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Abstract

Problem: Analyses of the expression pattern of multiple cytokines are frequently required for char-
acterization of the status of the immune system as it pertains to Th type bias and intrinsic levels of
inflammation. Classically, analysis of cytokine expression patterns has been performed by enzyme-
linked immunosorbent assays (ELISA) for each separate analyte. A new technology, Luminex MAP®,
facilitates the simultaneous evaluation of multiple immune mediators with advantages of higher
throughput, smaller sample volume, and lower cost. Validation of this technology has been limited to
small sample sets, limited use of clinical study specimens, and use of non-commercial reagents.
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Methods: Ninety-six specimens from women over the course of their respective pregnancies were
evaluated for cytokine concentrations using commercially available ELISA kits and commercially
available Luminex MAP® kits according to the manufacturers’ directions. Correlations between data
sets were evaluated using Pearson’s correlation coefficient (r).
Results: Excellent correlations were demonstrated for IL-1�, IL-4, IL-5, IL-6, IL-10, IFN �, and
TNF �, in contrast to IL-12 p70 and IL-13.
Conclusions:Luminex multiplex technology has distinct advantages and is a valid alternative method
to ELISA for the evaluation of the majority of cytokines tested and for the characterization of immune
system status.
© 2005 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Characterization of the immune system has revealed a highly orchestrated, complex,
integrative network of immune mediators that fine-tune both the magnitude and the class of
immune response. Initial efforts to categorize immune responses and the functional status
of the immune system focused on two opposing, polarized classes of immune responses, T
helper type 1 (Th1) and type 2 (Th2), defined in part by their associated cytokine expression
profiles. It is now clear that the balance of the immune system can be established anywhere
along a continuum spanning the entire spectrum from Th1 to Th2 (Chaouat et al., 2003;
Kidd, 2003; Raghupathy, 2001; Chtanova and Mackay, 2001). Additionally, it has recently
become clear that a multitude of physiologic processes, some involving other non-immune
systems such as the nervous and endocrine systems, can impact the balance or status of the
immune system (Elenkov and Chrousos, 2002; von Hertzen, 2002; Schwarz et al., 2001;
Besedovsky and del Rey, 2000; Ader et al., 2001; Piccinni et al., 2000; Kovalovsky et al.,
2000; Marshall and Agarwal, 2000; Becher et al., 2000). Our appreciation of the complexity
of the immune system, the interactions between the reproductive and immune systems, and
the capacity of the immune system to be influenced by non-immune physiologic stimuli
has driven the need to evaluate the expression profile of multiple cytokines to characterize
the Th bias and the inflammatory state of the immune system, particularly in the context of
reproductive biology.

Normal human pregnancies are distinguished by a Th2 bias (Poole and Claman, 2004;
Kidd, 2003; Sacks et al., 2003; Suzuki and Okudaira, 2004; Shimaoka et al., 2000; Lim et
al., 2000; Piccinni et al., 2000; Saito et al., 1999). The shift from Th1 cytokine production to
Th2 cytokine production protects the semi-allogeneic fetus from rejection by the maternal
immune system, but as gestation progresses a shift from a predominate Th2 response to a
Th1 response occurs (Raghupathy et al., 2000). Poor reproductive outcomes such as preterm
delivery and fetal loss have been associated with a Th1 bias (Balkanli-Kaplan et al., 2004;
Kwak-Kim et al., 2003; Chaouat et al., 2003; Raghupathy et al., 2000; Kruse et al., 2000;
Darmochwal-Kolarz et al., 1999), although this is not a uniform observation (Sakai et al.,
2004; Zenclussen et al., 2002). This highly complex interaction between the reproductive
system, pregnancy, other pathologic processes, and the immune system is gradually being
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elucidated. The careful characterization of the Th1/Th2 profile along with other cytokine
measures of inflammation is likely to yield insights into potential interventions to prevent
adverse reproductive outcomes (Kwak-Kim et al., 2003; Kidd, 2003).

Cytokines are small, soluble proteins that are immune mediators and together con-
stitute the communication network for the immune system. Many of these immune
mediators were first identified and characterized by biological assays. Although these
assays represent the “gold standard”, they are cumbersome and labor intensive. Typi-
cally, cytokines have been evaluated by enzyme-linked immunosorbent assays (ELISA).
This well-developed methodology requires significant sample volumes for each analyte,
is labor intensive, and is limited to single analytes, and thus, is not amenable to mul-
tiplex analysis. The simultaneous evaluation of panels of cytokine mRNAs has been
proposed as an alternative multiplex analysis methodology, but is complicated by the
well-documented phenomenon of post-transcriptional regulation of cytokine expression
or release (Fenton, 1992; Hoffmann et al., 2002; Kotlyarov and Gaestel, 2002; Clark, 2000;
Schwenger and Sanderson, 1998; Bamford et al., 1996; Nimer and Uchida, 1995; Kruys
and Huez, 1994). Therefore, the accurate evaluation of multiple immune mediators has
been problematic due to the lack of a validated multiplex analysis methodology for protein
expression.

Recently, several multiplex protein analysis technologies have been developed, including
slide/microarray-based assays (Knight et al., 2004; Tam et al., 2002; Wiese et al., 2001)
and flow cytometry-based assays (Fulton et al., 1997; Oliver et al., 1998; Swartzman et
al., 1999; Cook et al., 2001). Flow cytometry-based systems are currently the most widely
used multiplex biomarker analysis technology. The Luminex-100 system uses uniformly
sized microspheres internally labeled with graded proportions of a red and a near infrared
fluorophore, 658 and 712 nm, providing the capacity to interrogate and classify 100 discrete
beads (Fulton et al., 1997; Oliver et al., 1998; Swartzman et al., 1999; Martins, 2002). This
is in contrast to the BD CBA system that discriminates beads based upon fluorescence
intensity from a single fluorophore, which limits the multiplexing capacity (Cook et al.,
2001). In both technologies, the analysis is essentially an ELISA on a bead. Beads of
a single identity are covalently coupled to a specific capture antibody for the analyte of
interest. A second detection antibody is used to quantitate the amount of analyte captured
on the bead. This secondary antibody is either directly conjugated to the phycoerythrin (PE)
fluorophore or biotin, which is then reacted with streptavidin-phycoerythrin. Although these
technologies are gaining prominence and now have multiple commercial vendors for the
analysis kits, there are relatively few reports of direct comparison between this technology
and commercial ELISA kits (Camilla et al., 2001; Carson and Vignali, 1999; de Jager et
al., 2003; Hildesheim et al., 2002; Hutchinson et al., 2001; Kellar et al., 2001; Oliver et al.,
1998; Prabhakar et al., 2002; Vignali, 2000; Biagini et al., 2003). Only one of these reports
utilizes commercially produced multiplex kits (Hildesheim et al., 2002). Additionally, these
reports are generally limited by small sample sizes or the use of spiked samples versus
clinical specimens. In a group of clinical samples from pregnant patients over the course
of their pregnancy and the postpartum period, we proposed that the Luminex-100 MAP
technology would be equivalent to standard ELISAs for the analysis of a panel of cytokines
contained in culture supernatants derived from the stimulation of whole blood clinical
specimens.
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2. Materials and methods

Phlebotomy samples were obtained from participants in an IRB-approved epidemiologic
study tracking multiple parameters over the course of pregnancy. Because pregnancy is asso-
ciated with large alterations in immune function and because the maternal/fetal immune
response to microbial colonization has emerged as one of the major pathophysiological
mechanisms leading to adverse reproductive health outcomes, the characterization of the
cytokine expression profile is particularly relevant during the state of pregnancy. Serially
enrolled female subjects had 10 ml of whole blood collected at each of four time points
approximating the first trimester, second trimester, third trimester, and 6 weeks postpar-
tum, unless fetal loss occurred or the patient was lost to follow-up. Using 12 well tissue
culture plates, 0.5 ml of whole blood was placed into each well with RPMI 1640 (Invitro-
gen, Carlsbad, CA) containing 10% fetal bovine serum (Invitrogen) penicillin/streptomycin
(Invitrogen) at 1:100 dilution. Separate sets of wells for blood collected at each time point
were supplemented with phytohemagglutinin (PHA) (Sigma, St. Louis, MO) at a final
concentration of 5�g/ml or lipopolysaccharide (LPS)-2 (Sigma) at a final concentration
of 1�g/ml to provide two different non-specific stimuli and cultured without stimulation
resulting in three samples from each time point. Plates were maintained at 37◦C in 5%
CO2 for 24 h. The plates were placed on ice, the contents of the wells for each time point
and condition (unstimulated, PHA- and LPS-stimulated) were transferred to conical tubes.
Samples were centrifuged at 4◦C for 10 min at 300×g followed by distribution of the
supernatant into 500�l aliquots that were immediately frozen at−80◦C and maintained
frozen until analysis. A total of 96 samples were analyzed by both ELISA and Luminex-100
MAP® methods.

2.1. ELISA analysis

Nine cytokines, including pro-inflammatory, Th1 and Th2 associated cytokines, were
analyzed for each time point and for each of the three conditions. The cytokines analyzed
were interleukin (IL)-1�, IL-4, IL-5, IL-6, IL-10, IL-12 p70, IL-13, interferon (IFN)�, and
tumor necrosis factor (TNF)�. Quantikine human ELISA kits were purchased from R&D
systems (Minneapolis, MN, USA). Analyses were performed according to the manufac-
ture’s protocol for each ELISA kit, assayed in triplicate, and read on a Molecular Devices
microplate reader at 450 nm (Menlo Park, CA). Standard curves and individual well con-
centrations were determined using the Softmax 2.34 software (Molecular Devices, Menlo
Park, CA). To keep experimental values within the linear region of the standard curves,
samples were diluted from 1:5 to 1:100 as necessary for stimulated culture samples for
IL-1�, IL-6, IL-10, TNF �, and IFN�. The level of detection and %CV for each individual
cytokine ELISA is summarized inTable 1.

2.2. Multiplex cytokine analysis

Multiple cytokine analysis kits were obtained from two sources, Linco Research Inc.
(St. Charles, MO) and Upstate Cell Signaling Solutions (Lake Placid, NY). Millipore mul-
tiscreen 96 well filter plates (Bedford, MA) were used for all multiplex cytokine kits. Assays
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Table 1
Intra-assay and inter-assay precision for multiplex assays and ELISA for all nine cytokines

Cytokine %CV %CV %CV Minimum detectable dose (pg/ml)

LINCOplex Beadlyte ELISA LINCOplex Beadlyte ELISA

Intra-assay Inter-assay Intra-assay Inter-assay Intra-assay Inter-assay

IL-1� 7.8 8.7 10.17 10.7 2.7 4.9 3.2 6 1
IL-4 6.2 14.1 59.49 9.17 6.2 9.2 3.2 2 10
IL-5 6.3 14.5 23.47 25.9 1.8 7 3.2 2 3
IL-6 6.3 10.4 11.66 5.07 3.1 2.7 3.2 7 0.7
IL-10 5.4 11.2 13.27 6.5 4.7 6.6 3.2 1 7.8
IFN � 5.3 10.3 10.23 6.05 3.4 6 3.2 6 8
TNF � 5.8 9.4 10.17 6.23 4.9 7.6 3.2 8 1.6
IL-12 p70 7.6 18.4 26.15 42.35 1.3 4.9 3.2 9 5
IL-13 6 4.9 12.73 8.85 5 10.2 3.2 2 32

The values for the LINCOplex and ELISA are provided by the manufacturer and included here without further manipulation. The values for the Beadlyte kit represent the
mean for values provided by the manufacturer from three samples. In all cases, the coefficient of variance (%CV) was calculated as the standard deviation/mean× 100.
The minimum detectable dose for the ELISA and Beadlyte assays was provided by the respective manufacture by adding two standard deviations to the meanoptical
density value of twenty zero standard replicates and calculating the corresponding concentration. The minimum detectable dose for the Linoplex assay is set at the lowest
standard concentration, per the manufacturer’s instruction.
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were run in triplicate according to the manufacturers’ protocol. Data was collected using
the Luminex-100 system Version 1.7 (Luminex, Austin, TX). Data analysis was performed
using the MasterPlex QT 1.0 system (MiraiBio, Alameda, CA). A five-parameter regression
formula was used to calculate the sample concentrations from the standard curves. All 96
samples were analyzed with the LINCOplex kit (Linco Research Inc.) and due to volume
constraints a smaller set of 48 samples was also analyzed with Beadlyte kits (Upstate, Lake
Placid, NY). The level of detection and %CV for each individual cytokine for each of the
multiplex kits is summarized inTable 1.

2.3. Statistical analysis

The correlation between data points for each sample generated by ELISA relative to
the data points generated by each of the two multiplex kits was evaluated by Pearson’s
correlation coefficient (r) (Sheskin, 2004) with two tailedp-values <0.05 considered signif-
icant. Each condition for each time point was considered an independent sample for these
analyses. We set a threshold value for the correlation coefficient of 0.75 as being clinically
meaningful. The sample set was chosen to provide a clinically relevant sized sample set
covering a range of expected cytokine levels. The minimum sample size required to detect
a population correlation of 0.75 for a two-sided test,α = 0.05 and a null hypothesis ofρ = 0,
is 12 with a sample size of 15 yielding 90% power to detect this correlation. The large
sample size, with unstimulated and stimulated samples, covering a broad range of cytokine
concentrations, supports the parametric nature of the data sets and the use of Pearson’s
rather than the Spearman correlation coefficient (Sheskin, 2004). The figures were gen-
erated using Graph Pad Prism (Graph Pad Software, San Diego, CA) software programs
with statistical analyses performed using SAS software (SAS Institute Inc., Cary, NC).
Evaluation of potential outliers within the triplicate determinations for each sample was
performed using the Grubbs formula at the 5% criticalZ-value (Sheskin, 2004; Grubbs,
1969).

3. Results

Ninety-eight clinical samples were available for evaluation, however there was insuffi-
cient material in two samples to perform both multiplex and ELISA assays; therefore, 96
samples are included in this analysis. These 96 samples were obtained from 10 subjects
with samples obtained from two to four of the time points noted above under all three cul-
ture conditions. Inclusion of all samples, stimulated and unstimulated, generally provided
a broad range of concentrations for any particular cytokine, thus facilitating the stringent
comparison of these analytical methodologies. Each sample was considered independent
for the purposes of these analyses. Mean values of the replicate determinations are depicted
on linear:linear scale plots with trend lines in place. Trend lines and Pearson’s coefficients
are calculated both with and without the constraint of intersection with the origin. Opti-
mally, a zero determination by one method should be recapitulated by another method’s
determination, provided that the sensitivity and specificity of the two methods are com-
parable. For Luminex methods and ELISA, this has been addressed previously (Biagini
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et al., 2004; Earley et al., 2002; Kellar et al., 2001; Pickering et al., 2002b; Prabhakar et
al., 2002; Vignali, 2000). Very slight decreases in Pearson’s correlation coefficients were
seen with the above constraint; however, in no case did this result in a decrease below
the threshold for a significant correlation. Although Pearson’s correlation coefficients >0.6
are widely considered indicative of a valid correlation between two independent variables,
we employed a more rigorousr > 0.75 as our threshold for a clinically significant cor-
relation for the complete sample set. Only one data set, IL-13, fell within the range of
0.75 >r > 0.6.

We evaluated the determination of concentration for nine cytokines, IL-1�, IL-4, IL-5,
IL-6, IL-10, IL-12 p40, IL-13, IFN�, and TNF�. Data sets from ELISA and LINCOplex
cytokine kits demonstrated a high degree of correlation for all but IL-12 p70. Pearson’s
correlation coefficient and the equations for the best-fit trend line are summarized for all
cytokines inTable 2. Data generated with the Beadlyte multiplex cytokine kits yielded strong
correlations for six of the nine cytokines, IL-1�, IL-4, IL-10, IL-13, IFN �, and TNF�.
Pearson’s correlation coefficient and the equations for the best-fit trend line are summarized
for all cytokines inTable 3. Data for all cytokines were determined simultaneously using
the multiplex kits and individually using the ELISA kits.

The correlative scatter plots of IL-1�, IL-6, and IL-10 determinations for the entire
sample set (n= 96) by ELISA and Luminex using the LINCOplex cytokine kit are depicted in
Fig. 1, panels A, D, and E, respectively. Analysis of unstimulated, PHA and LPS-stimulated
sample subsets revealed statistically significant correlation between ELISA and Luminex
determinations for all three cytokines in all subsets.

IL-4, IL-5, and IL-13 are classical Th2-associated cytokines. Data comparing the
R&D ELISA with the LINCOplex cytokine kit determinations for these three cytokines
is depicted inFig. 1 panels B, C, and F, respectively. IL-4 is arguably the most widely
accepted Th2-associated cytokine. The Th2-associated cytokine IL-5, depicted in panel
C, is widely acknowledged to be most representative of a polarized Th2 immune response
but is generally expressed at low levels. IL-13, a third Th2 associated cytokine, is depicted
in panel F. Analysis of unstimulated, PHA- and LPS-stimulated sample subsets revealed
statistically significant correlation between ELISA and Luminex determinations in the

Table 2
LINCOplex and ELISA correlations

Cytokines Pearson’s correlation (r) Trendline

IL-1� 0.8380 y= 0.1033x− 0.2626
IL-4 0.8686 y= 12.151x+ 33.603
IL-5 0.8117 y= 1462x− 0.206
IL-6 0.9029 y= 0.4209x+ 1880
IL-10 0.8204 y= 2.0325x+ 277.72
IL-12 p70 0.002 (ns)
IL-13 0.6193 y= 0.7262x+ 13.631
INF � 0.9388 y= 0.3278x+ 16.974
TNF � 0.9377 y= 0.1804x− 35.086

Pearson’s correlation coefficient (r) and best-fit trend line for individual cytokine results obtained by ELISA and
LINCOplex kits (n= 96 each). All correlations hadp< 0.0001 except for IL-12 for which there was not a significant
correlation (ns).
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Table 3
Beadlyte and ELISA correlations

Cytokine Pearson’s correlation (r) Trendline

IL-1� 0.9347 y= 1.0546x− 179.79
IL-4 0.9409 y= 4.7004x+ 2.7327
IL-10 0.8815 y= 2.8154x+ 147.74
IL-13 0.8599 y= 0.9672x− 6.8127
IFN � 0.9256 y= 1.3068x+ 26.467
TNF � 0.9510 y= 0.2631x+ 17.966
IL-12 p70 0.857a

IL-5 0.453 ns
IL-6 0.288 ns

Pearson’s correlation coefficient (r) and best-fit trend line for individual cytokine results obtained by ELISA and
Beadlyte kits (n= 48 each). All correlations hadp< 0.0001 except for IL-6 and IL-5 for which there was not a
significant correlation (ns).

a Although IL-12 reached statistical significance, the correlation was not considered clinically significant.

subsets stimulated by PHA for all three cytokines. However, correlations between the two
assays for the determination of IL-4 and IL-13 in the unstimulated and LPS-stimulated
subsets did not reach statistical significance. This may be due to the disproportionate
number of samples in which the cytokines were not detected. As these cytokines are
primarily secreted by T lymphocytes, the low level of detectable cytokines in unstimulated
and LPS-stimulated samples is not unanticipated.

Interferon�, TNF �, and IL-12 are Th1-associated cytokines, although TNF� is less
specific for a Th1 immune response than the other two cytokines. Data comparing the
R&D ELISA with the LINCOplex cytokine kit determinations for these three cytokines are
depicted inFig. 2, panels A–C. IFN� is the most widely accepted Th1-associated cytokine
and demonstrates an excellent correlation, panel A. Similarly, an excellent correlation is seen
for TNF �, panel B. Analysis of unstimulated, PHA- and LPS-stimulated sample subsets
revealed statistically significant correlation between ELISA and Luminex determinations
in the subsets stimulated by PHA for TNF�. However, correlations between the two assays
for IFN � determinations in the unstimulated and LPS-stimulated subsets did not reach
statistical significance. IL-12 p70 failed to demonstrate a significant correlation between
the determinations derived from R&D ELISA and the LINCOplex cytokine kit, depicted in
Fig. 3, panel C.

Due to limited available sample volume for some subjects, a smaller sample set (n= 48)
was also analyzed using the Beadlyte kits for Luminex and provided a significant level of
correlation with the ELISA determinations as above (Figs. 3 and 4). Although the determi-
nations for IL-12 p70 (Fig. 3, panel D) reached statistical significance (r = 0.857) the plot
demonstrates two distinct populations with essentially no bridging data points. Therefore,
we conclude that the Pearson’s correlation coefficient is not representative of the level of
correlation between these two data sets. A significant correlation between the Beadlyte and
ELISA determination was observed for both IL-1� (Fig. 3, panel A) and for IL-10 (Fig. 3,
panel C). For the Th2 cytokines, IL-4 (Fig. 3, panel B) has a high degree of correlation with
a less robust, but significant correlation for IL-13, panel D.Fig. 3 panel F, represents the
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Fig. 1. Scatter plots of ELISA and LINCOplex cytokine kit IL-1�, IL-4, IL-5, IL-6, IL-10 and IL-13 determinations.
Panel A represents data obtained for IL-1�, r = 0.8380. Panel B represents data obtained for IL-4,r = 0.8686. Panel
C, represents data obtained for IL-5,r = 0.8117. Panel D, represents data obtained for IL-6,r = 0.9029. Panel E
represents data obtained for IL-10,r = 0.8204. Panel F represents data obtained for IL-13,r = 0.6193. Best-fit trend
lines are depicted for each graph. All samples (n= 96) are included in these analyses.
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Fig. 2. Scatter plots of ELISA and multiplex cytokine kit Th1-associated cytokine determinations. Panel A rep-
resents data obtained for IFN�, r = 0.9388. Panel B, represents data obtained for TNF�, r = 0.9377. Panel C
represents data obtained for the LINCOplex kit determination of IL-12 p70,r = 0.002. Panel D represents data
obtained for the Beadlyte kit determination of IL-12 p70,r = 0.8570. Best-fit trend lines are depicted for graphs of
INF �, TNF �, and Beadlyte IL-12 p70. All samples (n= 96 for Linco,n= 48 for Beadlyte) are included in these
analyses.

determinations for TNF� andFig. 3, panel E, represents determinations for the prototypical
Th1 cytokine, IFN�, both of which have a similar high degree of correlation. Correlations
with determinations for IL-5 and IL-6 were not significant. Due to the limited number of
determinations for each subset, we did not perform subset analyses on the Beadlyte data
set.

Cytokine determinations from the LINCOplex and Beadlyte kits that demonstrated a
correlation with the data derived from ELISA were evaluated for their concordance.Fig. 4
depicts dot plots of the 48 data points from shared samples analyzed by both Luminex-
100 multiplex cytokine kits. A high degree of correlation and concordance, summarized in
Table 4, is seen between these two multiplex kits for IL-1�, IL-4, IL-10, IL-13, IFN �, and
TNF �.
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Fig. 3. Scatter plots of ELISA and Beadlyte multiplex cytokine kit determinations. Panel A represents data obtained
for IL-1�, r = 0.9347. Panel B represents data obtained for IL-4,r = 0.9409. Panel C represents data obtained for
IL-10, r = 0.8815. Panel D represents data obtained for IL-13,r = 0.8599. Panel E represents data obtained for IFN
�, r = 0.9256. Panel F represents data obtained for TNF�, r = 0.9510. Best-fit trend lines are depicted for each
graph. All samples (n= 48) are included in these analyses.
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Fig. 4. Scatter plots of LINCOplex cytokine and Beadlyte multiplex cytokine kit determinations. Panel A represents
data obtained for IL-1�, r = 0.9824. Panel B represents data obtained for IL-4,r = 0.9147. Panel C represents data
obtained for IL-10,r = 0.9410. Panel D represents data obtained for IL-13,r = 0.9565. Panel E represents data
obtained for IFN�, r = 0.9825. Panel F represents data obtained for TNF�, r = 0.9057. Best-fit trend lines are
depicted for each graph. All samples analyzed with both kits (n= 48) are included in these analyses.
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Table 4
LINCOplex and Beadlyte correlations

Cytokine Pearson’s correlation (r) Trendline

IL-1� 0.9824 y= 11.449x− 163.49
IL-4 0.9147 y= 0.4203x− 4.1905
IL-10 0.9410 y= 1.0111x+ 92.794
IL-13 0.9565 y= 1.3056x− 3.2762
IFN � 0.9825 y= 4.6358x− 19.813
TNF � 0.9057 y= 1.2698x+ 1.4662

Pearson’s correlation coefficient (r) and best-fit trend line for individual cytokine results obtained by LINCOplex
and Beadlyte kits (n= 48 each). All correlations hadp< 0.0001.

4. Discussion

This report evaluates nearly 100 clinically derived samples, covering a broad range of
cytokine concentrations secondary to unstimulated, PHA-stimulated, and LPS-stimulated
cultures, with commercially available ELISA and multiplex cytokine kits, the latter ana-
lyzed by Luminex-100 technology. Each of these commercially available kits have been
extensively characterized and qualified by their respective manufacturers. This is the first
report comparing these two cytokine analysis technologies on a large clinically derived
sample set, in lieu of spiked samples. The panel of nine selected cytokines, IL-1�, IL-4,
IL-5, IL-6, IL-10, IL-12 p70, IL-13, IFN�, and TNF�, covers a range of non-specific,
Th1-, and Th2-associated immune mediators. Two different vendors for multiplex cytokine
kits were evaluated and yielded essentially identical results compared to ELISA determina-
tions. We demonstrate excellent correlations between ELISA and Luminex determinations
of cytokine levels in culture supernatants for seven (IL-1�, IL-4, IL-5, IL-6, IL-10, IFN
�, and TNF�) of the nine selected cytokines. In the case of IL-13, the degree of corre-
lation falls within the generally acceptable range, but below our predetermined threshold
for significance. Only for IL-12 there was a clear failure to establish a correlation between
determinations obtained by the two analytical methods, regardless of the Luminex kit ven-
dor. Indeed, ELISA and multiplex kit analyses for IL-12 revealed quite disparate results,
suggesting that the optimal IL-12 p70 analysis methodology remains to be determined.
Our data reported here, demonstrate that currently available cytokine multiplex kits and the
Luminex-100 technology are suitable alternatives to the ELISA assay for most cytokines.

There is significant variation between the cytokine concentrations determined by ELISA
and either multiplex kit, which is more prominent with the LINCOplex kit, even though the
standards for each of the three manufacturers’ kits are standardized to cytokines from the
National Institute of Biological Standards and Controls. This is not entirely surprising given
that discrepancies are seen with ELISA kits from different vendors, likely representing dif-
ferences in antibody pairs and sample diluent composition. Each antibody demonstrates
optimal binding affinity at specific pH and salt concentration. The differences in antibody
pairs and the necessity of a sample diluent compatible with all antibody pairs involved
in the multiplex analysis may account for a significant variation in the determination of
the cytokine concentrations. For IL-1�, IL-5, IL-6, IFN �, and TNF�, the LINCOplex
multiplex kit yielded cytokine concentrations that were from 2- to 10-fold lower than the
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ELISA determinations. For IL-10 and IL-4, the opposite was true, with the LINCOplex kit
determinations being 2- and 12-fold higher, respectively. Although the Beadlyte cytokine
concentration determinations more closely paralleled those obtained by ELISA, the deter-
minations for IL-4 and IL-10 were higher than ELISA and the determinations for TNF�
were lower, in a pattern that generally matched the LINCOplex kits. The relative sensi-
tivity, as determined by a zero determination in one assay and a detectable concentration
in the other, also varied. The evaluation of the cytokines IL-1�, IL-6, IL-10, and TNF�,
demonstrated approximately equivalent relative sensitivity in the LINCOplex multiplex kit.
However, the LINCOplex kit had higher relative sensitivity for IL-4, IL-13, and IFN�,
in contrast to IL-5, where the opposite was observed. Substantial differences in sensitivity
were not readily apparent in the limited data set analyzed with the Beadlyte kits. The high
degree of correlation seen for the majority of cytokines tested supports the use of Luminex
technology for analysis of immune parameters but suggests that comparison of cytokine
concentrations determined by multiplex technology using commercially available kits with
determinations by ELISA might be problematic. Thus, we suggest that for any given study,
consistent methodologies should be employed to facilitate data evaluation.

Given that the sample set included unstimulated culture samples and samples stimulated
with either PHA or LPS, we evaluated individual subsets based on culture conditions. Stim-
ulation with PHA targets primarily the lymphocyte compartment. LPS stimulation affects
innate immune effector cell populations, primarily monocytes. The number of samples in
these subsets, at most one third of the total, i.e. (n= 32), was small and the two stimuli
have different cellular targets, resulting in a large proportion of subset samples with low
or absent cytokine concentration determinations. Thus, in many of the subsets the corre-
lations between ELISA and multiplex analyses did not reach statistical significance. The
Th-associated cytokines, IL-4, IL-13, and IFN�, generally had low or absent cytokine
concentrations in unstimulated and LPS-stimulated cultures, leading to the observed poor
correlation between the two analysis methodologies in these subsets. There was no sig-
nificant difference in IL-5 concentrations with different culture stimuli in contrast to the
other Th-associated cytokines, although concentrations were substantially lower across all
subsets. For the other cytokines (IL-1�, IL-6, IL-10, and TNF�), the correlation between
the determinations derived from multiplex and ELISA analyses remained statistically sig-
nificant in all subsets, likely due to the broader cell populations responsible for secretion of
these cytokines.

Our data are consistent with that previously reported using spiked samples or smaller
clinically derived samples sets (Biagini et al., 2004; Camilla et al., 2001; Carson and Vignali,
1999; de Jager et al., 2003; Hildesheim et al., 2002; Hutchinson et al., 2001; Jiang et al., 2003;
Kellar et al., 2001; Oliver et al., 1998; Prabhakar et al., 2002; Vignali, 2000). The Luminex
technology has been used in several human clinical studies without direct comparison with
ELISA or bioassays (Nelson et al., 2003; Jiang et al., 2003; Weber et al., 2003). Additionally,
similar studies have been carried out using samples derived from various animal models
(Keyes et al., 2003, 2002; Hutchinson et al., 2001). The multiplex analysis capability of the
Luminex technology is being adapted to other assays including antibody screening (Biagini
et al., 2004, 2003; Jones et al., 2002; Opalka et al., 2003; Pickering et al., 2002a,b; Martins,
2002), HLA typing (Pretl et al., 2003; Osowski et al., 2003; Chesterton et al., 2003; Brailey
and Susskind, 2003), single nucleotide polymorphism or mutation analysis (Hutchings et al.,
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2003; Kube et al., 2003; Smith et al., 1998; Yang et al., 2001; Ye et al., 2001), and pathogen
detection (Jenison et al., 2001; Earley et al., 2002; Dunbar et al., 2003; Cowan et al., 2004).
The flexibility of this technology along with its inherent advantages suggests that additional
applications will be forthcoming. It is not difficult to envision the ready application of this
technology to evaluate parameters characterizing more than one physiologic system, e.g.
reproductive endocrine, neuroendocrine, and/or immune systems.

Although this technology is relatively new, there are now commercial vendors for a
number of multiplex analyses. The advantages of the multiplex cytokine assays over the
standard ELISA assay include smaller sample volumes, higher throughput, and lower cost
relative to equivalent ELISAs. In the case of our studies, triplicate multiplex analyses of all
nine cytokines required 150�l of sample while a comparable set of ELISAs required nearly
5.5 ml of sample. The performance of individual ELISA, requiring about 6 h each, versus
approximately 5 h for the multiplex analysis results in a significantly higher throughput.
The list prices of the multiplex kits are approximately 66% of the list price for a com-
parable set of ELISA plates. Any future widespread clinical application of this cytokine
evaluation technology will require stringent establishment of normal values for any given
kit, just as with ELISA kits from different vendors. Our results suggest that the Luminex-
100 technology is a suitable alternative to the ELISA for most cytokines, provides a valid
characterization of cytokine expression profile and T helper type bias, and may be superior
to ELISA techniques commonly used in immunology.
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