




Enzyme immunoassays for total and allergen specific IgE in population studies

the test was repeated at higher serum dilu-
tions. Tests were also repeated if results
obtained at different serum dilutions differed
by more than 15%.

EIA FOR ALLERGEN SPECIFIC IgE
Specific IgE was measured with the modified
EIA method used previously in studies on

anti-yeast allergy.'415 Microwells were coated
overnight at 4VC with allergen extracts in PBS,
at concentrations varying from 10 to 50 yg/ml,
depending on the allergen. Serum samples
were incubated for two hours at 370C, either
at one dilution (usually 1/10), or at 1/5, 1/10,
and 1/20 in Tween-20 with gelatin. Bound IgE
was measured with a sensitive four step proce-

dure, consisting of three one hour incubations
at 370C with (a) monoclonal mouse anti-IgE
(1/16 000); (b) affinity purified, biotinylated
rabbit anti-mouse Ig (1/2000); (c) avidin per-

oxidase (1/2000); and (d) an incubation for 30
minutes with optical densities as described for
the EIA for total IgE.

SERUM SAMPLES
Pooled normal human serum-a mixture of
serum samples from at least 200 healthy blood
donors from several European countries
(Precinorm; Boehringer, Mannheim,
Germany)-was used as an additional refer-
ence preparation to test the reproducibility of
the EIA methods. Test serum samples were

derived from several epidemiological research
projects on the relation between exposure to
indoor allergens and the occurrence of respira-
tory disorders. From a study on respiratory
allergy among bakery workers (R Houba et al,
personal communication), 126 serum samples
were selected: 117 serum samples from sub-
jects with at least one positive skin prick test in
a panel of common allergens, and nine serum

samples from subjects with all skin tests nega-
tive. A second large serum panel consisted of
116 serum samples from 6-12 year old school
children participating in a study on acute res-

piratory effects of winter smog episodes and
selected because of the presence (n = 57) or

absence (n = 59) of at least one positive
answer in a standard questionnaire on respira-
tory symptoms.'6 For the comparison of the
EIA for total IgE with another assay, total IgE
was measured in 156 serum samples from
school children participating in a previous pro-
ject on the relation between indoor exposure
to allergens and respiratory complaints. 7

Total IgE had been measured in these serum

samples by radioimmunoassay at the
Department of Allergy of the CLB,
Amsterdam (Professor Dr RC Aalberse, Dr S
Stapel). Other serum samples used in this
study came from 52 laboratory animal workers
tested both in vivo (skin prick test) and in vitro
(AlaSTAT, DPG) for type I allergy to rat uri-
nary proteins, and 32 bakery workers tested by
skin prick test and Phadezym RAST for type I
reactivity to fungal a-amylase.

Skin prick tests had been performed with
panels of common allergens, including house
dust mites (ALK No SQ 503), grass pollen
(ALK No SQ 293), tree pollen (ALK No SQ

197), and cat allergens (ALK No SQ 555).
Positive reactions were defined as a weal size
> 3 mm larger than that of the negative con-

trol.

Results
TOTAL IgE
Figure 1 shows the dose-response curves for
eight serum samples with varying total IgE
concentrations, together with the calibration
line of the same day. The detection limit for
the diluted standard seemed to be about
0-05-0-1 kU/l. Titration curves for practically
all serum samples were parallel to the standard
curve, up to optical density values of > 2-0,
provided that the serum samples were diluted
at least 10 times; at higher concentrations
some serum samples showed a decreased
slope, and concentrations calculated from 1/5
dilutions thus systematically underestimated
the real serum IgE content (not shown). We
therefore routinely test serum samples in four
dilutions (1/10, 1/20, 1/40, and 1/80), and
thus the detection limit for undiluted test
serum samples is 0-5-1 kU/l. On the other
hand, maximum optical density values that
can be reliably read (2-0-2-5) are usually
reached at a standard concentration of about
3-5 kU/l, which means that in principle the
upper limit for undiluted serum samples is
300-400 kU/l. Our standard protocol requires
that for each serum sample at least two dilu-
tions give optical density values in the working
range between 0-1 and 2-5, and therefore in
practice the upper limit for undiluted serum

samples is 150-200 kU/l. In this way, all
serum samples with total IgE in the normal
range (< 150 kU/l) should give reliable values
in the first test.
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Figure 1 Dose-response curves for eight serum samples
and the IgE reference preparation in the EIA for total IgE.
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Figure 2 Correlation between total IgE concentrations
measured by RA or by the sandwich EM in 156 serum
samplesfrom 6-12 year old school children; r2for log
transformed values = 0-86.
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In log log plots the slopes of all curves,
including that of the standard, were close to
1-0, thus confirming the linearity of the dose-
response relation. Accordingly, results
obtained with different dilutions of the same
serum samples usually differed by less than
10%, if the corresponding optical density val-
ues were between 01 and 2-5. Total serum
IgE concentrations below 1 kU/l were very
rare, and serum samples with concentrations
of more than 150-200 kU/l were retested at
higher dilutions, starting at 1/50 when the
optical density obtained at 1/80 was < 3T0, and
at 1/100 for the other strongly reactive serum
samples. Thus serum samples with total IgE
up to 4000 kU/l can give reliable data for at
least two serum dilutions.

Comparison of the dose-response curves of
the calibration standard in a large series of
microtitre plates (89 plates on 11 days)
showed relatively small differences between
different plates of the same day, with optical
density values usually differing by < 10% at
concentrations of 0-5-4 kU/l, whereas the dif-
ferences between the mean calibration curves
of different days were somewhat larger, with a
mean coefficient of variation of 15%-20% for
(averaged) optical density values of the various
IgE concentrations. The influence of this day
to day variance was effectively eliminated by
interpolation of the optical density values for
individual (diluted) serum samples on the cali-
bration line for the same test plate; essentially
identical results were obtained if the mean cal-
ibration line of the same day was used. Thus,
commercially available pooled normal human
serum samples, which were routinely included
as positive controls in each test plate, showed a
mean (SD) IgE concentration of 20-08
(2-41) kU/l in the series of 89 test plates
already mentioned. In another series of 10
plates on three different days the same serum
pool showed mean values of 22-3, 19-7, and
21-1 kU/l, with within day and between plate
coefficients of variation of 14-9%, 7-5%, and

Table I Reproducibility of the EA for specific IgE:
comparison of two thresholds for a positive reaction: all
serum samples with a reaction above the lower threshold in
the first test series, and a randomly selected number of
negative serum samples were retested: numbers of
concordant (+ /+ and - I-) and discordant (+ /-and
-1+ ) results are given for the four common allergens.
Samples were tested on both occasions at a 1/10 dilution

Allergen Lower threshold* Higher threshold-

House dust mite +/+ 31 +/+ 26
(n=56) -/- 7 I 29

+/- 18 + I1
-+ 0 -+ 0

Grass pollen +/+ 32 +/+ 29
(n=43) / 6 -/- 10

+l- 5 + I1
-/+ 0 -/+ 0

Birch pollen +/+ 9 +/+ 8
(n = 20) -/- 8 -/- 12

4- 3 +/- 0
-/+ 0 -/+ 0

Cat +/+ 13 +/+ 13
(n = 28) -/- 15 -/- 15

+/- 0 +/- 0
-/+ 0 -/+ 0

*Low threshold value = mean optical density492 + 3 SDs of the
reagent blank; thigh threshold value = mean optical density492
(reagent blank) + 0 05.
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Figure 3 EIA for specific IgE to common allergens house dust mite (HDM), grass pollen,
birch pollen, and cat, in 116 serum samplesfrom school children. Results are shown
separatelyfor subjects with a negative or positive skin prick test (SPT) for the
corresponding allergen.
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Figure 4 EM for specific IgE to common allergens in serum samples from 126 bakery
workers. Results are shown separately for subjects with a negative or positive skin prick test
(SPT) for the corresponding allergen. HDM = house dust mite.

10-2%, respectively, and a between day coeffi-
cient of variation of 6-1%. A series of 30 serum
samples from laboratory animal workers,
tested on two different days, with total IgE val-
ues ranging from 1-3 to 149 kU/l, showed a
mean coefficient of variation of 9-7% (SD
8&2%; range 0-4%-26-9%).

Validation of the assay was accomplished by
testing 156 serum samples of which the IgE
content had been determined previously by

Table 2 Sensitivity and specificity ofEIAs for anti-house dust mite, anti-grass pollen,
anti-birch pollen, and anti-cat IgE compared with children and bakers positive to skin
prick tests to the same allergens (based on the results shown in figs 3 and 4: numbers of
positive skin prick tests in these populations of school children and bakery workers were: for
house dust mite 25 and 69, for grass pollen 23 and 64, for birch pollen 4 and 27, andfor
cat 19 and 45)

School children Bakery workers
(n = 116) (n = 126)

Allergen Threshold value* Sensitvity Specificity Sensitvity Specificity(%) (o/6) (%/6) (%)

House dust mite Low 92 78 81 63
High 88 94 61 96

Grass pollen Low 100 85 67 78
High 100 91 59 92

Birch pollen Low 100 90 48 97
High 100 96 48 97

Cat Low 78 99 33 97
High 68 99 27 100

*See footnote table 1.

radioimmunoasssay.'6 Figure 2 shows a good
correlation (r2 = 086) in the log transformed
IgE concentrations, with a regression coeffi-
cient close to 1-0 and intercept zero, which
means that absolute values of total serum IgE
as found in our assay, and expressed in kU/l,
were not systematically different from results
obtained with other test methods.

SPECIFIC IgE TO COMMON ALLERGENS
Preliminary experiments with the various aller-
gen preparations coated at neutral pH in so
called high binding capacity polystyrene
microtitre plates, and strongly positive serum
samples from atopic patients, were performed
to determine optimal assay conditions (not
shown). For most allergen preparations a coat-
ing concentration of 1-5 jyg per well was opti-
mal. A standard coating concentration of 10
jig/ml was chosen for house dust mite and
grass pollen extracts, and 25 jug/ml for the tree
pollen and cat allergen preparations. Anti-rat
urine, anti-mouse urine and anti-a-amylase
IgE assays were assessed with an allergen coat-
ing of 12-5 jig/ml.

Optical density values of the reagent blanks
were usually between 0-05 and 0-08, with SD <
0-01, as determined in > 10 microplates on
> 4 different days. Thus, with the mean optical
density of the reagent blank + 3 SDs (defined
as already described) as the threshold value,
optical density values as low as 0-07-008-for
example, with an optical density (blank) of
0-05 with an SD of 0 007-could frequently
be interpreted as a positive IgE reaction. To
diminish the risk of false positive reactions due
to incidentally enhanced background reac-
tions, we compared this criterion with another,
more simple criterion, namely a threshold con-
sisting of the mean optical density (blank) +
0 05. With both threshold levels, all negative
serum allergen combinations were also nega-
tive in the second test, whereas with the lower
threshold value a substantial number changed
from positive to negative, particularly in the
assay for anti-house dust mite IgE. This num-
ber was much lower, if the higher threshold
value for a positive reaction was used (table 1).
Good correlations between skin prick test

and EIA results for IgE were found. In the
population of school children both sensitivity
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Figure 5 Comparison of the EM for anti-rat urine IgE
with the AlaSTAT assay. Serum samples from 52
laboratory animal workers with or without a positive skin
prick test to rat urine were tested.
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Figure 6 Comparison of
the EIA for IgE reacting
with fungal a-amylase,
with the Phadezym RAST
for the same antibodies.
Serum samples from 32
bakery workers with or
without a positive skin
prick test reaction to the
same allergen were tested.
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and specificity were remarkably high (fig 3),
whereas in the population of bakers a generally
high specificity was combined with a moderate
or even poor sensitivity (fig 4). Table 2 shows
that the choice of the optimal threshold level,
providing maximal sensitivity and specificity
for the skin prick test, seemed to depend on

both the test allergen and the investigated pop-
ulation.

IgE TO OCCUPATIONAL ALLERGENS
The same EIA method could also be applied
to identify subjects sensitised to occupational
allergens. Thus, of 31 laboratory animal work-
ers with a positive skin prick test for rat urinary
proteins, 20 were positive in the EIA for IgE
(optical density > 0-1) with a coating of the
same allergen (fig 5), whereas only one of 21
skin prick test negative subjects showed a

(weakly) positive in vitro IgE reaction. Figure
5 also shows that the EIA results correlated
very well with those obtained with the
AlaSTAT method for IgE anti-rat urinary pro-
tein, with a (Pearson) r2 of 0-80 for the com-

parison of log transformed optical density
values obtained with the serum samples from
the 31 subjects positive in skin prick tests. For
both in vitro assays-depending on the choice
of the threshold value-a high specificity
(> 90%) and a sensitivity of about 65%-70%
were noted.

Similar results were obtained by comparing
the EIA with the Phadezym RAST method in
the measurement of IgE reacting with fungal
a-amylase (fig 6). Although both assays
showed a relatively low sensitivity in detecting
subjects positive in skin prick tests
(30%-35%), their specificity was > 90%, and
the results of the two in vitro assays were

strongly correlated, both qualitatively and
quantitatively. Thus, a (Pearson) r2 of 0-92
was calculated for log transformed optical
density values obtained with the serum sam-

ples of subjects positive in skin prick tests.

Discussion
Assessment of total serum IgE is usually
included in routine IgE serology, as enhanced
total IgE-at least in populations with a low
prevalence of helminthic infestation-can be a

rather general marker of already existing
atopy, or of an inherited atopic predisposition.
Thus, total serum IgE may be of predictive
value for the development of common or

occupational allergic disease in cohort stud-

ies.10O3 In at least one large population study,
the relation between the prevalence of asthma
and total serum IgE was apparent over the
whole range of IgE concentrations,13 which
may point to the importance of accurate IgE
measurements in clinically normal ranges,
thus below 100-150 kU/l.
The EIA described here seems to meet

these requirements. In general, sandwich EIAs
should be performed with antibodies directed
against different epitopes. In this particular
case, however, the assay makes use of the sym-
metric structure of the IgE molecule, in that
IgE antibodies are captured between two iden-
tical monoclonal antibodies-one coated to
the microwells and one labelled with peroxi-
dase-recognising an epitope in the CH2
domain of each IgE H chain.'8 The spatial
structure of the CH2 domains in the IgE Fc
region is apparently such that steric hindrance
does not occur, and a detection limit of
005-0 1 kU/l-corresponding to about
0 1-0 2 ng/ml-is reached. Thus, with our
routine procedure serum IgE concentrations
between 1 and 150-200 kU/l can be measured
with high accuracy. In our experience until
now, a second test-usually at higher serum
dilutions, because of too strong reactions of
the routinely applied serum dilutions-is
indeed required for only 5%-10% of serum
samples from random (control) populations,
and for 10%-20% of serum samples from sub-
jects who on the basis of a questionnaire are
classified as cases because of the presence of
respiratory symptoms. Retesting because of a
difference of > 15% for total IgE values mea-
sured at different serum dilutions, is only inci-
dentally required, usually because of technical
failures.
More direct and specific assessment of

atopy is provided by assays for allergen specific
IgE. Most laboratories use commercially avail-
able test methods, which have been developed
to meet the strong requirements for individual
clinical diagnosis. The use of these assays in
occupational or environmental epidemiologi-
cal studies, however, has several disadvan-
tages. Identification of unknown allergens in
dust samples from the workplace or a
dwelling's indoor environment may require a
more flexible test system in which the allergen
content-the presence of specific IgE binding
components-of several dust samples can be
easily tested. In such cases freshly prepared
extracts from dust samples have to be immo-
bilised on a carrier, and subsequently incu-
bated with serum IgE antibodies of exposed
subjects. Of the test systems already men-
tioned only the RAST method with activated,
non-occupied discs can be used in this way,
but even then the procedure is relatively labori-
ous. Another major drawback might be the
costs of the commercial kits, particularly when
in population studies for each individual par-
ticipant a complete IgE profile has to be
obtained with a panel of occupational and
common allergens.

Until now, application of EIA methods in
IgE serology has been reported only inciden-
tally.'9-21 One reason might be the often com-

i
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plex, and sometimes variable, biochemical
nature of allergen preparations, which may
seriously affect the coating of the relevant
allergen molecules to microtitre wells, and
presentation of their epitopes for IgE binding.
In our previous studies on anti-yeast IgE,'4 15

several types of microtitre plates and coating
buffers had to be tested when optimising the
method. Nevertheless, in our present studies
most conventional microtitre plates and sim-
ple PBS as the coating buffer provided suitable
test conditions for most common environmen-
tal and occupational allergens. Actually, we
already used the same procedure for the
assessment of IgE reacting with various other
allergens, including pig urinary proteins, stor-
age mite extracts, dog allergens, peanut and
soy allergens, and also a low molecular weight
component like chloramine-T, which was cou-
pled to microwell coated human serum albu-
min, analogous to a previously described
radioimmunoassay.22
An obvious disadvantage of the EIAs for

allergen specific IgE may be the lack of stan-
dardisation, which for the moment precludes a
quantitative comparison of the results of EIA
with different allergens, and thus expression of
data in a units/ml system as used in the various
commercial test methods. At present we
mainly use the results of our EIAs qualita-
tively, which in many population surveys may
be sufficient to classify people as atopic or
non-atopic, or as being reactive to a particular
allergen. The routine procedure applied so far
consists of testing on each day restricted num-
bers of serum samples (seven/plate) on plates
with microwells coated with four to six different
allergens. As a consequence, there is only one
control well (reagent blank) per allergen and
per plate, and SDs might on some days be very
low (< 0 005). This may result in relatively
high numbers of serum samples that according
to the low threshold criterion (table 1) are
regarded as positive. These serum samples will
all be retested, together with a similar number
of randomly chosen negative serum samples.
In the second test, however, we used plates
completely coated with one allergen, to test
simultaneously all serum samples from a large
series that have been positive for the same
allergen in the first test, as found on different
days. Thus in the second test series more
reagent blanks (at least four to six per plate)
are included, and the SD can be more reliably
estimated. This might explain the lower preva-
lence of positive reactions in the second test
(table 1). Another explanation might be
regression to the mean, particularly in the case
of anti-house dust mite IgE, in which many
borderline reactions were found (figs 3 and 4).
The EIAs for IgE to the work related aller-

gens rat urine and a-amylase showed a good
correlation with two commercially available
test kits (figs 5 and 6). Although clearly below
100%, these correlations are in the same order
of magnitude as reported for comparisons of
commercial test methods.23 27 A similar con-
clusion can be drawn for the comparison with
results of skin prick tests (figs 3 and 4). For
the children's population both sensitivity and

specificity were remarkably high, such that the
EIAs might be used as a full equivalent of the
skin prick test. This would be an obvious
advantage, if for some reason the atopic status
of people has to be assessed retrospectively, in a
study in which no skin prick test has been per-
formed but serum samples have been collected
and stored.

In the bakers' population the specificity of
the EIA was also very good, whereas the sensi-
tivity was considerably lower, varying-
depending on the chosen threshold level-
from 27%-33% for cat allergen to 61%-81%
for house dust mite allergens. These values
might seem unacceptably low, compared with
the usually reported 70%-90% for most aller-
gens in studies comparing in vitro IgE assays
with skin prick tests,23 27 although sensitivities
as low as 50% are also found in some cases.
Most reported studies are performed with test
panels from clinical departments, in which
serum samples from people with relatively
strong in vivo and in vitro reactions might be
overrepresented. In open populations the pro-
portion of subjects with a weak and borderline
reaction might be larger, and-assuming that
in vitro assays are always less sensitive than the
skin prick tests28 -this would result in a much
lower sensitivity for in vitro assays in general.
A better example might be found in previous
studies on atopy among farmers. In such stud-
ies prevalences of positive skin prick tests for
most common allergens were often two to
threefold higher than for the corresponding
RASTs.29 Other studies have shown that in
adult populations the mean prevalences of
positive RASTs or other in vitro IgE assays
might be much lower than those of skin prick
tests,30-33 thus implying a relatively low sensi-
tivity-often below 50%-of the in vitro
assays. The same and various other studies
have shown a strong age dependency of both
skin prick tests and specific serum IgE results,
but with clearly different patterns. Thus, the
prevalence of positive skin prick tests for most
aeroallergens increases during childhood,
remains relatively constant during the next
decades, and declines after the age of 40-45.31 32
In contrast, allergen specific as well as total
IgE seem to be highest in childhood and show
a notable decline after the age of 15-20.33
These patterns may completely explain the
remarkable difference in sensitivity of the spe-
cific EIA for IgE in our children's and bakers'
populations.
An important practical advantage of our IgE

assays is their very low cost. Ordinary
microtitre plates, conventional simple media,
and highly diluted immune reagents are used,
and the total costs per microtitre plate are less
than $10 and $14 for the total and specific IgE
assays, respectively. As in our routine proce-
dures 20 serum samples can be tested for total
IgE in one plate, and in the specific IgE assays
seven serum samples can be tested in dupli-
cate on a panel of six different allergens, the
costs of such an IgE profile are less than $2-50
per serum sample, which-at least in our
experience-means an 80%-90% reduction of
the costs compared with the use of commer-
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cially available test kits. Thus, we conclude
that our EIA methods for measuring IgE
might be very useful and cost effective tools in
epidemiological studies on allergic diseases.
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