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Abstract

ELISPOT and FluoroSpot assays, collectively called ImmunoSpot assays, permit to reliably detect rare
antigen-specific T cells in freshly isolated cell material, such as peripheral blood mononuclear cells
(PBMC). Establishing their frequency within all PBMC permits to assess the magnitude of antigen-
specific T cell immunity; the simultaneous measurement of their cytokine signatures reveals these T
cells’ lineage and effector functions, i.e., the quality of T cell-mediated immunity. Because of their
unparalleled sensitivity, ease of implementation, robustness, and frugality in PBMC utilization, T cell
ImmunoSpot assays are increasingly becoming part of the standard immune monitoring repertoire. For
regulated work flows, stringent audit trails of the data generated is a requirement. While this has been
fully accomplished for the analysis of T cell InmunoSpot assay results, such are missing for the wet
laboratory implementation of the actual test performed. Here we introduce a solution for enhancing
and verifying the error-free implementation of T cell ImmunoSpot assays.
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1. Introduction

ELISPOT and FluoroSpot assays both visualize secretory footprints of individual cells [1]. The two test
systems differ only at the level of the visualization of the plate-bound analyte: in the former, the
detection antibody is coupled to an enzyme that catalyzes the generation of a precipitating substrate
detectable under white light; in the case of the latter, the plate-bound analyte is visualized using
fluorescence-tagged detection antibodies. ELISPOT is suited for single- and dual-color analysis [2], while
the unambiguous measurement of more than 2 analytes requires FluoroSpot tests using fluorochromes
with non-overlapping spectra [3]. As otherwise the two assays are identical, we refer to both collectively
as ImmunoSpot®.

ImmunoSpot® assays have found wide use in the field of T cell immune monitoring. This is due to the
unprecedentedly high sensitivity of the test system to detect antigen-specific T cells (which, with rare
exceptions, always occur in very low frequency) in PBMC and other freshly isolated cell material [4]. The
assay’s success is further based on its economy in cell utilization (Note 1), its performance being
unaffected when cryopreserved PBMC samples are tested [5], and last but not least, the simplicity and
robustness of the ImmunoSpot® assay [6,7] resulting in its suitability for regulatory validation in clinical
trials [8].

The economy of PBMC utilization, along with ImmunoSpot®’s high-throughput capability, enables batch
testing of dozens, and even hundreds, of subjects’ PBMC for T cell reactivity to hundreds of individual
antigens/peptides per donor [9]. Such is essential, for example, for high resolution CD8* T cell immune
monitoring. As epitope/peptide recognition by CD8* T cells is highly variable and unpredictable
(“aleatory”) among outbred individuals [10], [20], [21], only the testing of extensive peptide libraries is
suited for the comprehensive assessment of the magnitude and fine-specificity of the antigen-specific
CD8* T cell repertoire in individuals. There is a substantial danger of human error, however, when
complex tests are performed involving the pipetting of the PBMC of numerous donors and many
antigens. To overcome this problem, we have introduced neutral “regent tracker” dyes [11] that can
assist in the visual verification whether (a) the right antigen has been plated into the right well, (b)
whether the right amount/volume of antigen has been plated (c) and whether the cells have been
added (d) in the right numbers/volume. A typical 96-well plate with Reagent-Tracker®-marked antigens
is shown in Figure 1 (Note 2). In this chapter we introduce a software tool, the ReagentTracker (RT)
Software™, that permits to verify the accuracy of ImmunoSpot® assay implementation via automated
image analysis while also providing tamper-proof audit trails (Note 3).

Figure 2A shows that Reagent Tracker® dyes can be readily distinguished by image analysis in the 3D
color space: the color of each dye can be represented as a tight cluster of RGB coordinates. This permits
the RT Software™ to unambiguously verify that the color actually present in a well indeed matches the
color (antigen/peptide) that was intended to be present in that well. Deviations from these color
coordinates indicate impurities, e.g., resulting from spilling of antigen, and are automatically identified
by the software as such. Optical densities of these defined colors reflect on the volume plated per well,
and as such permit to identify quantitative antigen pipetting errors. The RT Software™ also
automatically assesses whether such deviations from the planned volumes have occurred, permitting to
flag deviant wells.

As can be seen in Figures 1B vs. 1C, and 2A vs. 2B, the addition of the PBMC in Phenol Red-containing
medium causes a marked color shift of the RT dyes. Such shifts are assessed by the RT Software,



permitting to automatically verify that the cells had indeed been added to each well, and that the
planned numbers (volume) was added.

The Reagent Tracker® Software guides the actual implementation of the Reagent Tracker™ strategy for T
cell ImmunoSpot® testing. As the first step, using this software’s planning module, the plate layout is
defined, assigning to each well the antigens/peptide to be tested in it, as well as the PBMC donors’
identity whose cells are to be interrogated, including the number of replicate wells for each test
condition, if applicable (Notes 5 and 6). Now the color coding follows: color combinations are to be
selected that provide visually clearly discernible patters on the plates, like that shown in Figure 1B using
8 RT Dyes™ (Note 7). The color-coded reagents are prepared, and plated (Note 8) according to the plan.
Before adding the PBMC, the plates are scanned and analyzed via the RT Software™ to establish and
document the accuracy of the antigen transfer (Note 9). Now the PBMC are added, followed by a
renewed scan, testing for the color shift resulting from the addition of the cells in Phenol Red media
(Note 9). As before, reports and audit trails are generated to document in a tamper-proof manner the
accuracy of the plating process. Once the actual ImmunoSpot® assay has been concluded, the spot
forming units (SFU) per well are automatically counted by the ImmunoSpot® Software [12,13], means of
replicate wells are calculated, positive responses are automatically identified via statistical calculations,
the results are exported into a database for further analysis, and, if desired, for instant graphic
representation of the results. Barcoding is used to assure plate identity, and orientation, during the
entire course of the test.

The following provides technical details of performing RT-enhanced high-throughput T cell-
ImmunoSpot® assays. The protocol for loss-free cryopreservation and thawing of PBMC, and for the
implementation of the basic T cell assay, are provided elsewhere [14]. Dissolving antigens in RT Dyes™
and creating master plates for en-block antigen transfers are also described in [14]. The automated
evaluation of T cell ImmunoSpot® assay results is described in [15,16] (Note 10).

2. Materials

=

ePBMC® samples or test sample (freshly isolated or cryopreserved human PBMC)
Pre-coated Human IFN-y 96-well ImmunoSpot® kit, enzymatic, or ELISPOT kit detecting any
other analyte

3. 50 mL conical tubes (polypropylene)

4. CTL Anti-Aggregate™ Medium

5. CTL-Test™ Medium with phenol red

6. CTL Live/Dead™ Cell Counting Dye and disposable hemocytometers

7

8

9

N

Parafilm
70% ethanol
. CTL Live/Dead Cell Counting™ Suite
10. Antigens/peptides of interest
11. CTL-Reagent Tracker (RT)™ 1
12. CTL-Reagent Tracker (RT)™ 2
13. CTL-Reagent Tracker (RT)™ 3
14. CTL-Reagent Tracker (RT)™ 4
15. Uncoated ELISPOT plate, 96 wells (for Reagent Tracker™ software calibration)
16. PBS
17. 0.05% Tween-PBS



18. Distilled water

19. CTL Reagent Tracker™ software, version 1.1.3.1 or higher
20. CTL ImmunoSpot® software

21. CTL ImmunoSpot® analyzer

3. Methods

3.1 Plan experiment and assign Reagent Tracker™ dyes to color-code each assay condition for
verification of pipetting accuracy

O N A WN R

Open the CTL Reagent Tracker™ software.

Select “New Experiment”.

Click on “Add New Plate”.

Enter the plate name.

Select “Undefined Colors” from the Experiment template drop down menu.

Begin by assigning Reagent Tracker™ 1 to the first assay condition (negative control).

The first peptide/antigen stimulation (condition 2) will be prepared with Reagent Tracker™ 2.
The second peptide/antigen stimulation (condition 3) with Reagent Tracker™3, and so forth until
all assay conditions have been assigned a color code. If more than 4 conditions are used, the
fifth condition will be assigned Reagent Tracker™ 1 and the cycle will begin again, until all
conditions and controls have been assigned a Reagent Tracker™ dye. The software will display
the completed plate diagram, which serves as a guide for generation of the calibration plate.

3.2 Preparation of Reagent Tracker™ Calibration Plate for calibration of the software

1.

3.

Following the plate diagram generated by the software, load 100 pL/well of the appropriate
Reagent Tracker™ dye to each well of the calibration plate. For instance, if the negative control
will be plated into wells A1 and A2 of the ELISPOT assay, add 100 uL of Reagent Tracker™ 1 dye
to wells Al and A2 of the calibration plate.

Continue loading the appropriate dyes into the calibration plate, 100 uL/well, until all wells have
been filled.

Place the lid on the plate to preserve sterility during scanning.

3.3 Perform Reagent Tracker™ Calibration Scan to generate reference data

Click the Eject button to eject the stage.

Load the calibration plate onto the stage, and click the Load button to load the plate into the
analyzer.

Click the Scan button to perform a scan of the calibration plate.

Click the options button to the right of the plate name. Select “Update Dye Map”. The software
will now save the reference scan data and will display 96 green wells under the “Pipetting
Result” heading, indicating successful generation of the reference data.

3.4 Thawing of cryopreserved PBMC samples (sterile conditions)

Warm all media to 37°C prior to use.



Perform all steps in a biological safety cabinet observing all applicable safety precautions.

10.
11.

12.

13.

14.
15.
16.
17.

18.

Check the ID of the ePBMC® sample vials and place them into a bead (or water) bath at 37°C
for 8-10 minutes to thaw.

Wipe the cryovials with 70% ethanol and transfer to a rack in the biological safety cabinet.
Invert the vials twice gently to resuspend the cells. Transfer the contents of a single donor’s
sample into a labeled 50 mL conical tube. Up to 5 cryovials from a single donor can be
pooled into one 50 mL conical tube.

Rinse the cryovial with 1 mL pre-warmed Anti-Aggregate™ thawing medium, and transfer
slowly, dropwise into the 50 mL conical tube while gently swirling the tube to ensure
adequate mixing.

Add 2 mL Anti-Aggregate™ thawing medium to the conical tube dropwise while swirling
gently to mix.

Add the remaining 6 mL Anti-Aggregate™ medium to the conical tube to bring the volume
up to 10 mL total (for each cryovial thawed, e.g., if thawing 2 vials per donor, the total
volume should be 2 x 10 mL = 20 mL), cap, and invert gently to resuspend the PBMC.
Repeat steps 3-6 for each donor sample to be tested, until all samples are resuspended in
warm thawing medium.

Centrifuge samples at 300 x g for 10 minutes with max brake.

Decant supernatant and flick the bottom of the tube gently to resuspend the pellet (do not
vortex as this is detrimental to cell health).

Resuspend the pellet in 10 mL Anti-Aggregate™ medium.

Place a 20 pL aliquot of CTL Live/Dead™ dye onto a piece of parafilm for each sample to be
counted.

Remove 20 pL of PBMC suspension and add it to the droplet of CTL Live/Dead™ dye on the
parafilm. Pipet up and down several times to mix.

Transfer 20 uL of the mixture into each chamber of the disposable hemocytometer. Only 10
uL will be drawn into the chamber, and the remainder will pool in the reservoir on the side,
to prevent evaporation during counting.

Load the hemocytometers into the adapter tray, and count the cells using CTL’s Live/Dead
Cell Counting™ Suite.

Centrifuge samples at 300 x g for 10 minutes with max brake.

Decant supernatant and flick the bottom of the tube gently to resuspend the cell pellet.
Resuspend each sample to the desired cell concentration (e.g., 4 x 108 PBMC/mL) in pre-
warmed CTL-Test™ medium containing phenol red.

Place the samples into a 37°C incubator with 5-9% CO, with loosened caps to allow for gas
exchange until ready to plate them into the assay.

3.5 Preparation of antigens and first verification of pipetting accuracy using Reagent Tracker™
dyes and software (sterile conditions)

1. Prepare antigens/peptides at 2x final concentration in Reagent Tracker dye. Utilize
Reagent Tracker dyes such that no two consecutive peptides share the same dye color,
following the plate diagram generated by the software

2. Plate 2x antigen solutions, 100uL/well, into the pre-coated ELISPOT plate (note: after
addition of the cell suspension, the final concentration will become 1x).



3. Place the lid on the plate to preserve sterility, and perform a scan of the pre-coated
ELISPOT plate containing antigen solutions using the Reagent Tracker™ software and
ImmunoSpot® analyzer to confirm correct concentration, volume, and dye color for each
well. If all wells are within acceptable limits, the plate overview will show 96 green wells to
signify accurate pipetting.

4. Once the accuracy of antigen loading has been verified, proceed to addition of PBMC
samples.

3.6 Plating of PBMC into ELISPOT assay and second verification of pipetting accuracy using
ReagentTracker™ dyes and software (sterile conditions)

1. Once the pipetting of the antigens has been confirmed to be correct, plate the cells in
CTL-Test containing phenol red, 100 pL/well. This will cause all Reagent Tracker™ dye
color profiles to shift slightly toward the red end of the spectrum, which can then be
detected by the software.

2. Place the lid on the plate and perform a Reagent Tracker™ scan to determine that the
correct volume of cells has been added to each well. If all concentrations, volumes, and
dye colors are correct, the plate overview will display 96 green wells to signify accurate
pipetting.

3. Tap the plate gently on all sides to ensure even distribution of the cells across the
membrane, and incubate at 37°C with 5-9% CO, for 18-24 hours following the kit
protocol. Do not move plates during the incubation to avoid disruption of spot
formation.

3.7 Development of the ELISPOT assay (non-sterile conditions)

PwnNE
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10.

11.
12.
13.

Prepare Detection Solution according to the kit protocol, 10 mL per plate.

Remove plate(s) from the incubator and decant.

Wash plates 2x with PBS and 2x with 0.05% Tween-PBS, 200 puL per well.

Add Detection Solution, 80 pL/well. Cover and protect from light. Incubate at room temperature
(RT) for 2 hours.

Prepare Tertiary Solution according to the kit protocol, 10 mL per plate.

Decant plates and wash 3x with 0.05% Tween-PBS, 200 uL/well.

Add Tertiary Solution, 80 pL/well. Cover plates and protect from light. Incubate for 30 minutes
at RT.

Prepare Substrate Solution according to the kit protocol, 10 mL per plate.

Decant plates and wash 2x with 0.05% Tween-PBS and 2x with distilled water, 200 pL/well.

Add Substrate Solution, 80 uL/well. Cover plates and protect from light. Incubate for 10-15
minutes at RT.

Decant Substrate Solution and remove underdrain. Rinse plates, front and back, with tap water.
Dry plates completely prior to image acquisition and analysis.

Scan dried plates on an ImmunoSpot® analyzer using appropriate excitation and emission
channels to visualize the assay prior to data analysis.



4. Notes

1. PBMC are always limiting with clinical samples. In the typical 96-well plate format, 100,000 -1
million PBMC are tested per well, assuring a cell density on the membrane that results in a linear
relationship between PBMC numbers plated, and antigen-induced SFUs. In 384-well format, the
numbers of PBMC needed can be reduced to one-third, permitting to test 30 wells with only 1
million PBMC [17] obtainable from 1 mL of blood.

2. The likelihood of human error is even larger when manually pipetting 384-well plates.

3. We have tested the biologic neutrality of Reagent Tracker dyes only in T cell ELISPOT assays so
far, but assume that this approach is also suited for other test systems involving complex
pipetting patterns, which, however, would need to be verified for each additional test system.
Reagent Tracker dyes are auto-fluorescent, however, which interferes with their use in
FluoroSpot assays.

4. Systematic studies, in which 50 -150 uL of color-coded antigen was pipetted per well in 10 pL
increments showed that volume deviations of + 20% can be verified via color intensity analysis.

5. The number of replicates to be selected, as well as the choice of testing in 96- or 384-well plate
format should be guided by the expected frequency of the antigen-specific T cells within the
PBMC. As the ImmunoSpot® assay detects the cytokine footprint of individual antigen-triggered
T cells, the Poisson distribution applies; it permits to select the PBMC numbers to be plated per
well, the number of replicates, and the plate format [15].

6. We recommend color coding with RT Dyes™ when many antigens/peptides are tested on PBMC
from a high number of donors.

7. While for machine reading the selection of colorful plate design can be random as the colors are
clearly discernable in RGB space (see Figure 2), visually discernable, repetitive color patters
provide guidance during the actual plating of the antigens.

8. When a high number of antigens are to be tested, we recommend preparing “antigen master
plates” that follow the antigen layout of the planned test(s), and from which multi-channel
pipettors can transfer the antigens in the pre-defined sets [14].

9. Using back light, the plates can be scanned with the lid on to maintain sterility.

10. The rules for ELISPOT and FluoroSpot analysis of T cell assay results are similar, but the latter
needs to also reliably define co-expression patterns by individual T cells for which simple
overlays of centers of masses do not suffice, but that requires accounting for Stokes shifts and
movement of the cells [18] in particular when the production of the analytes is asynchronous,
being the case for most cytokines produced by T cells [19].
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Figure 1. Color-code verification of pipetting accuracy. A. Standard 96-well T cell InmunoSpot® plate is
shown, without Reagent Tracker™ dyes, after plating 100 pL of antigen and the PBMC in 100 uL per well,
both in medium containing Phenol Red. As all wells look alike, it is not possible to verify the accuracy of
plating. B. ImmunoSpot® plate after plating color-coded antigens using medium that has not been
supplemented with Phenol Red, in 100 uL. In the example shown, eight Reagent Tracker™ dyes were
used to color-code the antigens; each antigen was plated in duplicate wells underneath each other. C.
The plate shown in B after addition of the PBMC in 100 puL medium containing Phenol Red.
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Figure 2. Definition of Reagent Tracker™ dyes in RGB space. (A) The plate shown in Fig. 1B was scanned
on an ImmunoSpot® Reader, and the wells containing the eight RT Dyes were each defined in the Red-
Green-Blue color space. The axes are shown in the respective colors. (B) The plate shown in Fig. 1C was
scanned and the color space was defined as above. Note the marked shift of the RGB coordinates for
each color after adding the cells in Phenol Red-containing medium.



