Although the development of new tech-
nologies to display cDNA libraries on phage surface [26,27]
has speeded up cloning and identification of allergens from
A. fumigatus[28,29], the structure and biological function
of these proteins are largely unknown. One exception is
represented by theA. fumigatusallergen I (Asp fI), reported

to be a member of the mitogillin family of cytotoxins
[30,31] which has been cloned [32], produced at high
level in Escherichia coli and demonstrated to be of
relevance for about 70% of the subjects sensitized to
A. fumigatus[33–35]. In our effort to establish recombinant
allergens as standardized reagents for the diagnosis of
allergies, we have evaluated the performance of rAsp fI in
the Pharmacia CAP System.

Materials and methods

Subjects

A group of patients with asthma with (n� 10) or without
(n� 9) A. fumigatussensitization, 30 patients with allergic
bronchopulmonary aspersellosis (ABPA) and 10 healthy
control subjects were enrolled in the study. The patients
with asthma met the guidelines for the diagnosis and
management of asthma [36]. The patients with ABPA had
asthma and fulfilled at least six of the seven diagnostic
criteria proposed by Rosenberget al. [37] and Patterson
et al. [38]. The healthy controls had no history of allergy or
asthma and showed normal serum IgE levels. Subject
characteristics including age, sex, total IgE and RAST are
given in Table I. None of the subjects had taken medications
that might interfere with the outcome of the tests before and
during the investigations.

Diagnosis of allergy

The diagnosis of allergy and characterization of the patients
were based on case history and skin prick tests (SPT). Only
well characterized patients with a history of sensitization to
A. fumigatusor allergic asthmatics with a history of allergy
to cat, dog, grass or birch allergens but with RAST class 0
and negative skin test toA. fumigatusentered this study
(Table I).

Skin-prick tests. Skin prick tests were performed with
commercial preparations purchased from Allergopharma
(Hamburg, Germany) and Bencard (SmithKline Beecham,
Neuss, Germany) and used as recommended by the
manufacturers. Histamine dihydrochloride (Streuli & Co.,
Uznach, Switzerland), at a concentration of 0.1%, and
physiological saline solution (SmithKline Beecham) were
used as positive and negative controls, respectively. For
SPT with rAsp fI, an aliquot of lyophilized rAsp fI [32,33],
was dissolved in physiological saline solution and tested at a
single concentration of 100�g/ml as described [33]. Skin
tests were considered to be positive when the wheal size
induced by the allergen preparation had a surface of at least
9 mm2 after SPT [33].
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Approval. Ethical approval for skin testing human sub-
jects with recombinant allergens was obtained from the
ethical committee. A full explanation of the procedure was
given to all participants before testing, and written consent
was obtained.

Total IgE and RAST. Total serum IgE levels were
determined by radioimmunoassay (RIA) with Pharmacia
CAP System IgE RIA according to the manufacturer’s
instructions. The titration ofA. fumigatus-specific IgE was
performed using Phadebas RAST (Pharmacia) according to
the package insert, and results converted into RAST classes
as described by the manufacturers.

Production of rAsp f I protein and rAsp f I ImmunoCAP

rAsp f I was produced asN-terminal [His]6-tagged fusion
protein inE. coli cells harbouring the rAsp fI construct [32],
yielding 15 g of crude rAsp f I in a 100 l fermentation
[32,39]. The gene product was purified by Ni2+-chelate
affinity chromatography [39]. The fully denatured protein
was refoldedin vitro by stepwise dialysis against phosphate-
buffered saline, pH 7.4, and distilled water. Determination
of protein concentration was performed using the BioRad
(Richmond, CA, USA) protein assay with bovine serum
albumin as standard. Purity was assessed by sodium dodecyl
sulphate polyacrylamide gel electrophoresis and Western
blot analysis using monoclonal antibody 4A6 raised against
native Asp f I [30] and sera from individuals allergic to
A. fumigatus [32], as well as by determination of the
enzymatic activity [32,40]. Pure biologically active samples
of rAsp fI were lyophilized for long-term storage and used
for ELISA, skin tests and for the production of rAsp f I
ImmunoCAP.

Titration of specific serum IgE

Pharmacia CAP System. IgE antibodies toA. fumigatus
were measured with Pharmacia CAP System using Immu-
noCAP m3 (A. fumigatus extract) according to the
manufacturer’s instructions. Results were obtained as kilo
units of allergen-specific IgE per litre (kUA/l). rAsp f I
ImmunoCAP assays were run with the same fluoro-
immunoassay version and results expressed quantitatively
in kUA/l of specific anti-rAsp f I IgE.

ELISA. The binding of anti-rAsp fI IgE was analysed by a
standard direct solid-phase ELISA using mouse monoclonal
antibody TN-142 anti-human IgE [32] and results were
expressed as arbitrary ELISA units per millilitre (EU/ml),
calibrated with an in-house reference standard [33].

Statistical analysis

Statistical analysis was performed with the two-tailed
Mann–WhitneyU-test. Correlation coefficients and statis-
tical significance were determined with Pearson’s linear
regression analysis.

Results

Characterization of the patient and control groups

Skin test reactivity to commercialA. fumigatusextracts and
to rAsp fI, total serum IgE and RAST were used as criteria
to classify the status of the individuals tested with respect to
theA. fumigatussensitization (Table 1). All subjects showed
a positive histamine response and were non-reactive to
physiological saline solution in SPT.

All patients with ABPA (n� 30) as well as all subjects

Automated specific IgE assay with recombinant allergens1413
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Table 1. Patient characteristics

Patients with asthma

Allergics Aspergillus fumigatus-allergic ABPA

No. 9 10 30
Age (years) 42� 12 36�15 51� 12
Sex ratio (F : M) 5 : 4 6 : 4 17 : 13
Total IgE (kU/l) 228�173 446�130 1734� 423
RAST* — 2.4� 0.7 3.5� 0.7
SPT (no. positive)y — 10 30

*Aspergillus fumigatus-specific IgE determined with the Pharmacia CAP System.
yHistory of a positive skin-prick test (SPT) againstA. fumigatus.
ABPA, Allergic bronchopulmonary aspergillosis;
RAST, radio allergosorbent test.
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with a history of sensitization toA. fumigatus(n� 10)
reacted positively to at least one of the commercial
A. fumigatusextracts tested in SPT (Table 2). Skin-prick
test reactivity to rAsp f I was clearly positive in 24 of the
patients with ABPA and in fiveA. fumigatus-allergic
asthmatics giving an overall sensitization toAsp f I of
about 70%. The incidence ofAsp f I sensitization among
the A. fumigatusallergic individuals was in concordance
with earlier reports [30,33]. These two groups of patients
had a RAST class toA. fumigatusof at least 2 at the time of
the study (Table 2).

All healthy control subjects (n� 10) and all patients with
asthma without a history ofA. fumigatussensitization
showed no reaction to commercial extracts, nor to rAsp f I
on SPT. Specific IgE antibodies toA. fumigatuswere not
detectable in these two groups (RAST class 0).

Specific IgE antibodies to rAsp f I: correlation between
ELISA, Pharmacia CAP System and skin test results

Sera obtained from the subjects listed in Table 2 were
analysed for rAsp f I-specific IgE by ELISA and using the
newly developed rAsp f I ImmunoCAP. For specific IgE
determinations toA. fumigatusextract the commercially
available m3 ImmunoCAP was used.

From the total of 40 patients sensitized toA. fumigatus,29
had specific serum IgE against pure recombinantAsp f I
protein. All A. fumigatusallergic asthmatics or patients with
ABPA who had detectable IgE against rAsp f I also
responded in SPT to rAsp f I (Table 2). Thus, rAsp f I
elicited an immediate type I reaction in skin test in all
patients who had a detectable level of rAsp fI-specific IgE,
whereas patients with IgE values below the cut-off level
were consistently non-reactive to rAsp f I in skin test. The
comparison of IgE values obtained by ELISA with those of
the rAsp f I ImmunoCAP determinations showed that all
sera with <5 EU/ml rAsp f I-specific IgE scored below the
cut-off value of the Pharmacia CAP System of < 0.35 kUA/l,
in agreement with the skin test results. The rAsp fI-specific
ImmunoCAP determination of IgE in sera from individuals
with values > 5 EU/ml varied between 0.5 and 45 kUA/l.
These variations reflect the levels of rAsp f I-specific IgE
which are highly variable from patient to patient and
correlate fairly well with the magnitude of the wheal surface
obtained in skin tests [33].

All healthy control subjects (n� 10) and allergic asth-
matics without a history of sensitization toA. fumigatus
had < 5 EU/ml rAsp fI-specific IgE as determined by ELISA
and were below the detection limit in rAsp f I-ImmunoCAP
assays (< 0.35 kUA/l) confirming the skin test results
(Table 2). In fact, no skin reactivity to commercial
A. fumigatusextracts or to rAsp f I was observed in the
control subjects. The excellent correlation reaching
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r � 0:997 between the two rAsp f I-specific IgE detection
methods ( Fig. 1) suggests that the rAsp f I allergen can be
incorporated in the Pharmacia CAP System with retained
antigenic activity.

As expected, the overall correlation between the values
obtained with rAsp f I ImmunoCAP and with the m3
ImmunoCAP prepared withA. fumigatusextracts is not
conclusive (Fig. 2). This result is related to the incidence
of Asp f I sensitization among theA. fumigatus-allergic
individuals which is in the range of 60–85% and to the
variable polyvalent sensitization of these subjects towards
different allergenic components present inA. fumigatus
extracts. ImmunoCAPs are prepared using a constant
amount of protein. Therefore, theAsp f I ImmunoCAPs
are expected to contain about 200 times moreAsp f I
protein than the ImmunoCAPs prepared with extract
which contains low amounts ofAsp f I [33]. This could
explain the fact that twoA. fumigatus-allergic asthmatics
(nos 7 and 9, Table 2) and three patients with ABPA (nos
6, 12 and 22, Table 2), who were prevalently sensitized to
Asp f I (data not shown), gave substantially higher values
(kUA/l) against the recombinant protein than the whole
extract in CAP.

DISCUSSION

Laboratory tests for the determination of allergen-specific
IgE antibodies are of well-established value in the clinical

evaluation of allergic diseases [3,5]. However, the accu-
racy and efficacy of the method require high and consis-
tent quality of the allergen preparation used [11,12] which
often necessitates extensive standardization due to several
reasons including batch-to-batch variations of the source
materials [19,20]. Modern genetic engineering techniques
allow the cloning and production of recombinant proteins
of consistent quality and purity in virtually unlimited
amounts. During the past few years more than 100
complete or partial sequences of allergenic proteins have
been reported [41], and some allergens have been pro-
duced at high level in different systems [21,32,42] and
evaluated for their diagnostic value [33–35,43]. The
results so far are encouraging and demonstrate the poten-
tial advantages of recombinant technologies over classical
methods for the preparation of standardized allergens. Use
of recombinant allergens may help to solve many of the
problems related to extraction procedures, stability and
standardization of allergenic extracts [44]. Accordingly,
recombinant allergens may contribute to a significant
improvement of the tools for diagnosis of allergic condi-
tions, provided that they become available in a pure, fully
antigenic form suitable for routine assessments.

In this study we report the evaluation of a single
recombinant allergen immobilized to the Pharmacia CAP
System, a fully automated system for the measurement of
circulating IgE antibodies. One advantage of this system is
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the calibration against the international reference standard
for IgE recognized by the WHO. This permits expression of
IgE levels in quantitative terms [9].

The investigations entailed SPT and serological analyses
of 59 individuals: 30 patients with ABPA, 10 with allergic
asthma andA. fumigatussensitization, nine allergic asth-
matics withoutA. fumigatussensitization and 10 healthy
controls. All subjects were tested for skin responses by
challenge with commercialA. fumigatusextracts and with
rAsp f I protein. Of the total of 40 individuals sensitized to
A. fumigatus(30 ABPA and 10A. fumigatus-allergic asth-
matics), all subjects reacted to commercial extracts on SPT,
whereas 29 individuals (72.5%) responded positively to skin
challenges with rAsp fI (Table 2).

The results are in agreement with earlier reports
showing that the Asp f I allergen elicits IgE antibody
responses in 60–85% of the subjects sensitized to
A. fumigatus[30,33]. None of the 19 individuals from the
negative control groups reacted to commercialA. fumigatus
extracts or to rAsp fI on SPT (Table 2). rAsp fI-specific IgE
was detected by an allergen-specific ELISA only in subjects
responding with immediate type I reactions in skin tests with
rAsp fI, whereas the 11 patients with negative skin test results
as well as the 19 subjects from the negative control groups had
rAsp fI-specific IgE values below the detection limit of the test
(<5 EU/ml).

The results obtained with the rAsp fI ImmunoCAP were
in perfect accordance with the results from SPT and with the
ELISA determinations. All sera of subjects unable to
respond to rAsp f I challenge on SPT had no detectable
rAsp fI-specific IgE on ELISA and scored below the cut-off
value of the ImmunoCAP (<0.35 kUA/l). The rAsp f I
ImmunoCAP determination in sera of patients with positive
SPT to rAsp fI and ELISA values > 5 EU/ml varied between
0.5 and 45 kUA/l (Table 2). The close correlation between
the rAsp f I-specific values obtained with ELISA and
ImmunoCAP determinations (Fig. 1) shows that the rAsp f
I protein exhibits similar immunological properties after
immobilization to different solid phases.

The results of this study corroborate earlier reports and
indicate that recombinant allergens should be suitable for the
development of reagents allowing a fully automated diag-
nosis of allergic conditions. However, every recombinant
allergen has to be individually evaluated for its performance
if applied to a new diagnostic technology to demonstrate that
the IgE-binding activity is not influenced by the chosen
immobilization procedure. As expected, a single allergen is
not sufficient to set up a reliable diagnosis able to cover all
subjects sensitized toA. fumigatus(Table 2). The fungus can
produce more than 40 allergenic components and elicits a
highly variable pattern of IgE reactivity depending on the
status of sensitization of the individuals tested [45].

A panel of recombinantA. fumigatusallergens cloned

from a phage surface display library [27,28] will allow the
investigations to be extended in order to test the feasibility
of using a defined mixture of recombinant allergens to
diagnose allergy toA. fumigatus. Moreover, single recom-
binant allergens will open up the possibility of investigating
patient-specific reactivity patterns and perhaps correlating
specific reactivity patterns with different pulmonary com-
plications related to the fungus.
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