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Short Abstract: The Milliplex multi-analyte detection platform quantifies as many as 100
 different cytokines secreted directly ex vivo by human immune cells.  This technology allows the functional profiling of rare cell populations from limited patient samples and could have broad implications in the elucidation of novel disease biomarkers. 

Long Abstract:  Cytokines play a pivotal role in the regulation of immune responsiveness.  Under appropriate cues, they function to stimulate as well as inhibit cell proliferation, differentiation, and maturation.  Their influence is both local and systemic, and acute or chronic changes in cytokine profiles are apparent in certain disease states.  Thus, their functions are pleiotropic as well as interdependent.  For example, Th1 and Th2 cytokines are mutually antagonistic, and the predominance of one lineage drives distinct clinical outcomes after infection in mice [1].  Assessing the level of a single cytokine in a biologic system provides only a fraction of the information content relevant to the ever-evolving physiological state.  A more realistic indication of the complexity of cellular interactions occurring would include the simultaneous measurement of multiple cytokines at various locations and time points throughout the course of a given immune response. 

The human immune system is comprised of cell subsets with distinct functional profiles that control infectious diseases.  The rapid assessment of immune profiles of the various immune cell subsets holds significant promise for the identification of molecular signatures that may impact research applications, ranging from translational medicine to prognostic advancements, as well as early decision-making tools in vaccine development.  A major limitation in the field of human immunology is the ability to accurately quantify multiple cytokines produced ex vivo from rare immune cell subsets within limited patient samples.  Flow cytometry, while useful for the characterization of surface antigens on immune cells, is still lacking in sensitivity of ex vivo cytokine production, particularly of Th2 cytokines.  Elispot assays offer improved sensitivity, but the cell numbers required to perform a comprehensive functional screen would be substantial, given that the most analytes measured accurately in a single elispot well is three [2].
To overcome the limitations of existing assays, fluorescent bead-based multiplex platforms, such as the Milliplex MAP kits, were designed.  These assays reduce experimental time by relying on the rapid association kinetics of particles in solution, as well as using less surface area, and thus less reagents, than conventional sandwich assays.  With analysis performed on a flow cytometer, specifically the Luminex 200, the inherent speed, sensitivity, and accuracy of this instrument platform is utilized. Most importantly, they can measure up to 100 different analytes in supernatants derived from as few as 100 cells.  This allows unprecedented resolution in the analysis of functional disease biomarkers in human studies.  
Protocol: 

1) Principle of the MILLIPLEX MAP: By converting the principles of solid-phase sandwich immunoassays to a liquid array format, the MILLIPLEX® MAP technology greatly expands the analysis capacity of the standard ELISA thus permitting simultaneous measurement of multiple analytes in a single sample.  Based on the Luminex® xMAP® technology, microspheres are internally color-coded with two distinct fluorophores.  By varying the concentrations of these two dyes, a set of 100
 fluorescently unique bead types can be generated.  Each spectrally distinct microsphere (Figure 1A) is then coupled to an analyte-specific capture antibody 
(Figure 1B). 

1.1) Antibody-coupled beads are added to the sample of interest (serum, culture supernatant, standards, etc) (Figure 1C).  
1.2) After analytes bind specifically to beads of the suspension array, a complementary biotin-conjugated antibody is added to the reaction mixture, thereby completing the sandwich portion of the liquid-phase ELISA  (Figure 1D).
1.3) The reaction complexes are detected by labeling with a fluorescent reporter molecule, Streptavidin-PE.  Figure 1E).
1.4) Bead-analyte complexes are then run on a Luminex 200 analyzer (Figure 1F). Following flow-cytometry principles, the Luminex 200 analyzer measures three fluorescent signals from each discrete bead-analyte complex as it passes through the detection chamber. A red laser excites the bead’s two internal dyes providing bead, and therefore analyte, classification.  A second laser excites the PE reporter; for a given bead type, the intensity of the derived PE signal is proportional to the concentration of analyte.  Sample acquisition on the Luminex and deconvolution of multiplex data sets is performed using MILLIPLEX Analyst software (Figure 1G). The ability to add multiple conjugated beads to each sample allows quantification of broad functional profiles. 

2) Isolation, culture of cells and removal of supernatant for MILLIPLEX functional profiling.  Natural Killer T (NKT) cell subsets were sorted from freshly isolated PBMC of healthy donors (Figure 2) using a BD FACSAria as published previously [3]. Healthy subjects were recruited by the Division of Experimental Medicine at the University of California, San Francisco (San Francisco, CA, USA).  All subjects were at least 21 years of age at the time of sample collection.   All samples were obtained according to protocols approved by the Research Subjects Review Board at UCSF.  Written informed consent was obtained from all subjects. 

2.1) Cell Culture:  FACSAria sorted CD56+ and CD56- NKT cells (NKT cells were defined as CD3+, V24+, and CD1d-PBS 57 loaded tetramer+) were cultured in RPMI supplemented with 10% FCS and exposed to PMA (20ng/ml) plus ionomycin (1µg/ml) for 24-48 hours.  At the end of the culture period, supernatants were collected and stored at -20oC until use.   

3) Preparation of reagents: 
3.1) Preparation of Antibody-Immobilized Beads: A premixed 26-plex Human cytokine /chemokine kit (cat # MPXHCYTO60KPMX26) was used for this study , The kit contained beads specific for the following analytes, with the limit of detection (in pg/ml) for each listed in parantheses: Eotaxin (7.8), G-CSF (7.7), GM-CSF (3.5), IFN2 (4.0), IFN (3.3), IL-1 (8.6), IL-1 (2.5), IL-2 (3.2), IL-3 (41.6), IL-4 (7.8), IL-5 (3.2), IL-6 (5.1), IL-7 (7.1), IL-8 (3.7), IL-10 (8.0), IL-12(p40) (18.0), IL-12(p70) (6.9), IL-13 (10.1), IL-15 (1.8), IL-17 (3.4), IP-10 (6.2), MCP-1 (5.3), MIP1- (3.4), MIP1- (7.3), TNF- (3.6), and TNF- (3.4). Be sure to mix beads thoroughly by sonication 
for 30 seconds followed by vortexing for one minute prior to use.   NOTE: The beads are light-sensitive and must be protected from light at all times.

3.2) Preparation of Quality Controls: The Quality Controls (1 and 2) are lyophilized samples protein containing known quantities for each analyte. These are included to verify overall assay and instrument performance.  Before use, reconstitute each with 250µl deionized water. Invert the vial several times to mix and vortex. Allow the vial to sit for 5-10 minutes prior to use.

3.3) Preparation of Wash Buffer: Bring the 10X Wash Buffer to room temperature and mix to bring all salts into solution. Dilute Wash Buffer 1:10 in deionized water for a 1X working stock. 

3.4) Preparation of Human Cytokine Standard: The standards are used to generate reference curves for each analyte.  The concentration of each analyte in a given sample is determined by interpolation from their corresponding standard curve.  Reconstitute standard with 250 μL deionized water to give a 10,000 pg/mL concentration of standard for all analytes. Invert the vial several times to mix. Vortex the vial for 10 seconds. Allow the vial to sit for 5-10 minutes prior to use (The standard is stable at -20°C for up to one month).  Label five microfuge tubes 2000, 400, 80, 16, and 3.2 pg/mL. Add 200 μL of Assay Buffer to each of the five tubes. Prepare serial dilutions by adding 50 μL of the 10,000 pg/mL reconstituted standard to the 2000 pg/mL tube.  Mix well and repeat the process for the 400, 60, and 16 pg/ml tubes.  Diluted standards must be used within 1 hour of preparation and cannot be stored.  Prepare one additional tube with assay buffer alone to serve as a background control.  
4) Performing the Assay: 
4.1) Pre-wet wells of the microtiter filter plate with 200µl Assay Buffer.  Seal and mix on a plate shaker at room temperature (RT) for 10 minutes.  Remove buffer by vacuum filtration.  Blot excess buffer from bottom of plate.  NOTE: Keep the vacuum suction on the plate as low as possible. It is recommended to have a vacuum setting that will remove 200 μL of buffer in > 5 seconds (equivalent to< 100 mmHg).
4.2) Add 25 l of sample to appropriate wells.  Add 25µl Assay buffer to each. NOTE: The bottom of the plate should not be in direct contact with any surface during assay set-up or incubation times.
4.3) Add 25µl of Standard or QC mixes to appropriate wells.  Add 25µl of culture media to each

4.4) Vortex Beads then add 25µl to each well.  Seal and cover plate to minimize exposure to light. Mix plate on a shaker with gentle agitation for 1 hr at RT.

4.5) Remove fluid using vacuum.  Wash plate 2X by vauum filtration using 200µl Wash Buffer. NOTE: To prevent leakage due capillary action, be sure to blot any excess liquid from the bottom of plate. 

4.6) Add 25µl detection antibody to each well, seal plate and incubate with gentle agitation at RT for 30 minutes.

4.7) Add 25µl Sterptavidan-PE to each well, seal and cover plate, then incubate with gentle agitation at RT for 30 minutes. 
4.8) Gently remove all liquid by vacuum.  Wash plate 2X by vacuum filtration using 200µl Wash Buffer.  Remove any excess buffer from the bottom of the plate by blotting.

4.9)  Add 150µl Sheath fluid to each well and resuspend beads on a plate shaker for 5 minutes
4.10) Run samples on a Luminex 200™.  Analyze fluorescent intensity data using MILLIPLEX Analyst software.  
5) Data Analysis: Analyze raw data using MILLIPLEX Analyst software.  Generate standard curves from lyophilized standard provided with each kit. 
6) Representative Results:  In order to test the sensitivity of this platform in the detection of broad functional profiles from rare human T cell populations, we isolated CD56+ Natural Killer T from three healthy donors.  Cell numbers per well ranged from 133 ( 1,003 cells per culture well.  All cells were cultured with PMA and Ionomycin for 24-48 hours in 200ul medium.  At the end of the culture period, 25ul of supernatant was removed and added to the Milliplex assays.  As you can see, the Milliplex assays are sensitive enough to reliably detect cytokine signal from only 25l of a 200ul culture containing as little as 133 freshly isolated human NKT cells (Figure 2).    



6.1) Determination of significant responses: Significant values (defined with an asterisk in Figure 2) were defined as average values greater than the limit of detection with and less than 25% CV value between duplicates. Undetectable levels from culture supernatants were given an arbitrary value of zero and are located on the Y axis in Figure 2.
Disclosures: Amedeo J Cappione is employed by Millipore EMD, which produces the

kits used in this article.
Discussion:  In summary, the use of Milliplex MAP kits provides remarkable sensitivity for the detection of low concentration analytes in comparison with currently used techniques, such as intracellular cytokine staining (Flow Cytometry) and Elispot assays.  In addition to this high resolution on a per analyte basis, this technology allows the simultaneous enumeration of as many as 100 cytokines from just 25l of sample.  We feel this technique will enable the comprehensive functional biomarker profiling of human immune cell susbets from diseased individuals that will reveal new avenues for treatment and vaccine design.  
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�Changed to 100 b/c that’s what we say it can do. In actuality, it does 70 or so. Also, new Flexmap 3D does 500


�Is this the true max # that can be used on one 25ul sample?


�I moved this up b/c its part of the reagent and not a step in the actual process.


�I wanna add some more here maybe


�Don’t think we do this.


�I listed all these in 3.1. maybe you could put the limit of detection values there as well.





Nonstandard abbreviations used: NKT, Natural Killer T cell 
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