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The ability of flow cytometry to resolve multiple parameters was used in a microsphere-based flow cytometric
assay for the simultaneous determination of several cytokines in a sample. The flow cytometer microsphere-
based assay (FMBA) for cytokines consists of reagents and dedicated software, specifically designed for the
quantitative determination of cytokines. We have made several improvements in the multiplex assay: (i) ded-
icated software specific for the quantitative multiplex assay that processes data automatically, (ii) a stored mas-
ter calibration curve with a two-point recalibration to adjust the stored curve periodically, and (iii) an internal
standard to normalize the detection step in each sample. Overall analytical performance, including sensitivity,
reproducibility, and dynamic range, was investigated for interleukin-4 (IL-4), IL-6, IL-10, IL-12, gamma inter-
feron (IFN-g), and tumor necrosis factor alpha. These assays were found to be reproducible and accurate, with
a sensitivity in the picograms-per-milliliter range. Results obtained with FMBA correlate well with commercial
enzyme-linked immunosorbent assay data (r > 0.98) for all cytokines assayed. This multiplex assay was applied
to the determination of cytokine profiles in whole blood from atopic and nonatopic patients. Our results show
that atopic subjects’ blood produces more IL-4 (P 5 0.003) and less IFN-g (P 5 0.04) than the blood of
nonatopic subjects. However, atopic asthmatic subjects’ blood produces significantly more IFN-g than that of
atopic nonasthmatic subjects (P 5 0.03). The results obtained indicate that the FMBA technology constitutes
a powerful system for the quantitative, simultaneous determination of secreted cytokines in immune diseases.

It has been known for years that fluorescent flow cytometric
detection combined with the use of sized latex microspheres
allows one to perform specific and quantitative immunoassays
of soluble analytes (9). The ability of the flow cytometer to
discriminate between individual microspheres on the basis of
size, fluorescent intensity, and/or fluorescent wavelength makes
possible multianalytical assays. The use of microspheres of dif-
ferent sizes for multiplex assays has been described for differ-
ent analytes in numerous publications (1, 15, 16, 18, 23, 24).
However, discrimination of microspheres by fluorescence has
been documented only recently (8, 14).

The routine use of this attractive technology faces three
distinct hurdles. First, the software commercialized with cy-
tometers is complex and more appropriate for the qualitative
cellular analysis of individual samples than for the batch mode
of sampling required for the quantitative assay of several ana-
lytes. Second, reagent development faces unique analytical dif-
ficulties, such as the calibration of each individual assay in a
multiplex assay and the quality of complex reagents with mul-
tiple components. Third, the concept of multiplex quantitative
assays, albeit very attractive in principle, has yet to demon-
strate its usefulness compared with well-accepted technologies
such as the enzyme-linked immunosorbent assay (ELISA).

Two approaches to simultaneous cytokine assays have been

reported recently (3, 4). The publications showed calibration
curves but did not provide analytical details such as accuracy
or reproducibility. Furthermore, to date no study has demon-
strated the usefulness of flow cytometric multiplex analysis in a
fully integrated system.

We designed both reagents and software for the flow cyto-
metric multiplex analysis of soluble cytokines on a commercial
flow cytometer. Our flow cytometer microsphere-based assay
(FMBA) uses green fluorescence intensity measurement to dis-
criminate between microspheres. Microspheres in each cate-
gory are coated with a specific anticytokine monoclonal antibody.
The red fluorescent intensity allows the sensitive quantitation
of the immune complexes formed at the surface of each micro-
sphere. We improved the calibration step by use of stored master
curves, and we improved the reliability of the assay with an inter-
nal standard for the adjustment of the fluorescent signal from an-
ticytokine microspheres in each sample. To evaluate the analytical
performance of FMBA technology and investigate the cytokine
profiles of in vitro-activated whole blood from atopic and non-
atopic patients, we designed a six-cytokine multiplex assay for
interleukin-4 (IL-4), IL-6, IL-10, IL-12, gamma interferon (IFN-
g), and tumor necrosis factor alpha (TNF-a).

T cells play a major role in inflammation via cytokine secre-
tion. Atopic asthma is characterized by an impaired balance in
the production of cytokines by T lymphocytes. Inflammation is
associated with the T-helper-2 cytokine profile, with an in-
crease in IL-4 and IL-5 secretion (13).

In T-cell cultures from atopic adults with asthma, an in-
crease in IL-4 production and a decrease in IFN-g production,
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compared to cultures from nonatopic adults with asthma, were
observed. (26, 30). A contribution by several other cytokines,
responsible for a proinflammatory response, such as IL-6 and
TNF-a, or responsible for an anti-inflammatory response, such
as IL-10, has been suspected (11, 12, 21). Most studies have
been performed on peripheral blood mononuclear cells
(PBMC) and macrophages; only a few have been performed on
whole blood (6, 7). Using the FMBA we investigated the con-
centration of cytokines in whole blood of atopic and nonatopic
asthmatics and in atopic and nonatopic controls. In parallel,
cytokine expression at the single-cell level was also investigated
by the intracellular staining of IFN-g.

We illustrate here the analytical and informative potential of
the FMBA technology as applied to the determination of the cy-
tokine profile of the whole blood of atopic asthmatic patients.

MATERIALS AND METHODS

Microspheres. Polystyrene microspheres, 5.5 mm (coefficient of variation
[CV], 2.7%) in diameter, dyed with various amounts of green fluorochrome
(excitation at 488 nm and emission at 525 nm), were obtained from Beckman
Coulter (Miami, Fla.).

Covalent coupling of capture monoclonal antibodies. Monoclonal antibodies
were used for IL-4, IL-6, IL-10, IL-12, IFN-g, and TNF-a (Immunotech, Mar-
seille, France). Each capture antibody was applied to a given microsphere cat-
egory via a covalent linkage based on a thiol-maleimide interaction as described
below. Microspheres were washed twice in phosphate-buffered saline (PBS) by
centrifugation (at (800 3 g for 5 min) and then resuspended thoroughly prior to
use by a combination of vortexing and sonication (Branson 1210; Branson Ul-
trasonics Corporation, Danbury, Conn.). Ten microliters of 10-mg/ml SMCC
[4-(N-maleimidomethyl) cyclohexane 1-carboxylate] (Sigma, St Louis, Mo.) in
anhydrous dimethyl sulfoxide (Aldrich, Milwaukee, Wis.) was added with mixing
to 10 mg of microspheres. The microspheres were shaken for 2 h at room
temperature. The activated microspheres were then washed twice with PBS as
above. An anticytokine antibody (5 mg/ml) in 20 mM borate (pH 8.2) buffer was
reduced with dithiothreitol (DTT; Merck, Darmstadt, Germany) prepared in
distilled water just before use. The antibody solution was then brought to 10 mM
DTT by adding 10 ml of fresh 1 M DTT. This solution was gently mixed and
incubated for 30 min at room temperature. The reduced immunoglobulin G
(IgG) was purified on a PD10 column in 50 mM HEPES–2 mM EDTA (pH 7)
and immediately coupled to the activated microspheres; microspheres (107) were
incubated overnight in PBS with 30 mg of reduced capture antibody with shaking
at room temperature. The coated microspheres were then washed twice in PBS
containing 5 g of bovine serum albumin (BSA)/liter, resuspended in PBS block-
ing buffer with 5 g of BSA/liter, and incubated overnight at 4°C. The micro-
spheres were counted and adjusted to a concentration of 107/ml. Equal numbers
of each category of coated microspheres were mixed to a final concentration of
106/ml of PBS containing 1 g of BSA/liter and 0.02% NaN3 and were stored at
4°C in the dark.

Detection antibody. Detection antibodies for IL-4, IL-6, IL-10, IL-12, IFN-g,
and TNF-a (Immunotech) were biotinylated using NHS–long-chain biotin [N-hy-
droxy-sulfosuccinimidyl-6-(biotinamide) hexanoate] according to the specifica-
tions of the manufacturer (Pierce, Rockford, Ill.). The biotinylated antibodies
were diluted to a final concentration of 1 mg/ml each in PBS containing 1 g of
BSA/liter and 0.02% NaN3 and were stored at 4°C.

FMBA cytokine protocol. Fifty microliters of whole-blood supernatants was
incubated in membrane filter-bottomed microplates (Nunc, Roskilde, Denmark)
with 50 ml of a biotinylated anticytokine antibody mixture and 10 ml of the
microsphere mixture (anticytokine-coated and calibration microspheres) with
shaking at room temperature for 2 h in the dark. Microspheres were then washed
twice with 250 ml of wash solution (IM04259, Immunotech) by aspiration through
membrane filters; 100 ml of streptavidin-PC5 (1 mg/ml) (Immunotech) was added
to each well, followed by incubation for 30 min in the dark with shaking at room
temperature. Microspheres were then washed twice more, following the same
protocol as above, and after resuspension in phosphate buffer, they were trans-
ferred to tubes for acquisition on the flow cytometer.

Flow cytometer standardization and acquisition. Analysis was performed on a
Beckman Coulter Epics (Hialeah, Fla.) XL-MCL flow cytometer; fluorescence
excitation was at 488 nm with a 15-mW argon laser. The flow cytometer was
controlled daily with DNA-Check beads (Beckman Coulter), according to the

specifications of the manufacturer, to check the stability of the optical and fluidic
systems. Briefly, 10,000 events were acquired with the DNA check protocol, with
histograms for all parameters and regions that include the main population.
Intensity peak and half-peak coefficient variation (HPCV) for all parameters
gave a CV of ,2% according to expected values. For a quantitative flow-
cytometric assay, FMBA acquisition must be performed on a precisely standard-
ized instrument, and forward scatter, side scatter, and FL1 (525 nm) and FL4
(675 nm) photomultiplier (PMT) voltages must be adjusted properly; to adjust
the PMT voltages we used a set of standardization microspheres (Flow set;
Beckman Coulter) and the automatic calibration feature of the SYSTEM-II
software. Peak position target values were defined experimentally for the Flow
set so that anticytokine microspheres were well discriminated on FL1 with the
best dynamic range in FL4. Briefly, during Flow set microsphere acquisition
(10,000 events), high voltage and gain were adjusted by SYSTEM-II software to
ensure that the Flow set peak position gave a CV of ,2.5% compared to the
expected target values. After standardization, all the anticytokine microspheres
within the set gate of the FMBA cytokine acquisition protocol were acquired. No
compensation for FL1 and FL4 was applied. Acquisition was performed at high
speed, and forward- and side-scatter gating was used to ensure that only single
beads were analyzed. Data acquisition of about 500 events per cytokine micro-
sphere set (4,000 gated events for our assay) was collected for each sample.

Reagent calibration. For the calibration of the FMBA, computer-stored stan-
dard curves were used. For each cytokine immunoassay, these standard master
curves were established at Immunotech by assaying dilutions (4,000 to 3.9 pg/ml)
of international cytokine standards with the FMBA protocol. International stan-
dards used were as follows: IL-4, 88/656; IL-6, 89/548; IL-10, 92/516; IL-12,
86/504; TNF-a, 87/650 (National Institute for Biological Standards and Control,
Hertfordshire, England); and IFN-g, Gxg01-9025535 (Boston Biomedica, Inc.,
West Bridgewater, Md.). After acquisition on the cytometer, cytokine standard
curves were collected and fitted, using a spline-fitting curve model. Curve fit
parameters were then stored in a postanalysis database file. These master curves
were used to analyze the immunoassay data. The stored master curve is valid for
a given expiration date lot of reagents. The memorized curves may be revalidated
at the time of the expiration date by a two-point recalibration performed with a
standard solution containing a mixture of cytokines.

A separated set of unstained microspheres called “calibration microspheres”
was biotinylated with two concentrations of NHS–long-chain biotin (Pierce).
This category of microspheres, included in each test, captures the streptavidin-
PC5 conjugate independently of cytokine-specific immunological reactions. The
red signal emitted by this set of calibration microspheres is determined upon
manufacturing and is stored with the standard curve fit parameters in the data-
base file specific for a given reagent lot. The FL4 signal from these calibration
microspheres is determined for each assay. This value is compared to the data-
base, and the ratio is used to normalize the FL4 signal from the anticytokine
microspheres (patent pending).

Data processing. List mode files were processed automatically with dedicated
post acquisition software. Data processing was achieved in discrete steps, as
follows. (i) An automatic gating of each microsphere category separated popu-
lations according to the green fluorescence intensity. (ii) The mean red fluores-
cence intensity was determined for each microsphere set. This value is related
directly to the amount of complex formed on the microsphere. (iii) FL4 signals
from anticytokine microspheres were normalized according to the red fluores-
cent signal of the calibration microspheres run in parallel. (iv) Analyte concen-
tration was determined using the stored master curves.

Study of fluorescent signal normalization with calibration microspheres. We
examined the effect of correction of the anticytokine microspheres’ fluorescent
signal by calibration microspheres on cytokine quantitation, either by using the op-
timal FL4 PMT voltage (1,110 V) or with the PMT adjusted to 1,120 to 1,150 V.

Follow-up of stored calibration. We examined the stability of stored curves by
performing assays of controls at 3, 6, 9, and 12 months. At each date, the data
were processed either against the initial stored calibration or after recalibration
of stored master curves by a two-point recalibration.

Analytical studies. The analytical performance of the FMBA was determined
as follows.

(i) Sensitivity. The sensitivities of the individual assays were determined by
performing 10 measurements of the 0- and 3.9-pg/ml cytokine standard solutions
following the FMBA assay protocol. Sensitivity is defined as the lowest concen-
tration significantly different from the zero standard with a probability of 98%.

(ii) Cross-reactivity. Interference and cross-reactivity between cytokines were
assessed by using a mixture of the different microspheres and detection antibod-
ies with each cytokine standard, in turn, at 10 ng/ml in the FMBA.

(iii) Intra- and interassay precision. Intra-assay precision was determined by
assaying samples 10 times in the same assay. Interassay precision was determined
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by assaying the same sample in duplicate in 10 independent assays. The CV was
determined.

(iv) FMBA-ELISA correlation. A total of 40 whole-blood samples from
healthy subjects were collected in sodium heparin tubes and were diluted 1:4 in
RPMI culture medium (BioWhittaker, Verviers, France). For each sample 1 ml
of diluted whole blood was cultured in a 6-well culture plate (Nunc) and stim-
ulated with anti-CD3 and anti-CD28 monoclonal antibodies (clones UCHT1 and
CD28.2; Immunotech) at 1 mg/ml. Supernatants were harvested after 24 h of
culture and centrifuged at 300 3 g for 10 min, and cytokine concentrations were
determined in parallel with FMBA and ELISA kits (Immunotech) according to
the manufacturer’s instructions. Linear regression analysis was used to compare
FMBA and ELISA results.

(v) Correlation of FMBA with external calibration and FMBA with stored
calibration. A total of 37 whole-blood samples from healthy subjects were col-
lected in sodium heparin tubes and were diluted 1:4 in RPMI culture medium
(BioWhittaker). For each sample 1 ml of diluted whole blood was cultured in a
6-well culture plate (Nunc) and stimulated with anti-CD3 and anti-CD28 mono-
clonal antibodies (clones UCHT1 and CD28.2; Immunotech) at 1 mg/ml. Super-
natants were harvested after 24 h of culture and centrifuged at 300 3 g for 10
min, and cytokine concentrations were determined in parallel by FMBA using
cytokine standard solutions run in parallel with the sample and by FMBA using
the stored master curve. Linear regression analysis was used to compare results.

Subjects. A total of 61 subjects (20 males and 41 females; mean age, 39 6 13
years) were included in this study. Thirty-six were patients referred to the allergy
clinic for a history compatible with asthma. Among these, 30 were atopic asth-
matics and 6 were nonatopic asthmatics. None of the asthmatics were treated
with oral or parenteral steroids. Ten subjects were atopic nonasthmatics, and 15
were healthy controls. A blood sample was collected from each patient for
culture. The protocol was approved by the ethics committee of Marseille-I, and
each subject gave informed consent.

Diagnosis of atopy. A diagnosis of atopy was based on the positivity of at least
one skin prick test against a common environmental allergen from a standard
battery of extracts (Laboratoire des Stallergenes, Paris, France). In all cases, a
positive-control (codeine phosphate 9%) and a negative-control test was per-
formed.

Diagnosis of asthma. The diagnosis of asthma was confirmed on the basis of
a history of dyspnea and wheezing, by either reversible airflow obstruction or a
positive methacholine challenge test. Reversible airway obstruction was charac-
terized by a 20% increase in forced expiratory volume in one second (FEV 1)
after inhalation of 200 mg of albuterol. Methacholine challenge tests were per-

formed when spirometric data were normal. Cumulative doses of methacholine
were administered through a ME-FAR dosimeter (Electromedically, Brescia,
Italy), and specific airway resistance (SRaw) measurements were made after each
dose in an 830-liter constant body plethysmograph (model Master Lab; Jaeger,
Würzburg, Germany). Bronchial hyperreactivity was defined as a 100% increase
in SRaw at 200 mg of methacholine or less.

Whole-blood culture. Each blood sample collected in sodium heparin tubes
was divided into two parts, one for the immunoassays of cytokines in culture
supernatants using the FMBA technique, and the other for the detection of
intracytoplasmic cytokines. For microsphere-based immunoassays, 1 ml of whole
blood diluted 1:1 with RPMI was cultured in 6-well plates either with or without
100 ng of phorbol 12-myristate acetate (PMA)/ml and 2 mg of ionomycin (Sigma,
l’Isle d’Abeau Chesnes, France)/ml. After 6 h of culture, samples were harvested
and centrifuged at 300 3 g for 10 min, and the supernatants were frozen and kept
at 220°C until assay. For intracytoplasmic staining, 50 ml of cells from whole
blood was cultured in 96-well plates either with or without PMA and ionomycin
at the concentrations given above, as well as in the presence of brefeldin (20
mg/ml) and monensin (2 mmol/liter) (Sigma, France). After 6 h of culture, cells
were harvested, centrifuged at 300 3 g for 10 min, washed, and resuspended in
PBS.

Immunofluorescent staining of cells. Cells were first incubated with 10 ml of
phycoerythrin (PE)- and Cy5-conjugated anti-CD3 monoclonal antibody (clone
UCHT1; Immunotech) or anti-CD8–PE–Cy5 (clone 13B8.2; Immunotech) for 15
min in the dark and then fixed and permeabilized using the IntraPrep reagents
(Immunotech) as indicated by the manufacturer. Cells were then incubated for
15 min with 40 ng of fluorescein isothiocyanate (FITC)-conjugated anti-IFN-g
antibody (clone 4S B3; IgG1; Pharmingen, San Diego, Calif.) and with either 20
ml of PE-coupled anti-IL4 antibody (clone 4D9; Immunotech) or 20 ml of FITC-
and PE-conjugated isotypic control antibodies (IgG1; clone 679.1 Mc7; Immu-
notech). After a wash in PBS by centrifugation at 300 3 g for 10 min, cells were
resuspended in 250 ml of PBS containing 0.5% formaldehyde. The specificity of
the staining was assessed by blocking the reaction with increasing concentrations
of recombinant cytokines (Pharmingen). Optimal concentrations of antibodies
were determined in preliminary experiments.

Flow cytometry of cells. Data were acquired directly on a Coulter EPICS XL
cytometer, using XL SYSTEM II software. Dead cells, monocytes, and polymor-
phonuclear cells were excluded by forward- and side-scatter gating. Acquisition
was then gated on the CD31 cells or the CD81 bright cells, and a minimum of
20,000 cells were acquired. Statistical markers were set using the negative control

FIG. 1. Dot plots of PC5 fluorescence (ordinate) versus FITC fluorescence (abscissa) for FMBA. Six cytokines were simultaneously measured
in unstimulated whole blood (A) and in PMA- and ionomycin-stimulated whole blood (B). Dots in gate Q represent calibration microspheres.
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as a reference. Results are expressed as the percentage of IFN-g- or IL-4-positive
CD31 or CD81 cells.

Statistical analysis of patient samples. Intracytoplasmic staining results are
expressed as percentages 6 standard deviations (SD). The average percentage of
CD31 cytokine-positive cells was compared between groups using the Student t
test.

FMBA results are expressed as the mean of the concentration (in picograms
per milliliter) 6 the standard error of the mean (SEM). Statistical analysis was
performed using Wilcoxon’s test or the Mann-Whitney U test. A probability
value of less than 0.05 was taken as statistically significant.

RESULTS

FMBA acquisition. Figure 1 shows a typical example of the
FL4/FL1 dot plots obtained with unstimulated (Fig. 1A) and
stimulated (Fig. 1B) diluted whole-blood supernatants, assayed
with the FMBA reagents. The individual anticytokine micro-
sphere sets (IL-4 to TNF-a) were separated into discrete pop-
ulations by FL1 (analyte discrimination) intensity versus FL4
(quantification). The red fluorescence intensity (FL4) emitted
by anticytokine microspheres is a function of the cytokine
concentration in the sample. At the bottom, the Q gate con-
tains the calibration microsphere sets stained with streptavidin-
PC5 conjugate independently of the other anticytokine-specific
microsphere categories run simultaneously.

In this example, no cytokine was detected in unstimulated
whole-blood samples. In Fig. 1A, the FL4 signal observed is
due to the leakage of FL1 intensity in the FL4 channel because
no compensation was applied in the acquisition protocol. In
stimulated whole-blood samples, all assayed cytokines, except
IL-12 in this case, were observed.

FMBA performance for cytokines. Multiplex assays have yet
to demonstrate their usefulness for routine assays. We focused
our efforts, therefore, on stored calibration curves, quality
maintenance, and the stability of reagents so as to maximize
the robustness of the system and simplify its use.

The standard curve for each cytokine FMBA was established
by determining the mean fluorescence intensity in FL4 for each

anticytokine microsphere set, incubated at a known concentra-
tion as determined by the cognate international standard. The
ranges were 0 to 2,000 pg/ml for IL-4, IL-10, and TNF-a, and
0 to 4,000 pg/ml for IL-6, IL-12, and IFN-g. Figure 2 shows, on
a log-log graph, standard curves generated by the FMBA mul-
tiplex technology

Figure 3 shows the results of a study of the stability of the
stored calibration for IL-6. When data were processed on the
basis of the initial stored calibration, correct results were ob-
tained for as long as 3 months. Beyond that point, the concen-
tration of the controls was underestimated. When the stored
calibration was recalibrated with two-point recalibration, the
concentration obtained was correct and the assay was valid for
as long as 1 year. The aging of the reagents is a limiting factor

FIG. 2. Standard curves of IL-4, IL-6, IL-10, IL-12, IFN-g, and TNF-a international standards obtained by FMBA. Assays were run in triplicate;
results are means. Curves are presented as mean channel fluorescence versus concentration of standard.

FIG. 3. Follow-up of two IL-6 control samples read on the stored
master curve without (open symbols) or with (solid symbols) recali-
bration by a two-point recalibration procedure.
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in the validity of the stored standard that is corrected by the
two-point recalibration.

The results of the improvement of the reliability of the assay
by the use of calibration micropheres are shown in Table 1. We
have simulated slight variation in the setting of the cytometer
by increasing the voltage of the PMT. With no signal correc-
tion, the sample concentration increased with the voltage and
the concentration was overestimated. With the signal correc-
tion by calibration microspheres, fluorescent signal variation
from anticytokine-coated microspheres was adjusted and the
concentration was shown to remain the same whatever the
PMT voltage. The calibration microspheres function as an
internal standard normalizing signal variation.

The sensitivities of the individual assays, defined as the low-
est signal significantly different from the zero standard with 5
SD, are 0.3 pg/ml for IL-4, 0.6 pg/ml for IL-6, 0.3 pg/ml for
IL-10, 1.6 pg/ml for IL-12, 4 pg/ml for IFN-g, and 0.6 pg/ml for
TNF-a. In all cases, intra- and interassay precision, evaluated

on 10 culture supernatants, was excellent, with CVs below 5%
(Tables 2 and 3).

Table 4 shows the equations for correlation between sample
concentrations read against either cytokine standard solutions
run at the same time or the stored master curve. Results ob-
tained with stored master curves are in very good agreement
with those obtained with cytokine standard solutions.

Figure 4 shows the correlation between the FMBA and the
corresponding ELISAs. The results demonstrate excellent cor-
relation between the FMBA and the ELISA (r . 0.98) for each
of the six cytokines assayed.

Cross-reactivity. Potential cross-reactivities were studied.
Results, expressed as percentages, are shown in Table 5. Very
low cross-reactivity (,0.3%) was observed only between IL-6
microspheres and IL-4 cytokine at concentrations much higher
than those usually occurring in biological samples. These re-
sults demonstrate the high specificity of our FMBA reagents.
Specificity in multiplex assays is guaranteed by careful selec-
tion of antibodies.

Cytokine secretion. Concentrations of IL-4, IL-6, IL-10, IL-
12, IFN-g, and TNF-a from patients and healthy subjects were
measured in unstimulated and in PMA- and ionomycin-stim-
ulated whole-blood samples.

In unstimulated whole-blood samples IL-4 was not detected

TABLE 1. Evaluation of effect of FL4 PMT voltage variation
on concentrations of two controls with or without

correction by calibration microspheres

FL4 PMT
voltage

(V)

Concn (pg/ml) of:

Control 1 Control 2

No correction Correction No correction Correction

1,110 194.9 194.9 529.3 529.3
1,120 205.3 195.0 539.4 521.4
1,130 214.3 189.1 552.7 526.4
1,140 226.3 194.7 563.7 522.6
1,150 232.3 190.7 574.2 525.3

Mean 214.62 192.88 551.86 525.00
SD 15.21 2.78 18.06 3.13

TABLE 2. Intra-assay precisiona

Cytokine and sample Mean concn (pg/ml) CV (%)

IL-4
S1 44.9 4.2
S2 452.0 4.3

IL-6
S1 146.1 3.5
S2 1,460 4.4

IL-10
S1 16.5 4.3
S2 692.4 3.6

IL-12
S1 18.6 4.2
S2 206.4 3.0

IFN-g
S1 39.0 4.3
S2 466.4 2.6

TNF-a
S1 41.9 4.1
S2 506.7 2.2

a Determined by assaying two samples 10 times.

TABLE 3. Interassay precisiona

Cytokine and sample Mean concn (pg/ml) CV (%)

IL-4
S1 12.2 4.6
S2 459.1 4.4

IL-6
S1 155.8 4.3
S2 1,509.0 3.5

IL-10
S1 16.9 4.7
S2 718.8 2.3

IL-12
S1 21.0 4.9
S2 216.5 4.2

IFN-g
S1 43.9 4.5
S2 495.5 3.8

TNF-a
S1 49.0 4.8
S2 542.3 4.9

a Determined by assaying two samples in duplicate in 10 independent assays.

TABLE 4. Correlation between cytokine concentrationsa

Cytokine Equation r n

IL-4 y 5 1.01x 2 4.37 0.99 37
IL-6 y 5 1.00x 2 4.65 0.99 37
IL-10 y 5 1.00x 1 0.49 0.98 37
IL-12 y 5 1.02x 1 5.31 0.99 37
IFN-g y 5 0.99x 1 1.66 0.98 37
TNF-a y 5 1,03x 1 4.86 0.99 37

a Determined by reading the sample against a fresh standard curve (dilution of
cytokine standard solutions) or a stored master curve with FMBA for IL-4, IL-6,
IL-10, IL-12, IFN-g, and TNF-a. x corresponds to values determined on a stored
master curve, and y corresponds to values determined on a fresh standard curve.

780 CAMILLA ET AL. CLIN. DIAGN. LAB. IMMUNOL.



(data not shown). After stimulation, whole-blood samples from
atopic nonasthmatic or asthmatic patients showed significantly
more IL-4 (503.79 6 51.00 pg/ml [P , 0.02] and 628.41 6 48.41
pg/ml [P 5 0.003], respectively) than samples from control
patients (314.17 6 67.77 pg/ml) (Fig. 5). IL-6 was detected
in atopic patients’ samples even without stimulation (data
not shown). Following stimulation, IL-6 secretion was high-
er in samples from atopic asthmatics than in control samples
(11,774 6 2,058 versus 6,475 6 3,045 pg/ml; P 5 0.01). Spon-
taneous IL-10 secretion was significantly higher in atopic asth-
matics’ whole-blood samples than in control samples (P 5
0.002) (data not shown). Conversely, after stimulation, samples
from atopic nonasthmatics showed significantly less IL-10 than

FIG. 4. Correlation between FMBA and Immunotech ELISA for IL-4, IL-6, IL-10, IL-12, IFN-g, and TNF-a on 40 samples. Linear regressions
were calculated as follows: for IL-4, y 5 0.96x 2 10.07 and r 5 0.982; for IL-6, y 5 0.96x 2 4.33 and r 5 0.987; for IL-10, y 5 0.1.16x 2 4.15 and
r 5 0.989; for IL-12, y 5 0.92x 2 11.43 and r 5 0.994; for IFN-g, y 5 1.17x 2 8.33 and r 5 0.989; for TNF-a, y 5 0.93x 1 3.38 and r 5 0.986.

TABLE 5. Cross-reactivitya

Microsphere
% Cross-reactivity with incubated cytokine

IL-4 IL-6 IL-10 IL-12 IFNg TNFa

IL-4 100 0.00 0.00 0.00 0.00 0.01
IL-6 0.28 100 0.01 0.03 0.02 0.05
IL-10 0.01 0.00 100 0.00 0.01 0.02
IL-12 0.00 0.00 0.00 100 0.00 0.00
IFN-g 0.00 0.00 0.00 0.00 100 0.00
TNF-a 0.00 0.00 0.00 0.00 0.00 100

a Determined by assays in which each cytokine in turn was incubated, at a
concentration of 10 ng/ml, with the microsphere mixture. Results, given in
percentages, are calculated as the ratio of the concentration found to the con-
centration incubated.
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controls (476.59 6 55.81 versus 949.02 6 133.92 pg/ml; P 5
0.02). IL-10 production was higher for asthmatic atopics than
for nonasthmatic atopics (782.60 6 74.88 versus 476.59 6 55.81
pg/ml; P 5 0.03). IL-12 secretion after stimulation was signif-
icantly higher in samples from atopic nonasthmatics than in
samples from asthmatics (14.25 6 1.76 versus 7.17 6 1.17
pg/ml; P , 0.01) and controls (P 5 0.02). Atopic asthmatics
produced significantly less IFN-g (29,519 6 2,793 versus
43,509 6 5,824 pg/ml; P 5 0.009) than did asthmatic subjects
without atopy. In contrast, samples from asthmatics with or
without atopy had significantly more IFN-g than control sam-
ples (29,519 6 2,793 and 43,509 6 5,824 versus 22,643 6 3,803
pg/ml, respectively; P 5 0.04 and P 5 0.002). Furthermore,
whole blood from asthmatic subjects produced significantly
more IFN-g after stimulation (29,519 6 2,793 versus 16,807 6
3,780 pg/ml; P 5 0.03) than that from atopic patients who did
not have asthma. Finally, whole blood from atopic asthmatic

subjects secreted more TNF-a (14,213 6 1,740 versus 8,520 6
966 pg/ml; P 5 0.02) than did blood from controls.

Furthermore, it was observed (Fig. 6) that samples from
atopic asthmatics had IL-4/IFN-g ratios higher than those of
samples from asthmatic patients without atopy (P 5 0.03).

IL-4-producing T cells. In unstimulated T cells, no IL-4 was
detected by intracellular staining (number of positive cells,
,0.05%). After stimulation the proportion of IL-4 producing
T cells varied from 0.05 to 1% of T cells, (mean, 0.32 6 0.03%).
The proportion of IL-4-positive T cells did not differ signifi-
cantly between samples from different patient groups. This
proportion was 0.35 6 0.06% for controls, 0.30 6 0.07% for
atopic nonasthmatics, 0.27 6 0.08% for nonatopic asthmat-
ics and 0.32 6 0.04% for atopic asthmatics. CD81 T cells did
not produce IL-4 either spontaneously or after stimulation.

IFN-g-producing T cells. In unstimulated T cells, no IFN-g
was detected by intracellular staining. After stimulation, IFN-g

FIG. 5. Secretion of IL-4, IL-6, IL-10, IL-12, IFN-g, and TNF-a in PMA- and ionomycin-stimulated whole blood from six nonatopic asthmatic
(As), 10 atopic nonasthmatic (At), 30 atopic asthmatic (At As), and 15 nonatopic, nonasthmatic (control) subjects.
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was detected in all samples. The proportion of IFN-g-producing
T cells varied from 4.2 to 41.9% of T cells (mean, 15.8 6 7.3%).

The percentage of T cells producing IFN-g was significantly
lower in atopic nonasthmatic subjects (11.7 6 5.1 versus 16.7 6
8.9%; P , 0.02) than in asthmatics (Fig. 7). Among asthmatics,
the proportion of IFN-g-producing T cells tended to be higher
for nonatopic asthmatics (25.7 6 11.7%), but it was not signif-
icantly different from that for controls. The average proportion
of IFN-g-positive T cells in atopic asthma was 15.6 6 5.4%.

Reassuringly, FMBA and intracellular staining gave similar
IFN-g secretion profiles for the different groups (Fig. 5 and 7).

DISCUSSION

An effective immune response requires the properly orches-
trated activity of hundreds of molecules. In this complex sys-
tem of immunological control, cytokines play a central role in
the regulation of communication between cells. Specific tools
are required to study the interplay of this multitude of regula-
tory species, and FMBA meets this requirement. We have shown
here, for the six different cytokines assayed simultaneously, ex-
cellent correlation with results obtained in individual ELISAs.

The FMBA technology with its multianalytical capability
presents several significant advantages. First, a small sample
volume in a single tube is sufficient for analysis of a cytokine
profile. With ELISA, the same volume would suffice only for a
single assay, permitting the assay of only one cytokine at a time.
This is particularly relevant to analyses of samples from infants or
mice, where very small sample volumes are available. FMBA
saves reagents, samples, and repetitive manipulation. Second,
the FMBA is highly accurate and sensitive because each fluo-
rescence signal represents the mean of several hundred mea-
surements of single microspheres, and the measurement of each
microsphere constitutes an assay by itself. A reduction to a
mere 100 events would not affect the precision of the assay (3).

Certain limitations of flow cytometric multiplex quantita-
tive analysis are overcome by original features of our FMBA
design. First, the software responds to the quantitative re-
quirements of multiplex immunoassays, unlike classical cy-
tometry postanalysis software (SYSTEM-II, or EXPO; Beck-

man Coulter, Hialeah, Fla.) suitable for qualitative cell analysis.
This postacquisition software automatically extracts and pro-
cesses all data files generated by the cytometer to give the final
results as concentrations (like ELISA microplate reader soft-
ware). Second, the FL4 signal is normalized by the target signal
provided by the calibration microspheres present in the same
tube as the anticytokine-coated microspheres. This feature cor-
rects for optical parameters such as filter efficiency, as well as
slight variations in the protocol, aging of reagents, and detec-
tion by monitors. Such normalization significantly improves the
precision and reproducibility of the assays. Another innovative
feature concerns the calibration of the FMBA. The classical
way of calibrating an assay involves the use, for every experi-
ment, of standard solutions containing known amounts of the
analyte run in parallel with the sample to be assayed so as to
produce a standard curve. Here we used an internal database
for FMBA calibration instead of standard solutions. The da-
tabase contains the master curve parameters generated at the
time of the manufacture of the reagents for each analyte using
international standards and other information related to the
reagents used. This initial calibration is valid for 1 month. It is
adjusted by monthly assaying a two-point calibration mixture
that provides respective target signals for nonspecific and spe-
cific FL4 values for each cytokine so as to extend validity. A
1-year study showed excellent reliability and accuracy and
demonstrated that two-point recalibration corrects for varia-
tions that may occur as a result of the aging of the reagents.
Furthermore, this system gave results comparable to those ob-
tained with the use of standard solutions in the same run. The
decrease in reagent costs combined with quality performance
and increased throughput makes the internal calibration and
two-point adjustment an attractive feature. The technology
simplifies immunoassays, improves the practicability with stored
calibration, and increases the reliability of multiplex assays by
fluorescent signal correction, tube by tube.

We illustrated the usefulness of this highly informative tech-
nology by determining the cytokine profile in atopy. We dem-
onstrated that whole-blood culture samples from atopic sub-
jects with or without asthma showed increased IL-4 production

FIG. 6. Ratio of IL-4 to IFN-g production in PMA- and ionomycin-
stimulated whole blood from nonatopic asthmatic (As), atopic nonas-
thmatic (At), atopic asthmatic (At As), and nonatopic, nonasthmatic
(control) subjects.

FIG. 7. Percentage of CD31 cells producing IFN-g in PMA- and
ionomycin-stimulated whole blood from nonatopic, nonasthmatic (Con-
trol), nonatopic asthmatic (As), atopic nonasthmatic (At), and atopic
asthmatic (At As) individuals.
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compared with samples from nonatopic subjects who did not
have asthma. Moreover, IFN-g levels in atopic subjects were
significantly lower than in nonatopic subjects. These results,
obtained with stimulated whole blood, are similar to those
described earlier for PBMC (25). The present study showed
that the level of IFN-g in whole cultured blood from atopic
asthmatic patients is higher than that in atopic nonasthmatics.
This indicates that the reduction in IFN-g production in atopic
patients may differ according to the type of asthmatic disease.
IFN-g profiles determined by the FMBA and by intracellular
staining of CD31 cells are similar for the different types of
asthma (see Fig. 5 and 7).

Another aspect of interest is the balance between proinflam-
matory and anti-inflammatory cytokines. The proinflammatory
mediators IL-6 and TNF-a occur in higher concentrations in
atopic asthmatics than in normal controls. This is in accordance
with the findings of previous studies performed on bronchoal-
veolar lavage fluids (2, 22), where secretion of proinflamma-
tory cytokines is usually accompanied by an anti-inflammatory
response. In our study, we found elevated levels of IL-10 in
atopic asthmatics. Increased secretion of IL-10 by alveolar mac-
rophages was previously reported by Magnan et al. (17). A recent
study by Tillie-Leblond et al. showed an increase in anti-inflam-
matory mediators in bronchial lavage fluids from patients with
asthma, but the net activity was proinflammatory (27).

The multiplex assay provides a unique tool for the investi-
gation of the roles of different cytokines in various pathologic
states. Refinements of the technique can also be adapted to
other assays relevant to allergy or serology (10, 19, 28) or, for
example, to nucleic acid-based tests (5, 20, 29).

We have described here an application to the study of
asthma. The simultaneous analysis of samples for several cy-
tokines allows the determination of cytokine profiles in many
areas. This new assay technology provides high information
output, suitable for the profiling of secreted compounds in
pathological states, drug screening in the pharmaceutical in-
dustry, or basic research.
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