Simultaneous detection of total and allergen-
specific IgE by using purified allergens in a
fluorescent multiplex array
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Background: Testing serum samples for total and allergen-
specific IgE requires separate testing for each antibody and
allergen specificity.

Objective: To apply fluorescent suspension array technology to
allow simultaneous detection of total and allergen-specific IgE
in serum in a single quantitative test.

Methods: A 7-plex suspension array for the simultaneous
detection of total IgE and IgE specific to Der p 1, Der p 2, Fel d
1, Can f 1, Bet v 1, and Phl p 5 was developed, using mAb or
purified allergens covalently coupled to fluorescent
microspheres. The multiplex array was validated by comparing
total and allergen-specific IgE levels in serum from patients
with allergy with results obtained by enzyme immunoassays.
Results: There was a highly significant correlation between
total IgE levels measured by multiplex array and fluorescent
enzyme immunoassay (r = 0.97; P <.001; n = 63). Total and
allergen-specific IgE levels also correlated with enzyme-linked
and fluorescent enzyme immunoassay results (r = 0.44-0.94;
n = 95 or 106). The multiplex array was reproducible

(r = 0.86-0.99; mean coefficient of variance percentage,

12% to 25%). The sample volume required for a 7-plex assay
was <20 pL per sample, compared with >400 pL in current
immunoassays.

Conclusion: The multiplex array is a high-throughput system
that allows simultaneous quantification of allergen-specific
and total IgE.

Clinical implications: Our results suggest that fluorescent
multiplex technology will facilitate large-scale epidemiologic
studies of allergic sensitization. The reduced serum volume is
an advantage for pediatric studies. (J Allergy Clin Immunol
2007;120:1126-31.)
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Reliable methods for assessing IgE mediated sensitiza-
tion to specific allergens are crucial for the investigation
and diagnosis of allergic diseases. Allergy diagnosis is
routinely performed by skin prick testing or using in vitro
tests, such as RAST, ELISA, or fluorescent enzyme immu-
noassay (FEIA). Although skin testing is sensitive and
convenient, in vitro testing has some advantages includ-
ing precise quantitation, safety, lack of drug interference,
and the possibility of long-term storage of specimens.'
For some allergens such as foods, in vitro IgE testing
strengthens the probability that the clinical diagnosis is
correct.” Sampson® established 95% predictive decision
points for food allergen-specific IgE, as measured using
FEIA. All current methods for in vitro IgE analysis such
as RAST, ELISA, and FEIA have a central limitation: tests
for each antibody or allergen specificity have to be per-
formed separately, which is time-consuming and asso-
ciated with higher costs and an increased possibility of
technical errors. The limitations of current in vitro proce-
dures are an impediment for large studies of sensitization
and for prospective studies to be performed over a period
of several years. The use of significant amounts of serum is
a further limitation, especially for pediatric studies.

In recent years, bead-based suspension arrays have
been developed that enable the simultaneous detection of
multiple analytes. The technology uses polystyrene beads
that are internally labeled with a distinguishable fluoro-
phore, allowing them to be identified by a laser-based
scanner. Antigens, antibodies, or other molecules are co-
valently coupled to the surface of the beads. Combining
different bead types with the respective different capture
antigens allows the simultaneous detection of multiple an-
alytes. Quantification of multiple cytokines in serum and
culture supernatants is a common application of fluores-
cent multiplex array.*> Other applications include moni-
toring environments for chemical and biological warfare
agents® and detecting IgG Abs to toxins, bacterial se-
rogroups, or capsular polysaccharides.”'°

There is good evidence that measuring IgE Abs to
2 to 4 major allergens from a given source is effective
for diagnostic purposes.''™* In a pilot study, we found
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Abbreviations used
CV: Coefficient of variance
FEIA: Fluorescent enzyme immunoassay

a good correlation between IgE measurements by strepta-
vidin CAP and a multiplex array for recombinant cock-
roach allergens.'* The aim of the current study was to
develop and validate a multiplex fluorescent suspension
array that allows the simultaneous detection of total IgE
and a panel of allergen-specific IgE Abs directed to indoor
and outdoor allergens.

METHODS
Human sera

Human sera originated from studies of allergic sensitization
performed previously at the University of Virginia'>'” (n = 62) or
were kindly provided by Dr Ronald van Ree from the European
Union Development of certified reference materials for allergenic
products and validation of methods for their quantification Allergen
Standardization Project (n = 33)'® and by Dr Enrique Fernandez-
Caldas of Laboratorios LETI, Spain19 (n = 63). Collection of sera
was approved by the institutional review board for the respective insti-
tution. Sera from 95 patients with allergy were screened by ELISA and
multiplex array for total serum IgE as well as IgE Ab to allergens of dust
mite (natural [n]Der p 1 and nDer p 2), cat (nFel d 1), dog (nCan f 1),
birch pollen (recombinant [r]Bet v 1a), and timothy grass pollen (rPhl p
5a). Sera were also analyzed by FEIA (ImmunoCAP; Phadia, Uppsala,
Sweden) for total IgE (n = 63) and for dust mite—specific IgE (n = 106).

ELISA procedures

Quantification of allergen-specific IgE by chimeric ELISA.
Microtiter plates (Nunc Maxisorp, Rochester, NY) were coated
with allergen-specific capture antibody at 100 ng/well at 4°C
overnight: mAb 5SH8 anti—Der p 1, mAb DpX anti-Mite Group 2,
mADb 6F9 anti—Fel d 1, mAb 6E9 anti—Can f 1, mAb 3B4 anti-Bet
v1, and mAb 1D11C8 anti—Phl p 5. Plates were washed and blocked
for 1 hour with 1% BSA PBS 0.05% Tween-20, pH 7.4, followed by
1-hour incubation with purified allergen at 80 to 500 ng/mL (nDerp 1,
nDer p 2, nFel d 1, nCan f 1, rBet v 1a, or rPhl p 5a). Diluted serum
samples were added and incubated for 1 hour. Bound IgE was de-
tected with biotinylated goat antihuman IgE and streptavidin-perox-
idase. The optical density was measured at 405 nm.

Allergen-specific IgE was quantified by using a chimeric mouse
anti—Der p 2/human Fce Ab (2B12-IgE), as reported previously.?*!
Allergen-specific IgE levels were determined from the 2B12-IgE
standard curve using a 4-parameter curve fit (KC4 software, version
3.4, BIOTEK Instruments, Winooski, Vt). The chimeric antibody
was previously substandardized against World Health Organization
IgE Standard 75/502. Results were expressed as IU IgE/mL.

Measurement of dust mite—specific IgE using FEIA. Dust mite—
specific IgE was measured by Dermatophagoides pteronyssinus (d1)
CAP using ImmunoCAP 250 (Phadia, Uppsala, Sweden). IgE Abs to
purified dust mite allergens were analyzed by streptavidin CAP using
biotinylated Der p 1 and Der p 2.

Measurement of total serum IgE. Total IgE levels were deter-
mined by ELISA and by FEIA using the Phadia InmunoCAP 250.%
For ELISA, microtiter plates were coated with monoclonal anti-IgE
(CIA/E/A.15, kindly provided by Dr Andrew Saxon, University of
California—Los Angeles) and incubated with diluted serum samples,

King et al 1127

and bound IgE was detected by using biotinylated goat—anti-IgE and
streptavidin-peroxidase. A standard curve was included on each plate
using the chimeric mouse-human 2B12-IgE. Total IgE levels were in-
terpolated from the standard curve by using a 4-parameter curve fit
(KC4 software, version 3.4), and results were expressed as [U IgE/mL.

Multiplex fluorescent suspension array

Coupling of microspheres. Fluorescent microspheres (1.25 X 10
each set in 100 L) were centrifuged at 10,000g/min for 2 minutes.
Beads were resuspended in 80 pL activation buffer and mixed with
0.5 mg N-hydroxy-sulfosuccinimide (Pierce, Rockford, IlI) followed
by 0.5 mg I-ethyl-3-(3-dimethylaminopropyl-)carbodiimide-HCl
(Sigma-Aldrich, St Louis, Mo) for 20 minutes at room temperature
to activate carboxyl groups at the bead surface. After washing with
PBS, bead sets for allergen-specific IgE were covalently coupled
with purified allergens at optimized concentrations (250 pg nDer
p 1, 250 pg nDer p 2, 200 pg nCan f 1, 50 pg nFel d 1, 2.5 pg
rBetv la, and 0.1 pg rPhl p 5a). The bead set for total IgE was coupled
to 400 pg antihuman IgE capture mAb 4.15. Coupling procedures
were performed in 500 wL PBS at room temperature for 2 hours.

Beads were blocked with 500 L blocking buffer for 30 minutes
before resuspension in storage buffer at a concentration of 10,000
beads/nL. Exposure of the beads to light was kept to a minimum. All
activation and coupling procedures were performed in amber tubes
(USA Scientific, Ocala, Fla) in the dark, and coupled beads were
stored in amber tubes at 4°C.

Multiplex procedure. Assays were performed on 96-well filter
plates (Millipore, Molsheim, France) at room temperature in the dark.
Beads for the detection of allergen-specific and total IgE were added
to each well in a total volume of 50 nL using 2000 beads per well for
each analyte in assay buffer (PBS, 0.02% Tween-20, 1% BSA). Fifty
microliters of serum (diluted at 1:4 and 1:400 in assay buffer) was
added to the beads and mixed thoroughly. After 60 minutes of
incubation and a washing step, beads were incubated for 60 minutes
with 50 L biotinylated antihuman IgE at 1:1000. After washing, 50
L streptavidin-R-phycoerythrin at 20 pwg/mL (Invitrogen, Eugene,
Ore) was added and incubated for 30 minutes. After resuspension
in 100 nL assay buffer, fluorescence was measured by using the
Bio-Plex System and software (Bio-Plex Manager, version 4.0;
Bio-Rad, Hercules, Calif). A minimum of 100 beads per region
was analyzed to determine the median fluorescent intensity.

The IgE standard curve ranged from 600 to 0.03 IU/mL and was
developed using beads coupled to nDer p 2 (for allergen-specific IgE
measurement) or IgE capture mAb 4.15 (for total IgE measurement)
and dilutions of chimeric 2B12-IgE. A 5-parameter logistic curve fit
was applied to the standard curve, and sample concentrations were
interpolated from the curve. The limit of detection for each assay was
defined as twice the fluorescent signal of the blank control samples.

Statistical analysis

IgE levels were not normally distributed following logarithmic
transformations, as determined by Kolmogorov-Smirnov tests, and
were therefore analyzed by nonparametric tests. The relationship
between variables was analyzed by Spearman rank correlation. All

statistical tests were 2-tailed. Data were analyzed with SPSS for
Windows (version 10.0; SPSS Inc, Chicago, IlI).

RESULTS
Array for total IgE

To establish the best coupling concentration of IgE
capture mAb in the array for detection of total IgE,
activated microspheres were covalently coupled with
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FIG 1. A, Optimization of coupling concentration of IgE capture
mAb for detection of total IgE. B, Comparison of total serum
IgE levels measured by ImmunoCAP and multiplex; n = 63;
**P < .001. MFI, Median fluorescent intensity.

capture mAb at concentrations of 50 to 800 wg per
coupling batch (1.25 X 10° beads). A 2B12-IgE standard
curve ranging from 0.05 to 1000 IU IgE/mL was prepared
on each of the coupled bead sets. A coupling concentration
of 400 g was found optimal on the basis of signal inten-
sity and dynamic range of the standard curve (Fig 1, A).
After optimization, total serum IgE was measured in 63
sera from patients with allergy by using 7-plex suspension
array and FEIA (ImmunoCAP). There was a highly sig-
nificant correlation between results obtained using both
methods (r = 0.97; P < .001; Fig 1, B). The mean coeffi-
cient of variance (CV) was 17.2%. Total IgE levels in the
sera ranged from <2 IU/mL to >5000 IU/mL.

Total IgE levels measured in 95 sera by multiplex array
were also compared with ELISA and were highly corre-
lated (r = 0.94, P < .001). The CV between methods was
33%, and total IgE levels in the sample set ranged from <2
to >10,000 IU/mL.

Allergen-specific IgE measurement by 7-plex
suspension array and ELISA

Bead sets for the detection of allergen-specific IgE were
coupled using 0.1 to 250 wg purified allergen. Selected
sera from patients with allergy were tested for IgE binding
to the beads. Quantitative allergen-specific IgE measure-
ments were interpolated from a standard curve on the basis
of chimeric 2B12-IgE, and the optimal allergen coupling
concentration was determined.
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Allergen-specific IgE levels in 95 serum samples were
measured by multiplex and ELISA (Fig 2). Specific IgE
levels in the sera covered a range between <0.5 and
>100 IU/mL for each analyte. IgE levels specific to dust
mite allergens showed highly significant positive correla-
tions between ELISA and 7-plex array (r = 0.80, Derp 1,
and r = 0.88, Der p 2; P < .001).

There was also a good correlation between detection
methods for specificIgEtoFeld 1 (r = 0.85; P <.001). The
correlation coefficient for Can f 1—specific IgE was weaker
(r = 0.44; P < .01). The samples used in this study were
derived from previous studies that focused on allergic sen-
sitivity to dust mite, pollen, or cat allergen. The total num-
ber of samples in the sample set that were positive for Can f
1—specific IgE in both detection methods was substantially
lower (n = 9) than for the other allergen specificities,
which most likely explains the weaker correlations.

IgE specific to pollen allergens showed significant
positive correlations between ELISA and multiplex array:
Betv1,7=0.73 (P <.01),and Phlp 5,r = 0.76 (P < .01).
CVs between the methods were Der p 1,39%; Der p 2,29%;
Feld 1,42%; Canf1,22%; Betv 1,39%; and Phlp 5,61%.

Interassay reproducibility of the multiplex array was
determined by repeated measurement of the entire sample
set on 2 different days. Correlations between multiplex
assays were very good for all analytes, with r = 0.86 to
0.99 (P < .001) and CV% between 12% and 25%.

Parallelism of results with respect to the standard curve
was tested measuring dilution recovery of 8 serum sam-
ples for all analytes. Sera were measured at dilutions of
1:5, 1:10, and 1:20, and results were compared. Mean CVs
of results between the different dilutions were as follows:
total IgE, 17.8%; and specific IgE to Der p 1, 10.1%; Der p
2, 16.7%; Fel d 1, 10.3%; Can f 1, 11.2%; Bet v1, 8.2%;
and Phl p 5, 12.2%.

Assay requirements differed significantly between the 2
methods. The total assay duration of the 7-plex assay for 95
samples was 6 hours as opposed to 35 hours in ELISA. The
7-plex assay also required significantly less serum sample
volume than ELISA (7-plex, <20 nL; ELISA, 420 pL).

Dust mite-specific IgE measured by
multiplex and FEIA

When comparing allergen-specific IgE levels measured
by multiplex array and FEIA (ImmunoCAP), it must be
taken into account that the beads used in the multiplex
array are coupled with purified allergens, whereas FEIA
uses mite allergen extracts. Der p 1 and Der p 2 represent
the major allergens with more than 80% of patients
allergic to dust mite reacting to these 2 allergens.
Significant correlations between combined Der p 1 and
Der p 2 specific IgE measurements by chimeric ELISA
and D pteronyssinus ImmunoCAP were reported previ-
ously.”* We compared combined multiplex results for
Der p 1 and Der p 2 with results obtained by D pteronys-
sinus ImmunoCAP (d1 CAP) and found a significant pos-
itive correlation (r = 0.83; P < .01; n = 106; Fig 3, A).

Multiplex results from the same 106 serum samples
were compared with results obtained by streptavidin CAP
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using biotinylated Der p 1 and Der p 2. This method enables a DISCUSSION

different comparison between the assay techniques for mea-

suring allergen-specific IgE. There were significant positive The study presented here used fluorescent multiplex
correlations between the methods for both allergens (Derp 1, suspension array technology to develop a method enabling
r=0.89,P < .001; Derp 2, r = 0.84, P < .001; Fig 3, B-D). the simultaneous detection of total and allergen-specific
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IgE. The benefits of multiplex technology over ELISA
methods for various analytes have recently been re-
viewed.>2>20 Speed, the ability to measure different anti-
body concentrations with minimum sample volume, and
more desirable reaction kinetics and enhanced dynamic
range are major benefits of multiplex technology versus
ELISA. Indeed, our study confirmed these benefits for se-
rum IgE measurements. The dynamic range of the multi-
plex array for total and allergen-specific IgE detection
typically ranged between 0.3 and 200 IU IgE/mL as op-
posed to 1.5 to 25 IU IgE/mL for ELISA, with an asso-
ciated 5-fold increase in sensitivity. Furthermore, the
multiplex array enabled all 7 analytes to be measured in
a total serum volume of less than 20 pL and in 6 hours.
Both total and allergen-specific IgE were measured in se-
rum at the same time. Multiplex results showed highly
significant correlations with ELISA and total IgE
ImmunoCAP. Results for dust mite—specific IgE Abs
also correlated significantly between multiplex and D
pteronyssinus CAP as well as Der p 1 and Der p 2 linked
streptavidin CAP.

For all allergen-specific analytes, there were, however, a
number of samples that differed in their classification as
positive (above 0.5 IU IgE/mL) or negative (below 0.5 IU/
mL) responders, indicating intrinsic differences between
the methods. This may be because methods are based on
different allergen coupling mechanisms (covalent vs non-
covalent binding) and different solid phase matrices. As a
general trend, more samples were classified as positive in
multiplex and negative in ELISA or streptavidin CAP than
vice versa. In comparison between multiplex and ELISA,
2% to 21% of samples were negative in ELISA and
positive in the suspension array, whereas 4% to 9.5% were
positive in ELISA and negative in multiplex. A possible
explanation for this observation may therefore be the
increased sensitivity of the multiplex assay in comparison
with the ELISA. A similar effect was observed in com-
parison between multiplex and combined dust mite—spe-
cific IgE Abs measured by streptavidin CAP, where 2% of
samples were positive in streptavidin CAP and negative in
multiplex, whereas 8.5% were positive in multiplex and
negative in streptavidin CAP. All of these samples had
relatively low IgE Ab levels (<15 IU/mL). The actual
levels of allergen-specific IgE measured by the 2 methods
tended to be higher in the suspension array than in the
respective ELISA or CAP. The extent of this intermethod
variation differed between analytes.

In the comparison between dust mite—specific multi-
plex and D pteronyssinus CAP results, 93% of patients
were diagnosed by combined Der p 1 and Der p 2 specific
IgE measurements. Our study therefore confirms findings
by Pittner et al,>* who investigated component-based di-
agnosis of house dust mite allergy with purified mite aller-
gens as opposed to mite extracts, and found that >95% of
patients could be diagnosed by measuring their IgE Abs to
the major allergens Der p 1 and Der p 2 alone. Use of pu-
rified allergens rather than allergen extract—based testing
has recently been described using static mi<:roarrays,27’28
in which a fixed set of analytes is arranged on a glass slide.
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The static microarray was less sensitive than CAP but
was suitable for the diagnosis of patients with allergy
for a range of allergens.

During ongoing expansion of the allergen-specific IgE
panel, we have found that some allergens are easier to
incorporate into the multiplex than others. Recent studies
indicate that Der f 1, Bla g 1, Bla g 2, and Asp f 1 specific
IgE measurements can be incorporated into the system to
produce an 11-plex array.?” Other allergens such as Phl p
1 and Amb a 1 showed IgE reactivity that did not correlate
well with ELISA results. These difficulties may be caused
in part by the proximity of IgE epitopes to coupling sites
on the beads or to structural alterations of the allergen
during the covalent coupling procedure. We expect that
use of different coupling chemistries will alleviate these
difficulties.

In summary, our results show that multiplex fluorescent
array technology allows the simultaneous measurement of
total and allergen-specific IgE. The method described here
is applicable to large-scale studies of allergic sensitization,
such as birth cohorts and population surveys. The array
uses minimal amounts of serum, which is valuable for
pediatric studies. Multiplex technology for IgE detection
is envisioned as a research tool, which requires further
validation before it could be used in clinical IgE testing.
We have recently developed a multiplex array for mea-
suring environmental allergens.”> This allows allergen
sensitization and exposure to be measured using the
same technology and should be useful for studies of
gene-environment interactions.

We thank Dr Ronald van Ree and the EU CREATE Allergen
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allergy and Dr Enrique Fernandez-Caldas of Laboratorios LETI,
Madrid, Spain, for sera from patients with mite allergy. We also thank
Dr Oliver Cromwell of Allergopharma, Reinbek, Germany, for
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