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ABSTRACT

In an effort to improve the quantification of the low levels of

cytokines released in response to antigenic stimulation of T cells, a

sandwich dissociation-enhanced lanthanide fluoroimmunoassay

(DELFIA) was developed and compared to a standard sandwich

ELISA. The DELFIA enhanced the sensitivity of a mouse IL-2

assay 8- to 27-fold, and a human GM-CSF assay 10-fold, as

compared to colorimetric ELISA. The increase in sensitivity allows

for the use of lower sample volumes per well, and the ability to run

more assays per supernatant sample. This sensitive, nonisotopic

alternative to other cytokine detection methods will be useful for
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those researchers wanting to quantitate low levels of antigen-driven

cytokine production.

Key Words: DELFIA; ELISA; Time-resolved fluorescence; Cyto-

kine; T cell.

INTRODUCTION

The need to detect and quantify cytokine production as a measure
of antigen induced T cell response has spawned a number of different
methods to date, including bioassay, radioimmunoassay, and ELISA.
While all of these methods are currently being used to measure cytokines,
they each have drawbacks that are well known. Bioassays are considered
to be the most sensitive; however, the cells used may lose their
dependence on the specific cytokine, or there may not be a bioassay
available for a particular cytokine. Radioimmunoassays require the use
of radioisotopes with the inherent problems associated with handling
radioactive samples and waste disposal. For these reasons, as well as
the general ease of use, ELISA has remained a popular method for
cytokine detection despite the issue of the sensitivity of the assay. As
evidenced by several studies, there has been much interest in increasing
the sensitivity of this method, either by ELISA with repetitive rounds
of amplification[1] or by the incorporation of cultured cells (celELISA)
into the assay.[2,3]

The dissociation-enhanced lanthanide fluoroimmunoassay
(DELFIA) presents an alternative to the more commonly used cytokine
detection assays. In the last ten years, three articles describing cytokine
detection by DELFIA have been published, indicating that this is an
under-utilized technique for the measurement of cytokines. Culture
supernatants of peripheral blood mononuclear cells have been assayed
by DELFIA for IL-6 and TNFa.[4] DELFIA has also been used to
measure the production of these same cytokines in a macrophage cell
line,[5] and to detect the presence of serum interferon-alpha in clinical
samples.[6] However, DELFIA is a widely used method in a number of
areas of research such as lipoprotein metabolism studies, steroid and
peptide hormone measurements, and enzyme activity assays.[7–11] The
cytokine detection assays using DELFIA are sandwich assays that utilize
one of four lanthanide chelates as the fluorophore, and are measured with
time-resolved fluorometry. The assays use the same antibodies as a
sandwich ELISA, and either the detection antibody or streptavidin can
be labeled with the lanthanide chelate. These chelates have a longer
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half-life and a wider Stoke’s shift than conventional fluorophores, which
allows the measurement of light at an emission wavelength and fixed time
point after background fluorescence from plastic and serum
components has receded. This produces significantly enhanced sensitivity
with greatly reduced background interference. Typically, time-resolved
fluorometry is 10 to 100 times more sensitive than a standard colorimetric
ELISA.[12]

The issue of sensitivity is critical in our particular application,
wherein mixture-based synthetic combinatorial libraries are used to
study T cell recognition and to identify and optimize T cell clone
epitopes. The successful use of these libraries has been demonstrated
and has been recently reviewed.[13] In order to be able to detect the
lowest possible levels of cytokine production, with the lowest number of
cells, it is important to have optimized assays for the detection of T cell
activation. To develop a more sensitive method of direct detection of
cytokine production, we have compared the sensitivities of a colorimetric
ELISA to a europium (Eu) DELFIA assay for the detection of murine
interleukin 2 (mIL-2) and human granulocyte-macrophage colony-
stimulating factor (GM-CSF). The use of the DELFIA method produced
IL-2 detection limits that are 8 to 27 times lower than ELISA. For
GM-CSF, there was a ten-fold improvement in the detection limit. This
translates into an IL-2 detection limit of 5–16 pg/mL and 7 pg/mL for
GM-CSF.

EXPERIMENTAL

Antibodies

Monoclonal antibodies were purchased from Pharmingen (San
Diego, CA,). Anti-IL-2 capture antibody (catalog number 554424) and
biotinylated anti-IL-2 detection antibody (catalog number 554426) were
used for the murine IL-2 assays at concentrations of 1.0 and 0.125 mg/mL,
respectively. Additionally, a nonbiotinylated version of the detection
antibody (catalog number 554425) that had been directly labeled with
europium was used for some assays at the same concentration as the
biotinylated version. The europium-labeled anti-IL-2 antibody was
kindly provided by Dr. Thomas Campbell, Perkin-Elmer Life Sciences,
Norton, Ohio. Pharmingen recombinant murine IL-2 (catalog number
550069) was used as the standard for all IL-2 assays.

Anti-human GM-CSF capture antibody (catalog number 554502)
and biotinylated anti-human GM-CSF detection antibody (catalog
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number 554505) were also purchased from Pharmingen. They were used
at concentrations of 2.0 and 0.5 mg/mL, respectively. Pharmingen recom-
binant human GM-CSF (catalog number 550068) was used as the
standard for all GM-CSF assays.

Sandwich DELFIA Protocol

In the sandwich DELFIA for IL-2 or GM-CSF, high binding, 1/2
area ELISA plates (96-well; Corning Science Products, Rochester, NY)
were coated with capture antibody diluted in carbonate buffer (0.05M,
pH 9.6). After overnight incubation at 4�C, plates were blocked with
3% bovine serum albumin in Dulbecco’s phosphate buffered saline
(BSA/DPBS) at pH 7.4 for 1 to 2 h at 37�C. Plates were then washed
6 times with 0.05% Tween in DPBS using a SkanWasher 300 plate
washer (Skatron Instruments, Inc., Sterling, VA). IL-2 standards diluted
in RPMI 1640 media and 8% fetal bovine serum (FBS), or GM-CSF
standards diluted in IMDM media and 8% human serum were added to
the plates along with the corresponding assay supernatants and
incubated overnight at 4�C. Plates were washed as before and
biotinylated or direct-labeled detection antibody in DELFIA assay
buffer (catalog number 1244-111) from PerkinElmer LifeSciences,
(Boston, MA) was added. Plates were incubated for 1 h at room
temperature. Europium labeled streptavidin (catalog number 1244-360),
also from PerkinElmer LifeSciences, was used at a 1:2000 dilution
in DELFIA assay buffer for the IL-2 assay (1:1000 dilution for
GM-CSF). The diluted streptavidin–europium (SA–Eu) was placed on
the biotin-labeled antibody plates and incubated for 1 h at room
temperature. Plates were washed 9 times and DELFIA enhancement
solution (catalog number 1244-105) from PerkinElmer LifeSciences was
added. Direct-labeled antibody plates were also washed 9 times and
enhancement solution was added as before. In both cases, plates were
allowed to sit at room temperature for 10min prior to reading time
resolved fluorescence measurements at 615 nm with a Wallac VICTOR2

1420 multilabel HTS counter (Wallac Oy, Turku, Finland).

Colorimetric Sandwich ELISA Protocol

The sandwich DELFIA protocol was followed with the following
modifications. Biotin-labeled detection antibody was diluted in the
3% BSA/DPBS buffer. Streptavidin peroxidase-conjugate (catalog
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number 189733) from Calbiochem (La Jolla, CA) was used in place of
streptavidin-europium at a 1:1000 dilution, also in the BSA buffer. Color
was developed by the addition of o-phenylenediamine (catalog number
P 8287) from Sigma (St. Louis, MO) at 1.7mg/mL in distilled water and
3% H2O2. The reaction was allowed to proceed for 4–8min and was
stopped by the addition of 4N H2SO4. The optical density was measured
at 492 nm in a UVMax plate reader (Molecular Devices, Sunnyvale, CA).

Culture Supernatants for IL-2 and GM-CSF Detection

For measurement of IL-2, LMR 17, a T cell hybridoma specific for
the LACK peptide sequence of Leishmania was incubated with LB 27.4
antigen presenting cells in the presence or absence of dilutions of LACK
peptide sequences. The LMR 17 hybridoma originated in the laboratory
of Dr. Nicolas Glaichenhaus, Institut de Pharmacologie Moleculaire
et Cellulaire, Valbonne, France, and was kindly provided to us by
Dr. Claudia Raja Gabaglia, La Jolla Institute for Allergy and
Immunology, San Diego, CA. After incubation for 24 h in RPMI 1640
media (Bio-Whittacker, Walkersville, MD) and 8% FBS (Hyclone,
Logan, Utah), supernatants were collected and transferred to capture
antibody-coated plates as described above. For the measurement of
GM-CSF, TL3A6, a T cell clone specific for myelin basic protein
(MBP) 83-99 was stimulated with agonist peptides and matched PBMC
(peripheral blood mononuclear cells) as antigen presenting cells in
IMDM media (Bio-Whittacker, Walkersville, MD) and 8% ABþ

human serum. After 72 h supernatants were collected and transferred
to capture antibody-coated plates.

RESULTS

Cytokine Standards

We first determined the minimum detection limit of the classical
colorimetric ELISA and the europium time resolved fluorescence
DELFIA with the cytokines IL-2 and GM-CSF. In the IL-2 assays, a
standard sandwich ELISA was compared to a streptavidin-europium
(SA–Eu) DELFIA and a direct europium-labeled antibody (Eu–Ab)
DELFIA. In all cases plates were coated with capture antibody, blocked,
and the standards were incubated at 4�C overnight. The ELISA and
SA–Eu plates were bound with biotinylated secondary antibody,
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while the direct-labeled assay received europium-secondary antibody.
The SA–Eu and ELISA plates were further labeled with the appropriate
streptavidin conjugate. Three-fold serial dilutions of mIL-2 were tested
under all three protocols (Fig. 1). In the GM-CSF assays, two-fold serial
dilutions of hGM-CSF were tested under the sandwich ELISA and
SA–Eu DELFIA protocols as described above (Fig. 2). The linear
regression data for 4 replicates in one assay was used and comparable
results have been found in other assays. The table accompanying each
graph shows the average and percent coefficient of variation (%CV)
values of the data used to generate the curves.

For both cytokines tested, the sandwich DELFIA method was more
sensitive than the ELISA method. When assay sensitivity is defined as the
average background þ3 standard deviations (S.D.) of the mean, the
detection limit for IL-2 was 8–27 times more sensitive when measured
with the DELFIA methods. Using an alternative definition for assay
sensitivity of twice the average background, the DELFIA methods
were 9–32 times more sensitive for IL-2. For GM-CSF, a detection
limit of background þ3 S.D. was 10 times more sensitive with
DELFIA, and at twice the background, it was 6 times more sensitive
(Table 1). The DELFIA method at a given cytokine concentration has
a greater signal to background ratio than the ELISA, e.g., 550 pg/mL
IL-2 when measured with SA–Eu has a ratio of 127 as compared to a
ratio of 6 for the ELISA method. At a lower concentration of IL-2,
such as 21 pg/mL, the ratio is 4.4 vs. 1.2 for the ELISA. The signal
to background ratios at 500 pg/mL for GM-CSF are 18 for DELFIA
and 4 with ELISA. The comparable ratios at 31 pg/mL are 2.1 and 1.1,
respectively.

Supernatants

Once the detection methods had been optimized with cytokine
standards, in vitro activation assays were run to assess the ability of the
different methods to detect these same cytokines in culture
supernatants. For the IL-2 studies, LMR 17, a T cell hybridoma that
secretes IL-2 in the presence of soluble Leishmania antigens such as
LACK (Leishmania homolog of receptors for activated C kinase) peptide
was used.[14,15] The hybridoma was incubated with antigen presenting cells
in the presence of dilutions of either the LACK peptide or a LACK analog
#670. Supernatants were collected after 24 h and aliquots were analyzed
by SA–Eu or Eu–Ab DELFIA as well as ELISA. In Figs. 3A and 3C,
the two DELFIA methods are able to detect IL-2 produced in response to
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Figure 1. Comparison of the IL-2 DELFIA with an ELISA. IL-2 was serially

diluted and measured by the two DELFIA protocols (A, B) and the ELISA (C) to

generate standard curves. The SA–Eu DELFIA and the ELISA used an identical

biotinylated secondary antibody. The direct-labeled DELFIA used a europium-

antibody conjugate in place of the biotinylated secondary antibody. For each

concentration of cytokine an average of four replicates of either europium counts

or optical density is shown. The standard curve was determined by linear

regression analysis using a scientific graphics software program (GraphPad

Prism; GraphPad Software, Inc., San Diego, CA).
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2.2 mg/mLof stimulating peptide (LACKor the #670 analog). At that same
concentration, these peptides produce an IL-2 response that is below the
detection limit of the ELISA (Fig. 3B), even though the ELISA used the
same antibodies as in the SA–Eu assay. The only difference between
the two is the use of europium vs. peroxidase.

For GM-CSF studies, an MBP superagonist derived from the screen-
ing of a decapeptide positional scanning library, plus the ten alanine
substitution analogs of this superagonist compound were tested in a
proliferation assay with TL3A6, an MBP-specific T cell clone established
from the peripheral blood lymphocytes of a multiple sclerosis patient
(data not shown). After 72 h, and prior to pulsing with 3H-thymidine,
supernatants were collected and tested in the SA–Eu DELFIA and

Figure 2. Comparison of the GM-CSF DELFIA with an ELISA. GM-CSF was

serially diluted and measured by the DELFIA protocol (A) and the ELISA (B) to

generate standard curves. Both methods used an identical biotinylated secondary

antibody. For each concentration of cytokine an average of four replicates of

either europium counts or optical density is shown. The standard curve was

determined by linear regression analysis using a scientific graphics software

program (GraphPad Prism; GraphPad Software, Inc., San Diego, CA).
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ELISA assays (Fig. 4). GM-CSF produced by TL3A6 was detected in all
of the supernatants by the DELFIA method (Fig. 4A), whereas the less
sensitive ELISA method was only able to detect the cytokine in two of
the ten supernatants tested (Fig. 4B). It is clear that for both IL-2 and
GM-CSF, DELFIA is a more sensitive method for the measurement
of the low levels of these cytokines produced in antigen-driven T cell
activation assays.

DISCUSSION

In this study, we have demonstrated that the DELFIA method is
more sensitive than the comparable ELISA method for both mIL-2
and hGM-CSF. Additionally, we have shown that a DELFIA protocol
utilizing europium-labeled streptavidin is equivalent to both the double
amplified ELISA[1] and the celELISA[3] methods for detecting mIL-2 at
5 pg/mL without the additional rounds of amplification or culturing of
cells involved in these two methods. At mid-range concentrations for both
cytokines, the europium based assays have greater signal to background
ratios when compared to ELISA. In practical terms, this translates into
the ability to analyze lower sample volumes per well, and to run more
assays per supernatant sample. The DELFIA method also compares
favorably to the published quantitation ranges of 1–700 pg/mL for IL-2
bioassay with CTLL-2 cells, and 5–1,000 pg/mL for GM-CSF bioassay
with M-O7e cells.[16]

Table 1. Comparison of the DELFIA and ELISA methods for detection of two

cytokines in T cell media.

Assay ELISA DELFIA (Ab–Eu3þ) DELFIA (streptavidin–Eu3þ)

Cytokine Bkgdþ 3S.D

(pg/mL)

2�Bkgd

(pg/mL)

Bkgdþ 3S.D

(pg/mL)

2�Bkgd

(pg/mL)

Bkgdþ 3S.D

(pg/mL)

2�Bkgd

(pg/mL)

Murine

IL-2a
136 227 16 26 5 7

Human

GM-CSFb
69 163 NT NT 7 27

aCapture antibody concentration of 1.0 mg/mL and detection antibody concentra-

tion of 0.125mg/mL used for IL-2 assays.
bCapture antibody concentration of 2.0 mg/mL and detection antibody concentra-

tion of 0.5 mg/mL used for all GM-CSF assays.
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Figure 3. Murine IL-2 in culture supernatants analyzed by (A) streptavidin

europium, (B) streptavidin peroxidase and (C) europium-labeled antibody.

Cells were incubated with appropriate antigen presenting cells plus dilutions of

LACK (g) or #670 ( X ) peptide. Supernatants were transferred at 24 h to capture

antibody coated plates and analyzed according to the protocols described.

Horizontal line represents the detection limit, defined as twice the average

background for each method. Note: concentration values below assay detection

limits are not reliable.
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This study also compared two variations of the DELFIA method
for the detection of mIL-2 in a standard curve, as well as in culture
supernatants. The direct-labeled secondary antibody was somewhat
better at detecting low levels of IL-2 production in culture supernatants
(Fig. 3C). It was also a faster method as the assay was complete after the
secondary antibody-binding wash step. However, the researcher must

Figure 4. Human GM-CSF in culture supernatants analyzed by (A) streptavidin

europium or (B) streptavidin peroxidase. Cells were incubated with appropriate

antigen presenting cells plus agonist peptides at 2.5 mg/mL. Supernatants were

transferred at 72 h to capture antibody coated plates and analyzed according to

protocols described. Horizontal line represents the detection limit, defined as

twice the average background for each method. (*) MBP superagonist. Each

residue of this peptide was substituted with alanine, and the effect of this

substitution on GM-CSF production is shown as bars above each residue of

the parent peptide. Note: concentration values below assay detection limits are

not reliable.
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either label their own secondary antibody or have it custom labeled. In
comparison, streptavidin–europium is commercially available and can
be used with any biotinylated secondary antibody to easily convert an
existing sandwich ELISA protocol to a DELFIA protocol. Due to the
greater sensitivity of europium chelates as compared to colorimetric
methods, it is necessary to use a DELFIA assay buffer for the preparation
of secondary antibody and streptavidin–europium solutions to obtain
optimal detection limits. Also, the use of a plate washer with buffer
rather than hand washing the plates with water is recommended to
achieve the best results. These two criteria are necessary in order to
obtain the low background counts required to achieve maximum assay
sensitivity.

Our findings support the use of DELFIA as a sensitive, reproducible,
nonisotopic alternative to other cytokine detection methods. Using
DELFIA, researchers can make use of the multifunction counters with
photometry, luminometry, fluorometry and time-resolved fluorescence
capabilities that are now commonly found in many laboratories. These
assays should prove useful in applications requiring the detection of low
levels of antigen-driven cytokine production.

ACKNOWLEDGMENTS

The authors would like to thank Dr. Thomas Campbell for the
custom labeling of anti-IL-2 antibody, and Drs. Jerome Bill and
Claudia Raja Gabaglia for helpful discussions. Supported by MSNRI
funding.

REFERENCES

1. O’Connor, E.; Roberts, E.M.; Davies, J.D. Amplification of
cytokine-specific ELISAs increases the sensitivity of detection to
5–20 picograms per milliliter. J. Immunol. Meth. 1999, 229, 155–160.

2. Hutchings, P.R.; Cambridge, G.; Tite, J.P.; Meager, T.; Cooke, A.
The detection and enumeration of cytokine-secreting cells in mice and
man and the clinical application of these assays. J. Immunol. Meth.
1989, 120, 1–8.

3. Beech, J.T.; Bainbridge, T.; Thompson, S.J. Incorporation of
cells into an ELISA system enhances antigen-driven lymphokine
detection. J. Immunol. Meth. 1997, 205, 163–168.

356 Allicotti, Borras, and Pinilla

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
2
5
 
1
6
 
J
a
n
u
a
r
y
 
2
0
1
1



©2003 Marcel Dekker, Inc. All rights reserved. This material may not be used or reproduced in any form without the express written permission of Marcel Dekker, Inc.

MARCEL DEKKER, INC. • 270 MADISON AVENUE • NEW YORK, NY 10016

4. Ogata, A.; Tagoh, H.; Lee, T.; Kuritani, T.; Takahara, Y.;
Shimamura, T.; Ikegami, H.; Kurimoto, M.; Yoshizaki, K.;
Kishimoto, T. A new highly sensitive immunoassay for cytokines
by dissociation-enhanced lanthanide fluoroimmunoassay (DELFIA).
J. Immunol. Meth. 1992, 148, 15–22.

5. Monkkonen, J.; Pennanen, N.; Lapinjoki, S.; Urtti, A. Clodronate
(dichloromethylene bisphosphonate) inhibits LPS-stimulated IL-6
and TNF production by RAW 264 cells. Life Sci. 1994, 54,
L229–L234.

6. Ronnblom, L.E.; Perers, A.; Vallin, H.S.; Eriksson, I.; Osterlind, A.;
Cederblad, B.; Alm, G. Detection of serum interferon-alpha by
dissociation-enhanced lanthanide fluoroimmunoassay. Studies of
patients with acute viral and bacterial infections. APMIS 1997,
105, 531–536.

7. Malle, E.; Munscher, G.; Muller, T.; Vermeer, H.; Ibovnik, A.
Quantification and mapping of antigenic determinants of serum
amyloid A (SAA) protein utilizing sequence-specific immunoglobu-
lins and Eu3þ as a specific probe for time-resolved fluorometric
immunoassay. J. Immunol. Meth. 1995, 182, 131–144.

8. Elliott, C.T.; Francis, K.S.; Shortt, H.D.; McCaughey, W.J.
Determination of the concentrations of the steroids estradiol,
progesterone and testosterone in bovine sera: comparison of com-
mercial dissociation enhanced lanthanide fluorescence immunoassay
kits with conventional radio and enzyme immunoassays. Analyst
1995, 120, 1827–1830.

9. Rasmussen, A.K.; Hilsted, L.; Perrild, H.; Christiansen, E.;
Siersbaek-Nielsen, K.; Feldt-Rasmussen, U. Discrepancies between
thyrotropin (TSH) measurement by four sensitive immunometric
assays. Clin. Chim. Acta 1997, 259, 117–128.

10. Daijo, J.E.; Sportsman, J.R. A time-resolved fluorescence
immunoassay for insulin in rodent plasma. J. Pharm. Biomed.
Anal. 1999, 19, 335–342.

11. Venn, R.F.; Barnard, G.; Kaye, B.; Macrae, P.V.; Saunders, K.C.
Clinical analysis of sampatrilat, a combined renal endopeptidase
and angiotensin-converting enzyme inhibitor II: assay in the plasma
and urine of human volunteers by dissociation enhanced lanthanide
fluorescence immunoassay (DELFIA). J. Pharm. Biomed. Anal.
1998, 16, 883–892.

12. Read, B. Long-distance runners of the fluorophore family. Amer.
Biotechnol. Lab. 2001, 44.

13. Borras, E.; Martin, R.; Judkowski, V.; Shukaliak, J.; Zhao, Y.;
Rubio-Godoy, V.; Valmori, D.; Wilson, D.; Simon, R.; Houghten, R.;

Antigen-Driven Cytokine Detection 357

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
2
5
 
1
6
 
J
a
n
u
a
r
y
 
2
0
1
1



©2003 Marcel Dekker, Inc. All rights reserved. This material may not be used or reproduced in any form without the express written permission of Marcel Dekker, Inc.

MARCEL DEKKER, INC. • 270 MADISON AVENUE • NEW YORK, NY 10016

Pinilla, C. Findings on T cell specificity revealed by synthetic
combinatorial libraries. J. Immunol. Meth. 2002, 267, 79–97.

14. Mougneau, E.; Altare, F.; Wakil, A.E.; Zheng, S.; Coppola, T.;
Wang, Z.-E.; Waldmann, R.; Locksley, R.M.; Glaichenhaus, N.
Expression cloning of a protective leishmania antigen. Science
1995, 268, 563–566.

15. Julia, V.; Hessel, E.M.;Malherbe, L.; Glaichenhaus, N.; O’Garra, A.;
Coffman, R.L. A restricted subset of dendritic cells captures
airborne antigens and remains able to activate specific T cells long
after antigen exposure. Immunity 2002, 16, 271–283.

16. Mire-Sluis, A.; Thorpe, R. Laboratory protocols for the quan-
titation of cytokines by bioassay using cytokine responsive cell lines.
J. Immunol. Meth. 1998, 211, 199–210.

Received April 4, 2003
Accepted May 6, 2003
Manucript 3095

358 Allicotti, Borras, and Pinilla

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
2
5
 
1
6
 
J
a
n
u
a
r
y
 
2
0
1
1


