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Preface

Enzyme-linked immunospot (ELISPOT) assay is a molecular tool for accu-
rate quantification of cytokine-secreting immune system cells that is widely
used in many fields of biomedical research including vaccine development,
transplantation studies, and HIV, cancer, and allergy research. Although
ELISPOT has been known to researchers for more than two decades, it still
remains a state-of-the-art technique requiring solid knowledge and skills to run
the assay. Being a combination of both bioassay and immunoassay techniques,
ELISPOT consists of a set of multiple sequential procedures, each playing an
important role in the outcome of the assay. It is well known that setting up an
ELISPOT assay that produces recognizable and quantifiable spots may be very
difficult not only for beginners, but also for experienced researchers. The Handbook
of ELISPOT: Methods and Protocols is the first book dedicated entirely to the
ELISPOT technique and is written for researchers who wish to learn about this
assay and excel in performing it.

Handbook of ELISPOT: Methods and Protocols provides a comprehensive
collection of ELISPOT protocols covering topics from vaccine development,
tuberculosis research on animal models (mice, rat, and monkey), and for
human studies. The book begins with a chapter on the history of ELISPOT
technique written by one of the inventors of the ELISPOT assay (Chapter 1)
and is followed by chapters on chemical and biological aspects of ELISPOT
assays (Chapter 2), use of membrane-backed plates (Chapter 3), standardiza-
tion and validation procedures (Chapter 4), removal of cells from ELISPOT
plates (Chapter 5), cell separation techniques (Chapter 6), and quantification
of ELISPOT data (Chapters 7 and 8). Chapters 9-12 cover the application of
ELISPOT assays on animal models including rhesus macaque (Chapter 9),
feline (Chapter 10), and mouse (Chapters 11 and 12) animal models. Applica-
tion of the ELISPOT assay to human cells is covered in Chapters 13—16, which
focus on using this assay to study measles (Chapter 13), multiple sclerosis
(Chapter 14), monitoring immune responses (Chapter 15), and studying
autoimmune sensorineural hearing loss (Chapter 16). Chapters 17-20 describe
modifications of the ELISPOT assay, including development of multicytokine
detection systems (Chapters 17—19) and combination of ELISPOT assay with
immunocytochemistry (Chapter 20).

This book will serve both as a convenient reference manual for beginners
and as a troubleshooting guide for experienced ELISPOT users. Methods and

1%



vi Preface

protocols are written by the leading researchers in their fields and presented in
such a way that they can be easily adapted and modified for different research
projects. The Handbook of ELISPOT: Methods and Protocols contains detailed
technical reviews on many different aspects of ELISPOT assays with emphasis
on their merits and shortcomings.

I would like to thank all of the authors who dedicated a significant amount
of their time to prepare high quality manuscripts. Their efforts will contribute
to understanding the principles of ELISPOT assays and allow the use of this
technique in many diverse fields of biomedical science. I thank Sarah Palzer
for her editorial assistance, and I am particularly thankful to Dr. Monica Tsang
for her advice and support with editing this book. I also wish to thank R&D
Systems Inc. for supporting ELISPOT projects and inspiring my editorial work.

Alexander E. Kalyuzhny
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Color Plates

Color Plates 1-11 appear as an insert following p. 50.

Color Plate 1:

Chapter 2, Figure 3. Two-cytokine ELISPOT assay (custom-made kit; R&D
Systems). IL-2 release from human peripheral blood lymphocytes is detected using
Alkaline phosphatase-BCIP/NBT reagents, whereas IFN-vis detected using HRP-
AEC detection system. See discussion on p. 19.

Color Plate 2:

Chapter 2, Figure 7. High degree of programmed cell death (apoptosis) in cells
plated into the ELISPOT plate may result in lack of spots. Cells attached to mem-
branes (green fluorescence) were labeled immunocytochemically for an
apoptosis marker active Caspase-3 using R&D Systems anticaspase-3 antibodies
(red color). Note the high number of apoptotic cells. See discussion on pp. 25-26.

Color Plate 3:

Chapter 8, Figure 10. ELISPOT specimen with similar number of spots per well.
Some wells are labeled with a red marker (left), others with a blue marker (middle),
and some with both markers resulting in violet spots (right). Result of counts per
well with teaching on each color and cross check: Setting 1: color 88-97 (red),
setting 2: color 57-62 (blue), setting 3: color 82-95 (violet). See discussion on p. 148.

Color Plate 4:

Chapter 8, Figure 11. ELISPOT specimen labeled with fluorescence markers for
IFN-vy (fluorescein isothiocyanate, green spots) and IL-5 (rhodamine, red spots).
Spots from cells expressing both cytokines appear yellow. Count results: red spots,
229; green spots, 291; yellow spots, 64. See discussion on p. 149.

Color Plate 5:

Chapter 19, Figure 1. Dual-color immunoenzymatic ELISPOT for the detection
of IFN-y and IL-4 producing cells. Left: B.EBV cells and a TH2 T-cell clone were
mixed and activated with PMA—ionomycin. [IFN-yand IL-4 derived from secreting
cells were detected using substrates specific for horseradish peroxidase (3-amino-
9-ethylcarbazole, C ,H, \N,) or alkaline phosphatase (5-bromo-4-chloro-3-
indolylphosphate/Nitroblue tetrazolium chloride), respectively. Enzymes were
linked to detection antibodies for IFN-y and IL-4. Red spots corresponded to IFN-
v secreting cells, whereas blue spots belong to IL-4 producing cells. Right: Greater
enlargement of a quadrant from the left. The arrows showed the difficulties in the
interpretation of mixed color spots. See discussion on p. 290.
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Xiv Color Plate

Color Plate 6:

Chapter 19, Figure 2. Dual-color fluorospot for the detection of IL-2 and/or IFN-
v-producing cells. Peripheral blood mononuclear cells were stimulated with PMA
and ionomycin in PVDF plates. IFN-y- and/or IL-2-producing cells were
characterized by a dual-color fluorospot assay. Green spots corresponded to IFN-y
secreting cells, whereas red spots belong to IL-2-producing cells. Yellow spots
corresponded to cells coexpressing IFN-y and IL-2. No spots were observed when
non-stimulating cells were used for the dualcolor fluorospot. See discussion on
pp. 292-293.

Color Plate 7:

Chapter 20, Figure 3. Positive staining results using EliCell system. Detection of
cytokine release fromeosinophils stimulated with physiologic (A) or nonphysiologic
(B) stimuli. In (B), eosinophils were stimulated with 0.5 pM A23187. Panel 2
illustrates simultaneous detection of 2 cytokines labeled with Alexa 488 or Alexa
546. Digital pictures were taken using 100X magnification objective. See discussion
on pp. 306-307,309.

Color Plate 8:

Chapter 20, Figure 4. Staining artifacts using EliCell system. Phase-contrast and
fluorescence microscopy of identical fields of eosinophils incubated in EliCell
preparations. Damaged (A, B, and C) or permeabilized (D) cells show nonspecific
staining. In D, the image was overlaid. Digital pictures were taken using 100X
magnification objective. See discussion on pp. 307-309.

Color Plate 9:

Chapter 20, Figure 5. Viability of cells after EliCell assay. EliCell preparation of
eosinophils stained with acridine orange/ethidium bromide mixture after fixation.
Most cells show green fluorescent nucleus indicative of cell viability. Digital
pictures were taken using 100X magnification objective. See discussion on p. 309.

Color Plate 10:

Chapter 20, Figure 6. Morphology of eosinophils during EliCell assay. Light
micrographs of eosinophils observed in the EliCell system before (A) and after
stimulation with eotaxin (B—D). Morphological changes characterized by cell
elongation are clearly seen in stimulated cells. Cells were stained with Hema 3
(A-C) or fast green/hematoxylin (D). n, nucleus. Digital pictures were taken using
100X magnification objective. See discussion on p. 310.

Color Plate 11:

Chapter 20, Figure 7. Intracellular lipid body staining of eosinophils using EliCell
system. Phasecontrast and fluorescence microscopy of identical field of chemokine-
stimulated eosinophil in an EliCell preparation. Cytoplasmic lipid bodies are
indicated (arrows). Cells were stained with BODIPY. Digital pictures were taken
using 100X magnification. See discussion on p. 312.
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ELISPOT Assay

A Personal Retrospective

Jonathon D. Sedgwick

“And yet the true creator is Necessity, who is the Mother of our Invention.”
—Plato, The Republic

Summary

In 1983, papers describing the enzyme-linked immunospot (ELISPOT) technique were pub-
lished by two groups, the first description from ateam in Perth, Western Australia, and the sec-
ond, soon thereafter, from a group in Gothenburg, Sweden. Described here is my recollection of
the background and circumstances that lead to the assay’s development within the Perth group.
Included are the early studies in 1981 through early 1982 that were conducted to bring the assay
to fruition—both setbacks and solutions, and finally some generally unknown but amusing
insights into the naming of the ELISPOT assay by the Gothenburg group.

Key Words: Historical; retrospective; discovery; invention; inhalation tolerance; hemaggl uti-

nation assay; hemolytic plaque assay; ELISA; ELISA-plaque; Spot-ELISA; ELISPOT; antibody-
secreting cell; 1gE-secreting cell; cytokine-secreting cell.

1. Introduction

I had spent 1980 as a Bachelor of Science Honors student in the laboratories
of the then Clinical Immunology Research Unit of the Princess Margaret
(Hospital) Children’s Medical Research Foundation in my hometown of Perth,
Western Australia, pursuing a very challenging project on a new histamine-
releasing activity (1). While enthusiastically supervised by Kevin Turner, the
Director of the Unit, and Patrick Holt, a Senior Research Fellow, it became
clear as the work progressed that there was little core expertise in the Unit to
push this areafurther, to remain competitive, and provide the breadth to support
me through a PhD program. Fortunately, other work ongoing in both Kevin's
and Patrick’s laboratories was much more appropriate and interesting.

From: Methods in Molecular Biology, vol. 302: Handbook of ELISPOT: Methods and Protocols
Edited by: A. E. Kalyuzhny © Humana Press Inc., Totowa, NJ
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4 Sedgwick

Their studies had shown that mice exposed weekly to aerosolized antigen
during a 6- to 7-week time frame exhibited only a transient and self-limiting
serum immunoglobin E (IgE) response after 34 weeks of exposure but a sus-
tained and increasing serum 1gG response. However, after completion of the
respiratory antigen exposure regimen and parenteral antigen/adjuvant chal-
lenge, mice showed antigen-specific resistance to the induction of an IgE
response. This was an unexpected outcome, the aerosol model having been
established in an attempt to sensitize the animals and create a model of atopy
or asthma. In any event, the concept of “inhalation tolerance” had been born.
These findings were eventually published in March 1981 (2). Another group
working in the United States also had made this observation and published their
findings in June 1981 (3).

Based on my now-proven ability to work 24/7 and survive through an impos-
sible project, Patrick asked me to join his group to pursue my PhD, beginning
in early 1981, the project being to understand the cellular mechanisms of this
new type of immunological tolerance. This line of research was successful and
productive (4, reviewed inref. 5) and contributed to the formulation of Patrick’s
now widely -accepted hypotheses concerning the role of neonatal antigen expo-
sure in modulating development of atopy and asthma in children (6,7). The
enzyme-linked immunospot (ELISPOT) assay was developed essentidly as a
side-line project to the core inhalation program. As is aways the case with
invention, the ELISPOT assay was conceived out of need.

2. A Need Arises—in the Right Place, at the Right Time,
and With the Right People

One of the problems we needed to resolve early in the program was the lack
of high-throughput, sensitive, and specific assays for antigen-specific aswell as
total immunoglobulins, particularly for the IgE isotype. We now take the avail-
ability of such assays for granted, but 20 years ago, monoclonal antibodies
(mAbs) were rare, the enzyme-linked immunosorbent assay (ELISA) was still
a very new technique, and the specificity of most polyclonal antibodies was
highly questionable. This was a major problem for very low concentration iso-
types such as IgE and IgA, where even minor crossreactivity to 1gG or shared
light-chain reactivity invalidated the assays. Based on my notebook from this
era, | started working on the inhalation program on February 19, 1981, and did
almost nothing else for the next 5 months then try to develop specific ELISAs
for IgE and 1gG and compare these to the standard assays of the time—the [125-
based radioabsorbent test and in vivo passive cutaneous anaphylaxis for IgE,
and the sheep erythrocyte-based hemagglutination (HA) assay for IgG and IgM.
Where | was physically located to do this work was, asit turned out, fortuitous
for these studies as well as developing the ELISPOT assay.
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For my Honors year | was placed in one of the larger |aboratories that was
run by Kevin Turner and Geoff Stewart, another Research Fellow in the Unit
and, because Patrick’s laboratory was small and crowded, | did not move to his
areafor at least one year after beginning my PhD, rather remaining in Kevin's
and Geoff’s laboratory. Sitting opposite me was Patricia Price, a PhD student
with Kevin Turner who taught me much about HA assays. She and |, with total
disregard for our colleagues, polluted the environment with B-mercaptoethanol,
used to differentiate between 1gG and IgM in the HA assay. Geoff and a PhD
student, Andrew McWilliams, in this laboratory were skilled protein chemists
and familiar with the techniques for antibody characterization and purification.
Of particular note was their expertise with immunodiffusion in-gel assays that
| used to characterize antibody specificities. The classic “Ouchterlony” double
immunodiffusion test was the technique most widely used. Dr. Ouchterlony
also played a part in the ELISPOT story—more of that later.

Reasonabl e progress was made in the development of assays for the detec-
tion of immunoglobulins secreted into serum and other fluids through a com-
bination of many techniques, but especially the ELISA, which | had by this
time explored carefully and modified to my needs. The holy grail, however,
was to define where antibody was being made during respiratory exposure,
especialy the transient IgE response. | recall Patrick and | discussing this
issue at length and the difficulties surrounding the detection of very small
numbers of IgE antibody-secreting cells (ASCs). The Jerne hemolytic plague
assay (8) was the most widely used assay at that time for the detection of ASC
and especially the Cunningham modification (9), where two glass slides are
joined with double-sided tape to create a thin chamber into which the mixture
of ASCs and erythrocytes are placed. This assay was suitable for the 1gG iso-
type, for which the number of ASCs was high and thus the development of
“direct” (or IgM-secreting cell plaques) could be allowed for. We also were
aware that Rector and colleagues (10) had used this approach for the detec-
tion of IgE-secreting cells in a mouse system. Nevertheless, my records show
that | did not make any attempts to develop hemolytic plaque assays until
after the ELISPOT was conceived.

With my by now substantial familiarity with the standard ELISA and back-
ground discussions regarding our need to detect ASCs, it was perhaps a small
intellectual leap to pose the question whether it would be possible to use an
ELISA approach to detect antibody secreted from cells directly rather than for
the measurement of antibody in solution. | recall having the idea and immedi-
ately initiating discussions with Patrick, Geoff, Patricia, Kevin, and probably
many others. That the assay ever came to fruition is entirely the result of the
input from these colleagues and especialy Patrick. First, Patrick immediately
advised me that the concept of solid-phase “capture” of secreted antibody was
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not new and pointed me to published studiesto help me devel op the concept. The
most relevant was from Don Mason (who | later joined for my postdoctoral
Fellowship in 1985) in the then Medical Research Council Cellular Immunology
Unit in Oxford. Don had coated one glass dide with antigen, placed another on
top, maintaining separation of the two dlides using thin coverdlips to create the
cell incubation chamber, introduced ASCs into the narrow chamber and then,
after incubation, the slides were separated, iodinated secondary antibody added,
and spots of secreted antigen-specific antibody detected using autoradiography
(11). Distinct to this approach, the ELISA-based technique would be dependent
upon localization of a colored substrate, so the likely need to devel op spotswith-
in agel matrix to “trap and localize” the color was discussed as was the use of
low-melting temperature gels given that the assay would be performed in plastic
wells. My only experience with ELISA was with soluble substrates, especially
the yellow akaline phosphatase (AP) substrate, p-nitrophenylphosphate, and |
recall discussing with both Patrick and Geoff whether the gel would hold thisin
place. No one knew, but we decided to try it anyway.

The breakthrough in terms of substrate to detect spots of antibody came from
paralel discussions with Geoff Stewart. | recall this very clearly. Geoff had been
experimenting with separation of some house-dust mite alergens using in-gel
techniques and needed a method to detect the allergens with AP-labeled antibod-
ies. He had obtained a Sigma Aldrich kit that was designed to separate akaline
phosphatase isoformsin-gel using electrophoresisfollowed by addition of adirect
AP substrate that turned blue upon AP enzymatic cleavage. The substrate used in
the kit was 5-bromo-4-chloro-3-indolylphosphate (BCIP). The beauty of BCIP
was its intense color, insolubility, and stahility. Unlike many substrates, especial-
ly horseradish peroxidase substrates, it was not light sensitive and did not fade.

The first test of the concept was performed on August 31, 1981 (Fig. 1). It
was not done with cells, but rather by adding small (1 puL) volumes of rat 1gG
to plastic wells, followed by incubation to adsorb the antibody to the plastic to
create a“spot” of antibody. Thiswas followed by an anti-rat 1gG, a second AP-
conjugated detecting antibody, and then the addition of BCIP or p-nitro-
phenylphosphate in agarose. The concept worked in this first trial. | noted the
following (see Fig. 1, at the bottom).

“Results: It worked: Yellow dots spread rapidly, however, so thisis not very
suitable. The BCIP substrate, however, gave clear, blue dots & did not spread.”

During the next 3 weeks | used this same artificial spot system to optimize
the system, especially the concentration of agarose to use, BCIP substrate
buffers, best plastics to use for coating, and concentrations of coating antigen.
We discovered early on that the ELISPOT required a much higher coating anti-
gen concentration than standard ELISA, probably because of a need to have
high localized density of substrate to observe individual spots by eye. It was not
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Fig. 1. Page from notebook dated August 31, 1981, describing the first test to assess
the feasibility of detecting small spots of immunoglobulin in an ELISA format. It was
described as an ‘Ab-forming cell “ELISA” assay.” The BCIP substrate was also tested
for the first time here.
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until September 18, 1981, that | tried actual cellsin the assay (splenocytes from
ovalbumin-immunized mice), and antigen-specific 1gG secreting cells were
detected in thisfirst study. The quality, however, was poor, and a problem arose
that sidetracked us for at least three months.

| was using a range of plastic dishes for the assay, all of them round wells,
including small bacterial agar dishes and 24-well tissue-culture dishes. In every
case, cells redistributed to the edge of the wells during incubation, probably
because of natural swirling actions as the media warmed during incubation. For
reasons that are not entirely obvious to me now, we never tried smaller wells
(96-well format) in any systematic way. We now know that the problem is less
in smaller wells, especialy if volumes are kept low (<50 pL). The problem was
such that | discarded the use of plastic wells entirely and turned to a combina-
tion of the “Cunningham” chamber technique, coupled with the “Don Mason”
variation using coated slides but using plastic dides rather than glass that would
better adsorb coated antigen. After cell incubation in the chamber, the dides
were broken apart and spots devel oped by addition of antibodies and substrates
as in the ELISA. This worked quite well, including for the detection of IgE-
secreting cells, but was very tedious. In parallel, to prove that the ELI SPOT was
guantitative, it was now necessary to compare it directly to the gold standard of
the time, namely the hemolytic plaque assay. This technique too did not come
easily to me, especialy in terms of the modifications needed to enable the
detection of protein antigen-specific ASCs. The techniques for coating of ery-
throcytes with antigen such as ovalbumin were not consistent from one study to
the next and, more often than not, unsuccessful even for 1gG and IgM-ASC. |
never achieved satisfactory detection of IgE-secreting cells using the hemolyt-
ic plague assay but rather compared the IgE ELISPOT to a method known as
heterologous adaptive cutaneous anaphylaxis, in which cells containing the
IgE-ASC are injected id into rat skin, the cells secrete IgE locally, and thisis
detected by the measurement of local mast cell degranulation as in the passive
cutaneous anaphylaxis. We quickly determined that the ELISPOT was quanti-
tative and almost always much more sensitive than existing in vitro or in vivo
techniques. Even if only rare ASCs were present in a cell suspension, the
ELISPOT would detect them.

The next breakthrough came early in 1982 through discussions with Patrick
about the continuing problem of movement of cells to the periphery of round
wells and the tedious nature of the slide-chamber approach. Patrick suggested (I
don’'t know why exactly but it was very insightful) to try square wells instead of
round ones. Some old 25-well virology repli dishes from Dyos Corp., UK were
located, and | tried the assay in those. It worked immediately. Cells were dis-
tributed evenly across the wells, and the sensitivity was excellent. Presumably,
the square well configuration discouraged the swirling effects that occurred in



Invention of the ELISPOT Assay 9

round wells. Results were gather rapidly after that, and a paper describing the
assay was submitted to the Journal of Immunological Methods in the first week
of April 1982. At the time, we did not have a catchy name for the technique and
s0 it was referred to only as a “ solid-phase immunoenzymatic technique.” the
cartoon from this manuscript outlining the concept (see Fig. 2) is still relevant
today, the only notable difference from most diagrams one sees of this technique
today isthat it shows square wellsin step 6!

The manuscript, although received mid-April, was not reviewed in a timely
way. | recall Patrick contacting the Editors repeatedly but with little success.
Finally, we were advised in August 1982 that the paper was accepted—without
change! ? It was published 10 months after submission, in February 1983 (12).
We followed this up rapidly with a Brief Report in the Journal of Experimental
Medicine (13) using the ELISPOT assay to detect, for the first time, the site of
production of IgE-secreting cells in a primary immune response, insights that
would have been difficult to derive using previously available technologies. In
that study we also used an anti-1gE antibody as coating protein rather than anti-
gen to enable capture of al IgE and thus, detection of total 1gE-secreting cells.
This“reverse” technology enabled, in principle, the detection of secreted prod-
ucts of virtually any type so long as an antibody could be generated against that
product, and this ideas was discussed for detection of T-cell products (14),
although we never developed that concept further ourselves. This “reverse”
approach has in fact become the most common mode of use for the ELISPOT
assay, especialy for the detection of cytokine-secreting cells.

3. Concurrent Developments in Sweden

That new ideas and technologies are often developed simultaneously by a
number of laboratories unaware that there are similar activities ongoing else-
whereis, perhaps surprisingly, not unusual (cf., inhalation tolerance, refs. 2 and
3) and praobably reflects a global convergence of ideas and development of
enabling technologies. The development of the ELISPOT is a classic case. In
December 1983 Cecil Czerkinsky and colleagues based in Gothenburg,
Sweden, described in the Journal of Immunological Methods, an identical tech-
nigque to the one we described. “ELISPOT” was used in thetitle (15), but thisis
not the first use of this name. Having now become very firm friends and coau-
thored a number of reviews on the ELISPOT technique, Cecil and | have dis-
cussed the paths that lead to the development of this assay in two laboratories
on opposite sides of the world almost simultaneously. It transpired that Cecil’s
ELISPOT paper for the detection of ASC (15) was actually preceded by a paper
published in June of 1983 in the Journal of Clinical Microbiology in which he
described an “enzyme-linked immunospot” assay for the detection of bacteria
secreting enterotoxin. The term ELISPOT is first used in this publication (16).
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He had been working on the concept directed to bacterial secreted products for
many months prior. The application of this technology to the detection of ASCs
was an obvious next step. Cecil and his colleagues have been a major force in
the development of novel ELISPOT technologies, especially in their early
descriptions of the use of ELISPOT for the detection and enumeration of
cytokine-secreting lymphocytes (17).

4. The Legacy

Now, just more than 20 years after the first description of the technique, we see
here a book devoted completely to ELISPOT. It is very gratifying for me to see
how the technique has matured and developed in directions that were unimagin-
able at the time Patrick and | described it in the early 1980s. Since our first
description, key advances have included: the first use by Moller and Borrebaeck
of nonplastic (originally nitrocellulose)-based wells that enabled increased sensi-
tivity and without the requirement for in-gel substrates (18), improvements in
substrates and use of multicolored detection systems (19,20), and application of
computer-assisted spot-counting technologies (21) and the commercialization of
these technologies by numerous instrumentation companies (22). Probably most
fulfilling is the fact that the ELISPOT assay is now the method of choice, includ-
ing in an increasing number of clinical immunology, clinical virology, and clini-
cal pathology laboratories, for the monitoring of cytotoxic responses (through
measurement of interferon-y-secreting s) in cancer immunotherapy (23) and viral-
vaccine trials, including in most HIV vaccine trias (24).

5. “What’s in a Name”?

As noted above, the Perth team did not coin the term ELISPOT. In January
1984 Patrick, Kevin, other colleagues, and | published a study (25) in which the
term “ELISA-plaque” was first used to describe the technique, based on the fact
that this was ELISA-based and was a technique to replace the hemolytic plaque
assay for the detection of ASCs. Almaost no one outside the Perth group used this
name, but that team and | (after leaving for Oxford in 1985) continued to call the
assay ELISA-plague until the early 1990s. Through this period, the assay was
called by a range of names by different investigators, including spot-ELISA,
ELISA-spot, ELISA immunospot and, of course, ELISPOT. Ultimately,

A

Fig. 2. Figure 1 from the original publication. Note in part 6 the depiction of square
wells that were used in the early ELISPOT studies. Reproduced from ref. 12 with per-
mission from J. D. Sedgwick, P. G. Holt, and Elsevier. A solid-phase immunoenzymat-
ic technique for the enumeration of specific antibody-secreting cells.
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ELISPOT has been chosen by the scientific community and so it should—it is
by far the best and most descriptive.

I will close with an amusing story that relates to the devel opment of the name
ELISPOT. In around 1986 | was invited by Cecil Czerkinsky to visit
Gothenburg and present a seminar. On touring Cecil’s laboratory, | was intro-
duced to an older man who turned out to be the famous Dr. O. Ouchterlony
responsible for the development of the double immunodiffusion assay that
bares his name (26,27). Dr. Ouchterlony did not know | had anything to do with
the development of the ELISPOT assay. Rather, he had heard that | was an
Australian and wanted to relate to me his experiences as an expert witness for
the defense in the trial of Lindy Chamberlain accused of killing her infant
daughter, Azaria, in a camp-ground in central Australiain the vicinity of Ayers
Rock, or Uluru. Chamberlain had maintained her innocence, claiming that her
daughter was taken by a dingo, a wild Australian dog. The story and the even-
tual trial was sensationalized, was covered internationally, and eventually was
made into a film (A Cry in the Dark starring Meryl Streep and Sam Neill.) In
any event, a key piece of data used by Chamberlain’s accusers was that they
claimed identification of fetal blood in the Chamberlain’s car, based on the use
of antibodies supposedly specific for fetal hemoglobin and tested using the
Ouchterlony technique. The quality control was poor, the antibodies were non-
specific, the original gels had not been saved, and Dr. Ouchterlony tetified that
the data was uninterpretable. Chamberlain was convicted nevertheless and jailed
for life with hard labor (although she was released and exonerated some years
later). Dr. Ouchterlony presented me with a signed copy of a manuscript he had
written and published in which he detailed all the issues surrounding thetrial and
especialy those pertaining to the evidence of fetal hemoglobin (28). He was
about to leave when Cecil told him about my role in the development of the
ELISPOT assay. Dr. Ouchterlony was a co-author on Cecil’s ELISPOT paper
and turned out to be a close friend and mentor to Cecil. Dr. Ouchterlony turned
to me and said something to the effect that he had advised Cecil that almost more
important than the value of the technique was to ensure that it had a good name!
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Chemistry and Biology of the ELISPOT Assay

Alexander E. Kalyuzhny

Summary

Enzyme-linked immunospot, or ELISPOT, assay allows the detection of low frequencies of
cells secreting various molecules. ELISPOT can be used in many areas of research and, because
of its high sensitivity, has the potential to become a valuable diagnostic tool. Based on the same
“sandwich” immunochemical principles as enzyme-linked immunosorbent assay, ELISPOT is
easy to perform and quantify the results. At the same time ELISPOT remains a state-of-the-art
technique that requires accuracy, thorough selection of antibodies and detection reagents, and an
understanding of the principles of data analysis. This review covers various technical aspects of
the ELISPQOT assay, including immunochemical principles of the assay, selection of reagents and
plates, and troubleshooting recommendations.

Key Words: ELISPQOT; detection antibodies; capture antibodies; spot-forming cells; quantifi-
cation of spots; spot artifacts.

1. Historic Overview

In 1983, Sedgewick and Holt (1) published a paper in the Journal of
Immunological Methods describing a novel technique for the enumeration of
antibody-secreting cells. The new technique was built on the same solid-phase
immunoenzymatic principles as the enzyme-linked immunosorbent assay
(ELISA): antigen wasimmobilized to asolid support (plastic dish) to bind anti-
bodies released by cultured splenocytes. Later, in 1983, another article describ-
ing asimilar antibody detection technique was published in the same journal by
Czerkinsky and colleagues (2), who coined the name for this assay “enzyme-
linked immunospot,” or ELISPOT. Later, the original ELISPOT technique was
modified in that the solid phase was coated with antibodies (rather than the anti-
gen) to capture antigens (for example, cytokines) released by cultured cells (3).
As modified, reversed ELISPOT has become very popular and appears to be
used more frequently than its predecessor. Some researchers call it “reversed

From: Methods in Molecular Biology, vol. 302: Handbook of ELISPOT: Methods and Protocols
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ELISPOT,” whereas most truncated this name to just “ELISPOT,” In this chap-
ter, | will cover various technical aspects of the reversed ELISPOT assay and,
like most researchers, also will call it ssimply ELISPOT.

2. Fields of Application of ELISPOT Assay

Asit has been reported by Tanguay and Killion, ELISPOT appears to be 200
times more sensitive than ELISA in detecting secreted cytokines (4). These
authors have shown that it was below delectability level of ELISA to detect
cytokines released by less than 104 cells, whereas as many as 10-100 cells per
well was sufficient for the detection of cytokine-releasing cells. Such a high
sensitivity makes ELISPOT atechnique of choice for the detection of sponta-
neous and antigen-induced secretion of cytokines (e.g., interferon [IFN]-y,
tumor necrosis factor [TNF]-a,, interleukin [IL]-2, IL-4) from peripheral blood
lymphocytes (5,6). ELSIPOT is widely used for vaccine development (7-9),
AlIDS research (10,11), cancer research (for review. seeref. 12), infectious dis-
eases monitoring (13), autoimmune disease studies (14), and allergy and trans-
plantation research (15,16).

3. Immunochemical Principles of ELISPOT Assay

Even though ELISPOT uses the same immunochemical “sandwich” princi-
ples as ELISA (Fig. 1) there are two main differences between these two
assays. First, ELISA measures the real concentration of the cytokine (17) and
thus answers the question “how much is secreted?’, whereas ELISPOT enu-
merates secreting cells answering the question “what is the frequency of
secreting cells?’ (1,2). Therefore, one assay should be used not “instead of,”
but rather “in addition to” the other. Second, ELISA is an immunoassay
designed to analyze mostly cell-free media (17), whereas ELISPOT is a com-
bination of both immunoassay and bioassay because live cells are cultured
directly in ELISPOT plates. It appearsthat the quality of spots depends on both
immunoassay and bioassay components (see examples in troubleshooting in
Subheading 7.1.).

4. Nuts and Bolts of ELISPOT Assay

The performance of ELISPOT assay depends on the quality of four major
components: (1) antibodies (both capture and detection), (2) enzyme conju-
gates, (3) chromogenic substrates, and (4) membrane-backed plates. Because
the secretion activity of cells in ELSIPOT is determined by the number of
spots on the bottom of the plate (1,2), it appears that all four components
should be optimized to facilitate the formation of detectable spots. Spots
should have strong staining intensity (high signal-to-noise ratio) and have
well-defined edges. It also is desirable that spots have a small diameter to
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Fig. 1. Typical ELISPOT assay procedure.
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Capture Antibodies Concentration Increase

Fig. 2. Effect of capture antibodies' concentration on the size of spots and back-
ground staining (human IL-8 ELISPOT kit; R&D Systems).

avoid their merging with each other: a few merged spots may be erroneously
counted as a single spot.

4.1. Antibodies

Both monoclonal and polyclonal antibodies can be used in ELISPOT assays
for either antigen capture or antigen detection. ELISPOT can use capture and
detection antibodies that were raised either against the entire antigen molecule
(e.g., antirecombinant protein antibodies) or against a portion of the antigen
(e.g., antipeptide antibodies). The critical factor in choosing capture and detec-
tion antibodies is their ability to recognize nonoverlapping epitopes of the tar-
get antigen (17). For these reasonsiit is not recommended to use the same mon-
oclonal antibody for both capture and detection in the same ELISPOT assay.
Suitability of antibodies for such applications as immunohistochemistry and
western blotting and even ELISA does not necessarily guarantee that these anti-
bodies will aso work in ELISPOT (A. Kalyuzhny, personal observations). The
only reliable method to identify the best capture and detection antibody combi-
nations isto test antibodies directly in an ELISPOT assay. The concentration of
capture antibodies has to be optimized to obtain intensely stained spots with
well-defined edges: Fig. 2 illustrates the effect of coating antibody concentra-
tion on the size of spots, intensity of their staining, and the background.
Detection antibodies used in ELISPOT need to be conjugated to biotin to make
possible their reaction with streptavidin-enzyme conjugates (18). The reason
detection antibodies need to be biotinylated is to avoid crossreactivity: if both
capture and detection antibodies are raised in the same species (e.g., mouse),
antibodies (e.g., anti-mouse) conjugated to enzyme will bind to both capture
and detection antibodies rather binding to detection antibodies only.
Alternatively, detection system may use detection antibodies directly conjugat-
ed to enzyme (so-called direct conjugate). Unfortunately the sensitivity of
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Fig. 3. Two-cytokine ELISPOT assay (custom-made kit; R&D Systems). IL-2
release from human peripheral blood lymphocytes is detected using Alkaline phos-
phatase-BCIP/NBT reagents, whereas |FN-y is detected using HRP-AEC detection sys-
tem. See Color Plate 1 following page 50.

ELISPOT assays that use direct conjugates may be lower than that of avidin-
biotin ones.

4.2. Enzyme Conjugates

Horseradish peroxidase (HRP) or akaline phosphatase (AP) can be used as
streptavidin conjugates (18). HRP (optimum pH 7.6) in the presence of hydro-
gen peroxide (H,0,) catalyzes the oxidation of substrates, which change color
with the loss of electrons. The advantage of using HRP isits high turnover rate
(spots develop faster), whereas the drawback is increased background. Unlike
HRP, AP (optimum pH 9.0-9.6) has alinear reaction rate (spots develop slow-
er), allowing for longer incubations with chromogenic substrates (18) without
arisk of developing background staining. Longer incubation may be performed
if it is necessary to increase the sensitivity of AP-based assay. By combining
HRP and AP, it is possible to develop an ELISPOT assay for simultaneous
detection of two different cell-secreted molecules (Fig. 3; refs. 19 and 20). The
major drawback of mulianalyte systemsis the loss of sensitivity for each of the
antigens. | have observed that a number of spots formed by IL-2 and IFN-y
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secreted form peripheral blood mononuclear cellsin the plate coated with anti-
IL-2 and anti-1FN-y antibodies was noticeably lower in comparison with corre-
sponding single-cytokine assays (A. Kayuzhny, personal observation). | have
found that the drop in sensitivity becomes even more profound if ELISPOT
plate is coated with more than two capture antibodies (see Chapter 18). The
mechanism underlying this phenomenon is not known, and additional research
is needed to find the ways of building high-sensitivity multianalyte ELISPOT

assays.
4.3. Enzyme Substrates

Regardless of which enzyme conjugate is used, their corresponding sub-
strates should produce intense and stable colors. HRP substrate such asAEC (3-
amino-9-ethylcarbazole, C14H14N5) forms intense red color spots (18).
However, AEC is unstable (18), and spots will bleach in a short period of time.
This, in turn, will result in irrecoverable loss of primary data. Another HRP
substrate, DAB (3,3’-diaminobenzidine, Ci,H14N4), produces brown color
spots that are less intense than their AEC counterparts (18) and, although
stable, DAB is poisonous and potentially carcinogenic. One of the most fre-
quently used substrates for AP is a mixture of BCIP (5-bromo-4-chloro-3-
indolylphosphate p-toluidine salt) and NBT (Nitroblue tetrazolium chloride)
which forms intense black—blue spots (18). Because of the high stability of
BCIP/NBT, spots do not fade, and ELISPOT plates can be re-analyzed after
being stored for several years.

4.4. Assay-Developing Procedures

The secretion capacity of cells may be tested in two ways: (1) cells are cul-
tured in a designated plate and then transferred into ELISPOT plates (21-23),
or (2) cells are stimulated and cultured directly in ELISPOT plates (24).
Depending on the research project, cells may be stimulated one way or the
other, but it should be kept in mind that cells cultured and stimulated outside
ELISPOT plate need to be transferred into a fresh culture medium before being
plated into an ELISPOT plate to avoid background staining.

4.5. Membrane-Backed Microplates

ELISPOT assays can be performed using either 96-well clear plastic plates
(4,25) or plates backed with membranes such as polyvinylidene diflouride (26,27)
and nitrocellulose (25,28). Unlike lateral flow and flow-through assays, mem-
branesin ELISPOT assay are used for other reasons: they support the growth of
cells and have a much higher retaining capacity for capture antibodies (because
higher surface area) than conventional plastic plates. In ELISPOT assay the flow
of reagents through or across the membraneis not required, but rather adiffusion
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of cell-secreted molecules towards capture antibodies immoabilized on the mem-
brane. Membrane plates are manufactured by different vendors, including the
Millipore Corporation, Pall Corporation, and Whatman. All vendors manufacture
comparable plates, but it appears that Millipore plates are more popular for
ELISPOT assay. This may be attributed to the fact that membranes with spots can
be easily removed from Millipore plates for compact filing and protection pur-
poses (see membrane removal systemsin Subheading 6.).

4.6. Types of ELISPOT Assays

There are two major commercial formats of ELISPOT assay: (1) fully devel-
oped and optimized ready-to-use kits (RTU) and (2) so-called do-it-yourself
(D1Y) kits which, include reagents and uncoated 96-well plates to develop an
assay. RTU kits may include precoated 96-well plates and all necessary
reagents to run the assay. DIY kits need to be optimized by the researcher,
which can be a very laborious procedure. RTU kits are more expensive than
DIY ones, but RTU Kkits are the best choice for large-scale clinical trial experi-
ments requiring convenience and a high degree of accuracy (29). R&D Systems,
Inc. was the first company to design and introduce completely optimized RTU
ELISPOT kits, which include dry precoated membrane microplates, wash
buffers, detection antibodies, and AP-BCIP/NBT detection reagents.

5. ELISPOT Data Analysis

In ELISA assays, the concentration of the molecules in the sample is deter-
mined by measuring the optical density of the color substrate solution filling the
wells (17), whereas in ELISPOT, cell-secretion capacity is measured by count-
ing colored spots on the bottom of the well (1,2). The term “ spot-forming cells,”
or SFC, is used as a quantitative measure of the cell secretion activity in
ELISPOT assay (30,31).

5.1. Quantification of Spots

After finishing the assay, spots can be counted either manually or by using
computer-aided image analysis (32). Manual counting is performed under the
stereomicroscope using, for example, a hand-held tally counter. Manual count-
ing is very tedious and time-consuming but appears to be of higher sensitivity,
allowing investigator to identify faint spots of smaller sizes and decide whether
spot is “real” or an artifact. Computer-aided quantification can be performed
using either inexpensive semiautomated (MV S Pacific; www.mvspacific.com)
or more expensive but fully automated systems offered by such vendors as
Zeiss (www.zeiss.com; see Chapter 8 in this book), Cellular Technology
(www.immunospot.com; see Chapter 7 in this book), and Autolmmun
Diagnostika (www.elispot.com)
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Regardless of the system used, a 96-well ELISPOT plate is mounted onto
microscopy stage and moved in front of the lens to capture images of individ-
ua wells. When using semiautomated systems, the operator moves the
ELISPOT plate either by hand or by using a joystick connected to the stage,
whereas on fully automated readers the plate is moved automatically according
to the image collection sequence set by the operator. The main component of
each ELISPOT reader is its software allowing capture of images and quantifi-
cation of spots: the better the design of the spot-recognition and image-pro-
cessing agorithm, the higher the value of the software. Fully automated sys-
tems are faster and more expensive but not necessarily more accurate than semi-
automated ones. It appears that customers are paying more for convenience of
automation rather than for higher accuracy of quantification.

5.1.1. Manual Quantification of Spots

The typical set-up for manual spot counting would be a 4X objective lens
with 10X eyepieces. The main concern with manual counting is the human
error and subjective bias, for example, very small spots may go unnoticed,
whereas two close spots may be counted as a single spot. Interestingly, that
even with these limitations, the human visua system has higher resolution than
the existing computerized analyzers.

5.1.2. Computer-Aided Quantification of Spots

Computer-aided quantification of spots is thought to be more reliable than
the manual counting (32). Computerized systems use a charged-coupled device
(CCD) camera to visuaize and capture digital images of each well. Many
image-processing algorithms are designed to detect and count spots in each
captured image automatically. Unfortunately, the finite pixel size of the CCD
camera poses serious limitations on both resolution and detectability for both
smaller spots and for clusters of closely-spaced spots of all sizes. These limita-
tions are usually summarized by quoting a Nyquist-limited resolution of two-
pixels width (33). Pixel size is an important consideration in computerized
ELISPOT readers. For accurate quantification pixels need to be at least half the
size of the smallest spots.

5.1.3. Types of ELISPOT Readers

Current systems can be further grouped as “ macro-imagers’ or “image-tiling
systems.”

5.1.3.1. MACRO-IMAGERS

These readers capture an image from an entire well. The camera is moved
from well to well, either manually or automatically. The limitation of the
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Macro-imager Image-tiling system

Fig. 4. Typical singlewell ELISPOT images. (A) image captured with macro-imager
(ImageHub; MV S Pecific: www.mvspacific.com). (B) image captured using the image-
tiling system (KS ELISPOT reader; Carl Zeiss).

macro approach is the number of pixelsin the CCD’sfocal plane array. A typ-
ical 1000 x 1000 pixel CCD imager would have 6-um pixels when focused on
a 6-mm diameter membrane on the bottom of the well. As aresult, small spots
may go undetected, whereas clusters of spots will be counted as a single spot.
Figure 4A shows the typical image of an ELISPOT well captured using a
macro-imager.

5.1.3.2. IMAGE-TILING SYSTEMS

Higher resolution can be achieved by using higher magnification and captur-
ing multiple image “tiles,” each from a small portion of a single membrane.
Theseindividual imagetiles are then “stitched” or “seamed” together into alarg-
er image that can be analyzed (for example, U.S. Patent 4,760,385 discloses the
principles of imagetiling). Image-tiling systems are more expensive than macro-
imagers because they require a fully automated microscope that moves the 96-
well plate while a computer and a video-formatted CCD camera automatically
coordinate the capture of many individual images or tiles. Figure 4B shows the
typical image collected by such atiling system, the KS Elispot reader (Zeiss).
Tiling systems are not only expensive, but they become prohibitively slow at
higher resolutions. An additional drawback of tiling systems is that they often
sacrifice image quality at tile boundaries where the combination of imperfect tile
alignment and optical distortion may result in image artifacts (refer to Fig. 4B).

6. Archiving of Primary ELISPOT Data

After finishing the experiment, stained 96-well plates become primary exper-
imental data, and it may be required to store them in a safe place. Unfortunately
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Fig. 5. Archiving stained membranes from ELISPOT plates. (A) single-membrane
removal tool (Zellnet; www.zellnet.com). (B) membrane-removal device for simultane-
ous removal of al 96 membranes from the plate and their transfer onto adhesive film
(MV S Pacific; www.mvspacific.com). (C) removed membranes can be stored in areg-
ular photo album and reanalyzed when needed.

96-well plates are bulky, and their storage requires alot of space, especially dur-
ing large-scale clinical trials. To solve this problem, membranes with spots can
be punched out of the plates, laminated, barcoded, and stored in aregular photo-
album. Figure 5 depicts two types of membrane removal systems: single-well
puncher made by Zellnet (Fig. 5A; www.zellnet.com) and 96-well membrane
removal device (Fig. 5B) designed by MVS Pacific (US Patent 6,631,649;
www.mvspacific.com). The latter device alows for simultaneous remova and
transferring of all 96 membranes from the plate onto adhesive film in lessthan a
minute. Adhesive film with attached membranes can be laminated to protect
membranes with spots from damage during their handling. Removed and lami-
nated membranes can be stored in a regular photo album as shown on Fig. 5C.
If needed, removed membranes can be reanalyzed using ELISPOT readers.

7. Troubleshooting ELISPOT Assays
7.1. Staining

The quality of staining has a strongest impact on the accuracy of the quan-
tification of spotsin an ELISPOT assay. There are two major staining problems
that require troubleshooting: background staining and staining of spots.
Background in an ELISPOT assay is defined as a staining that covers either a
part of or the entire membrane. Backgrounds may be further categorized as
either specific or nonspecific. Specific background is formed as the result of
specific binding of cell-secreted molecules by capture antibodies: molecules
that are released from the cell dissociate from capture antibodies surrounding
the releasing cell, diffuse, and bind to capture antibodies in the cell-free zone.
A specific background may occur, for example, if an ELISPOT plate with cells
is disturbed during the incubation. Once an ELISPOT plate is placed into the
incubator, it should not be touched or moved for the entire incubation period.
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Fig. 6. Variations of high background staining and spot-looking artifacts, which can
be caused by high number of dead cells added into the ELISPOT plate.

Frequent opening and closing of the incubator’s door also may disturb cellsin
the plate. Nonspecific background is caused by the adsorption of detecting com-
ponents (detection antibodies, enzyme conjugate, and precipitating substrate)
onto the membrane. Both specific and nonspecific backgrounds hinder the
detection and counting of spots. It is easier to troubleshoot one rather than both
types of background. It is more difficult to identify the source of nonspecific
background because of multiple factors contributing to it. We have found that
one of the universal remedies against both specific and nonspecific backgrounds
is auminum foil. Wrapping ELISPOT plates into aluminum foil reduces back-
ground staining and improves contrast. It also produces a more uniform distri-
bution of specific spots across the filter membrane (34). In addition, application
of foil appears to improve well-to-well reproducibility. The reason aluminum
foil reduces the background staining is not known, but it is tempting to specu-
late that aluminum foil facilitates even distribution of heat over the bottom of
ELISPOT plate during its incubation in CO, incubator.

7.2. Cells

The quality of staining also depends on the quality of cultured cells. It is of
critical importance to determine the percent of dead cells because we have
found that a high number of dead cells (30-50% and more) may be a reason for
a high background staining and even lack of specific spots (Fig. 6). In some
cases, even though the number of dead cellsislow (e.g., approx 5%), there may
be no spotsformed at all because of apoptosis (Fig. 7). Intensity of staining also
depends on the number of cells plated into the well—the addition of excessive
number of cells per well may result in overstaining due to a specific back-
ground. Because the secretion capacity of cells is not known in advance, it is
always recommended to test serial dilution of cells from each individual donor
(e.g., 103, 104, 10°, 106 cells per well) in the same ELISPOT plate. This ensures
having enough data points to choose from in case over- or underdevel opment
occurs. Using cells of unknown secretion capacity requires dedicating many
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Fig. 7. High degree of programmed cell death (apoptosis) in cells plated into the
ELISPOT plate may result in lack of spots. Cells attached to membranes (green fluo-
rescence) were labeled immunocytochemically for an apoptosis marker active Caspase-
3 using R&D Systems anticaspase-3 antibodies (red color). Note the high number of
apoptotic cells. See Color Plate 2 following page 50.

wellsin the plate for cell optimization rather than for experimental groups. The
solution to this problem is to preserve cell suspensions, freeze them, and store
them in liquid nitrogen. It was reported that freezing of peripheral blood lym-
phocytes did not significantly affect their rosette formation (35) and that freez-
ing of dendritic cells did not impair their ability to respond to maturation sig-
nals (36). In the ELISPOT assay, cryopreserved peripheral blood mononuclear
cells were shown to be similar to freshly isolated cells in their capacity to
release IFN-y (37-39) or even exceeded the latter (27). A stock of cryopre-
served cells with a known secretion capacity may be used in a single predeter-
mined concentration in the entire ELISPOT plate. We have reported previously
that the same cryopreserved peripheral blood lymphocytes can be used to study
release of different cytokines (40). Cryopreservation of cells for ELISPOT is
advantageousfor clinical trial studies becauseit helpsto avoid variationsin bio-
logical samples collected from the same donor but on different dates.
Interestingly, cryopreserved cells are more active in secreting some cytokines
(41,42), which is thought to be caused by elimination of inhibitory platelets,
which do not withstand freezing (27).
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7.3. Washing Procedures

The ultimate purpose of washing ELISPOT platesisto remove cultured cells
and unbound reagents (detection antibodies, enzyme conjugate, enzyme sub-
strate) form ELISPOT plates to minimize background staining. Plates can be
washed, for example, with phosphate-buffered saline of various pH and molar-
ity. It is necessary to remove as many cells as possible by washing since stained
cells may be confused with specific spots and thus affect the accuracy of quan-
tification. In some cases stimulated cells become very sticky and their complete
removal may require incubation with enzymatic cell-detachment solutions (see
Chapter 5).

8. ELISPOT Assay as a Tool for In Vitro Diagnostics

ELISPOT is widely used for research purpose but has a great potential as a
diagnostic tool. For example, it was reported that the ESAT-6/CFP-10-based
ELISPOT assay can be used to detect active tuberculosis in HIV-positive indi-
viduals with high sensitivity (43). Authors of this study suggested that ELISPOT
was more specific and more sensitive than PPD-based methods to detect latent
Mycobacterium tuberculosis infection. ELISPOT may be also used for alergy
diagnostics: it was reported that peripheral blood mononuclear cells from nick-
el-allergic individuals responded to Ni2* with significantly greater production of
IL-4, IL-5, IL-13, and IFN-y, compared with the healthy controls (44). It appears
that the format of 96-well-based ELISPOT assay needs to be modified for diag-
nostic applications. First, the assay should be miniaturized to reduce the volume
of samples needed for analysis: this is particularly important in pediatrics.
Second, a fast and easy-to-operate turnkey ELISPOT reading system/scanner
should be available to anayze staining and creating a report. Third, matrix with
stained spots (e.g., membranes, plastics, etc.) should be both small enough for
compact filing and have enough room for bar code labeling. Fourth, dyes used
to stain spots should be stable to allow their re-evaluation after an extended peri-
od of time.
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Membranes and Membrane Plates Used in ELISPOT

Alan ). Weiss

Summary

Membrane-bottomed, 96-well plates constitute the format in which the overwhelming major-
ity of enzyme-linked immunospot (ELISPOT) assays are performed. The membranes in these
plates are made from either nitrocellulose or polyvinylidene fluoride. These membranes are well
suited for ELISPOT because they have high antibody binding capacities and because their white
color provides an excellent backdrop for ELISPOT enumeration. These two membranes and, ulti-
mately, the 96-well plates used in ELISPOT assays were commercialized for filtration applica-
tions and later optimized for deoxyribonucleic acid hybridization and protein chemistry applica-
tions. In this chapter, an overview of the development and biotechnology applications of nitro-
cellulose and polyvinylidene fluoride membraneis provided and characteristics and attributes of
each of the membranes that are relevant to ELISPOT are summarized.

Key Words: ELISPOT; nitrocellulose; polyvinylidene fluoride; membrane; filter plate.

1. Introduction: A Chronology of Relevant Developments

There are two different types of membranes (in 96-well plate formats) that are
used in enzyme-linked immunospot (ELISPOT) applications: nitrocellulose (NC)
and polyvinylidene fluoride (PVDF). The reason that these are the predominant
membrane types used in ELISPOT is based largely on their fortuitous suitability
in non-EL1SPOT applications rather than on the devel opment of optimized assay
substrates to address the specific needs of the ELISPOT assay. The chronology of
relevant membrane and applications developments is outlined bel ow.

Timeline of Membrane, Applications, and EL1SPOT Developments

1954:  NC membranes become commercially available. Principal useisin removing
bacteria from aqueous samples (sterile filtration)

1975:  0.45-pym NC membrane used in deoxyribonucleic acid (DNA) hybridization
(Southern blotting) assay (1)

From: Methods in Molecular Biology, vol. 302: Handbook of ELISPOT: Methods and Protocols
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1975:  PVDF membranes become commercially available. Initidly, principal useisin
removing bacteria from aqueous samples. PVDF is more durable and more
solvent resistant than NC and as such is more suited to large-scale filtration
applications.

1979:  0.45-um NC membrane used in immunodetection of electroblotted proteins
(Western blotting) (2).

1983: ELISPOT assay developed on plastic, 96-well plates (3,4).

1985:  96-well plate with NC membrane commercially available. Intended applica-
tion isdot blotting of nucleic acids using vacuum transfer (instead of capillary
transfer).

1986:  0.45-um PVDF membrane used in Western blotting assay (5,6).

1988:  96-well plate with NC membrane used in ELISPOT (7).

1992:  96-well plate with PV DF membrane commercially available. Intended appli-
cationisdot blotting of proteins using vacuum transfer (instead of electro-blot-
ting). Millipore Corporation (Bedford, MA) reportsin its 1994/5 Catal og that
this plate can be used in ELISPOT.

1995;  Articlesciting improved ELISPOT results using PVDF plates are published (8).

NC and then PV DF membranes were developed to serve the needs of sterile
filtration applications. In ways that were never anticipated by membrane man-
ufacturers, the porosity and binding properties of these two membrane types
(NC and PVDF) enabled them to be used in two extremely important and bur-
geoning research applications. Finaly, in response to the specific requirements
of these molecular biology and protein chemistry applications, NC and PVDF
membrane-bottomed, 96-well plates were developed and made commercially
available. Independently and separately, ELISPOT assays were developed on
96-well plastic plates and took advantage of enzyme-linked immunosorbent
assay (ELISA) techniques that had been perfected in that format. Because, fun-
damentally, the immunodetection component of ELISPOT assays and Western
blotting is essentially identical, it was only a matter of time until the over-
whelming majority of ELISPOT assays were performed on membrane-bot-
tomed, 96-well plates.

2. NC Membrane Development and Applications

NC is made by boiling partially hydrolyzed cellulose in a solution of nitric
and sulfuric acid. The cellulose isnormally derived from tree pulp that is enzy-
matically and chemically pretreated and washed to remove lignin, reduce fiber
length, and eliminate most of the noncellulose components. Cellulose nitration
specifications (completeness, homogeneity, and level of impurities, mostly
with regard to residual sulfates) are based on the intended final application of
the polymer (e.g., explosive, lacquer or varnish component, membrane con-
stituent.). Nitration of cellulose was first conducted in large-scale quantities
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Fig. 1. Chemical structure of trinitrocellulose.

for purposes of producing gun-cotton, an explosive solid material that has
many of the same uses asits chemical cousin, trinitroglycerin. The structure of
NC (fully nitrated) isillustrated in Fig. 1. Chemical engineersin Germany dis-
covered that NC polymers of varying molecular weights (polymer lengths)
could be completely dissolved in solvents such as ethanol, methanol, and
methylethylketone. If water or other nonsolvents (for NC) were subsequently
added to these polymer solutions, it was possible to form membranes (homo-
geneous porous films) by controlling the evaporation of the (more volatile) sol-
vents. Degree of cellulose nitration (see Note 1), the amount and average nom-
inal length of the nitrocellulose polymers, solvent strength, ratio of solvent to
nonsolvent, and the conditions used (temperature, air flow, relative humidity)
to evaporate the solvents all affected the pore size, porosity, and structure of
the NC membrane. Technology for making NC membranes was developed
with the intent of producing filters that could remove bacteria from contami-
nated water.

After World War 11, this technology was acquired by a number of different
companies, including Millipore (Bedford, MA), Schleicher and Schuel
(Darmstadt, Germany), and Sartorius (Groningen, Germany). The first com-
mercialy available products made by these companies were sterilizing filters
(principally 0.45-um nominal pore size membranes and devices). In 1975, E.
M. Southern developed a protocol for detecting specific DNA sequences. This
was accomplished by capillary transfer of DNA that had been separated by
sizein an agarose gel onto NC (1). DNA bound to the surface of the NC mem-
brane can be detected more easily and more rapidly than DNA in the agarose
gel. Thisistrue for a number of reasons, including improved accessibility of
the DNA on the membrane surface and, perhaps most importantly, the DNA
distributed throughout the 1-mm thick gel becomes concentrated onto the two-
dimensional membrane surface during capillary transfer. DNA binds to NC
strongly (as do proteins) and instantaneously by virtue of electrostatic interac-
tions. The nitrate ester, illustrated in Fig. 2, has an extremely strong dipole that
interacts with the dipoles present in both nucleic acids and proteins. It has been
reported erroneoudly in the literature that NC binds macromolecules, especial-
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Fig. 2. Chemical structure of the nitrate ester illustrating its strong dipole.

ly proteins, by a hydrophobic mechanism. Whereas the surface energy of NC
makes it intrinsically nonwetting (and a detergent or surfactant must be added
to the membrane, normally during manufacture to make it compatible with
aqueous solutions), the principal mode of protein and DNA binding to NC is
electrostatic. In 1979, a method was developed by Towbin et al. (2) for identi-
fying (using immunodetection) proteins that were electroblotted from an acry-
lamide gel onto NC. In many ways, Towbin's method is essentially a modifi-
cation of the DNA blotting and detection technique adapted to protein chem-
istry. The name chosen for the protein method, “Western blotting,” reflected
and honored the similarities to the DNA methodology which by then was
called “Southern blotting.” Subsequently, a method for detecting ribonucleic
acid (RNA) sequences (9), called “Northern blotting” and for identifying pro-
teinsthat bind to DNA (10), called “ Southwestern blotting” were developed on
various filter media.

NC has a long-standing and deserved reputation for being difficult to han-
dle. Although it is a strong membrane, its brittleness makes it susceptible to
cracking and breaking. These handling issues were noted by both molecular
biologists and protein chemists, and protocol “tricks’ were developed in both
applications areas to mitigate or eliminate serious problems. The brittleness
of NC and lack of broad chemical compatibility were much more serious
challengesin terms of its suitability in larger-scale filtration applications. It is
difficult to seal NC to plastic housings (e.g., cartridges) without breakage,
essentially impossible to pleat (to increase effective filtration surface area)
and, in the end, NC is fairly susceptible to rupture (loss of filtration integrity)
under high pressure unlessit is very well supported. For these reasons, mem-
brane manufacturers began to look for alternative membrane polymers once
the need for higher-volume, higher-throughput filtration applications was
established.
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3. PVDF Membrane Development and Applications

PV DF overcame the majority of NC limitations, and many of the same com-
panies that were able to produce NC also developed the ability to make PVDF
membranes over a range of different pore sizes. The PVDF polymer itself is
highly resistant to chemical degradation, except in the presence of strong aka
li (pH greater than 12.0), and membranes made from PVDF are sufficiently
elastic to withstand a broad range of fabrication conditions (including sonic
welding and pleating) and high-pressure filtration applications. Millipore, an
early provider of PVDF membranes, created the trademark, “Durapore®” to
call attention to these attributes. PVDF, like NC, is intrinsically hydrophobic.
Whereas NC is only marginally hydrophobic and can be made water wettable
by adding a surfactant (e.g., glycerin) or detergent (e.g., Triton®-X 100) to the
membrane, PVDF is extremely hydrophobic and requires significant surface
maodification to make it compatible with agueous solutions (see Note 2). A con-
siderable amount of chemistry and patented technology was subsequently
devel oped to make PV DF membranes hydrophilic. The important point to note
is that even though the polymer itself is very hydrophobic, membranes made
from PV DF can be either hydrophilic or hydrophobic depending on whether the
manufacturer has modified or covered over the polymer surface with a second-
ary chemical treatment that is water compatible.

The discussion of PVDF is relevant to ELISPOT in that the hydrophaobic ver-
sion of the 0.45-um (5) membrane was found to be an excellent Western blotting
substrate. PVDF binds proteins by hydrophobic interactions (van der Waal's
forces). This applies, of course, only to hydrophobic PVDF membranes. Most
types of hydrophilic PVDF will not bind proteins to any appreciable degree.
Interestingly, hydrophobic PVDF will bind single-stranded DNA and RNA, but
will not bind double-stranded DNA.. The structure of PVDF isillugtrated in Fig. 3.

The use of PVDF membranes in Western blotting type applications grew rap-
idly. Unlike NC membranes, PVYDF membranes could stand up to automated
protein-sequencing chemistries and were better able to retain low molecular
weight proteins and peptides. PVDF was aso better suited to a wider range of
detection techniques, including fluorescence and chemiluminescence. One sig-
nificant drawback of PVDF is the need to prewet the membrane in an acohol
solution prior to using it in Western blotting and most other applications that
include immunodetection. The requirement to prewet with alcohol, which is
completely necessary in Western blotting applications, is not universally appli-
cablein ELISPOT. Differencesin ELISPOT protocols with regard to the prewet-
ting step are significant and are likely to have an impact on the performance of
the assay. This topic will be discussed in greater detail later in this chapter and
aso in Chapter 4 (see Note 3).
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Fig. 3. Chemical structure of PVDF.

4. 96-Well Filter Plate (NC and PVDF) Development and Applications

The rationale behind the development and commercialization of NC and
PVDF is clear from the perspective of filtration applications. As has been
pointed out already, the use of each of these membrane types in molecular
biology and protein chemistry applications was based on a fortuitous combi-
nation of membrane properties; high permeability (because of high porosity),
and high DNA/RNA and protein binding. The development of 96-well PVDF
and NC bottomed plates was primarily driven by the secondary (i.e., bio-
chemistry) applications. One of the attributes of both Southern and Western
blotting is that (DNA) hybridization and antibody binding are diffusion-lim-
ited reactions. In other words, the reactant in solution (complimentary DNA
or antibody) must diffuse to the surface of the membrane before it can couple
with the immobilized reactant (DNA or protein). In these types of solid-phase
reactions, the times required to reach equilibrium binding are much longer as
compared with reactions in which both reactants are in solution. Typically,
DNA hybridization (Southern blotting) and immunodetection (Western blot-
ting) require from 2 to 24 h. Membrane-bottomed, 96-well plates made it pos-
sible to reduce the time requirements associated with solid-phase binding
(Fig. 4). (Earlier, simpler versions of these plates, called “Dot Blot” or “Slot
Blot” apparatuses provided the first opportunity to exploit the benefits of fil-
tration in these applications.) Filtration of the reactant in solution through the
membrane bringsiit into intimate contact with the reactant immobilized on the
membrane surface. So long as the filtration rate is kept low enough for
hybridization or binding to take place, the time required to achieve efficient
capture can be dramatically reduced. Additionally, all wash steps in between
various reactions can be accomplished using filtration. The development of
membrane-bottomed plates in conjunction with compatible vacuum mani-
folds made it possible to carry out from 1 to 96 different hybridization or
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Fig. 4. Photograph of a 96-well filter-bottomed plate used for ELISPOT.

immunodetection assays using less reagents and requiring less time as com-
pared to standard methodologies.

In addition to the membranes and other features that were useful for these
applications, the plates were also designed to allow for discrete liquid transfer
from the top (membrane-containing) plate to a (standard, plastic, 96-well)
receiver plate. The filter-plate components that allow for this to occur have the
potential to interferewith ELISPOT applicationsin at least three different ways.

1. If acohal is used to prewet the membrane (this applies only to the use of PVDF
membrane plates) and becomes trapped under the membrane, the alcohol can sup-
press or completely inhibit cytokine release (see Note 3).

2. If biotinylated antibody or avidin-enzyme conjugate becomes trapped under the
membrane, high background will likely result (see Note 3).

3. If the membrane can not be removed because of these components, it may be dif-
ficult to analyze and essentially impossible to archive ELISPOT results

Preventing these types of problems during the ELISPOT assay and optimiz-
ing the different parts of the protocol will be reviewed in detail in Chapter 4.

There are other plate attributes that may have an impact on ELISPOT assay
performance or analysis. The membrane inside each well needs to be planar
within afraction of amillimeter (e.g., £0.1mm) to provide the best results. Lack
of membrane flatness may contribute to difficultiesin imaging depending on the
type of microscopy being used. Additionally, if the membrane is bowed, cells
may tend to settle unevenly or roll to the relative low points (often either the
center or the periphery) during incubation. Consequently, spots may become
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very unevenly distributed and difficult to enumerate accurately, especially if
there is any spot confluence. The plate itself should also be flat (within a toler-
ance of perhaps 1 mm corner to corner) to assure compatibility with plate wash-
ersand most of the imaging software that supports automated image acquisition
and analysis. There is one other feature of 96-well plates that has the potential
to introduce variability into the ELISPOT assay. The 96-well plateis arrayed as
8 rows of 12 wells. Wells at the periphery (columns 1 and 12, rows A and F) of
the plate are fundamentally different from “interior” wellsinsofar asthey arein
the most direct contact with the plate surroundings. Depending on incubation
conditions and other protocol steps, this physical distinction may have some
impact on one or more parts of the ELISPOT assay.

5. 96-Well Filter Plates in ELISPOT

ELISPOT assays were first developed on plastic, 96-well plates. Shortly
after, NC-bottomed filter plates became available, the majority of ELISPOT
assays were conducted in those plates. When PVDF filter plates were intro-
duced, some investigators chose to use PV DF plates, and some continued to use
NC. The reasons for choosing one plate (membrane) over the other are highly
varied and will not be addressed in detail here. The fact that some laboratories
and individual researchers fed strongly that one membrane is superior to the
other runs contrary to the large body of Western blotting experience: Despite
some clear-cut differences in how each of the membranes can be used, thereis
essentially no reported difference in terms of detection sensitivity or signal to
noise on NC vs PVDF in the Western blotting application.

This having been said, it is clear is that the two membranes and their prop-
erties are quite different (see Figs. 5 and 6). The remainder of this chapter will
be devoted to reviewing these properties which are summarized in Table 1, and
highlighting the differences, especially as they might pertain to ELISPOT
applications.

6. Properties of Nitrocellulose Membrane That Affect
Its Performance in ELISPOT

The NC membrane in plates used for ELISPOT has a nominal pore size of
0.45 pm. Selection of this particular pore size is not based on the requirements
of any of the major biochemical applications (Southern blotting, Western blot-
ting, or ELISPOT) but rather on the pore size that best served these membranes
first application, namely sterile filtration (removal of bacteria from agueous
solutions). NC typically is 150 um thick, a property that is governed mostly by
manufacturing constraints. Whereas it would be most desirable in terms of fil-
tration speed and raw material consumption to make the membrane as thin as
possible, the ability to cast hundreds of meters of membrane and ensure filtra-
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Fig. 6. A scanning electron micrograph of an NC membrane.
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Table 1

Comparison of PVDF and NC Membranes

Weiss

Attribute
or characteristic

NC (used in ELISPOT)

[nominal or average values]

PVDF (used in ELISPOT)
[nominal or average values]

Pore size?

Porosity®

Thickness

BET surface area (6)

Surface area ratio®

Saturation binding
capacity (1gG)

(IgG) Binding
capacity of top 1 um

Wettability

Additives
Solvent compatibility

Mechanism of
binding

Things that will
interfere with or
destabilize binding
of anticytokine
antibodies

Compatibility with
different detection
modes

0.45 pm
70— 5%
150 pm

6.5 m?/g
250

250 pg/cm?

2 g

Not wettable without prior
addition of surfactants
or detergents

Glycerin
Not compatible with
methanol or ethanal

Electrostatic

Chaotropes (e.g., Tween-20,
Triton-X 100). Water
(if never dried), proteins,
especially larger molecular
weight proteins

v Colorimetric

X Fluorescence

v/ Chemiluminescence

0.45 pm
65-70%
135 pm

6 m?g

350

350 pg/cm?

319

Not directly wettable in
water. Must be prewet
with alcohol and then
exchanged with water

None

Broadly compatible with a
wide range of aqueous
and organic solvents.
Avoid prolonged exposure
to strong akali
(e.g., pH >12.0)

Hydrophobic

Detergents (e.g., sodium
dodecy! sulfate), low
polarity solvents
(e.g., dimethyl formamide)

v Colorimetric
v Fluorescence (marginal)
v/ Chemiluminescence

3Pore size is nominal and corresponds to the diameter of the largest particle that can pass
through the membrane structure. A 0.45-pum pore size membrane is expected to retain 100% of
particles whose diameter exceeds 0.45 pum.

bPorosity isthe portion of the membrane volume that is occupied by air (not occupied by poly-
mer). 1cm?2 of membrane whose thickness is 140um (i.e., 0.014 cm) will have avolume of 0.014
cm3 (14 pL). If the membrane is 70% porous, it will contain approx 10 pL of void space.

CSurface arearatio is the ratio of internal to frontal surface area. A surface area ratio of 250
means that in a 1cm? piece of membrane, the polymer surface areais 250 cm2,
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tion performance throughout dictates that membrane thickness be in the range
of 150 pm. The porosity of NC is also governed by manufacturing considera-
tions. Higher porosity leads to faster filtration and lower polymer consumption.
The upper limit of achievable porosity is dictated by the need to be able to han-
dle and manufacture the membrane. Typical porosity for NC isin the range of
70 to 75%. Porosity and thickness, along with polymer characteristics, combine
to control the amount of polymer surface area per frontal area of membrane. As
can be seen in Fig. 6 (scanning electron micrograph of NC), the membrane
looks like a microscopic sponge and there is a tremendous amount of polymer
surface in contact with the porous structure. The surface area can be quantified
(m2/g of polymer) using the Brunauer-Emmett-Teller (BET) method (6).
Multiplying the BET surface area by the basis weight of the membrane (g/m?)
produces a ratio of total (internal + surface) polymer surface area per unit of
frontal area. For NC, thisratio isin the range of 250, meaning that the amount
of total surface area per square centimeter of frontal areais approx 250 cm?2. As
the (frontal) surface area of membrane in atypical 96-well plate for ELISPOT
is approx 0.3 cm?, the polymer surface area per well isabout 75 cm2. Thisisan
important characteristic because the binding capacity of most adsorptive poly-
mers, including both NC and PVDF, is approx 1 pg/cm? for immunoglobulin
(1gG). Consequently, the binding capacity of NC in a single well of a 96-well
plate is on the order of 75 pg. In atypical ELISPOT application, the amount of
IgG (anti-cytokine antibody) added to awell isin the range of 1 g (e.g., 100
pL of a 10 pg/mL solution) so that most of membrane binding sites (surface
ared) remain unoccupied after antibody coating. Consequently, the need to
block after antibody coating is required to reduce non-specific binding of sub-
sequently added reagents (e.g., biotinylated antibody and enzyme-avidin conju-
gate, etc.; see Note 4). In most ELISPOT protocols, this blocking step (nor-
mally with serum containing tissue culture media) immediately follows anti-
body coating. In the event that it didn’t, the sparse coating of antibody could
result in asignificant (<50%) and somewhat rapid (<5 d) loss of antibody activ-
ity. Antibodies absorbed onto NC (and PVDF) will continue to interact with the
membrane surface if there are no other proteins or polymeric blocking agents
to interfere. Multipoint attachment can lead to denaturation and ultimately to a
loss of antibody activity. If plates are going to be stored for an extended period
of time (more than afew hours) before use, it is highly recommended that they
be blocked and then rinsed with deionized water before storage. Adsorption of
antibody to the membrane surface is instantaneous once the protein comes into
contact with the NC surface. Therefore, the reaction is limited by diffusion.
Reducing the volume (e.g., from 100 pL to 50 pL) of antibody coating solution
and increasing the temperature (e.g., from 4°C to 20°C) during coating will
shorten the time required to achieve maximum antibody adsorption (e.g., from
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overnight to 4 h). Based on the kinetics (instantaneous), directionality of how
the antibody comes in contact with the membrane (from the top surface), and
the membrane’s binding capacity, it is reasonable to consider whether antibody
binding is uniform throughout the depth of the membrane. Essentially all of the
antibody is immobilized on the top surface of the membrane with maximum
penetration of immobilized antibody probably not exceeding one or two
microns of depth. Consequently, al of the cytokine subsequently bound by the
antibody is accessible to the secondary reagents (biotinylated antibody, avidin-
enzyme conjugate and conjugate). This localization is ideal for the ELISPOT
application in terms of maximizing sensitivity, limiting reagent costs and reduc-
ing incubation times.

NC is a marginaly hydrophobic polymer and membranes made from it,
including NC, would not wet out instantly in water if they did not contain some
added surfactant, humectant, or detergent. Different membranes (depending on
the manufacturer and the particular membrane) contain different wetting agents
including Triton-X 100, glycerin, various hydrophilic polymers (e.g., polyvinyl
acohol fixative, polyvinylpyrrolidone), and detergents. The most biocompatible
of these wetting agents is glycerin and this is the additive of choice, especialy
in applications like ELISPOT that involve contact with mammalian cells. One
drawback to the use of glycerin isthat glycerin isaliquid at room temperature.
As aconsequence, it can migrate (out of the membrane) or evaporate (despiteits
high boiling point) during prolonged storage. If the membrane in one or more
wells do not wet out immediately (within afew seconds) after the addition of the
antibody coating solution, it may suggest that those wells will perform poorly in
the ELISPOT assay (see Note 5). Under no circumstances should NC be prewet
with a solution containing any more than 20% methanol or ethanol (PVDF fre-
guently is prewet using 15 pL to 50 pL of 70% methanol or ethanol). NC is not
compatible with alcohol and will begin to dissolve after only afew minutes.

As was stated earlier in the chapter, NC binds proteins (e.g., antibodies) by
electrostatic interactions. Binding is independent of pH and unaffected by the
presence of even high levels of detergent (e.g., 1% sodium dodecyl sulfate).
However, the antibody coated onto the membrane can be displaced by proteins
present in the blocking solution (normally 10% serum in tissue culture media)
especiadly if the membrane is not washed and dried prior to blocking.
Consequently, it is common practice in both Western blotting and immunodi-
agnostic applications to dry the membrane (e.g., for 30 min or more at 37°C)
after protein has been blotted or added prior to the blocking step.

NC is compatible with ELISA detection involving precipitated substrates
(e.g., 5-5-bromo-4-chloro-3-indolyl phosphate/Nitroblue tetrazolium for alka
line phosphate, 3-amino-9-ethylcarbazole, for peroxidase, etc.) as well as
chemiluminescent substrates (e.g., CDP-Sar™; Tropix, Bedford, MA).
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Because the surface of NC is extremely light-scattering, NC is a poorly suited
for fluorescence detection due to very high background.

7. Properties of PVDF Membrane That Affect Its Performance
in ELISPOT

Like NC, and for the same reasons, the PVDF membrane in plates used for
ELISPOT hasanominal pore size of 0.45 pum. PVDF is nominally 135 pum thick
and approx 65 to 70% porous. The BET surface area is about the same as the
surface of NC, and its surface area ratio is somewhat higher (approx 350).
Consequently, PVDF can bind upwards of 350 pg/cm? of 1gG or in excess of
100 pg per well of a96-well plate. Aswith NC, blocking of PV DF should occur
within a few hours (or less) of antibody coating. Failure to do so may result in
arapid and significant loss of antibody activity. Once antibody has been coated
and the membranes have been blocked (and washed using deionized water or
very-low molarity buffer), plates can be stored (desiccated and at room temper-
ature) for weeks or even months (see Note 6). PVDF that has been coated with
protein (e.g., as a consequence of antibody coating and blocking) will rewet
spontaneously upon the addition of aqueous media.

The major difference between NC and PVDF in ELISPOT applications is
related to their mechanisms of binding and associated differences in handling
or pretreatment. PVDF is very hydrophobic (its surface energy is approx 21
dynes/cm) and will not wet out in water. In Western blotting applications,
PVDF is aways prewet in alcohol (typically 50 to 100% methanol), then nor-
mally exchanged in water, and ultimately equilibrated in a (transfer) buffer
solution before applying the membrane to the polyacrylamide gel for elec-
trophoresis. The fact that hydrophobic PVYDF membranes will not wet out
spontaneously in water, unless coated by (blotted) proteins, is even exploited
in a Western blotting application called “transillumination” (11). The over-
whelming majority of literature in Western blotting references the prewetting
step, so it is not a surprise that many ELISPOT protocols also include an alco-
hol prewet step.

What is surprising is that some ELISPOT protocols do not include a prewet
step. At Millipore (Danvers, MA), experiments were performed to determine
the relative performance of PVDF 96-well plates (cat. no.: M SIPS$4510) that were
either prewet with 15 pL of 70% v/v methanol in water and rinsed, or not pre-
treated at al prior to antibody coating. Briefly, after the pretreatment with alco-
hol (or no pretreatment), plates were coated with 1 g of antihuman interferon-
gamma (Mabtech, Stockholm, Sweden), and blocked for 2 h in tissue culture
media (RPMI, Invitrogen, Carlsbad, CA) containing 10% fetal bovine serum
(Invitrogen). Fifty thousand peripheral blood mononuclear cells (see Note 7)
were added per well to 16 wells per plate, stimulated with 0.5 pg phytohemag-
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Table 2

The Effect of Alcohol Pretreatment of PVDF on ELISPOT Assay Performance
Prewet Non-prewet Non-prewet

Experiment spot number spot number as a percent

number mean + SD2 mean + SD2 of prewet

1 606 + 46 413 £ 37 68%

2 577+ 37 416 + 34 72%

3 604 + 35 440 £ 42 73%

4 609 + 40 391 + 28 64%

an = 12-16.

glutinin (PHA-L, Sigma, St. Louis, MO), and the plates were incubated
overnight in a humidified, 37°C, 5% CO, tissue culture incubator. ELISPOTSs
were visualized using biotinylated anti-human interferon-y (Mabtech), conju-
gated avidin-alkaline phosphatase (Mabtech) and 5-5-bromo-4-chloro-3-
indolyl phosphate/Nitroblue tetrazolium Plus (Moss, Inc., Pasadena, CA), and
then enumerated using an automated microscope (KS Elispot, Zeiss,
Thornwood, NY) and its associated software. The results of four different
experiments are summarized in Table 2.

In these experiments, the cellsin the untreated (non-prewet) plates produced
approx 30% fewer detectible spots. However, the consistency well-to-well and
plate-to-plate was equivalent. Spot quality (intensity, uniformity, and size) and
overall assay background were comparable in both plate types. Considering that
half these results were obtained without prewetting, the comparable side-by-
side performance is quite remarkable. It would appear that the determination to
prewet with alcohol or not can be made by individual |aboratories based on
their reagent selections and particular assay requirements.

PVDF, like NC, is fully compatible with ELISA detection involving precip-
itating, color-forming substrates, and chemiluminescent substrates. Although
the fluorescence background of PVDF is also high, as aresult principally again
of light scattering, ELISPOT assays have been developed on PVDF that are
based on the use of fluorescently labeled antibodies (12).

8. Final Remarks

Although with proper optimization, it is likely that comparable ELISPOT
performance can be achieved using either type of membrane, it is unlikely that
the same protocol will work equally well in both cases. Neither PVDF nor NC
isadrop-in for the other (see Note 8). Fundamental differencesin the two mem-
branes, especially with regard to their mechanisms of binding and their ability
to wet directly in water, will affect their behavior in ELISPOT. Modifications
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that have been made in the design of 96-well plates to make them compatible
with automation, including stricter dimensional specifications and rigid side-
walls (to alow handling by laboratory robotics and provide space for bar
codes), also have benefited ELISPOT applications. These plates are now fully
compatible with standard plate washers as well as with imaging egquipment and
image analysis software. It is reasonable to believe, based on the importance of
ELISPOT and the impressive growth in the number of assays being performed,
that membranes and membrane-based plates may some day be optimized
specifically for this application.

9. Notes

1. The degree of nitration is critical. Theoretically, there is the potential to form
nitrate esters on all three hydroxyls of each cellulose monomeric unit. In fact,
because of the steric hindrance, the maximum level of nitration is approx 2.6 nitrate
esters per residue. This type of polymer is highly explosive. Nitrocellulose used to
make membranes is nitrated to a level of approx 2 nitrate esters per residue. This
type of polymer is highly flammable, but will not explode.

2. PVDF in 96-well plates (for example, Millipore cat. no. MAIPS4510) used for
ELISPOT is extremely hydrophobic. It will not wet out spontaneously upon the
addition of water. The behavior of PVDF in this regard is significantly different
from that of NC. 96-well plates containing hydrophilic PVDF (for example,
Millipore cat. no. MAHV S4510) will not work at all in the ELISPOT application.

3. As required or desired, the hydrophobic PVDF membrane should be prewet by
adding 15 pL of 70% methanol to each well. Within 1 or 2 min (or less) of adding
the methanol solution, the membrane should be rinsed by adding 100 uL of water
or coating buffer to the well and aspirating or decanting immediately thereafter.
The rinse step may be repeated once more. The antibody solution should be added
immediately after rinsing the membrane. Adding larger (e.g., 50 pL) or more con-
centrated (e.g., 100%) volumes of methanol creates the risk of liquid collecting
under the membrane. This liquid cannot be washed out effectively and may create
serious problems later on in the ELISPOT assay.

4. The binding capacity of both NC and PVDF (=75 pg/well) far exceeds the amount
of specific antibody (typically <5 pg/well) that is used to coat the membrane.
Whereas thisis beneficial insofar as it results in the localization of the antibody at
or very near the membrane’s top surface, it makes it absolutely necessary to block
the membrane to prevent high levels of background owing to nonspecific binding.
Membrane should be blocked within a few hours of antibody coating to prevent
loss of antibody activity.

5. 96-well plates containing NC (for example, Millipore cat. no. MAHAS4510) may
contain some wells, especialy at the periphery of the plate, that will not wet out
immediately upon addition of agueous solution (e.g. antibody coating buffer). This
may be the result of storage and handling conditions. In any event, wells that do
not wet out immediately may produce spurious results and should not be used in
the ELISPOT assay.
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Weiss

Once membranes have been coated and blocked, they may be rinsed in water or
low molarity buffer (e.g., 10 mM phosphate, pH 7.4) and stored desiccated for
weeks or months.

The membrane frontal surface areain atypical 96-well plate is approx 0.3 cm?. If
the responding T-cell is assumed to be round and estimated to have a nominal
diameter of 10-15 pm, approx 150,000 cells would constitute a monolayer. Adding
more than approx 100,000 cells creates the risk of some of these cells not being in
intimate contact with the membrane. If the cell-secreting cytokine is not in direct
contact with the antibody-coated membrane, it is possible that the shape and inten-
sity of its corresponding ELISPOT may be so irregular as to disqualify it from
being enumerated. In instances when the response rate to antigen is anticipated to
be so low that it is advisable to stimulate 500,000 or 1,000,000 cells to get a sig-
nificant response above background, it might be best to add 100,000 cells per well
to 5 or 10 wells and determine the aggregate response (210 weils), Not the average
response.

It isnearly certain that substituting a PV DF plate into a protocol that has been opti-
mized using an NC plate will produce unsatisfactory results. The opposite is also
true. The ELISPOT assay, especialy the antibody coating, blocking, and color
development steps should be optimized for whichever plate is going to be used.
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Standardization and Validation Issues
of the ELISPOT Assay

Sylvia Janetzki, Josephine H. Cox, Neal Oden, and Guido Ferrari

Summary

During the last 20 yr, the enzyme-linked immunospot (ELISPOT) assay has emerged as one
of the most important and widely used assays to monitor immune responsesin humans and avari-
ety of other species. With the ELISPOT assay, immune cell frequencies can be measured at the
single cell level without elaborate expansion or manipulation of cell populations. Its usefulness
has led to its application in vaccine design and development and, most importantly, in monitor-
ing vaccination efforts. The impact of results measured with this assay can be profound. In addi-
tion to ease of performance, repeatability and reliability are major features expected of an
ELISPOT assay. The focus today is on standardization of the technique, validation strategies to
comply with these required features, and accommodation of the growing demand of Good
Laboratory Practice (GLP) compliance. This chapter will give the experienced scientists as well
as newcomers to the field an overview over the major standardization issues for each step of the
protocol. Guidelines are given on how to validate the ELISPOT performance.

Key Words: ELISPOT assay; standardization; validation; ELISPOT protocol; ELISPOT
plates; ELISPOT antibodies; effector cells; antigen-presenting cells, ELISPOT evaluation; plate
washers; cell counters; spot appearance.

1. Introduction

The enzyme-linked immunospot (ELISPOT) assay was first described for
antibody-secreting B-cells in 1983 (1,2), and in 1988, Czerkinsky reported
the reverse ELISPOT technique protocol for the detection of T-cells secreting
cytokine (3). Since then, the general protocol has remained nearly unchanged.
The introduction of the assay for monitoring vaccination responses in patients
in immuntherapeutical trial settings in the late nineties, however, set forth
strict demands to the assay (4-7). Until then, one of the major concerns
among scientists was the difficulty of obtaining repeatable results so that
results could be compared not only among different laboratories but also

From: Methods in Molecular Biology, vol. 302: Handbook of ELISPOT: Methods and Protocols
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among scientists in one group. Despite the straightforwardness and apparent
ease of the general ELISPOT protocol, minor differencesin the procedure and
source of materials seem to be the source of often rather significant differ-
ences in the outcome of ELISPOT experiments (8-11).

A study supported by the Nationa Institutes of Headlth of the ELISPOT
Collaborative group is the biggest study performed so far comparing the per-
formance of 11 well-established ELISPOT laboratories performing HIV vaccine
trials (12). In this study, data concerning cell recovery, viability, and number of
antigen-specific interferon (IFN)-y-secreting cells in 11 peripheral blood
mononuclear cell (PBMC) samples were obtained. Despite a good concordance
in defining responder and nonresponder status in these samples, the differencesin
all three parameters tested were significant. The results of this study call for bet-
ter standardization strategies of protocols and reagents to concur with reliability
and reproducibility issues necessary to enhance all aspects of vaccine studies.

ELISPOT standardization can be defined as the imposition of a standard to
techniques to remove as far as possible the effects of differences in confound-
ing variables when comparing experiments performed under the same condi-
tions. This chapter addresses all steps of the ELISPOT assay, including coating
techniques, choices of materials, concentration of chemicals, important wash-
ing and incubation procedures, spot development, and evaluation of ELISPOT
assays. Furthermore, because of the high impact of cell recovery and cell via
bility on the assay outcome, cell preparation, cryopreservation, thawing meth-
ods, aswell as usefulness of automated cell counters will be discussed in detail.
Each section will specifically highlight standardization strategies and recom-
mend desirable outcomes. Many of the data presented were obtained from
human IFN-y ELISPOT assays. Our recommendations, however, apply for any
ELISPOT system independent of species and cytokine. It needs to be stressed
that, even if a standard operating procedure (SOP) for a specific cytokine has
been validated in a laboratory, a new cytokine ELISPOT requires new stan-
dardization and validation procedures.

Validation is defined as making the technique effective and, importantly, pro-
ducing the desired result. It should be stressed that “desired” result does not
necessarily mean the best result, or highest spot count, but a result that is vali-
dated. Validation criteria are described in this chapter, and various statistical
methods found to be most suitable for the purpose of establishing the ELISPOT
assay are discussed.

2. Materials
1. HA plates (Millipore, Bedford, MA).
2. IP plates (Millipore, Bedford, MA).
3. ELISPOT HP and IP plates (Millipore, Bedford, MA).
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4. 70% Ethanol.

5. Sterile phosphate-buffered saline (PBS).

6. Antibodies with high sensitivity and specificity (monoclonal), tested for ELISPOT

and equal batch performance.

VACUTAINER® CPT™ tubes (Becton Dickinson, Franklin Lakes, NJ).

Accuspin tubes (Sigma-Aldrich Co, St. Louis, MO).

Leucosep tubes (Greiner Bio-One Inc., Longwood, FL).

Biotinylated antibodies with high sensitivity and specificity (preferably monoclon-

al), tested for ELISPOT and equal batch performance.

11. Horseradish peroxidase or akaline phosphatase-coupled antibodies (Mabtech,
Sweden).

12. Alkaline phosphatase.

13. Horseradish peroxidase.

14. 3-amino-9-ethylcarbazole, C14H14N> (chromogen).

15. Novared (Vector Laboratories, Burlingham, CA; chromogen).

16. 5-5-bromo-4-chloro-3-indolyl phosphate/Nitroblue tetrazolium (chromogen).

17. Fluorescent dye-coupled antibodies (Diaclone, Besacon, France).

© ©®AN

3. Methods
3.1. ELISPOT Plates

One of the first choices a scientist has to make concerns 96-well microtiter
plates. Historically, plates with a nitrocellulose membrane have mainly been
used for ELISPOT assays. However, some limitations have been found in these
plates, for example, inconsistency in the coating ability of wells in the periph-
ery of the plate, and often small and faint appearing spots. This led to a clear
trend of using plates with polyvinylidene fluoride (PVDF) membranes, which
were first introduced to this technique by Shaw et a. (13) in 1993. Both mem-
branes exhibit a high protein binding capacity of greater than 100 ug per well
of immunoglobulin. The mechanism of binding and retaining antibody on the
membrane surface, however, is favored in PVDF plates, which enhance the
retention of antibodies during incubation. This can result in not only more, but
aso in better defined spots (S. Janetzki, unpublished data). A further improve-
ment has been achieved with the introduction of ELISPOT IP (PVDF) and HP
(nitrocellulose) plates, as well as HTS plates. These plates contain improved
membrane features, a straightened membrane for preventing cells rolling to the
well periphery, and a new underdrain for the prevention of leakage. HTS plates
also exhibit improved frame features.

In this context, it also should be mentioned that some protocols refer to the
use of plastic ELISA plates that appear more cost-effective. Their use, howev-
er, isnot recommended at al for this technique because of their limited protein-
binding capacity and surface area for protein-cell contact. The resulting spot
guality is not desirable.
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There are certain logistics to be followed when choosing the best-suited plate
type for ELISPOT experiments. First of all, the same plates, possibly from the
same batch, should be used throughout a study. If a protocol has been validat-
ed, a switch from nitrocellulose to PVDF can result in nondesirable results, for
example, spots will be too large under the specific testing conditions, and spot
numbers might decrease in the PVDF plates because of spot confluence.
However, introducing PVDF plates to the protocol can result in a dramatic
increase of spot numbers. Therefore, a fine balance has to be found for sensi-
tivity requirements. Switching membranes requires a revalidation of the proto-
col, and possibly involves protocol changes. The same cells should berunin the
same experiment on both plate types, possibly including wells located in the
plate periphery. Choosing the right plate type should be based on a series of
those experiments. Finally, it is important to check with the manufacturer for
quality control procedures, batch performance, and meeting of standards set by
the Society for Biomolecular Screening. Those standards are important for
applying various automation procedures to the ELISPOT technique, including
plate washers and ELISPOT readers (see Subheadings 3.4.1. and 3.5.).

3.2. Coating Procedures

The coating procedure involves the addition of the capture antibody to the
96-well plate. In general avery simple and fast procedure, slight changesin the
protocol, like changing of the antibody pair used, or decrease of antibody con-
centration, can have dramatic effects on ELISPOT results.

When using plates with PVYDF membranes, a prewetting step should be
included in the protocol (Note 1). It is recommended to add 15 pL per well of
70% ethanol to overcome the hydrophobicity of the membrane. Higher volumes
can lead to leakage; lower volumes are not enough for prewetting the entire
membrane. Prolonged incubation should be prevented because evaporation of
the ethanol can lead to dry membranes with high hydrophaobicity. The ethanol
has to be washed out efficiently, for example, by three washes with sterile PBS.
The washing procedure should not be neglected or cut short, and the protocol,
once established, should not be changed. Remaining ethanol will interfere with
the spot development (see Fig. 1A). Prewetting PV DF membranes can result in
higher spot counts and it will prevent coating problems, which occur sporadi-
caly in approx 1% of the wells (see Fig. 1B).

The choice of an antibody pair for the ELISPOT assay should be based on
ELISPOT testing performed by the scientist and manufacturer, taking into
account quality controls, antibody sensitivity, and batch performance variabili-
ty. The costs of antibodies can be considerable, thus making cost-effectiveness
another important feature to consider. It is important to recognize that antibod-
ies that perform well in ELISA might not perform well in an ELISPOT assay.
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Fig. 1. Prewetting of PVDF plates. (A) A PVDF (MAIP plate, Millipore, Bedford
MA) plate was prewetted with 50 puL of 70% ethanol and then washed as described. The
high volume of ethanol saturated the membrane, and ethanol 1eaked into the underdrain.
It could not be sufficiently removed by washing. The ethanol interfered with spot devel-
opment, resulting in washed out spots in the periphery of the well. The center of the
well has regularly developed spots since that part is located higher over the underdrain
due to the concave shape of the membrane. (B) PHA control well of human PBMC in
aPVDF plate that was not prewetted. Upper right part of well has no spots due to miss-
ing coating with antibody. Coating problems can affect a whole well, only the periph-
ery or only parts of the well as shown. The pictures were taken with a KS ELISPOT
reader (Carl Zeiss, Inc., Thornwood, NY).

Therefore, antibody pairs specifically designed for ELISPOT use should find pri-
ority consideration. Standardization and validation efforts become even more
important in light of the fact that even commercialy available ELISPOT kits for
the detection of the same cytokine can exhibit differences in sensitivity as high
astenfold.

One of the most important parameters to standardize is the total amount of
antibody used for coating. A general guideline isthat approx 0.5-1 ug per well
of coating antibody result in well-defined spots. Most importantly, the lower the
total amount of antibody/well, the larger and fainter the spots become (see Fig. 2).
This is attributable to the fact that with decreasing coating concentration, the
antibody molecules bound on the membrane are further apart. Thus, the secret-
ed cytokine has to diffuse further away from the secreting cell to be captured.
Coating concentrations that are too low result in not only fainter spots but also
fewer detectable spots. Therefore, the most efficient concentration needs to be
established to concur with cost-effectiveness without compromising spot qual-
ity and ultimately spot count.
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Fig. 2. Influence of coating antibody concentration on spot outcome. A PVDF plate
was coated with decreasing amount of coating antibody for detection of human IFN-y
as indicated. PBMCs were stimulated with 10 ug/mL PHA. Spots become fainter and
more diffused with lower amount of coating antibody per well. The experiment was per-
formed during the WHO-ELISPOT workshop at Duke University in April 2001. The
pictures were obtained with a KS ELISPOT reader (Carl Zeiss, Inc., Thornwood, NY)

Various companies are now offering plates already precoated with an anti-
body and an immunological inert stabilizer. These plates clearly offer the
advantage of availability whenever needed and the shortening of the protocal.
However, it is important to validate the performance of those plates and to
check with the manufacturer for quality controls and batch variability.

3.3. Cell Preparation

For conducting the ELISPOT assay, the integrity of the PBMC is critical for
success. If performed correctly, the separation process yields a pure population
of mononuclear cells consisting of lymphocytes and monocytes, with high via-
bility, minimal red blood cell and platelet contamination and optimum func-
tional capacity.

3.3.1. Preparation of Responding Cells
3.3.1.1. CELL ISOLATION

The most convenient source of T-cellsfor the ELISPOT assay isfrom periph-
eral blood derived from venipuncture (i.e., PBMC). Although it is possible to
use whole blood for certain functional T-cell assays, for the ELISPOT assay, red
cell hemolysis and secretion of inhibitors from platelets adversely affects T-cell
function, and results of the assay are not interpretable. Even small amounts of
red cells seem to adversely affect the results of the ELISPOT assay, resulting in
high levels of artifacts. Thus, separation of mononuclear cells from peripheral
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blood is required. The technique for separating PBMCs from blood was first
described in the 1960s and has changed very little since that time (14). The orig-
inal technique, consisting of layering blood onto a Ficoll-hypague gradient,
requires some technical expertise to yield sufficient PBMC. Layering Ficoll
underneath the blood technically is easier to perform. In addition, two other
improvements in the technique in the last few years have substantially reduced
the technical burden of the procedure and improved yield and reproducibility of
the technique. The Vacutainer® cell preparation (Becton Dickinson, Franklin
Lakes, NJ), the Accuspin (Sigma-Aldrich Co, St. Louis, MO), and Leucosep
(Greiner Bio-One Inc., Longwood, FL) tubes provide a convenient, single-tube
system for the collection and separation of mononuclear cellsfrom whole blood
(Note 2). If red cells are visible in the cell pellet after processing and separa-
tion, one option is to remove these contaminating red cells by hypotonic lysis
as described in Note 3.

3.3.1.2. CRYOPRESERVATION

Although PBMC processing may affect functional activity, we believe that
cryopreservation isthe most critical part of the procedure and the most likely to
affect subsequent T-cell function if performed suboptimally. Poor recovery of
PBMCs from stored specimens can be a source of immense frustration when
conducting studies and therefore great attention should be paid to optimizing
and standardizing cell freezing and thawing procedures. Real-time testing of T-
cell responses on freshly isolated PBM Cs without cryopreservation and storage
isfeasible for small phase /11 trials and for research protocols. There are clear
advantages to being able to batch assays from multiple time points from aclin-
ical trial, and this requires the cryopreservation of PBMC in a manner that
maintains their functional capabilities. Under ideal conditions, fresh and cryop-
reserved PBM Cs have been shown to have similar functional activity and pre-
serve functional activity. Careful procedures used in PBMC cryopreservation
and thawing result in minor losses in immune response as measured by the
ELISPOT assay (15-17).

Cryopreservation involves cooling cells at arate of approx 1°C/minin the pres-
ence of a cryoprotectant such as dimethyl sulfoxide (18-20). As with PBMC pro-
cessing, there are several methods that can be used to cryopreserve PBMC. The
use of automated controlled rate freezers provides the step-wise cooling that is
necessary for optimal cryopreservation of cells and is most likely the procedure
that will provide good standardization. However, the cost of an automated con-
trolled rate freezer may be prohibitive for many laboratories, and areliable supply
of liquid nitrogen (LN) may not always be available. An easy and chesp option is
the use of the Nalgene Mr. Frosty, these 18-vial plastic containersrely on the cool-
ing rate of isopropanol which approximates 1°C/min in a—80°C freezer (18,19).
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Fig. 3. Steps for optimizing and standardizing PBMC preparations for use in the
ELISPOT assay.

The technical details of these separation procedures, the use of appropriate
anticoagulants, and cryopreservation techniques are beyond the scope of this
chapter. However, these procedures should be standardized within the laborato-
ry setting prior to conducting ELI1SPOT assays as outlined in Fig. 3. Suggested
reagents that can be used to standardize and perform quality assurance/quality
control (QA/QC) on the ELISPOT assay are described in Note 4. These reagents
can be used to directly quantify the integrity of the PBMCs and the number of
IFN-y or other cytokine-secreting cells when PBMCs are prepared under differ-
ent conditions as shown in Fig. 3. Some examples of this type of approach to
standardizing PBMC for use in the ELISPOT assay are shown below.

The optimal time frame between collection of blood sample to processing,
separation and cryopreservation of PBMCs should be shorter than 8 h or on the
same day as collection. It is not always feasible to process, separate and cryop-
reserve PBM Cs within 8 h when samples are being shipped across the country
to processing centers. Under these conditions, PBM Cs | eft too long in the pres-
ence of anticoagulants or at noncompatible temperatures, adversely affect
PBMC function and cause changes that affect the PBMC separation process
(8,20,21). We recently have shown that there is a dramatic effect on the number
of IFN-y-secreting cells if the PBMC are not processed in a timely fashion.
Whole blood from 12 individuals was collected in tubes containing sodium-—
heparin anticoagulant. Processing of blood and ELISPOT assay set up was
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Fig. 4. Time to processing affects production of 1FN-y. Processing of eight blood
samples and ELISPOT assay set up was either performed immediately (stippled bars)
or after storage overnight of the blood at room temperature in a safety cabinet (hatched
bars). PBMCs were stimulated with a pool of CMV, EBV, and influenza (CEF) pep-
tides (23). The average background SFC attributable to PBMCs only was subtracted.
The scale has been readjusted for sample number 5. For this sample there were 2789
and 3056 CEF-specific SFCs/million PBMC, respectively, for blood processed imme-
diately and overnight.

either performed immediately or after storage overnight of the blood at room
temperature in a safety cabinet. Eight of the freshly isolated PBMC samples
secreted IFN-y in response to a pool of cytomegalovirus (CMV), Epstein-Barr
virus (EBV), and influenza antigens (CEF pool, ref. 23). When the whole blood
was |eft overnight before separation of PBMCs, seven of the eight PBMC sam-
ples had a reduction in the number of 1FN-y spot-forming cells (SFCs). Three
samples exhibited a greater than fivefold reduction, and three had a one- to
twofold reduction in the number of IFN-y SFCs (Fig. 4). One of the responders
changed to a nonresponder, with a 25-fold decrease from 123 to 5 CEF-specif-
ic SFC/108. Aliquots of PBMCs from four of the fresh and stored blood sam-
ples were cryopreserved, and the ELISPOT assay was repeated. In two of the
three samples, there was again a significant decrease in the SFCs in the stored
compared with freshly processed samples. The responder with the highest CEF
response (approx 3000 SFC/106) appeared to be the least susceptible to the
effects of delay in processing (sample ID #5, Fig. 4).

After optimizing the cell processing, separation, and cryopreservation
techniques, it is essential that the cells are stored and shipped correctly so that
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deterioration of function does not occur. If cryopreserved and stored careful-
ly, these PBMCs should maintain functional integrity for many yearsin stor-
age before thawing. For the best functional T-cells, the best way to ship
PBMCsisin specially constructed LN cryo-shippers. The LN is absorbed into
a specially designed foam liner. LN is released slowly to ensure vapor phase
LN is present inside the shipping container. Samples can be kept at a consis-
tent temperature of approx —140°C for periods of 10-18 d depending on the
size of the shipper. Many studies have shown that vapor LN is the optimal
method for the long-term storage of cells. For shipping cells, LN cryo-ship-
pers appear to be the only choice. One of the key parametersis keeping a con-
stant temperature rather than fluctuating temperature. Changes in temperature
per se appear to be detrimental to cells and subsequent function (Cox and
Ferrari, unpublished observations). For thisreason it is best to avoid shipping
vialson dry ice.

For examination of functional T-cell responses, if samples have poor via-
bility then they are unlikely to function correctly (8,21,22). The reasons for
the variability in cell recovery and viability can come from a number of
sources; (1) errors in counting, (2) different methods of freezing and freeze
media, (3) different methods of thawing cells, (4) number of centrifugation
steps between thawing and counting, (5) length and type of storage condi-
tions, and (6) the origin of the PBMCs. Because the goal of cryopreserving
samples is so that batch testing of samples can be performed, it is critical to
limit variability in the above parameters and thus functionality, viability and
recovery of the cellswill be optimal. A summary of the critical parameters for
processing, collection, cryopreservation and storage of PBMCsis provided in
Note 5.

3.3.1.3. THAWING OF CELLS

Differencesin cell recovery may be the result of over- or underestimation of
cell counts and different methods of thawing cells. The use of DNAses for
thawing cells has been shown to improve cell yield and reduce clumping of
cells (17). For the ELISPOT assay in particular this is critical because of the
need to be able to distinguish discrete spot forming cells in a well. A method
that optimizes the recovery of PBMCs during the thawing procedure is
described in Note 6. It also is recommended to alow the PBMC to “rest”
overnight before plating in the ELISPOT assay. The rationale for resting cells
overnight is to allow fragile apoptotic-prone cells to die, so that a true count of
the number of viable cells can be assessed prior to plating. Overnight resting of
the cells must be performed in media supplemented with 10-20% fetal bovine
serum (FBS) or nonhuman serum (NHS) that has been tested using the QA/QC
reagents as described in Note 4.
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Fig. 5. Requirement for screening all reagents including media preparations for the
ELISPOT assay. An ELISPOT assay was used to assess |IFN-y production in response
to a pool of CMV, EBV, and influenza peptides (CEF pooal, ref. 23) and to PHA. Two
vials of PBMC (vials 1 and 2) were assayed in two separate assays in “ off-the-shelf”
FBS supplemented media (stippled bars) or a new batch of FBS supplemented media
(hatched bars). All other reagents for the assay were identical. Standard error bars are
for three replicate wells.

A pertinent anecdotal experience provides an illustration of the importance of
testing reagents prior to performing ELISPOT assays. At a training workshop
organized by the World Health Organization and the authors (S. Janetzki, J. H.
Cox, and G. Ferrari), all ELISPOT reagents except for FBS and RPMI mediahad
been shipped to the laboratory in preparation for the workshop. An ELISPOT
assay was set up with PBMC samples with known and very reproducible
responses to the CEF pool (23). Although the recovery and viability of the
PBMCs was as expected, very few |FN-y-secreting cells were detected either to
the peptide pool or to PHA in three samples tested. Because PBMCs from one
donor were till in culture, these were washed and resuspended either in the old
culture medium or in freshly made medium that used a different source of FBS.
A new via of cells from the same donor was also thawed and prepared in the
original media and the media with a different source of FBS. The results of the
experiment areillustrated in Fig. 5. It is clear that the original medium was detri-
mental to dicitation of IFN-y production in response to the peptide pool and
PHA. ELISPOT reactivity was restored in the original aliquot of cells using the
new medium. The second aliquot of PBM Cs that wasincubated in the old media
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only for the duration of the assay (approx 20 h) also had fewer IFN-y SFCs com-
pared with PBMCs incubated in the medium with new FBS.

3.3.1.4. PURIFICATION OF PERIPHERAL BLOOD LYMPHOCYTE CELL SUBSETS

It isclear that the immune system can strongly influence the course of infec-
tious diseases as well as of cancer. CD8* cytotoxic T-lymphocytes are involved
in controlling infectious diseases and cancer by eliminating infected or tumor
cells (24-27), whereas CD4* are typically involved in sustaining the maturation
of effector and memory CTL population as well as enhancing the CTL activity
(28-33). It is till not clear which of the two components should be preferen-
tialy elicited by candidate vaccine for infectious disease and cancer, if any.
Because of the absence of correlates of immunoprotection in tumor and infec-
tious disease models, it seems important to be able to quantify both CD4* and
CD8* responses to candidate antigens to establish possible correlates of
immunoprotection that may lead to successful immunotherapy interventions. In
the ELISPOT assay, the identification and quantification of the T-cell effector
subsets can be achieved by the utilization of macro- (Dynal, Upsala, Sweden;
ref. 34), micromagnetic (Myltenyi Biotechnologies; ref. 35) beads, or magnet-
ic colloid (StemCell Technologies; ref. 36) that are coated with an antibody or
a tetrameric antibody complex directed to cell surface antigens. The combina-
tion of these beads or colloids can be used to remove from the PBMC suspen-
sion the population of interest (positive selection) or undesired cell subsets
(negative selection). In case of positive selection using macro-beads or mag-
netic colloid, these reagents must be removed from the cell surface because they
may interferein cell-to-cell contact during antigen stimulation. The stimulation
of purified T-cell subsets might also require supplementing the responding T-
cells with appropriate antigen-presenting cells (APCs) to achieve an effective
assay setup. It should be noted, that using purified T-cell populations might dis-
rupt the physiological interaction between responding cells and accessory cells
that may be important in conditioning the milieu to support antigen-specific
responses.

Cell depletions can skew populations of T-cellsin away that estimated cell
frequencies are no longer comparable among different individuals and should
therefore not be used to quantify responses. In arecent study conducted at Duke
University (Dr. Weinhold, unpublished observations), the removal of CD4 cells
from 179 normal individuals created a new distribution of PBMCs where the
frequency of CD8* T-cells ranged between 24.5 and 79.1% of the total CD4
depleted population (mean 50.8 £ 11.82%), as assessed by flow cytometry. Cell
depletion as in the described approach would be only useful to determine the
relative impact of the depleted population on the overall response, but not for
estimation of cell frequencies.
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The manufacturers have carefully calibrated the methodologies for positive
and negative selection, so that cell populations are usualy greater than 95%
pure. The purity of these subsets should aways be verified within the laborato-
ry and validated within the ELISPOT assay SOP.

3.3.2. Antigens and APCs
3.3.2.1. ANTIGENS

Several platforms for antigenic stimulation of cells can be adopted as report-
ed in Table 1. Advantages and limitations of these different antigens are also
reported in the same table. Recombinant proteins can be used to detect CD4
mediated, and to a limited amount CD8 mediated, responses against the whole
protein (37). The use of recombinant proteins may be convenient for screening
purposes to determine the frequencies of responders among a cohort of patients.
Responses to recombinant proteins are dependent on the presence of APCs,
which are decreased in humber in cryopreserved samples. Replenishment of
APCs may, therefore, be necessary. Epitopic regions cannot be identified with
this method. Recombinant proteins may have solubility and stability problems
at different storage temperatures. Similar advantages and limitations can be
attributed to live recombinant viral vectors or viraly infected cell lines (38—
40). The fact that some of them can express several proteins encoded by differ-
ent genes within the same vectorsis an advantage over recombinant proteins for
screening of a large cohort of individuals. Nevertheless, the same limitations
apply, and the possibility of increased background spots due to responses to the
vector may occur.

Oligopeptides spanning from 14 to 22 amino acids (aa) length overlapping
by 4-5 aaresidues can be used successfully to screen responses against complex
proteins. They can be used as pools of up to 122 individual peptides (16,41,42).
The possibility to use them in a matrix format for identifying optimal epitopes
recognized by either CD4* or CD8* T-cells is their biggest advantage (38,
43-48). The length of peptides may vary based on the type of effector popula-
tion of interest. To design sets of overlapping peptides based on a protein
sequence, it is recommended to use tools provided by the LANL website and
related links (49). This particular program can define sequences of peptides and
apply filters that block “forbidden” aa residues that might affect the peptide
binding to the HLA molecule. Twelve to eight aa peptides that represent well-
defined epitopic sequences can aso be used to identify CD4* and CD8*
responses (23,43). The same advantages and limitations of oligopeptides apply
to this category of antigens.

When using oligopeptides, attention should be paid to their purity. Short
contaminant sequences in peptide preparations may non-specifically activate
cells and stimulate the production of cytokines. Moreover, low purity (<90%)
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Table 1
Platforms for Antigenic Stimulation

Antigen Advantage Limitation

Recombinant protein 1. Large number of T-cell 1. Solubility of the protein;
epitopes in one product; 2. Requirement of APC;
2. Antigens are processed via 3. No epitope mapping.
the exogenous pathway; 4. Limited detection of CD8
3. Detection of CD4 responses
responses.
Live recombinant 1. Severa gene products or 1. Possibility of increased
virus vectors poliepitopic regions can be background activity

inserted in the same vector; dicited by the viral vectors:
2. Antigens are processed via 2. Possibility of cytopatic

the endogenous pathway; effects;
3. Detection of CD8 3. In some instances the
responses. presence of APC may be

apre-requisite;
4. No epitope mapping

Overlapping 1. Overlapping peptidescan 1. High purity requirement
oligo-peptides be used to scan large of the oligo-peptides
proteins by using pools; makes them an expensive
2. Overlapping peptides reagent

can be pooled together in - 2. Large number of cells
amatrix system to identify required to cover multiple

new epitopes, gene products or peptide
3. Detection of CD4 and pools
CD8 responses.
Epitopic peptides 1. Fine characterization of 1. Predicted epitopic
specific CD4 and CD8 sequences are not
responses. necessarily recognized

by the immune system.

may create problemsif different batches of the same peptides are used in clin-
ical trials, whereas high purity allows the easy identification of contaminants.

It is important to understand that any stimulation strategy that will be used
in the assay should always be validated in cohorts of individuals with
detectable and nondetectable responses to the antigenic product. This will
allow the determination of the level of background responses that might be
elicited, and the specificity of such responses as part of validation of the
reagents.
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3.3.2.2. APCs

The preparation and use of APCs in the ELISPOT assay will be discussed in
other chapters of this book (see Chapter 15).

3.3.3. Cell Counters

Because of its quantitative character as well as specific requirements for cell
densities per well, the ELISPOT assay demands high accuracy in regardsto cell
numbers. It is also important to minimize the number of dead cells because the
presence of dead cells can impact the integrity of the assay. Although no guide-
lines exist for optimum PBMC viability, a cut-off of >70% viability might be
recommended as a minimum for specimens in an endpoint assay. Manual
PBMC counting and viability assessment with a hemacytometer have been in
use for decades. Although hemacytometer counts can be accurate, the proce-
dure is entirely dependent on operator competency and hence prone to incon-
sistencies. Manual viahility countsrely on the operator being able to distinguish
overall size and shape of alymphocyte as well as different hues of color. Thus,
there is a need for accurate and reliable assessments of lymphocyte counts and
viability, which do not depend on trypan blue or other dye exclusion and man-
ua counting. Within the last year, several automated units that can determine
cell counts and viability have appeared on the market (50-53). Similar to other
procedures used in the ELISPOT assay, cell-counting procedures should be val-
idated in the laboratory by determining accuracy, linearity, precision, limit of
detection, and range (54-56).

3.4. ELISPOT Development
3.4.1. Plate Washers

The removal of cells from the ELISPOT plate before the addition of detec-
tion antibody is an important washing step because of its influence on spot
appearance. Cells need to be carefully removed (see Chapter 5) to avoid non-
specific precipitation of reagents on the cell membrane that may create artifacts,
such as those observed in Figs. 6 and 7. The washing procedure can be per-
formed manually with a squirt bottle or pipet, or with an automated plate wash-
er; and both procedures can generate equivalent results. Manua washes, how-
ever, may be the source of the following problems. First, removing cells con-
sidered infectious must be performed in the confined space of a safety cabinet.
This usually creates problems for the disposal and treatment of supernatants
and cells. Second, when there are alarge number of plates to be washed, man-
ual washing would take too long to achieve a consistent incubation time.
Electronic multi-channel pipetors could be used for washing to increase the effi-
ciency, but they cannot circumvent the difficulties related with the disposal of
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Fig. 6. Problems related to automated washing procedure. (A) well-distributed and
developed spots; (B) artifactual spots caused by inefficient removal of cell debris; (C)
target image with artifactual spots caused by inefficient washing caused by the high
positioning of the probes and slow flow of washing buffer; (D) target image with
absence of spotsin the center due to inefficient washing caused by too low positioning
of the probes and/or high flow of the washing buffer; (E and F) artifactual spots due to

contamination and poor cleansing of the probes. The pictures were taken with an
Immunospot Analyzer (Céllular Technology, Ltd., Cleveland, OH).

infectious waste. Finally, manual washes could fail to remove cells and reagents
after each step if too little washing buffer and too low pressure is used, result-
ing in an increased number of artifacts on the membrane and accumulation of
dye in the well periphery (Fig. 6B). Therefore, it is recommended that one
invest in the purchase of an automated plate washer, when clinical trials with
high numbers of assays have to be performed. At least two requirements should
be observed during the purchase: the first is the ability to use at least two dif-
ferent washing buffers, and the second is the ability to adjust the height of the
washing probes and the flow of the washing buffers. This will avoid possible
confusion among different washing buffers. Automated washers that can use
two bottles for different buffers at the same time can usually be programmed to
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Fig. 7. False-positive spots. A partia well picture in high resolution with false positive
spots in the well periphery is shown. Most spots are well defined, and only distinguish-
able from true spots by cell debris artifacts in the center (arrow A). There is also some
accumulation of artifacts due to insufficient washing recognizable (arrow B). False-posi-
tive spots occurred due to a missing filter step of secondary biotinylated antibody what
allows antibody aggregates to accumulate on the membrane, preferably around artifacts.
False-positive spots a so appear without cell debris artifacts when secondary antibody is
not filtered, and are not distinguishable at al from true spots (arrow C). The picture was
obtained with a KS ELISPOT reader (Carl Zeiss, Inc.; Thornwood, NY).

automatically switch from one source to the other. The feature of having
adjustable settings for the height of the probes is important since not al plates
have the same well depth. Furthermore, plate frames can be dlightly tilted,
resulting in uneven membrane heights. The probes may be placed too far or too
close to the membrane generating a poor wash or damage of the membrane,
respectively. Poor washing can also be caused by a slow flow of the washing
buffer. Both conditions, location of probes too far from the membrane and slow
flow, usually generate well-washed concentric areas in the center of the mem-
brane with clearly defined spots, and a circle in the well periphery containing
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artifacts and an evident accumulation of substrate on the membrane. These
effects are demonstrated in Fig. 6C, 6D.

It should be noted that automated washers significantly increase the number
of platesthat a single operator can handle in a given time. But automated wash-
ers require consistent decontamination and cleaning procedures; otherwise,
accumulation of debris in the probes will generate the same type of problems
observed in the event of probes too far from the membrane or of sow flow of
the buffer (Fig. 6E, 6F). Because most of the decontamination procedures
require the use of detergent, it is strongly recommended that several cycles of
subsequent rinsing of the systems be performed to remove any residual deter-
gent. Residual detergent could result in aloss of developed and readable spots
in the subsequent assay. If the automated washer is also used to remove the
coating antibody solution and the blocking solution preceding the plating of the
cells for the incubation with the antigens, residual detergents may lyse the cell
population. Therefore, though rinsing cycles are included in the decontamina
tion programs provided by the manufacturer, they may not be sufficient. Despite
the fact that automated washers are very useful for removal of cells after incu-
bation, it is recommended to consider manual washes for steps preceding
removal of cells. Since sterility isanecessity in ELISPOT assays until cell incu-
bation is over, it is appropriate to perform all washes including the blocking
procedure in a sterile cabinet using sterile pipet tips. Once again, washing pro-
cedures and setting of the plate washers should be addressed during the valida-
tion of the assay.

3.4.2. Spot Development

The spot devel opment protocol isvery similar to the ELISA protocol, except
that it uses substrates that precipitate at enzyme sites on the membranes. Similar
to the coating antibody, the correct antibody pair as well as concentration has
to be chosen through validating experiments. As ageneral guideline, approx 0.1
ug of biotinylated detection antibody per well are sufficient for spot detection.
Changes of antibody concentration do not have as dramatic effects as changes
for the coating antibody. However, the lower the detection antibody concentra-
tion, the less enzyme will accumulate at a spot site, and the fainter the signal
provided by the precipitating substrate. Therefore, the optimal amount of anti-
body, often meeting the manufacturer’s recommendation, needs to be estab-
lished and consistently followed. Before adding the diluted secondary antibody
to the plate, it should be filtered in order to remove antibody aggregates that in
turn are the cause of false positive (Fig. 7). Those spots have the same features
as real spots, and are not distinguishable. A standardized and validated SOP
should therefore always include necessary controlsfor false positive spots (e.g.,
medium control) and afiltering step for detection antibodies.
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Similar attention needs to be given to the avidin—enzyme complex. It is
important that the enzyme is stable over a certain time period, and does not
require titration before use. This is a prerequisite for stable incubation times
with the substrate, which in turn are necessary for spot conformity. Also batch
variability of enzymes should be low to assure comparability of experiments.
Optimally, a series of experiments should be started with afresh avidin—enzyme
complex. Recording of enzyme usage and storage is recommended.

A simplification of the development procedure has been achieved by the
introduction of detection antibodies, which are directly coupled to enzymes.
The challenge to create products with enzyme activities comparable to those
reached by the biotin—avidin-amplification step has been met, and specific
detection antibodies for the use in ELISPOT assays are available. However, to
meet standardization guidelines it is recommended to use only one detection
system throughout a series of experiments. Its performance has to be validated.

Substrate choices can influence the spot number detected. Various substrates
for the same enzyme as well as the same substrate from different manufactur-
ers can differ in sengitivity, resulting in considerable spot count differences.
Furthermore, substrates with exceptional sensitivity need to be well titrated in
amount used and incubation time to prevent overdevelopment, development of
very large spots (which could become confluent), and pick-up of artifacts. The
most commonly used substrates for peroxidase are 3-amino-9-ethylcarbazole
(AEC), C14H14N2, 3,3¢-diaminobenzidine (DAB), Novared, and Tetramethyl-
benzidine (TMB); and for akaline phosphatase, BCIP and BCIP/NBT.

A simplified procedure has been introduced by Gazagne et a. (57). In their
efforts they have been using detection antibodies directly coupled to fluorescent
dyes. This method circumvents the use of enzymes and substrates. Even though
there are so far only limited reports available, this technique appears promising
especially for monitoring various cytokines simultaneously secreted by the
same cell population.

3.5. ELISPOT Evaluation

In 1988, Czerkinsky suggested the use of a stereomicroscope for ELISPOT
evaluation purposes (3). Even though widely accepted, there are many drawbacks
attached to that method: it istime- and labor-intensive, high spot numbers are dif-
ficult to evaluate, low resolution makes the differentiation of artifacts and real
spots difficult, and the results are dependent on the experience and personal pref-
erences of the scientist performing the evaluation. The bias and variability issues
are the biggest problem attached to this method. The stereomicroscope has
been used amost exclusively for ELISPOT evaluation, until the introduction of
automated ELISPOT readers in 1997 (58—60). Automated eval uation can circum-
vent many of the problems associated with manua counting. Today, multiple
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automated readers with various capabilities, resolution, and software packages
can be found. They are discussed in Chapters 7 and 8.

When validating the ELISPOT protocol, the evaluation method has to be
included in that process. Two main topics shall be discussed here: (1) the oper-
ator-dependent variability and (2) the use of assay-specific controls for defining
reading parameters.

It can be easily recognized that manual evaluation with a stereomicroscope
is dependent on the preferences of the operator. The high variability observed
in manual evaluation can be drastically reduced when introducing an auto-
mated ELISPOT reader (61,62). However, even when using an automated
reader, there is still operator-dependent variability apparent (62). This is
attributable to the fact that each sample requires an adaptation of reading
parameters, which are used by the software for automated recognition of
spots and exclusion of artifacts. The better standardized the whole ELISPOT
protocol and performance, and the better the materials used, the better the
conformity of spots, and the lower the requirements for changes of reading
parameters. However, it needs to be kept in mind that spot appearance is not
only a function of assay performance, but also and especially a biological
function (63-65). This makes the use of predefined reading parameters for a
series of experiments of limited usefulness, and it underlines the necessity of
re-checking and re-adapting reading parameters in an automated setting. As
discussed above, the more standardized all techniques involved in an
ELISPOT assay, including cryopreservation, cell storage, the lower the possi-
bility of varying spot definitions because of technical factors, artifacts, and
nonspecific stimulation of cells.

The influence of persona preferences in establishing reading parameters can
be partially overcome with assay-specific controls. Recently, Currier et al. intro-
duced a suitable control for a majority of human IFN-y ELISPOT assays (23).
This control contains a pool of 23 8-11mer peptides derived from the influenza
virus, cytomegalovirus, and Epstein-Barr virus that are known to be recognized
by CD8" T-cells and presented by class | HLA-A and HLA-B adleles. Because
the produced spots are aresult of amemory CD8* T-cell response, their appear-
ance can provide a standard for spot definition, especially when using an auto-
mated reader system. In contrast, spots produced by other positive ELISPOT
controls, like the mitogens such as phytohemagglutinin (PHA), ConA, or
PMA/ionomycin should be used with caution for reading parameter setup.
Mitogens induce cytokine release in different subsets of cells, and through dif-
ferent mechanisms than antigen recognition in memory responses. This leads to
spots that can differ tremendoudly from the appearance of spots generated by
antigen-specific memory cells. Furthermore, often the stimulation is so strong
that the spots are too large and numerous to allow discrimination of single spots.
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For evaluation purposes, the scientists need to be well trained, according to
GLP guidelines. It isimperative that they have knowledge of the basic setup of
the plate they are evaluating, especialy of the location of assay-specific con-
trols as discussed above. Furthermore, controls of effector cells aone, antigen-
presenters alone, and similar controls should be used when defining the reading
parameters. The performing scientist should be tested for variability by evalu-
ating a plate multiple times. It might be advisable to limit the number of scien-
tists performing the evaluation of experiments of one study to further decrease
operator-dependent variability.

When using an automated reader, it is important to keep the machine well
maintained and calibrated. Calibration cannot be performed on a scanned pic-
ture because the software will always give the same spot number when using
the same reading parameters. Calibration should be performed on a newly
scanned picture each time. It has to be kept in mind that spots will fade over
time, even if kept protected from light. The rate of fading depends on the mem-
brane and substrate used as well as the time of exposure to light. Finally, val-
idation procedures should also include the establishment of the intrinsic vari-
ability of a reader due to lightening issues etc. Rescanning a well multiple
times and evaluating the pictures with the same reading parameters can
achieve this goal. The variability established here needs to be acknowledged
when establishing recommendations for a positive response definition of
ELISPOT results.

3.6. Assay Validation

The validation of an ELISPOT assay must be performed before initiating any
clinical trial, but it is strongly recommended before initiating research projects
that may lead to evaluation of therapeutic productsin clinical trials. These stud-
ies should produce a “validated” SOP under GLP guidance (55) that can be
used to submit data to the Food and Drug Administration for approval of clini-
cal trias or licensing of vaccines, immunotherapeutic procedures, pharmaceu-
tical products, etc. It should be noted that the use of a “validated” SOP estab-
lished by a different laboratory does not automatically imply that the assay is
“validated” for your laboratory.

The validation process should always start by identifying the variable with-
in the assay that may create problems during the routine application of the assay
(i.e., incubation times, purity of the reagents, concentration of reagents, purity
of cells and their concentration), and subsequently verify that the whole proce-
dure performs according to the guidelines described in the Federal Register
(Part VIII; 60 FR 11260) based on the International Conference on
Harmonisation documents ICH-Q2A (CDV S2.CDER.FDA.GOV; ref. 54) and
ICH-Q2B (http://www.eudra.org/emea.html). The seven characteristics that the
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Table 2
Validation Criteria

Janetzki et al.

Characteristics

Definition

Commonly referred to as:

Accuracy

Precision
Repeatability
Intermediate

precision
Reproducibility

Specificity

Detection limit

Quantitation limit

Linearity

Range

Expresses the closeness of
agreement between the
found value and a reference
value

a) Precision under the same
operating conditions over a
short interval of time;

b) Precision within laboratory;

¢) Precision between
laboratories.

To assess unequivocally the
analyte in the presence of
other components.

Lowest amount of analytein

a sample that can be detected
but not necessarily quantitated.

Lowest amount of analytein a

sample that can be quantitatively

determined with suitable
precision and accuracy.

Ability (within a given range)

to obtain test results, which are

directly proportional to the
concentration of analyte
in the sample.

The interval between the upper
and lower concentration of

analyte in the sample for which

it has been demonstrated that

the procedure has suitable level

of precision, accuracy, and
linearity.

a) Intra-assay precision;

b) Intra-laboratory
variation;

) Inter-laboratory
variation.

Absence of reactivity
in unexposed negative
individuals.

To determine the linearity
using different concen-
tration of responding
cells.

To determine the
expected ranges of
responses to antigens
based on the number
of spots that can be
counted without
any approximation.

SOP should fulfill for a validated procedure were adapted from those docu-
ments and are listed in Table 2.

It should be noted that in those documents the term “analyte” corresponds,
in fact, to the antigen-specific responding cells in the PBMC preparation.
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Severa articles have recently been published and address the “validation” of the
ELISPOT assay (9,10,16,17,66), and they may be helpful in addressing some of
the requirements listed above for validation of the ELISPOT assay. However,
validation of the assay for GLP compliance must aways generate data that
address al of the above criteria.

3.7. Statistical Considerations

We review below statistical considerations confronted when analyzing
ELISPOT datain alarge panel study. Scientific conclusions deriving from this
study have been described elsewhere (12). Data were drawn from 11 laborato-
ries, each analyzing the same 11 donors. Each laboratory used six plates (one
group of three rows per donor, two donors per plate). That is, there were three
replicates for each donor—eagent—aboratory combination. Counting Diluent
(media used for the assay), CEF, and PHA, there were nine reagents, each map-
ping to a different column on the plate. Additionally, in “batch 2" of the data,
all plates were read a second time by a new reader.

Note that two missing-value codes are necessary for ELISPOT data; one to
indicate experiments not done, and the other to indicate coalescent spots (too-
numerous-to-count [TNTC] counts). TNTC counts can complicate analyses of
means, but will usually not affect analyses of medians and ranks.

3.7.1. Numbers of Replicates

In the panel study, interest centered on determining which donors were
responders to which reagents, in which laboratories. A planning issue not con-
sidered was that determination of responder status involves multiple compar-
isons of reagents to diluent. That is, the same diluent data were used in many
separate comparisons to (other) reagents. Because the diluent data were more
“heavily used”, the study might have profited from a greater number of repli-
cates for diluent than for the other reagents.

Dunnet’s test (67) is a popular variant of the Analysis of Variance in which
each of K experimental groupsisin turn compared to a single control group.
Hudgens et al. (68) cite Hochberg and Tamhane (69) to the effect that, if Cis
the number of replicates in the control group and E is the number of replicates
in asingle experimental group, then there is an optimal ratio of replicates: opti-
mal C/E = sgrt(K —1). In this study, with K = 8 and E = 3, study power would
probably have benefited from 8 replicates for each diluent in a
batch—donor—laboratory instead of 3.

3.7.2. Multiple Testing

A determination of responder status (Y/N) was required for each
batch—laboratory—donor—reagent. If responder status is derived in each case
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from a statistical test (see below), many such statistical tests need to be per-
formed simultaneously, engendering a multiple testing problem. To under-
stand this, recall that when performing an ordinary statistical test at, say, the
alpha = 0.05 level, one is carrying out a procedure that has a probability of
5% of being (incorrectly) significant even if the null hypothesis is true. That
is, performing such a test when the null hypothesis is true is like flipping a
coin that has a 5% probability of heads. If the coin comes up heads, one incor-
rectly rejects the null hypothesis, committing a “type | error.”

The conclusions derived from the statistical test are believable in part
because this probability of error is controlled to be fairly low, typically only 1
in 20. But suppose that, instead of performing one such test, one performs two
independent tests, and both null hypotheses are true. If each test is carried out
at o = 0.05, the probability that at least one test will be (incorrectly) signifi-
cant (i.e., the probability of at least one head in two flips) is about 10%. This
probability increases with the number of tests. For five tests, the probability of
at least one type | error is 23%. For 100 tests, it is 99%. This is the multiple
testing problem, and the probability of making at |east one type error iscalled
the “family-wise error rate.” A classical way to deal with controlling the fam-
ily-wise error rate isto adjust the 5% a-level for individual tests downward. If
there are k such tests, it suffices to use an a-level of 0.05/k for each individual
test, whether or not the individual tests are statistically independent. This is
the popular Bonferroni correction, known to be at worst conservative.
Multiple testing is an area of active statistical research, and many other meth-
ods have been developed. We will describe one such, well-suited for
ELISPOT analysis (70).

3.7.3. Filters

Before analysis, it seemed prudent to filter out several types of datathat were
probably in error:

1. BADNEG: A few batch-lab-donor for whom any of the three diluent wells had
SFCs exceeding 100/10° PBMC were deleted.

2. BADEVEN: For each batch-aboratory—reagent—donor, the three replicate SFC
were required to be comparable. This was determined by a chi-squared test for
evenness (using SFC per 200,000) with an alpha of 0.05/1000. Cases failing this
test were deleted. This method assumes the data are Poisson distributed, which
may be unwarranted (see Subheading 3.7.6.). Another popular method, not used
here, involves trimming the outer member of atriplet if its distance to the median
exceeds 88.6% of the total range. BADEVEN drops an entire triplet, while trim-
ming drops only the outlier. But trimming cannot be used of one member of the
triplet is missing, while BADEVEN can. Simulations (not shown) suggest that,
with random normal data, in which no data points are truly outliers, approx 20% of



Standardization and Validation Issues of the ELISPOT Assay 75

triplets will trigger trimming. When applied to the pand data, the two methods
have incomplete overlap, with trimming triggered more often.

3. PHALOW: Cases (excluding PHA) in which the batch—donor—aboratory was not
a responder for a reagent, and also not a responder for PHA, were deleted. Note
that, unlike the other two filters, PHALOW requires a pre-specified definition for
“responder.”

3.7.4. Poisson Model for SFCs

The Poisson distribution seems a natural model for the distribution of SFC
counts because it requires only two (reasonable-sounding) assumptions: (1)
there are a great number of cells (e.g., 200,000) in awell and (2) whether each
cell forms a spot or not is governed by an independent coin toss with the same
very low probability (e.g., p) for every cell in the well. Granting these two
assumptions, it follows that the observed number of spots follows a Poisson dis-
tribution with expected value 200,000p.

Although the Poisson model seems natural, Lathey’s data (see Subheading
3.76.; ref. 9) show considerable extra-Poisson variability, suggesting that
another distribution, perhapslognormal, may be more appropriate to model SFC.

3.7.5. Definitions of Responder

We explored several definitions of responder. We term two of the methods
“arbitrary.” Letting R be the reagent SFC/10- PBMC and D be the correspon-
ding SFC for diluent, the conditions required for responder-positives according
to the two arbitrary methods are given below:

1. ARB1: R>3D and R-D > 20
2. ARB2:R>4D and R >55

An dlternative (“statistical™) definition involved comparison of reagent SFC
to diluent SFC using the binomia distribution. Given that there are S tota
spots, if the case is not aresponder, (i.e., if diluent and the other reagent do not
differ), and assuming that spot counts are Poisson-distributed, the number of
spots in, say, the Diluent group will follow a Binomial (1/2, S) distribution. If
the numbers of replicates in the two groups differ, the probability parameter of
the Binomial distribution changes. For example if there are three diluent repli-
cate wells but only one “other reagent” replicate well, the number of Diluent
spots will follow a Binomial (3/4, S) distribution. We reject (one-tailed) if the
number of Diluent spots is much smaller than expected.

This test must be modified to incorporate TNTC counts. Typically, diluent
will have no TNTC counts. So it seems reasonable that, if areagent hasaTNTC
count, the donor should be counted as a responder. This means that the respon-
der status of donor X to a given lab-reagent combination becomes:
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Table 3
Data From Lathey’s Table 1

SFCs grouped by number formed
Antigen 020 21-50 51-100 100-200 200-400 >400

Media 38 21 17
(n=46) (n=16) (n=1)
Candida 30 33 18 22 5
(n=21) (n=16) (=12 (n=12) (n=4)
PHA 18 8 7

(n=2) (n=20) (n=44)

1. Missing if there are no data for the reagent or for diluent.

2. Otherwise, nonresponder if both sums of counts (across repetitions) are 0.
3. Otherwise, responder if any reagent count isTNTC.

4. Otherwise, responder or not, according to the one-tailed binomial test.

A lenient application of the binomial test uses o, = 0.05. A Bonferroni adjust-
ment for the panel study gave o = 0.05/1169.

For the binomial test to work, the total number of spots in the two reagent
groups must be large enough so that the p-value is capable of being less than
0.05 (or 0.05/1169). This means that, if the proportion of diluent replicates was
D, we required the total spot count T to be at least log(a)/log(1 — D). For exam-
ple, if the number of replicates was the same for both reagents, we required T
to be at least 5 for a lenient test and at least 15 for a Bonferroni test. For total
spot counts below these levels, we counted the donor as a nonresponder.

3.7.6. Poisson Variation and Extra-Poisson Variation

Lathey’s Table 1 (abstracted in our Table 3 with the kind permission of the
author; ref. 9) gives SFC counts and coefficients of variation for media, Candida,
and PHA, grouped into classes by number formed. Under the Poisson assump-
tion, maximum likelihood methods allow estimation of the antigen-specific
Poisson means of the SFC counts. The estimated means are 19, 61, and 400.

The mean of a Poisson distribution specifies the entire distribution. Thus,
assuming SCF are Poisson-distributed, we can calculate the Coefficients of
Variation expected in the SFC groups of Lathey’s Table 1. These are given in
Table 4. Rows 1-3 of Table 4 are strikingly below Lathey’s Table 1. Thus
Lathey’s data are far more variable than they would be if they were generated by
three common underlying Poisson distributions (one for each antigen).

Another way to appreciate the size of the Lathey CVsisto compare them to
the CV's one would expect in each SFC group if the values within the SFC
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Table 4
Coefficients of Variation Implied by Poisson Distributions Matching
the Data of Lathey’s Table 1

SFCs grouped by number formed
Antigen 020 21-50 51-100 100200 200400 >400
Media 16.59 10.85 1.78 0.52 0.17
Candida 4.04 6.01 10.91 1.74 0.39
PHA 1.17 0.80 0.66 0.69 311 2.92
Table 5

CVs Expected Assuming SFCs Are Distributed Uniformly Within Each Interval

SFCs grouped by number formed

0-20 21-50 51-100 100200 200400 >400
Uniform 58 24 19 19 19

group were uniformly distributed across the interval of the group (for example,
assuming that the SFC values in the 21-50 group were uniformly distributed on
[21-50]). These are listed in Table 5. Lathey CV's often approximate the uni-
form CVs.

Is there a distribution that fits these data well? One possibility is that the
counts are lognormally distributed, that is, that the logs of the counts are nor-
mally distributed. gnoring the annoying possibility of a0 count (requiring alog
of minus infinity!), maximum likelihood estimates of the mean and variance of
the log counts are: (2.64, 0.34), (3.62, 1.38), and (6.19, 0.22) for the three anti-
gens, respectively. This implies mean counts of 17, 74, and 544. Simulations
using sample sizes of 63, 65, and 66 (asin ref. 9) for the three antigens, respec-
tively, generate mean sample sizes and CVs in the SFC groups as shown in
Table 6. Judging by their similarity to Lathey’s data, the lognormal distribution
is moderately successful in simulating the observed distribution of counts.

3.7.7. Westfall/Young Analysis

Hudgens et al. (68) suggests that the method of Westfall and Young (70-73)
is appropriate for determination of ELISPOT responder status. This method is
conveniently implemented in the SAS MULTTEST procedure, and in the
Bioconductor’s Multtest Package in R.

Asapplied to the ELISPOT responder problem, the technique compares SFC
for reagentsto that of diluents by permutation (or alternatively resampling) tests
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Table 6
Coefficients of Variation and Sample Sizes From the Simulation of Counts
Based on Lognormal Distributions (Results Rounded to the Nearest Integer)

SFCs grouped by number formed
Antigen 020 21-50 51-100 100-200 200-400 >400

Media 37 24 14
(n=47) (n=15) (n=2 (n=1)
Candida 46 25 20 19 18 32
(n=200 (=19 (n=13) (n=28) (n=4) (n=2)
PHA 12 17 37

(n=1 (n=2) (n=20) (n=44)

based on t-tests. This approach is combined with theoretical advances in multi-
ple testing to solve at one stroke the Poisson distribution and multiple testing
problems described earlier. In the analysis discussed here, Hochberg's step-
down method was used to adjust p-values. TNTC values still cause difficulties,
and in the panel analysis, the TNTC values within each batch-aboratory—
donor-reagent were mapped to a number slightly above the maximum of the
non-TNTC counts. If al replicates were TNTC, they all were mapped to 2500.
Note that, once having dealt with TNTC, future analyses should probably use
the transformation SFC — log(SFC + 1) to make the data roughly normal and
at the same time handle cases where SFC = 0.

3.7.8. Measures of Agreement

It was desired to investigate agreement between the responder status as cal-
culated in the various ways (ARB1, ARB2, lenient Binomial, Bonferroni
Binomial, Westfall/Young) described above. Statistics measuring pairwise
agreement in responder status and in outcomes of the filters between the meth-
ods and batches generally are numerical summaries of a 2-x-2 table. For exam-
ple, the rows may give responder status (Y/N) according to method A, whereas
the columns give it according to method B. Two popular measures of agreement
using these types of data presentation are: (1) the simple percent agreement (per-
cent of casesfalling in the diagonal cells), among all cases in which both meth-
ods had nonmissing data and (2) the k statistic (74). Even if two methods were
completely unrelated, one might expect some agreement between them simply
by accident. x attempts to correct for this. The methods agreed well, with per-
cent agreement ranging from 89 to 98%. k values ranged from 0.74 to 0.97.
Fleiss calls values above 0.75 “excellent,” whereas Landis and Koch (75) call
values above 0.6 “substantial” and values above 0.8 “amost perfect.”
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In addition to agreement, McNemar’s test can be used to compare the off-
diagonal cells of the table. This tests whether the positivity rates of the two
methods are equal.

4. Notes

1. Prewetting of PVDF plates. Under hood, add 15 pL of 70% ethanol to wells. Tap
plate slightly to assure even wetting of the entire membrane. Membrane will
change color from white to dark gray-blue. Without further incubation, wash plate
three times with 150 uL of sterile PBS. Continue with coating procedure.

2. The Vacutainer™ CPT™ cell preparation tube combines a blood-collection tube
containing anticoagulant with a Ficoll-Hypaque or similar density separation fluid
and a polyester gel barrier that separates the two liquids. The Accuspin and
L eucospep tubes use a porous high-density polyethylene membrane frit that sepa-
rates the blood from the lower chamber containing Ficoll. Anticoagulated whole
blood is added to the top chamber, and upon centrifugation the whole blood
descends through the gel barrier or frit to contact with the separation medium
below giving a clear separation of the blood components. The erythrocytes aggre-
gate and the granul ocytes become dlightly hypertonic, increasing their sedimenta-
tion rate, resulting in pelleting at the bottom of the tube. Lymphocytes and other
mononuclear cells, that is, monocytes, remain at the plasmainterface.

3. Hypotonic lysis of red cells. Resuspend the cell pellet in ammonium chloride lysis
buffer (ACK lysing buffer, Quality Biological, Gaithersburg, MD), using 5 mL of
solution per 10 mL of original blood volume. Allow to stand 5 min at room tem-
perature, add 25 mL of PBS, mix, and centrifuge 15 min at 300g, room tempera-
ture. Remove supernatant, resuspend the cell pellet in media supplemented with
EL1SPOT-tested serum (see Note 4). Centrifuge again 15 min at 300g, room tem-
perature. ACK lysing buffer can be made up as follows; to 800 mL of H,0, add
8.29 g of NH,CI (0.15 M), 1 g of KHCO3 (10 mM) and 37.2 mg of NA,EDTA (0.1
mM). Adjust the pH to 7.2—7.4 with 1 N HCI. Add H,0 to make a total volume of
1 liter. Filter sterilize through a 0.2-um filter and store at room temperature.

4. Testing reagents for use in the ELISPOT assay. It is absolutely critical to test all
reagents prior to use to ensure that there is a low spontaneous background in
unstimulated PBMCs and adequate and reproducible detection of spots in stimu-
lated PBMCs. Ideally, all batches of media, batches of plates, serum, wash buffers
as well as antibodies and detection reagents should be tested prior to conducting
assays. An appropriate QA/QC reagent is one that can be used to consistently
induce antigen-specific induction of IFN-y in CD8* T-cells or that induce antigen-
specific induction of cytokine (s) of interest in T-cell subset (s) of interest.
Examples of such QA/QC reagents are (1) apool of CMV, EBV, and influenza pep-
tides (23), (2) commercially available pools of peptides from the CMV pp65 pro-
tein (BD Biosciences, San Diego CA), and (3) live virus preparations such as CMV
(Advanced Biosciences Incorporated, Columbia, MD). Mitogens such as PHA,
ionophores such as PMA/lonomycin and staphylococcus enterotoxin also can be
used to induce cytokine(s) of interest in T-cell subset(s) of interest. These types of
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reagents can be obtained from a number of supplierse.g., Aldrich-Sigma. However
again it should be emphasized that the QA/QC reagents themselves should be test-
ed to ensure reproducibility. PHA spots can vary widely in size, intensity and shape
with a rather patchy occurrence. Because of the high spot number per well, they
also can be confluent. Furthermore, PHA is known for losing its activity rather fast
during storage, which can result in ineffective IFN-y production and unclearly
defined spots. The use of the CEF peptide pool described above circumvents these
problems. The spots are well defined, comparable with spots in the remaining
assay, and the spot number istypically below the number of spots resulting in con-
fluence.

5. Critical parameters for processing, collection, cryopreservation and storage of
PBMC: (1) Limit the time between blood draw and processing to as short atime as
possible. For the ELISPOT assay if PBMC are not processed in a timely manner,
the number of |FN-y-secreting cellsis dramatically reduced. (2) Use of freeze media
and culture media that has been tested to ensure low spontaneous elicitation of
cytokine secretion. (3) Avoid extremes of temperature during cell shipment and pro-
cessing. (4) Minimize red blood cell and platel et contamination by use of good tech-
nique and multiple washing steps. (5) Use correct centrifugation speed for PBMC
separation. (6) Heparin, sodium citrate, and ethylenediamine tetraacetic acid anti-
coagulants appear to be interchangeable for use in immunology assays, provided
that the cells are processed within 8 h. (7) Slow freezing procedure to bring the tem-
perature of the cells down to approx —140°C. (8) Store and ship cellsin vapor phase
LN at —140°C or lower. (9) Rapid thawing procedure to minimize cell disruption.

6. Thawing PBMCs with DNAse. When thawing PBMC, we recommend using
DNAases such as Benzonase® nuclease, (CN Biosciences, Madison, WI).
Benzonase nuclease is a genetically engineered endonuclease from Serratia
marcescens. It degrades all forms of DNA and RNA (single stranded, double
stranded, linear, and circular) while having no proteolytic activity. Add 50 U/mL of
Benzonase to media to be used for cell thawing. Warm the media to at least room
temperature (range, 25-37°C). Remove the cryovial containing the PBMC sample
from the liquid nitrogen and hold in 37°C water bath. Do not shake vials; micro-
crystals of ice may damage cell membranes and ultimately lyse PBMCs. As soon
as the sampleisjust about thawed, pipet the sample into its previously labeled 50-
mL conical. Add the media supplemented with Benzonase dropwise with gentle
shaking, slowly bringing the volume in the conical up to 10 mL. Spin down the
tube at 300g for 7-10 min at room temperature. Decant the supernatant and repeat
the wash with the Benzonase media. Resuspend the cells in media without
Benzonase for counting and subsequent procedures.
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A Cell-Detachment Solution Can Reduce Background
Staining in the ELISPOT Assay

Angela Grant, Sarah Palzer, Chris Hartnett, Tanya Bailey, Monica Tsang,
and Alexander E. Kalyuzhny

Summary

Enzyme-linked immunospot (ELISPOT) assays are widely used as a technique that alows
determining the frequency of cytokine-releasing cells. Colored spots appear at the sites of cells
releasing cytokines, with each individual spot representing a single cytokine-releasing cell. Porous
membranes are used in ELISPOT plates to provide support for growing cells, thus making it dif-
ficult to remove them by washing. Cells that have adhered to the membrane may be stained non-
specifically, producing a background and then counted as specific spots. We have tested a cell
detachment reagent, Accumax™, and found that it may be used to remove alarge number of cells
adhered to the microplate membranes. Accumax was tested in 16 different ELISPOT assays,
including human interleukin (IL)-2, IL-4, IL-5, IL-6, IL-8, IL-13, IL-1B, interferon (IFN)-y, and
tumor necrosis factor (TNF)-o;; mouse IL-4, IL-6, IFN-y, and TNF-q;; rat I1L-2 and IFN-y; and
canine IFN-y. Accumax was found to be compatible with human 1L-13, IL-18, IL-2, IL-4, IL-5,
and IL-8 and mouse IL-4, IL-6, and TNF-o. ELISPOT assays, allowing oneto remove alarge num-
ber of adhered cells without hindering ELISPOT assay performance. However, Accumax was
incompatible with human IFN-y, mouse IFN-y, canine IFN-y, and rat IFN-y ELISPOT assays
because Accumax reduced the intensity of staining and the number of spots formed.

Key Words. ELISPOT; cytokines; background; Accumax™.

1. Introduction

For the accurate quantification of spots produced in enzyme-linked
immunospot (ELISPOT) assays, it is important to minimize or eliminate non-
specific staining, which may be caused for various reasons. Filter-bottom
microplates are used predominantly in ELISPOT assays because, unlike plastic
plates, membranes (i.e., nitrocellulose or polyvinylidene fluoride [PVDF]) can
retain a larger quantity of capture antibodies, thus alowing one to achieve a
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strong staining color of spots that is required for their detection. Strong cell-
adhesive properties of filter membranes have a negative impact on ELISPOT
assays: adhered cells may be stained nonspecifically and either produce a back-
ground that covers the entire area of the membrane or stained like spots and thus
confused with specific spots formed by cell-secreted cytokines. Cells may
adhere to membranes for various reasons. For example, in ELISPOT assays such
as human interleukin (IL)-4, IL-5, and IL-13, alarge number of cells have to be
plated to detect a quantifiable number of spots on the membrane (1-3).
Therefore, the chances of cell adherence increase with such assays. We a so have
observed that cells stimulated with Concanavalin A tend to adhere stronger to the
membrane (data not shown). In our present study, we investigated the effect of a
cell-detachment solution, Accumax™, in minimizing the adherence of peripher-
a blood mononuclear (PBMCs) to PVDF filter membranes in 96-well plates
used in human IL-2, IL-4, IL-5, IL-6, IL-8, IL-13, IL-1p, interferon (IFN)-vy, and
tumor necrosis factor (TNF)-o; mouse IL-4, IL-6, IFN-y, and TNF-o; rat IL-2
and IFN-y; and canine |FN-y ELISPOT assays.

2. Materials

Sterile phosphate-buffered saline (PBS).
RPMI complete culture medium.
Calciumionomycin ionophore (cat. no. C-7522, Sigma Chemical Co., St. Louis, MO).
Phytohemagglutinin (cat. no. L-3897, Sigma Chemical Co.).
Phorbol 12-myristate 13-acetate (cat. no. P-8139, Sigma Chemical Co.).
Anti-CD3e antibodies (cat. no. MAB100, R&D Systems, Minneapolis, MN).
Mouse lyse and wash buffer (cat. no. WL2000, R&D Systems).
Human lyse solution: 155 mM NH4CI, 10 mM NaHCOs3, 0.1 mM ethylenediamine
tetraacetic acid, pH 7.4.
9. 40 um nylon cell strainer (Fisher Scientific Co.).
10. Concanavalin A (cat. no. C-7275, Sigma Chemical Co.).
11. Trypan Blue (cat. no. 15250-061, Gibco-BRL).
12. Fuoro Nissl Green (cat. no. N-21480, Molecular Probes, Inc., Eugene, OR).
13. Stereomicroscope or ELISPOT plate reader.
14. Human IL-1B ELISPOT kit (R&D Systems, EL201).
15. Human IL-2 ELISPOT kit (R&D Systems, EL202).
16. Human IL-4 ELISPOT kit (R&D Systems, EL204).
17. Human IL-5 ELISPOT kit (R&D Systems, EL205).
18. Human IL-6 ELISPOT kit (R&D Systems, EL206).
19. Human IL-8 ELISPOT kit (R&D Systems, EL208).
20. Human IL-13 ELISPOT kit (R&D Systems, EL213).
21. Human IFN-y ELISPOT kit (R&D Systems, EL 285).
22. Human TNF-o. ELISPOT kit (R&D Systems, EL210).
23. Mouse IL-4 ELISPOT kit (R& D Systems, EL404).
24. Mouse IL-6 ELISPOT kit (R& D Systems, EL406).
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25.
26.
27.
28.
29.
30.

Mouse IFN-y ELISPOT kit (R&D Systems, EL485).

Mouse TNF-o ELISPOT kit (R&D Systems, EL410).

Rat IL-2 ELISPOT kit (R&D Systems, EL502).

Rat IFN-y ELISPOT kit (R& D Systems, EL585).

Canine IFN-y ELISPOT kit (R&D Systems, EL781).

Accumax™ (Sigma Chemica Co., cat. no. A-7089). This is a solution of prote-
olytic, collagenolytic, and DNAse enzymes in Dulbecco’s PBS. The solution does
not contain mammalian or bacterial derived products. After thawing, Accumax can
be stored at 4°C for up to 2 mo in sterile tubes.

3. Methods
3.1. Preparation of Rat and Mouse Splenocytes

1

2.
3.

o

Aseptically remove spleens from 4- to 6-wk-old rats and mice and place spleens
into RPMI complete culture medium

Press spleens through a 40-um nylon cell strainer.

Collect splenocytes by centrifugation (500g for 5 min).

Discard supernatant, break clumps of cells, and resuspend themin lyse solution (10
mL for mouse and 20 mL for rat) and incubate for 10 min at room temperature.
Remove clumps with a pipetor and add 40 mL of wash buffer.

Centrifuge cells for 5 min at 500g, discard supernatant, and resuspend cellsin 10
mL of RPMI complete medium.

3.2. Preparation of Human PBMCs

1

2.

3.

Separate PBM Cs from each donor by layering 25 mL of blood onto 20 mL of 1.077
o/mL Ficoll-Paque Plus at 25°C and centrifuge 500g for 30 min at room temperature.
Discard upper plasmalayer after centrifugation and transfer PBMCs into two ster-
ile 50 mL tubes.

Resuspend PBMCsin 45 mL of sterile PBS and centrifuged them for 5 min at 500g
at room temperature.

Discard supernatant, break the pellet and remove the remaining red blood cells by
adding 10 mL of human cell-lyse solution and incubate for 5 min at room temper-
ature. After lysing is completed add sterile PBS (to reach 50-mL graduation mark
on the tube) to resuspend PBMCs

Centrifuge PBMCs for 5 min at 500g at room temperature. Discard supernatants
and add 30-40 mL of RPMI complete medium. PBMCs should be counted by
Trypan Blue exclusion.

3.3. Counting Live Cells

1
2.
3.

Mix cells 1:2 with a Trypan blue solution.

Pipet about 10 pL of the mixture into each side of a hemacytometer.

Place hemacytometer under the microscope and count cells using a 10X or 20X
lens and phase contrast illumination as described in hemacytometer’s insert. Live
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cells are those ones that are not stained with Trypan blue. Once the cell concentra-
tion is determined, cell dilutions can be made as needed.

3.4. ELISPOT Assays

Commercially available ready-to-use ELISPOT kits (R&D Systems, Inc.)
were used in this study to measure release of human IL-1f, IL-4, IL-5, IL-6, IL-
8, IL-13, IFN-y, and TNF-oi; mouse IL-4, IL-6, IFN-y, and TNF-o; rat IL-2 and
FN-y; and canine IFN-y. Each kit included a dry 96-well PVDF-backed plate
precoated with corresponding capture antibodies, a concentrated solution of
detection antibodies, a concentrated solution of streptavidin-conjugated akaline
phosphatase, 5-5-bromo-4-chloro-3-indolyl phosphate/Nitroblue tetrazolium
substrate, and wash and dilution buffers. Assays were performed according to
the protocols included with each ELISPOT kit (see Note 1). PBMCs and
splenocytes were incubated and stimulated at 37°C and 5% CO, for 16 to 24 h
directly in ELISPOT plates wrapped in aluminum foil to maintain well-to-well
reproducibility and to minimize background staining (4). To stimulate the
release of human IL-18, IL-2, IL-5, IL-8, IL-13, and IFN-y; mouse IFN-y; rat IL-
2 and IFN-y; and canine IFN-y, cells were incubated with 0.5 pug/mL of Calcium
ionomycin ionophore plus 50 ng/mL of phorbol 12-myristate 13-acetate. To
stimulate release of human IL-4 and IL-6, cells were incubated in the presence
of 3 ug/mL of phytohemagglutinin. To stimulate the release of human and
mouse TNF-a, cells were incubated in the presence of anti-CD3e antibodies.
Mouse IL-4 and IL-6 were stimulated with 4 pg/mL Concanavalin A.

3.5. Quantification of Cells Adhering to ELISPOT Membranes

The membranes were punched out, stained with Fluoro Nissl Green (5), and
counted using amanual tally counter under the fluorescence microscope (AX70
Provis, Olympus America, Lake Success, NY).

3.6. Quantification of ELISPOT Data

The cytokine-releasing activity of PBM Cs were evaluated by quantifying spot-
forming cdlls. Spot-forming cells, in turn, were determined by counting colored
spots distributed over the entire area of the membrane using ImageHub image
acquisition and spot-counting software (designed by MedBioComp, Inc. and dis-
tributed by MV S Pacific, LLC) assuming that one cell will produce one spot.

3.7. Effects of Accumax on Cell Removal and Spot Formation
in the ELISPOT Assay

In three preliminary experiments, we examined conditions under which
Accumax removes cells from the membranes. Cells were added to the plates
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according to the protocol. After cell incubation, 100 uL per well of Accumax
was added directly to half of the wells containing cells and culture media. The
other half of the plate was washed four times with the kit's wash buffer, and
then 100 pL per well of Accumax was added. The incubation time with
Accumax was either 5, 15, or 30 min. Two incubation temperatures, 37°C sta-
tionary and room temperature (approx 25°C) on the micro titer plate shaker
(Lab-Line, cat. no. 4625) at 500 rpm, were examined to determine the effect
of temperature on Accumax efficacy. After finishing the incubation, Accumax
was washed off three times with the kit's wash buffer. Then plates were devel-
oped according to the kit's protocol. Incubation with Accumax at room tem-
perature for 15 min on the micro titer plate shaker was optimal for removal of
adherent cells (data not shown).

In the second experiment, we determined the effect of the number of wash-
es and the volume of Accumax. One group of wells was washed seven times
with wash buffer without the addition of Accumax. We determined that the
extrawashes were not responsible for removing adhered cells (data not shown).
Various volumes of Accumax (50, 75, and 100 uL per well) were added to the
remaining wells and incubated according to the optimal conditions described
above. It was found that 100 pl per well removed the largest percentage of
adhered cells (data not shown).

In the third experiment, we investigated the optimal concentration of
Accumax. Dilutions of 1:2 and 1:3 in PBS, and 100% Accumax were tested at
50, 75, and 100 uL per well. Wells that contained 100 pl of 100% Accumax
removed the highest number of adhered cells (data not shown). The optimal
conditions found in the three preliminary experiments were applied to human
IL-2, IL-4, IL-5, IL-6, IL-8, IL-13, IL-1B, IFN-y, and TNF-o; mouse IL-4, IL-
6, IFN-y, and TNF-o; rat IL-2 and IFN-y; and canine IFN-y ELISPOT assays.
Accumax did not affect spot formation in human IL-2, IL-4, IL-5, IL-8, IL-13,
and IL-1 or mouse IL-4, IL-6, and TNF-o. ELISPOT assays (Table 1). Spots
appeared to be similar in shape and size when compared with the control wells
that did not contain Accumax. For these assays, Accumax removed a large
number of PBMCs that were adhered to the ELISPOT membrane (Table 2 and
Fig. 1). Accumax did not hinder spot formation in human TNF-o. and IL-6 and
in rat IL-2 ELISPOT assays. In these assays, few cells adhered to the mem-
brane so Accumax did not prove to be advantageous. However, Accumax hin-
ders the development of human IFN-y, mouse IFN-y, canine IFN-y, and rat
IFN-y by reducing spot formation (Table 1 and Fig. 2; see Note 2 for ssimpli-
fied protocoal).

The results of our studies demonstrate that Accumax can be used as an inex-
pensive tool that allows the removal of adhered PMBCs and thus minimizes the
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Table 1
Effect of Accumax on Spot Formation in ELISPOT Assays

Number of spots per well

With Accumax Without Accumax

Assay Mean + SD Mean + SD

Human IL-2 460.0 + 11.5 4437 + 25.1
Human IL-5 48.0 + 5.2 51.0 + 5.3
Human IL-6 577.3 * 16.3 530.3 * 26.3
Human IFN-y 9.7 * 15 24.0 * 8.2
Human IL-13 68.7 + 12.9 64.0 + 111
Human IL-1B 155.7 + 18.6 194.7 + 225
Human IL-8 298.0 * 225 298.0 * 131
Human IL-4 54.0 + 2.6 61.3 + 21
Human TNF-o. 194.7 * 11.9 205.3 * 12
Mouse IL-4 77.3 * 40 88.3 * 14.6
Mouse IL-6 219.7 + 6.1 255.7 + 19.9
Mouse IFN-y 31.0 + 1.7 474.0 + 16.5
Mouse TNF-¢, 354.7 + 27.2 386.3 + 17.8
Rat IFN-y 44.3 + 45 70.7 + 10.7
Rat IL-2 52.7 * 75 49.0 * 79
Canine IFN-y 193.3 * 7.6 336.0 * 20.8

formation of the nonspecific background staining, which hinders the quantifi-
cation of spots formed by released cytokines.

4. Notes

1. We recommend that one wraps aluminum foil around the bottom of the ELISPOT
plate to minimize nonspecific staining and maintain well-to-well reproducibility
(seeref. 4 for detailed protocoal).

2. The suggested simplified protocol for cell removal with Accumax is used after
finishing the incubation of cellsin ELISPOT plates and before adding detection
antibodies: (1) wash the plate four times with wash buffer; (2) add 100 pL of
100% Accumax into each well in the ELISPOT plate; (3) incubate plate with
added Accumax on atiter plate shaker at 500 rpm for 15 min at room tempera-
ture; (4) wash the plate three times with wash buffer before loading detection
antibodies; and (5) add detection antibodies and continue developing ELISPOT
plate as usual.
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Table 2
Effect of Accumax on the Removal of Cells Adhering to Filter Bottom
Membranes in 96-Well PVDF ELISPOT Plates

Number of residual cells per well

With Accumax Without Accumax
Assay Mean + SD Mean + SD
Human IL-2 17 + 1.2 36.0 + 7.2
Human IL-5 26.0 + 8.7 416.0 + 36.2
Human IL-6 3.7 + 1.2 4.7 + 1.2
Human IFN-y 2.3 + 0.6 26.0 + 7.2
Human IL-13 13.0 + 4.4 334.7 + 51.2
Human IL-1B 5.7 + 15 90.0 + 20.4
Human IL-8 13 + 0.6 33.7 + 21
Human IL-4 13 + 15 18.0 + 4.4
Human TNF-o. 13 + 0.6 3.7 + 21
Mouse IL-4 5.7 + 15 108.7 + 8.0
Mouse IL-6 6.3 + 31 127.0 + 14.9
Mouse IFN-y 4.3 + 3.2 41.0 + 13.1
Mouse TNF-o 17 + 1.2 69.3 + 20.2
Rat IFN-y 2.3 + 15 8.3 + 1.2
Rat IL-2 1.0 + 0.0 18.0 + 4.4
Canine IFN-y 5.3 + 3.2 51.3 + 5.7
Human IL-2 460.0 + 115 4437 + 25.1

Fig. 1. Effect of Accumax on cell removal from PVDF membranes in human IL-13
ELISPOT assay. (A) Adhered cells as seen in control group without adding Accumakx;
(B) number of cells adhered to the membrane after treatment with Accumax.
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Fig. 2. Effect of Accumax on spot formation in a canine IFN-y ELISPOT assay. (A)

Spotsin control well without treatment with Accumax; (B) Quality of formed spot after
addition of Accumax. Images were captured using ELISPOT reading system
SpotoGraphics (MBC Corporation, LA).
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Isolation of Subsets of Immune Cells

Carrie E. Peters, Steven M. Woodside, and Allen C. Eaves

Summary

Subsets of immune cells can be isolated before analysis by the enzyme-linked immunospot
(ELISPOT) assay with various cell separation techniques. This chapter describes techniques to
select desired cells or deplete unwanted cells by crosslinking cells to dense or magnetic parti-
cles for subsequent separation. The RosetteSep™ method can be used to isolate specific cell
types directly from human whole blood, using the red blood cells (RBCs) present in the sample
as dense particles. Unwanted cells are crosslinked to multiple RBCs, forming “rosettes” The
rosettes, free RBCs, and granulocytes pellet when the sampleis centrifuged over a buoyant den-
sity medium. The unlabeled, desired cells are simply collected from the interface between the
plasma and the buoyant density medium. The SpinSep™ method for isolation of mouse spleen
or bone marrow cellsis similar to RosetteSep, except that the unwanted cells are bound to dense
particles rather than RBCs. The EasySep™ immunomagnetic system can be used with cell sus-
pensions from a variety of species. Cells are crosslinked to nanometer-sized paramagnetic par-
ticles. Magnetically labeled cells are separated from unlabeled cells by placing the samplein a
high gradient magnetic field. Both the labeled and the unlabeled fractions can be recovered for
further use.

Key Words:. Cell isolation; cell separation; cell enrichment; cell subsets; density separation;
magnetic cell separation; RosetteSep; EasySep.

1. Introduction

Cell separation techniques can be used to isolate subsets of immune cells
before analysis using the enzyme-linked immunospot (EL1SPOT) assay. When
performed on selected cells, the ELISPOT assay detects the response of single
cells within the selected cell subset. For example, this combination of tech-
niques can be used to evaluate the heterogeneity of cytokine release within
defined cell subsets or to determine the frequency of effector cells responding
to activation by antigen-presenting cells. The most selective cell separation

From: Methods in Molecular Biology, vol. 302: Handbook of ELISPOT: Methods and Protocols
Edited by: A. E. Kalyuzhny © Humana Press Inc., Totowa, NJ
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Fig. 1. Negative and positive selection approaches. (A) negative cell selection.
Unwanted (dark) cells are labeled with antibody and removed. The desired, unlabeled
cells are recovered. (B) positive cell selection. Desired (light) cells are labeled with
antibody and recovered.

techniques that are currently available use the high specificity of monoclonal
antibodies to cell surface antigens to purify subsets of cells.

1.1. Positive and Negative Cell Selection

There are two basic approaches to the antibody-mediated isolation of a spe-
cific cell type from a heterogeneous cell suspension: positive and negative
selection. The difference between the two approaches lies in whether the
desired or undesired cells are selectively targeted with antibody (Fig. 1). With
positive selection, an antibody to a marker that defines the desired cell type
(e.g., CD3) isused to target and selectively recover marker-positive cells. Thus,
the desired cells are labeled with antibody. With negative selection, the unwant-
ed cells are labeled with antibodies and subsequently removed, leaving the
desired cells ready for use. In most primary cell samples, including blood, the
“unwanted cells’ are amixture of cell types, each characterized by specific cell
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Table 1
Advantages and Disadvantages of Negative and Positive Cell Selection
Negative selection Positive selection
Advantages Desired cells are not labeled Requires only one antibody
with antibody (against the desired cell)
Dead cells, which tend to Can obtain very high purity
become non-specifically of rare cells

labeled, are removed

The removal of desired cells
from a separation matrix
(e.g., column or beads)

is not required
Disadvantages  Requires antibodies against Desired cells may be activated
al unwanted cells or altered in some way
Must know what cells arein by antibody binding
the starting cell suspension. Desired cell must express

a unique marker
May also select dead cells

surface markers. A “cocktail” of different antibodies must be used to deplete al
the unwanted cell types. The advantage of negative selection is that the recov-
ered, desired cells have not been labeled with antibodies. This is often impor-
tant for assays of cellular response such as the ELISPOT assay because anti-
body binding to cell surface antigens may induce cellular responses that inter-
fere with the intended purpose of the assay. The advantages and disadvantages
of positive and negative selection are listed in Table 1.

1.2. Immunodensity and Immunomagnetic Cell Selection

To separate antibody-targeted cells from nontargeted cells, the antibodies
must bind to a surface (matrix) that can by physically removed. Matrices com-
monly used to remove selected cells include magnetic particles, dense particles,
affinity columns, and panning flasks. However, particle-based separations are
the most efficient because they offer amuch larger surface areafor binding cells
and more rapid kinetics of contacting cells.

Cellsthat are labeled with dense particles are separated from unlabeled cells
by gravity or centrifugal force. Optimal particle size and density is the result of
a balance between two conflicting requirements:. efficient cell separation and
efficient cell labeling. Particles with rapid settling rates are the most efficient at
separating cells, but inefficient at labeling cells, settling out of suspension
before they contact the cells. Particles with settling rates only slightly faster
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Tetrameric Antibody
Complex (TAC)

Fig. 2. Tetrameric Antibody Complexes. TACs are comprised of two mouse 1gG;
antibodies held in tetrameric array by two rat anti-mouse antibodies. One mouse anti-
body in the TAC recognizes a cell surface marker, and the other recognizes a particle.

than the settling rates of cells label cells efficiently and will rapidly separate
labeled from unlabeled cells when centrifuged over a buoyant density medium.
The labeled cells pellet and the unlabeled cells collect at the interface between
the density medium and the sample above.

With immunomagnetic cell separation, cells are labeled with antibodies and
magnetic particles and then physically separated in amagnetic field. Factors affect-
ing separation efficiency include the delivery of antibody and magnetic particlesto
the cells, the magnetic susceptibility of the particles, and the strength of the mag-
netic field gradient. Immunomagnetic cell separation techniques can achieve high-
er cell purity than immunodensity separation as a result of the higher contrast
between the separation forces on labeled and unlabeled cells. Nevertheless,
immunodensity cell separation is particularly well suited to processing multiple
samplesin that it is fast, smple and requires no specialized equipment.

1.3. The Use of Tetrameric Antibody Complexes as Crosslinkers

Bispecific tetrameric antibody complexes (TACs) provide aflexible method of
crosslinking target cells to dense or magnetic particles (Fig. 2; refs. 1 and 2). In
positive selection, the TACs crosdink a single desired cell type to the particles,
whereas in negative sal ection multiple unwanted cdll types are crosdinked to the
particles by a cocktail of different TACs. TACs aso can be used to indirectly
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Fig. 3. Rosette of unwanted nucleated cell and RBCs formed by RosetteSep TACs.
Multiple RBCs bind to an unwanted cell via TACs, forming a complex “rosette” with a
density similar to that of the RBCs.

crosslink cells to particles via the use of hapten-conjugated (e.g., phycoerythrin
[PE], fluorescein isothiocyanate [FITC], or biotin) anti-cell antibodies and TACs
that recognize both the hapten and a particle. The ability to use TACs either
directly or indirectly makes this crosslinking approach dmost infinitely flexible.

The RosetteSep™ immunodensity method uses autologous red blood cells
(RBCg) that are aready present in the sample as dense particles to pellet
unwanted white cells, thereby purifying specific cell subsets by negative selec-
tion. A cocktail of TACs targeting multiple cell types crosslink unwanted cells
in a sample of whole blood to many RBCs. Bispecific TACs bind RBCs to the
target cells, and monospecific anti-RBC x anti-RBC TACs bind additional
RBCs, thus forming a complex (“rosette”) with a density similar to RBCs (Fig.
3). The sample is then layered over a buoyant density medium and centrifuged.
The rosettes pellet, along with any free RBCs and granulocytes. The desired
cells, which have not been labeled with TACs and are not linked to RBCs, do
not pellet and are recovered at the interface between the plasma and the buoy-
ant density medium.
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Table 2
Effect of Specific Manipulations on the Purity and Recovery
of Desired Cells Using Negative or Positive Selection

Manipulation Negative selection Positive selection

T labeling reagents / T Purity { Purity
longer incubation times 1 Recovery T Recovery

{ labeling reagents / { Purity T Purity
shorter incubation times T Recovery | Recovery

The EasySep™ immunomagnetic cell selection system uses TACs to
crosslink the target cells to dextran-coated paramagnetic particles. Either the
desired cells (positive selection) or the unwanted cells (negative selection) are
magnetically labeled (Fig. 2). The cell suspension is then placed in a magnet,
and the magnetically labeled cells migrate to the sides of the tube. Finally, the
unlabeled cells are smply poured off.

1.4. Choosing the Best Cell Selection Method

With any cell selection method, one must find the appropriate balance
between purity and recovery because improvement in one parameter typically
is at the expense of the other. In negative selection, for example, adding more
labeling reagent or labeling for alonger period of timeis likely to improve cell
targeting and thus depletion of unwanted cells, increasing the purity of desired
cells. However, higher concentrations of |abeling reagents and longer labeling
times are likely to increase non-specific labeling of desired cells, thereby
decreasing recovery. The expected effects of various manipulations on the puri-
ty and recovery of desired cells using negative or positive selection approaches
are outlined in Table 2.

The most appropriate cell selection method for a given application is deter-
mined by answering the following questions:

Isit important that the desired cells do not have antibody on their surface? (If yes, a
negative selection approach should be used.)

Is the desired cell rare? (If yes, and high purity is required, a positive selection
approach should be used.)

What is most important: purity, recovery, or a rapid processing time? (If purity, use
positive selection; if recovery and/or processing time, minimize processing steps
and use negative selection, for example, RosetteSep.)

What is the starting sample (e.g., whole blood or a mononuclear cell preparation)?
(For human whole blood, use RosetteSep.)

Are multiple samples to be processed in paralel, or is there a single sample?
(Immunodensity separations can be performed more readily in parallel than
immunomagnetic separations.)
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What species is being used? (Human and mouse—many options, see questions above;
other species, use hapten-conjugated antibodies, see Subheading 3.2.5.)

Note that in some cases it may be necessary to use a combination of nega
tive and positive selection methods. For example, CD4* CD25* T regulatory
cells are isolated by first negatively selecting the CD4* T-cells and then posi-
tively selecting the CD25* cells.

2. Materials
2.1. Immunodensity Cell Selection
2.1.1. RosetteSep Negative Selection for Human Whole Blood

1. Ficoll-Paque® (Amersham Biosciences or other supplier) or RosetteSep DM-L
(StemCell Technologies Inc, Vancouver, Canada; see Note 1).

2. RosetteSep Cell Enrichment Cocktail (StemCell Technologies).

3. Phosphate-buffered saline (PBS) without Ca2* or Mg2+.

4. Recommended medium: PBS without Ca?* or Mg?* containing 2% fetal bovine
serum (FBS) or another protein.

2.1.2. SpinSep Negative Selection for Mouse Cells

1. Recommended medium: PBS without Ca2* or Mg?* containing 2% FBS OR
Hank’s balanced salt solution (HBSS) containing 2% FBS OR
RPMI containing 2% FBS (see Note 2).

2. 15-mL Polypropylene conical centrifuge tubes (see Note 3).

3. SpinSep Mouse Cell Enrichment Cocktail (StemCell Technologies), comprising
(1) antibody cocktail, (2) SpinSep dense particles, and (3) SpinSep Density
Medium-Murine.

2.2. Immunomagnetic Cell Selection
2.2.1. EasySep Positive Selection: Human Cells

1. Recommended Medium: PBS without Ca?* or Mg2+ and containing 2% FBS and 1
mM ethylenediaminetetraacetic acid (EDTA)
2. 5-mL Polystyrene round bottom tubes (Becton Dickinson, cat. no. 2058)
3. EasySep human positive selection Kit (StemCell Technologies), comprising
(1) EasySep human positive selection cocktail and (2) EasySep magnetic nanoparticles
4. EasySep Magnet (StemCell Technologies, cat. no. 18000).

2.2.2. EasySep Negative Selection: Human Cells

1. Recommended Medium: PBS without Ca?* or Mg?* and containing 2% FBS OR
HBSS without Ca?* or Mg?* and containing 2% FBS.

2. 5-mL Polystyrene round bottom tubes (Becton Dickinson, cat. no. 2058).

3. EasySep negative selection human cell enrichment kit (StemCell Technologies), com-
prising (1) EasySep negative selection human cell enrichment cocktail; and (2)
EasySep magnetic nanoparticles.
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4. EasySep magnet (StemCell Technologies, cat. no. 18000).

2.2.3. EasySep Positive Selection: Mouse Cells

1

2.
3.

Recommended Medium: PBS without Ca2* or Mg?* and containing 2% FBS and
1 mM EDTA.

5-mL Polystyrene round bottom tubes (Becton Dickinson, cat. no. 2058).
EasySep mouse positive selection kit (StemCell Technologies), comprising: (1)
mouse FcR blocker; (2) anticell labeling reagent; (3) EasySep PE selection cock-
tail; and (4) EasySep magnetic nanoparticles.

EasySep magnet (StemCell Technologies, cat. no. 18000).

2.2.4. EasySep Negative Selection: Mouse Cells

1

4.
5.

Recommended Medium: PBS without Ca2* or Mg?* and containing 2% FBS and
5% normal rat serum OR

HBSS without Ca2* or Mg?+ and containing 2% FBS and 5% normal rat serum.
The addition of 2 MM EDTA is recommended for progenitor selection procedures.
5-mL Polystyrene round bottom tubes (Becton Dickinson, cat. no. 2058).
EasySep negative selection mouse cell enrichment kit (StemCell Technologies),
comprising (1) EasySep negative selection mouse cell enrichment cocktail; (2)
EasySep biotin selection cocktail; (3) EasySep magnetic nanoparticles; and (4)
normal rat serum.

Optional: FcR blocker (recommended for B-cell enrichment).

EasySep magnet (StemCell Technologies, cat. no. 18000).

2.2.5. EasySep Selection of Cells Labeled
With PE-conjugated Antibodies (Any Species)

1

2.
3.

Recommended Medium: PBS without Ca2* or Mg?* and containing 2% FBS and
1 mM EDTA

5-mL polystyrene round bottom tubes (Becton Dickinson, cat. no. 2058).
EasySep PE Selection Kit for Human Cells (StemCell Technologies), comprising
(1) human FcR blocker; (2) EasySep PE selection cocktail; (3) EasySep magnetic
nanoparticles OR EasySep PE selection kit for mouse cells (StemCell
Technologies), comprising (1) mouse FcR blocker; (2) EasySep PE selection cock-
tail; and (3) EasySep magnetic nanoparticles OR EasySep PE selection kit
(StemCell Technologies) comprising (1) EasySep PE selection cocktail and (2)
EasySep magnetic nanoparticles.

Optional: When selecting cells from species other than human or mouse, an appro-
priate species-specific FcR blocking antibody may be required to achieve desired
cell purity.

EasySep magnet (StemCell Technologies, cat. no. 18000).
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2.3. Support Protocols
2.3.1. Freezing Cells

Sterile cryovials appropriate to the volume of cells to be frozen.
Indelible marker.

100% FBS.

Dimethyl Sulfoxide (DM SO)I

Icel

70% Isopropanal.

Freezing container (e.g., “Mr. Frosty,” Nalgene, cat. no. 5100-0001).

Nogs~wWDNRE

2.3.2. Thawing Frozen Human Mononuclear Cells (MNCs)

1. 70% Isopropanol or ethanol.

2. 50-mL Centrifuge tubes.

3. PBS without Ca?* or Mg?*.

4. Recommended medium: PBS without Ca?* or Mg2* containing 2% FBS or anoth-
er protein.

5. Optional: 1 mg/mL Deoxyribonuclease (DNAse; StemCell Technologies or other
supplier of DNAse that is not toxic to cells; see Note 4).

2.3.3. Washing Cells

1. 50-mL Centrifuge tubes.
2. Recommended medium: PBS without Ca2* or Mg2* containing 2% FBS or anoth-
er protein.

2.3.4. Density Gradient Separation

1. Ficoll-Paque® (Amersham Biosciences or other supplier).

2. PBSwithout Ca2* or Mg?*.

3. Recommended medium: PBS without Ca2* or Mg?+ containing 2% FBS or anoth-
er protein.

2.3.5. Preparing Mouse Spleen or Bone Marrow Samples

1. Recommended medium: PBS containing 2% FBS OR
HBSS containing 2% FBS OR
RPMI containing 2% FBS.
2. 15-mL Polypropylene centrifuge tubes (see Note 3).
3. 70-um Mesh nylon strainer.

2.3.6. Preparing Mouse Spleen Cells for CD11c* Selection

1. Recommended medium: PBS containing 2% FBS OR
HBSS containing 2% FBS OR
RPMI containing 2% FBS.
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Table 3

Recommended Reagent Volumes and Tubes Sizes for Use With RosetteSep

Volume Volume Volume

whole blood PBS+2% FBS density medium Tube size

(mL) (mL) (mL) (mL)
1 1 15 5
2 2 3 14
3 3 3 14
4 4 4 14
5 5 15 50

10 10 15 50

15 15 15 50

The use of less than 15 mL of density medium in 50-mL tubes is not recommended because
it makes it difficult to recover the purified cell layer.

15-mL Polypropylene centrifuge tubes (see Note 3).

Collagenase Type IV (Worthington Biochemical) 250 ug/mL in RPMI 1640.
16-Gage needle.

Syringe.

EDTA in solution.

70-um Mesh nylon strainer.

Noar~wD

2.3.7. RBC Lysis After RosetteSep

1. Ammonium chloride solution (StemCell Technologies, or other supplier).
2. Recommended Medium : PBS without Ca?* or Mg?* containing 2% FBS or another
protein.

3. Methods
3.1. Immunodensity Cell Selection
3.1.1. RosetteSep Negative Selection for Human Whole Blood

This procedure can be used to enrich specific cell types (e.g., CD4 T-cells)
directly from human whole blood. The autologous RBCs present in the sample
are used as “dense particles” and crosslinked to unwanted cells using TACs. See
Note 5 for additional information regarding the sel ection of monocytes; see Table
3 for recommended volumes of reagents and recommended tube sizes; and see
Fig. 4 for an example of results using RosetteSep CD4 T-cdl enrichment.

1. Add 50 puL of RosetteSep cocktail per mL of blood and mix well.

2. Incubate for 20 min at room temperature.

3. Dilute sample with an equal volume of Recommended Medium (see Subheading
2.1.1.) and mix gently (see Note 6).
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Fig. 4. Isolation of human CD4* T-cells using RosetteSep. Note that negative selec-
tion of CD4* T-cells removes the CD4* monocytes.

Layer the diluted sample on top of density medium OR layer the density medium
underneath the diluted sample. Be careful to minimize mixing of density medium
and sample.

. Centrifuge for 20 min at 1200g at room temperature, with the brake off (see

~

Note 7).

Remove the purified cells from the interface between the density medium and the
plasma above (see Note 8).

Wash enriched cells with recommended medium. Repeat.

Use purified cells as desired. Purified samples should be lysed with ammonium
chloride (see Subheading 3.3.7.) to remove residual red blood cells prior to flow
cytometric analysis (this can be done as one of the wash steps) or if residual red
blood cells will interfere with subsegquent assays.

3.1.2. SpinSep Negative Selection of Mouse Cells

This procedure can be used to enrich specific cell types directly from sus-
pensions of mouse spleen cells or bone marrow. The procedure is optimized for
use with 5 x 107 nucleated bone marrow cells or 108 nucleated spleen cells per
separation in 15-mL polypropylene conical centrifuge tubes. Using less than 2
x 107 cellsis not recommended.

1. Prepare spleen cell or bone marrow sample as described in Subheading 3.3.5. and

resuspend in recommended medium (see Subheading 2.1.2.) at 5 x 107 nucleated
cellsmL (arange of 2-8 x 107 cells/mL is acceptable).
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Table 4
Recommended Volumes for Different Sample Sizes When Performing SpinSep
Step 8 Step 9
Step 5 Volume of Volume of
Volume in which SpinSep density recommended
Total nucleated to resuspend cells medium medium
cellsin start (mL) (mL) (mL)
2 X 107 to 3 X 107 1 3 1
>3 X 107to 1 X 108 2 4 6
2. Remove bottle of SpinSep density medium from refrigerator, mix well by inver-

10.

11.

12.

sion, and let equilibrate to room temperature for a minimum of 30 min before use.
While medium is equilibrating, perform steps3to 7.

Add 10 pL SpinSep antibody cocktail per 1 mL of cells. Mix well, and then incu-
bate in the refrigerator (4-8°C) for 15 min or on ice for 30 min. Note that longer
periods of incubation during this step will decrease desired cell purity and recovery.
Remove cdlls from refrigerator or ice and wash once by filling tube with recom-
mended medium and centrifuging at 200g (see Note 7). Ensure that the cell sus-
pension is well mixed during this wash step.

Resuspend washed cell pellet in recommended medium (see Table 4 for recom-
mended volumes).

Gently vortex tube of SpinSep Dense Particles for approx 30 s until the particles
are well suspended and no clumps are observed. The dense particles settle to the
bottom of the tube during storage and must be resuspended before use.

Add 500 puL of SpinSep dense particles per 108 total nucleated cells. Mix well and
incubate on ice 20 min. Mix the tube occasionally during the incubation period to
prevent the dense particles from settling; continuous mixing is not necessary. Note
that incubating for longer than 20 min during this step will decrease desired cell
purity and recovery.

While cells are incubating with the dense particles, aliquot SpinSep density medium
(room temperature) into a separate tube (see Table 4 for recommended volumes).
After incubation (step 7) is complete, dilute suspension of cells and particles with
recommended medium (see Table 4 for recommended volumes).

Layer the diluted cell suspension on top of the 3 or 4 mL of SpinSep density medi-
um and centrifuge for 10 min at 1200g (see Note 7) at room temperature with the
brake off.

Remove purified cells from the interface between the underlying SpinSep density
medium and the recommended medium above. Transfer into a separate polypropy-
lene tube and wash by filling tube with recommended medium (or other appropri-
ate medium used for subsequent applications). Centrifuge at 200g (see Note 7).
Pour off supernatant, resuspend cell pellet in appropriate medium, and use purified
cells as desired.
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Fig. 5. Isolation of human CD8* T-cells using EasySep positive selection.

3.2. Imnmunomagnetic Cell Selection

3.2.1. EasySep Positive Selection: Human Cells

(When isolating CD4* T-cells, see Note 9 first.) See Fig. 5 for an example of

results using EasySep Human CD8 positive selection.

1

Prepare nucleated cell suspension at a concentration of 1 x 108 cells/mL in recom-
mended medium (see Subheading 2.2.1. and Note 10). Cells must be placed in a
12 x 75-mm polystyrene tube to properly fit into the EasySep magnet. Do not
exceed avolume of 25 mL (i.e., 2.5 x 108 cells) per tube. For samples containing
<107 cells, resuspend in 100 uL.

Add 100 pL of EasySep positive selection cocktail per milliliter of cells (e.g., for
2mL of cells, add 200 pL of cocktail). Mix well and incubate at room temperature
for 15 min.

Mix EasySep magnetic nanoparticles to ensure that they are in a uniform suspen-
sion by vigorously pipetting up and down more than 5 times (see Note 11).
Vortexing is hot recommended. Add 50 pL of the particles per mL cells (e.g., for 2
mL of cells, add 100 pL of nanoparticles). Mix well and incubate at room temper-
ature for 10 min.

Bring the cell suspension to a total volume of 2.5 mL by adding recommended
medium. Mix the cells in the tube by gently pipetting up and down two to three
times. Place the tube (without cap) into the magnet. Set aside for 5 min.

Pick up the magnet, and in one continuous motion invert the magnet and tube, pour-
ing off the supernatant fraction. The magnetically labeled cells will remain inside
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the tube, held by the magnetic field of the EasySep magnet. L eave the magnet and
tube in inverted position for 2-3 s, and then return to upright position. Do not shake
or blot off any drops that may remain hanging from the mouth of the tube.
Remove the tube from the magnet and add 2.5 mL of recommended medium. Mix
the cell suspension by gently pipetting up and down two to three times. Place the
tube back in the magnet and set aside for 5 min.

Repeat steps 5 and 6, and then step 5 once more, for atotal of three 5-min separa-
tions in the magnet (see Note 12). Remove tube from magnet and resuspend cells
in an appropriate amount of desired medium. The positively selected cells are now
ready for use (see Note 13).

3.2.2. EasySep Negative Selection: Human Cells

1

Prepare nucleated single-cell suspension at a concentration of 5 x 107 cellsmL in
recommended medium (see Subheading 2.2.2.; see Note 14). Cells must be placed
in a12 x 75-mm polystyrene tube to properly fit into the EasySep magnet. Do not
exceed a volume of 2.0 mL (i.e. atotal of 1 x 108 cells) per tube (when isolating
monocytes, see Note 15).

Add 50 pL of EasySep negative selection enrichment cocktail per milliliter of cells.
Mix well and incubate at room temperature for 10 min.

Mix EasySep magnetic nanoparticles to ensure that they are in a uniform suspen-
sion. Add 100 pL of the particles per mL cells. Mix well and incubate at room tem-
perature for 10 min.

Bring the cell suspension to a total volume of 2.5 mL by adding the appropriate
medium. Mix the cells in the tube by gently pipetting up and down two to three
times. Remove the cap from the tube and place the tube into the magnet. Set aside
for 5 min.

Pick up the magnet, and in one continuous mation, invert the magnet and tube,
pouring off the supernatant fraction into a new tube (see Note 16). The magneti-
cally labeled cells will remain inside the tube, held by the magnetic field of the
magnet. Leave the magnet and the tube in inverted position for 2-3 s, and then
return to upright position. Do not shake or blot off any drops that may remain hang-
ing from the mouth of the tube. The negatively selected cells are now ready for use
(see Notes 17 and 18).

3.2.3. EasySep Positive Selection: Mouse Cells

1

2.
3.

4,

Prepare a single cell suspension from spleen or bone marrow (see Subheadings
3.3.5. and 3.3.6.). Resuspend cells at a concentration of 1 x 108 cellsYmL in recom-
mended medium (see Subheading 2.2.3.). For samples containing 107 cells or fewer,
resuspend in 100 pL (when isolating CD11c* cells from spleen, see Note 19).

Add Murine FcR Blocker at 10 uL/mL of cells. Mix well (see Note 20).

Add 15 puL of EasySep murine cell 1abeling reagent per milliliter of cell suspen-
sion. Mix well and incubate at room temperature for 15 min (see Note 21).

Wash once with 10-fold excess of recommended medium and resuspend to original
volume (i.e., at a concentration of 108 cells/mL) in a12 x 75-mm polystyrene tube.
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5.

6.

10.

Add 100 uL of EasySep PE selection cocktail per milliliter of cell suspension. Mix
well and incubate at room temperature for 15 min.

Mix EasySep magnetic nanoparticles to ensure that they are in a uniform suspen-
sion by pipetting vigorously up and down five times. Add 50 uL of particles per
milliliter of cell suspension. Mix well and incubate at room temperature for 10 min.
Bring the cell suspension to a total volume of 2.5 mL by adding recommended
medium. Mix the cells in the tube by gently pipetting up and down two to three
times. Place the tube (without cap) into the magnet. Set aside for 5 min.

Pick up the magnet, and in one continuous motion invert the magnet and tube, pour-
ing off the supernatant fraction. The magnetically labeled cells will remain inside
the tube, held by the magnetic field of the EasySep magnet. Hold the magnet and
tube in inverted position for 2-3 s, and then return to upright position. Do not shake
or blot off any drops that may remain hanging from the mouth of the tube.
Remove the tube from the magnet and add 2.5 mL of recommended medium. Mix
the cell suspension by gently pipetting up and down two to three times. Place the
tube back in the magnet and set aside for 5 min.

Repeat steps 8 and 9, and then step 8 once more, for atotal of three 5-min separa-
tions in the magnet. Remove tube from magnet and resuspend cells in an appro-
priate amount of desired medium. These positively selected cells are now ready for
use (see Note 12). The purity of the desired cells can be verified directly by flow
cytometry based on PE fluorescence.

3.2.4. EasySep Negative Selection: Mouse Cells

1

Prepare a single cell suspension from spleen or bone marrow (see Subheading
3.3.5.). Resuspend cells at a concentration of 1 x 108 cells /mL in recommended
medium (see Subheading 2.2.4.). Cells must be placed in a 12 x 75-mm poly-
styrene tube to properly fit into the EasySep Magnet. Do not exceed a volume of
2.0mL (i.e., 2.0 x 108 cells) per tube (when isolating B-cells or hematopoietic pro-
genitors, see Note 22).

Centrifuge tube with EasySep negative selection enrichment cocktail before use to
ensure recovery of entire contents. Add 20 uL of the cocktail per mL cells. Mix
well and incubate in refrigerator (4 to 8°C) for 15 min.

Wash, resuspend at 1 x 108 cells/mL in recommended medium.

Add 100 uL of EasySep biotin selection cocktail per milliliter of cells. Mix well
and incubate in refrigerator (4 to 8°C) for 15 min.

Mix EasySep magnetic nanoparticles to ensure that they are in a uniform suspen-
sion. Add 100 puL of the particles per mL of cells. Mix well and incubate in refrig-
erator (4 to 8°C) for 15 min.

Bring the cell suspension to a total volume of 2.5 mL by adding recommended
medium. Mix the cells in the tube by gently pipetting up and down two to three-
times. Remove the cap from the tube and place the tube into the magnet. Set aside
for 5 min.

Pick up the magnet, and in one continuous motion invert the magnet and tube, pour-
ing off the supernatant fraction into a new tube. The magnetically labeled cells will
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remain inside the tube, held by the magnetic field of the magnet. L eave the magnet
and the tube in inverted position for 2-3 s, and then return to upright position. Do
not shake or blot off any drops that may remain hanging from the mouth of the tube.
Place the tube with the supernatant fraction inside the magnet to perform a second
round of magnetic separation (see Note 23). Set aside for 5 min and repeat step 7.
The negatively selected cells are now ready for use (see Note 18).

3.2.5. EasySep Selection of Cells Labeled
With PE-Conjugated Antibodies (Any Species)

This procedure is designed to select cells labeled with any PE-conjugated

antibody. It can therefore be used to positively or negatively select awide vari-
ety of cell types from many different species. It only requires a PE-conjugated
antibody that selectively labels the target cells (see Note 24) and possibly a
species-specific FCR blocker to boost purities by minimizing nonspecific bind-
ing of antibody to cells such as monocytes and macrophages.

1

This procedureis used for processing up to 2.5 x 108 cells per separation. Prepare cell
suspension at aconcentration of 1 x 108 nucleated cells/mL in recommended medium
(see Subheading 2.2.5.). For rare célls, start with a cell concentration of 2 x 108/mL
(see Note 10). For samples containing 107 cells or fewer, resuspend in 100 L.

Add species-specific FcR blocking antibody at 100 puL/mL for human cells or 10
pL/mL for murine cells and mix. When selecting cells from other species, an
appropriate species-specific FCR blocking antibody may be required to achieve the
desired cell purity. A final concentration of 0.5 to 3.0 ug/mL is recommended for
the blocking antibody.

Add PE-conjugated antibody at afinal concentration of 0.3 to 3.0 ug/mL. Mix well
and incubate at room temperature for 15 min (see Note 25).

Wash once with 10-fold excess of recommended medium and resuspend to origi-
nal volume in a 12 x 75-mm polystyrene tube. Do not exceed an initia volume of
25mL (i.e, 2.5 x 108 total cells) per tube.

Add EasySep PE selection cocktail at 100 uL/mL cells. Mix well and incubate at
room temperature for 15 min.

Mix EasySep magnetic nanoparticles to ensure that they are in a uniform suspen-
sion by vigorously pipetting up and down more than five times. Vortexing is not
recommended. Add the particles at 50 uL/mL cells. Mix well and incubate at room
temperature for 10 min.

Bring the cell suspension to a total volume of 2.5 mL by adding recommended
medium. Mix the cells in the tube by gently pipetting up and down two to three
times. Place the tube (without cap) into the EasySep magnet. Set aside for 5 min.
Pick up the magnet, and in one continuous motion invert the magnet and tube, pour-
ing off the supernatant fraction. The magnetically labeled cellswill remain inside the
tube, held by the magnetic field of the EasySep magnet. L eave the magnet and tube
ininverted position for 2-3 s, and then return to upright position. Do not shake or blot
off any drops that may remain hanging from the mouth of the tube.
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9.

10.

Remove the tube from the magnet and add 2.5 mL of recommended medium. Mix
the cell suspension by gently pipetting up and down two to three times. Place the
tube back in the magnet and set aside for 5 min.

Repeat steps 8 and 9, and then step 8 once more, for atotal of three 5-min separa-
tions in the magnet. (For mouse separations or low frequency cell types, addition-
al separations may improve purity; see Note 26.) Remove tube from magnet and
resuspend cellsin an appropriate amount of desired medium. The positively select-
ed cells are now ready for use.

3.3. Support Protocols

3.3.1. Freezing Cells

Rapid freezing damages cells. Freezing rates can be controlled using arate-

controlled freezer or a freezer “box” such as “Mr. Frosty” (see Subheading
2.3.1.) that contains 70% isopropanol. Alternately, one may place thevialsin a
Styrofoam container and then into the freezer.

1

2.
3.

Make up 20% DM SO in FBS. Keep on ice. (Do not put 100% DMSO onice or it
will form crystals.)

Label cryovials.

Resuspend cells at 2 x 107 cells/ mL in ice-cold FBS. Keep on ice.

Mix cells gently with 20% DMSO in FBS at aratio of 1:1. (The final cell suspen-
sion will be 90% FBS/ 10% DM SO.) Rapidly transfer cells in freezing medium to
each cryovial.

Place cryovials immediately into freezing container (e.g., “Mr. Frosty,” Nalgene,
containing 70% isopropanol). Place container in —135°C or —152°C freezer imme-
diately. (Do not let cells sit in freezing medium at room temperature. Keep on ice
and transfer rapidly.)

3.3.2. Thawing Frozen Human MNCs

1

2.

o U s

Thaw cells quickly in a 37°C water bath or beaker of warm water. In tissue culture
hood, wipe cryovia with 70% ethanol. Do not vortex cells at any time.

Gently transfer cellsinto a 50-mL tube (0.5 to 5.0 mL of cells per 50-mL tube). If
cells are expected to be clumpy, add 0.25-0.50 mL of 1 mg/mL DNAse dropwise,
while gently swirling the tube.

Slowly add 15 mL PBS without Ca2* or Mg2* dropwise while holding the tube and
gently swirling.

Fill tube to 50 mL with PBS. Gently invert tube to mix.

Spin down cells at 300g (see Note 7) for 8 min.

Pour off supernatant and flick tube gently to resuspend the pellet. Resuspend cells
at desired concentration in appropriate medium.

If cells are clumpy: Add DNAse at a final concentration of 0.1 mg/mL. Clumpy
cell suspensions may also be filtered through a 70-um mesh nylon filter to obtain
asingle cell suspension.
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3.3.3. Washing Cells

1
2.
3.
4.

Add recommended medium (see Subheading 2.3.3.) to fill tube containing cells.
Centrifuge at 300g (see Note 7) for 8 min.

Pour off supernatant and flick tube gently to resuspend the pellet.

Resuspend cells at desired concentration in appropriate medium.

3.3.4. Density Gradient Separation

This procedure will enrich total MNCs from human whole blood. It is often

used as a preparatory step before another antibody-mediated method of specif-
ic cell selection.

1
2.

3.
4,
5. Wash enriched cells with PBS + 2% FBS.

Dilute whole blood sample with an equal volume of PBS.

Layer the diluted sample over a volume of Ficoll-Paque® equivalent to the initial
blood volume. Be careful to minimize mixing of the sample and the Ficoll-Paque.
Centrifuge for 20 min at 1200g or 30 min at 300g at room temperature with the
brake off (see Note 7).

Remove the MNCs from the interface between the Ficoll-Pague and the plasmallayer.

3.3.5. Preparing Mouse Spleen or Bone Marrow Samples

1

For spleen, disperseinto 5 mL of recommended medium (see Subheading 2.3.5.).
Further disperse clumps by gently pipetting up and down several times. Remove
remaining clumps of cells and debris by passing cell suspension through a 70-um
mesh nylon strainer. For bone marrow, flush bone marrow cells from femur and
tibia into recommended medium using a syringe equipped with a 23-gage needle.
Disperse clumps by gently passing the cell suspension through the syringe several
times to obtain a single-cell suspension.

Centrifuge the cellsfor 6 min at 400g (see Note 7), resuspend cell pellet, and adjust
cell concentration in medium recommended for the following procedure.

3.3.6. Preparing Mouse Spleen Cells for CD11c* Selection

1

2.

>

Cut spleen into small piecesin a Petri dish. Add 2-5 mL of collagenase and incu-
bate 20 min at 37°C.

Disrupt tissue by gently passing several times through a 16-gage needle using
syringe.

Add stock EDTA to the cell suspension to a final concentration of 1 mM EDTA.
Disrupt tissue further by gently passing several times through a 16-gage needle
using syringe.

Incubate for 5 min at 37°C.

Filter through a 70-um mesh nylon strainer into a 15-mL tube. Rinse strainer with
recommended buffer and top up tube with buffer.

Centrifuge the cells for 6 min at 400g (see Note 7), discard supernatant complete-
ly, and resuspend cells at 2 x 108 cells/ mL in medium recommended for the fol-
lowing procedure.
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3.3.7. RBC Lysis After RosetteSep

S~ WNE

Resuspend cells after the first wash (step 7) in 3 mL of ammonium chloride.
Incubate for 5 min.

Fill tube with recommended medium (see Subheading 2.3.7.).

Centrifuge at 300g (see Note 7) for 8 min.

Pour off supernatant and flick tube gently to resuspend the pellet.
Resuspend cells at desired concentration in recommended medium.

4. Notes

1

10.

11

The buoyant density medium Ficoll-Paque can be used with all the RosetteSep
mononuclear cell enrichment cocktails. The density medium RosetteSep DM-L
can be used for T, B, and NK cell enrichment. Both are used in exactly the same
manner. RosetteSep DM-L is dlightly denser than Ficoll-Pague; therefore, more
cells are “buoyant” on this medium and the recovery of desired cellsis higher.
The use of amedium containing phenol red will aid in detecting the interface between
the medium and the underlying SpinSep Density Medium, which is colorless.

To optimize the recovery of desired cells from mouse tissues, use 15-mL
polypropylene conical centrifuge tubes during all stepsin the protocol. Use of cen-
trifuge tubes made from polystyrene or modified polystyrene adversely affects cell
recoveries.

To ensure that the DNAse is not toxic to cells, purchase from a supplier who indi-
cates that the product can be used with cells. DNAse may be aliquotted and stored
at —20°C; storage at 4°C is not recommended.

When enriching monocytes, add 1 mM EDTA to the whole blood before adding the
RosetteSep cocktail; also add 1 mM EDTA to the recommended medium used in
step 3.

Diluting the whole blood prior to density gradient centrifugation may improve the
recovery of MNCs (3,4).

To convert g to rpm, use the following formula:

g =118 x 1077 x r x n?, where g = relative centrifugal force; r = rotating radius in
cm; and n = rpm (revolutions per minute).

When enriching rare cells, it may be difficult to see the cells at the interface. It is
advisable to remove some of the density medium along with the enriched cellsin
order to ensure their compl ete recovery.

To isolate pure CD4* T-cells by positive selection, it is necessary to first deplete
monocytes because they also express the CD4 antigen. A monocyte-depleted MNC
suspension can be prepared directly from whole blood using the RosetteSep mono-
cyte depletion cocktail (StemCell Technologies). Monocytes can also be depleted
from MNC suspensions using the EasySep Human CD14 Positive Selection
Cocktail (StemCell Technologies).

For very rare cells(i.e., cellsrepresenting <5% of the initial sample), increasing the
cell concentration to 2 x 108 from 1 x 108 in step 1 will likely improve purity.
When selecting cells based on markers with relatively low cell-surface expression
levels (e.g., CD25 antigen), recovery will likely be improved by using EasySep SA
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12.

13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

(Special Application) magnetic nanoparticles (cat. no. 18250) instead of the stan-
dard EasySep magnetic nanoparticles. Recovery may aso beimproved by increas-
ing the magnetic separation time (steps 4 and 6) from 5 to 10 min.

When the desired cell concentration in the starting sample is less than 10-15%,
additional rounds of magnetic separation will likely improve purity. Each round of
separation progressively enriches the labeled cells by washing away unlabeled
cells. However, recovery of the desired cells will decrease with each additional
round of separation.

The anti-cell antibody in the positive selection cocktail can block some clones of
fluorescently labeled antibodies used for assessing purity of the enriched cell sam-
ple by flow cytometry. In cases where a suitable antibody clone is not available
one of the following methods may be used instead: (1) Add fluorescently labeled
antibodies at the same time as the selection cocktail at a concentration of between
0.15 and 0.4 ug/mL. This method labels the cells in the entire sample. (2) Use
alternate markers (e.g., for CD8* T-cells, assess CD3*/CD4~ population). (3) Use
a secondary fluorochrome-conjugated antibody, such as FITC-labeled sheep anti-
mouse 1gG.

Separation from sampleswith <5 x 107 total cells can result in lower cell purity and
recovery.

For monocyte selection, the addition of EasySep FcR blocker is recommended
prior to labeling in step 2 to improve recovery. For optimal recovery of monocytes,
perform the labeling steps (steps 2 and 3) at 4°C, and allow 10 min for magnetic
separation (step 4).

Itiseasier to pour off the supernatant into a 14-mL tube than a 5-mL tube (step 5).
The purity of desired cells may be improved for some applications by performing
a second round of magnetic separation. Place the tube containing the supernatant
from the first separation back into the magnet and set aside for 5 min. Pour off the
supernatant fraction into a new tube. Some of the desired cells may be lost in this
second separation.

Some of the desired cells may be left behind in the original tube after pouring off
supernatant. These cells may be recovered by re-suspending the nanoparticles in
2.5 mL of medium and performing athird magnetic separation. The supernatant of
this separation step can either be combined with the primary supernatant or kept
separately to assess purity and yield (recommended for cell populations with lower
start percentages).

When selecting CD11c* cells from spleen, resuspend the cells at 2 x 108 cells/mL
in recommended medium in steps 1 and 4.

This agent inhibits nonspecific binding of antibodies to Fc receptors on monocytes,
macrophages and other FCR* cells.

When selecting c-Kit* or Scal* cells, incubate at 4°C in steps 3 and 5. In step 4,
resuspend the cells at 2 x 108 cells/mL, e.g., twice the initia concentration.

For B-cell selection, addition of an FcR blocker is recommended prior to the addi-
tion of the enrichment cocktail in step 4. When isolating hematopoietic progeni-
tors, 2 mM EDTA should be included in the recommended medium.
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23.

24.

25.

26.

To achieve high recovery it may be desirable to perform only a single round of
magnetic separation (i.e., stop the procedure after step 7). This may reduce the
purity of the desired cells.

Recovery of positively selected PE-labeled cellsis dependent on the quality of the
PE-conjugated antibody used. Antibodiesthat have expired or that have been stored
improperly may show lower affinity for the surface marker on the target cell, result-
ing in lower recovery. It is important to add sufficient PE-conjugated antibody to
ensure a significant fluorescence intensity of the target cells, as there is a strong
correlation between fluorescence intensity and cell recovery. The fluorescence
intensity of the positively selected cells should be at least 100-fold (2 logarithms)
greater than that of the negative control for adequate recovery. It isaso possible to
select cellsusing FITC- or biotin-conjugated labeling reagentsin combination with
FITC or Biotin selection cocktails. When using biotin-conjugated labeling
reagents, the target surface antigen may block fluorescently conjugated reagents
used for assessing purity of the enriched cell sample by flow cytometry. In cases
where suitabl e reagents are not available one of the following methods may be used
instead: (1) Add fluorescently conjugated reagents at the same time as the biotin-
conjugated labeling reagents. For antibodies the recommended concentration is
between 0.15 and 0.4 ng/mL. This method labels the cells in the entire sample. (2)
Use alternate markers that define the desired population. (3) Use a secondary fluo-
rochrome-conjugated antibody such as FITC-labeled sheep anti-mouse 1gG.
Titrate PE-conjugated antibodies for optimal purity and recovery. Cell recovery
increases with increasing fluorescence intensity of the PE-labeled cells. However,
the use of excess labeling antibody can reduce purity.

For samples with a desired cell starting frequency of less than 10 to 15%, addi-
tional separation rounds will likely improve purity. If desired, repeat steps 8 and 9
an additional one to three times. Please note that recovery will decrease with each
additional round of separation.
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Image Analysis and Data Management
of ELISPOT Assay Results

Paul Viktor Lehmann

Summary

The recent renaissance of enzyme-linked immunospot (ELISPOT) assays largely is the
result of advances in image analysis. Information on the frequency of antigen-specific T-cells
and also on the secretion rate of the individual cells is captured in spots generated using this
technique. Although the overall assessment of ELISPOT results can be conducted visualy, this
isinevitably subjective, inaccurate, and cumbersome. In contrast, objective, and accurate meas-
urements are fundamental to good science. Validated image analysis algorithms and proce-
dures, therefore, have become critical for elevating the quality of ELISPOT assays results. As
cytokine and granzyme B ELISPOT assays become the gold standard for monitoring antigen-
specific T-cell immunity in clinical trials, the pressure increases to make ELISPOT analysis
transparent, reproducible and tamperproof, complying with Good Laboratory Practice and
Code for Federal Regulations Part 11 guidelines. In addition, ELISPOT assays in clinical and
basic science settings frequently require high degrees of throughput, thus further raising the
need for advanced data management and statistical analysis. The ImmunoSpot software port-
folio has been specifically designed to meet all these needs, using the techniques described in
this chapter.

Key Words: T-cells; ELISPOT; image analysis; cytokine productivity; spot morphology; sin-
gle cell resolution; spot size gating.

1. Introduction

Each spot within an enzyme-linked immunospot (ELISPOT) assay is not
“just adot,” but the footprint of asingle cells' secretory activity—one that con-
tains detailed information about the secretory process itself. Understanding the
basics of spot formation is critical for performing image analysis, which can
withstand rigorous scientific scrutiny.

From: Methods in Molecular Biology, vol. 302: Handbook of ELISPOT: Methods and Protocols
Edited by: A. E. Kalyuzhny © Humana Press Inc., Totowa, NJ
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1.1. ELISPOT Size and Morphology

In an interferon (IFN)-y ELISPOT assay, for example, IFN-y is captured by
the plate-bound anti-1FN-y antibody around the secreting cell. The footprint of
the captured IFN-y will eventually be visualized as an ELISPOT, with its size
and density reflecting the amount of cytokine produced by the cell during the
assay’s entire duration. Spot size and density are thus critical parameters that
one using ELISPOT image analysis must take into consideration. The kinetics
of the cytokine production also isreflected by the spot morphology, that is, their
density and general shape. For example, a rapid secretion rate will produce
large, fuzzy spots, whereas the slow-but-steady release of cytokines will result
in smaller, denser spots. Evaluating both the size and the morphology of these
spotsis therefore crucial to performing accurate ELISPOT analysis.

Spot size and morphology frequently allow researchers to distinguish
cytokine production by different cell types within mixed cell populations. For
example, when interleukin (IL)-10 production by human peripheral blood
mononuclear cells (PBMC) is measured in ELISPOT assays, most of the
“antigen-induced” spots are not T-cell derived (as would be expected) but are
produced by macrophages in response to lipopolysaccharide contamination of
the antigen. Such macrophage-derived IL-10 spots are considerably smaller
than the IL-10 spots generated by antigen-specific T-cells (1). Although the
lipopolysaccharide-induced macrophage-derived spots provide no informa-
tion on specific immunity, the antigen-induced T-cell-derived IL-10 spots do
because they indicate the presence of T regulatory cells. To measure the lat-
ter, the former need to be excluded from the counting results by setting appro-
priate size thresholds. Figure 1 illustrates this point on the example of a
tumor necrosis factor (TNF)-o assay; the small spots were macrophage-
derived, whereas the large spots were generated by T-cells (A. Y. Karulin, and
P. V. Lehmann, unpublished results). Similarly, small and faint IL-6 spots are
produced by macrophages, whereas antigen-specific T-cells produce larger,
“juicier” spots (unpublished data). ELISPOT image analysis must therefore
be capable of distinguishing different spot sizes and morphologies to provide
information relevant for T-cell diagnostics.

The antigen dose affects the cytokine secretion rate of T-cells. Stimulation of
a T-cell clone with a high dose of the nomina antigenic peptide induces
stronger cytokine production in the individual T-cells (i.e., it triggers larger
and/or denser spots) than does the stimulation of the same clone with low dose
peptide (2). Therefore, when stimulated with a single antigen dose, as is fre-
quently the case in ELIPSOT assays, high-avidity T-cells within the PBMCs
produce larger spots than low-avidity clones. Confirming this notion, increased
T-cell co-stimulation was shown to result in increased per cell productivity (3).
In diseases such as HIV, the cytokine productivity per cell can be reduced,
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Fig. 1. ELISPOT morphologies as exemplified in a TNF-o, assay. Two types of spots
are seen, each after log-normal size/density distributions. The large diffuse spots were
generated by antigen-induced T-cells, as shown by cell separation experiments; these
spots were absent in the medium control wells. The fuzzy morphology of these spots
results from a high per cell TNF-o productivity rate. In contrast, cell separation exper-
iments showed that the small spots were generated by macrophages, and these spots
were present in medium control wells. The pristine morphology of these spotsis caused
by the slow but continuous release of the TNF-o.. Image analysis can be used to recog-
nize these different morphologies, and thus, to clearly distinguish between T-cell and
macrophage-derived spots. (As an aside, the figure also illustrates elevated background
intensity in areas of increased secretory activity—the result of an ELISA effect as the
cytokine is captured from the supernatant.)

resulting in smaller spots (4). One advantage of ELISPOT assays is their abili-
ty to determine whether decreased net cytokine production in disease states is
caused by adecreased number of cytokine-secreting T-cells or from reduced per
cell productivity by unchanged frequencies of T-cells. To compensate for phys-
iological and pathological variations in per cell productivity, ELISPOT image
analysis tools must therefore be versatile, with the ability to permit fine-tuning
of the image processing parameters.
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Central to ELISPOT image analysis is the standardization of assay condi-
tions, which can directly impact the spot morphology. Consider the affinity of
the capture antibodies: a capture antibody with low affinity will produce fainter,
more diffuse spots than a capture antibody of high affinity. Accordingly, the
morphology of ELISPOTSs can vary considerably when different antibodies (or
even different concentrations of the same antibody) are used for coating.

The assay duration also can influence the spot morphology. The spots grow
in size and density when the assay duration is prolonged, and the cells secrete
continuously, asis the case for T-cell-derived IFN-y (2). The outcome is differ-
ent, however, when there is an early burst of production that comes to a halt
before the assay isterminated. In such cases, the spot size will continue to grow
even after the production of the cytokine has stopped (because of latera
cytokine diffusion caused by the reversibility of its interaction with the mem-
brane antibodies) their intensity will fade, however, because of the dilution of
the cytokine. The temperature during development, and the nature of the enzy-
matic reaction will also define the spot morphology. The red spots devel oped
with HRP-AEC differ fundamentally from the blue NBT/BCIP spots, with the
former being more pristine (despite ALPH detection being more sensitive than
HRP) and having a faint background, whereas the latter is more dramatic and
fuzzy with a more heavily stained background.

Once an ELISPOT assay has been standardized, however, the interassay
variability of spot morphology becomes negligible. Although spots of different
cytokine ELISPOT assays will continue to look different even after standardi-
zation, the same counting parameters can be used assay after assay (4,5).
Therefore, apart from allowing counting parameters to be fine-tuned, EL1SPOT
image analysis tools must also allow the user to employ the same parameters
for different assays, so as to permit objective comparison of the results of dif-

ferent assays.
1.2. ELISPOT Counts

One key piece of information to be gained from ELISPOT assays is the fre-
guency of antigen-specific T-cells within the entire sample cell pool, as meas-
ured by the number of cells that engage in cytokine production after antigen
stimulation. This frequency reflects the clonal size of the antigen-specific T-
cells and, therefore, the magnitude of T-cell immunity. Obviously then, one pre-
requisite for obtaining correct frequency information is that both the image
acquisition and the assay must be optimized for single-cell resolution.

In al T-cell cytokine ELISPOT assays, a wide spectrum of spot sizes and
densities can be seen. Thus, when analyzing ELISPOT results, cut-off values
need to be set for the minimum spots sizes and densities to be counted. The
maximum spot size must likewise be defined so that clusters of cells can be
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identified as such. The minimum and maximum “gates” set will critically affect
the number of spots counted. For this reason, one of the main goas of
ELISPOT image analysis has been to establish absolute criteria for gating,
thereby eliminating the “ghost of subjectivity” that has haunted ELISPOT
counts in the pre-image analysis age.

The simplest experimental model that can be used to establish ELISPOT gat-
ing criteriainvolves the use of a T-cell clone that produces IFN-y. These T-cells
were activated by the nominal peptide on a clona population of antigen-pre-
senting cells (APCs) that cannot express IFN-y (2). In such experiments, con-
ducted over awide range of plated T-cells, the number of T-cells per well close-
ly matched the numbers of spots detected. Even though the T-cells and APC
were clonal, the spot sizes varied over awide range! Closer analysis of the spot
size distribution showed that they followed alog normal distribution. When the
peptide dose was lowered, the per cell productivity (the mean spot size/density)
decreased, but the size distribution till followed alog normal pattern. Similarly,
when the assay duration was changed, the mean spot sizes/density varied, but the
log normal distribution remained. In al subsequent studies of human and murine
cells (6), for clonal and bulk populations, for al cytokines measured (I1L-2, IL-
3, IL-4, IL-5, IL-6, IL-10, and IFN-y) and in granzyme B assays (7), this log
normal distribution of ELISPOTs was noted. Therefore, by measuring the
size/density of amultitude of individual spots, the statistical qualities of the spot
size distributions can be established, allowing the software to set absolute crite-
riafor the minimum and maximum size gates.

Having established these distributional properties, clusters of cells can be
recognized, and the numbers of cells constituting these clusters can be calcu-
lated. By rooting ELISPOT image analysis in these objective statistical princi-
ples, one can establish absolute criteria for ELISPOT counting, thus eliminat-
ing subjectivity and elevating ELISPOT to an exact science.

1.3. Hardware Requirements

One limiting factor in the accuracy of ELISPOT image analysis is the hard-
ware used for image acquisition. There is a common misconception that the
pixel resolution of the camera is the key factor in determining image quality.
Thisisan overly simplistic view. A fine-grain film alone does not provide pris-
tine photographs unless the optics, the illumination, and many other fine details
aso are optimized. ELISPOT readers need to be high-end optical instruments
to permit accurate analysis of ELISPOT images at single-cell resolution. In
addition, such readers must feature precise robotic motion control, so as to
accurately position and capture the membrane surface. The identity of the wells
is of regulatory concern and must be verified by slip-proof, encoder-controlled
stages and by faithfully recording the well position on each plate during image
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acquisition. Finally, to ensure consistent performance at single-cell resolution,
regular machine calibration is required.

2. Materials
1. ImmunoSpot® Series 3B Analyzer (CTL, Cleveland, OH).

2. ImmunoSpot® 4.0 Software (CTL).
3. SpotMap™ 4.0 Software (CTL).

3. Methods
3.1. Scanning

In the first step of ELISPOT analysis, an ImmunoSpot Analyzer scans and
saves image files (basicaly, digital photographs) of individual ELISPOT wells
on aplate. The machine progresses automatically from well to well, using opti-
cal feedback to automatically center on each well, thus compensating for irreg-
ularitiesin the plate geometry. (ELISPOT plates are manufactured using ahigh-
temperature molding process, and are prone to deform as they cool down.)
Digital encoders keep track of the precise position of each well, thus helping to
confirm well identify and positioning. In addition, the software keeps track of
the encoder information, the time stamp and the identity of the operator.
Systems also can be set up with access limitations for an added measure of
security.

The end point of the fully automated scanning process for an ELISPOT plate
isatamperproof set of 96 image files, each representing adigital photograph of
one well from the original 96-well plate. Scanning can also be performed using
12- and 24-well formats. The saved files alow users to document and analyze
ELISPOT assays long after the original plates have decayed, and to reproduce
the analysis results. While “live” analysis of images (that is, without saving
themto adisk file) isalso possible, it is not recommended because this obscures
the transparency and reproducibility of the results, and thus violates good sci-
entific and laboratory practice.

Suggestions for scanning:

¢ We recommend that plate images that belong together (e.g., plates from the same
experiment) be stored in the same folder. The software allows the user to handle all
the plates in afolder as a single unit; that is, the user can instruct ImmunoSpot to
process al plates within a given folder, instead of tediously loading each one indi-
vidually. Grouping such plates together can expedite all phases of the work: count-
ing, quality control, and data export.

e We recommend that the scanned images be kept on a read/write storage device,
such as the hard drive of the computer on which the counting and quality control
will be done.
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3.2. Analysis

The saved image files can then be processed on the Analyzer itself or on
remote workstations equipped with the ImmunoSpot software. The dissociation
of scanning and analysis enables work to proceed more efficiently by permit-
ting an indefinite number of users to analyze images independently, without
tying up the core machine.

3.2.1. Automated Analysis

In the first step of analysis, counting parameters are defined, and these
parameters are used for analyzing all wells within an assay. This permits the
objective comparison of results from different wells or plates of an assay.

The main steps of automated counting are as follows:

1. Loading the plate images. Virtually any number of plates can be loaded at this
stage, due to the flexible software design.

2. Defining the counting parameters. The software provides default parameters that
have been carefully selected to provide reasonably accurate counts for most
ELISPOT assays. If strict, scientific counting precision is not arequirement, one
can directly proceed to the spot counting stage.

Accurate counting, however, requires instructing the software about the
nature of the spots to be counted (see Note 1). As discussed above, the spot
characteristics can vary considerably, depending on the assay conditions and
the cytokines under examination (see Note 2). For thisreason, the ImmunoSpot
software has been designed to allow fine-tuning of the counting parameters
using a simple two-stage process.

Step 1: Sampling the Spot Morphology Using the “ SmartSpot” Feature

By clicking on a spot, the software will analyze and “learn” to recognize the car-
dina features of this spot, after which it can proceed to examine all other spots for
these features (Fig. 2). Although establishing the appropriate counting parameters
for the respective spot type is fully automated (and therefore objective and repro-
ducible), the parameters can be manually fine-tuned for morphology, sensitivity,
and a multitude of other criteria (see Note 3).

Step 2 : Gating Using the “Autogate” Feature

After the spot morphology has been defined, the software can be instructed to count
all spots that exhibit this morphology (Fig. 3). In the process, the spot size distri-
bution parameters can be established. A minimum of 500 spots need to be counted
in thisway to accumulate enough information for an accurate statistical analysis of
the spot size distribution (but see Note 4). Typically, it takes sampling of approx 10
wells (aprocess that takes | ess than aminute) to sample at least 500 spots (see Note
5). By hitting the “Autogate button,” the user can automatically set the lower and
upper gate values (that is, spot size thresholds) based on the log-normal distribu-
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Fig. 2. Recognition of ELISPOT morphology. The first step of the analysis process
isto “teach” the software the morphology of the spots of interest. This can be done by
sampling characteristic spots (highlighted by arrow). The software then identifies all
spots of the same morphology, irrespective of size, and marks each spot recognized as
shown. In the subsequent step, the size distribution of the spots will be analyzed.

Ly
>

Fig. 3. Establishing the minimal/maximal spot size/density to be counted by auto-
gating. The size/density distribution of the spots in the current well is captured in the
left histogram (labeled “CURRENT"), which shows 45 spots as being recognized.
More accurate information on the size/density distribution of ELISPOTS in the assay
can be obtained by sampling multiple wells, as captured in the cumulative histogram on
the right-hand side. (In this example, the cumulative histogram was generated by sam-
pling 513 spots in 12 wells.) The “Autogate” feature uses the distributional properties
of this cumulative data to compute the minimum and maximum spot limits or “gates’
(indicated by the vertica lines in the histograms). When the actual well shown is
recounted with these limitsin place, one small spot is “gated out,” resulting in the spot
count of 44 shown at the top. Once the morphology and size/density criteria are estab-
lished, the software applies these very same parameters to the automated counting of
any number of wells.
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tion properties of the spot-size distribution. The Autogate feature thus allows
objective, statistics-based criteriato be used in setting the minimum and maximum
spot sizes allowed.

Spots smaller than specified by the minimum gate are ignored, that is, they
are excluded from the final spot count. Spots larger than the maximum gate
value are either counted as clusters or are excluded altogether. The latter option



126 Lehmann

permits counting small spots generated by cell type “A,” whereas gating out the
larger spots generated by cell type “B.”

The same counting parameters cannot be applied if results of different assays
are to be counted in the same run. For this reason, the software allows the user
to define an indefinite number of distinct counting parameter sets (templates)
for any array of wells, arranged in any pattern on the loaded plates.

3. Automated counting. Once the parameters have been established and assigned to
the wells, the software automatically counts spots on any number of plates or sec-
tions thereof (see Note 6). Overlays of the raw image files and of the counting
results are saved for each well, as are the counting parameters. The results of the
counting process thus become transparent, documented, and easily reproduced for
subsequent verification in the quality control step.

3.2.2. Quality Control

Because ELISPOT assays can contain artifacts (e.g., contaminants, dam-
aged or leaking membranes; see Note 7), the results of the automated count-
ing need to be subjected to quality control. A menu in the ImmunoSpot soft-
ware alows the user to view image overlays that indicate which spots have
actually been counted, and to make corrections as needed (Fig. 4). In the
example shown, a cluster of cells (resulting from the clumping of cells by free
DNA in a freeze-thawed PBMC sample) has been excised, and the software
has calculated how many spots would occupy that cluster, assuming that these
spots have the same average size and density distribution as those within the
rest of the well.

To ensure Good Laboratory Practice compliance, al changes made are
recorded and annotated. This allows the principal investigator or regulatory
agency to determine at a glance whether the counting results are accurate and
appropriate. As part of this documentation, the software also generates a set of
plate and well image files that can be helpful in preparing presentations, writ-
ing publications or discussing the results. Direct PowerPoint export options also
make it convenient for the user to arrange groups of wells for presentation or
documentation purposes.

3.3. ELISPOT Data Management

ELISPOT assays can require high degrees of throughput. It is not uncommon
for asingle well-trained team to test hundreds of samples each day for reactivi-
ty to hundreds of antigens (see Note 8). However, even a small assay can con-
tain a veritable flood of information. Just three 96-well plates, for example,
require storing 864 image files—raw images, counting overlays, post-quality
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Fig. 4. Quality control step in ELISPOT analysis. The image on the left-hand side
shows the counting results obtained in automated analysis mode on a well that con-
tains an artifact (in this case, acell clump caused the spot cluster in the upper left-hand
guadrant). The cluster was treated as a group of individual spots, resulting in a spot
count of 63. In control mode, this artifact-containing region can be outlined (on the
right) and excluded from the analysis. The software then normalizes the spot count by
correcting for the size of the unselected region. In the example shown, 33 spots were
actually detected, and this count was increased by eight to compensate for the unse-
lected area, resulting in an adjusted spot count of 41. (The asterisk beside the spot
count of 41 indicates that this is a recalculated value, rather than a direct measure-
ment.) In keeping with good |laboratory practice, the software saves and annotates all
such subjective adjustments made to the objective automated count. This same exam-
ple also contains a spot near the center of the well that exceeds the upper gate thresh-
old. This spot was automatically outlined in bold during automated analysis (the
smaller bold outlinein the left and right image), indicating that it was treated as a clus-
ter. In such cases, the software automatically calculates the number of spots required
to generate such a cluster based on the average spot size and density distribution , and
re-computes the spot count accordingly. (The asterisk beside the spot count of 63 like-
wise indicates that this value was recalculated, as does the automatically generated
A1l annotation code.)
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control images, along with records of the counting parameters, the numbers of
spots counted, and the spot size/density statistics for each well. This informa:
tion needs to be linked to the assay information, that is, to the source of the cell
material tested (e.g., PBMC of donor ‘Z"), to the number of cells per well (so
that frequencies can be normalized “per million™), to the antigens tested and
their concentration, and to the cytokines measured. Thus, even a small three-
plate assay, there can be more than 4320 sets of data that need to be linked
together.

The ImmunoSpot software’s SpotMap module was specifically designed to
manage these data. For each well, and for each plate, the software allows the
user to document the assay conditions. which cells were plated in which num-
bers, which antigens were used to challenge the cells and in which concentra-
tions, and what cytokine was measured (Fig. 5). Custom routines help in laying
out multi-plate experiments. The software even calculates the amounts of
reagent needed for each assay. Once the counting results are available, they can
be quickly linked to the other assay parameters. At aclick of abutton, even the
most complex ELISPOT assay can be evaluated, the statistics calculated, and
the requested information compiled in an Excel spreadsheet, alowing the
results to be represented in virtually any desired format.

4. Notes

1. Occasionally, T-cells move around during the assay, causing the ELISPOTS to
develop “tails” Thisis especialy true when T-cells which have been preactivated
in vivo or in vitro, as this makes the cells particularly mobile. Such spots can be
counted accurately by decreasing the “spot separation tolerance” value.

2. Occasionally, white dots can develop in the middle of the spots. These result from
the substrate peeling off, for example, when the flow rate of the plate washer istoo
high, or the plates are banged too hard while washing. The “Fill Holes” feature can
be used mask the white dots away, allowing the spots to be counted accurately.

3. Occasionaly, the background coloration can be darker in some parts of the well as
the result of leakage in the membrane. This problem can be avoided by decreasing
the concentration of Tween used. Additionally, the user can typically compensate
by adjusting the “Background Balance” parameter.

4. The background coloration is increased over the entire membrane in a well if the
number of cytokine-producing cells (i.e., the number of spots) is high. This is
caused by an ELISA effect; that is, cytokine that is not captured around the secret-
ing cell escapesin the supernatant and binds as a “carpet” over the entire well sur-
face. “Autolight” adjustment compensates for the increased background coloration.
Some protein antigens can also cause high uniform background by non-specifically
binding the detection antibody.

5. Sometimes, the number of spotsin the medium background is high for al samples
because of the stimulatory effects of serum. Even brief exposure to nontested
serum, for example, during washes or during freezing, can drive up the background
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Fig. 5. ELISPOT data management. The spot counts in 96-well format are linked to
the plate layout. For each well, the antigen, the test subject, the cytokine and the num-
ber of cells plated are specified. All this datais linked and processed for exporting into
a database.

intensity. Occasionally, the number of medium background spots is high for a sin-
gleindividual out of several tested. Thisisacommon finding for individuals under-
going a clinical or subclinical infection or other massive immune stimulation in
Vivo. Some assays, such as IL-6, 1L-10, and TNF, tend to give high background
coloration in general because of the activation of macrophages on the membrane of
the ELISPOT plate. Such background spots are frequently smaller than the antigen-
induced spots produced by T-cells, and can be gated out.

6. Occasionally, the counting parameters established can produce valid spot spots for
most test subjects, but not for others. For example, spots that are either smaller or
larger than usua can be seen with particularly low (or high) avidity T-cell responses,
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or if co-stimulation is decreased (increased). This is one reason why, as part of any
ELISPOT analysis, the researcher should have the option of viewing both the raw
images and the counting results in quality control mode. This alows the researcher
to judge whether the counting parameters established do indeed apply to the al sub-
jects under examination. If recounting of any given subject becomes necessary, the
altered parameters are automatically annotated by ImmunoSpot®, thus drawing
attention to the atypical spot morphology or other image characteristics.

7. On occasion, the well images contain artifacts caused by membrane damage, for
example, when the membrane is accidentally scratched with the pipet. The affect-
ed area can be excised in QC mode, and using the normalization algorithm, the
spot count is recomputed. This renormalization is performed by computing the
number of spots required to fill the excised area, using the average spot size and
distribution density in the rest of the well. The same technique also can be used to
correct for cell clustering. For example, if the testing was performed in triplicate
and a cluster is found in one of the wells, this cluster can be excised and the spot
count can be normalized. In both cases, these corrections are automatically record-
ed by the software in the form of annotations added to the well records.

8. Never blindly trust ELISPOT counts, whether from your own laboratory or from
others! Overlays of both the raw images and the counting results are a simple and
transparent way of understanding the assay results and judging the counting accu-
racy. Well surveys containing this information can be printed or exported into
graphics files or PowerPoint presentations, allowing assessment to be performed at
aglance. The direct side-by-side display of medium control and antigen wells can
speak volumes about the quality of the assay and the spot counting.

Acknowledgments

I would like to thank all those who worked in my Case Western Reserve
University-based laboratory on establishing the scientific foundations of
cytokine ELISPOT assays. At the postdoctoral level, these are (in aphabetical
order): Drs. Don Anthony, Beate Berner, Thomas Forsthuber, Peter Heeger,
Alexey Karulin, Damian Kovalovsky, Patrick Ott, Clara Pelfrey, Frauke
Rininsland, Stephan Schwander, Oleg Targoni, and Magdal ena Tary-L ehmann.
Severa of my graduate students at Case have made major contributions in our
ELISPOT effortsaswell: Wolf Bartholomae, Jan Baus, Kamruz Darabi, Marcus
Dittrich, Julia Eisenberg, Kristina Feldmann, Judith Gottwein, Robert Guerkov,
Thomas Helms, Bernhard Herzog, Maike Hesse, Harald Hofstetter, Thomas
Kleen, Christian Kreher, Haydar Kuekrek, Anke Lonsdorf, Kai Loevenbrueck,
Stephan Quast, Tarvo Rgjasalu, Tobias Schlingman, Britta Stern, and Hualin
Yip. At Cellular Technology Limited, | am indebted to the R&D and program-
ming efforts of Johannes Albrecht, Tameem Ansari, Andras Bakos, Ben
Matthes, Mark Novak, Jerry Perchinske, Carey Shive, Endre Tary, Norma
Sigmund, John Truden, Dean Velasco, and Wenji Zhang.



ELISPOT Analysis 131

References

1

Guerkov, R. E., Targoni, O. S, Kreher, C. S, Boehm, B. O., Herrera, M. T., Tary-
Lehmann, M., et a. (2003) Detection of low-frequency antigen-specific IL-10-pro-
ducing CD4+ T-cells via ELISPOT in PBMC: cognate vs. nonspecific production
of the cytokine. J. Immunol. Methods 279, 111-121.

Hesse, M. D., Karulin, A. Y., Boehm, B. O., Lehmann, P. V., and Tary-Lehmann,
M. (2001) A T-cell clone’s avidity is a function of its activation state. J. Immunol.
167, 1353-1361.

Ott, P A. Berner, B. R., Herzog, B. A., Guerkov, R., Yonkers, N. L., Boehm, B. O,,
et al. (2004) CD28 costimulation enhances the sensitivity of the ELISPOT assay
for detection of antigen-specific memory effector CD4* and CD8" cell populations
in human diseases. J. Immunol. Methods 285, 223-235.

Helms, T., Boehm, B. O., Assad, R. J,, Trezza, R. T., Lehmann, P. V., and Tary-
Lehmann, M. (2000) Direct visualization of cytokine-producing, recall antigen-
specific CD4 memory T-cells in healthy individuals and HIV patients. J. Immunol.
164, 3723-3732.

Kreher, C. R, Dittrich, M. T., Guerkov, R., Boehm, B. O., and Tary-Lehmann M,
M. (2003). CD4+ and CD8+ cells in cryopreserved human PBMC maintain full
functionality in cytokine ELISPOT assays. J. Immunol. Methods. 278, 79-93.
Karulin, A. Y., Hesse, M. D., Tary-Lehmann, M., and . Lehmann, P. V. (2000)
Single-cytokine-producing CD4 memory cells prevail in vivo, in type 1l/itype 2
immunity. J. Immunol. 164, 1862—1872.

Rininsand, F. H., HeIms, T., Asaad, R. J., Boehm, B. O., and Tary-Lehmann, M.
(2000) Granzyme B ELISPOT assay for ex vivo measurement of T-cell immunity.
J. Immunol. Methods 240, 143-155.






8

High Resolution as a Key Feature to Perform
Accurate ELISPOT Measurements Using Zeiss KS
ELISPOT Readers

Wolf Malkusch

Summary

The enzyme-linked immunospot (ELISPOT) assay was originally developed for the detection
of individual antibody secreting B-cells. Since then, the method has been improved, and ELISPOT
is used for the determination of the production of tumor necrosis factor (TNF)-c, interferon (IFN)-
v, or various interleukins (IL)-4, IL-5. ELISPOT measurements are performed in 96-well plates
with nitrocellulose membranes either visualy or by means of image analysis. Image analysis
offers various procedures to overcome variable background intensity problems and separate true
from false spots. ELISPOT readers offer a complete solution for precise and automatic evaluation
of ELISPOT assays. Number, size, and intensity of each single spot can be determined, printed, or
saved for further statistical evaluation. Cytokine spots are aways round, but because of floating
edges with the background, they have a nonsmooth borderline. Resolution is a key feature for a
precise detection of ELISPOT. In standard applications shape and edge steepness are essential
parameters in addition to size and color for an accurate spot recognition. These parameters need a
minimum spot diameter of 6 pixels. Collecting one single image per well with a standard color
camera with 750 x 560 pixels will result in a resolution much too low to get al of the spotsin a
specimen. |FN-y spots may have only 25 um diameters, and TNF-o. pots just 15 um. A 750 x 560
pixel image of a 6-mm well has a pixel size of 12 pm, resulting in only 1 or 2 pixel for a spot.
Using a precise microscope optic in combination with a high resolution (1300 x 1030 pixel) inte-
grating digital color camera, and at least 2 x 2 images per well will result in apixel size of 2.5 ym
and, asaminimum, 6 pixel diameter per spot. New approachestry to detect two cytokines per cell
at the same time (i.e., IFN-y and IL-5). Standard staining procedures produce brownish spots
(horseradish peroxidase) and blue spots (alkaline phosphatase). Problems may occur with color
overlaps from cells producing both cytokines, resulting in violet spots. The latest experiments
therefore try to use fluorescence labels as a marker. Fluorescein isothiocyanate resultsin green
spots and Rhodaminein red spots. Cells producing both cytokines appear yellow. These colors can
be separated much easier than the violet, red, and blue, especialy using a high resolution.

Key Words: ELISPOT reader; ELISPOT method; spot teacher; cameraresolution; pixel size;
double |abels; fluorescence markers.

From: Methods in Molecular Biology, vol. 302: Handbook of ELISPOT: Methods and Protocols
Edited by: A. E. Kalyuzhny © Humana Press Inc., Totowa, NJ
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1. Introduction

Despite the pharmaceutical and medical success achieved so far, it is possi-
ble to treat only one third of the 30,000 known diseases. In addition, many dis-
eases, such as rheumatism, Alzheimer’'s disease, AIDS, and cancer, remain
incurable (1). Research throughout the world is focused on cancer. The use of
genetic engineering provides scientists with an increasingly better understand-
ing of what malfunctions participate in the generation of malignant tumors on
a molecular level. With regard to possible therapies, immunological methods
make us particularly optimistic. In this field, the cytokines are of special inter-
est. These proteins are substances created by a variety of cell types contributing
to the activation of cells.

Tumor cells have a specia characteristic. Like most cells, they have a struc-
ture that is specific only for their cell type. This is called a tumor-associated
antigen. This structure makesit different from all the other body cells and there-
fore permits identification (2). Where identification is possible, we are hopeful
adirect remedy will soon be possible.

Cytostasis agents used in standard chemotherapy also affect healthy, prolif-
erating body cells. This results in the known side effects of chemotherapy. The
new therapy approach endeavors to use the characteristic structure of tumor
cells to specificaly attack the tumor itself (3). Background: The tumor cells
produce proteins—so-called antibodies. These antibodies all feature the same
specific structure and also are expressed by the tumor. These tumor antibodies
can be isolated from the patient’s blood with relative ease and are used, so to
speak, as the tumor-specific structure for immunization.

A certain cell type in the human immune system, the antigen-presenting
cell, commonly known as a “dendritic cell,” is able to present an antigen to
the so-called T-cells. The T-cells then proliferate and, in the form of cyto-
toxic “killer cells,” specifically attack the structure “shown” to them before
by the antigen-presenting cell (4). To measure the success of therapy, the
specific defense cells, which were activated by the therapy, must be detected
and recorded in a suitable manner. The T-cells that attack the cells of inter-
est circulate in the patient’'s blood. The enzyme-linked immunospot
(ELISPQT) assay is used to count the number of these specific “killer cells”
before and after therapy, providing a measure for the immunologic reaction
of the therapy.

In the field of immunology research, more and more molecules secreted in
response to immunization are checked whether or not they can be used to devel -
op direct therapy methods. The enzyme-linked immunospot (ELISPOT) tech-
nique, meanwhile, became the method to evaluate the effect of these molecules
to immune cells on a single cell level. Fields of application are the determina-
tions of therapy successes with regard to immunological responses in cancer
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diseases, AIDS, Alzheimer's disease, asthma, and so on. Immunologica
response does not always mean therapeutical success, but itisafirst stepin this
direction.

Meanwhile, more than 150 cytokines are isolated and detected (5), and
their number isincreasing nearly on adaily basis. Because cytokines play an
important role during inflammation and diseases, they are the best tool to
measure the activation of immune cells. Whereas the previously used
enzyme-linked immunosorbent assay (ELISA) method only allows one to
measure the concentration of cytokines in the supernatant of a cell culture,
the ELISPOT method allows one to detect of cytokine production on a sin-
gle cell level.

2. The ELISPOT Method

The ELISPOT assay was devel oped for the detection of individual antibody-
secreting B-cells (6). Since then, the method has been improved in a way that
cells can be detected producing only approx 100 molecules of a protein (i.e.,
cytokine) per second (7). These high protein concentrations in the cell sur-
rounding will be detected with specific antibodies. When the ELISPOT method
is used, the created spots only show an imprint of those cells originating them.
The advantage of this method is the fact that the spots are long lasting, and they
can be evaluated visually as well as by means of image analysis. Using image
analysis, one can automatically determine the number, size, and intensity of
spots with an increased objectivity.

For the ELISPOT determination of the production of tumor necrosis fac-
tor (TNF)-o or interferon (IFN)-y or interleukin (IL)-4, IL-5 and more by a
single cell, the bottoms of nitrocellulose microtiter plates are covered with
antibodies directed against the cytokine of interest. All antibodies not bound
to the nitrocellul ose are then washed away. The covered wells are now filled
with lymphocytes to be tested and negative controls. The T-cells on the mem-
branes secrete the cytokines, which will bind to the antibodies. After a cer-
tain incubation time, the cells will be washed out, and the bound cytokines
will be marked with a second antibody. This complex will finally be marked
with a staining substance. Now single spots can be counted under the micro-
scope (8,9).

In this way, the spots created by the ELISPOT method are only a reprint of
those cellsthat originally created them. Some advantages are that specimensare
not dangerous and that they can be kept for along time. Furthermore, they can
be evaluated, either visually or by means of image analysis, and the evaluation
may be repeated for control purposes whenever required (7).

The ELISPOT method consists of five steps: (1) adding a cytokine specific
antibody to the nitrocellulose membranes of a microtiter plate; (2) exclusion
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of nonspecific absorption of other proteins; (3) adding cytokine secreting cells
in various concentrations; (4) addition of a second anti-cytokine antibody; and
(5) detection of the antibody—cytokine complex.

At present two staining techniques are used. The alkaline phosphatase (AP)
marker produces blue spots whereas the horseradish peroxidase marker pro-
duces brownish ones. The method also is used for the detection of secretions of
specific subgroups of lymphocytes or T-cells from peripheral blood, as well as
of monocytes and granulocytes (7).

The immunochemically stained cytokine spots are scanned with a 3-chip
CCD color camera on an incident light microscope with motorized stage and
auto-focus control. The images are digitized with 24-bit color resolution and
evaluated by the KS ELISPOT system. The region for evaluation is determined
using the mouse on the system monitor. The definition of the start and end point
is sufficient to begin the routine measurement (10).

All results of the analysis are displayed immediately on the screen. Number,
size, and intensity of each single spot can be printed or exported to a file for
future statistic evaluation or graphic presentation. All well images can be saved
for re-evaluation or documentation purposes.

2.1. Common Problems With ELISPOT Specimens

The ELISPOT assay faces two background problems. First, a variable
background intensity of the nitrocellulose may be observed. To overcome this
problem, a specific algorithm had been developed, taking into account the
varying background conditions in the region when detecting the spots (10). It
is no longer necessary to adjust different threshold values for various posi-
tions of awell.

With the aid of a unique spot learning procedure, all system parameters, nec-
essary for a correct spot recognition, are adjusted by simple cursor clicks to
desired spots. A further advantage of this new method is the improvement of
measurement reproducibility.

The second problem is the occurrence of small and very dark spots that were
not generated by secreted cytokines. In the visua evaluation, these spots are
differentiated from “true”’ spots by their sharper edges. True spots aways have
adark center with fading color intensity towards the edges. Fal se spots are usu-
ally small with a homogeneous intensity. Functions for the differentiation of
true spots also have been implemented in the detection algorithm of the KS
ELISPOT software (10). The shape can be tested to decide whether or not a spot
exists. Cytokine spots are always round but because of “floating edges’ with the
background they have a “non-smooth” borderline.

Depending on the magnification used, each experiment can be defined in this
way under the tool setup. The spot definition itself is performed by automatic
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color segmentation. This algorithm first determines all probable spot positions
after the acquisition of acomplete well image. Each of these positions will then
be checked via edge steepness and form factors for its spot probability.

All these conditions demand certain minimum and maximum magnifications
for accurate use of the system. The recognition of differences in edge intensi-
ties needs a certain minimum spot diameter regarding the pixel resolution.
Acquiring a complete well as one single image often lacks of necessary resolu-
tion. This method therefore should only be applied on specimens with mean or
large spot diameters. Whenever the acquisition of only one image per well will
produce exact results because of only larger spots, the advantage of these sys-
tems is the extremely high evaluation speed. An example for this group of
instruments is the KS ELISPOT compact, using a stereo microscope Stemi
2000 asinput source.

Whenever spots decrease to less than certain minimum diameters, the KS
ELISPOT compact may be used in a scanning mode, similar to the KS
ELISPOT, that is, using the Axioplan 2 light microscope as input source. This
will result in awell image composed from several single images with a higher
resolution, which is then evaluated with the correct pixel resolution without any
edge problems using a circular measurement frame.

A check for all selected settings can be performed for acomplete well. Using
the teaching algorithms, al parameters responsible for the determination of a
spot (spot diameter, color, saturation, contrast, shape, slope) can be trained by
simply clicking to spots. In asimilar way fal se spots can be eliminated from the
parameter set. The finally accepted settings can be saved for the routine usage
in different experiments under separate names.

2.2. Important Requirements of an Automatic ELISPOT
Evaluation System

1. Easy handling: The system should be developed for use in routine laboratories and
easily adaptable to new preparation methods. In the KS ELISPOT, thisis achieved
by the unique spot learning procedure.

2. Complete package: All system parts, such as the microscope, scanning stage, con-
trol unit, computer, and software, should be available from one source to guaran-
tee a maximum performance.

3. Minimum adjustments: Especially for the routine usage, only a few adjustments
should be necessary to start the evaluation.

4. Overview or full-resolution image: During evaluation, the permanent display of the
overview well image under evaluation is essential for control purposes. The access
to the full resolution image, including the display of results, also is very important.

5. Storage of measurement results: Spot results (number, single areas, and single
intensities) have to be stored in a simple file format like text files for external pro-
cessing and graphic presentation.
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Fig. 1. Example of an easy-to-use interface: only four buttons for routine measure-
ments, a window for the display of well images during the measurement, a plate field
for the definition of the region of interest, and a result table for the immediate display
of count results.

6. Data output: All measurement results should possibly be stored in an internal for-
mat to be saved and externally processed. As an aternative reports like aWord pro-
tocol may be produced showing experiment description, measurement data, and
parameter settings, aswell as aplate image of al measured wells and a plate image
with al detected spots in each measured well.

7. Storage of images. Images of all measured wells should be saved for re-evaluation
and documentation purposes, if needed.

An example of the tool buttons to be used for routine evaluations are listed
below (see also Figs. 1 and 2):

1. Define Region: Defines the plate region for evaluation, resulting in the number of
wells to be measured. At the same time the well positions and the stage co-ordi-
nates are synchronized.
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Fig. 2. Only four buttons are used for routine applications.
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Fig. 3. Example for a spot teacher. Spots in the well image will be selected by sim-
ple mouse clicks to adapt the diders to their values.

2. Check Well: Performs a test evaluation of one selected well to check the system
settings and to perform the learn procedure.

3. Measure Region: Evaluates all selected wells of amicrotiter plate.

4. Report: Displays results page with the option to print and save the data.

2.3. Learning Method for Spot Recognition

At least when setting up an ELISPOT reader for the first time, it will be nec-
essary to train the software in the appearance of the spots inside the specimen.
A tool like a spot teacher is extremely helpful because it uses a specifically
developed learning method to recognize the spots. This learning agorithm
extends all its parameters for spots that were selected from clicks on not-yet-
recognized spots using the cursor and the left mouse key (see Fig. 3). In this
way all spot parameters are adapted automatically. Spot definitions created in
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Fig. 4. The region of interest per plate can be defined by simply marking the wells
inside that region with the mouse.

this way can be stored for future use. For a better control all recognized spots
have to be displayed graphically together with their diameters.

2.4. Routine Use

An easy way to define the region for evaluation may be performed in a plate
table on the screen using the mouse (see Fig. 4). To start ameasurement the def-
inition of only the start and end well should be necessary. It should be possible
to eliminate not required positions from the measurement by mouse clicks. The
possibility to define various regions per plate with different configurations for
the evaluation can be very helpful.

For longer-lasting evaluations, the immediate presentation per well of the
results of an analysis (spots per well) is absolutely necessary for the control.
During the evaluation period, the indication of the likely time for the complete
evaluation of the entire plate is advantageous when permanently updated,
together with the estimated time for the completion of the evaluation—as a
value and as a progress bar.

A general background correction is useful with specimens having extremely
high background staining and at the same time high and dense spot numbers
(thisis often the case with positive controls). This helpsto recognize the spots to
an acceptable amount (see Fig. 5). Variable local spot background settings offer
aternatives for a better spot recognition. Variable internal image resolutions
allow the best compromise between evaluation accuracy and system speed.

2.5. Performance

After the definition of the overall region to be measured, one single configu-
ration file should define all necessary settings for the system (see Fig. 6). The



Fig. 5. Typical well image from a positive control. Spots are very dark on an intense
background. Partially, the spots and the background are confluent. Using specia cor-
rection functions the spots still can be recognized in an acceptable amount.
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Fig. 6. All parameters for the evaluation of an ELISPOT experiment will be defined

in a configuration window on several tab-sheets. Each configuration can be saved for a
future usage.
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possibility of multiple definitions within one plate to evaluate various regions
with differently defined setups is a nice feature that helps facilitate evaluations.

Before the measurement of a whole plate or even of a series of plates, it is
advisable to first test the system settings of the used configurations on some
selected positive and negative wells for their correct function. In case modifi-
cations become necessary, ateach function that allows one to adapt all relevant
spot parameters by simple mouse-clicks to the wrongly recognized spotsin the
well is extremely helpful.

Usually by means of image analysis, there are six parameters that will
describe best areal spot (see Fig. 3) and separate it from other particlesin the
specimen, like dirt, debris, scratches, and others. They are listed below:

1. The Spot Diameter may be preset to a minimum and maximum value. The small-
est expected spot size is about 25 pm for human IFN-y cytokines. TNF-o. and usu-
ally mouse IFN-y cytokines produce much smaller spots, as small as 15 pm in
diameter.

2. Hueisthe definition of color values with lower and upper limit. Values range con-
tinuously from red (90-15) viayellow (15-40) and green (40-65) to blue (65-90)
on a scale from O to 100.

3. Saturation defines the color saturation with lower and upper limit.

4. Contrast: defines the overall contrast range for spots. This should be a position
independent relative contrast, taking into account also the local surroundings of
the spot.

5. The Shape is the definition of the form factor. High values represent an ideal cir-
cle and lower values describe shapes more and more differing from circles.

6. The Slope defines the edge steepness of spots. Ideal spots usually have valuesin
the mid range, and higher values mean steeper edges.

For the control of the settings, accessto the raw datais essential. The defined
limit values should also be printed later with the measurement results so that
oneis ableto repeat the measurements at alater time or allow the re-evaluation
of them on a different machine.

It is advisable to already have al measurement results available immediately
after the scanning of the plate. Sometimesit may be helpful to have al well images
recorded for repeated evaluations in the phase of finding the best settings for the
evauations of an experiment series of plates. Thisalso is of advantage when anew
evauation of theidentical wellsin aplateisnecessary, aswith double stains, where
IFN and IL are labeled at the same time, and red, blue, and violet spots have to be
measured in each well. The re-evaluation for the different colors on stored images
will be much faster, when no new scanning of the specimen is necessary.

Thiswill be even of more importance when fluorescence labels for the different
cytokines are used because fluorescence markers are extremely sensitive to expo-
sure time, especialy with ultraviolet light. In this case, a first run to record the
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images will alow multiple evaluation runs for adapting the settings and measure-
ment variables and finally perform all evaluation steps in the different channels.

2.6. Specimens

Suitable specimens are original 96-well microtiter plates, filtration plates
with nitrocellulose membranes, or nitrocellulose membranes transferred to
sticky foils. Some users prefer to remove the membranes from the plates and
stick them on aplastic foil before the measurement to avoid reflections from the
well side-walls during image acquisition. In this case, the specimen should be
mounted very flush with the plate of the stage (best applied with spray adhesive
and aroller squeeze).

Special motor stage plates with markers for the driving ranges are necessary
to use with peeled-off nitrocellulose membranes; for the use with complete
nitrocellulose plates, suitable specimen holders needs to be available as well.

3. A Short Introduction to the KS ELISPOT Software

KS ELISPOT compact is a system with a complete solution for precise and
automatic evaluation of ELISPOT assays. It has been developed especially for
usein routine laboratories with regard to a high-speed throughput of specimens.
Using the KS ELISPOT system (Fig. 7) with a light microscope with incident
illumination, motor stage, and automatic focusing unit, the aim is high resolu-
tion for highest measurement precision and accuracy. The images of the
cytokine spots are taken in both cases with atrue color camera.

After the digitization, the KS ELISPOT software proceeds with automatic
data processing. For routine usage, easy handling is essential. Special impor-
tance was attached to the design of the user interface to reduce the user ele-
ments to a minimum. Finally, only four buttons are used (see Fig. 2), which
encourages minimal training times to learn the system. Special types of speci-
men holders guarantee the usage of either whole plates or removed nitrocellu-
lose membranes on a sticky foil. Finaly, all data may be transferred directly
into a spreadsheet program for further evaluation or graphical display.

First, the region for evaluation in the microtiter plate field on the screen of
the system must be marked with the cursor. Next the stage position has to be
synchronized with the program coordinates. This will be performed with the
Define Region button. The system is now ready for the evaluation of a plate.

Using the Check Well function, the system settings can be tested for their
functioning before the evaluation of a complete plate . Using the Check Well
function is always a prerequisite to use the Teach algorithm to adapt the spot
recognition or to define a new configuration setting for multiple evaluation
patterns.

The test well can be selected and addressed by a single right mouse click in
the plate overview. The stage will move to the center position of the selected
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Fig. 7. KSELISPOT reader.

well and perform a meander scan. From all images, one complete well image
will be generated, displayed in areduced resolution, and evaluated in full reso-
lution. The evaluation result will be displayed in the overlay plane of the image.
On the resulting image a check of the limit settings with the Teach algorithmis
possible.

The M easure Region function will start the evaluation of the complete plate.
The stage will move to the center of the first well position and initiate the aut-
ofocus. Then the well position will be scanned in a meander mode. From all
fields, a complete well image will be generated and displayed in a reduced
mode in the image field of the user interface.

After a short time, the result will be displayed in the overlay (spot indication
and spot diameter). The stage will now move to the next well position and the
sequence is repeated until the last well is evaluated. All rejected positions will
be skipped. With each stage movement, an estimation is performed for the dura-
tion of the complete evaluation procedure and shown in a separate window.
After the evaluation of the last well position, the stage will automatically return
to the start position.
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Fig. 8. Examplefor exported raw datainto an Excel spreadsheet with agraphic pres-
entation of the spot size distribution.

A mouse click on the Report button will open a separate result window.
These results may be printed or saved in different datafiles. In case single well
images are needed in higher resolution, al well images may be kept temporar-
ily as*“.JPG” fileswith display resolution. As an aternative the images may be
stored with full resolution.

3.1. Results

Number, size, and intensity of each single spot can be printed via the results
page, or stored in datafiles for further statistical evaluations or graphic displays
(see Fig. 8). Images of single wells can be stored for documentation purposes.
Apart from title, date, and spot size limits, all single spot values are stored in
well number order. For each well the number of spots, the areas and the inten-
sities are available. In addition to the measurement data all adjustment param-
eters will be stored.

As an alternative to the internal data format, a result protocol may be auto-
matically generated in Microsoft Word. This protocol exists of atitle page with
the general experiment description, the results of spot counting and area meas-
urements, as well as the parameter settings for the spot definition. Furthermore,
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acolor overview image of all evaluated wellsin aplateis created and addition-
aly an overview image showing all recognized spots in each measured well.

4. Why Is Resolution so Important?

Usually a standard camerain combination with a framegrabber will result in
asingleimage size of 750 x 560 pixel. KS ELISPOT is collecting several images
per well that are combined to one common well image for the evaluation.

A digital integrating camera like the AxioCam MRc has a resolution of
1300 x 1030 pixels and offers excellent options for the correction of colors and
background directly in the camera itself. Using this camera resolution, fewer
images per well are necessary for identical overall resolution. More than three
standard camera images are necessary for the same resolution as one single
Axiocam MRc image.

All reader adjustments end in a certain possible minimum as well as maxi-
mum magnification for the use of the system. To recognize a difference in edge
intensities, a minimum diameter of the spots is necessary with regard to the
pixel resolution. Using just one cameraimage per well will result in insufficient
resolution. Evaluating a series of single images with higher magnification will
cause problems with those spots that cut the image edges as well as with those
spotslocated closeto the well edge. Therefore, KS ELISPOT first generates one
high-resolution image of a complete well from multiple camera images. This
image will then be evaluated with correct pixel resolution, without any edge
problems, using a circular measurement frame.

The decisive advantage of the Zeiss KS ELISPOT system in comparison
with other evaluation methods is the direct increase of the value of scientific
data. Results are clearly more reproducible than from manual evaluations. This
was shown in a recent investigation at the Sloan Kettering Memorial Hospital
in New York (S. Janetzki et a., submitted), comparing the results from differ-
ent scientist among each other, counting manually and using an EL1SPOT read-
er. Finally, using areader, in addition to the counting, area and intensity values
of each single spot are available.

Compared with other systems, another advantage of the KS ELISPOT sys-
tem is its resolution. The images are taken with a Zeiss microscope and, as a
minimum, 12 images are collected for each well. Collecting only one single
image per well will result in a resolution that istoo low to include al spotsin
a specimen (see Fig. 9). In experiments with IFN-y, the spot size be as small as
25 u diameter, and in TNF-c, applications, 15 . A 750 + 560 pixel image of a
well can only resolve a pixel size of approx 12 p. This is absolutely not suffi-
cient to measure most of the smaller spots, especialy in the case of TNF-a.
This is only guaranteed using a precise microscope optic with a good resolu-
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Fig. 9. Resolution comparison in an example of a TNF-o. ELISPOT specimen using

astandard camera. Left: resolution of one image per well. Right: resolution of the iden-
tical area with 12 images per well.

tion, resulting in pixel sizes between 2.0 and 2.5 p, giving at least a 6 pixel
diameter even of the smallest spots (2).

In arecently performed comparison of different readers at the University
Clinics in Wirzburg (S. Schaed et al., unpublished data), using 1, 4, or 12
images per well, it was shown that one image per well resolution cannot pro-
duce accurate results for spots smaller than 50 p diameter. For experiments
with IFN-vy at least four images with a standard camera are necessary to get
accurate and reproducible results from spots with 30 u diameter. With 12
images per well, all possible spot sizes are always recognized correctly, even
below a diameter of 20 u. Using a high-resolution digital camera like the
Axiocam MRec, the number of images per well that are needed to obtain
accurate results for the smaller spots can be reduced to one from four images
per well.

5. Future Developments in the Field of ELISPOT Evaluations

5.1. Measurement of Double Cytokine Production
by Standard Staining Methods

To detect more than one cytokine produced by a cell at the same time, dif-
ferent approaches have been tried. Currently two different staining methods are
used, as mentioned earlier. The horseradish peroxidase method will produce
brownish spots, and the alkaline phosphatase method blue ones. If acell is pro-
ducing both cytokines, the result will be violet spots.
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Fig. 10. ELISPOT specimen with similar number of spots per well. Some wells are
labeled with ared marker (left), others with ablue marker (middle), and some with both
markersresulting in violet spots (right). Result of counts per well with teaching on each
color and cross check: Setting 1: color 88-97 (red), setting 2: color 57-62 (blue), set-
ting 3: color 82-95 (violet). See Color Plate 3 following page 50.

Well Setting Count Setting Count
A2 (red) 1 597 2 0
A4 (blue) 2 672 1 0
AB (violet) 3 660 1 462
AB (violet) 3 660 2 0

In the test setups parameters could be defined to clearly separate the blue
from the red spots, and the blue from the violet spots. But there was always an
overlap of more than 60% between the red and the violet spots. This overlap is
too big to accept any result as a clear separation between cells only producing
one cytokine from those producing both cytokines.

These tests have been performed on special specimen prepared by MabTech
to test the usability of standard staining procedures for the detection of multi-
ple labeled cells (see Fig. 10). Without better new staining procedures these
methods will not result in good and valid data, as long as no clear separation
between the colors can be guaranteed.

5.2. Measurement of Double Cytokine Production
by Fluorescence Methods

To measure fluorescent specimen an appropriate filter is necessary in the
microscope, and the camera must be capable to integrate signals. Using a Sony
DXC 950 or a Hitachi HV-C20A the shutter time must be set to an adegquate
integration time. For the trigger signal, a special cable may be necessary
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Fig. 11. ELISPOT specimen labeled with fluorescence markers for IFN-y (fluores-
cein isothiocyanate, green spots) and IL-5 (rhodamine, red spots). Spots from cells
expressing both cytokines appear yellow. Count results: red spots, 229; green spots,
291; yellow spots, 64. See Color Plate 4 following page 50.

between camera and frame-grabber. The integration time for these cameras is
only adjustable at the cameras themselves and cannot be controlled by the eval-
uation software. This solution therefore is not really user-friendly.

The AxioCam MRc as an dternative is an integrating digital camerathat can
be adjusted to an optimum fluorescence exposure time directly from the evalu-
ation software. Various settings for different experiments may be saved in their
own configuration files, and easily recalled when necessary. The handling of
this system is much easier and can easily be used in a routine environment.

Fluorescent signals usually result in bright spots on dark background (see
Fig. 11). Thisis different to the usually expected dark spots on a bright back-
ground from standard specimen. A special functionality is therefore necessary
to enable the ELISPOT software to perform the measurement. Fluorescence
images in addition are not as bright as standard images and require a special
illumination for the different wavelengths to produce the requested signals.
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But once the system is configured in the correct way, the separation between
the signals is much easier and more accurate as with the mixed conventional
staining method.

IFN-y will be labeled with a green fluorescence dye (fluorescein isothio-
cyanate), and IL-5 with ared dye (rhodamine). Those spots from cells produc-
ing both cytokines will appear yellow. These colors can be separated much eas-
ier than the violet between red and blue resulting with the conventional stain-
ings. The method is currently under development at the European Hospital
Georges Pompidou in Paris (11), but thefirst results presented at thefirst French
ELISPOT workshop in September 2003 are more than promising.
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Improving the Sensitivity of the ELISPOT Analyses
of Antigen-Specific Cellular Inmune Responses
in Rhesus Macaques

K. Jagannadha Sastry, Pramod N. Nehete, and Bharti Nehete

Summary

The close similarities in hematopoietic and immune systems of humans and rhesus macaques
(Macaca mulatta) make them the desired nonhuman primate animal model for developing vac-
cines against infectious diseases relevant to humans. The best example is the simian immunode-
ficiency virus infection in macagques as amodel for AIDS, resulting from infection of humans by
HIV-1. Vaccine efficacy against viruses depends on priming cell-mediated immunity by the use
of sensitive assays that can accurately detect even small levels of antigen-specific T-cell respons-
es that may otherwise be missed easily. With this in mind, we developed the dendritic cell
enzyme-linked immunospot (DC-ELISPOT) protocol by incorporating antigen-pulsed DCs to
stimulate lymphocytes, as opposed to the conventional ELISPOT assay, which cultures mixtures
of various low-level populations of indigent antigen-presenting cells and responding lymphocytes
with antigens. In rhesus macagues immunized with an HIV envelope peptide cocktail vaccine, the
DC-ELISPQOT protocol enabled more accurate enumeration of the cellular immune responses, as
antigen-specific inteferon-y-producing cells, with up to 18-fold increase in detection sensitivity
compared with conventional ELISPOT and elimination of false negative results. The increased
sensitivity of DC-ELISOT protocol is further validated in tests determining recall antigen-spe-
cific responses in human volunteers after tuberculin skin testing.

Key Words: Dendritic cells; cytokine; rhesus macagues; nonhuman primates; cell-mediated
immunity; HIV-1; SIV; AIDS; peptides.

1. Introduction

The primate system, consisting of rhesus macaques (Macaca mulatta), is a
well-established and accepted model for developing vaccines against several
infectious diseases that are relevant to humans because of the similaritiesin the
organizations of the hematopoietic and immune systems. This is particularly
true for studies related to acquired immunodeficiency syndrome (AIDS),
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which results from infection by the human immunodeficiency virus type 1
(HIV-1), because infection by the simian counter part of thisvirus, SIV, in rhe-
sus macaques results in AIDS-like disease and thus is the best-studied model
for determining immunogenicity and efficacy of HIV vaccine candidates.
Priming cell-mediated immunity targeting T-cell responses against viral anti-
gens is essentia for the development of successful vaccine candidates. An
accurate and sensitive methodology for functional analysis of antigen-specific
T-cells is important for determining the strength and breadth of cell-mediated
immunity induced by candidate vaccines. A key functional aspect of T-cellsis
the secretion of cytokines upon encounter and proper activation by foreign
antigens in the context of self-mgjor histocompatibility complex (MHC) mol-
ecules on antigen-presenting cells (APCs). The enzyme-linked immunospot
(ELISPOT) assay is a sensitive technique for the detection of antigen-specific
cytokine secretion at a single cell level (see Note 1; refs. 1-6). The conven-
tional ELISPOT assay, as currently practiced for enumerating antigen-specific
T-cells in peripheral blood or tissue biopsies, relies on resident
macrophages/monocytes, among others, as APCs. However, it is well estab-
lished that dendritic cells (DCs) are the most potent APCs and are usually
referred to as professional APCs. This is because DCs display a high density
of MHC class | and Il molecules, co-stimulatory signals through the B7 fami-
ly members, and adhesion molecules that facilitate contact with lymphocytes
(7). Thus, DCs can present antigens to both CD4* and CD8" T-lymphocytes,
and they may be the only APCs capable of stimulating naive T-cells (8,9).
Monocytes in the mononuclear cells can be stimulated in vitro to differentiate
into functional DCs, thereby offering a good source of these professional
APCs for functional immune assays. We took advantage of this extraordinary
strength of DCs to enhance the detection sensitivity of the functional antigen-
specific T-cells for the ELISPOT analysis and developed a modified protocol
referred here as DC-ELISPOT assay (Fig. 1 and ref. 10). We demonstrated the
superiority of DC-ELISPOT methodology over the conventional ELISPOT
assay by analyzing cellular immune responses primed by a peptide-cocktail
HIV vaccinein rhesus macaques, where the DC-ELISPOT assay enabled elim-
ination of false-negative results from the ELISPOT assay (Fig. 2). Thus, the
DC-ELISPOT assay will be preferable over the ELISPOT to realize the true
strength and breadth of vaccine-induced antigen-specific T-cell responses in
primates (10,11). The DC-ELISPOT protocol also was used for analyzing
influenza-specific interferon (IFN)-y-producing cells in human volunteers
receiving the flu shots and was found to yield more sensitive readout of the
immune response compared with the conventional ELISPOT assay (see Note
2; ref. 10).
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Fig. 1. Schematic representation of DC-ELISPOT assay protocol.

1.1. Principle of the ELISPOT Assay

The ELISPOT technique requires the quantitative sandwich enzyme-linked
immunosorbent assay (ELISA) methodology for the quantitation of individual
cells secreting specific cytokines. The ELISPOT assay uses two high affinity
cytokine specific antibodies directed againgt different epitopes on the same
cytokine molecule. Monoclonal or polyclonal antibody that is specific for the
cytokine of interest is precoated onto an ELISPOT plate, that is, a 96-well
microtiter plate with polyvinylidene difluoride-backed membrane bottom.
Mixture of cells containing both APCs and responding lymphocytes are stimulat-
ed by incubating with the antigen of interest in a humidified CO, incubator at
37°C for 3648 h. During thisincubation period, the immobilized antibody in the
immediate vicinity of the antigen-responding cells binds to the secreted cytokine.
After washing away the cdlls, biotinylated polyclona antibody that is specific to
the second epitope of the cytokine will be added followed by treatment with
avidin-HRP conjugate or alkaline phosphatase conjugated to streptavidin and
chromogen AEC substrate or 5-5-bromo-4-chloro-3-indolyl phosphate/Nitroblue
tetrazolium substrate to develop red or blue color spots, respectively, representing
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Fig. 2. DCs reveal enhanced antigen-specific immune responses by lymphocytesin
rhesus macaques immunized with an HIV envelope peptide cocktail vaccine (mixture
of peptides from gp41 and gp120). The results shown are the number of IFN-y SFCsin
freshly isolated PBMCs stimulated in vitro with gp41-peptides or gp120-peptides (cor-
responding to the vaccine cocktail) in the conventional ELISPOT assay or cocultures of
peripheral blood lymphocytes and autologous monocyte-derived DC pulsed with the
peptides in the DC-ELISPOT assay. Each bar represents an average number of IFN-y
SFCsin six different vaccinated rhesus macagues. The number of IFN-y SFCs obtained
using the unrelated negative control peptide for stimulation were subtracted from that
of vaccine-peptide stimulation. The p value shown in each panel represents the signifi-
cance of difference between the ELISPOT and DC-ELISPOT protocols for the average
number of |FN-y SFCs observed in response to activation by the vaccine peptides (two-
tailed student t-test).

an individua cytokine-secreting cell. The spots can be counted with an automat-
ed ELISPOT reader system (KS Elispot, from Carl Zeiss, Inc. Thornwood, NY;
see Note 3) or manually using a stereomicroscope. The results are generally rep-
resented as cytokine spot-forming cells (SFCs) per the total number of input cells
in each of the wells of the ELISPOT plate.

1.2. Conventional ELISPOT Assay

The conventional ELISPOT assay uses peripheral blood mononuclear cells
(PBMCs) or cell suspensions prepared from tumors or tissue biopsies as a
source for both APCs as well as cytokine secreting cells responding to antigen-
specific stimulation. Thus, in this procedure, a heterogeneous mixture of cells
containing both APC and responding lymphocytes is stimulated by incubating
with the antigen of interest in the ELISPOT plates (12-15) (see Tip 1).
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1.3. DC-ELISPOT Assay

The DC-ELISPOT assay differs from the conventional ELISPOT assay in
that it contains an additional step where DCs are prepared from the cell prepa-
rations (PBMCs or tissue biopsy) by cytokine-mediated differentiation and
maturation of plastic-adherent monocyte population and incubated with anti-
gens of interest for enabling antigen uptake and presentation (Fig. 2). Graded
amounts of antigen-loaded mature DCs are co-cultured with responding lym-
phocytes in the ELISPOT plates. The DC-ELISPOT methodology also allows
for specifically testing the phenotype of the responding lymphocyte population
by preselecting the CD4* and CD8* T-cells (see Note 4 and Tip 2).

2. Materials

1. Histopaque 1077 (cat. no. 1077-1, Sigma Chemical Co., St. Louis, MO).
2. Hanks balanced salt solution (HBSS; cat. no. H-1641, Sigma).
3. IL-4 (cat. no. 204-1L-025, R & D Systems).
4. Granulocyte macrophage-colony stimulating factor; (GM-CSF Leukine, Immunex).
5. TNF-a (cat. no. 210-TA, R & D Systems).
6. MultiScreen plates (MAIP S 45-10; Millipore) (see Note 5).
7. 1 mg Mouse anti-Human IFN-y (cat. no. NONOOQ7, BioSource International).
8. Rabbit anti-Human IFN-y Biotin Conjugate (cat no. NON0O0O7, BioSource
International).
9. CD4* cell isolation kit (prod. no. 113.03 & 113.04, Dynal).
10. CD8* cell isolation kit (prod. no. 113.05 & 113.06, Dynal).
11. Avidin peroxidase.
12. 3-amino-9-ethyl-carbazole (AEC).
13. Tween-20.
14. N,N-Dimethyl-Formamide (DMF).
15. Peroxidase solution B (cat. no. 5065-00, KPL).
16. Multiscreen plate clear sealing tape (cat. no. MATA HCLOO, Millipore).
17. Eli-Puncher Kit (ZelINet Consulting, Inc.; www.zellet.com/services).
18. RPMI complete culture medium.

The materials for ELISPOT assay also are available from other vendors (see
Note 6).

3. Methods

3.1. Isolation of PBMCs From Macaque Whole Blood

1. Dilute heparinized blood with HBSS at 1:2 or 1:3 ratiosin 50-mL centrifuge tubes
(see Note 7).

2. Slowly layer the Ficoll (Histopaque-1077) underneath the diluted blood by placing
the tip of the pipet containing Ficoll at the bottom of the tube and releasing the
solution slowly. Alternately, layer the diluted blood onto the Ficoll carefully.
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Centrifuge the tubes at 400g for 30 min at 18° to 22°C using swinging bucket rotor
with no brakes (see Note 8).

The tubes should have three distinct layers of solutions. Aspirate the upper layer
containing plasma and platelets either by using vacuum or pipet. Transfer the
white/opaque interface of mononuclear cellsto another 50-mL centrifuge tube. Just
below the layer of mononuclear cells (PBMCs) is the Ficoll layer that contains
granulocytes. Collection of Ficoll layer along with the PBMC will increase the
granulocytes contamination.

Wash the PBMCs three times by adding excess amount of HBSS and centrifuging
at 400g for 10 min.

Re-suspend the PBMC in 10 mL of RPMI-1640 containing 10% fetal bovine serum
(FBS; complete medium), and determine the viable cell count by the standard try-
pan blue dye-exclusion method.

3.2. Preparing Monocyte-Derived DCs From PBMCs

1

Add the PBMCsat 10 x 106 cells/3 mL of complete RPMI in each well of a 6-well
plate.

Incubate the cells at 37°C for 2 h in the CO, incubator. The monocytes will attach
to the bottom plastic surface during this period.

Swirl the cells after 1 h during the incubation.

Gently remove the nonadherent cell population and collect in another tube. Spin,
wash, and freeze in aiquots for future use as responder cells (these cells can be
used either directly or after further processing to obtain pure populations of CD4*
and CD8* cells; see Note 9).

Wash the adherent cell monolayer of monocytes three times to remove the any
residual nonadherent cells.

Add medium containing GM-CSF and IL-4 (each at 1000 U/mL) to the adherent
monolayer of cells (monocytes) and incubate for 6 d at 37°C in the CO, incuba-
tor (see Note 10). Add GM-CSF and IL-4 (each at 1000 U/mL) every alternate
day. The adherent monocytes will differentiate into immature DC with distinct
morphology.

. On the sixth day, gently scrape the loosely attached immature DC, wash, and re-

suspend at 2 x 10% cells/ml in complete media containing GM-CSF and IL-4 (each
at 1000 U/mL). Add TNF-o (1000 units/mL) for inducing maturation and incubate
overnight with antigens and control reagents at required concentrationsin 20 uL of
volume (see Note 11; refs. 10,16,17).

3.3. Separation of CD4* and CD8* T-Cells From PBMCs

1

2.

Thaw previously frozen non-adherent cells (responder cells collected in step 4 in
Subheading 4.2.). Wash once and re-suspend in cold phosphate-buffered saline
(PBS) containing 2% FBS. Use 5 x 108 cells/ml for theisolation of CD4* cells, and
10 x 106 cells/mL for CD8* cell. Keep the cellson ice.

From the CD4* cell Isolation Kit (Dynal, cat. no. 113.04), take out 72 uL of beads
for 5x 108 cells/mL or from CD8" cell Isolation Kit (Dynal; cat. no. 113.06), take
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72 uL of beads for 10 x 106 cells/mL. Wash the beads three times with 1-2 mL of
PBS containing 2% FBS using a Magnetic separation device (Dynal MPC) to
remove sodium azide. Resuspend in a 1-mL volume in PBS containing 2% FBS.
Add the re-suspended beads (72 uL/mL) to each tube.

. Incubate at 2-8°C for 20 min on rotator with low speed.
. The CD4* and CD8" cellswill attach to the respective beads. Collect the cells on

the beads with magnetic separation and wash three times with PBS containing
2% FBS.

Add immediately 100 uL of RPMI 1640 containing 1% FBS per 10 x 106 cdlls.
Add 10 uL of DETACH a BEAD solution per 100 pL of cell suspension.
Incubate for 45 to 60 min at room temperature with gentle mixing.

The positively selected cells will detach from the beads, and can be collected by
removing the magnetic beads with magnetic separation and washing the detached
cells three times with PBS containing 2% FBS.

Remove the DETACH a BEAD solution by centrifuging the cells at 300-500g.
Re-suspend the cells to the concentration of 1 x 106 cells/mL and add 1 x 10° cells/
well in a 100-uL volume for co-culturing with the antigen-loaded DCs in the
ELISPOT plates.

3.4. DC-ELISPOT Assay
3.4.1. Day 1: Preparation of the ELISPOT Plates and APCs

3.4.1.1. COATING THE ELISPOT PLATE WITH THE PRIMARY ANTIBODY
TO THE CYTOKINE

1

Wash the plates once with 100 pL/well of 70% alcohol and then three times with
sterile water. Invert the plate and gently tap on paper towelsto remove all the water.
Do not let the plate dry until the end of the experiment.

Make 0.1 M sodium bicarbonate, pH 9.5, and filter sterilize. Dilute the anti-IFN-y
antibody to 1 ug/mL concentration in this buffer and coat individual wells of the
ELISPOT plate with 100 uL of the antibody (see Note 12).

Incubate the plate overnight at 4°C. (Incubation at 4°C is recommended but can be
incubated minimum 4 h at room temperature or 2 h at 37°C.)

3.4.1.2. PREPARATION OF ANTIGEN-LOADED DCs

1

The day 6 cultures of monocyte-derived immature DCs (as in step 7 in
Subheading 3.2.) are washed and resuspended at 2 x 10* cells/mL in complete
media containing GM-CSF and IL-4 (each at 1000 U/mL). Aliquots of 100 uL cells
inindividual wells of 96-well U-bottom plates are incubated with TNF-a. (for mat-
uration) and antigens and control reagents, at required concentrations (in 20 uL of
volume), in complete medium for 18-24 h at 37°C in CO, incubator.

Example of atypical 96-well plate set up:

Wells: 1,2,and 3 4,5,and 6 7,8,and 9 10, 11, and 12
Row A Cellsaone ConA negative control test antigen
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3.4.2. Day 2: Antigen-Specific Stimulation Of Lymphocytes
3.4.2.1. PREPARATION OF ELISPOT PLATES FOR COCULTURES

1. Remove anti-IFN-y antibody from ELISPOT plates by gently decanting the plates
without using vacuum.

2. Wash off unbound antibody with 200 uL of PBS/well; incubate for 5 min; decant
the washing buffer, repeat twice.

3. Block the wells with 200 puL of complete medium for a minimum of 2 h at room
temperature or at least 1 h at 37°C (see Note 13).

3.4.2.2. PREPARATION OF RESPONDER T-CELLS FOR COCULTURES

1. Responder cells (nonadherent T-cells collected from PBMCs as in step 5 in
Subheading 3.2.) can be used directly or after purifying subpopulation of CD4*
and CD8* T-cells (as described in Subheading 3.3. using magnetic beads; see
Note 14).

2. Wash cells in complete medium, count, and re-suspend at a final concentration of
1to 2 x 106 cells/mL in complete medium (see Note 15).

3.4.2.3. COCULTURING STIMULATORS AND RESPONDERS

1. Add 100 pL of responder cells/well (to get 1 x 105 to 2 x 10° cells/well) in plate
that already has the stimulated DC (as in Subheading 4.4.1.2.). Now these cocul-
tures from this plate are ready to be transferred to the ELISPOT plate.

2. Decant blocking medium from the ELISPOT plate (continuation of step 3 in
Subheading 4.4.2.1.).

3. Gently transfer the cocultures from the 96-well U-bottom platesto ELISPOT plate.

4. Incubate for 36 to 48 h at 37°C in 5% CO, (see Note 16 and Tip 3).

3.4.3. Day 3: Staining of Enumeration of Antigen-Specific
Cytokine-Producing Cells

3.4.3.1. PREPARATION OF ELISPOT PLATES FOR STAINING AND SPOT DEVELOPMENT

1. Remove the cells from the wells and wash the plate six times with PBS containing
0.05% Tween-20.

2. Add 100 pL/well of biotinylated anti-IFN-y antibody in PBS (50 to 125 ng/well).

3. Incubate for 3 h at room temperature and wash the plate six times with PBS con-
taining 0.05% Tween-20.

3.4.3.2. DEVELOPMENT OF ELISPOT PLATES

1. Add 100 pL/well of 2 ug/mL of Avidin-HRP in PBS (make fresh solution).

2. Incubate for 1.5 to 2 h at room temperature.

3. Whilethe plates arein theincubator, prepare the AEC substrate by dissolving 3 mg
of AEC in 200 uL of DMF buffer: 9.8 mL of 0.1 M sodium acetate (prepare 0.1 M
sodium acetate, pH 5.0, using acetic acid to adjust pH), 0.2 mL of AEC in DMF,
40 uL of 3% H,0,. Store the solution in a dark place until use.
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3.4.3.3. COLOR DEVELOPMENT

1. Wash the plate six times with PBS Tween-20.

2. Add 100 uL of AEC substrate and store in the dark for 3 h to overnight.

3. Wash the plate for four to five times using wash bottle or under steady stream of
RO water or by a multichannel device.

4. Remove the water by taping the plate to dry and let it air dry in inverted position
until it is completely dry (see Tips 4 and 5).

3.4.4. Membrane Removal

The unique design of the MultiScreen plate allows for performing the
ELISPOT assay in the 96-well filter plate because each individual filter disc can
be removed for subsequent analysis. The removal of the membranes from the
bottom of the MultiScreen plate is important because it avoids shading prob-
lems during the automated reading process caused by reflection of light from
the walls of the individual wells in the plate and assures a straight well surface.
Generaly, in the plate the well surfaces are concave that can be problematic for
focusing during high-resolution evaluation. On a more practical side, the mem-
branes can be stored easily compared to the plates (see Tip 6).

3.4.4.1. MEMBRANE REMOVE PROTOCOL

1. Attach the sealing tape to the bottom of the plate and ensure that the tape sticks to
the edge of the wells by applying pressure to the tape with a metal devise such as
scissors, forceps, etc.

Hold the plate with your left hand.

3. Insert the Molecular Devices harvesting filter inside the first well and, while push-
ing out the membrane, use another finger to stop the filter movement by holding it
behind the well you are pushing out.

4. Total time for removing the membranes is approx 2—3 min.

5. Storetape in a plastic sheet protector along with protocol and evaluation results.

N

3.5. Data Analysis and Reporting

As detailed in Subheading 3. (and Note 6), there are automatic computer-
based enumeration programs available. Once the plates are analyzed either by
these computer based methods or manually, the data are reported as SFCs per
total input responder cells (see Tip 6). Alternately, severa reports in the litera
ture (analyzing human, mouse or primate responses) converted the data to report
as SFCs per 10% input cells in which case typically the average number of spots
counted for each treatment are extrapolated by multiplying with the appropriate
factor (e.g., if thetotal input cellsare 1 x 105, then the multiplication factor is 10
to report the number of SFCs/106 cells). There are also variations in the litera-
ture reports with regard to the cut-off values for determining positive responses.
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In general a minimum of 5 SFCs/10° input cells is considered background and
the positive value will be at least twice to this background vaue (i.e.,, 10
SFCs/10° input cells). If the background values exceed 5 SFCY/10° input cells,
the positive value will be twice to that of back ground or at least 5 SFCs/10°
input cells above the background value.

4. Notes

1

Although the most common use of the ELISPOT assay has been for the detection
of antigen-specific INF-y-producing cells, this methodology is suitable for any
cytokine for which two specific antibodies (for capture and detection) are available.
Makitalo et al. (20) described the successful application of ELISPOT methodolo-
gy for the detection and enumeration of lymphocytes responding to antigen-spe-
cific stimulation for the production of several cytokines that included IL-2, IL-4,
IL-5,I1L-6, IL-12, IL-13, and GM-CSF using blood samples from rhesus as well as
cynomolgus macagques.

Another strategy for enhancing antigen-specific IFN-y production by lymphocytes
from rhesus macagues includes the use of IL-15 in the conventional ELISPOT
methodology as described by Caarota et al (19). These authors showed that 1L-15
at concentrations ranging between 0.5 and 2.5 ng/mL was able to substantially
enhance antigen-specific IFN- y production by rhesus macaque lymphocytes with-
out unduly increasing the background levels.

Alternate source for the automated analysis system is ImmunoSpot Series 1
Analyzer, from Cellular Technology, Ltd. Cleveland, OH.

Alternately, T-cells can be enriched from PBMC samples by depletion of HLA-
DR- and CD11b-expressing cells by MACS selection (Miltenyi Biotech) as report-
ed by Mehlhop et . (17).

The 96-well plates for the ELISPOT assay can also be obtained from Cellular
Technology, Cleveland, OH (cat. no. M200) as described by Calarota et al. (19),
but according to Kumar et a. (6) plates other than the MAIP S 4510 from Millipore
(Bedford, MA) will have problems associated with high background or a complete
absence of signal.

The ELISPOT reagents (capture antibody and detection antibody) and color-devel-
opment reagents as individual reagents or kits along with precoated plates are also
available from R&D System (www.RnDSystem.com), DiaPharma Group
(www.diapharma.com), and Mabtech, Cincinnati, OH. The Human IFN-g
ELISPOT Kit from BD Biosciences shows cross-reactivity with nonhuman pri-
mates (www.bdbi osciences.com).

Blood collected in sodium heparin is preferred to ethylenediamine tetraacetic acid
according to Pahar et al. (18) because fewer cytokine producing cells were
observed by these authors from macague blood samples anticoagul ated with ethyl-
enediamine tetraacetic acid .

Alternately, Makitalo et al. (20) reported that CPT vacutainer tubes containing
sodium heparin (from Becton Dickinson) were as efficient as Ficoll for the isola-
tion of PBMCs from macague blood samples.
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10.

11.

12.

13.

14.

15.

16.

The preferred composition of the medium for storing the cellsin liquid nitrogen is
RPMI medium with 20% FBS and 10% dimethyl sulfoxide (6). Alternately, we
stored the cells in FBS with 10% dimethyl sulfoxide in liquid nitrogen and recov-
ered high percentage of viable cells for assay at later time points.

The concentration of IL-4 can be between 100 and 1000 U/mL for the induction of
DC differentiation (17).

A number of reagents can be used for inducing maturation of DCs. These include
monocyte-conditioned medium at 50% level, CD40-ligand (CD40-L) at a 1:300
dilution, Poly I:C at 50 pg/mL, PGE2 (108 M) along with TNF-o (5 ng/mL), or a
cocktail of PGE2 (106 M)/TNF-o. (5 ng/mL)/IL-1B (10 ng/ml)/IL-6 (20 ng/mL).
Of the various stimuli used for the maturation of macaque DC, the cocktail of
PGE2/TNF-o/IL-1B/IL-6 is effective more consistently (17). Immunophenotype of
functional DC maturation induced by these stimuli should show stable up-regula-
tion of CD25, CD40, CD80, CD83, CD86, HLA-DR, DC-LAMP (CD208), and
DEC-205 (CD205).

Based on literature reports, the concentration of IFN-y antibody for coating the plates
varies between 1 and 15 pg/mL (6,10,19,20). However, we have consistently observed
1 ng/mL to be adequate for optimal signal from responding lymphocytes (10).

The medium for blocking the wells in the ELISPOT plate can have fetal bovine
serum at concentrations between 2 and 10% (6,19,20), but we have always used
10% serum in RPMI medium at room temperature with consistent results (10).
The efficiency of cryopreserved cells was found to be equal to that of fresh cells
for antigen-specific cytokine production and analysis by the ELISPOT assay
(6,18).

In genera the number of responder in each well as reported by severa groups
ranged between 0.3-4 x 105, but Kumar et a. (6) reported that 2 x 10° is an opti-
mum cell number because they observed < 1 x 10° cells yielded decreased number
of positive spots whereas >2 x 10° cells gave higher background.

The incubation period for the detection of cytokine producing cells in the
ELISPOT assay isusually between 24 and 48 h at 37°C. Kumar et a. (6) compared
these time points and reported that 24 h as optimum because at longer incubation
times the intensity of spots was compromised by a tendency for a precipitate to
form over the more intense spots making the counting difficult. In our experience,
we observed that enumeration of spot forming cells after 36-48 h was without any
technical problems (10).

Tips

1

Several important precautions are taken during setting up of DC-ELISPOT plates.
For example, care should be taken not to touch and puncture the membrane on the
bottom of the ELISPOT plate wells while pipetting cells and reagents.

Determine the optimal responding cell concentration by testing different cell num-
bers (e.g., 103 to 106 cells per well) in the first experiment. Overloading will not
leave sufficient space in the wells of the ELISPOT plate and results will be com-
promised.
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3.

To avoid streaks and ambiguous spots, do not disturb the ELISPOT plate during
incubation and do not stack the plates in the incubator. Place each ELISPOT plate
individually on the shelf to allow an even distribution of heat to each plate and to
avoid edge effects.

High background can be avoided by optimization of concentration of detection
antibody and avidin-HRP and washing steps with PBS-Tween. Monitor the color
development carefully. Do not overdevelop, as this will lead to high background.
After the completion of experiment, dry the plates at room temperature only. Dry
the plate longer if necessary. The speed at which the plate completely dries depends
on the relative humidity in the environment. Drying at higher temperature will
cause cracking of membrane filters.

Store color-developed, dried plates in a sealed plastic bag protected from light to
avoid color reduction that can be caused by air and light.

When scanning a plate in the ImmunoSpot Analyzer, make sure the filter is com-
pletely inserted and aligned into the base.
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Feline Cytokine ELISPOT

Issues in Assay Development

Sushila K. Nordone, Rosemary Stevens, Alora S. LaVoy,
and Gregg A. Dean

Summary

The enzyme-linked immunospot (ELISPOT) assay is a sensitive and relatively simple assay
for detecting secreted cellular products such as cytokines and has become an invaluable
immunological tool. The ELISPOT has been used extensively in human and murine research
but has only recently been used to assess the feline immune system. For researchers studying
feline disease or using the cat as amodel of human disease, the quantification of cytokine-pro-
ducing cells by ELISPOT is an invaluable technique for investigations of disease
immunopathogenesis and vaccine efficacy. For example, use of the interferon (IFN)-y
ELISPOT to measure the frequency of antigen-specific T-cells during feline immunodeficien-
cy virus (FIV) infection or after immunization with candidate FIV vaccines is of particular
interest. This application of the ELISPOT may serve to expand the utility of FIV as a model
for human immunodeficiency virus. Broader applications of the ELISPOT should further our
understanding of feline diseases and be useful in the rational development of more efficacious
vaccines and therapeutic modalities for the enhancement of feline health. This chapter dis-
cusses important parameters of ELISPOT design that will enable researchers to develop and
analyze the feline-specific assays within their own laboratory.

Key Words: ELISPQT; feline; IFN-y; IL-2; IL-4; cytokine; T-cell; FIV; infection; immuniza-
tion; quantitation; frequency; spot-forming cell; peptide.

1. Introduction

The enzyme-linked immunospot (ELISPOT) assay is a rapid, simple, and
highly sensitive assay used to quantify the frequency of cells secreting a protein
of interest (1-5). Although the assay has been in use for more than a decade, it
is a relatively new assay within the field of feline research. To date, the only
feline protein quantified by this method is the cytokine interferon (IFN)-y; how-

From: Methods in Molecular Biology, vol. 302: Handbook of ELISPOT: Methods and Protocols
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Fig. 1. True IFN-y SFCsvs artifact. True IFN-y SFCs from feline PBMCs stimul at-
ed with 50 ng/mL PMA and 300 ng/mL ionomycin are shown at 400X magnification
(A). Close up of center spots shown in A (B). Artifact from a failed IFN-y ELISPOT
assay is shown at 250X magnification (C). Note dark center and diffuse outer ring of
spotsin (A) and (B) vs small spots of uniform intensity and elongated protein aggre-
gates observed in (C).

ever, the potential uses for this assay are unlimited. Because of the lack of
established protocols for individual feline proteins, this chapter is designed to
be a guide for investigators seeking to set up the assay within their own labora
tories. Drawing from information gained from other species and our own expe-
riences, we cover the critical parameters in ELISPOT development with an
emphasis on the reasoning behind the methodology. A detailed list of reagents
and buffers will be given; however, because the assay is adapted to measure a
variety of secreted proteins, these reagents may need to betailored to meet indi-
vidual needs.

The assay in its simplest form includes five steps: (1) coating a polyvinyli-
dene diflouride-backed microtiter plate with a purified capture antibody; (2)
blocking of plates to prevent nonspecific adsorption of additional proteins; (3)
incubation of cells; (4) addition of a biotinylated detection antibody which
binds to a different epitope than the capture antibody; and (5) colorimetric
development of protein-antibody complexes (Fig. 1). Resulting spots are per-
manently attached to the membrane and represent the footprints of secreting
cells. Quantitation of spot-forming cells (SFCs) can then be determined using
an inverted microscope or electronically with one of several commercially
available spot counters.

1.1. Initial Considerations in Assay Development
1.1.1. Antibody Selection

Reagentsfor usein feline research remain extremely limited and for the most
part continue to be the result of in-house development. Therefore, the most crit-
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ical piece of information for feline researchersisthat not all antibodies are suit-
able for use in ELISPOT. Antibodies identified for use in enzyme-linked
immunosorbent assay (ELISA) or Western blotting may not work well in the
ELISPOT format. Further challenging the development of this assay isthat two
antibodies recognizing different epitopes on the same protein must be identi-
fied. Therefore, antibodies must be screened in multiple combinations at vari-
ous concentrations to identify the optimal antibody pair. Cross-reactive anti-
bodies against protein from other species (such as anti-canine | FN-y) should not
be ruled out in cases of high genetic and protein homology. For example, we
have had success coating with 5 pug/mL polyclona canine IFN-y (R&D
Systems, cat. no. AF781) and detecting with 1 ug/mL biotinylated polyclonal
feline IFN-y (R& D Systems, cat. no. BAF764), or using feline IFN-y ELISPOT
development module antibodies (R&D Systems, cat. no. SEL764) at the rec-
ommended dilutions.

Therange of antibody concentration derived from other speciesaswell asfor
feline IFN-y is 5 to 0.1 pg/mL for coating and detection, and is most affected
by whether the antibodies are monoclonal or polyclonal. It is easiest to start at
the high end of antibody concentration, identify those pairs that are most prom-
ising, and then titer antibody concentrations. Antibodies used in this assay
should be of high affinity, purified (by protein G or protein A affinity chro-
matography) and free of particulate matter or other contaminants.

If the ultimate goal of the assay isto determine the frequency of cells secret-
ing a cytokine during an ex vivo antigen-specific recall response, the screening
of antibody pairs must include both mitogen activation as a positive control and
the antigen to which the animals have been previously exposed. The reason for
thisliesin the frequency of cells responding to mitogen vs antigen. In some sit-
uations, antibody combinations at a given concentration may work extremely
well in detecting mitogen-induced protein but are unable to adequately detect
antigen-specific secretion. It is also important to include wells that receive no
stimulation or contain no cells to reveal artifactual spots should they occur.

1.1.2. Spot Characterization

All spots are not equal, and it is of paramount importance during the assay
development phase that the investigator is observing real spots before pro-
ceeding with research. True spots have a dense center with alight outer ring
caused by the diffusion of protein from the secreting cell (Fig. 1A, B).
Artifactual spots are usually uniform in intensity and size and can vary from
being very dark to light or wispy in appearance (Fig. 1C). A trained observ-
er should be able to distinguish between real and artifactual spotsif thereis
a question. Artifactual spots can be caused by the aggregation of antibodies
used in coating and detection or incomplete removal of cells from the plate



170 Nordone et al.

before the addition of detection antibody. If artifactual spots are observed,
the following steps can be taken to troubleshoot the cause: (1) the detection
antibody and streptavidin-HRP can be filtered using a low protein binding
filter; (2) the addition of a “no cells’ negative control may help to identify
the source of the precipitate; or (3) before the addition of biotinylated anti-
body, make additional washes with wash buffer followed by distilled water
to ensure lysis of any cells adhering to the membrane. Finally, an under-
standing of anticipated results can help in gauging whether or not the results
are accurate.

Background spots are a further distinction in that they are true spots reflect-
ing protein secretion but are not caused by any specific stimulus (seen as spots
in unstimulated wells). These can be problematic when measurement of anti-
gen-specific respondersis desired. In cytokine ELISPOT, timing of cell harvest
can be critical in minimizing nonspecific spot formation. Timing varieswith the
cytokine tested. Tightly regul ated responses such as | FN-y should have minimal
background in unstimulated wells (<10 spots) within 2-3 wk after immuniza-
tion but may remain elevated during natural infection with a pathogen. For
example, we have observed peripheral blood mononuclear cells (PBMCs) from
chronically infected FIV+ cats to have an average of 50 spontaneous (i.e., anti-
gen nonspecific) IFN-y spot-forming cells (SFCs)/10% cells in contrast to
PBMCs of specific pathogen-free cats, which produce no detectable sponta-
neous |FN-y. T helper cell cytokines such asinterleukin (IL)-2 and IL-4 in the
murine system have been know to persist much longer after immunization and
have a higher residua “background” in the absence of ex vivo antigen restimu-
lation. In the case of helper cytokines, “bystander” spots can aso be observed.
These spots are small, dense spots surrounding larger spots with the dense cen-
ter and light outer ring. Incubation time can affect the occurrence of
“bystander” or nonspecific spots, with longer incubations leading to an
increased incidence of background. In most cases, empirical determination of
optimal incubation time can limit the occurrence of these spots.

1.1.3. Antigen Restimulation

Purity of peptides and proteins used in antigen-specific restimulation can be
adecisivefactor in quality of data. Peptide synthesisis not 100% efficient, |ead-
ing to the generation of a range of truncated or deletion sequences.
Furthermore, organic compounds used as scavengers during synthesis can
induce nonspecific reactivity if not removed from the final product. Therefore,
synthetic peptides should be purified by high-performance liquid chromatogra-
phy to ensure removal of most chemical scavengers and nonfunctional
sequences. Resulting purified peptides should be analyzed by mass spectropho-
tometry and have a fina purity of >85%. Companies such as SynPep
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Corporation (Dublin, CA) that are dedicated to peptide production are often the
best source when purchasing peptides.

Depending on solubility, peptides can be reconstituted in either sterile, dis-
tilled water or dimethyl sulfoxide (DMSO) to a stock concentration of 10
mg/mL. If using DMSO, it is advisable to maintain the final concentration of
DMSO in culture to <0.25% to avoid inhibition of cellular activity. Once solu-
bilized, peptides can be further diluted to 2 mg/mL in tissue culture medium to
use as aworking stock solution. If using pools of peptides, peptides should be
combined in equimolar amounts.

Ex vivo antigen restimulation requires optimization of antigen concentration
before conducting experiments. The range of fina peptide concentration in the
assay ranges from 10 to 0.1 pg/mL, with the most commonly used being 1-2
ng/mL. Peptide concentration affects responses in a dose-dependent manner,
with excessive peptide leading to inhibition of responses. Therefore, optimal
concentration must be determined empirically for each new peptide or peptide
pool. When full-length proteins or peptide pools of 15 mers are used for re-
stimulation, it may be necessary to preculture cells with peptide for a 12- to 24-
h period before adding to the ELISPOT plate to allow for efficient processing
and presentation.

2. Materials

1. Coating buffer: Sterile endotoxin-tested phosphate-buffered saline (PBS), pH
7.2-7.4. Coating antibody concentration should be determined empirically as
described in the Subheading 1.1.1.

2. Blocking buffer: For convenience, we use tissue culture medium (LBT) containing
10% fetal bovine serum (FBS). LBT medium: RPMI 1640 supplemented with 10%
FBS, 15 mM HEPES, 1 mM sodium pyruvate, 4 mM L-glutamine, 10 IU/mL peni-
cillin, 55 uM 2-ME and 10 pg/mL streptomycin. An alternate blocking buffer is
endotoxin-tested PBS, pH 7.2—7.4, containing 1-5% bovine serum albumin or FBS.

3. Diluent for detection antibody and streptavidin-HRP: Endotoxin-tested PBS, pH
7.4, with 10% FBS. Store at 4°C; stable for 1 wk.

4. Streptavidin—HRP (1 mg/mL): dilute 1:500-2000 in dilution buffer. Stock solu-
tions of streptavidin—HRP may vary extensively from lot to lot and, therefore, the
final concentration should be determined empirically before using new batches. An
appropriate concentration of streptavidin-HRP will allow for the development of
dark centered, robust spots while not causing a red cast on the well membrane.
Minimizing the red tint on the membrane is critical when using automated count-
ing in that smaller spots cannot be distinguished from a red background.

5. Wash buffer: PBS, pH 7.2—7.4, with 0.05% Tween-20. Add 500 uL of Tween-20 to
1L of PBSand stir for 15 min. Store at 4°C; stable for 1 mo.

6. Detection substrate stock solutions: 0.4% 3-amino-9-ethylcarbazole (AEC; cat.
no. A6926, Sigma, St. Louis, MO). Dissolve 0.4 g of AEC in 100 mL of N,N-
dimethylformamide. Store at room temperature, stable for 1 yr. 0.1 M sodium
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acetate buffer: dissolve 8.20 g of sodium acetatein 1 L of water. Adjust to pH 5.2
using HCI and filter sterilize. Store at room temperature; stable for 1 yr. Discard
buffer if sodium acetate precipitates out of solution over time. Thirty percent
hydrogen peroxide (H,O5): Protect from light; store at 4°C.

3. Methods

All procedures should be performed using aseptic technique in a laminar
flow hood.

3.1. Plate Preparation

There are two types of polyvinylidene diflouride (PVDF) microtiter plates
most commonly used for ELISPOT; both produced by Millipore (Billerica,
MA). MSIPSAW (10 or 50) are nonsterile white plates that allow greater pro-
tein diffusion, yielding qualitatively better looking spots. ELISPOT-certified
ELIIP10SSP plates are sterile white plates that restrict protein diffusion but do
not affect quantitative outcome. Because ELISPOT requires short culture times
and includes the use of antibioticsin culture medium, nonsterile plates can be
used without complication.

3.1.1. Coating Plates With Capture Antibodies

Pre-wet PVDF ELISPOT plates with 50 uL of 70% methanol/well. Flick out
the methanol and wash wells three times with 200 pL/well sterile endotoxin-
tested PBS. Dilute the capture antibody to the appropriate concentration (see
Subheading 1.1.1.)) in sterile endotoxin-tested PBS, making 5 mL/plate. Add
50 pL/well and gently tap plate on each side to ensure complete coverage of
membrane. Incubate overnight at 4°C or 3 h at 37°C. Flick out coating antibody
and wash wellstwo to three timeswith 200 uL of PBS. Add 200 pL/well block-
ing buffer and incubate at 37°C in 5% CO, for 3060 min.

3.2. Cell Preparation

Single cell suspensions used in ELISPOT, whether isolated from tissue or
peripheral blood, must be free of all cellular debris and fibrous material to allow
sufficient contact of cells with the microtiter plate membrane (see Note 1).
When isolating PBMCs, it is critical to use an anticoagulant that will not inhib-
it or alter cellular function (see Note 2). If frozen cells are to be thawed for use
in ELISPQT, a preculture period is recommended (see Note 3). It is advisable
to use fresh cells whenever possible, particularly when using cells derived from
mucosal tissue. Optimal cell density will have to be empirically determined
based upon tissue type and peptide stimulation. Minimally, 2 x 10° cells per
well should be used to alow appropriate cell contact for optima immune
response. We suggest using 5 x 10° cells per well to ensure maximal cell-to-cell
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contact and increase the likelihood that antigen-specific responses will be
detected.

3.3. Plate Setup

To maximize plate usage and minimize cost, a representative row of a sug-
gested plate setup is shown below.

1 2 3 4 5 6 7 8 9 10 11 | 12

Agin Culture NoAg |[PMA | Agin Culture NoAg |PMA
AjCatl Cal Catl|Catl Catl|Catl|Cat2 Cat2 Cat2 |Cat2 Cat 2| Cat 2

3.3.1. Filling Plate

1. Flick out blocking buffer. If using blocking buffer other than tissue culture medi-

um, rinse wells twice with medium to equilibrate membrane.

Using an eight-channel pipetor, pipet 50 L of 2X antigen into columns 1-3, 7-9.

Fill wells 4-5 and 10-11 with 50 pL of tissue culture medium.

4. Fill positive control columns 6 and 12 with 50 pL of mitogen diluted to 2X con-
centration (for phorbol myristate acetate (PMA)/ionomycin, thisis 100 ng of PMA
and 600 ng of ionomycin).

5. Resuspended cellsto 1 x 107 cells/mL. Sterile 12-channel disposable reservoir lin-
ers (Corning cat. no. 4877) are an easy and convenient way to dispense cells for
pipetting. Pour cells into individual row of liner and, using a multichannel pipetor
with six tips, dispense 50 uL of cellsto add 5 x 10° cells'well for each cat, mak-
ing sure cells remain in suspension while pipetting.

6. Once al cells are added, gently but firmly tap the sides of the covered plate with
your hands/knuckles to get an even distribution of cells in the wells. Plates should
be tapped four times on each side. Do NOT rotate plate in acircle or rock back and
forth because this will lead to an uneven distribution of cells. Avoid splashing by
holding cover and plate firmly while tapping.

w N

3.4. Plate Incubation

Incubate plates at 37°C in 5% CO,_Incubation times need to be determined
empirically for individual peptides and proteins used in re-stimulation. The
objective is to maximize spot size while avoiding ex vivo expansion. The stan-
dard range of incubation is 12—-36 h. Limiting incubation time to 36 h pre-
cludes cellular expansion and therefore should not alter the frequency of
responders. Increasing incubation time within the range of 12—-36 h allows for
greater protein secretion, and thus larger spot size. As previously mentioned,
in the case of helper cytokines such as IL-2, longer incubation times may lead
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to the production of “bystander” spots unrelated to antigen specificity. During
incubation, the plate should not be moved or bumped. Jarring the plate may
interfere with spot formation.

3.5. Detection Antibody Incubation

Work can now proceed outside of a laminar flow hood. At the end of the
incubation, remove cells from plate by gently flicking; do not use excessive
force by tapping plates while removing cells or wash buffer. Wash plates
three times with PBS, pH 7.2—7.4, followed by three washes with PBS-Tween
wash buffer. Although plate washers or squirt bottles can be used, force during
washing may lead to detachment of protein—antibody complexes (visualized as
a “doughnut” at the time of development). Using a multichannel pipet to add
wash buffer and gentle flicking will adequately remove cells and wash wells.
Blot outer rim of well to remove excess wash buffer. Dilute biotinylated detec-
tion antibody in PBS-10% FBS, making 5 mL/plate. The appropriate concen-
tration of detection antibody should be determined in advance as outlined in
Subheading 1.1.1. Add 50 pL of diluted antibody to each well. Incubate
overnight at 4°C or at room temperature for 4 h.

3.6. Detection of SFCs and Their Quantification

Wash plates 6X with PBS-Tween wash buffer. Gently blot outer rim to
remove excess wash buffer. Dilute streptavidin-HRP 1:500-2000 (see
Subheading 2.) in PBS-10% FBS. Add 50 pL to each well and incubate for 1
h at room temperature. Wash plates 3X with PBS-Tween wash buffer then 3X
with PBS. Blot excess liquid from outer rim of plate. Make final substrate solu-
tion as follows (10 mL/plate; make immediately before use):

Final Amount AEC Stock Sodium acetate buffer 30% H,0,
10 mL 0.67 mL 10 mL 10 uL
20 mL 1.34 mL 20 mL 20 uL
30 mL 2.01 mL 30 mL 30 uL
40 mL 2.68 mL 40 mL 40 pL
50 mL 3.35mL 50 mL 50 uL

Combine indicated amounts of AEC and sodium acetate stock solutions, vor-
tex, and filter through a 0.45-um filter. Add indicated amount of 30% H,0, and
vortex. Immediately add 100 pL of substrate solution to each well. Incubate for
10-60 min at room temperature, constantly monitoring for spot development.
Stop reaction once spots appear well developed (dark red) and prior to exces-
sive reddening of the membrane. To stop development, remove plastic backing
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from microtiter plate and place under a gentle stream of tap water. Wash thor-
oughly both inside wells and on the back of the membrane, and air dry for 24 h
before attempting to quantify. An extended drying period may be necessary if
the membrane has a red appearance. Drying should be done in the dark to pre-
vent bleaching of spots.

Streptavidin—akaline phosphatase paired with 5-5-bromo-4-chloro-3-indolyl
phosphate/Nitroblue tetrazolium as a substrate can be used as an aternate
devel opment method. This combination leads to the devel opment of blue rather
than red spots as with AEC. Blue spotstend to be uniformly dark in appearance
on ELISPOT-certified plates and can be harder to troubleshoot if they appear in
“no cell” or “medium alone” control wells. In contrast, diffusion rings of blue
spots are evident on MSIPSAW  plates.

Spots can be counted using 10X to 30X magnification on an inverted micro-
scope or with an automated counter (ImmunoSpot Analyzer, Cellular
Technologies Ltd., Cleveland, OH) once membranes are dry. To decrease biasin
cell quantitation, it is advisable to have a“blinded” counter if performing a man-
ua count, or to select automated counting of plates (rather than manual counting
of individual wells) when using a mechanized counting program. Even the best
run assays may have light background spotsin wells that do not warrant inclusion
in SFC counts, but could inadvertently be counted in known positive wells by a
biased operator. Automated counting programs allow the operator to set the level
of sengitivity such that these spots are not counted, thus preventing biasing of final
data. Raw data should be normalized to SFC per million cells. For example, 200
SFC counted in a well containing 5.0 x 10° cells would be multiplied by 2 to
adjust the number to 400 SFCs/10° cells.Plates should be stored at room temper-
ature and protected from light after development to prevent bleaching of spots.

4. Notes

1. For adebris-free preparation of PBMCs, remove plasmaand dilute cells 1:4 in ster-
ile PBS and layer each 20 mL of diluted blood over 12 mL of Histopaque 1077
(Sigma, St. Louis, MO) in a 50-mL conical tube. The greater dilution of blood
combined with the large surface area of Histopague in a 50-mL conical tube will
ensure a cleaner cell preparation by eliminating fibrinogen and most of the large
platelets found in feline blood. Platel ets tend to clump and will prevent an accurate
cell count. Centrifuge at 350g for 30 min at room temperature with no brake.
Collect the buffy coat found at the interface of Histopaque and PBS and transfer
into a new 50-mL conical tube. Fill with sterile PBS and centrifuge at 200g for 10
min. The 200g spin will further eliminate platelets and other contaminants.
Because the cell pellet is not firmly packed, aspirate off liquid. Wash a second time
in 50 mL of sterile PBS at 350g, this time decanting liquid. Resuspend pellet in
medium and count. For debris-free preparation of splenocytes, tissue should be
homogenized to release cells. Following lysis of red blood cells, cells can be diluted
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1:4 in sterile PBS add layered over Histopaque and processed as described for
PBMC to ensure removal of fibrous material and cellular debris.

Anticoagulants used during blood collection can affect the ability of cells to func-
tion in downstream assays (6,7). Ethylenediamine tetraacetic acid , which inhibits
coagulation thorough calcium chelation, may impair cytokine induction during
antigen-specific re-stimulation. To restore functionality after ethylenediamine
tetraacetic acid collection, incubate cells overnight or wash cells extensively.
Cornversely, heparin may lead to increases in non-specific cytokine production.
Acid citrate dextrose or sodium citrate may be a good choice for anticoagulant in
that there are no reported deleterious effects on cellular function.

High viability of cells upon thawing is critical to the success of ELISPOT. 10%
DM SO/90% FBS works well as freezing medium. Freezing medium should be at
room temperature when added to cells to maximize cell recovery and functionality
(8). Place tubes on ice immediately and transfer to chilled cryofreezing container.
Quick-thaw cryotubes one at a time in a 37°C water bath. Slowly pipet the cells
drop-wise into complete medium and centrifuge at 350g for 10 min. Decant medi-
um from pellet, resuspend to 2.5 x 108 cells/mL, and culture overnight in polypropy-
lene tubes (Falcon, cat. no. 2059 or 2063) at 37°C in 5% CO,. Macrophages and
other adherent cells do not adhere to polypropylene plastic, thereby enhancing the
recovery of cells (9). The following day, count cells and resuspend to 1 x 107
cells/mL in both medium containing restimulation peptide and an additional aliquot
in medium alone. Culture in polypropylene tubes overnight. The overnight culture
in the presence of antigen is designed to facilitate antigen processing and presenta-
tion with cellsin close proximity (9). The following day cells can be directly added
to wells containing 50 pL/well medium (rather than 2X antigen) without recounting
or addition of supplemental antigen. PMA/ionomycin is added when unstimulated
cells are added to the microtiter plate.
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Measuring T-Cell Function in Animal Models
of Tuberculosis by ELISPOT

Vanja Lazarevic, Santosh Pawar, and JoAnne Flynn

Summary

Enzyme-linked immunospot (ELISPOT) was originally developed from an enzyme-linked
immunosorbent assay (ELISA) to detect and measure the frequency of individual cellsthat pro-
duce cytokines in response to antigenic stimulation. ELISPOT assay is more sensitive than the
enzyme-linked immunosorbent assay or intracellular cytokine staining. Increased sensitivity of
ELISPOT is particularly advantageous when studying T-cell-mediated responses in
Mycobacterium tubercul osis infection because antigen specific T-cells can occur at a low fre-
guency in vivo. This method has been successfully used to analyze M. tuberculosis immune
responses in humans in addition to murine and nonhuman primate models of tuberculosis.

Key Words: Mycobacterium tuberculosis; IFN-y; ELISPOT; bronchoalveolar lavage; lung;
T-cells.

1. Introduction

T-cells play a critica role in the control of Mycobacterium tuberculosis
infection. Most of the T-cell-mediated immunity is mediated through the pro-
duction of interferon (IFN)-y by CD4 and CD8 T-cells, and the robustness of
the immune response to M. tuberculosis infection often is measured by the fre-
quency of IFN-y-producing T-cells. There is a growing need for the develop-
ment of more sensitive assays that accurately assess the function of activated T-
cellsin subjects infected with M. tuberculosis. The enzyme-linked immunospot
(ELISPQT) assay has been successfully used to estimate the frequency of M.
tuberculosis-specific IFN-y-producing T-cells (1-7). In an ELISPOT assay, iso-
lated T-cells are stimulated with M. tuberculosis-infected or antigen-pulsed
dendritic cells (DCs). The local production of IFN-y by stimulated cellsis then

From: Methods in Molecular Biology, vol. 302: Handbook of ELISPOT: Methods and Protocols
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Step 1:

Coat ELISPOT plate
with capture antibody

Step 2:

Stimulate T cells with infected
or antigen-pulsed dendritic cells

Step 3:

Incubate for 36 to 40 hours

Step 4:

Incubate with biotinylated
detection antibody

Step 5:

Add streptavidin-conjugated
enzyme

Step 6:

Add substrate
(color development)

captured between the coating and biotinylated detection antibodies. The fina
step is addition of a substrate that, after enzymatic cleavage by streptavidin-
conjugated alkaline phosphatase or horseradish peroxidase, is converted into an
insoluble product. The result is the formation of colored spots that can be enu-
merated by inverted microscope or by using an ELI1SPOT reader. The outline of
the protocol is depicted in Fig. 1. In this chapter, we have included the protocol
procedure for ELISPOT assays that are used in murine and primate models of

tuberculosis.
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Fig. 1. M. tuberculosis-specific ELISPOT procedure. Step 1, High protein binding
immobilon-P plates are pretreated with 70% ethanol. The plates are coated with anti-
IFN-y antibodies overnight at 4°C. Steps 2 and 3, T-cellsisolated from M. tuberculosis-
infected mice or monkeys are stimulated with uninfected, M. tuberculosis-infected or
antigen-pulsed dendritic cellsfor 40 h. Step 4, After a series of washes, plates are incu-
bated with biotinylated anti-IFN-y antibody for 2 h at 37°C. Step 5, Following second-
ary antibody incubation, plates are washed and a streptavidin-conjugate enzyme, such
as horseradish peroxidase or alkaline phosphatase, is added for 1 h at room tempera-
ture. Step 6, After series of washes, a substrate is added, which is converted into insol-
uble precipitate that is visualized as red or blue spots. Once the spots are visible, the
reaction is terminated by addition of deionized water, and 2% paraformaldehyde to
inactivate M. tuberculosis. The plates are dried overnight in the dark, and spots are enu-
merated using an inverted microscope or ELISPOT reader.

2. Materials

2.1. Murine IFN-y ELISPOT Assay

70% Ethanol.

1X tissue culture phosphate-buffered saline (PBS).

Millipore MultiScreen 96-well MAIPS4510 plates (Millipore Corp.).

Capture, rat anti-mouse |FN-y antibody (clone R4-6A2; BD Pharmingen).

Blocking buffer (DMEM, 15% certified fetal bovine serum [FBS)).

T-cell medium (TCM): DMEM, 10% certified FBS, 1 mM sodium pyruvate, 2 mM

L-glutamine, 25 mM HEPES, and 50 pM 2-ME.

NH4CI-Tris solution.

Murine interleukin (1L)-2; Boehringer Mannheim).

Concanavalin A (Sigma-Aldrich).

10. Uninfected and M. tuberculosis-infected bone marrow-derived DCs.

11. ELISPOT wash buffer: 0.1% Tween 20in 1X PBS.

12. Detection, biotinylated anti-mouse IFN-y antibody (clone XMG 1.2; BD
Pharmingen).

13. Incubation buffer: 0.5% bovine serum albumin, 0.1% Tween-20 in 1X PBS.

14. Vectastain ABC Kit (Vector Laboratories Inc).

15. 3-Amino-9-ethylcarbazole (AEC) peroxidase substrate kit (Vector Laboratories
Inc).

16. 2% Paraformaldehyde (PFA).

17. Inverted microscope, or an ELISPOT reader (e.g., C.T.L. Cellular Technology Ltd).

2.2. Monkey IFN-y ELISPOT Assay

1. Millipore MultiScreen 96-well MAIPS4510 plates (Millipore Corp).
2. 70% Ethanol.

SOk wnNE
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1X Tissue culture PBS.
Certified FBS.
IMDM (BioWhittaker).
RPMI-1640 (BioWhittaker).
DCM (DC medium containing IMDM + 10% FBS).
Human recombinant granulocyte macrophage-colony stimulating factor (GM-
CSF; Sigma).
9. Human recombinant IL-4 (Sigma).
10. Human Serum AB (huABS; Gemini Bioproducts).
11. 1 M HEPES buffer solution (Gibco-BRL).
12. L-glutamine (BioWhittaker).
13. Phorbol 12,13 dibutyrate (PDBuU; Sigma).
14. lonomycin dissolved in ethanol or dimethyl sulfoxide (Sigma).
15. Anti-monkey CD3 antibody (clone FN-18, Biosource International).
16. Anti-Monkey/Human Interferon-y ELISpot kit (MABtech).
17. ELISPOT wash buffer (0.05% Tween-20 in 1X PBS).
18. AEC peroxidase substrate kit (Vector Laboratories Inc.).
19. 1% PFA.

00N U AW

3. Methods
3.1. Murine IFN-y ELISPOT Assay

There are three parts to the ELISPOT method that are described in Fig. 1. In
the first step the ELISPOT 96-well plate is coated with capture anti-1FN-y anti-
body and the stimulator cells are prepared. In the second part the isolated cells
from the lungs and lymph nodes of M. tuberculosis-infected mice are cultured
with uninfected, M. tuberculosis-infected or antigen-pulsed dendritic cells for
40 h. Finaly, the IFN-y-producing T-cells are visualized after stepwise incuba-
tion of plates with biotinylated anti-IFN-y antibody, streptavidin-conjugated
enzyme, and substrate. All the steps are carried out under sterile, and biosafety
level 3 restricted conditions.

3.1.1. Coating of ELISPOT Plates and Preparation of Stimulatory Cells
3.1.1.1. COATING OF ELISPOT PLATES

1. Pre-treat 96-well plates with 200 pL/well of 70% ethanol for 10 min.

2. Rinsethe wellswith 200 pL/well of tissue culture 1X PBSthree times (5 min each
wash).

3. Coat 96-well plates with 100 puL/well of 10 ug/mL solution of capture, anti-mouse
IFN-y antibody (clone R4-6A2) in 1X PBS. Incubate overnight at 4°C.

3.1.1.2. PREPARATION OF STIMULATOR CELLS

1. Bone marrow-derived DCs should be cultured for 5 d in the presence of 1000
U/mL of mGM-CSF and 1000 U of mIL-4/mL before their use as stimulator cells.
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2.

Suspend cells at 1 x 108/mL. Leave 5 x 108 of dendritic cells uninfected as a neg-
ative control. Infect 2 x 107 DCs with M. tuberculosis (from aliquid growing cul-
ture) at multiplicity of infection 3 overnight. Approximately 50-60% of DCs will
die after M. tuberculosis infection.

3.1.2. Incubation of T-Cells From Infected Mice With Stimulator Cells

1

2.

e

N o

10.
11

The next day, wash ELISPOT plates three times with 1X PBS. Block the plates
with the blocking buffer for 2 h at room temperature.

In the meantime, euthanize M. tuberculosis-infected mice and obtain lung and
lymph nodes.

Crush the lungs and lymph nodes in 5 mL of DMEM using 70-um nylon cell
strainers and 5-mL syringe plunger to obtain single cell suspension.

Spin cells at 470g for 5 min.

Decant the supernatant and suspend the lung cellsin 4 mL and lymph nodes in 1
mL of NH4—Tris solution for 2 min at room temperature to lyse red blood cells.
Wash cells with 1X PBS once and spin at 470g for 5 min.

Suspend cellsin 1 mL of TCM and count.

Plate lung cells at 80,000 cells/well and lymph node cells at 150,000 cells/well in
100 pL of volume.

Incubate T-cells in duplicate for 40 h with the following conditions: negative con-
trol: TCM (50 uL/well); positive control: Concanavalin A (10 pg/mL final con-
centration; 50 uL/well); negative control: uninfected DCs (1:2 ratio DC:T; 50
uL/well); M. tuberculosis-infected DCs (1:2 ratio DC:T; 50 uL/well) or DCs that
were pulsed with M. tubercul osis-specific antigen overnight at 10 ug/mL concen-
tration (1:2 ratio DC:T, 50 pL/well).

Add IL-2 at the final concentration of 20 U/mL in 50 uL/well.

Incubate cells at 37°C, 5% CO..

3.1.3. ELISPOT Development

1

N

o

Empty ELISPOT plates into a basin containing undiluted, mycobactericidal deter-
gent inside the biosafety level 3 containment hood.

Wash wells six times with ELISPOT wash buffer (5 min each wash).

Add 100 pL/well of 5 pug/mL of solution of the detection, biotinylated anti-1FN-y
antibody. Incubate at 37°C for 2 h or at 4°C overnight.

After the incubation, empty the ELISPOT plates, and wash with ELISPOT wash
buffer six times, 5 min each wash.

Prepare Avidin Peroxidase Complex (10 mL of ELISPOT wash buffer plus one
drop reagent A plus one drop reagent B) at least 30 min before use. Add 100
uL/well of avidin peroxidase complex and incubate the plate at room tempera-
turefor 1 h.

Wash plates six times with ELISPOT wash buffer (5 min each wash).

Wash plates three times with 1X PBS, 5 min each wash.
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Lymph
node

Lung

Fig. 2. M. tubercul osis-specific ELISPOT assay in a murine model of tuberculosis.
Murine lymph node (150,000/well) and lung (80,000/well) cells were isolated from M.
tuberculosis infected mice at 2 and 4 weeks after infection, respectively. Cellswere cul-
tured in: i) medium alone; ii) uninfected DCs; iii) M. tuberculosis-infected DCs; vi) M.
tuberculosis-infected DC + blocking anti-MHC Class | antibody (CD4+IFN-v+); v) M.
tuberculosis-infected DC + blocking anti-MHC Class |1 antibody (CD8+IFN-y+); or vi)
DCs pulsed with M. tuberculosis ESAT-6 protein.

8. PrepareVectastain AEC substrate (10 mL of deionized water plus four drops buffer
stock plus six drops of AEC plus four drops of H,0,) immediately before use. Mix
well.

9. Add 100 pL/well of AEC substrate. Incubate 4-10 min until spots develop.

10. Stop the reaction by adding 200 pL/well of deionized water.

11. Empty plates, and add 100 pL/well of 2% paraformal dehyde to inactivate M. tuber -
culosis. Incubate for 2 min at room temperature.

12. Empty plates and air-dry in the dark.

13. At this paint, it is safe to take ELISPOT plates out of biosafety level 3 laboratory
and enumerate the spots using an inverted microscope or an ELISPOT reader. The
representative wells of murine lung and lymph nodes cells stimulated with M.
tubercul osis-infected dendritic cells are shown in Fig. 2.

3.2. Monkey IFN-y ELISPOT Assay on Peripheral Blood
Mononuclear Cells

Stimulation of T-cellsisolated from infected monkeys can be achieved in two
ways. (1) If periphera blood mononuclear cells (PMBCs) are used in
ELISPOT assay, no additional antigen presenting cells are required as it is
assumed that PBMCs aready contain sufficient numbers of these cells. (2)
However, if bronchoalveolar lavage cells (BALS) or lung cells are used in
ELISPOT assay then additional antigen presenting cells are required.
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The monkey-specific ELISPOT method comprises of the following steps: (1)
coating of ELISPOT plate with “capture” antibody; (2) blocking step; (3) set-
ting up ELISPOT; and (4) ELISPOT devel opment.

3.2.1. ELISPOT Assay Procedure

3.2
1

3.2.

1

2.

3.2.

g own

o

3.2.

.1.1. COATING AN ELISPOT PLATE

Pretreat ELISPOT plates by adding 100 uL/well of 70% ethanol for 5 min a room
temperature. Wash wells twice with 200 uL/well of sterile distilled water and twice
with 200 puL/well of 1X PBS. Each wash should be for 3-5 min at room temperature.
Prepare anti-human/monkey |FN-y “capture” antibody (clone GZ4) at 15 pg/mL
concentration in 1X BS. Add 100 pL/well of the capture antibody to the ELISPOT
plate. Incubate plates overnight at 4°C.

1.2. BLOCKING STEP

The next day, empty ELISPOT plates and drain any remaining liquid. Wash wells
four times with 200 pL/well of 1X PBS; 3-5 min each wash.

Block ELISPOT plates with 200 pL/well of RPMI (containing 1% glutamine and
1% HEPES) + 10% huABS and incubate for 1-2 h in 37°C, 5% CO..

1.3. PREPARATION OF PBMCs AND SETTING Up THE ELISPOT AssAy

Isolate PBMCs from monkey blood samples by standard Percoll density gradient
centrifugation. ELISPOT assays can aso be performed using frozen PBMCs with
additional stabilization step (see Note 1).

Collect the buffy-coat layer (PBMCs) and transfer into a 50-mL tube.

Wash twice with 50 mL of 1X PBS.

Count PBMCs and plate for ELISPOT at 200,000 cells/150 pL/well.

Prepare M. tubercul osis-specific antigens in RPMI containing 10% huABS at the
following concentration: (1) M. tuberculosis whole proteins, 2 pg/mL (fina con-
centration); (2) M. tuberculosis peptides, 10 ug/mL (final concentration); (3) posi-
tive controls: PDBu + ionomycin (final concentration 50 nM and 10 uM, respec-
tively) and anti-monkey CD3 antibody (1 pg/mL final concentration); (4) negative
control: medium aone

Add 50 pL/well of antigen stimulators to the PBMCs in duplicate.

Incubate plates incubated for 40 h at 37°C, 5% CO..

1.4. ELISPOT DEVELOPMENT

Antibody solutions in the ELISPOT developing steps are made in PBS containing
0.5% certified FBS.

Empty plates and wash them with 200 uL/well of distilled water for 10 min at room
temperature to lyse adherent cells.

Wash wells four times with 200 uL/well of ELISPOT wash buffer (3-5 min each
wash).

Add 100 pL/well of 2.5 ug/mL biotinylated anti-human/monkey |FN-y secondary
antibody (clone 7-B6-1) and incubate for 2 h at 37°C, 5% CO..
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(i) (ii) (iii) (iv) (v) (vi) (vii)
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Fig. 3. M. tuberculosis-specific ELISPOT assay in a primate model of tuberculosis.
These are representative wells of spots after incubation of 200,000/well of monkey BAL
cellswith: i) medium control; ii) PDBuU + ionomycin contral; iii) anti-monkey CD3 anti-
body; iv) M. tuberculosis-infected DC; v) uninfected DC; vi) DCs pulsed with Mtb cul-
ture-filtrate protein (CFP); vii) DCs pulsed with M. tuberculosis ESAT-6 protein.

5. Wash wellsfour timeswith ELISPOT wash buffer, add 100 puL/well of 1:100 dilu-
tion of streptavidin—horseradish peroxidase and incubate for 1 h at 37°C, 5% CO,.

6. Wash wells four times with ELISPOT wash buffer followed by 1X PBS wash.

7. Add 100 pL/well of AEC substrate (sequential addition of four drops of buffer
solution, six drops of AEC substrate, and four drops of H,O, per 10 ml distilled
water; mix well after each addition; See Note 2).

8. Incubate plates until brick red-colored spots develop (usually 3—7 min). The actu-
al developing step is conducted in darkness. Terminate the reaction by washing
plates two times with distilled water and twice with 1X PBS.

9. Empty plates and air-dry them overnight in the dark.

10. Spots can be counted either manually, using an inverted microscope, or by using an
automated ELISPOT reader. Typical spot appearance in some of the stimulatory
conditions and controls is exemplified in Fig. 3.

3.3 Monkey BAL/Lung Cell IFN-y ELISPOT Assay

BAL/lung cdl ELISPQOT is technically similar to the PBMC ELISPOT
except that DCs are added as supplementary antigen presenting cells, and fewer
cells per well are used.

3.3.1. BAL/lung Cell IFN-y ELISPOT Assay Procedure
3.3.1.7. PREPARATION OF DCs FROM FRESHLY ISOLATED PBMCs

1. DCs are generated in vitro from freshly isolated PBMCs 5-7 d before ELISPOT
assay. It also is possible to generate dendritic cells from frozen PBMCs and use
them for antigen presentation (see Note 3).

2. Ina6-well plate, suspend 1 x 107 PBMCs/well in 1-2 mL of DCM containing 1000
U/mL of human GM-CSF + 1000 U/mL of human IL-4.

3. After 3d of culture, add 1 mL/well of fresh DCM containing 2000 U/mL of GM-
CSF and 2000 U/mL of IL-4. Theyield of DCs varies because the number of pre-
cursor cells present in PBMC will be different between animals.
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4. The night before ELISPOT is set up, collect DCs and count. Typically 1-3 x 10°
DCs are infected for 4 h with M. tuberculosis at a multiplicity of infection of 4.
After a4-h infection, the medium is changed to remove any extracellular mycobac-
teria, and cells are incubated overnight.

5. Infected and uninfected dendritic cells serve as controls in the experiment with M.
tubercul osis-specific proteins and peptides.

3.3.1.2. PREPARATION OF BAL/LUNG CELLS FROM INFECTED MONKEYS

1. BAL cellsareisolated from the airways of the lung by a bronchoscope. Very often
this can lead to the contamination of samples due to the natural microflora present
in the monkey upper respiratory tract. To avoid contamination problems, 1% peni-
cillin is added to the culture medium (see Note 4).

2. Lung cells are obtained by necropsy by taking sections of the various lung lobes
that are homogenized into a cell suspension using a semi-automatic tissue homog-
enizer (Medimachine, Pharmacia).

3. All BAL or lung cell procedures on M. tuberculosis-infected monkeys and
ELISPOT procedures with these cells are carried out under sterile and biosafety
level 3+ conditions.

3.3.1.3. SETTING UP BAL/LUNG CELL ELISPOT

1. Plate BALs (or lung cells) at 200,000/100 pL/well.

2. Then add 10,000 DCs/50 pL/well and antigenic stimulators/50 pL/well to make a
total volume of 200 pL/well.

3. Inwells containing infected and uninfected DCs or in PDBu + ionomycin controls,
antigenic stimulators are replaced by 50 puL/well of RPMI-10%ABS.

4. Incubate plates for 40 h at 37°C, 5% CO..

3.3.1.4. DEVELOPING ELISPOT SpoOTS

1. All developing steps are the same as in PBMCs ELISPOT with one exception.
After reaction is stopped, add 200 uL/well of 1% PFA to the wells and incubate for
10 min at room temperature to inactive M. tuberculosis. This is followed by two
washes with 1X PBS. If spots’ resolution is not satisfactory, it could be due to poor
coating of ELISPOT plates with the capture antibody or prolonged incubation of
PBMCs and BAL cells with the stimulators (see Table 1 and Notes 5 and 6).

4. Notes

1. ELISPOT assays aso can be performed using liquid nitrogen-frozen PBMCs or
BAL (or lung) cells with an additional step to stabilize cells from freeze-thaw
cycle. Method described hereisfor PBMCs, but also can be used with BAL or lung
cells. Cryovials with PBMCs (1 x 107 PBMCsl/vial) are taken out of the liquid
nitrogen and immediately placed under hot running tap water to quickly thaw the
cells. Immediately suspend cellsin 10 mL of RPMI medium to remove dimethyl
sulfoxide from the cell freezing medium. Centrifuge cells at 4509 for 5 min at 4°C,
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Table 1

Troubleshooting Guide

Problem Check if What to do

No spots o Wells were coated with the o Add capture and biotinylated

b) Faint spots

c¢) Overdevel oped
wells with high
background

captureanti-1FN-y antibody.

o Stimulators were added in
sufficient concentrations.

o Biotinylated anti-1FN-y
antibody and streptavidin-—
HRP were added.

e Substrate solution was
mixed correctly.

o Biotinylated anti-IFN-y
antibodyand streptavidin—
HRP were added.

¢ Substrate solution was made
correctly.

e Incubation time after
substrate addition was long
enough for spot development.

¢ Blocking step was done
for arequired period of time.
® Spot development after

antibodies in a correct order
and in sufficient concentrations.

o Make substrate solution by
adding reagents in a correct
order.

o Add capture and biotinylated
antibodies in a correct order
and in sufficient concentrations.

o Make substrate solution by
adding reagents in a correct
order.

e Ensure that substrate
incubation period was
sufficient for spot
devel opment.

e Blocking should be 1-2 h
long.

¢ Longer incubation times

substrate addition was
too long.

with streptavidin-HRP
will increase background.

¢ Do not develop for extended
periods and terminate reaction
before background develops.

and suspend them in 10 mL of RPMI containing 1% glutamine, 1% HEPES, and
20% FBS. Plate cells in two wells in a six-well tissue culture plate. Incubate in
37°C, 5% CO; incubator overnight. The cells are ready to be used in the ELISPOT
assay the next day. The recovery of viable cellsis>90% with this method. Addition
of human IL-2 (25 U/mL) does not significantly change the viability of PBMCs.

. Horseradish peroxidase and AEC substrate/chromogen result in the production of
red spots. Blue spots, which may be easier to visualize, can be obtained by using
alkaline phosphatase and Vector Blue substrate (Vector Blue Alkaline Phosphatase
Substrate Kit 111; Vector Laboratories, Burlingame, CA).

. It is also possible to generate dendritic cells from frozen PBMCs. After the quick
thawing step, PBMCs are placed in RPMI + 20% FBS in a 6-well plate as
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described above. Next day, harvest cells and centrifuge at 4509 for 5 min at 4°C.
Suspend approx 1 x 107/well of PBMCsin 1-2 mL of DC medium and culture for
additional 57 d in the presence of human GM-CSF and IL-4. DCs generated from
PBMCs work as good as purified dendritic cells in ELISPOT assay. Pure DCs do
not survive the freeze-thaw cycle.

Occasiona contamination problems can occur in BAL or lung cell ELISPOT
assays. This problem can be solved by adding 1% penicillin into the culture medi-
um. Streptomycin should be avoided because of its antimycobactericida activity,
which could interfere with M. tuberculosis infection of DCs.

Poor coating can lead to the formation of fused and messy spots, which can make
accurate enumeration impossible. The resolution of spots can be improved by the
pre-treatment of ELISPOT plates with 70% ethanol.

Another possible cause of the formation of the poorly defined spots in ELISPOT
plate isa prolonged incubation of cellswith the stimulators. The length of antigenic
stimulation should not exceed 40 h.
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Interferon-y ELISPOT Assay for the Quantitative
Measurement of Antigen-Specific Murine CD8* T-Cells

Geoffrey A. Cole

Summary

Effective screening of new vaccines and immunotherapeutics requires assay methods that can
provide quantitative measurement of cellular immune responses. The enzyme-linked
immunospot (ELISPOT) is a sensitive technique for the detection of cytokine-producing cells at
the single cell level. This assay is rapid and reproducible and permits the direct enumeration of
low-frequency antigen-specific T-cells. This protocol describes in detail an interferon (IFN)-y
ELISPOT method for measuring antigen-specific murine CD8* T-cells. Spleen cells from specif-
ic cytotoxic T-lymphocyte (CTL) peptide-primed mice are used source of CD8* T-cellsto demon-
strate the utility of this technique. The assay procedure is facilitated by the use of a ready-to-use
IFN-y ELISPOT assay kit and it can be adapted to other model systems in which CD8* T-cell
responses are monitored.

Key Words: IFN-y ELISPOT protocol; CD8" T-cell frequency determination.

1. Introduction

Assay methods that provide simple, reliable, and quantitative measurement of
specific CD8* T-cdll activity are essential for evaluating vaccine strategies and
antigen-specific immunotherapy regimens. The enzyme-linked immunospot
(EL1SPQOT) assay permits enumeration of specific T-cells by detection of antigen-
stimulated cytokine secretion. Originally developed to enumerate antibody-pro-
ducing cdls (1), the technique was later modified to quantify the frequency of
antigen-specific T-cells (2). The assay enablesthe direct, ex vivo detection of indi-
vidual antigen-specific T-cells without any need for in vitro bulk sensitization and
expansion steps such as those necessary in lymphoproliferative or 51Cr release
assays. The assay provides greater sensitivity than ELISA (3) or intracellular
cytokine staining (4) and, in contrast to MHC tetramer reagents (5), it detects T-
cells based on their functional response to antigen. The assay is rapid, smple to

From: Methods in Molecular Biology, vol. 302: Handbook of ELISPOT: Methods and Protocols
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perform, requires no speciaized instrumentation, and provides a quantitative
measure of specific CD8* T-cells. This technique has been applied to analyze the
specificity, magnitude and kinetics of CD8" T-cell responses induced by experi-
mental vaccines, immunization protocols, and virus infections (6-12).

This chapter describes a basic method for performing ELISPOT to detect
antigen-specific interferon (IFN)-y-secreting murine T-cells. It uses a commer-
cialy available ELISPOT kit to measure antigen-specific CD8* T-cells in the
spleen of mice immunized with specific CTL peptide epitopes.

2. Materials
2.1. Mice and Reagents

1. Mice: Female BALB/c mice were purchased from a commercial vendor (Jackson
Laboratories, Bar Harbor, ME) and were 6-9 wk of age when immunized.
2. Synthetic peptides: RPQASGVYM (lymphocytic choriomeningitis virus nucleo-
protein, amino acid residues 118-126), TPHPARIGL (Escherichia coli B-galactosi-
dase, amino acid residues 876-884), and |SQAVHAAHAEINE (ovalbumin, amino
acid residues 323-336) were synthesized by a commercial vendor (Multiple Peptide
Systems, San Diego, CA) and were purified to >90% homogeneity. Peptides were
dissolved in 100% dimethylsulfoxide at 20 mg/mL and were stored at —20°C.
Dimethlysulfoxide (DM SO; Mallinckrodt Baker, Inc., Phillipsburg, NJ).
Dulbecco’s phosphate buffered saline (DPBS; Invitrogen Corp; Carlsbad, CA).
Freund's adjuvant, incomplete (IFA; Sigma, St. Louis, MO).
Culture medium: RPM1-1640 medium supplemented with 10% heat-inactivated
fetal bovine serum (FBS), 10 mM HEPES, 2 mM L-glutamine, 50 uM 2-mercap-
toethanol, 100 pug/mL penicillin G, and 100 U/mL streptomycin. All medium com-
ponents except FBS and 2-mercaptoethanol were purchased from Invitrogen. Heat-
inactivated FBS was purchased from Hyclone (Logan, UT). 2-mercaptoethanol
was purchased from Mallinckrodt Baker, Inc. Filter sterilize the medium through a
0.22-um disposable filter system (Corning, Inc., Corning, NY).
7. Wash medium: prepare RPM1-1640 with the same supplements as complete medi-
um except FCS is omitted.
Trypan Blue stain, 0.4% (Invitrogen).

9. Concanavalin A (ConA; Sigma): reconstitute in complete medium and filter steril-
ize (0.2-um Acrodisc syringe filter, Pall Corp., Ann Arbor, MI). Dispense 50-uL
single-use aliquots and store at —20°C.

10. Mouse erythrocyte lysing kit (R& D Systems, Minneapolis, MN).
11. Mouse IFN-y ELISPOT ready-to-use kit (R& D Systems).

o0k w
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2.2. Equipment and Supplies

1. Yade® 1 mL tuberculin syringes (Becton Dickinson, Franklin Lakes, NJ).
2. 18 gage Microemulsifying needle (Popper & Sons, New Hyde Park, NY).
3. Sterile 1.5-mL Microfuge tubes.

4. Needles, 23 and 27.5 gage with Luer-Lok® (Becton-Dickinson).
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5. Sterile 15 and 50 mL centrifuge tubes (BD Falcon).
6. Sterile 20, 200, and 1000 uL micropipet tips.
7. Pipetors (e.g., P20, P200, and P1000; Rainin Instrument LLC, Woburn, MA).
8. Dissecting scissors and forceps. Store in 70% ethanol.
9. Frosted microscope slides (75 x 25 mm, Corning). Autoclaved.
10. Animd restrainer (e.g., Small Mouse Restrainer, Braintree Scientific, Braintree, MA).
11. Sterile5, 10, and 25 mL pipets (BD Falcon).
12. Pipet-Aid (Drummond Scientific, Broomall, PA).
13. Laminar flow cabinet.
14. Hematocytometer (Leavy counting chamber, Hausser Scientific, Horsham, PA).
15. Reagent reservoirs (Corning).
16. Eppendorf Repeater® Pipetor and sterile Eppendorf Combitips® (Brinkmann,
Westbury, NY).
17. 37°C humidified incubator with 5% CO, atmosphere.
18. Vacuum-operated 12-channel plate washer (Nunc-lmmuno® Washer, Nalge Nunc,
Rochester, NY).
19. Microscope.
20. Variable rotator shaker (KoaaTy; Accurate Chemical and Scientific Corp;
Westbury, NY).
21. Stereoscopic microscope with zoom and illumination source.
22. Hand-held push button counter (e.g., VWR hand tally counter).

3. Methods

The methods described below outline (1) peptide immunization of mice to
induce antigen-specific IFN-y-secreting splenic CD8* T-cells; (2) isolation and
preparation of splenocytes; (3) the ELISPOT assay procedure; and (4) evalua
tion of developed ELISPOT plates.

3.1. Immunization of Mice

The synthetic antigenic peptides and the immunization regimen outlined in
Subheading 3.1. are not part of the ELISPOT procedure but serve to demon-
strate the utility of this protocol. Two H-2L9 epitopes recognized by CD8* T-
cells were used as immunogens. RPQASGVYM is the immunodominant
LCMV CTL peptide recognized by H-24 mice (13,14). TPHPARIGL peptide is
a B-gaactosidase epitope (15). ISQAVHAAHAEINE is a cognate helper T-
lymphocyte peptide that is employed to enhance CTL epitope immunogencity
(16,17).

1. Thaw peptides immediately before use. Peptide stocks may be freeze-thawed sev-
era times (as many as five). Mix equimolar amounts of the individual CTL pep-
tidesand T helper peptide in DPBS and combine with IFA at a 1:1 (vol/val) ratio
in asterile Microfuge tube. Combine componentsto yield afinal CTL peptide con-
centration of 1 mg/mL.
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2. Vortex mixture until phases are mixed. Draw up the mixtureinto adry 70% ethanol
sterilized 1 mL glass syringe with an attached 23-gage needle. Remove the needle,
expel as much air as possible, and attach the syringe to a dry 70% ethanol steril-
ized microemulsifying needle. Again expel air and attach the free end of the needle
to a second sterile syringe.

3. Emulsify by repeatedly forcing mixture back and forth between syringes until it is
white and homogeneous in appearance.

4. Push contents into one syringe and remove the microemulsifying needle. Attach a
27-gage needle and remove the air bubbles.

5. Restrain mice and inject 50 uL of emulsion subcutaneously at the base of the tail.
Immunize two to three animals per treatment group.

3.2. Isolation and Preparation of Splenocytes

All spleen collection and processing procedures should be performed using
aseptic technique. The antibody-coated plate provided with the ELISPOT Kkit,
however, is not sterile. The presence of antibiotics in the culture medium and the
short incubation period prevent microbial contamination from being a problem.

Harvest spleens from mice 1-3 wk after immunization. Depending on exper-
imental design, spleens can either be processed separately or, as described here,
prepared as two to three pooled organs per treatment group. Collect spleens
from age-matched unprimed mice for use as an untreated control population
and a source of antigen presenting “feeder” cells (see Subheading 3.3.2.1.).
Keep cells on ice as much as possible throughout processing.

1. Kill mouse with CO, or by cervical dislocation.

2. Wet the left side of mouse with 70% ethanol and remove spleen aseptically.

3. Place spleen in a sterile 60-mm diameter Petri dish containing 10 mL wash medi-
um. Prepare a single cell suspension by mashing spleen between two sterile frost-
ed glass dlides.

4. Transfer the suspension to a sterile 15 mL screw top centrifuge tube and allow the
tissue debristo settle. Carefully remove the supernatant to afresh 15-mL centrifuge
tube.

5. Centrifuge cells 5 min at 300g at 4°C and discard the supernatant. Resuspend the
pellet in mouse erythrocyte lysis solution and proceed according to manufacturer’s
instructions.

6. Centrifuge erythrocyte-depleted splenocytes and decant supernatant. Resuspend
pellet and wash twice with 10 mL of wash medium.

7. Resuspend pellet in 5 mL of complete medium per spleen equivalent and filter the
suspension through a 70-um tissue screen into a new 50-mL tube (see Note 1).

8. Determine the viable cell density of splenocytes by Trypan Blue exclusion. Dilute
asmall volume of cells 1:10 in DPBS. Combine diluted cells 1:1 with Trypan Blue
and count in a hematocytometer. Cell viability should be >90%.

9. At this point, ELISPOT plate wells can be filled and incubated with complete
medium in preparation for plating the splenocytes (see step 2, Subheading 3.3.1.).
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10. Make twofold serial dilutions of the splenocytes starting with 1 x 107 cells/mL (1
x 108 cells/100 uL/well). Optimal plating densities will vary with the specific
immunogen/mouse strain used and should be determined in preliminary experi-
ments. In BALB/c mice immunized with the CTL peptide epitopes used here,
splenocytes were plated at a density ranging from 0.63 x 10° to 5 x 10° cells/well.

3.3. ELISPOT Procedure

The R&D Systems ready-to-use murine |FN-y ELISPOT kit contains a dry 96-
well precoated plate, biotinylated detection antibody, streptavidin—akaline phos-
phatase conjugate, 5-5-bromo-4-chloro-3-indolyl phosphate/Nitroblue tetrazoli-
um (BCIP/NBT) Chromagen, wash buffer, and recombinant mouse |FN-y for use
as a plate positive control (see Note 2). The steps described in Subheadings
3.3.1-3.3.3 outline ELISPOT assay set up and plate development. In some
instances, minor variations from instructions provided with the kit are used.

3.3.1. Plating Splenocytes

The steps described in the next section detail the plating of splenocytes and
the appropriate controls and treatments used to assess their specific reactivity.
Each experimental splenocyte population should be plated with a negative con-
trol (medium alone), test peptide, and a positive control (ConA). Assay plate
controls should include a background control (medium only) a positive control
(reconstituted mouse IFN-y), and a detection antibody control in which DPBS
is substituted for detection antibody.

1. Prepare an assay template to direct sample plating. Allocate duplicate or triplicate
wells for each splenocyte/test combination (see Note 3).

2. Fill al the wells of the 96-well plate with 200 uL of complete medium and incu-
bate for approx 20 min at room temperature. Flick the plate and blot upside down
on absorbent paper towels. Plates are pre-blocked; medium incubation serves to
condition the wells prior to cell plating.

3. Repeat step 2.

4. Plate splenocyte dilutions at 100 uL/well. If the assay design requires alarge num-
ber of replicate wells to be plated, an Eppendorf Repeater® pipetor or similar
deviceis convenient for this step.

5. As an dternative, a P-200 micropipet can be used. Continuously agitate cells to
ensure their homogeneity during plating.

6. Once splenocytes have been plated, move ELISPOT plate to a 37°C 5% CO,
humidified incubator for 3045 min to allow cells to settle. During this incubation
period, antigenic peptide and ConA solutions are prepared.

3.3.2. Preparation and Addition of Antigenic Peptide and ConA

1. Thaw peptide stocks and dilute to a 2X final concentration in complete medium.
Add 100 pL/well. Preliminary experiments performed with peptide-immunized
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BALB/c mice established that optimal specific IFN-y responses were stimulated
with peptide concentrations of 1 pug/mL (10-° M) and 10 ug/mL (105 M) for
RPQASGVYM and TPHPARIGL, respectively. The optimal concentration for dif-
ferent peptides should be experimentally determined.

2. Add 100 uL medium aone to unstimulated splenocyte control wells and to the
plate background control wells (see Note 4).

3. Add ConA to splenocyte positive control wells at a final concentration of at 2.5
ug/mL. This control demonstrates that stimulated splenocytes are of capable of
IFN-y secretion. Seed positive control wells at a density of <1.25 x 10° cells/well.
Otherwise, spots on the developed membrane will likely appear confluent.

4. After complete addition of al treatments to splenocytes, and the preparation of
ELISPOT plate controls as specified in the kit instructions, cover the filled plate
with the lid and sit the plate on a piece of aluminum foil of sufficient size to be
folded over the edges of the plate. Keep the foil on the plate throughout all incu-
bation steps including the final incubation with Chromagen (step 8, Subheading
3.3.3)). This treatment reduces non-specific background staining (18).

5. Incubate the plate in a 37°C humidified CO, incubator for 20-36 h (see Note 5).
Do not move the plate during incubation as this may result in smudged spots upon
color development.

3.3.2.1. OPTIONAL TECHNIQUE: PREPARATION OF SPLENIC FEEDER CELLS

ELISPOT sensitivity is critically dependent on high cell density. Optimal
stimulation of antigen-specific T-cells is best achieved when total cell density
approaches 5 x 10° to 1 x 10° cells/well (19). If immune splenocytes are lim-
iting and not available for preparing a twofold dilution series starting with 5 x
10° cells'well, syngeneic spleen cells from unprimed mice can be used as
“feeder cells’ to increase input cell density. The enhanced sensitivity
(increased spot frequency per input cell number) can be experimentally
demonstrated by adding peptide-loaded feeder cells to low-density immune
splenocytes.

1. Adjust feeder cellsto a5 x 106 cells/mL in complete medium.

2. Add antigenic peptide to feeder cells at 2X final concentration and mix by pipet-
ting. No preincubation is necessary.

3. Plate the peptide/feeder cell mixture at 100 pL/well with immune splenocytes.
Feeder cells, without peptide, are used as a negative control.

4. Return plate to incubator as described in Subheading 3.3.2.

3.3.3. Plate Harvest and Development

1. Prepare the wash buffer solution by diluting the 10x concentrate in deionized water
immediately before harvesting plate. A vacuum-operated plate washer with an
attached reservair is convenient if available but a 500-mL squirt bottle will serve as
well. Insure that the washer cannulae are adjusted so as not to touch and damage
the plate membranes.
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Fig. 1. Detection of antigen-specific CD8* T-cells by ELISPOT in the spleen of mice

immunized with CTL peptide epitope. Representative wells are shown after plate devel-
opment. Twofold serial dilutions of pooled spleen cells from RPQASGVYM peptide-
primed mice were incubated in ELISPOT plate for 36 hrs with peptide. The wells con-
tained 0.63 x 10° (A), 1.25 x 10° (B), 2.5 x 10° (C), and 5 x 10° (D) spleen cells/well.
Paired medium alone control wellsall showed fewer than 15 spots per well (not shown).
All results shown were from the same pool of spleen cells.
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10.

11.
12.

. Hick plate to remove the bulk of cells and medium. Fill the wells with wash buffer

and aspirate.

Repeat step 2 three times.

After the final wash flick the plate and blot upside down on absorbent paper tow-
els to remove as much liquid as possible.

Dilute the detection antibody per kit instructions and add 100 pl into each well.
Incubate at 2-8°C overnight (see Note 6).

Repeat steps 2 and 3.

Dilute the streptavidin—alkaline phosphatase conjugate per kit instructions and add
100 uL into each well. Incubate at room temperature for 2 h.

Repeat steps 2 and 3.

Add 100 uL of the BCIP/NBT Chromagen into each well and incubate undisturbed
for 1 hr at room temperature. Protect from light.

Remove the flexible plastic backing from the plate and fill the wells with deionized
water (see Note 7). Flick the plate to remove the bulk of volume.

Repeat step 10 five times.

Invert the plate and blot on absorbent paper towels to remove excess water. Sit the
plate upside down on a paper towel and allow it to dry completely at room tem-
perature. Placing the plate at 37°C for 30 min can shorten the drying time. Spots
can then be readily visualized (Figs. 1 and 2)

3.4. Evaluation of Developed Plates

Developed plates can be evaluated by either manual counting with a stereo-

scopic microscope or by automated image analysis. The first method is simple
and employs an instrument readily accessible in most laboratories. However, it
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Fig. 2. Addition of feeder cells increases the sensitivity of ELISPOT assay. Pooled
spleen cells from TPHPARIGL peptide-primed mice plated at 0.63 x 10° cellswell
were incubated in ELISPOT for 36 h in the medium or in the presence of peptide with
or without the addition of 5 x 10° feeder cells/well. Plates were developed and spots
quantified by automated digital image analysis. Responses are reported as antigen-spe-
cific (peptide-medium control) SFC/10% immune spleen cells.

is time-consuming, subjective, and under-reports values at high spot frequen-
cies per membrane. Automated measurement is rapid, accurate, and permits
high throughput evaluation of many plates.

3.4.1. Stereomicroscopic Counting of Spots

1. Place the dried plate atop a soft paper towel on the stage of the stereomicro-
scope adjusted to 25X magnification. If microscope lacks an integral light
source, membranes can be illuminated using a fluorescent lamp with a flexible
stalk.

2. View the ConA-stimulated wells with clearly evident spots to optimize illumina
tion and focus.

3. Count and record the spots. A hand-held push button counter is convenient for
this step. Each membrane should be counted in duplicate. Gray-to-black spots
will vary somewhat in size and in intensity. However, spots produced by
cytokine-secreting cells will appear round with fuzzy or diffuse edges and will
show decreasing staining intensity from their center to their periphery. Spots
often show asymmetric distribution across the membrane and may abut or over-
lay each other (see Figs. 1 and 2). Staining artifacts may be seen, particularly with
high cell input numbers per well (see Note 8). Plate background control wells
should be relatively free of spots.
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3.4.2. Automated Evaluation of ELISPOT

A variety of automated ELISPOT digital quantification systems as well as
commercial optical analysis services are available. Here, quantification of
ELISPOT plates performed done using a computer-assisted ImageHub plate
reader by a contract service (microanalysis@tcinternet.net; see Note 9). The
resulting spot counts were provided in Excel spreadsheet format. High-resolu-
tion photographs of individual membranes were captured and stored as TIFF
image files (Figs. 1 and 2). Membranes also were removed and affixed to a
transparent adhesive backing for compact storage.

3.4.3. Reporting ELISPOT Data

ELISPOT results are commonly reported as | FN-y spot-forming cells (SFCs)
per 106 input cells. The number of antigen-specific cells is calculated as the
spots per well obtained in the presence of antigen stimulation minus the spots
per well obtained in the unstimulated control. A specific response is demon-
strated when (1) IFN-y secretion is detected in response to ConA stimulation;
(2) the frequency of SFC detected in presence of antigen is at least two times
the frequency of SFC detected in the absence of antigen; and (3) a titratable
response is obtained with seridly diluted effector cells. When testing serial
dilutions of an immune splenocyte population, we report the highest value
guantified as the specific response (see Note 10).

4. Notes

1. Screen mesh filtration of splenocytes prior to plating is essentia for preventing
macroscopic staining artifacts on membranes.

2. Ready-to-use ELISPOT kits can be purchased from multiple sources. Those who
find ready-to-use kits unsuitable for their needs can refer to detailed protocols for
preparing murine IFN-y ELISPOT from individual component reagents (20,21).

3. Triplicate wells were plated here to demonstrate the interwell variability associated
with the assay, which generally ranges from negligible up to 15-20% (see Fig. 3).
As a practice we use duplicate wells when evaluating splenocyte/test combinations.

4. In our assays fina DM SO concentrations up to 0.5% showed no statistically sig-
nificant effect on the either antigen-specific or antigen-independent (background)
IFN-y secretion. A 20 mg/mL nonapeptide stock diluted to 10> M (approx 10
png/mL) final concentration in ELISPOT assay yields a final DM SO concentration
of 0.05%. Although experimental design would call for inclusion of DMSO in con-
trols at the same concentration as in peptide wells, operationaly it is unnecessary
in this system.

5. A commonly cited incubation time is 24 h, which may be based more on opera
tional convenience than biologic mechanism. Power et al. (19) reported that murine
IFN-y ELISPOT results obtained with cell-antigen incubation times of 8 and 24 h
yielded essential equivalent spot frequencies. |FN-y secretion by primed murine
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Fig. 3. ELISPOT measurement of antigen-specific CD8* T-cells as afunction of cell
plating density. Twofold serial dilutions of pooled spleen cells from mice immunized
with either RPQASGVYM (A,B) or TPHPARIGL (C,D) were incubated for 36 h in
ELISPOT with either medium (open circle) or peptide (black triangle) and the plates
were devel oped. Spots were quantified by automated digital image analysis. The corre-
lation between the splenocytes plated (x-axis) versus the number of spots counted (y-
axis) is shown (A,C). The frequency of SFC/106 spleen cells determined for each dilu-
tion plated is shown (B,D). Each bar represents the mean + standard deviation for three
replicate wells. Results shown for each individual immune spleen cell population were
from the same pool of spleen cells.

CD8* T-cells is detected by intracellular cytokine staining 6-8 h after antigenic
stimulation (22). Although the optimal incubation time should be experimentally
determined for each system, 24 h should be sufficient in most cases.

6. The R&D Systems kit instructions specify an overnight incubation. Equally good
results are obtained by performing the detection antibody incubation for 2 h at
room temperature on an orbital rotator (250 RPM). This shorter incubation time
enables assay harvest and complete plate development on the same day.

7. Developed plates will occasionally show a diffuse peripheral darkening of the
membranes that hampers visual discrimination of spots. Removal of the flexible
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10.

plastic backing from the plate prior to washing out the BCIP/NBT Chromagen
solution can help reduce this occurrence.

Staining artifacts include small flakes of particulate Chromagen, generalized dark-
ening of membranes, and small punctate spots of low color intensity. We find that
background generally increases with longer assay incubation times and with high-
er cell input numbers. A simple measure to minimize background is to thoroughly
wash the plate between all incubations steps and at completion of the BCIP/NBT
Chromagen incubation.

When spot density is high (approx >100/well) discrimination of spots with the
stereomicroscope becomes difficult and automated digital analysis is required to
accurately quantify ELISPOT results.

Criteria for what constitutes an objective “positive” response are investigator-
defined and vary depending of the experimental system. We designate a specific
response of >30 SFC/10° splenocytes as positive. The criteria used in here essen-
tially correspond with those proposed for assessing IFN-y ELISPOT results from
human PBMC stimulated with recall antigens (23).
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Detection of Measles Virus-Specific
Interferon-y-Secreting T-Cells by ELISPOT

Jenna E. Ryan, Inna G. Ovsyannikova, and Gregory A. Poland

Summary

The enzyme-linked immunospot (ELISPOT) assay is a highly sensitive tool used to measure
the frequency of antigen-specific T-cellsin vitro. Among its many applications, this assay is use-
ful for the characterization of cellular immune responses after immunization against measles and
other viral pathogens. A description of the measles virus-specific interferon (IFN)-y ELISPOT
assay optimized in our laboratory is described in detail in this chapter. Procedures for the prepa-
ration of measles virus, infection of peripheral blood mononuclear cells with measles virus, and
the IFN-y ELISPOT assay are also outlined. These methods can also be broadly adapted to meas-
ure activated T-cells to other viral pathogens and/or pathogen-derived peptides. Therefore, the
ELISPOT assay can be used for the design, development, and evaluation of new vaccines.

Key Words: ELISPOT; measles virus; IFN-y; human PBMC; Vero cells; cryopreservation;
TCIDsp.

1. Introduction

Measles is the most transmissible human infectious viral agent known and
continues to be a major health problem for children in developing countries.
Measles immunization protects against the disease by inducing humoral and
cellular immunity. Because both humoral and cell-mediated immunity play
essentia roles in the immune response to meades, it is important to improve
and develop methods to evaluate both arms of the measles virus immune
response. Because of the strong immunosuppressive effects of measles and the
low precursor frequencies of measles-specific helper T-lymphocytes in periph-
eral blood, cell-mediated immune responses against measles have been partic-
ularly difficult to study. With the materialization of new technologies, assays
like enzyme-linked immunospot (ELISPOT) provide an opportunity to study
and quantitate antigen-specific T-cellsin vitro ().

From: Methods in Molecular Biology, vol. 302: Handbook of ELISPOT: Methods and Protocols
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We have optimized the use of the ELISPOT assay to determine T-cell acti-
vation in response to measles antigen through measurement of interferon
(IFN)-y secretion. This assay allows us to measure functional recall immuni-
ty, to determine the measles-specific T-cell frequency in peripheral blood
mononuclear cells (PBMCs), and to determine the Thl cytokine secretion
profile in the cells of immunized individuals. Because the number of T-cells
from individual subjects can be limited, the opportunity to monitor cytokines
at the single cell level is advantageous (2,3). Other advantages of the
ELISPOT assay include the ability to measure the functional properties of
activated T-cells, to measure the frequency of measles-specific T-cells (4),
and to directly determine the measles virus-specific T-cell frequency without
additional T-cell in vitro expansion (5). The ELISPOT assay described in this
chapter was used to monitor cellular immune responses following measles
immunization.

2. Materials

2.1. Collecting and Isolating PBMCs

1. 10 mL Sodium heparin blood collection tubes (Sherwood Medical, St. Louis, MO).

2. 15 mL Sterile polypropylene conical centrifuge tubes (BD Biosciences, San
Jose, CA).

3. 50 mL Sterile polypropylene conical centrifuge tubes (BD Biosciences).

4. 1X Phosphate-buffered saline (PBS; Roche Diagnostics Corporation, Indianapalis,
IN), prewarmed to 37°C.

5. Ficoll-Pague Plus (Amersham Biosciences, Piscataway, NJ).

6. RPMI culture medium: RPMI 1640 with 25 mM HEPES (Celox Laboratories Inc.,
St. Paul, MN), 100 U/mL penicillin—100 pg/mL streptomycin (Sigma, St. Louis,
MO), and 1 mM sodium pyruvate (Gibco Life Technologies, Gaithersburg, MD),
prewarmed to 37°C.

7. Trypan Blue (Sigma).

8. Freezing medium: RPMI 1640 with 25 mM HEPES (Celox Laboratories Inc.),
10% dimethyl sulfoxide (Sigma), and 20% fetal calf serum (FCS; Hyclone,
Logan, UT).

9. Cryogenic freezing vials (Nalge Nunc International, Rochester, NY).

2.2. Thawing of Cryopreserved PBMCs

1. 15 mL Sterile polypropylene conical centrifuge tubes.

2. RPMI culture medium supplemented with DNase: RPMI 1640 with 25 mM
HEPES (Celox Laboratories Inc.), 10% FCS (Hyclone), 10 ug/mL DNase (Sigma),
100 U/mL penicillin=100 pg/mL streptomycin (Sigma), and 1 mM sodium pyru-
vate (Gibco), prewarmed to 37°C.

3. RPMI culture medium supplemented with 0.2% bovine serum albumin (BSA):
RPMI 1640 with 256mM HEPES (Celox Laboratories Inc.), 0.2% BSA (Sigma),
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4.

100 U/mL penicillin—100 ug/mL streptomycin (Sigma), and 1 mM sodium pyru-
vate (Gibco); use at 4°C.
Trypan Blue (Sigma).

2.3. Infecting Vero Cells With the Measles Virus

1

Ok wWN

Vero cells (American Type Culture Collection [ATCC], Manassas, VA, Number
CCL-81).

75 cm? Sterile tissue culture flasks (Corning Incorporated, Corning, NY).

1X PBS (Roche Diagnostics Corporation), prewarmed to 37°C.

Measles virus Edmonston vaccine strain (ATCC, Number VR-24).

Opti-MEM | Reduced Serum Medium (Gibco).

DMEM culture medium supplemented with 5% FCS: Dulbecco’s Modified Eagle
Medium (Gibco), 5% FCS (Hyclone).

2.4. Harvesting the Measles Virus

abrwnNpE

Opti-MEM | Reduced Serum Medium (Gibco).

Cell lifters (Corning Incorporated).

15 mL Sterile polypropylene conical centrifuge tubes (BD Biosciences).
50 mL Sterile polypropylene conical centrifuge tubes (BD Biosciences).
Cryogenic tubes (Nalge Nunc International).

2.5. Preparing Control Vero Cell Lysate

Nogohk~wdpRE

Vero cells (see Subheading 2.3.).

75 cm? Sterile tissue culture flasks (Corning Incorporated).

1X PBS (Roche Diagnostics Internationa).

Opti-MEM | Reduced Serum Medium (Gibco).

15 mL Sterile polypropylene conical centrifuge tubes (BD Biosciences).
50 mL Sterile polypropylene conical centrifuge tubes (BD Biosciences).
Cryogenic tubes (Nalge Nunc International).

2.6. Titrating the Measles Virus

abrwnNpE

96-Well flat-bottom tissue culture plates (Corning Incorporated).
1.5 mL Sterile centrifuge tubes (Sarstedt Inc., Newton, NC).

Vero cells (see Subheading 2.3.).

10 uL Measles virus stock.

DMEM culture medium: DMEM (Gibco) with 5% FCS (Hyclone).

2.7. Infecting PBMCs With the Measles Virus

1
2.

3.

Human IFN-y ELISpot kit (cat. no. EL285, R&D Systems, Minneapolis, MN).
Plain RPMI culture medium: RPMI 1640 with 25 mM HEPES (Celox
Laboratories, Inc).

RPMI culture medium supplemented with 0.2% BSA: RPMI 1640 with 25 mM
HEPES (Celox Laboratories, Inc.), 0.2% BSA (Sigma), 100 U/mL penicillin-100
pg/mL streptomycin (Sigma), and 1 mM sodium pyruvate (Gibco); use at 4°C.
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4. Measles virus, multiplicity of infection (MQOI) of 0.5, diluted in RPMI culture
medium with 0.2% BSA.

5. Vero cdl lysate (MOI equivalent of 0.5) diluted in RPMI culture medium with
0.2% BSA.

6. Phytohemagglutinin-P (PHA-P) (Sigma) diluted to 20 pg/mL in RPMI culture
medium with 0.2% BSA.

7. RPMI culture medium with 20% pooled human AB serum: RPMI 1640 with 25
mM HEPES (Celox Laboratories, Inc.), 20% pooled human AB serum (PEL-
FREEZ Clinical Systems, LLC, Brown Deer, WI), 100 U/mL penicillin-100 pg/mL
streptocmycin (Sigma), and 1mM sodium pyruvate (Gibco).

2.8. Detecting Measles Virus-Specific IFN-y-Secreting T-Cells
by ELISPOT

1. Human IFN-y ELI1Spot kit (cat. no. EL285, R& D Systems).
2. Dissecting microscope or automated ELISPOT reader.

3. Methods

The following methods describe (1) collecting and isolating PBMCs; (2)
thawing of cryopreserved PBMCs; (3) infecting Vero cells with measles virus;
(4) harvesting meadles virus; (5) preparing control Vero cell lysate; (6) titrating
measles virus; (7) infecting PBMCs with measles virus, and (8) detecting
measl es virus-specific |FN-y-secreting T-cells by ELISPOT.

3.1. Collecting and Isolating PBMCs

1. Collect 10 mL of whole blood into a 10-mL heparinized blood collection tube (see
Note 1).
Invert the tube of blood gently five to six times to ensure thorough mixing of cells.
Add the 10 mL of whole blood to one 50-mL conical tube.
Dilute the blood 1:1 with 1X PBS prewarmed to 37°C.
Mix the diluted blood five to six times by gently inverting the tube.
Transfer 10 mL of the blood/PBS mixture to two 15-mL conical tubes.
Place a Pasteur pipet into each conical tube and pipet 3.2 mL of Ficoll into the
Pasteur pipet so that it slowly drains into the blood/PBS mixture.
8. Centrifuge the conical tubes at 900g for 30 min at room temperature with the cen-
trifuge brake off.
9. Remove the PBMC layer with a Pasteur pipet into one 50-mL conical tube con-
taining 10 mL of prewarmed (37°C) RPMI 1640 culture medium. Ensure that no
red blood cells are transferred with the lymphocytes (see Note 2).
10. Adjust the volume to 50 mL with RPMI 1640 culture medium and wash the cells
by gently inverting the tube four to five times.
11. Pellet the cells by centrifugation at 500g for 10 min at room temperature with the
brake on.
12. Agpirate the supernatant without disturbing the pellet.

NooA~MWN
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13.

14.
15.

16.

17.

18.

19.
20.

21.

22.

Resuspend the cell pellet from one donor in 5 mL of plain RPMI 1640 culture
medium.

Adjust the volume to 50 mL with plain RPMI 1640 culture medium.

Mix thoroughly by inverting the conical tube to form a single cell suspension,
ensuring that there are no clumps of cells before counting.

Add 25 uL of cell suspension, 75 pL of trypan blue, and 400 uL of plain RPMI
culture medium to a small tube. Mix thoroughly.

Determine cell number and viability with a hemacytometer and calculate cell con-
centration (see Note 3).

Pellet the cells by centrifugation at 500g for 10 min at room temperature with the
brake on.

Adjust the cells to a concentration of 1 x 107 cells/mL with freezing medium.
Aliquot the cell suspension into prelabeled cryogenic freezing tubes in 1-mL
aliquots.

Place the cryogenic freezing tubes into a controlled-rate freezing container. Place
freezing container in —80°C freezer overnight.

Transfer the cryogenic freezing tubes to a liquid nitrogen storage tank for long-
term storage (see Note 4).

3.2. Thawing of Cryopreserved PBMCs

The use of cryopreserved PBMCs in the ELISPOT assay alows for the

analysis of alarge number of individuals at one time while minimizing the vari-
ation associated with multiple assays. Previous studies have shown that cryop-
reserved PBMCs can be used in the ELISPOT assay without compromising
their ability to secrete cytokines (6-8).

1

2.

©

10.

Remove one vial of PBMCs (cell concentration of 1 x 107 cells/mL) for each sam-
ple from the liquid nitrogen storage tank.

Rapidly thaw PBMCs by swirling cryogenic freezing via in a 37°C water bath
until a small amount of ice remains.

Disinfect the outer surface of the vial with 70% ethanol.

Transfer the cells slowly with a 5-mL pipet to a 15-mL polypropylene conical tube
without introducing air bubbles.

Add 100 uL of RPMI culture medium with DNase to the cryogenic freezing tube
to rinse out any remaining cells and transfer to the 15 mL conical tube containing
the cells (see Note 5).

Wait 1 min, then double the amount of medium (200 uL) added to the conical tube
in a dropwise manner. Gently shake the conical tube to mix the contents.
Continue doubling the amount of medium every minute until cellsreach afinal vol-
ume of 10 mL.

Centrifuge at 500g for 7 min at room temperature to pellet the cells.

Aspirate the supernatant and resuspend the cell pellet in 100 uL of RPMI culture
medium with DNase by gently tapping the side of the conical tube (see Note 6).
Adjust the volume to 10 mL with RPMI culture medium containing DNase.
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11. Incubate in a 37°C water bath for 20 min with intermittent inverting of tube (see
Note 7).

12. Cool the tube of cellsonicefor 5to 7 min.

13. Centrifuge at 5009 for 7 min at 4°C to pellet the céells.

14. Aspirate the supernatant and resuspend the cell pellet in 1.6 mL of RPMI culture
medium containing 0.2% BSA by gently tapping the bottom of the conical tube
(see Note 6). Keep the cellsonice.

15. Add 25 pL of the cell suspension, 75 L of trypan blue, and 400 uL of plain RPMI
culture medium to a small tube. Mix thoroughly.

16. Determine cell number and viability with a hemacytometer and calculate cell con-
centration (see Note 3).

17. Resuspend the cellsto afinal concentration of 2x108 cells/mL with the addition of
cold (4°C) RPMI 1640 culture medium containing 0.2% BSA.

18. Keep the cells on ice until the time of plating.

3.3. Infecting Vero Cells With the Measles Virus
The meadles virus stocks should be prepared in advance and stored at —-80°C.

1. Seed 1.5 x 106 Vero cellsin DMEM culture medium containing 5% FCS into each
of eight 75-cm? tissue culture flasks.

2. Incubate the flasks at 37°C in a 5% CO, humidified incubator until 70 to 80% con-
fluent (approx 3to 4 d).

3. Agpirate off the growth medium.

4. Wash the cellswith 5 mL of 1X PBS, prewarmed to 37°C.

5. Infect the Vero cells with 3 mL of measles virus (Edmonston vaccine strain) at a
MOI of 0.05-0.1 in Opti-MEM | Reduced Serum Medium per sterile flask (see
Note 8). Ensure that the cells are completely covered with medium.

6. Incubate the flasks with measles-infected Vero cells at 37°C in a 5% CO, humidi-

fied incubator for a minimum of 2 h and a maximum of 4 h.

Remove the measles virus inoculum by aspiration.

Add 10 mL of DMEM culture medium containing 5% FCS to each flask.

9. Grow themeaslesvirusat 37°C in a5% CO, humidified incubator for 24-36 h until
the cells have formed into an approx 80-90% syncytia. Observe for cytopathic
effect both in the morning and afternoon. Increase observation frequency as cells
near syncytia.

o N

3.4. Harvesting the Measles Virus

Remove the tissue culture flasks from the incubator and aspirate off medium.

Add 0.1 mL of Opti-MEM | Reduced Serum Medium to each 75-cm? flask.
Scrape the cells from the flask surface using a sterile cell lifter.

Pool the cells from each flask into a sterile 15-mL conical tube. Do not add more
than 6 mL of the cell mixture per conical tube because this will affect the
freeze/thaw efficiency.

5. Freeze the conical tubesin liquid N, or at —-80°C (see Note 9).

AN o
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6. Thaw in a37°C water bath by swirling until the cell mixture has just melted.

7. Repeat the above freeze-thaw cycle one time.

8. Centrifuge at 500g for 10 min at 4°C to pellet the cell debris.

9. Remove the supernatant from each conical tube and pool into one 50-mL conical tube.
10. Mix thoroughly by pipetting without creating air bubbles (see Note 10).
11. Aliquot 20 uL of the measles virus preparation to a cryogenic tube for titration.
12. Transfer the remaining measles virus preparation into prelabeled cryogenic freez-

ing tubes in 0.3-mL aliquots.

13. Freeze the measles virus stocks at —80°C.

3.5. Preparing Control Vero Cell Lysate

1. Seed 1.5 x 108 Vero cellsin DMEM medium containing 5% FCS into each of eight
75-cm? tissue culture flasks.

2. Incubate the flasks at 37°C in a 5% CO, humidified incubator until cells are 100%

confluent.

Aspirate off the growth medium.

Wash the cellswith 5 mL of sterile 1X PBS, prewarmed to 37°C.

Add 0.1 mL of Opti-MEM | Reduced Serum Medium to each 75-cm? flask.

Scrape the cells from the flask surface using a sterile cell lifter.

Pool the cells from each flask into a sterile 15-mL conical tube. Do not add more

than 6 mL of the cell mixture per conical tube because this will affect freeze/thaw

efficiency.

8. Freeze the conical tubesin liquid N, or at —-80°C (see Note 9).
9. Agitate the conical tubesin a37°C water bath by swirling until the cell mixture has

just melted.

10. Repeat the above freeze/thaw cycle one time.

11. Centrifuge at 500g for 10 min at 4°C to pellet the cell debris.

12. Remove the supernatant from each centrifuge tube and pool into one 50-mL coni-
cal tube. Mix thoroughly.

13. Transfer the Vero cell lysate into prelabeled cryogenic freezing tubes in 0.3 mL
aliquots.

14. Freeze the Vero cell lysate stocks in either liquid nitrogen or at —80°C.

No ok~ w

3.6. Titrating the Measles Virus

This method uses the Spearman-Karber method of 50% tissue culture infec-
tive dose (TCIDs) titration (9,10). Meadles is areplicating virus and syncytia
and cytopathic effect are visible on Vero cells after infection. The TCIDsg rep-
resents the virus dose that gives rise to the cytopathic effect in 50% of the
measles virus-infected Vero cells.

1. The day before titration of the measles virus, seed 1.4 x 10° Vero cellgmL in
DMEM culture medium containing 5% FCS (50 pL/well) in a 96 well flat-bottom
tissue culture plate. This assay requires one row (eight wells) per virus dilution to
titrate the virus stock and one row for the control.
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10.

11.

Remove the cryogenic freezing tube from —80°C containing 20 uL of the measles
virus stock (from step 11 in Subheading 3.4.) and thaw on ice. Mix the virus stock
thoroughly. Keep the virus stock on ice until ready to use.

Label seven 1.5-mL sterile centrifuge tubes from 10-2 through 10-8.

Use 10 uL of the measles virus stock and make a 1:100 dilution of the virusin
DMEM culture medium containing 5% FCS in atotal volume of 1 mL. Mix thor-
oughly.

Prepare 10-fold serial dilutions of the measles virus by transferring 100 pL of the
initial dilution (step 4) into 900 uL of DMEM containing 5% FCS. Mix thorough-
ly. Continue making 10-fold serial dilutions by transferring 100 uL of the previous
dilution to the next dilution. Use a new pipet tip for the preparation of each dilu-
tion. Keep all tubes on ice.

Transfer 50 uL of each virus dilution to each well within a row of cells on the
microtiter plate (use eight wells/virus dilution).

Transfer 50 uL of DMEM culture medium containing 5% FCS to each of the eight
control wells.

Incubate the microtiter plate at 37°C in a 5% CO, humidified incubator. Examine
the cells under a dissecting microscope after 4 d for syncytia formation.

Note how many wells possess syncytia formation (i.e., 8/8, 6/8, etc.).

Calculate the virus titer using the following formula (see Note 11):

Logio (TCIDsg/mL) =L +d (s—0.5) + logyg (V)

Where L = negative log;o of the most concentrated virus dilution tested in which
all wells are positive; d = log; of dilution factor; s= sum of individual proportions;
and v= volume of inoculum (mL/well).

Once TCIDsy/mL is determined, multiply by 0.7 to obtain PFU/mL.

3.7. Infecting PBMCs With the Measles Virus

1

Thirty minutes before adding the cells, add 200 pL of plain RPMI culture medium
to all wells of a PVDF-backed microtiter plate pre-coated by the manufacturer
(R&D Systems) with monoclonal anti-human IFN-y.

Completely remove medium from all wells by aspiration and pat plate until dry on
a paper towel.

Add 100 pL of the cell suspension to each of seven wells. Final concentration is 2
x 10° cells/well (see Note 12).

Thaw the meadles virus and the Vero cell lysate under a cool stream of water,
immediately dilute with cold (4°C) RPMI 1640 culture medium containing 0.2%
BSA to aMOI of 0.5 (see Notes 13 and 14).

. Add 50 pL of the measles virus (MOI 0.5) or Vero cell lysate (MOI equivaent of

0.5) to each of the triplicate wells.

Add 50 pL of PHA-P to one well to serve as positive control. Final concentration
of PHA-Pin each well is5 ug/mL.

Cover plate with aluminum foil and incubate for 2 h at 37°C in a 5% CO, humid-
ified incubator (see Note 15).
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8. Add 50 pL of RPMI culture medium containing 20% pooled human AB serum to
each well (see Note 16).
9. Incubatethe plate for 42 h at 37°C in a 5% CO, humidified incubator (see Note 17).

3.8. Detecting Measles Virus-Specific IFN-y-Secreting
T-Cells Using ELISPOT

The ELISPOT assay for detection of measles virus-specific |FN-y-secreting
T-cells is performed using a commercially available kit (Human IFN-y
ELISpot, R&D Systems) following the manufacturer’s protocol and is briefly
outlined in the next section. After development of the ELISPOT plate, the
number of |FN-y-secreting cells is determined with the aid of either a dissect-
ing microscope or an automated EL1SPOT reader. However, even with the use
of an automated reader, enumeration of the plate involves a degree of subjec-
tivity as the minimum and maximum spot size detected, intensity of the color
of the spot detected, and the background balance are all parameters defined by
the user (11).

1. Asgpirate the wells to remove the cell suspension.

2. Wash the plate four times and pat plate on paper towel until dry.

3. Add 100 pL of diluted biotinylated polyclonal human IFN-y to each well. Incubate
at 4°C overnight.

4. Remove the antibody by aspiration. Wash the plate four times and pat on paper
towel until dry.

5. Add 100 pL of diluted streptavidin conjugated to alkaline phosphatase to each
well. Incubate for 2 h at room temperature.

6. Remove the conjugate by aspiration and wash plate four times, pat on paper towel
until dry.

7. Add 100 pL of BCIP/NBT chromogen to each well. Incubate for 1 hour a room
temperature in the dark (see Note 18).

8. Remove the chromogen solution from each well and rinse microtiter plate with
deionized water.

9. Allow the plate to dry completely before determining the number of |FN-y-secret-
ing cells using either a dissecting microscope or an automated ELISPOT reader.

The sensitivity of the described ELISPOT assay in our laboratory isthe detec-
tion of an average of 15 meades virus-specific |FN-y-secreting cells/2 x 10°
PBMCs (the range of responses was between 1 and 99 spots).

4. Notes

1. Keep the tubes of whole blood at room temperature until use. |solate PBM Cs with-
in 2 h of collection.

2. The addition of plain RPMI 1640 culture medium prevents the cells from sticking
to the bottom and sides of the 50-mL conical tube when transferred. Remove the
entire interface with a minimum amount of Ficoll contamination.
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12.

13.

14.

15.

16.

17.

18.

Cdll concentration (number of cells/mL) = average cell count per square x dilution
factor x 104,

While transferring the cryogenic tubes to liquid nitrogen storage tank, place on dry
ice to ensure that cells do not begin to thaw.

DNase is added to the culture medium to prevent clumping of cells.

Do not pipet the cells up and down to resuspend.

Invert the conical tube several times every 5 min to mix the cell suspension.

The stock of the measles virus inoculum should be at least 1 x 107 virus particles.
Freeze the conical tubes overnight if freezing at —-80°C before proceeding. The con-
ical tubes must be cryosafe if freezing in liquid nitrogen.

The presence of air bubbles will inactivate the measles virus.

. Example calculation of TCIDgo/mL

Number of wells with syncytia formation at each dilution of virus:

1028/8 1038/8 1048/8 10°8/8 10°6/8 107 2/8 1080/8

L=5

D =log,o(10) =1

s=8/8+6/8+2/8=2

v=.05mL, I/v=1.05mL = 20, logso (20) = 1.3

log1o (TCIDsy/mL) =5 + (2-0.5) + 1.3 = 6.3 x 107

To calculate PFU/mL, multiply by 0.7, a coefficient calculated from the Poisson

distribution.

6.3 x 107(0.7) = 4.4 x 107 PFU/mL
Mix the cells before adding to each well to ensure a uniform cell suspension. The
cells should be plated previously at various concentrations to determine the opti-
mal cell concentration to use in the assay.
Do not freeze-thaw the measles virus multiple times as this destroys virus activity.
Immediately after thawing, dilute the virusin cold RPMI culture medium contain-
ing 0.2% BSA. Keep the virus on ice until use.
TheVero cell lysate is prepared from the same number of Vero cells asthe cellsthat
are infected with measles virus; therefore, it is assumed that the Vero cell lysate
would have an equivalent number of particles/mL. MOI = number of virus parti-
cles/number of cells.
Covering the plates with aluminum foil reduces well-to-well variability, as previ-
ously reported (12).
It isimportant to test several different lots of human AB serum to ensure that there
is no background reactivity.
Place the ELISPOT plates in a separate incubator to ensure that cells do not move
during the incubation, which could create artificial spots.
If background is a problem, reduce the length of incubation with the chromogen
solution to 30 min.
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Epitope Mapping in Multiple Sclerosis
Using the ELISPOT Assay

Clara M. Pelfrey and loana R. Moldovan

Summary

Multiple sclerosis (MS) is thought to be an autoimmune disease in which an unknown trigger
initiates an immune response against brain proteins. This autoaggressive response causes the
breakdown of the myelin sheaths that protect nerve axons, leading to impaired nerve conduction
and subsequent neurodegeneration that are characteristic of MS. Many studies have attempted to
determine the exact target within the brain. However, there appear to be multiple targets, which
may change over time. No single study has examined all targets nor looked at how they can
change over the course of the disease and whether these changes are related to the course of dis-
ease. We have approached this by using the single-cell resolution capability of the enzyme-linked
immunospot assay to examine cytokine reactivity in MS patients in response to a very large set
of overlapping peptides that span the two major proteins of myelin: myelin basic protein and pro-
teolipid protein. Our goa was to use the enzyme-linked immunospot assay to perform compre-
hensive epitope mapping in relapsing-remitting M S patientsin alongitudinal study to help define
the role of myelin responses in disease progression.

Key Words: Multiple sclerosis; MS; myelin basic protein; proteolipid protein; cytokines; lon-
gitudinal study; ELISPQOT.

1. Introduction

Multiple sclerosis (MS) is a chronic demyelinating disease, characterized by
inflammatory infiltrates of mononuclear cells in the centra nervous system
(CNS). Relapsing-remitting (RR) MS is defined by a succession of clinical
relapses and remissions. Although the etiology and pathogenesis of MS are not
fully elucidated, extensive documentation suggests a role for autoimmune cells
(1,2). Myelin proteins, such as myelin basic protein (MBP), proteolipid protein
(PLP), and myelin oligodendrocyte glycoprotein are considered candidate
autoantigens in MS (3-5). Identifying and quantifying autoimmune responses

From: Methods in Molecular Biology, vol. 302: Handbook of ELISPOT: Methods and Protocols
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in MS has been difficult in the past because of the low frequency of autoanti-
gen-specific T-cells, the high number of putative determinants on the autoanti-
gens, and the different cytokine signatures of the autoreactive T-cells. An added
difficulty includes the chronic myelin damage in the CNS, which releases new
epitopes over time, leading to sequential activation of different myelin compo-
nents, a process referred to as “epitope spreading” (6-8). A clear link between
epitope spreading, as measured by longitudinal myelin-induced cytokine
responses, and MS disease progression is still lacking. Here, we describe a
method of using the enzyme-linked immunospot (ELISPOT) assay to perform
comprehensive epitope mapping in RRMS patients to help define the role of
myelin responses in disease progression.

The ELISPOT assay is a solid-phase enzyme linked immunosorbent assay
in which cells are stimulated to secrete cytokines. The cytokines are captured
on a membrane using anticytokine monoclonal antibodies and detected using
cytokine-specific detection antibodies and a chromogenic substrate.
Advantages of the ELISPOT assay include: (1) it can be performed without
knowing the major histocompatibility complex restriction element for an anti-
gen response and (2) it is ideally suited for peptide mapping and determina-
tions of very low frequency antigen-specific T-cells (range of 1:10,000 to
1:1,000,000) that are undetectable by other cytokine detection methods, such
as intracytoplasmic staining (9). With the development of automated imaging
and analysis, the ELISPOT assay is now feasible and extremely useful for
peptide mapping.

To define the role of myelin responses in MS disease progression, in our
initial studies we used a PLP peptide library consisting of single amino acid
overlapping 9-amino-acid-length peptides. Peptides of this length can bind
directly on the cell surface to major histocompatibility complex class | and
class Il molecules of antigen-presenting cells where they can stimulate pep-
tide-specific T-cells (10). This approach reveals the total PL P-specific T-cell
pooal, its fine specificity and the overall clonal sizes of the PLP-peptide reac-
tive repertoire.

Findings from studies using a select number of synthetic PLP peptide anti-
gens in proliferation assays indicate that T-cell responses to a heterogeneous
array of PLP determinants occur in MS patients (7,11-13). Similarly, longitu-
dinal analysis of selected myelin protein or peptide responses in MS suggest
that chronic immune sensitization to myelin determinants leads to acquired
immunity to new self-antigens (14-17). Whereas previous studies focused on
the response to whole antigens or just a few selected peptides (18), we have
examined reactivity using peptides spanning the entire PLP molecule and, more
recently, we have expanded our analysis to include peptides spanning the entire
MBP molecule and al itsisoforms (21.5 kDa, 18.5 kDa, and 17.2 kDa).
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Our goal was to assess the reactivity to PLP and MBPin RRMS patients and
healthy controls, and to link myelin-specific reactivity to disease activity, dis-
ability, and progression. Disease activity was measured by relapses and
gadolinium-enhancing lesions on magnetic resonance imaging (MRI).
Disability was assessed by the Multiple Sclerosis Functional Composite
(MSFC), anew clinical disability measure recommended by atask force of the
National Multiple Sclerosis Society. The MSFC consists of timed tests of walk-
ing, arm function, and cognitive function, expressed as a single score along a
continuous scale (19). Disease progression was assessed by examining changes
in the MSFC over time and the change in brain atrophy by MRI (19-22).

Inour initial studieslooking at PLP reactivity, we observed very broad epi-
tope recognition in individual patients that was scattered throughout the PLP
molecule, showing considerable heterogeneity among M S patients. Frequency
measurements showed that the number of PLP peptide-specific interferon
(IFN)-y-producing cells were many times higher in MS patients than in con-
trols, whereas PLP-peptide induced interleukin (IL)-5-producing T-cells
occurred in very low frequencies both in MS patients and controls. This first
comprehensive assessment of the anti-PLP-Th1/Th2 responsein MS showed a
greatly increased Thl effector cell massin MS patients. Moreover, the highly
IFN-y-polarized, IL-5-negative cytokine profile of the PLP-reactive T-cells
suggested that these cells are committed Thl cells (23). Our follow-up studies
showed gender differences in PLP-IFN-y reactivity such that both MS and
control females showed strong Thl skewing. Th2 cytokine responses suggest-
ed that disease and gender are not independent, but rather, interact to influence
the cytokine response to myelin. These data suggested a gender bias towards
Thl responses in MS, which may contribute to the female predominance in
this disease (24). In arecent cross-sectional study, we addressed the relation-
ship between autoreactivity to myelin antigens and disease progression in MS
by comparing the MSFC with immune cytokine responses to both MBP and
PLP. M S patients showed a significant correlation between the |FN-y response
to PLP- and MBP peptides and disability. In contrast, in M S patients, there was
no correlation between the MSFC and the response to unrelated control anti-
gens or mitogens. These data showed that myelin-specific T-lymphocytes
secreting the inflammatory cytokine IFN-y correlate with functional impair-
ment in MS, supporting an antigen-specific link between the immune response
to myelin and disability in MS (25). In our current studies we examine longi-
tudinal cytokine responses to PLP and MBP. Our studies show that the tem-
poral evolution of the immune response to self-antigens in MS is more com-
plex than previously expected. Myelin epitope mapping reveals protein-wide
bursts of recurrent cytokine responses, which appear to be more strongly asso-
ciated with MRI activity than with clinical activity in MS (Moldovan et al.,
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unpublished results). By observing both HLA class| and |1 responses, our cur-
rent studies reveal the extremely dynamic nature of the anti-myelin cytokine
reactivity in the disease, which has direct bearing on the development of
emerging therapies for MS.

In summary, this chapter describes our methods for performing myelin pep-
tide mapping using the ELISPOT assay to assess both cross-sectional and lon-
gitudinal cytokine responses in RRMS patients and to correlate the cytokine
responses with various measures of disease activity and progression.

2. Materials

1. ELISPOT plates (UNIFILTER, low volume no. 7770-0052, regular volume no.
7770-0006, Whatman, Clifton, NJ).

2. ImmunoSpot Series 3 and ImmunoSpot Satellite analyzer (Cellular Technology
Ltd., Cleveland, OH) or comparable image analysis equipment and software.

3. Streptavidin-horseradish peroxidase (HRP; DakoCytomation, Carpenteria, CA).

4. Bovine serum albumin (BSA), fraction V, low endotoxin (Sigma, cat. no. A-1933,
St. Louis, MO).

5. Primary or capture monoclona antibodies: anti-IFN-y (Endogen, cat. no. M-700A,
Woburn, MA), anti-1L-2 (BD-Pharmingen, cat. no. 555051, San Diego, CA), anti-
IL-5 (eBioscience, cat. no. 14-7052-85, San Diego, CA), anti-tumor necrosis fac-
tor (TNF)-a (BD-Pharmingen, cat. no. 554508), anti-1L-10 (eBioscience cat. no.
14-7108-85; see Note 1).

6. Secondary or detecting biotinylated monoclonal antibodies: anti-IFN-y (Endogen,

cat. no. M-701-B), anti-IL-2 (BD-Pharmingen, cat. no. 555040), anti-IL-5

(eBioscience, cat. no. 13-7059-85), anti-TNF-o (BD-Pharmingen, cat. no.

554511), anti-IL-10 (eBioscience, cat. no. 14-7109-85; see Note 1).

3-Amino-9-ethylcarbazole, C14H14N> (AEC) powder (Sigma, cat. no. A-5754).

8. Dimethyl formamide (cat. no. 61032-1000, Fisher/ACROS Chemical, Fair Lawn,
NJ).
9. 30% H,0..

10. Tween 20 (polyoxyetylene 20-sorbitan monolaurate).

11. Lymphocyte separation media (LSM) for density gradient separation of lympho-
cytes (Mediatech, cat. no. 25-072-CV, Herndon, VA).

12. RPMI 1640.

13. Dulbecco’s phosphate-buffered saline (dPBS).

14. Antibiotic/antimycotic (Mediatech, cat. no. 30-004-Cl).

15. Na-pyruvate, 100 mM (Mediatech, cat. no. 25-000-Cl).

16. Non-essential amino acids, 100X (Mediatech, cat. no. 25-025-Cl).

17. 2 mM L-glutamine (Mediatech).

18. 10% newborn bovine serum (GibcoBRL).

19. Marsh Plates, 96-well polypropylene (Marsh, cat. no. AB-0796). Heatseal film
(Marsh, cat. no. AB 0745). Combi Thermo-Sealer (Marsh BioProducts,
http://www.marshbio.com/).

20. Sealing mat (Costar, cat. no. 3003, Corning, NY).

~


http://www.marshbio.com/

Epitope Mapping in MS 223

21.

22.

23.
24.
25.

26.

27.

28.
29.

30.
31.

32.
33.

35.

Millicup, hydrophilic LCR polytetrafluoroethylene, 0.45-um filters (Millipore,
Billerica, MA).

Control antigens/mitogens: Tetanus toxoid (Cylex); Diptheria toxoid (Aventis-
Pasteur, King of Prussia, PA); Streptokinase (Aventis ); Candida extract (Hollister
Steer, Spokane, WA); human myelin basic protein (Advanced Immunotech,
Westbrook, ME); and PHA-P (L-9017, Sigma). Because native PLP is extremely
hydrophobic, we chose to use an MBP-PLP fusion protein known as MP4, which
consists of the 21.5-kDaisoform of MBP fused to a genetically engineered form of
PLP (deltaPLP4) containing the four major hydrophilic regions of the PLP mole-
cule (kindly provided by Alexion Pharmaceuticals, New Haven, CT; refs. 26 and
27).

Low retention pipet tips (Fisher, 21-277A).

Sterile, needle-nose, polypropylene transfer pipets (Fisher).

Peptides were synthesized using the pin method and have >96% purity. Peptides
were obtained from Mimotopes (Victoria, Australia). Four hundred seventy two
synthetic peptides were used. The peptides spanned the entire PLP and MBP
molecules and were 9 amino acids long, with an offset of one amino acid (Fig.
1A). Eighty-seven 3-gal actosidase-derived 9-mer peptides were used as control
peptides, and were purchased from Mimotopes (Victoria, Australia). All of the
synthetic peptides were reconstituted in the appropriate solvent at a stock con-
centration of 280 uM (refer to Subheading 3.4. for dissolving peptides). They
were aliquoted in avolume of 100 pL/well in 96-well polypropylene plates (AB-
0796, Marsh Biomedical Products, Rochester, NY), heat-sealed with Easy Peel
Heat Sealing Foil (AB-0745, Marsh Biomedical Products), and stored at —20°C
until use.

AEC stock: AEC, 100 mg in 10 mL of dimethyl formamide in glass container
(Note: Dangerous! Use fume hood! Pipet only with glass; see Note 2).

0.1 M acetate buffer: 148 mL of 0.2 M acetic acid [11.55 mL of glacial acetic
acid/L of H,0] in 352 mL of 0.2 M sodium acetate [27.2 g/L H,Q] bringupto 1L
of H,0. Adjust pH to 5.0. (sterile filter).

30% H,0,. Aliquot and freeze at —20°C. Protect from light.

Complete medium: RPMI, 1% antibiotic/antimycotic, 2 mM L-glutamine, 25 mM
HEPES, 1% nonessential amino acids, 1 mM Na-pyruvate, 10% newborn calf
serum, or fetal calf serum. Sterile filter using 0.22-um filter.

PBS-Tween: 100 uL of Tween-20/L of PBS (0.01%; see Note 3).
PBS-Tween-BSA: 100 uL of Tween-20/L of PBS (0.01%) + 10 g of BSA fraction
V (1%) (sterile filter).

PBS-BSA: PBS + 1% BSA fraction V (sterilefilter).

1:2000 dilution of streptavidin-HRP in PBS-Tween-BSA.

Stock solution for red cell lysis. Solution A: 0.16 M NH4CI (8.3 g/liter) 0.17 M
Tris, pH 7.65. (Dissolve 20.6 g of Tris base in 900 mL of water, adjust to pH 7.65
with HCI.) Solution B: Make up to 1000 mL.

Working solution for red cell lysis: 180 mL of 0.16 M NH4Cl and 20 mL of 0.17
M Tris-HCI, pH 7.65. Adjust to pH 7.2 with HCI. Filter with a 0.22-um filter. Store
at room temperature.
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Fig. 1. Determinant mapping of PLP with 9 amino acid length overlapping peptides
using the ELISPOT assay. (A) Schematic representation of determinant mapping with
overlapping peptides. The amino acid sequence of the protein (PLP) is shown on the
top. The 9-mer peptides progress along the molecule one amino acid at atime. Thereby,
all conceivable determinants are utilized for Class | or Class |1 binding, and any pep-
tides that bind can activate T-cells. Therefore the complete in vivo primed T-cell reper-
toire specific for an antigen can be assessed. (B) IFN-y response to multiple adjacent
PLP peptides in an MS patient. Each bar represents the number of spots (i.e., IFN-y-
positive cells) obtained per PL P peptide-stimulated well. Numbers at the top of each bar
are stimulation indices above the media control. The horizontal line represents the mean
+ 33D of the media control well to demonstrate which wells gave significant respons-
es (marked with asterisks). Thus, three adjacent PLP peptides constitute this “ positive
epitope”’: PLP 43-51, 44-52, and 45-53. (C) Close-up view of individual ELISPOT
wellsfrom the analysisin (B). The mediawell is shown on the left and the highest IFN-
v-positive well, PLP 45-53, is shown on the right. (Reproduced from ref. 23 with per-
mission from The American Association of Immunologists, Inc.)
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36. Solutions for dissolving 9-mer peptides (use letter designations):

37.

3.
3.

(8) 0.1% acetic acid/H,O (make fresh)

(b) 100% acetic acid

(c) 0.1 M HEPES, pH 7.4

(d) acetonitrile, HPLC grade (Sigma)

(e) 0.1% NH4OH (make fresh)

(f) 10% NH4OH (make fresh)

Study Subjects: Twenty patients with clinically definite relapsing-remitting MS
and 27 age- and sex-matched controls. Eighty milliliters of blood was collected in
sodium heparin for separation of peripheral blood mononuclear cells (PBMCs). At
the time of the clinical visit, study subjects were assigned a MSFC score and an
Expanded Disability Status Scale score and underwent MRI scans from which
lesion number and whole brain atrophy were determined. The patients were either
untreated, or on IFN-Bla treatment. All subjects were tested five times (approx
every 3 mo) during a 1-yr time span.

Methods
1. Preparation of ELISPOT Plates and Adding

of Human PBMCs (Sterile Steps)

1

[CSIN\V)

4

5

. Coating: sterile PBS + coating (capture) mAb 100ml/well, overnight at 4°C, cov-
ered with plastic wrap (see Notes 4 and 5).

. Wash: (Sterile) three times with 200 pL/well PBS (see Note 6).

. Blocking: (Sterile) Plates are blocked to prevent non-specific binding of proteins.
Add 150 uL PBS + 1% BSA fraction V for aminimum of 2 h at room temperature,
or overnight at 4°C (see Note 7).

. Wash: (Sterile) three times with 200 puL/well PBS. Blot dry with sterile gauze (see
Note 6).

. Cells: (Sterile) PBMCs from the study subjects were freshly isolated (see Note 8)
from heparinized blood by density gradient centrifugation, washed one time in
PBS and then subjected to ared blood cell lysis step (see Subheading 3.3., Note
9). After red cell lysis, wash cellstwo times with complete media, count, adjust cell
concentration to 3 x 10%/mL (300,000/well, standard volume plates). Add the
reagentsto the ELISPOT platein the following order: First, add 100 puL/well media
containing nothing/antigen/mitogen (9-mer peptides were added at afinal concen-
tration of 7 uM). Then add cellsto the plate, after antigens, at 100 puL/well. Agitate
plate gently before placing in incubator (see Note 10). Incubate 24 h (for IFN-y,
IL-2, TNF-o) or 48 h (for IL-4, IL-5, IL-10) at 37°C in 5% CO./humidified incu-
bator. (For low volume plates, see Note 11.)

3.2. Completion of ELISPOT Assay and Plate Development
(Nonsterile Steps)

1

. Discard the contents of the ELISPOT plates. Wash plates three times with PBS and
three times with PBS-Tween (0.01%), 200 uL/well. If cellsare sticky, last wash can
be dH,O (see Note 12). Blot-dry the plates on paper towels.
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Add detection mAb: Dilute Ab in PBS-Tween-BSA and add 100 uL/well. Incubate
the plates over night at 4°C, (covered) or incubate 30 min at 37°C.

Wash plates three times with PBS-Tween 0.01%, 200 uL/well (see Note 12).

Add enzyme: Dilute streptavidin-HRP 1:2000 in PBS-Tween-BSA and add 100
uL/well for 2 h a room temperature. Do not exceed 2 h incubation.

Wash plates three times with 200 uL/well PBS (see Note 12).

Add substrate: (Note: Toxic! Wear gloves). Dilute AEC stock 1:30in 0.1 M acetate
buffer and filter through a 0.45-um low-protein binding hydrophilic-LCR mem-
branes (Millipore) to remove colored precipitates. Substrate should be perfectly
clear and colorless after filtration. Just before developing, add 30% H»0, (1:2000,
protect H,O, from light). Add 200 uL/well and observe for spot devel opment for a
maximum of 1 h at room temperature (see Note 13).

Discard substrate. Wash plates three times with dH,0, 200 uL/well. The fastest
method is to wash the plate under running water to stop the reaction.

Allow plates to dry, upright, before imaging the wells (see Note 14).

Acquire images of the wells and save on CD using an automated ImmunoSpot
Series 3 (see Fig. 1C). Enumerate the spots on an ImmunoSpot Satellite analyzer
(Cellular Technology Ltd., Cleveland OH) using software specifically designed for
the ELISPOT assay (see Note 15). The cut-off value that is used to decide which
responses are positive must be determined empirically. Examples of positive
responses can be observed in Fig. 1B.

3.3. Separation of PBMCs From Heparinized Blood and Lysis
of Red Blood Cells With Tris-Buffered Ammonium Chloride (29)

1

Bring LSM to room temperature. Dispense 17 mL of LSM into a 50-mL
polypropylene centrifuge tube. You will need approximately one 50-mL tube for
every 15 mL of patient blood.

Carefully cover the Vacutainer rubber stopper with an absorbent pad. Slowly pull
off stopper, squeezing to trap any blood on the absorbent pad. Pipet blood into a
sterile 50-mL polypropylene centrifuge tube.

Dilute patient blood 1:1 with dPBS (Ca2*/Mg?* free). Carefully layer 30 mL of
diluted blood overtop 17 mL of LSM, without disturbing the interface.

Centrifuge the LSM/blood layers for 20 min at 750g at room temperature with the
brake OFF.

After centrifugation, carefully remove the mononuclear cell-rich interface using a
sterile polypropylene transfer pipet with needle tip. Minimize the amount of LSM
or plasma you remove while trying to maximize cell recovery.

Promptly dilute the cells threefold with dPBS. (Extensive exposure to LSM
decreases viable cell recovery.)

Centrifuge the cell suspension at 600g for 5 min. Decant supernatant and resus-
pend pellet in PBS and repeat wash. You can combine all identical samples of the
same patient at this time.

Decant supernatant and resuspend pellet in 10 mL of red blood cell lysing media.
Gently mix well and let sit at room temp for 10 min. Spin at 6509 for 5 min.
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Decant supernatant and resuspend pellet in 30 mL of complete RPMI media. Spin
at 650g for 5 min.

Decant supernatant. Add complete RPMI to 10 mL (final volume).

Remove 10 uL and count using trypan blue to assess cell viahility.

Resuspend cells to appropriate concentration.

3.4. Method for Dissolving 9-mer Peptides From PLP and MBP
(see Note 16-18, and Figs. 2-4)

1

First, analyze each peptide according to the amino acid composition to determine

whether they are polar (charged) or neutral.

a) Positively charged amino acids are Arginine (R), Lysine (K), and Histidine (H).
Positive or neutral peptides will dissolve sufficiently well in acetic acid (0.1%)
followed by the HEPES solution.

b) Negatively charged amino acids are Aspartic acid (D) and Glutamic acid (E).

If the peptide has an overall negative charge, then check for the presence of amino

acids that could make them even more difficult to dissolve.

a) Both Cysteine (C) and Methionine (M) can form disulfide bonds and will cause
peptides to polymerize in basic conditions. Thus, they must be kept in acidic
conditions.

b) If 50% or more of the amino acids in a peptide are hydrophobic, then the whole
peptide is designated hydrophobic: (1) Strong hydrophobicity amino acids are
Isoleucine (1), Leucine (L), Phenylalanine (F), and Vaine (V); (2) Intermediate
hydrophobicity amino acids are Tryptophan (W), Tyrosine (Y), and Proline (P);
(3) low-hydrophobicity amino acids constitute the remaining amino acids.

Designate each overall peptide as. (1) positive (follow scheme shown in Fig. 2); (2)

negatively charged with Cysteine or Methionine (follow scheme shown in Fig. 3);

(3) negative (follow scheme shown in Fig. 4; see Note 17).

Use borosilicate glass tubes (5 mL) covered with parafilm for dissolving peptides.

Peptides are delivered in plastic tubes. Add 1 mL of initial diluent (see Figs. 2-4) to

plastic tube. Transfer contents to glass tube. Vortex 1 min at the highest speed and

hold it on the edge of the tube. This replaces sonication. Do not allow peptide to
foam. If it foams, add 10 pL of acetonitrile. Work at room temperature with sterile

materials. Our final concentration of the 9-mer peptide in the ELISPOT well was 7

UM. Our stock peptide solution was prepared at 280 uM with atotal volume of 3.72

mL per peptide (1 micromole each). After dissolving, peptides can be placed at 4°C

for 5d. It isbest to aliquot them for long-term storage as soon as possible: freeze at

—20°C (see Note 18). Once peptides have been thawed, store at 4°C for up to 4 wk.

4. Notes

1

The selection of primary and secondary antibodies that are listed here do not imply
that these are the absolute best antibodies for the assay. Importantly, however, the
antibody pairs (primary + secondary) are tested by the manufacturer together and
should be used as a matched pair for the ELISPOT. We do not recommend mixing
and matching primary and secondary antibodies from different sources.



Positive or Neutral

add: A, 1 mi
|
| 1
YES NO
add: C, 1mi add: A, 1 ml
I 1
1 1
YES YES NO
add: C, g.s. to vol. add: C, 1 ml add: B, 10ul
1 | 1 1
YES NO YES NO
add: C, g.s. to vol. add: B, 10ul add: C, q.s. to vol. add: D, 100ul
I |
1 1 1 1
YES NO YES NO
add: C, qg.s. to vol. add: D, 100ul add: C to vol. add: D, to 5% final vol.
i 1 1 1
YES NO YES NO
add: C, q.s. to vol. add: B, 10ul add: C, g.s. to vol. spin down, retry as if (-)
YES

Fig. 2. Schematic flow chart showing the procedure for dissolving positively charged or neutral peptides. “Yes’ and “No” refer to
whether the peptide has dissolved or not, respectively. The letter designations refer to the flowing solutions: (A) 0.1% acetic acid/H,O
(make fresh). (B) 100% acetic acid. (C) 0.1 M HEPES, pH 7.4. (D) Acetonitrile, HPLC grade (Sigma). (E) 0.1% NH4OH (make
fresh). (F) 10% NH4OH (make fresh).

add: C, g.s. to vol.

8cc
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Negative with Cysteine or Methionine

add: C, 1ml
|
1 1
YES NO
add: C, g.s. to vol. add: D, 100ul
|
| 1
YES NO
add. C, g.s. to vol. add: D, to 5% final vol.

NO
E or F to pH 8.0,
add: C, g.s. to vol.

Fig. 3. Schematic flow chart showing the procedure for dissolving negatively
charged peptides that also contain Cysteine or Methionine. “Yes’ and “No” refer to
whether the peptide has dissolved or not, respectively. The letter designations refer to
the solutions listed in the legend to Fig. 2.

2. Do not use AEC tablets. The tablets do not dissolve sufficiently and leave a colored
residue that cannot be filtered out. The resulting substrate leaves residue in the
ELISPOT plates.

3. Some protocols recommend up to 0.05% Tween-20. We have found that this amount
sometimes reduces the hydrophobicity of the polyvinylidene diflouride membranes
so much that the ELISPOT plates leak, completely ruining the experiment.

4. The coating (capture) and detection antibody concentrations must be determined
for each new commercial source of antibody and for each new lot that is produced.
We find that the coating and detection antibodies generally work best in the range
of 1to 5 ug/mL. However, different lots/sources require titration in an ELISPOT
assay. We perform a grid titration such that during coating the primary antibody is
titrated horizontally in rows across the plate. The ELISPOT is conducted with the
same number of PBM Cs added to every well and with low-dose anti-CD3 or PHA
asastimulator of PBMC. After discarding the cells, the detection antibody istitrat-
ed vertically in columns down the plate. After developing, each combination of
antibodiesis observed visually using ImmunoSpot image analysis (see Note 15) to
determine the optimal signal to noiseratio. Use the least amount of antibodies that
gives you the optimal signal to noise ratio.

5. When wrapping the plate in plastic wrap, make sure that it sits perfectly horizon-
tally in order to coat the bottom of the wells evenly. Plates can be prepared up to 3
d ahead of time with antibody coating solution and stored at 4°C. If the plate is kept
for longer than 3 d, it should be washed with sterile PBS and blocked with PBS +
1% BSA fraction V. The blocking solution can be left on the plate for up to 7 d



Negative
add: E, 1 mi
|
1 1
YES NO
add: C, 1 ml add: E, 1 ml
I |
1 1
YES YES NO
add: C, g.s. to vol. add: C, 1 ml add: F, 10ul
| |
| 1 1 1
YES NO YES NO
add: C, g.s. to vol. add: F, 10ul add: C, g.s. to vol. add: D, 100ul
| |
| 1 | 1
YES NO YES NO
add: C to vol. add: D, 100ul add: C to vol. add: D, to 5% final vol.

NO

o€c

Lyophilize, re-try

Fig. 4. Schematic flow chart showing the procedure for dissolving negatively charged peptides. “ Yes” and “No” refer to whether
the peptide has dissolved or not, respectively. The letter designations refer to the solutions listed in the legend to Fig. 2.
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before washing and using the plate for an assay. We have not tested longer periods
of time. Be sure to seal the plate against evaporation during storage at 4°C.

The plate can be turned upside-down and “flicked” to empty the coating solution,
however, remember to do thisinto a container in the hood and be careful to prevent
splashing back into the plate (i.e., keep sterile). We have found that a rapid method
for sterile washing can be done with a 12-channe pipet or a 96-well Transtar 96™
(Cogtar). Washing following the blocking steps involves BSA, which has a tendency
to form bubbles with repeated pipetting. Pipetting very gently and watching to avoid
bubble formation can prevent this. Dry the lid with sterile gauze before adding the
cellsto the plate.

Blocked plates can be kept sealed at 4°C for up to 1 wk. Then they can be washed and
used as normal. We have not used plates that were blocked for longer than 1wk.

We have done some minimal testing using freshly isolated PBMCs vs cryopre-
served PBMCs. In our hands, the detection of IFN-y was not dramatically affected
by freezing the lymphocytes, however, IL-10 was very dramatically affected
(decreased). Other researchers have examined the effects of cryopreservation on
the ELISPOT more thoroughly (28).

. Although many laboratories do not perform ared blood cell lysis step at this point,

we have found that this has several advantages. First, our PBMCs are more pure
and therefore easier to count. This increases the accuracy when plating the cellsin
the EL1SPOT, which isimportant when you are measuring frequencies of very rare
events and comparing between individuals or between treatments. Second, remov-
ing the red blood cells hel ps prevent excessive washing, which can lead to cell loss
and diminished viability. Third, contaminating red blood cells can increase back-
ground responses by stimulating lymphocytes and cause artifacts in the ELISPOT
wells when they are imaged.

This agitation step (gentle tapping on all four sides of the plate) is meant to evenly
distribute cells; however, be careful when agitating the plate to avoid cross-contam-
ination between wells.

With human studies, the volume of blood that can be obtained from any study sub-
ject may be limiting. To reduce the number of cells per well that are plated, we used
“low volume plates’ which have somewhat conical-shaped sides and a smaller sur-
face area of membrane in the bottom. This allows one to use 7.5 x 104 cells/mL,
which is 75,000 cellswell in a volume of 50 uL/well for low volume plates. The
other steps that can be scaled down correspondingly include the coating Ab step (use
50 uL/well) and the detecting Ab step (use 50 pL/well). The obvious advantages here
include the use of less blood and less antibody. In our hands, disadvantages include
the fact that the quality of the low volume plates is highly variable and may lead to
unacceptabl e assay-to-assay variability.

An automatic washer can be used at this point. For consistency and “hands-free”
washing of up to 25 plates at a time, we use the SkanWasher 300 (Molecular
Devices, Sunnyvale, CA).

Observing plates for spot development after adding the substrate requires some
patience to master. It is tempting to wait too long until you observe big, dark spots
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developing, however, often this means that the background color is also increasing.
Increased background can sometimes obscure the fainter spots and the substrate
may form precipitates in aring pattern around the edge of the well, which can also
obscure spots around the rim of the well. We recommend using a magnifying glass
with abuilt-in light source (most drugstores have these) to get a close-up view into
the wells as they develop.

We dry plates over night at room temperature in the upright position to prevent any
remaining substrate that is caught beneath the well from soaking back through the
membrane and obscuring the spots. We also lightly cover the open, drying plates
with paper towels to prevent dust from settling in the plates (which can be misin-
terpreted as spots by the image analysis).

What follows is a brief description of the imaging and analysis process. Digitized
images are analyzed for the presence of areasin which color density exceeds back-
ground by a factor calculated from comparing control wellsto experimental wells.
After separating spots that touch or partially overlap, additional criteriaof spot size
and circularity are applied to gate out noise caused by spontaneous substrate pre-
cipitation and nonspecific antibody binding. Objects that do not meet these criteria
are ignored and areas that meet them are recognized as spots, counted and high-
lighted. Our lab has tested multiple different imagers and software programs that
are designed to analyze ELISPOT assays. In our hands, the imaging and software
capabilitiesfrom Cellular Technologies Limited, Inc (CTL, Inc.) are superior to the
competition in most respects.

We obtained extremely useful literature entitled “T-cell epitope mapping with PIN
peptides’ and “Guide to handling and storing peptides’ from Mimotopes (http://
www.mimotopes.com/peptides/lit.html). PLP is an extremely hydrophobic molecule
and has poor agueous solubility. Many of the 9-mer peptides were strongly hydropho-
bic and required multiple solutions to solubilize them. An advantage to using different
diluents is that each peptide can be custom-dissolved to achieve the maximum solu-
bility. Our intention was to maximize the ability of PMBCs to bind and respond to
each different peptide. However, this method is quite tedious and has the disadvantage
that peptides cannot be pooled if they are dissolved in different (i.e., incompatible)
solutes.

Negatively charged peptides that are particularly hydrophobic may not be easily
dissolved even using the scheme described in Fig. 4. In our hands, occasional pep-
tides like this must be lyophilized and subjected to the scheme in Fig. 3. The ace-
tonitrile sometimes allows dissolving of difficult peptides.

Peptides are aliquoted (100 uL/well) into specialized polypropylene 96-well
plates that are low-protein binding. The position of the peptides in the plates
should exactly match the position that they will be tested when they are added to
the ELISPOT assay. This saves lots of time and prevents mix-ups when you are
doing mapping with many peptides. To prevent evaporation, plates are heat sealed
and then frozen for long-term storage (see Subheading 2., step 25). Do not use a
“frost-free” freezer for long-term storage of peptides. The freeze-thaw cycles that
are meant to prevent frost build-up are damaging to the peptides.


www.mimotopes.com/peptides/lit.html
www.mimotopes.com/peptides/lit.html
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Use of Interferon-y ELISPOT in Monitoring Immune
Responses in Humans

Mark Matijevic and Robert G. Urban

Summary

The interferon (IFN)-y enzyme-linked immunospot (ELISPOT) assay has become a useful
tool for immunologists seeking to quantify immune responses on a per-cell basis. The assay is
sensitive and allows for the enumeration of low-frequency T-cells. Many have applied this assay
to clinical trials as away to measure biological activity in a patient cohort. It is critical that each
laboratory attempting to use the assay in their facility perform rigorous development and qualifi-
cation work to establish an assay that suitstheir particular needs. This chapter serves as a demon-
stration of two practical and dlightly different approaches to using the ELISPOT assay to moni-
tor immune activity in the human periphery: (1) assays using whole samples of peripheral blood
mononuclear cells with and without the use of additional antigen presenting cells and (2) assays
using enriched T-cell populations. Detailed protocols and procedures will be covered, as well as
a demonstration of results obtained from three separate applications.

Key Words: ELISPOT; PBMCs; clinical trial; immune response; |FN-v.

1. Introduction

The interferon (IFN)-y enzyme-linked immunospot (ELISPOT) assay has
become a useful tool for immunologists seeking to quantify immune responses
on aper-cell basis. The assay is sensitive and allows for the enumeration of |ow-
frequency T-cells (1-9). The ability to detect enhanced T-lymphocyte respons-
es is a critical step in evaluating the immunological efficacy of a vaccine
(10-13). The methods available to test peripheral blood samples for the pres-
ence and/or number of antigen specific T-lymphocytes have been steadily
improving. These include using flow cytometry to evaluate intracellular
cytokines, tetramer assays, and ELISPOT. It is critical that each laboratory
attempting to use the assay in their facility perform rigorous development and
qualification work to establish an assay that suits their particular needs (14-16).

From: Methods in Molecular Biology, vol. 302: Handbook of ELISPOT: Methods and Protocols
Edited by: A. E. Kalyuzhny © Humana Press Inc., Totowa, NJ
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Induction of potent lymphocyte effector function is thought to be central to
the activity of many biological therapeutics. The cytokine IFN-y has become a
useful marker for measuring the induction of cellular immune responses (17).
Several assays have been developed to quantify IFN-y secreted by activated
lymphocytes in response to antigen. The ELISPOT assay is one that can detect
low frequency, antigen specific T-lymphocytes in the periphery.

Depending on the sengitivity of the antigen used in the assay, there are multiple
ELISPOT formats. Herein, two methods with dightly different protocols are cov-
ered. They consist of: (1) direct IFN-y ELISPOT assay using whole peripheral
blood mononuclear cells (PBMCs, with and without antigen-presenting cells;
APCs) and (2) direct IFN-y ELISPOT assay using T-cell subsets (i.e, CD8* T-
cells) isolated from PBMCs. Each assay may be applied to different settings. For
example, a whole PBMC assay may be required when cell material is limited,
human leukocyte antigen (HLA) type is unknown and/or the antigen is known to
be highly immunogenic. Alternatively, if atrial is evaluating immune responses
and has collected an abundant supply of PBMCs, T-cell subsets may be used to
increase assay sensitivity. Finally, if the antigen contained within the therapeutic is
known to be weakly immunogenic, in vitro expansion in vitro of low-frequency
effector T-cellsin a PBMC population may be required to detect and demonstrate
immunologica activity. There are multiple protocols covering in vitro expansion
in vitro of T-cells with peptides, but they will not be covered in this chapter.

2. Materials

Gloves (Microflex Corporation; Reno, NV).

Dupont Tyvek sleeves (VWR; Aurora, CO).

Sterile heparinized Vacutainer tubes (Fisher Scientific; Pittsburgh, PA).

Microcentrifuge tubes (National Scientific; Claremount, CA).

Dulbecco’s phosphate-buffered saline (DPBS; JRH Biosciences; Lenexa, KS).

15 mL Polypropylene centrifuge tubes (Corning Incorporated; Corning, NY).

50 mL Polypropylene centrifuge tubes (Corning Incorporated; Corning, NY).

Ficoll-Paque PLUS (Amersham Biosciences, Uppsala, Sweden).

Red blood cell lysing solution (Sigma Chemical Company; St. Louis, MO).

Trypan blue (Invitrogen Corporation; Carlsbad, CA).

. Freeze medium. Filter sterilize 9 mL of fetal bovine serum (JRH Biosciences;
Lenexa, KS] and 1 mL of dimethyl sulfoxide (Malinckrodt Baker Incorporated;
Paris, KY); store at —20°C, expires 1 yr after day of preparation.

12. Cryotube 1.8 mL OF Sl EXT, starfoot round (Nunc; Roskilde, Denmark).

13. Styrofoam rack (Sarstedt Incorporated; Newton, NC).

14. PBMC wash medium with DNase. Filter sterilize 500 mL of RPMI 1640 (JRH

Biosciences, Lenexa, KS), 5 mL of Penicillin-Streptomycin (Invitrogen

Corporation; Carlsbad, CA), 5 mL of HEPES buffer (Invitrogen Corporation;

Carlsbad, CA), and 15,000 units of DNase (Sigma Chemical Company; St. Louis,

MO); store at 2-8°C, expires 2 mo after day of preparation.
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PBM C wash medium without DNase. Filter sterilize 500 mL of RPMI 1640 (JRH
Biosciences, Lenexa, KS), 5 mL of Penicillin-Streptomycin (Invitrogen
Corporation; Carlsbad, CA), and 5 mL of HEPES buffer (Invitrogen Corporation;
Carlsbad, CA); store at 2-8°C, expires 2 mo after day of preparation.

PBMC medium. Filter sterilize 180 mL of RPMI 1640 (JRH Biosciences; Lenexa,
KS), 2 mL of Penicillin-Streptomycin (Invitrogen Corporation; Carlshad, CA), 2
mL of HEPES buffer (Invitrogen Corporation; Carlsbad, CA), 2 mL of L-Glutamine
(Invitrogen Corporation; Carlsbad, CA), 200 puL of 2-Mercaptoethanol (Invitrogen
Corporation; Carlsbad, CA), and 20 mL of Human AB serum (C-Six Diagnostics;
Germantown, WI); store at 2-8°C, expires 2 wk after day of preparation.

Ten percent RPMI. Filter sterilize 450 mL of RPMI 1640 (JRH Biosciences;
Lenexa, KS), 5 mL of Penicillin-Streptomycin (Invitrogen Corporation; Carlsbad,
CA), 5 mL of HEPES buffer (Invitrogen Corporation; Carlsbad, CA), 5 mL of L-
glutamine (Invitrogen Corporation; Carlsbad, CA), 500 ul of 2-Mercaptoethanol
(Invitrogen Corporation; Carlsbad, CA), and 50 mL of fetal bovine serum (JRH
Biosciences; Lanexa, KS); store at 2-8°C, expires 2 mo after day of preparation.
T2 cell line (American Type Culture Collection; Manassas, VA).
Phytohemagglutinin (PHA; Sigma Chemical Company; St. Louis, MO).
A2-restricted influenza matrix peptide (Multiple Peptide Systems; San Diego, CA).
Cytomegalovirus, Epstein-Barr virus, and influenza (CEF) peptide pool (NIH
AIDS Research & Reference Reagent Program; Rockville, MD).

Fourteen milliliters Polypropylene round-bottom tubes (Becton Dickinson
Labware; Franklin Lakes, NJ).

Human IFN-y ELISPOT kits (R&D Systems, Minneapolis, MN).

Nunc-Immuno wash 8 (Nunc; Roskilde, Denmark).

CD8* T-cell columns (R&D Systems, Minneapolis, MN).

3. Methods

Note: When working with human blood or blood products, Biosafety Level

2 containment practices must be followed. The methods below describe the
process of isolating PBMCs from heparinized whole blood samples.

3.1. Isolating PBMCs From Heparinized Blood Sample

1

2.
3.

Intravenous blood sampleis collected into sterile vacutainer tubes containing sodi-
um heparin and then stored at room temperature until processing (see Note 1).
Centrifuge tubes for 15 min at 230g at room temperature, with no brake.
Remove stopper from tube and carefully aspirate plasma from sample using a pipet
aid and serological pipet (see Note 2). Aliguot the plasma into sterile microcen-
trifuge tubes if needed for additional assays or discard into a biohazardous waste
container containing appropriate disinfectant solution (i.e., bleach).

Dilute the remaining blood sample 1:2 with DPBS and transfer the sample to a 50-
mL centrifuge tube.

Using a pipet aid and serologica pipet, Sowly and carefully layer the diluted blood
sample onto ficoll hypagque in a sterile 50-mL centrifuge tube (see Note 3). This
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11.

12.

13.
14.

15.
16.

17.
18.

should be performed at aratio no higher than 1:2; Ficoll hypague:diluted blood sam-
ple (i.e, 10 mL of Ficoll with 20 mL of diluted blood sample layered on top of it).
Centrifuge tubes for 30 min at 600g at room temperature, with no brake.

Using a pipet-aid and serological pipet, carefully remove the PBMC layer (buffy
coat) from the centrifuge tube and transfer it to a sterile centrifuge tube (see
Note 4).

Add DPBS to the PBMCs at aratio of 1:3; or 1 mL of PBMC:3 mL of DPBS.
Centrifuge tubes for 10 min at 2759 at room temperature, with brake.

Visually inspect the cell pellet and if significant red blood cell contamination
exists, perform red blood cell lysing procedure (see Subheading 3.1., step 11). If
minimal or no red blood cell contamination exists, then resuspend the cell pellet
with 10 mL of DPBS and repeat step 9.

Resuspend the cell pellet in 3 mL of red blood cell lysing buffer, mix, and incubate
for 3 min at room temperature. Add DPBS to the cell suspension to atotal volume
of 20 mL. Centrifuge for 10 min at 275g at room temperature, with brake. Pour
off the supernatant and resuspend the cell pellet in 10 mL of DPBS and centrifuge
for 10 min at 2759 at room temperature, with brake (see Note 5).

Resuspend the cell pellet with 10 mL of DPBS and count viable PBMCs using try-
pan blue (see Note 6).

Repeat step 9.

Resuspend the cell pellet with freeze media to a concentration of 5 x 108/mL and
keep on ice (see Note 7).

Quickly aliquot 1 mL of PBMCs (5 x 109) into sterile cryovials (each kept on ice
until proceeding to the next step; see Note 8).

Transfer aliquots of PBMC from ice into styrofoam rack (see Note 9).

Place Styrofoam rack into —80°C storage for 24 h.

Transfer PBMC aliquots to liquid nitrogen vapor phase for long-term storage.

3.2. Preparing Cryopreserved PBMC Samples
for Future Use in ELISPOT

The process below describes the methods involving preparation of cryop-

reserved PBMC for use in ELISPOT. Because of inter-assay variability, it is
good practice to test (i.e., ELISPOT) al time points from a given individual
or clinical trial subject on the same day. PBMC samples can be stored in lig-
uid nitrogen vapor phase for extended periods of time or until an entire sam-
ple set is collected. This will minimize the effect of assay variability on data
analysis.

1

2.

3.

Remove sufficient number of cryovias from liquid nitrogen storage to perform all
ELISPOT assays for that day.

Transfer cryoviasto awater bath set at 37°C and thaw PBMCs to the point where
only afew ice crystals remain in each vial.

Using a pipet aid and serological pipet, quickly transfer the contents of one vial to
a centrifuge tube containing 9 mL of PBMC wash medium (see Note 10).
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4. Centrifuge samples for 10 min at 2759 at room temperature, with brake.

5. Resuspend the cell pellet with 10 mL of PBMC wash medium and repeat step 4.
In the event that visible clumping is present in the PBM C sample, perform an addi-
tional wash step with wash medium containing DNase (see Note 11).

6. Resuspend the cell pellet in PBMC medium and count viable PBMCs using try-
pan blue.

7. Adjust PBMCsto final per mL concentration for appropriate task (i.e., direct assay,
in vitro expansion, T-cell subset purification; see Note 12).

3.3. Direct ELISPOT Using Whole PBMCs in HLA-A2 Individuals
(With APCs)

The process below describes an ELISPOT assay that can be applied to sam-
ples with a known HLA type. This example is specifically for HLA-A2 indi-
viduals. Individualswith aternate HLA haplotypes(i.e., A1, A3, All, and A24)
may be screened using this method with an aternate, HLA-matched APC line
and peptides. (i.e., K562; ref. 20). A demonstration of the antigen-specific con-
trol data using this method, captured from an institutional review board (IRB)-
approved Phase | clinical trial, isillustrated in Fig. 1. The trial was sponsored
by ZY COS, Inc., and involved the safety screening of a potentia biotherapeu-
tic for human papillomavirus (HPV) associated anal high-grade squamous
intra-epithelial neoplasia (HSIL). ELISPOT reagents (i.e., matched antibody
pairs, plates, buffers, etc.) and prefabricated kits are commercially available
through several vendors. Each investigator should select reagents that suit their
particular needs and requirements.

1. Collect cultured T2 cell line (18) into a sterile centrifuge tube using a pipet-aid and
serological pipet (see Note 13).

2. Centrifuge tubes for 10 min at 275g at room temperature, with brake.

3. Resuspend the cell pellet in 10 mL of PBMC medium and count viable cellsin try-
pan blue.

4. Adjust the T2 cell population to a final concentration of 2 x 108/mL in PBMC
medium (see Note 14).

5. Label the appropriate number of polypropylene tubes for each T2 test group, that
is, T2 without peptide, T2 with amitogen control—PHA, T2 with an antigenic con-
trol—A2-restricted influenza matrix peptide (Flu), and T2 with test peptide(s).
Peptides should be acquired from vendor a >90% purity.

6. Dispense the appropriate volume of T2 into labeled tubes.

7. Add mitogen control (PHA; see Note 15) to the T2 at a 2X concentration of 10
ug/mL (final concentration after plating T2 cells with PBMCs in the ELISPOT
plate will be 5 pg/mL) and antigenic peptides to the T2 cells at a 2X concentration
of 150 ug/mL (final concentration after plating T2 cells with PBMC in the
ELISPOT plate will be 75 ug/mL; see Note 16).
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Fig. 1. IFN-y ELISPOT: whole PBM Cs with APCs assay. The mean responses of 12

subjects (indicated on the x-axis) in aphase | clinical trial (HPV-associated anal HSIL
therapeutic) to the assay antigen control (Flu). The number of separate trial time points
used to calculate the mean of each subject was six. Mean + SD. IFN-y SFC/105 PBMCs
is shown on the y-axis. The negative control (Neg. Ctrl.) represents PBMCs plated with
T2 without peptide. The experimental data are PBMCs plated with T2 with Flu peptide.

8.

10.

11.

12.

Gently vortex each T2 population for 10 s and place the tubes at a 30-degree angle
on atray (i.e, the lid of a pipet tip box) and place into a 37°C incubator with 5%
CO; (do not tighten the caps of the tubes; keep them loose).

Incubate the T2 cell populations for atotal of 4 h using gentle vortexing each hour.
Prepare PBMC populations (see Subheading 2.) to a final concentration of 2 x
108/mL in PBMC medium (see Note 14). This procedure should be performed
closeto the end of the T2 incubation so as not to let the PBMC “rest” too long prior
to adding them to the ELISPOT plate (maximum “rest” time for PBMC should be
0.5 h).

Remove ELISPOT plates from 2 to 8°C storage and equilibrate to room tempera-
ture (ELISPOT plates are pre-coated with capture antibodies by manufacturer of
the ELISPOT kits).

Add 100 uL of PBMC medium to all wells of the ELISPOT plate and incubate for
20 min at room temperature.
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13. At the end of the incubation, remove the PBM C medium from the plates by “flick-
ing” it into a biohazardous waste container and then blot the plates on a dry paper
towel.

14. Add 100 uL (2 x 10°) of the T2 cell populations to the appropriate wells (in triplicate
if possible to account for assay variability). Immediately after adding the T2 cellsto
the ELISPOT plate, add 100 uL of PBMCs (2 x 10°) to the appropriate wells.

15. Mix the contents of the ELISPOT plate by gently tapping on the sides of the plate
for approx 10 s.

16. Place ELISPQT platesin a 37°C incubator with 5% CO, and let incubate for 24 h.

17. Remove ELISPOT plates from the incubator and wash five times with a 1X wash
buffer prepared from the 10X wash concentrate supplied in the kit. Take care not
to make contact with the membrane at the bottom of each well. After completing
the wash, blot the plates on a dry paper towel (see Note 17).

18. Add 100 uL of diluted detection antibodies to all wells and incubate the plates at
2-8°C overnight.

19. Remove ELISPOT plates from the refrigerator and wash five times (see
Subheading 3.3, step 17).

20. Add 100 pL of diluted strepavodin AP to all wells and incubate the plates for 2 h
at room temperature.

21. Wash plates five times (see Subheading 3.3., step 17).

22. Add 100 pL of the chromogenic substrate to all wells and incubate the plates for
one hour at room temperature, in the dark.

23. Wash plates five times with distilled water. Blot the plates on a dry paper towel,
remove the bottom casing and let air-dry.

24. Count spots using a dissecting microscope or preferably, an automated spot count-
er with appropriate software (see Note 18).

3.4. Direct ELISPOT Using Whole PBMCs (Without Additional APCs)

The process below describes an ELISPOT assay that uses whole PBMC
samples without using additional APCs. When additional APCs are not avail-
able, the APCs that are present in a PBMC population may be sufficient to
stimulate antigen-specific responses. A demonstration of the control data
using this method, captured from an IRB-approved Phase | clinical tria, is
illustrated in Fig. 2. Thetrial was sponsored by ZY COS Inc. and involved the
safety screening of a potential bio-therapeutic for various cancer types.
ELISPOT reagents (i.e., matched antibody pairs, plates, buffers) and prefab-
ricated kits are commercially available through several vendors. Each inves-
tigator should select reagents and/or kits that suit their particular needs and
requirements.

1. Prepare PBMC populations (see Subheading 2.) to a final concentration of 4 x
10%/mL in PBMC medium (see Note 14). This procedure should be performed so
as not to let the PBMCs “rest” too long prior to adding to the ELISPOT plate (max-
imum “rest” time for PBMCs should be 0.5 h).
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Fig. 2. IFN-y ELISPOT: whole PBMCs assay. The mean responses of 17 subjects
(indicated on the x-axis) in aphase | clinical trial (cancer therapeutic) to the assay anti-
gen control (CEF). The number of separate trial timepoints used to cal culate the means
varied among the subjects (range: 2-8). Mean + SD. IFN-y SFC/10% PBMC is shown
on the y-axis. The negative control (Neg. Ctrl.) represents PBMC plated with PBMC
media aone. The experimental data are PBMC plated with CEF peptide pool in PBMC
media.
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Remove ELISPOT plates from 2 to 8°C storage and equilibrate to room tempera-
ture (ELISPOT plates are precoated with capture antibodies by manufacturer of the
ELISPOT kits).

Add 100 uL of PBMC medium to all wells of the ELISPOT plate and incubate for
20 min at room temperature.

Prepare 2X solutions of mitogen/antigen, for addition to the PBMCs in sterile
polypropylene tubes. Prepare each 2X solution in PBMC medium. These should
include; PBMC medium alone, PBMC medium with a mitogen, that is PHA (see
Note 15) at a 2X concentration of 10 ug/mL, PBMC medium with antigenic con-
trol peptides, that is, CEF pool (19) at a 2X concentration of 6 ug/mL and PBMC
medium with individual test peptides or pools of test peptides at a 2X concentra-
tion of 100 pg/mL. Final concentrations of each solution will be: PHA, 5 pg/mL;
CEF pool, 3 ug/mL; and test peptides, 50 ug/mL (see Note 16).

Gently vortex 2X solutions for 10 s.

At the end of the incubation, remove the PBM C medium from the plates by “flicking”
it into a biohazardous waste container and then blot the plates on a dry paper towel.
Add 100 uL of the 2X solution to the appropriate wells (in triplicate if possible to
account for assay variability). Immediately after adding the 2X solution to the
ELISPOT plate, add 100 puL of PBMCs (4 x 10°) to the appropriate wells.
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8. Mix the contents of the ELISPOT plate by gently tapping on the sides of the plate
for approx 10 s.
9. Place ELISPOT platesin a 37°C incubator with 5% CO, and let incubate for 24 h.

10. Remove ELISPOT plates from the incubator and wash five times with a 1X wash
buffer prepared from the 10X wash concentrate supplied in the kit. Take care not
to make contact with the membrane at the bottom of each well. After completing
the wash, blot the plates on a dry paper towel (see Note 17).

11. Add 100 pL of diluted detection antibodies to al wells and incubate the plates at
2-8°C overnight.

12. Remove ELISPOT plates from the refrigerator and wash five times (see
Subheading 3.4., step 10).

13. Add 100 pL of diluted strepavodin AP to al wells and incubate the plates for 2 h
at room temperature.

14. Wash plates five times (see Subheading 3.4., step 10).

15. Add 100 uL of the chromogenic substrate to all wells and incubate the plates for
one hour at room temperature, in the dark.

16. Wash plates five times with distilled water. Blot the plates on a dry paper towel,
remove the bottom casing and let air-dry.

17. Count spots using a dissecting microscope or preferably, an automated spot count-
er with appropriate software (see Note 18).

3.5. Direct ELISPOT Using T-Cell Subsets (i.e., CD8* T-Cells)
Isolated From Whole PBMCs (With Additional APCs)

The method described here can be used when an abundant PBMC sample is
available. Isolating specific cell subsets and making use of an antigen present-
ing cell will result in a more sensitive assay. A demonstration of the antigen-
specific control data using this method, captured from an IRB-approved-ran-
domized Phase Il clinical trid, isillustrated in Fig. 3. The trial was sponsored
by ZY COS, Inc., and involved the safety and efficacy screening of a potential
bio-therapeutic for HPV-associated cervical HSIL. ELISPOT reagents (i.e.,
matched antibody pairs, plates, buffers, etc.) and prefabricated kits are com-
mercialy available through several vendors. Each investigator should select
reagents that suit their particular needs and requirements.

1. Collect cultured T2 cells (18) into a sterile centrifuge tube (see Note 13).

2. Centrifuge tubes for 10 min at 2759 at room temperature, with brake.

3. Resuspend the cell pellet in 10 mL of PBMC medium and count viable cellsin try-
pan blue.

4. Adjust the T2 cell population to a fina concentration of 1 x 10%/mL in PBMC
medium (see Note 14).

5. Label the appropriate number of polypropylene tubes for each T2 test group, that
is, T2 without peptide, T2 with a mitogen control—PHA, T2 with an antigenic
control—CEF pool (19), and T2 with test peptide(s).
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Fig. 3. IFN-y ELISPOT: CD8* T-Cells with APC assay. The mean responses of 20
subjects (indicated on the x-axis) from a phase I clinical trial (HPV-associated cervical
HSIL therapeutic) to the assay antigen control (CEF). The number of trial timepoints
used to cal culate the mean of each subject was three. Mean + SD. |FN-y SFC/10% CD8*
T-cellsis shown on the y-axis. The negative control (Neg. Ctrl.) represents CD8* T-cells
plated with T2 without peptide. The experimental data are CD8" T-cells plated with T2
with the CEF peptide pooal.

6. Dispense the appropriate volume of T2 into labeled tubes using a pipet-aid and
serological pipet.

7. Add mitogen control (PHA; see Note 15) to the T2 at a 2X concentration of 10
pg/mL (final concentration after plating T2 cells with PBMCs in the ELISPOT
plate will be 5 pg/mL) and antigenic peptides to the T2 cells at a 2X concentration
of 6 pug/mL of CEF pool and 100 png/mL of test peptide(s) (final concentration after
plating T2 cells with PBMCs in the ELISPOT plate will be 3 and 50 pg/mL,
respectively; see Note 16).

8. Gently vortex each T2 population for 10 s and place the tubes at a 30-degree angle
on atray (i.e, the lid of a pipet tip box) and place into a 37°C incubator with 5%
CO; (do not tighten the caps of the tubes; keep them loose).

9. Incubate the T2 cell populations for a total of 4 h, with gentle vortexing each
hour.

10. Begin preparation of CD8* T-cells from whole PBMC population prepared as in
Subheading 3.2., steps 1-5; see Note 19).

11. After the second wash, resuspend the PBMC cell pellet in 1 mL of the 1X column
wash buffer.

12. Add the contents of one vial (1 mL) of antibody to the resuspended cell population
(total cell volume =2 mL).

13. Gently vortex for 7 s and then incubate the cells at room temperature for 15 min.
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15.

16.

17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

27.

28.

29.
30.

Add 8 mL of the 1X column wash buffer to the cell population and centrifuge the
tube for 10 min at 275g at room temperature, with brake.

Poor off the supernatant into a biological waste container, resuspend the cell pellet
in 10 mL of 1X column wash buffer and centrifuge the tube for 10 min at 1100
RPM at room temperature, with brake.

Poor off the supernatant and resuspend the cell pellet in 2 mL of 1X column wash
buffer.

All columns and column reagents should be equilibrated to room temperature prior
to usage. Place columns on astand or rack, place awaste receptacle (i.e., centrifuge
tube) underneath each column, remove caps from columns and rinse each column
with 10 mL of 1X column wash buffer. Collect all wash buffer flushed through
columns into a waste receptacle.

Discard waste receptacle and replace it with a sterile 15-mL centrifuge tube that
will collect eluted cells.

Add the cell population (2 mL) to the individual column and incubate at room tem-
perature for 10 min.

After completing the incubation, wash each column with 10 mL of 1X column
wash buffer.

Centrifuge eluted cell population for 10 min at 275g at room temperature, with brake.
Poor off the supernatant, resuspend the cell pellet in 1 mL of PBMC medium and
count viable cells in trypan blue.

Adjust CD8* T-cell populations to afinal concentration of 5 x 105/mL in PBMC
medium (see Note 14). This procedure should be performed towards the end of the
T2 incubation so as not to let the CD8* T-cells “rest” too long prior to adding to
the ELISPOT plate (maximum “rest” time for CD8" T-cells should be 0.5 h).
Remove ELISPOT plates from 2 to 8°C storage and equilibrate to room tempera-
ture (ELISPOT plates are pre-coated with capture antibodies by manufacturer of
the ELISPOT kits).

Add 100 uL of PBMC medium to all wells of the ELISPOT plate and incubate for
20 min at room temperature.

At the end of the incubation, remove the PBMC medium from the plates by “flick-
ing” it into a biohazardous waste container and then blot the plates on a dry paper
towel.

Add the 100 uL (1 x 10°) of the T2 cell population to the appropriate wells (in trip-
licate if possible to account for assay variability). Immediately after adding the T2
cells to the ELISPOT plate, add 100 uL of CD8* T-cells (5 x 10%) to the appropri-
ate wells,

Mix the contents of the ELISPOT plate by gently tapping on the sides of the plate
for approx 10 s.

Place ELISPOT platesin a 37°C incubator with 5% CO, and let incubate for 24 h.
Remove ELISPOT plates from the incubator and wash five times with a 1X wash
buffer prepared from the 10X wash concentrate supplied in the kit. Take care not
to make contact with the membrane at the bottom of each well. After completing
the wash, blot the plates on a dry paper towel (see Note 17).
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31. Add 100 uL of diluted detection antibodies to all wells and incubate the plates at
2-8°C overnight.

32. Remove ELISPOT plates from the refrigerator and wash five times (see
Subheading 3.5., step 30).

33. Add 100 pL of diluted strepavodin AP to al wells and incubate the plates for 2
hours at room temperature.

34. Wash plates five times (see Subheading 3.5., step 30).

35. Add 100 pL of the chromogenic substrate to all wells and incubate the plates for
one hour at room temperature, in the dark.

36. Wash plates five times with distilled water. Blot the plates on a dry paper towel,
remove the bottom casing and let air-dry.

37. Count spots using a dissecting microscope or preferably, an automated spot count-
er with appropriate software (see Note 18).

3.6. Data Analysis

ELISPOT plates may be evaluated by visual inspection aided by a dissecting
microscope or an automated plate reader using counting software. There are
severa automated instruments that are commercially available. All data report-
ed in this chapter were captured using a ZEISS instrument (Carl Zeiss Vision,
Germany) with KS ELISPOT 4.0 software, by Zellnet Consulting Inc. (New
York, NY). The analysis was performed in a blinded fashion in that the analyst
was only informed of the negative and positive control locations on each plate.
Parameters were set on the ELISPOT instrument based on the results captured
in the negative and positive control wells within each subject. All results were
normalized values reported as spot-forming cells (SFCs) per million PBMCs or
CD8* T-célls.

Other factors to consider when performing analysis include, but are not lim-
ited to, spot size, spot clarity, spot clustering, and spot confluency (see Note
20). Each of these may affect or contribute to results and analysis and should be
evaluated in assay development/qualification stages.

4. Notes

1. Whole blood should be kept at room temperature until processing. Do not refrig-
erate. If collected at an alternate site, which requires shipment, samples should be
shipped at ambient temperature to desired laboratory. Samples should not be at
room temperature for more than 24-30 h after draw.

2. Do not disturb white blood cells and red blood cells during this step. Avoid any
contamination of plasma sample with cells.

3. Tilt centrifuge tube containing ficoll to a 45-degree angle and slowly dispense
diluted blood sample down the side of the tube. The diluted blood will “rest” on
top of the ficoll. The tube should not contain more than 40 mL of total volume.

4. Besurenot to aspirate red blood cellsinto PBM C sample when removing the buffy
coat.
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5.

6.

7.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

This second wash ensures that all red blood cell lysis solution is removed from the
sample.

When counting cells, it isimportant to only count viable cells and make the appro-
priate cell concentrations based on these numbers.

We determined the optimal cell concentration for freezing to be 5x108/mL and
placed no more than 1.5 mL in a cryovial.

It isimportant to minimize the amount of time PBMC samples stay in freeze medi-
um prior to placement to —80°C storage.

Styrofoam racks designed to hold cryovials are commercialy available and their
purpose is to ensure a slow freezing process.

Be sure not to let freshly processed or thawed PBMC stand in freeze medium for
extended periods of time. It may cause cell lysing and as result, cell clumping may
take place.

Cells have atendency to lyse and as aresult, free DNA may stick to adjacent cells
and cause clumping. Using wash medium containing DNase will help minimize
clumping. Exercising care and efficiency when freezing and thawing PBMCs
should keep cell lysing to a minimum in a normal PBMC population.

At this point, PBMCs are ready to be used in a multitude of laboratory procedures:
direct ELISPOT assays, T-cell subset enrichment, or in vitro-culturing procedures.
It is important to minimize the amount of time that T2 cells are in culture. It was
found that culturing for no more than 4 wk before use in assays is important in
keeping nonspecific responses at a minimum. 10% RPMI is the culture medium
used to maintain the T2 cell line.

Optimal cell concentrations for each assay should be developed prior to perform-
ing assays with clinical samples. It was found that adding more than 5 x 105 célls,
total, per well may exceed the limit in a standard 96-well ELISPOT plate.

A mitogen control, such asthe polyclona T-cell stimulator PHA, is used to demon-
strate basic cell and assay function. The optimal final assay concentration was
determined to be 5 ug/mL.

Peptide concentration may vary between peptides and between different assays. It
is critical to determine optimal concentration prior to setting up assays with clini-
cal samples.

Washing can be performed one of several ways, manually by a multichannel pipet,
manually by an automatic multichannel washer or by an automated plate washer.
Take care not to make contact with the membrane at the bottom of each well. After
completing the wash, blot the plates on a dry paper towel. We used a NUNC 8-
channel washer fitted to a carboy with 1X wash buffer, a vacuum pump and awaste
receptacle containing a disinfectant.

A description of options for use in plate analysisis outlined in the data analysis sec-
tion of the chapter. Briefly, a dissecting microscope may be used to obtain initia
results but it is preferable to count spots using one of many available, automated spot
analyzers. Thiswill ensure ahigh level of accuracy, precision and reproducibility.
CD8* T-cell enrichment columns were used to isolate CD8* T-cells from whole
PBMC samples. Magnetic beads are also available for T-cell subset isolation but
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20.

columns were selected for their ease of use, consistency and high CD8* T-cell
recovery.

If confluency (complete color development in awell which inhibits accurate quan-
tification of spots) occurs within a well, a repeat of the assay may be required to
ensure more accurate results. Typically, it isrestricted to the mitogen control wells.
One way to prevent confluency from taking place is to add fewer cells in the mito-
gen control wells then the other antigen-control or test wells. Optimal cell concen-
trations should be determined in assay development stages.
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ELISPOT Determination of Interferon-y T-Cell
Frequencies in Patients With Autoimmune
Sensorineural Hearing Loss

C. Arturo Solares and Vincent K. Tuohy

Summary

Autoimmune sensorineural hearing loss (ASNHL) is the most common cause of sudden
hearing loss in adults. Although the etiopathogenesis of this disease is unclear, it is widely
believed that antibody and/or T-cell responses directed against inner ear-specific proteins may
mediate ASNHL. Using the enzyme-linked immunospot (ELISPOT) assay, we have recently
found that many patients with ASNHL have increased frequencies of peripheral blood T-cells
capable of producing interferon (IFN)-y in response to a homogenate of human inner ear tis-
sue. Our studies may ultimately lead to the identification of inner ear-specific autoimmune tar-
getsin ASNHL, and our ELISPOT approach may be particularly useful in supporting the diag-
nosis of this disease entity. In the current chapter we detail how to use the ELISPOT assay for
measuring frequencies of IFN-y-producing T-cells in patients with ASNHL.

Key Words: Autoimmunity; sensorineura hearing loss; deafness, T-cell, Th1/Th2, cytokines,
ELISPOT.

1. Introduction

Autoimmune sensorineural hearing loss (ASNHL) typically is character-
ized by bilateral, rapidly progressive hearing loss that responds therapeutical -
ly to corticosteroid treatment. Although its name implies an autoimmune
etiopathogenesis, data implicating self-recognition events in the development
and progression of ASNHL have been limited predominantly to circumstan-
tial evidence (1). Clinically, this evidence involves a therapeutic response to
corticosteroid treatment, whereas immunologically, this evidence includes
detection of serum antibody to a 680kDa protein derived from inner ear tis-

From: Methods in Molecular Biology, vol. 302: Handbook of ELISPOT: Methods and Protocols
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sues (2) and/or recall responses of peripheral blood mononuclear cells
(PBMCs) to crude inner ear homogenate (3-6). The significance of ASNHL,
as opposed to other forms of hearing loss, resides in its potential for medical
intervention (1).

Currently, ASNHL is diagnosed by clinical criteria that often implicate
patients with confounding systemic disorders that may contribute to the
development of inner ear autoimmunity (e.g., systemic lupus erythematosus,
rheumatoid arthritis). However, the existence of patients with ASNHL that
have no evidence of any systemic abnormalities implies that inner ear-specif-
ic self-recognition events may be playing a decisive role in most if not all
ASNHL patients (1). Several assays have demonstrated that sensitized T-cells
recognize autoantigens in ASNHL (3-5). Other authors have focused on the
presence of crossreacting antibodies in sera from patients by indirect
immunofluorescence or immunoperoxidase techniques on temporal bone sec-
tions of human patients (7,8). More recent approaches include Western blot
assays using bovine inner ear tissue as the substrate to detect antibodies
against to the 68-kDa protein believed to be heat shock protein 70 (2,9,10).

Despite the different approaches used in the development of laboratory
methods for ASNHL, laboratory testing to date has played only a supportive
role in the diagnosis of ASNHL. No test has shown sufficient sensitivity and
specificity for its detection (11). We have successfully used the enzyme-
linked immunospot (ELISPOT) assay to determine the frequency of interfer-
on (IFN)-y-producing T-cells responding to inner ear antigens in PBMCs
from patients with ASNHL (12). By analyzing the production of IFN-y using
ELISPOT, we have provided evidence implicating inner ear specific IFN-y-
producing T-cellsin the pathogenesis of ASNHL. Further support for the role
of autoreactive T-cells in the pathogenesis of ASNHL comes from our murine
studies in which we showed that CD4* T-cells specific for inner ear peptides
derived from cochlin and B-tectorin are capable of mediating experimental
autoimmune hearing loss (13). Our initial work with the ELISPOT was per-
formed using human inner ear homogenate as a recall antigen (Fig. 1). We
recently have initiated more refined studies using recombinant human inner
ear-specific proteins.

The current chapter provides a list of materials required, a step-by-step
description of the ELISPOT methodology as it refers to patients with ASNHL
and some relevant notes highlighting potential pitfalls are provided.

2. Materials

Materials required include: (1) laboratory equipment, (2) human specimens,
(3) media and solutions, and (4) immunologic reagents.
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Fig. 1. IFN-y ELISPQOTSs in response to inner ear antigens. PBMCs from three
patients with ASNHL showed a high frequency of IFN-y-producing T-cells 24 h after
activation with 50 pg/mL human inner ear homogenate (left column). In contrast,
ELISPOTS from three representative nonresponder ASNHL study subjects (middle
column) showed IFN-y-producing T-cell frequencies that were indistinguishable
from those generated by PBMCs from three representative age- and sex-matched
normal control subjects (right column; reprinted from ref. 12 with permission from
Elsevier).

2.1. Laboratory Equipment

1. Dremel Moto-Tool tissue homogenizer (Dremel, Racine, WI).
2. Optical density spectrophotometer.
3. Centrifuge.
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7% COo/humidified incubator.
Series-1 Immunospot Analyzer (Cellular Technology, Cleveland, OH).

2.2. Human Specimens

1
2.

Membranous tissue from human vestibular and/or cochlear structures.
Blood from patients (50 mL) in heparinized 10-mL tubes.

2.3. Media and Solutions

el
POOWONORA~WNE

PBM C separation medium (Ficoll-Hypaque, Pharmacia Biotech, Uppsala, Sweden).
Phosphate-buffered saline (PBS) solution.

Hanks balanced salt solution (HBSS; Gibco Invitrogen, Carlsbad, CA).
Serum-free HL-1 medium (Hycor, Irvine, CA).

2 mM L-glutamine (Gibco Invitrogen).

100 U/mL Penicillin (Gibco Invitrogen).

100 pg/mL Streptomycin (Gibco Invitrogen)

HEPES buffer (Gibco Invitrogen).

Tween (Sigma, St. Louis, MO).

1 M Acetate buffer.

30% H,0,.

2.4. Immunologic Reagents

N U AWNE

Mouse capture anti-human IFN-y (Endogen, Cambridge, MA).
ELISPOT plates (Polyfiltronics, Rockland, MA).

1% BSA fraction V (Sigma).

Mouse anti-human CD3 (Pharmingen, San Diego, CA).
Phytohemagglutinin-P (Sigma).

Biotin-labeled mouse anti-human IFN-y (Endogen).
Peroxidase-conjugated streptavidin (Dako, Carpenteria, CA).
3-amino-9-ethylcarbazole (AEC).

3. Methods

The methods described below outline: (1) the preparation of human inner ear

homogenate, (2) the preparation of peripheral blood leukocytes, (3) a descrip-
tion of the ELISPOT assay, and (4) the analysis of ELISPOT assays.

3.1. Preparation of Human Inner Ear Homogenate

To test the reactivity of the PBMCs to human inner ear tissues, membranous

tissue from vestibular and/or cochlear structuresis obtained from surgical patients
undergoing labyrinthectomies for disease other than neoplasm or autoimmune
disorders. The tissue collected at the time of surgery is processed as follows:

1
2.

Homogenize the tissue using a Dremel Moto-Tool (see Note 1).
Ultracentrifuge the homogenate at 20,000g for 60 min.
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3.
4.

Decant the supernatant and filter it through a 0.45-pm filter.
Determine the protein concentration by a modified Lowry method using optical
density values at wavelengths of 215, 225, and 280 nm.

3.2. Preparation of PBMCs

1
2.

Collect 50 mL of blood in heparinized 10-mL tubes (see Note 2)

Bring Ficoll-Hypaque Iymphocyte separation media to room temperature.
Dispense 17 mL of Ficoll-Hypaque into a 50-mL polypropylene centrifuge tube.
One 50-mL tube is used for every 15 mL of patient blood.

Pipet blood into a sterile 50-mL polypropylene centrifuge tube.

Dilute patient blood 1:1 with PBS and carefully layer 30 mL of diluted blood over
17 mL of Ficoll-Hypague, being careful not to disturb the interface.

Centrifuge Ficoll-Hypaque/blood layers for 30 min at 700g at 20°C with the brake
off.

Collect the mononuclear cell interface using a sterile polypropylene transfer pipet
with needle tip. Minimize the amount of Ficoll-Hypaque or plasmaremoved while
maximizing the cell recovery.

Promptly dilute the cells 3X in HBSS. Avoid extensive exposure to Ficoll-Hypagque
asit decreases cdll viability.

Centrifuge cell suspension at 600g for 5 min. Decant the supernatant and resuspend
the cellsin HBSS. Repeat wash two more times.

Resuspend at 3 x 105 cell/mL in culture medium (90 mL serum-free HL-1 medi-
um supplemented with 0.5 mL of 2 mM L-glutamine, 0.25 mL of 100 U/mL peni-
cillin, 0.25 mL of 100 pg/mL streptomycin, 2 mL of 30 mM HEPES buffer, and 5
mL of autologous serum ).

3.3. ELISPOT Assay

1

2.

Dilute cytokine-capturing mouse anti-human | FN-y capture antibody in sterile PBS
so that 100 pL/well may be dispensed.

Precoat ELISPOT plates with cytokine-capturing mouse anti-human IFN-y capture
antibody at 0.4 pg/well by incubation at 4°C for 12 h. Seal the plates in plastic
wrap. Plates can be prepared up to 1 wk in advance if necessary.

Wash wells with 200 pL/well of PBS. Repeat three times.

Dispense 200 pL of PBS containing 1% BSA fraction V to prevent nonspecific
binding. Incubate for a minimum of 2 h at room temperature.

Repeat sterile wash as outlined in step 3. Do not remove the last wash until you are
ready to add media (plates must not be allowed to dry).

Remove final PBS wash from the plate. Add 100 pL of PBMCs at a concentration
of 3 x 108 cells/mL of supplemented medium to each well. Supplemented medium
is added so that each well contains 3 x 10° cellsin afina volume of 200 pL.

Add human inner ear homogenate at various final concentrations ranging from 0.5
to 50 pg/mL.

Add media aone to PBMCs as a negative control.
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9. For positive controls, wells are treated with either mouse anti-human CD3 or phy-
tohemagglutinin-Pat 5 pg/mL.

10. Incubate for 24 h at 37°C in a 7% CO,/humidified incubator.

11. Decant cells and media and rinse plates with double-distilled deionized water
(ddH»0). Cells are then washed away using three washes of PBS followed by three
washes of PBS/0.05% Tween/1% bovine serum albumin (BSA).

12. Dilute secondary biotin-labeled mouse anti-human IFN-y antibody (Endogen,
Cambridge, MA) in PBS/0.05% Tween/1% BSA. Add 50 pL/well of secondary
antibody and incubate overnight at 4°C.

13. Wash three times with PBS-Tween.

14. Dilute peroxidase-conjugated streptavidin (Dako, Carpenteria, CA) 1:2000 in
PBS/Tween/BSA. Add 100 pL/well and incubate at room temperature for 2 h.

15. Wash three times with 200 pL/well of PBS.

16. Dilute AEC 1:30 in 0.1 M acetate buffer, filter the AEC/acetate buffer solution
through a 0.45-um pore size filter prior to removing colored precipitates. Add 200
pL/well of a1:2000 dilution of 30% H,0, and observe for spot development for up
tolh.

17. Wash threetimes with 200 pL/well of ddH,O to stop the reaction. This can be done
under running ddH-O.

18. Dry plates without lids in the upright position at room temperature for 12 h.

3.4. ELISPOT Analysis

ELISPOT detection is performed using an automated Series-1 Immunospot
Anayzer (Cellular Technology, Cleveland, OH) with proprietary software
designed to distinguish real spots from artifact (see Note 3). Digitized images
of the wells are analyzed for concentrated spots of red color in which the den-
sity exceeds background by a factor individually calculated per plate based on
the positive and negative control wells. Parameters for automated spot counting
are established so that spots that touch or overlap can be separated and spot size
criteriaand circularity are used to exclude noise caused by nonspecific antibody
binding.

4. Notes

1. Tissue homogenization. It is important to assure that one has a completely homo-
geneous solution. At the time of surgery, the inner ear membranes are collected in
either 0.9% sodium chloride solution or PBS in a volume of approx 30-50 mL per
sample. Avoid using excessively large volumes of solution. Subsequently, the tis-
sues are thoroughly homogenized, either with a Dremel Moto-Tool or aternative-
ly with a mortar and pestle. Centrifugation eliminates unwanted particles from the
solution and subsequent filtering eliminates bacterial contamination. Bring the
solution to afinal concentration of 1-2 mg/mL and store at 4°C for up to 1 mo.

2. Preparation of PBMCs. Make sure the blood is collected in heparinized tubes.
Collect at least 50 mL per patient; if possible, collect 80 mL. When performing the
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techniquefor thefirst time, the cellular yields may be lower and additional amounts
of blood may be helpful. The critical steps in the isolation of PBMCs involve the
use of Ficoll-Hypague. When adding blood to the Ficoll-Hypague layer, do it
dowly to prevent disruption of the interface. Also, after centrifugation, when col-
lecting the cells from the interface be extremely careful to collect all the cellsin the
interface while minimizing the amount of plasma or lymphocyte separation media
(Ficoll-Hypaque). Lastly, minimize the exposure of the cells to Ficoll-Hypaque.
Immediately after collecting the PBMCs from the interface, the cells should be
placed in HBSS or similar media. Extended exposure of PBMC to Ficoll-Hypague
causes cell lysisleading to a decrease in cell yield.

ELISPOT assay. We perform our ELISPOTS based on a previously published pro-
tocol by Pelfrey and colleagues (14). A few notes on our persona experience with
the technique will suffice. A critical step, in our experience, is the addition of 1%
BSA fraction V. If this step is not done properly, or not done at all, significant non-
specific binding will be observed and the results will be at best, suboptimal. The
other important caveat is to be extremely diligent when adding different volumes
of antigen. Make sure the appropriate concentration and volume are added to each
well. Multi-channel and/or pipets can be extremely helpful to achieve this goal.
Other helpful hintsin performing ELISPOT can be found elsewhere in this book.

References

1

2.

Solares, C. A., Hughes, G. B., and Tuohy, V.K. (2003) Autoimmune sensorineural
hearing loss: An immunologic perspective. J. Neuroimmunol. 138, 1-7.

Moscicki, R. A., San Martin, J. E., Quintero, C. H., Rauch, S. D., Nadal, J. B., Jr.,
and Bloch, K. J. (1994) Serum antibody to inner ear proteinsin patients with pro-
gressive hearing loss. JAMA 272, 611-616.

McCabe, B. F., and Mccormick, K. J. (1984) Tests for autoimmune disease in otol-
ogy. Amer. J. Otol. 5, 447-449.

Hughes, G. B., Barna, B. P, Caabrese, L. H., Kinney, S. E., and Naepa, N. L.
(1986) Predictive value in laboratory tests in autoimmune inner ear disease: pre-
liminary report. Laryngoscope 96, 502-505.

Hughes, G. B., Moscicki, R, Barna, B. P, and San Martin, J. E. (1994) Laboratory
diagnosis of immune inner ear disease. Am. J. Otol. 15, 198-202.

Billings, P. (2004) Experimental autoimmune hearing loss. J. Clin. Invest. 113,
1114-1117.

Arnold, W., Pfaltz, C. R., and Alternatt, H. J. (1985) Serum antibodies against inner
ear tissues in the blood of patients with sensorineural hearing disorders. Acta
Otolaryngol. 99, 437-444.

Arnold, W., and Pfaltz, R. (1987) Critical evaluation of the immunofluorescence
microscopic test for identification of serum antibodies against human inner ear tis-
sue. Acta Otolaryngol. 103, 373-378.

Billings, P. B., Keithley, E. M., and Harris, J. P. (1995) Evidence linking the 68
kilodalton antigen identified in progressive sensorineural hearing loss patient sera
with heat shock protein 70. Ann. Otol. Rhinol. Laryngol. 104, 181-188.



260 Solares and Tuohy

10

11.

12.

13.

14.

Hirose, K., Wener, M. H., and Duckert, L. G. (1999) Utility of laboratory testingin
autoimmune inner ear disease. Laryngoscope 109, 1749-1754.

Barna, B. P, and Hughes, G. B. (1997) Autoimmune inner ear disease—a
real entity? Clin. Lab. Med. 17, 581-594.

Lorenz, R. R, Solares, C. A., Williams, P, Sikora, J., Pelfrey, C. M., Hughes, G.
B., et a. (2002) Interferon-gamma production to inner ear antigens by T-cellsfrom
patients with autoimmune sensorineural hearing loss. J. Neuroimmunol. 130,
173-178.

Solares, C. A, Edling, A. E., Johnson, J. M., Baek, M.-J., Hirose, K., Hughes, G.
B., et a. (2004) Murine autoimmune hearing loss mediated by CD4+ T-cells spe-
cific for inner ear peptides. J. Clin. Invest. 113, 1210-1217.

Pelfrey, C. M., Rudick, R. A., Cotleur, A. C,, Lee, J. C., Tary-Lehmann, M., and
Lehmann, P. V. (2000) Quantification of self-recognition in multiple sclerosis by
single-cell analysis of cytokine production. J. Immunol. 165, 1641-1651.



|V

MuLTIPLEX AND MODIFIED ELISPOT
ASSAY FORMATS






17

Dual-Color ELISPOT Assay for Analyzing
Cytokine Balance

Yoshihiro Okamoto and Mikio Nishida

Summary

A dual-color enzyme-linked immunospot (ELISPOT) assay enabled us to analyze three kinds
of cytokine-secreting cells simultaneoudly. T helper (Th) cells can be subdivided into at least two
distinct functional subsets based on their cytokine secretion profiles. The first type of clones
(Th1) produces interleukin (IL)-2 and interferon (IFN)-y but not IL-4 or IL-5. The second type of
clones (Th2) produces|L-4 and IL-5 but not IL-2 or IFN-y. Furthermore, the presence of the third
type (ThO) cell, which is a precursor of Thl or Th2 cells, has been demonstrated to produce both
Thl- and Th2-type cytokines. The dual-color ELISPOT assay is developed to differentiate these
three subtypes of Th cellsin an identical well. In the system, the red spots corresponding to IL-
2-secreting cells (Thl) were developed with horseradish peroxidase and amino-ethyl-car-
bazole/H,O,. The light blue spots corresponding to IL-4-secreting cells (Th2) were devel oped
with alkaline phosphatase and Vector blue (chromogenic substrate for alkaline phosphatase). The
mixed colored (indigo) spots corresponding to both kinds of cytokine-secreting cells (ThO cells)
were developed with both chromogenic substrates. With this system, we could detect the IL-2-
and/or IL-4-secreting cells simultaneously in a murine spleen cell or human peripheral mononu-
clear cell preparation.

Key Words: Dua-color enzyme-linked immunospot assay; interleukin-2; interleukin-4;
cytokine balance; mouse; human.

1. Introduction

The enzyme-linked immunospot (ELISPOT) assay is an efficiently sensitive
technique for the enumeration of single cells secreting cytokines (1). Variations
of the ELISPOT assay have been developed by some investigators, including
our group (2-9). Recently, we developed a dual-color ELISPOT assay (4),
which was named “ Stardust Assay,” by improving an ordinary ELISPOT assay.
This new method enabled us to analyze three kinds of cytokine-secreting cells
simultaneously.

From: Methods in Molecular Biology, vol. 302: Handbook of ELISPOT: Methods and Protocols
Edited by: A. E. Kalyuzhny © Humana Press Inc., Totowa, NJ
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T helper (Th) cells can be subdivided into at least two distinct functional sub-
sets based on their cytokine secretion profiles (10). The first type of clones
(Thl) produces interleukin (IL)-2 and interferon (IFN)-y but not IL-4 or IL-5.
The second type of clones (Th2) produces IL-4 and IL-5 but not IL-2 or IFN-.
Furthermore, the presence of the third type (ThO) cell, which is a precursor of
Thl or Th2 cells, has been demonstrated to produce both Thl- and Th2-type
cytokines (11,12).

The dua-color ELISPOT assay is developed to differentiate these three sub-
types of Th-cellsin anidentical well. In the system, the red spots, which corre-
spond to IL-2-secreting cells (Thl-cells), were devel oped with horseradish per-
oxidase and amino-ethyl-carbazole (AEC)/H,O,. The light blue spots, which
correspond to IL-4-secreting cells (Th2-cells), were developed with akaline
phosphatase and Vector blue (chromogenic substrate for alkaline phosphatase,
Vector Laboratories, CA, USA). The mixed colored (indigo) spots, which cor-
respond to both kinds of cytokine-secreting cells (ThO-cells), were developed
with both chromogenic substrates (Fig. 1). A photographic profile of different
colored spots resembles “Stardust.” Thus we call this technique “Stardust
Assay.” With this system, we could detect the IL-2- and/or IL-4-secreting cells
simultaneously in a murine spleen cell preparation (Fig. 2A,B). In the present
article, the dua color ELISPOT assay enabling simultaneous detection for plu-
ral numbers of cytokines will be described.

2. Materials
2.1. Reagents and Buffers

1. Capture (first) antibody: anti-mouse IL-2 monoclonal antibody (Genzyme,
Cambridge, MA) and anti-mouse IL-4 monoclonal antibody (clone BVD4-1D11:
Pharmingen, San Diego, CA).

2. Detection (second) antibody: rabbit polyclona antibody for mouse IL-2 (Bectone
Dickinson, Bedford, MA) and biotinylated monoclonal antibody for mouse IL-4
(clone BVD6-24G2: Pharmingen, San Diego, CA).

3. Streptavidin-conjugated alkaline phosphatase (GIBCO BRL Co. Ltd., NY ).

4. Horseradish peroxidase-conjugated F(ab’ 2) fragment donkey anti-rabbit IgG(H+L)

(Jackson ImmunoResearch Laboratories, Inc., West Grove, PA).

30% Hydrogen peroxide (H205).

Bovine serum abumin (BSA, globulin free).

7. Cel culture medium (e.g., RPMI 1640 containing 10% hest-inactivated fetal
bovine serum [FBS]).

8. Phosphate-buffered saline (PBS): Dissolve 80 g of NaCl, 2.0 g of KCI, 11.5 g of
Na;HPO,, and 2.0 g of KH,PO,4 in 900 mL of distilled water (dH,0). Check pH
and adjust to 7.4 with 1 M NaOH if necessary. Make volume up to 1 L with dH0.
Store at room temperature. Dilute 1 in 10 with dH,O for use.

o a
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Fig. 1 The schematic representation of adual-color detection (Stardust assay). Abbreviations: mAb, monoclonal antibody; AP, alka-
line phosphatase; HRP, horseradish peroxidase; SA, streptavidin; B, biotin. (Reprinted from ref. 4 with permission from Elsevier.)
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9. 0.05% Tween-20 in PBS (PBS-T): Add 0.5 mL of Tween-20to 1 L of PBS from
above.
10. Blocking solution: 5% BSA in PBS.
11. Substrate solution: 3-amino-9-ethylcarbazole (AEC) substrate kit (Vector
Laboratories, CA) and Vector Blue substrate kit (Vector Laboratories, CA).

2.2. Equipment

1. 37°C CO; incubator: It isimportant that the incubator is absolutely leveled to pre-
vent cells from rolling to one side of the well.

2. Microscope (magnification; x10-40)

3. 96-WHI nitrocellulose-backed plate (Millipore Multiscreen HA plate, Millipore, MA).

4. Plastic plate seal (Sumitomo Bakelite Co., Ltd., Tokyo, Japan).

3. Methods

1. Prepare first antibody mixture including an anti-mouse IL-2 monoclonal antibody
(5 ng/mL) and an anti-mouse IL-4 monoclonal antibody (5 pg/mL) in PBS. Coat
the wells of a 96-well nitrocellulose-backed plate with 100 ul of the antibody mix-
ture per well (see Notes 1 and 2).

. Seal the plate with plastic plate seal to prevent evaporation. Incubate overnight
at 4°C.

. Wash the plate three times with PBS-T (see Note 3).

. Add 300 uL of blocking solution (5% BSA/PBS).

. Incubate for 2 h at room temperature.

. Wash the plate three times with sterile PBS.

. Prepare cell suspension at different concentrations, for example, 1 x 10° cells/mL,
2 x 10* cells/mL, and 4 x 108 cellsmL. Add 100 uL of each cell suspension per
well, in triplicate (see Notes 4 and 5).

. Incubate at 37°C in 5% CO, for 18 h (see Note 5).

9. Wash the plate five times with PBS-T.
10. Add 100 pL of the detection antibody mixture including a rabbit polyclona anti-
body for mouse IL-2 (2 ug/mL) and a biotinylated monoclonal antibody for mouse
IL-4 (2 ug/mL) in PBS-T containing 1% BSA per well.

~NOo ol h~ W N
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Fig. 2 (A). Typica profile of the dual color ELISPOT assay. (A) Crude spleen cells
of normal BALB/c mice were stimulated with 1 pg/mL Concanavalin A for 18 h. After
the stimulation, the cells were added to wells coated with the mixture of anti-IL-2 and
IL-4 antibody, and subsequently spots were devel oped by the enzyme-substrate system
shown in Fig. 1. Red spots corresponding to |L-2-secreting cells are indicated by arrow
a, light blue spots corresponding to I L-4-secreting cells are indicated by arrow b, and the
indigo spots corresponding to the ThO type cells are indicated by arrow ¢ (x40). (B). The
ideal spots of ThO cells. The mixed colored spots (indigo) are shown as the ideal profile
of the spots corresponding to a ThO cell (arrows; x40). (Reprinted from ref. 4 with per-
mission from Elsevier.)
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11. Sedl the plate to prevent evaporation. Incubate overnight at 4°C.

12. Wash the plate five times with PBS-T.

13. Add 100 uL of the mixture including a horseradish peroxidase-conjugated
F(ab’), fragment donkey anti-rabbit IgG(H+L) (diluted 1: 5000) and a streptavidin-
conjugated akaline phosphatase (diluted 1:2000) per well.

14. Sedl the plate to prevent evaporation. Incubate for 2 h at room temperature.

15. Wash the plate five times with PBS-T.

16. Expose wellsto 100 ul of AEC/H,0, substrate solution (Vector Laboratories, Inc.,
Burlingame, CA) and examine for red spotsto identify I1L-2. These reactions devel -
oped for 57 min a room temperature.

17. Wash with PBS several times to eliminate AEC/H,O, substrate solution.

18. Next, 100 uL of the Vector blue substrate solution (Vector Laboratories, Inc.,
Burlingame, CA) was added to each well, yielding light blue spots within 10-20
min to stain IL-4. The mixed-colored (indigo) spots correspond to both kinds of
cytokine-secreting cells (see Note 6).

19. Wash the plate several times with dH,O.

20. The developed plate is dried and count the number of spotsin each well under low
magnification (approx x40) with a microscope. A typical profile of the dual color
ELISPOT assay isshown in Fig. 2 (see Notes 7-9).

Recent studies revealed that the balance of cytokines secreted by different
types of cells affected the state and progression of various diseases, including
infectious, allergic and autoimmune disorders (13). The present procedure
provides a useful tool for quantitatively analyzing micro-levels of dynamic
immune responses. Practically we analyzed the changes in cytokine balance in
collagen-induced arthritic (CIA) mice as an animal experimental model of
human rheumatoid arthritis using the dual-color ELISPOT assay. We could
obtain the valuable results that, at the prearthritic phase Thl cells, were domi-
nant, and after the onset of clinical arthritis, there was a shift from a Th1l-dom-
inant to a Th2-dominant state (Fig. 3; ref. 14).

Furthermore, we have optimized a human dual-color ELISPOT assay system
with replacing antibodies for murine cytokines to those for human, and evalu-
ated the cytokine balance in a patient with juvenile rheumatoid arthritis (JRA).
It was demonstrated that the frequency of both IL-2- and IL-4-secreting cellsin
the peripheral mononuclear cells of the patient with JRA was markedly higher
than those of healthy individuals. Theratio of Th1/Th2 of the patient was lower
than that of healthy subjects (Fig. 4; ref. 15).

In summary, the dual-color ELISPOT assay (Stardust assay) is an excel-
lent method to monitor the cytokine balance in diseases and should be one of
the most powerful tools for not only animal experiments but also clinical
investigation.
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Fig. 3. The population change of Th
cells in spleen of mice with CIA. Dual-
color ELISPOT assay was conducted on
spleen cells obtained from mice with
CIA at different times after collagen type
Il (CIl)-immunization. Cells were incu-
bated with CIl (50 ug/mL) inawell coat-
ed with the mixture of anti-IL-2 antibody
and anti-1L-4 antibody for 18 h and, sub-
sequently, spots were developed as
described in Materials and Methods. (A)
The frequency of IL-2 secreting cells
(Thl cel), (B) The frequency of IL-4
secreting cells (Th2), (C) The frequency
of cells (ThO) secreting both cytokines.
The results are expressed as mean = SD
of six assay wells. Significant differences
were determined by Kruskal—-Wallis non-
parametric one-way analysis of variance
and Scheffé's F test. **p < 0.01, *p <
0.05. (Reprinted from ref. 14 with per-
mission from Mary Ann Liebert, Inc.)

1. Keep reagents and assay plate sterile during steps 1 to 8.
2. Higher concentration of coating antibody may give better results. However, optimal
concentration (usualy 2—10 pg/mL) should be examined in preliminary experiments.
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Fig. 4. Frequency of IL-2- and |L-4-secreting cells in a patient with JRA. PBMCs of
each healthy volunteer (24 + 2 yr old, range 22-33, two males and three femal es) and one
patient with JRA (4 yr old, male) were prepared. The cells were washed with RPMI 1640
medium. Subsequently the cells were stimulated with 2 pg/mL phytohemaglutinin for 18
h. Nonstimulated cells were employed as a control. After the stimulation, the cells were
applied to the dual-color ELISPOT assay. Open circles represent healthy individuals;
closed circles represent the patients with JRA. Each circle represents the mean values of
at least six assay wells. Each horizontal bar represents the mean values £ SD of five
hedlthy individuals. (Reprinted from ref. 15 with permission from Elsevier.)

3. For each wash, fill wells with approx 300 uL of PBS(-T), soak for at least 1 min
per wash, and invert plate to discard a washing solution.

4. Varioustypes of cell specimensare applied to thisassay (e.g., spleen, lymph nodes,
bone marrow, or a cell-fraction purified from various sources). The cell suspension
is prepared by washing cells extensively with incomplete medium, then resus-
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pending the cells in medium containing 10% heat inactivated FBS. The cell speci-
men should be kept on ice until use. The viability of the cells should be assessed
by trypan blue dye exclusion test before use to identify the number of living cells.
The optimal cell concentration and time of incubation will differ in individual
experiment. The cell specimen is sequentially diluted to detect the appropriate
number of spots in a well, and the conditions to produce 10-200 spots per well
should be used to count the total number of cytokine-secreting cells per sample. It
is difficult to count the number of spots precisely when more than 200 spots per
well were developed.

To detect the cells secreting both kinds of cytokines precisely, a reference profile
of the double-stained spots (indigo) should be provided in the plate. To obtain the
ideal spots corresponding to the cells secreting both kinds of cytokines, the plate
was incubated with biotinylated monoclonal antibody for I1L-4 and followed by the
two kinds of chromogenic system; the mixture of the horseradish peroxidase-
labeled and the alkaline phosphatase-labeled streptavidin was added to the well
after the incubation with the biotinylated monoclonal antibody for IL-4. By this
procedure, we obtained atypical profile corresponding to the cells secreting both
cytokines (see Fig. 2B).

The color depth or the size of spots depends on the amount of secreted cytokines.
The strong and well-defined spots should be counted; any small or faint spots are
likely to be artifacts and should not be counted.

The developed spots would be kept for several weeksif the plates are stored at 4°C
under light protection.

To confirm specificity of the assay, the experiment using the wells coated with an
irrelevant antibody (e.g., anti-1L-6 antibody coated well is used) as a negétive con-
trol should be included.
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Simultaneous Detection of Multiple Cytokines
in ELISPOT Assays

Sarah Palzer, Tanya Bailey, Chris Hartnett, Angela Grant,
Monica Tsang, and Alexander E. Kalyuzhny

Summary

Living in the era of multiplex detection systems, it appears attractive to develop enzyme-
linked immunospot (ELISPOT) assays for the detection of more than one cytokine released by
the same cell. However, despite technical simplicity in building such an assay, several factors
have to be considered when designing multiplex ELISPOT assays. We have used four capture
antibodies (hIFN-y, hIL-2, hiL-4, and hTNF-o)) either in combination or individualy to coat
polyvinylidene diflouride membrane-backed Millipore 96-well plates. Several cell stimulations
were also used, including Concanavalin A, Phorbol Myristate Acetate (PMA) and calcium
ionophore (Cal), phytohemagglutinin, CD3e, and lipopolysaccharide. Biotinylated antibodies
were used either individually or combined together to detect secreted cytokines. We have found
that when plates were coated with all four capture antibodies and captured cytokines were detect-
ed using either one detection antibody or all four detection antibodies combined together, fewer
spots could be seen when compared with a plate coated with a single capture antibody followed
by using its matched detection antibody counterpart. Interestingly, negative interferences between
antibodies were less profound when detection antibodies rather than capture antibodies were
mixed together.

Key Words: ELISPOT assay; multiple cytokines, multiple antibodies; double-color assays;
IFN-y; IL-2; IL-4; TNF-ot; PV DF membrane; Millipore; capture antibodies; detection antibodies;
BCIP/NBT, Phorbol Myristate Acetate (PMA), calcium ionophore (Cal), PHA, Con A, LPS,
CD3E, PBMC, cell stimulants.

1. Introduction

Conventiona enzyme-linked immunospot (ELISPOT) assays are designed in
such a way that they can detect release of only a single cytokine. However,
when performing an ELISPOT experiment, it is tempting to collect as much
data as possible about the cytokine-secreting capacity of cells and this brings

From: Methods in Molecular Biology, vol. 302: Handbook of ELISPOT: Methods and Protocols
Edited by: A. E. Kalyuzhny © Humana Press Inc., Totowa, NJ
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forth a question as to whether it is possible to detect simultaneous release of
multiple cytokines by the same cells plated in a single well in the ELISPOT
plate. Technically speaking, setting up such a multiplex ELISPOT assay
appears to be simple: plate is coated with multiple capture antibodies and a
mixture of multiple detection antibodies is added into each well followed by
either developing or adding reporter tags of different colors. However, in spite
of technical simplicity, several factors have to be considered when preparing
and performing multiplex ELISPOT assays.

1.1. Maintaining Efficient Antibody Concentration

When coating awell with multiple monospecific capture antibodies, thereis
apossibility that antibodies may either compete for binding to asolid phase (fil-
ter membrane) or bind to each other (1-3) This, in turn, may reduce the bind-
ing efficiency of monospecific antibodies in a polyspecific antibody cocktail.
There also is a concern that immobilization (by capture antibodies) of secreted
cytokines of one type will exclude them from the feedback regulatory loop and
affect release of other cytokines from the same cells.

1.2. Cell Stimulation

Induction of either TH, or TH, responses may require different cell-stimula-
tion strategies and, therefore, it could be technicaly difficult or impossible to
induce both TH; and TH, responses of the same cell. Thislimits the application
of amultiplex ELISPOT assay to detect release of either TH; or TH, cytokines.

1.3. Cell Concentration

It is known to ELISPOT users that choosing the optimal cell concentration is
of critical importance since it determines the quality of resulting spots and back-
ground staining. To generate detectable spots the number of plated cells may
vary over a wide range of concentrations for various cytokines. For example,
1000 cells per well may be enough to detect tumor necrosis factor (TNF)-o.
secretion, whereas for the detection of interleukin (IL)-13 as many as 200,000
cells per well may be needed because of avery low frequency of cells secreting
IL-13. However, plating 200,000 cells per well will be excessive for the detec-
tion of TNF-a because of the high frequency of TNF-a-secreting cells and will
result in overdevel oped and, therefore, nonanalyzable wells. Thus, it may not be
possible to choose a “one-fits-all” cell concentration to measure release of mul-
tiple cytokines.

1.4. Detection of Multiple Colors

Detection of two and more cytokines released by the same cells can be
accomplished by using multicolor reporter tags. Recognition of individual over-
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lapping colorsin the multicolor mix is a prerequisite to unambiguous detection
of multiple cytokines released by the same cell. It appears that when using flu-
orescent tags (4) individual colors (including overlapped ones) can be detected
by simply switching between filter cubes on the microscope, whereas the detec-
tion of overlapped colors produced by enzyme-converted chromogens such as
3-amino-9-ethylcarbazole, C14H14N> and 5-5-bromo-4-chloro-3-indolyl phos-
phate/Nitroblue tetrazolium (BCIP/NBT; refs. 5-7) may be quite challenging
and require expensive real-color image analysis systems.

We have conducted a study to evaluate performance of a multiplex
ELISPOT assay. Our approach was to use a single-color detection system to
compare the sensitivity of mono-specific ELISPOT assays vs poly-specific
ones, and compared the quality of spots and intensity of background. Even
though we have shown that monospecific ELISPOT assays are superior to
multiplex ELISPOT assays, the information presented in this chapter will still
prove helpful to those who dedicate themselves to designing multi-cytokine
ELISPQOTs.

2. Materials

1. Capture antibodies from R&D Systems, Inc.; Ms x hIFN-y, Gt x hlL-2, Gt x hIL-
4, and Msx hTNF-o..

2. Biotinylated detection antibodies from R&D Systems, Inc.; Btn Gt x hIFN-y, Btn

Gt x hlL-2, Btn Gt x hlL-4, and Btn Gt x hTNF-c..

Ficoll (Amersham Biosciences).

Human Leukopack (Memorial Blood Centers of Minnesota).

Hemacytometer (Hausser Scientific).

Trypan Blue Dye (Gibco BRL).

RPMI complete which contains 1 L RPMI 1640 (Gibco BRL), 10% Feta calf

serum (Sigma), 2 g of sodium bicarbonate (Gibco BRL), 1.19 g of HEPES

(Sigma), 1 mL of 50 mg/mL of Gentamycin (Gibco BRL), and 3.5 uL of 2-

Mercaptoethanol (Sigma; see Notes 1 and 2).

8. Cedll stimulants used; lipopolysaccharide (Sigma), Cal (Sigma), phytohemagglu-
tinin (Sigma), CD3e (R & D Systems, Inc.), PMA (Sigma), and Concanavalin A
(Sigma).

9. Block buffer (R&D Systems, Inc.).

10. PBS (pH 7.4).

11. Human Red Blood Cell Lysis solution: 4.15 g of NH4Cl, 18.61 mg of ethylenedi-
amine tetraacetic acid, and 0.42 g of NaHCOsg, pH to 7.4.

12. ELISPOT wash buffer (R&D Systems, Inc.).

13. Centrifuge.

14. Biosafety cabinet.

15. Humidified cell incubator set at 37°C and 5% CO..

16. Biotinylated antibody and streptavidin diluent (R&D Systems, Inc.).

17. Streptavidin conjugated to alkaline phosphatase (R&D Systems, Inc.).

Noo,r~®
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18. Ready-to-use BCIP/NBT chromogen solution (R&D Systems, Inc.).
19. 96-Well PVDF filter microplates (Millipore, cat. no. MAIPNOB).
20. 50 mL Conical centrifuge tubes (Falcon).

3. Methods

The methods described below outline (1) coating and blocking of the mem-
brane-backed ELISPOT plates, (2) cell preparation, (3) addition of detection
antibodies, and (4) color development of spots.

3.1. Plate Coating

In this study, four different capture antibodies were used either in combina
tion or alone. The antibodies were chosen from apanel of monoclonal and poly-
clonal antibodies, then the antibody that produced the highest quantity and
quality of spots with the least amount of background were chosen from that
panel and used for future experiments. These antibodies include Ms x hIFN-,
Gt x hIL-2, Gt x hIL-4, and Ms x hTNF-a.. Each antibody was diluted in PBS
to reach concentrations that were determined as optimal in preliminary experi-
ments. All wells were coated adding 100 uL of antibody solution. Then the
plates were kept at 4°C for 18-24 h.

3.1.1. Plate Washing

The following day plates were removed and washed three times with a man-
ual eight channel vacuum manifold (three times with PBS; see Notes 3 and 4).

3.1.2. Blocking

After washing, plates were blocked with 200 uL of block buffer per well for
1.5to 5 h. Then the block buffer was removed, and 200 uL of RPMI complete
was added into each well to condition wells for cell cultures.

3.2. Cell Preparation

The following methods describe how to separate cells from a leukopack
and then how to plate them into an ELISPOT plate. Cells were prepared from
a leukopack (a blood pack containing concentrated human peripheral blood
mononuclear cells[PBMCsg]). Blood was layered over Ficoll and then spun at
500g for 30 min (see Note 5). The plasmalayer was discarded, and the PBMC
layer was transferred into a clean 50-mL centrifuge tube. Then sterile PBS
was added to the tube and then spun for 5 min at 500g. The supernatant was
discarded, and pellet was broken up by repetitive pipetting. After that, 10 mL
of cold human red blood cell lyse was added to the tube, mixed with cells, and
then incubated for 5 min. Then the tube was filled with PBS and spun again
for 5 min at 500g. The supernatant was discarded, and 50 mL of RPMI com-
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plete culture media was added into the tube and cells were counted as des-
cribed below.

3.2.1. Counting of PBMCs

Cells were counted in a1:2 mix of cellsand a Trypan blue dye. Of that mix-
ture, 10 uL was pipetted into each side of a hemacytometer (see Notes 6 and 7)
and cells were counted under routine laboratory microscope using a 10X or
20X lens and phase contrast. After counting cells as described in the
Hemacytometer's insert appropriate dilutions of cells were made to culture in
the ELISPOT plates (see Note 8).

3.2.2. Cell Dilutions

For this experiment, cells were diluted to 1 x 106 cellymL and 1 X
105cells/mL. Cell suspension (100 pL) was added into the wells so that result-
ing cell concentrations were 1 x 10° and 1 x 10* cells per well. It is important
to determine the appropriate cell concentrations for each experiment depending
on the targeted cytokine and stimulants used to induce its release (see Note 8).
For the cytokines measured in our experiment, the range of 1 x 10% to 1 x 10°
cells per well produced quantifiable spot numbers. Once the cell dilutions were
made, the RPMI complete was aspirated from the ELISPOT plates, and non-
stimulated cells were added into the plate (see Note 9). To induce cytokine
release, stimulants were mixed with PBMCs in sterile tubes, and then PBMCs
(100 uL/well) were added into the ELISPOT plates.

3.2.3. Plate Map

The plate map used in this experiment was as follows. Columns 1-6 con-
tained capture antibodies for all analytes; column 7 contained only interfer-
on (IFN)-y capture antibody; column 8 contained only IL-2 capture antibody;
column 9 contained only IL-4 capture antibody; and column 10 contained
only TNF-o capture antibody. Columns 11 and 12 were used for controls.
Row A was used for IFN-y (1 x 106 cells/mL); row B, IFN-y (1 x 10°
cells/mL); row C, IL-2 (1 x 108 cells/mL); row D, IL-2 (1 x 10° cells/mL),
row E, IL-4 (1 x 106 cells/mL); row F, IL-4 (1 x 10° cells/mL); row G, TNF-
o (1 x 108 cells/mL); and row H, TNF-o (1 x 10° cells/mL). Detection anti-
bodies were added as follows: columns 1 and 2, all four biotinylated anti-
bodies; column 3, IFN-y; column 4, IL-2; column 5, IL-4; column 6, TNF-a.,
and in columns 7 through 10, all four detection antibodies were added. In
rows A and B there were stimulated cells at 1 x 106 cells/mL; in rows C and
D, stimulated cells at 1 x 10° cells/mL; in rows E and F, nonstimulated cells
at 1 x 108 cells/ml; in row G, a“no detection antibody” control to determine
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background staining; row H, a“no cell control” group containing media only
without any cells. Five different cytokine-inducing treatments were tested in
this study.

3.2.4. Incubating Cells

After the cells are plated, the bottom of the plate was covered with aluminum
foil then placed in a humidified incubator at 37°C and 5% CO, (8). The plate
was then incubated for 16-24 h (see Notes 10-13).

3.3. Detection Antibodies

This section describes the addition of biotinylated detection antibodies into
the plates.

3.3.1. Plate Washing

After incubating the plate overnight the cells were removed by washing the
plate four times with ELISPOT wash buffer (see Note 14).

3.3.2. Adding Detection Antibodies

The detection antibodies were diluted in biotinylated antibody diluent. When
severa antibodies were mixed in combination they were mixed in their respec-
tive concentrations, which was determined when each analyte was devel oped
alone. Some mixtures only contained one antibody at its respective dilution.
Diluted antibody solution (100 uL) was added to the 96-well plates according
to the plate map as noted in the plate map section. The detection antibodies are
incubated on the plates overnight (18-24 h) at 4° C.

3.4. Color Development

The next steps describe the color development of spots using BCIP/NBT
chromogen.

3.4.1. Plate Washing

After finishing the incubation with detection antibodies plates were washed
three timeswith ELISPOT Wash Buffer to remove excess detection antibodies.
In addition, plates are taped out onto paper towel to remove excess wash
buffer.

3.4.2. Streptavidin Conjugated to Alkaline Phosphatase

Streptavidin conjugated to alkaline phosphatase was mixed in streptavidin
dilution buffer to a concentration of 0.15 ug/mL. Then 100 pL of this solution
was added to all wellsin the plates and then plates were incubated for 2 h at
room temperature on arocking plate.
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3.4.3. Plate Washing

After finishing the incubation with Streptavidin conjugated to alkaline phos-
phatase, plates were washed as described in Subheading 3.4.1.

3.4.4. Color Development

After plates were washed and tapped out on paper towel, 100 uL of
BCIP/NBT color chromogen was added into each well. Then the plates were
incubated from 30 min to 1 h (until dark spots are seen on the bottom of the
plate under the microscope) in the dark at room temperature. Then the plates
were washed three times with deionized water. Plates were dried on a hot plate
and spots were analyzed under the microscope using a4X lens.

3.5. Muliplex ELISPOT Assay Sensitivity

3.5.1. Quality of Spot and Background Staining
in Multiplex ELISPOT Assays

Tables 1-5 illustrate the visual appearance of spots and background staining
for each type of stimulation. Results are given for 1 x 10° cellsmL for all stim-
ulations when all four cytokines were detected. For mono-specific ELISPOT
assays (i.e., IFN-y capture antibody and IFN-y detection antibody) results are
given for 1 x 106 cells/mL.

3.5.2. Quantitfication of Multiplex ELISPOT Assays

The numbersin Tables 610 represent average values of two or more wells.
In the series, thefirst antibody listed isthe capture antibody and the second anti-
body listed is the detection antibody. When the term “All” is used it designates
that all four capture or detection antibodies were used in combination.

Our resultsindicate that polyspecific multiplex ELISPOT assays are qualita-
tively (Tables 1-5) and quantitatively (Tables 6-10) different from monospe-
cific ones. Because it is not clear which factors (or combination of factors)
determine performance of multiplex ELISPOT assay, its optimization appears
to be a challenging task not only to beginners but to experienced ELISPOT
developers as well. It is possible that when several capture monospecific anti-
bodies are mixed together and incubated for a long period of time, they may
bind to each other and, thus, inhibit each others' activity. Interestingly, recipro-
cal inhibiting effects of antibodies were less profound when detection antibod-
ies rather than capture antibodies were mixed together (Tables 1-10). If multi-
plex ELISPOT assays are not producing satisfactory results, an alternative
method for measuring the release of multiple cytokines by the cells of the same
donor would be an array type assay, in which cells are cultured in wells coated
with various mono-specific capture antibodies followed by using matched
mono-specific detection antibodies.



Table 1

Human PBMCs Stimulated With 3 ug/mL CD3e

08¢

Detection antibodies

Capture All four
antibodies antibodies IFN-y IL-2 IL-4 TNF-a
All four Spots are fuzzy; No spots are present; Spots are sharp No spots are present; There are many fuzzy
antibodies the background non-cellular debris are and background the background spotsand dso cells
inamix ishigh. sticking to membranes. islow. islow. sticking to the
membrane.
IFN-y Spots are nonspecific;  Few spots due to non- NA NA NA
the background responding donor;
islow. medium background.
IL-2 Nonspecific spots; NA Few sharp spots; NA NA
the background the background
islow. islow.
IL-4 Nonspecific spots; NA NA No spots; NA
the background the background
islow. islow.
TNF-a Non-specific spots; NA NA NA Sharp spots
the background (“crawling” from
islow. the center towards

periphery); the
background is
medium.

|e 19 19Zjed



Table 2

Human PBMCs Stimulated With 1 pug/mL of LPS

Capture
antibodies

Detection antibodies

All four
antibodies

IFN-y

IL-2

IL-4 TNF-o

All four
antibodies

IFN-y

IL-2

IL-4

TNF-o

Spots are sharp;
the background
is high.

No spots,
the background
is medium;
there are stained
cells sticking to
the membrane.

No spots;
the background
islow;
there are stained
cells sticking to
membrane.

No spots;
there are stained
cells sticking to
the membrane.

Sharp spots;
the background
islow.

Few spots due to non-
responding donor;
the background is

low.

No spots;
the background
islow.

NA

NA

NA

No spots;
the background
islow.

NA

No spots;
the background
islow.

NA

NA

No spots;
the background
islow.

There are many fuzzy
spotsand dso cells
sticking to the
membrane.

NA NA

NA NA

No spots; NA
the background
islow.

NA Sharp spots;
the background
islow.

sAessy 1OdSIT3 ul saujoihD aydnnyy
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Table 3

Human PBMCs Stimulated With 3 pg/mL of PHA

c8c

Capture
antibodies

Detection antibodies

All four
antibodies

IFN-y IL-2

IL-4

TNF-o

All four
antibodies

IFN-y

IL-2

IL-4

TNF-o

Sharp spots;
the background
ishigh.

No spots;
the background
is medium;
there are stained
cells sticking to
the membrane.

No spots;
the background
islow;
there are stained
cells sticking to
the membrane.

No spots;

No spots;- No spots;
the background is the background

medium. islow.
No spots; NA

the background

islow.

NA Spots are fuzzy;
the background
islow.

NA NA

the background is low;

there are cells

sticking to

the membrane.
Fuzzy spots;

the background
islow.

NA NA

No spots;
the background
islow.

NA

NA

No spots;
the background
islow.

NA

Sharp spots;
the background
is medium.

NA

NA

NA

Sharp spots;
the background
islow.

|e 19 19Zjed




Table 4

Human PBMCs Stimulated with 0.5 and 0.05 pug/mL of Cal and PMA, respectively

Detection antibodies

Capture All four
antibodies antibodies [FN-y IL-2 IL-4 TNF-o
All four Fuzzy spots; No spots; Fuzzy spots; Sharp spots; Fuzzy spots;
antibodies the background the background the background the background the backgrounds
islow; islow; is medium. islow; islow;
there are stained there are stained there are stained there are stained
cells sticking to cells sticking to cells sticking to cells sticking to
the membrane. the membrane. the membrane. the membrane.
IFN-y Few sharp spots, Few sharp spots, NA NA NA
the background the background
is medium. islow.
IL-2 Few sharp spots, NA Sharp spots; NA NA
the background the background
is medium. islow.
IL-4 No spots; NA NA Sharp spots; NA
the background the background
islow. is medium.
there are stained
cells sticking to
the membrane.
TNF-a Sharp spots; NA NA NA Sharp spots;
the background spots are stronger
islow. than in TNF-o::
All group;

the background is
medium.
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Table 5

Human PBMCs Stimulated With 4 pug/mL of Con A 'sg
X
Detection antibodies
Capture All four
antibodies antibodies IFN-y IL-2 IL-4 TNF-o
All four Fuzzy spots; No spots; No spots; No spots, Fuzzy spots;
antibodies the background the background the background there are stained the background
ishigh. islow: islow; cells sticking to is medium.
there are stained there are stained the membrane.
cells sticking to cells sticking to
the membrane. the membrane.

IFN-y No spats; Few sharp spots; NA NA NA
the background the background
is medium. islow;

there are stained
cells sticking to
the membrane.

IL-2 No spots; NA Sharp spots; NA NA
the background the background
is medium. islow.

IL-4 No spots; NA NA Sharp spots; NA
the background the background
is medium. islow.

TNF-o Sharp spots; NA NA NA Sharp spots; RS
Spots are stronger wells are overdeveloped t\’
than in All:All group; and staining is more @
the background intense than in TNF-alpha: o}
is medium. All group; the background D

is medium.
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Table 6
Spot Count for Human PBMCs Stimulated With 3 nug/ml CD3e
All:Al AlL:IFN-y All:IL-2 All:IL-4 All:TNF-o
189 36 27 33 185
IFN-v:All IL-2:All IL-4:All TNF-o:All
Too Too Too 591
numerous numerous numerous
to count to count to count
IFN-y:IFN-y IL-2:1L-2 IL-4:1L-4 TNF-o:TNF-a.
19 Too 0 304
numerous
to count
Table 7
Spot Count for Human PBMCs Stimulated With 1 pg/mL of LPS
All:AlIl - AILIFN-y AllIL-2 All:IL-4 All:TNF-o
215 43 27 0 311
IFN-v:All IL-2:All IL-4:All TNF-a:All
649 170 0 652
[FN-y:IFN-y IL-2:1L-2 IL-4:IL-4 TNF-o.: TNF-a
28 16 16 394
Table 8
Spot Count for Human PBMCs Stimulated With 3 pug/mL of PHA
All:AlIl - AILIFN-y All:IL-2 All:IL-4 All:TNF-o
263 24 6 34 367
IFN-v:All IL-2:All IL-4:All TNF-a:All
40 28 44 767
[FN-y:IFN-y IL-2:1L-2 IL-4:IL-4 TNF-o: TNF-a.

19 26 23 715
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Table 9
Spot Count for Human PBMCs Stimulated With 0.5 and 0.05 ug/mL
of Cal and PMA respectively

All:All All:IFN-y All:IL-2 All:IL-4 All:TNF-o.
432 18 20 68 469
IFN-v:All IL-2:All IL-4:All TNF-o:All
193 38 114 726
IFN-y:IFN-y IL-2:1L-2 IL-4:1L-4 TNF-0: TNF-o.
26 54 51 691
Table 10
Human PBMCs Stimulated With 4 pg/mL of Con A
All:All All:IFN-y All:IL-2 All:IL-4 All:TNF-o
270 26 24 0 339
IFN-v:All IL-2:All IL-4:All TNF-o:All
387 172 100 47
IFN-y:IFN-y IL-2:1L-2 IL-4:1L-4 TNF-0.: TNF-o
70 0 43 661
4. Notes

1. Sterilize RPMI complete culture medium and reagentsthat will be used to separate out
the white blood cdlls through 0.2-um sterile filter to alow their long-term storage.

2. When using fetal calf serum it isimportant to heat inactivate the serum at 56°C for
30 min. After the heat inactivation the serum should be filtered.

3. Toget consistent development of spotsit isimportant to make sure that wash buffer
does not come into contact with the wellsin the ELISPOT plate until after the cells
have been finished incubating overnight. Otherwise wash buffer may cause cell
death and at times may result in acompletely blank or under-developed wells. This
may require a different washing device for washing coated plates, which requires
PBS vs all other washes that require ELISPOT wash buffer. This becomes even
more relevant when multiple users are running multiple assays on different time
COUrSes.

4. When using an automated or a hand held plate washer, it isimportant to make sure
its prongs do not puncture the membranes on the bottom of the plates.

5. When layering Ficoll make sure that the blood does not mix with the Ficoll to gain
the best separation and highest yield of PBMCs.
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6.

7.

10.

11.

12.

13.

14.

When using a hemacytometer do not overfill the chambers; this may result in inac-
curate counts.

While counting on a hemacytometer, find the middle square that contains severa
smaller squares (25 sguares) and count cellsin five of them. Then take the average
and with that number multiply by 25 (total nhumber of squares in that area) multi-
plied by 2 (dilution factor) multiplied by 10,000 (to get cells/mL). Use this num-
ber when making serial dilutions of PBMCs.

When making dilutions, it isimportant to be sure that the number of plated cellsis
sufficient for the development of a quantifiable number of spots, which can be eas-
ily counted manually or by using an automated ELISPOT plate reader.

When running ELISPOT experiments, it is extremely important to mix cells thor-
oughly before adding them into the wells. This may require shaking the tube with
cells after filling every four wells to minimize well-to-well inconsistency.

Thefoil is used on the bottom of the plates to provide even heat distribution across
the bottom of the ELISPOT plates while incubating the cells overnight. This also
aids in well-to-well reproducibility across the plate.

Using a humidified incubator prevents the culture mediafrom evaporating from the
wellsin the plate.

When incubating the plates with cells it is important to be sure that the shelvesin
theincubator are level, otherwise, the cells will move towards one side of the well,
which will result in nonuniform distribution of spots across the bottom of the well.
It is also important to avoid disturbing (e.g., by slamming the door of the incuba-
tor) the plate with cells during the incubation.

After the wash steps, it is important to tap out the excess liquid in the well onto a
paper towel to prevent diluting the sequential reagents added into the plate.
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Fluorospot Assay
Methodological Analysis

Agnes Gazagne, Wolf Malkusch, Benoit Vingert,
Wolf H. Fridman, and Eric Tartour

Summary

The conventional enzyme-linked immunospot (ELISPOT) technique detects only one secreted
cytokine, which constitutes a mgjor pitfall for the accurate characterization of the various T-cell
subpopulations. We have therefore developed a fluorospot assay, which is a modification of the
ELISPOT and is based on the use of multiple fluorescent-labeled anticytokines detection anti-
bodies. A special automated ELISPOT reader consisting of a light microscope with incident flu-
orescence illumination and an integrating digital color camera has been adapted for this tech-
nique. This technique has been applied for the analysis of subpopulations of T-cells and polarized
antigen-specific T-cells.

Key Words: ELISPOT; cytokines; T-lymphocytes; fluorospot.

1. Introduction

Upon activation, T-lymphocytes up-regulate expression of and secrete a
number of cytokines (1). The enzyme-linked immunospot (ELISPOT) assay is
based on solid-phase immunoenzyme technology (2). This test allows the
detection of functionally specific T-cells secreting cytokines at a single cell
level. When T-cells are incubated in the plates, the cytokines released are direct-
ly bound by capture antibodies; therefore, cytokines are not diluted in the cul-
ture supernatant or bound by cytokine receptors present in the supernatant or
adjacent cells; this may explain the higher sensitivity of this technique com-
pared with ELISA (3,4). However, in most cases the ELISPOT procedure
detects only one secreted cytokine; this constitutes a major drawback for the
characterization of the various T-cell populations, which are identified by their
profile or co-expression of cytokines (5,6). Recent studies indicate that the

From: Methods in Molecular Biology, vol. 302: Handbook of ELISPOT: Methods and Protocols
Edited by: A. E. Kalyuzhny © Humana Press Inc., Totowa, NJ
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Fig. 1. Dual-color immunoenzymatic ELISPOT for the detection of IFN-y and IL-4
producing cells. Left, B.EBV cells and a TH2 T-cell clone were mixed and activated
with PMA—ionomycin. IFN-y and IL-4 derived from secreting cells were detected using
substrates specific for horseradish peroxidase (3-amino-9-ethylcarbazole, C14H14N>) or
alkaline phosphatase (5-bromo-4-chloro-3-indolylphosphate/Nitroblue tetrazolium
chloride), respectively. Enzymes were linked to detection antibodies for IFN-y and IL-4.
Red spots corresponded to | FN-y secreting cells, whereas blue spots belong to IL-4 pro-
ducing cells. Right: Greater enlargement of aquadrant from the left. The arrows showed
the difficulties in the interpretation of mixed color spots. See Color Plate 5, following

page 50.

detection of double interferon (IFN)-y—interleukin (IL)-2-producing T-cells
provides additional clinical information regarding the prognosis of patients
with human immunodeficiency virus than enumeration of IFN-y- or IL-2-
secreting T-cells alone (7-10).

As others and we have experienced, attempts to develop an immunoenzy-
matic dual-color ELISPOT failed because of difficulties in the interpretation
of mixed color spots (Fig. 1; refs. 11,12). Therefore we have developed aflu-
orospot assay, which is based on a modification of the ELISPOT. The fluo-
rospot assay is based on the use of multiple fluorescent-labeled anticytokine
detection antibodies. This assay clearly provides better discrimination and
characterization of double cytokine-producing cells than does an enzymatic
reaction. This technique allows for the detection of regulatory T-cells and
polarized type 1- and type-2 specific tetanus toxoid T-cells (13). The avail-
ability of a large range of fluorophores should permit the extension of this
technique to multiparameter analysis.
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2. Materials

1
2.

o g s

Ethanol (Merck-Eurolab-Polylabo, Denmark).

96-Well polyvinylidene diflouride flat bottom plates (Millipore, Molsheim,
France).

Cells were maintained in AIM V medium (Gibco-Life Technologies, Paisley,
Scotland).

Tween 20 (Merck, Schardt, Germany).

Phosphate-buffered saline (PBS), pH 7.2—7.4 (Gibco-Life Technologies).
Anticytokine antibodies (see Note 1): Mouse IgG1 anti-1FN-y (clone B-B1), mouse
IgG1 anti-1L-2 (clone B-G5), fluorescein-labeled mouse anti-IFN-y (clone BG-1),
and biotinylated rabbit polyclonal anti-1L-2. All the antibodies were obtained from
Diaclone (Besancon, France).

Secondary reagents for amplification step: anti-fluorescein rabbit 1gG labeled with
Alexa Fluor 488 (Molecular Probes, Eugene, OR), biotinylated goat anti-rabbit
1gG (Southern Biotechnology), and phycoerythrin-conjugated streptavidin (Dako,
Trappes, France). Fluorophores labeled conjugates are stored in aliquots undiluted
at 4°C and protected from light.

Equipment required to read the fluorescence spots. For evaluation, we used an
automated ELISPOT reader (KS ELISPOT, Carl Zeiss Jena) equipped with alight
microscope (Axioplan 2 imaging mot, Carl Zeiss Jena) with incident fluorescence
illumination (double band path fluorescencefilter for FITC and Rhodamine), motor
stage and automatic focusing unit.

3. Methods

To illustrate this technique, we describe a double-color fluorospot to detect

IFN-y and IL-2, but this technique also can be applied for monocolor fluorospot
or for the detection of other cytokines.

1

Ninety-six well polyvinylidene diflouride (PVDF) flat-bottom plates (Millipore,
Molsheim, France) were first treated with ethanol 70% for 10 min at room tem-
perature (see Notes 2 and 3).

The plates then were washed three times with PBS; this step increases the binding
efficiency of the plates.

The plates were then coated overnight at 4°C with 100 puL of mouse monoclonal
anti-1L-2 and anti-IFN-y antibodies in PBS at 10 pug/mL.

The plates were then blocked with 2% milk in PBS for 2 h at room temperature and
washed twice with PBS containing 0.05% Tween-20. Less background was
obtained when milk was used compared with medium that contained serum.

Cells diluted in AIMV medium in a volume of 100 uL were then added in serial
dilutionsin triplicate and were incubated for various times ranging from 18 h to 48
h at 37°C in a humidified atmosphere of 5% CO, in air (see Notes 4 and 5). We
demonstrated that for human peripheral blood mononuclear cells, the plates were
saturated at a concentration 2 x 10° cells and, therefore, it is not recommended to
exceed this number of cellsin the plates.
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6.

10.

11.

Then cells were removed and the plates were incubated with PBS containing
0.05% Tween-20 for 10 min to lyze all the remaining cells. This step was followed
by three washes with PBS containing 0.05% Tween-20.

For the detection of IFN-y and IL-2, 100 uL of a fluorescein-labeled mouse mon-
oclona anti-IFN-y antibody (2 pg/mL) and 100 uL of biotinylated rabbit poly-
clonal anti-1L-2 (1.5 ng/mL) were added for 1.5 h at 37°C in aplace protected from
light (see Note 6). In genera, the concentrations of the detection antibodies are
always lower than that used for the capture antibodies.

For IFN-y the signal was amplified with 15 pg/mL of an anti-fluorescein rabbit 1gG
conjugated with Alexa Fluor 488 and, for IL-2, the reaction was detected with 15
pg/mL of phycoerythrin-conjugated streptavidin. All the incubations were per-
formed in a place protected from the light. It is necessary to avoid using anti-fluo-
rescein rabbit |gG conjugated to fluorescein to prevent the formation of auto-aggre-
gates of this antibody.

Images were taken with an integrating digital color camera (Axiocam MRc, Carl
Zeiss Jena; see Note 7), which allows one to record high-resolution images. This
camera, an aternative to an analog color camera, can be adjusted to an optimum
fluorescence exposure time directly from the evaluation software. Various settings
for different experiments may be saved in their own configuration files and easily
recalled when necessary. Figure 2 illustrates a dual-color fluorospot for I1L-2 and
IFN-y recorded using this equipment.

After the digitization, the KS ELISPOT software proceeded with automatic data
processing. In the user interface, the user elements are reduced to a minimum. Only
four buttons are needed for routine evaluation. Finally, al data were transferred
directly into a spreadsheet program for further evaluation and graphical display.
The system settings were tested before the evaluation of a complete plate with the
“check well” function. In this mode, the spot recognition can be adapted with the
“teach” function, or anew configuration setting where multiple evaluation patterns
can be defined.

Finally, the evaluation of the entire plate was started. The stage was moved to the
center of the first well position and the auto-focus initiated. Then, the well position
was scanned in a meander mode. From all fields, a complete well image was gen-
erated and displayed in a reduced mode in the image field for user control. The
result was displayed in the overlay (spot indication and spot diameter). The stage
moved to the next well position and the sequence repeated until the last well was
evaluated. All rejected positions were skipped. After the evaluation of the last well
position, the stage will automatically return to the start position. A detailed descrip-
tion of the evaluation software is given in Chapter 8 in this volume.

4. Notes

1

2.

The use of antibodies without azide and with low endotoxin levels may help to
reduce background levels when plate is devel oped.

The PV DF flat-bottom plates gave the best results when compared to plastic plates.
This technique did not require the use of black plates.
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Fig. 2. Dual-color fluorospot for the detection of 1L-2 and/or IFN-y-producing cells.
Peripheral blood mononuclear cells were stimulated with PMA and ionomycin in
PVDF plates. IFN-y- and/or IL-2-producing cells were characterized by a dual-color
fluorospot assay. Green spots corresponded to IFN-y secreting cells, whereas red spots
belong to IL-2-producing cells. Yellow spots corresponded to cells coexpressing IFN-y
and IL-2. No spots were observed when non-stimulating cells were used for the dual-
color fluorospot. See Color Plate 6, following page 50.

3. When dual-color fluorospot is performed, competition between capture antibodies
may occur and this will introduce bias in the detection of spots. This difference may
be related to the variable efficiency of antibodies binding to PV DF membrane. When
antibodies are used for the first time, to ensure that the same concentrations of anti-
bodies directed against IL-2 or IFN-y were bound, we simultaneously tested the fre-
quency of 1L-2- and IFN-y-producing cells with single color or double color fluo-
rospot procedure. The number of cells producing IFN-y and IL-2 in the single-color
fluorospot assay has to match the sum measured with the double-color fluorospot.

4. Medium with fetal calf serum or human serum may non specifically activate the
cells; therefore, we recommend medium without serum (either AIMV [Gibco] or
X-Vivo [Cambrex]).

5. Cell incubation times vary depending on the cytokine to be detected. For IL-2 or
IFN-y, times range from 10 to 18 h. On the contrary, for the detection of IL-10 or
IL-12, cells may need to be incubated up to 48 h.
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6. Amplification system: when directly labeled anti-cytokine detection antibodies

were used without amplification, fluorescence was not detectable. During dual-
color fluorospot, one must be aware of crossreactivity between secondary and/or
primary antibodies. Therefore, we recommend that one use species depleted anti-
bodies and Fab’ 2 antibodies. For the detection of some cytokines a supplementary
amplification step further increases the signal. For example, when detecting of IL-
2, an amplification step with 100 uL of biotinylated goat anti-rabbit 1gG for 1.5 h
at 37°C could be added. During the double IFN-y/IL-2 fluorospot assay, we first
incubated the cells with the biotinylated goat anti-rabbit 1gG and phycoerythrin-
conjugated streptavidin, and the anti-fluorescein rabbit 1gG conjugated with Alexa
Fluor was added in a second step, after three washes, to avoid cross reactivity
between the anti-rabbit 1gG and the anti-fluorescein rabbit 1gG. For the detection
of 1L-10, we use mouse IgG1 anti-IL-10 antibodies for the capture, biotinylated
mouse 1gG 2b anti-IL-10 and, in that case, the amplification step may include a
biotinylated rabbit anti-mouse 1gG 2b (Rockland, Gilbertsville)

Because the fluorescence illumination does not cross the PVDF membranes, the
light from illuminator has to come from the top of the plates.
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A Gel-Based Dual Antibody Capture
and Detection Method for Assaying
of Extracellular Cytokine Secretion
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Summary

A distinguishing feature of eosinophils is their ability to rapidly release preformed cytokines
from intracellular pools. Cytokines are delivered to the cell surface from granule stores by trans-
port vesicles and are released in small packets at discrete |ocations along the cell surface through
aprocess termed “piecemeal” degranulation. The study of this process has been hindered by lack
of an assay sensitive enough to register minute protein concentrations and the inability to visual-
ize morphology of cytokine secreting cells. These hindrances have necessitated our devel opment
of the EliCell assay, an agarose-based dual cytokine capture and detection system through which
cytokine secretion and cellular morphology may be analyzed in concert. Cells are embedded
within capture antibody-containing agarose and stimulated under conditions of interest.
Extracellularly rel eased cytokineis captured within the matrix at the point of rel ease from the cell
and can be labeled with a fluorochrome-conjugated antibody. Cytokine release and cellular mor-
phology are visualized in parallel by phase contrast and fluorescence microscopy, respectively.

Key Words:. EliCell; agarose matrix; eosinophil; cytokine; piecemeal degranulation; vesicu-
lar transport; secretion.

1. Introduction

Eosinophils have long been noted for their content of cationic granule pro-
teins, the deposition of which leads to tissue damage and cdllular dysfunction
(1,2). A more recently noted characteristic of eosinophilsistheir internal stores
of preformed cytokines and chemokines with a wide range of biological func-
tions (3). In most other cells (i.e., T-cells), the release of these cytokines depends
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upon de novo synthesis in response to a particular stimulus. The ability of
eosinophils to release these potent immunomodulators in the absence of de novo
synthesis highlights the potentia of these cellsto play key rolesin rapidly affect-
ing the initiation or course of an allergic response.

Mogt, if not al, of the cytokines found preformed within eosinophils have been
localized to specific granules (4-9). Strong evidence provided mainly through
electron microscopic analyses suggests that the mobilization of these factors from
granule stores and subsequent extracellular release follows a process termed
“piecemeal” degranulation (PMD), where small cytokine-containing vesicles
traffic from granules to the plasma membrane. This process resultsin small pack-
etsof material being released at discrete locations along the cell surface. Although
exocytosis of entire granule contents may occur under rare conditions, the more
measured, specific process of PMD predominates (4,10-12). Despite colocaliza-
tion of numerous factors within specific granules and the common use of PMD as
a method of exiting the cdll, cytokines and chemokines are likely released indi-
vidually in atightly regulated, stimulus-dependent manner.

An understanding of molecular mechanisms responsiblefor this high level of
specificity has been hindered by the lack of appropriate assays to detect low lev-
els of stimulus-dependent cytokine release. Enzyme-linked immunosorbent
assay (ELISA) methods relying on measurement of cytokine/chemokine levels
in culture supernatants have been successful in the detection of some
eosinophil-derived cytokines, particularly when nonphysiological stimuli and
long incubation times are employed (13—-15). However, the progressive nature
of release by PMD in response to more physiological stimuli cannot be fully
appreciated because the released quantities are below the sensitivity of the
assay. An additional obstacle is the potential of eosinophils to recapture or
sequester released product with specific cytokine receptors at the cell surface,
giving the false impression of lack of output (16).

Enzyme-linked immunospot (EL1SPOT) techniques avoid many of these dis-
advantages and provide the potentia to detect minute quantities of product at
the individual cell level. However, this approach provides little information
concerning morphology, activation status, or even the viability of individua
cytokine-producing cells. This can be especialy important when considering
eosinophil populations which, unlike most other cell types, do not require stim-
ulus-induced de novo synthesis of the cytokine in question. Therefore, a dam-
aged or permeabilized cell may appear as a positive spot because of the artifi-
cia release of its preformed contents or availability of intracellular stores to
detecting antibodies.

In light of the unique difficulties introduced in the study of eosinophil PMD,
we have developed a new approach to visualize the release of specific cytokine
and chemokine products. Based upon the dual antibody capture and detection
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system of ELISPOT, the EliCell assay uses an avidin-conjugated agarose matrix
to bind biotinylated cytokine-specific capture antibody. Cells are embedded
within (rather than atop) this matrix and stimulated under conditions of inter-
est. Released cytokine is captured within the matrix at the point of release from
the cell and can be detected by a fluorochrome-labeled detection antibody.
Viable cells remain embedded within the agarose substrate throughout the pro-
cedure and can be visualized under high magnification by phase contrast for
morphological analysisin paralel with detection of released product by fluo-
rescence microscopy (17,18).

This approach provides substantial advantages, namely the ability to micro-
scopically observe the cytokine-secreting cell in parallel with detection of the
secreted product, providing information on viability and potential polarization
of factor release. In addition, the procedure may be easily modified to allow for
simultaneous detection of multiple cytokines, observance of surface markersin
conjunction with cytokine release, detection of intracellular products, and other
cytochemical analyses.

2. Materials
2.1. Agarose Activation

1. Low-melting point agarose (mp 65.5°C, gelling point 24°C; Promega, Madison,
WI; cat. no. V2111).

2. 10 mM Nal Q4 dissolved in 100 mM sodium acetate buffer, pH 5.5.
Store at 4°C and protect from light.

3. 70°C Water bath.

2.2. Coupling of Activated Agarose to Avidin
2.2.1. Coupling of Streptavidin to Agarose
1. Streptavidin-hydrazide (Pierce Chemical, Rockford, IL; cat. no. 21120).

2.2.2. Coupling of NeutrAvidin to Agarose

1. NeutrAvidin biotin-binding protein (Pierce; cat. no. 31000).

2. Quenching buffer (pH 7.4; may be purchased, along with sodium cyanoborohyde
instep 3, inthe AminoLink Plus Immobilization Kit [Pierce, cat. no. 44894]): 1 M
Tris-HCI; 0.05% NaNs.

3. Sodium cyanoborohydride* (32 mg; Pierce; cat. no. 44892) dissolved in 5 mL of
10 mM NaOH.

Because of the high toxicity of CNBHg3, this step should be performed in afume hood.

4. ImmunoPure HABA (Pierce; cat. no. 28010).

* Reagents may be purchased together in AminoLink Plus Immobilization Kit (Pierce, cat. no.
44894,
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2.3. EliCell Assay

©

10.
11.
12.

13.
14.
15.
16.
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37°C Water bath.

10X RPMI-1640 (Sigma-Aldrich).

1X RPMI 1640 (Sigma-Aldrich) supplemented 0.1% oval bumin.

Biotinylated capture antibody (0.1 mg/mL diluted in RPMI + 0.1% ovalbumin).
Ultra-microtipswith elongated tip (USA Scientific, Ocala, FL; cat. no. 1111-4000).
Microscope slides and cover dlips (22 x 50 mm).

CoverWell perfusion chambers (Grace Bio-Labs, Bend, OR, cat. no. PC1L-0.5).
Hanks Buffered Salt Solution without calcium chloride and magnesium chloride
(hereafter HBSS —/-).

Paraformal dehyde (diluted to 2% in HBSS —/—) (Electron microscopy Sciences, Ft.
Washington, PA; cat. no. 15710). Dilutions should be made in fume hood and fresh
dilutions of PFO should be used in each experiment. Protect from light.
Detection antibody pre-labeled with fluorochrome (see Note 1).

Aqua Poly/Mount (Polysciences, Inc., Warrington, PA; cat. no. 18606).

Acridine orange: ethidium bromide solution (recipe for solution adapted from
Becton Dickinson Immunocytometry Systems Cytometry Source Book). Prepare
100X stock: 50 mg of ethidium bromide; 15 mg of acridine orange; dissolve in 1
mL of 95% ethanol. Add 49 mL of dl water. Mix well, divide into 1-mL aliquots
and freeze. 1X working solution (prepare fresh): Dilute 100X stock with PBS and
mix well. Store at 4°C for up to 1 mo protected from light.

Fast Green (Sigma).

Hematoxylin (Sigma).

Hema 3 Staining kit (Pierce).

AX-70 Provis Olympuswith FITC and TRITC filter sets (HBO burner). Objectives
used: 40X 1.00 Ph3 UplanApo and 100x 1.35 Ph3 UplanApo

3. Methods
3.1. Activation of Agarose

Incorporation of capture antibody into the support matrix requires prior acti-

vation of the agarose to generate functional aldehydes. Oxidation of cis-vicinal
hydroxy!l groups of the agarose by sodium metaperiodate is detailed below and
inFig. 1A.

1

ahsrwN

o

Weigh 0.125 g of low-melting point agarose into a 250-mL Erlenmeyer flask (to
increase surface area) and dilute to 2.5% by adding 5 mL sterile dI water

Mix well, but avoid swirling to prevent agarose binding to flask wall.

Solubilize agarose in 70°C water bath for 15 min with gentle agitation.

Solidify agarose at 4°C for 20 min.

Cover surface of solidified agarose with 5 mL of periodate solution (10 mM NalO,4
in 100 mM sodium acetate buffer, pH 5.5) to activate the agarose, generating reac-
tive aldehyde groups.

Protect from light and store overnight at 4°C.

Discard periodate solution.
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Fig. 1. Chemistry of agarose activation and conjugation to avidin derivatives. (A)
Sodium meta-periodate oxidation of agarose to generate functional aldehydes. (B)
Reaction of hydrazide groups of streptavidin-hydrazide with functional aldehydes of
activated agarose. (C) Reaction of primary amine of NeutrAvidin with functional ade-
hydes of activated agarose to form unstable Schiff base, which is stabilized by reduc-
tion with NaBH3CN in a reductive amination reaction.

8. Wash oxidized agarose for 10 min with 20 mL sterile dl water at 4°C
9. Repeat wash step 49 times, using atotal of 1 L of water. Do not allow agarose to
dry out.

3.2 Conjugation of Activated Agarose Substrate to Avidin

To uniformly incorporate biotinylated capture antibody into the oxidized
matrix, agarose must be conjugated to avidin. We developed the assay using
streptavidin, a biotin-binding analogue of egg-white avidin, gaining its prefix
from its bacterium source, Streptomyces avidinii. The process of coupling
agarose to streptavidin is detailed in Subheading 3.2.1. and in Fig. 1B.
Streptavidin has been demonstrated to compete with extracellular matrix (ECM)
proteins for binding to cell surface receptors of the integrin family through an
RY D-containing sequence. This RY D-containing sequence mimics the RGD
sequence common to several ECM proteins, such as fibronectin (19-22). As
potential uses for the EliCell system have evolved to include studies addressing
eosinophil interactions with ECM proteins, we have begun to utilize alternatives
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to streptavidin. One such substitute is NeutrAvidin® (Pierce), a carbohydrate-
free modified avidin derivative. The process of coupling NeutrAvidin to agarose
is described in Subheading 3.2.2. and in Fig. 1C.

3.2.1. Chemical Coupling of Streptavidin to Agarose

The hydrazide group of streptavidin—hydrazide is reacted with the oxi-
dized agarose, to stably couple streptavidin to the activated agarose support
matrix.

1. Cover agarose layer with 5 mL of 0.2 mg/mL streptavidin-hydrazide (diluted in
water).

2. Incubate overnight at room temperature.

3. Repeat washing (steps 8 and 9 in Subheading 3.1.) to remove any unbound strep-
tavidin.

4. OPTIONAL.: the degree of streptavidin conjugation may be determined by analyz-
ing an aliquot of the gel in benzoic acid at 500 nm using HABA reagent (refer to
Subheading 2.).

5. Streptavidin—agarose may be re-solubilized at 70°C and aliquoted before storage.
Aligquots may be stored up to 6 mo at 4°C.

3.2.2. Chemical Coupling of NeutrAvidin to Agarose

Reactive aldehydes of the oxidized agarose are covalently coupled to avail-
able amine groups of neutravidin through a reductive amination reaction.

1. Cover agarose layer with sodium cyanoborohydride solution (32 mg NaCNBHs in
5 mL of 10 mM NaOH) plus 2 mg of NeutrAvidin (dissolved in 0.5 mL H,0) and
incubate overnight at 4°C. Because of the high toxicity of NaCNBHs3, this step
should be performed in a fume hood.

2. To block unreacted groups, cover agarose with 5 mL of 1 M Tris and incubate for
2 h at room temperature.

3. Repeat washing steps 8 and 9 from Subheading 3.1.

4. NeutrAvidin—agarose may be resolubilized at 70°C and aliquoted prior to storage.

3.3. EliCell Assay

Biotinylated cytokine-specific antibody is bound to avidin—agarose substrate
in liquid state. Cells are exposed to stimulus, mixed with the liquid matrix and
spread onto dlides. As agarose solidifies, cells are immobilized in the capture
antibody-containing substrate. The solid phase agarose—cell mixture is kept
hydrated with stimulus containing medium and incubated for appropriate stim-
ulation times. After stimulation, slides are incubated with fluorochrome-labeled
cytokine-specific antibody to detect captured protein, and cell morphology and
released product are analyzed in parallel by phase and fluorescence microscopy,
respectively. The assay isillustrated in Fig. 2. See Note 2 for a description of
essential controls to be included in each experiment, and Table 1 for sugges
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1. Agarose-avidin substrate

7. Chamber is removed, and slides are fixed
and incubated with flourochrome labeled anti-
cytokine antibody.

¥ Fluorochrome-labeled
detection antibody

8. Slides are analyzed
Phase-contrast

aoc

2. Biotinylated capture antibody is
bound to agarose matrix
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4. Cell-agarose mixture is
spread onto slide

6. Slides are incubated @ 37°C in
humidified chamber. Secreted
product is bound by capture
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9
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Fig. 2. EliCell assay. Schematic of EliCell assay to detect release of a single cytokine.

tions on specific capture-detection antibody pairs and stimulus concentrations.
For adaptation of protocol to detect two cytokines simultaneously, to detect
released product in paralel with surface marker staining or for intracellular
detection of non-released products refer to Notes 3-5, respectively.
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Table 1
Examples of Capture-Detection Antibody Pairs and Stimulus
Working Concentrations

Capture AB Detection AB Stimulus  Reference
Biotinylated goat Mouse ohlL-4 Eotaxin 15
polyclona ahlL-4 (R&D Systems, (6 M)
(R&D Systems, Clone no. 3010.211)
cat. no. BAF204)
Biotinylated goat Mouse chRANTES IFN-y 17
polyclonal oh RANTES (R&D Systems, (500 U/mL)
(R&D Systems, Clone no. 21418.211)
cat. no. BAF278)
Biotinylated goat Mouse ahlL-12 oCD9 18
polyclona oh IL-12 (R&D Systems, (2.5 pg/mL)
(R&D Systems, Clone no. 24910.1)

cat. no. BAF219)

3.3.1. Binding of Capture Antibody to Substrate

1. Mélt aliquot of streptavidin or NeutrAvidin-conjugated agarose at 70°C, then trans-
fer to 37°C to maintain liquid state

2. Keeping at 37°C, combine the following in an Eppendorf tube (to determine final
volume required multiply number of desired samples by 20 pL): 1 volume agarose,
(+2/10 volume 10X concentrated RPM1-1640 medium), 1 volume biotinylated cap-
ture antibody (100 pug/mL in RPMI + 0.1% ovalbumin). Refer to Note 6 for selec-
tion of appropriate capture-detection antibody pairs.

3. To above Eppendorf tube add 3 volumes of purified eosinophils (15 x 106 cells/mL
in RPMI + 0.1% ovalbumin). Refer to Note 7 for tips on eosinophil purification
strategies.

3.3.2 Stimulation of Cells, Gelification of Substrate, and Incubation

1. For each stimulus, prepare in advance 1X and 10X working solutions. (Total vol-
ume required for 1X solution will be 400 uL x total number of sides, and for 10X
solution will be 2 uL x total number of slides.)

2. Mix agarose/cell mixture (from step 3 of Subheading 3.3.1.) thoroughly by aspi-
rating gently with a plastic pipet tip.

3. In small Eppendorf carefully combine 20 uL agarose/cell mixture with 2 puL of
10X stimulus.

4. Using Ultra-microtips, gently spread (using surface tension) 22 uL stimulated
agarose/cell mixture onto microscope slide. Avoid contacting dlide surface with tip,
as this may lead to cell damage.
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5.

~

Cover sample with perfusion chamber and place slide on tray atop hydrated pad.
(Once chamber has been affixed, slides may remain at room temperature for sev-
eral minutes while additional slides are prepared.)

Carefully pipet 400 uL of appropriate 1X stimulus over sample through a chamber
access port, ensuring that chamber areais uniformly saturated.

Place tray in humidified incubator (37°C, 5% CO,) for desired incubation time.
OPTIONAL: while dlides are incubating, centrifuge fluorochrome-labeled detec-
tion antibody (15,0009 for 30 min) to pellet any precipitate that may have formed
during storage. Use supernatant to prepare working dilutions (step 3, Subheading
3.3.3).

3.3.3. Fixation and Detection

1

After incubation, remove slides from incubator, carefully remove perfusion cham-
bers and fix slides by immersion in 2% paraformaldehyde for 5 min at room tem-
perature.

After fixation, wash slides for 10 min in HBSS —/— at room temperature with gen-
tle agitation.

Prepare working dilutions of fluorochrome-labeled detection antibody in HBSS
—/— (see step 8, Subheading 3.3.2.). Optimal concentrations must be deter-
mined for each detection antibody but generally range from 1 to 10 ug/mL. To
determine total volume of detection antibody required, multiply number of
slides by 400 pL. For suggestions on fluorochrome labeling of detection anti-
body, refer to Note 1.

Dry areaimmediately around agarose film on slides to prevent seepage of antibody,
and place dides on hydrated pad. (Alternatively, pap pen may be used to outline
staining area. However, care must be taken to avoid contacting agarose with pap
pen.) DO NOT ALLOW SLIDES TO DRY.

Cover agarose film with 400 pL of diluted detection antibody and incubate 45 min
at room temperature, protected from light.

After incubation with detection antibody, wash slides 3 x 10 min. in fresh HBSS
—/— with gentle agitation.

After final wash, quickly dip slidesin water to remove salt residue and allow dlides
to dry at room temperature, protected from light. (Slides may be left overnight to
ensure drying.)

Once dry, slides should be mounted using aqueous mounting medium, coverslip
affixed, and stored at room temperature in the dark until analysis. (Allowable stor-
age time will depend upon fluorochrome used with detection antibody).

3.4. Analysis

The major advantage provided by the EliCell system is the ability to observe

morphology and viability of individual cytokine-secreting cells. The next three
subsections discuss analysis of results using fluorescence, phase-contrast and
light microscopy.
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Fig. 3. Positive staining results using EliCell system. Detection of cytokine release from
eosinophils stimulated with physiologic (A) or nonphysiologic (B) stimuli. In (B),
eosinophils were stimulated with 0.5 uM A23187. The bottom panel illustrates simultane-
ous detection of two cytokines labeled with Alexa 488 or Alexa 546. Digital pictures were
taken using 100X magnification objective. See Color Plate 7, following page 50. (Figure
continues)

3.4.1. Positive Staining Results

The detection of vesiclerdeased products using physiologic stimuli will
appear as punctate spots at the cell surface (see Fig. 3A). A more diffuse staining
pattern may indicate an insufficient concentration of capture antibody within the
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Q)

Fig. 3. (continued)

agarose matrix (18). In contrast, detection of products released through cytolysis
(i.e., following stimulation with a calcium ionophore) will appear as a much more
robust staining, without discrete limits (Fig. 3B) and may be visualized in the
absence of capture antibody, due to loss of membrane selectivity.

3.4.2. Staining Artifacts

It isessential that fluorescent product be analyzed in parallel with phase con-
trast analysis, to avoid counting staining artifacts as positive signal. In addition,
appropriate controls must be included in each experiment (see Note 2).
Common sources of staining artifacts arise from cellular autofluorescence
exhibited by damaged or dying cells, non-specific antibody binding and per-
meabilization of cells. Generally, about 5% of the cells undergo degeneration
and die by apoptosis during the EliCell assay. Examples of staining artifacts are
shown in Fig. 4.

3.4.3. Cell Viability and Morphological Analysis

A magjor benefit of the EliCell system is the maintenance of cell viability
(greater than 90%) even after fixation and detection steps. Viability of cells may



Fig. 4. Staining artifacts using EliCell system. Phase-contrast and fluorescence
microscopy of identical fields of eosinophils incubated in EliCell preparations.
Damaged (A, B, and C) or permeabilized (D) cells show nonspecific staining. In D, the
image was overlaid. Digital pictures were taken using 100X magnification objective.
See Color Plate 8, following page 50.
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Fig. 5. Viability of cells after EliCell assay. EliCell preparation of eosinophils
stained with acridine orange/ethidium bromide mixture after fixation. Most cells show
green fluorescent nucleus indicative of cell viability. Digital pictures were taken using
100X magnification objective. See Color Plate 9, following page 50.

be monitored in the EliCell system using ethidium bromide staining as outlined
in Subheading 3.4.3.1. Another key feature of the EliCell system is the abili-
ty to analyze cellular morphology throughout experimental manipulations. In
addition to analysis by phase-contrast (described in Figs. 3 and 4), cell mor-
phology may also be studied by bright-field microscopy. Preparation of cellsfor
this purpose is described in Subheading 3.4.3.2.

3.4.3.1. MONITORING CELL VIABILITY

1. After a5-min fixation of slidesin 2% PFO (step 1, Subheading 3.3.3.), wash once
in HBSS —/—.

2. Add 300 uL of 1:1000 dilution of acridine orange:ethidium bromide mixture (see
Subheading 2.).

3. Coverdlip and analyze fluorescence using FI TC and rhodamine filters without allow-
ing cellsto dry. Live cellswill appear dlightly red with green nuclear staining, while
nuclei of dead cells will intercalate ethidium bromide and appear red (Fig. 5).

4. Alternatively, cell viability may also be analyzed adding the acridine orange:ethid-
ium bromide solution directly into the chamber access port after incubation with
stimulus. In this case, an inverted microscope will be necessary for slide analysis.
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A B C D

Fig. 6. Morphology of eosinophils during EliCell assay. Light micrographs of
eosinophils observed in the EliCell system before (A) and after stimulation with eotax-
in (B-D). Morphological changes characterized by cell elongation are clearly seen in
stimulated cells. Cells were stained with Hema 3 (A—C) or fast green/hematoxylin (D).
n, nucleus. Digital pictures were taken using 100X magnification objective. See Color
Plate 10, following page 50.

3.4.3.2. MORPHOLOGICAL ANALYSIS
After the desired EliCell step to be analyzed, cells may be prepared asfollows:

1. Fix the agarose film containing cells in methanol for 1 min. Fixation is accom-
plished by either slide immersion in the fixative (without chamber) or by adding
the fixative directly into the chamber access port.

2. Stain the cellswith acid/basic dyes such asfast green/hematoxylin (0.2% fast green
in 70% ethanol for 20 min followed by hematoxylin for 5 s) or Hema 3® kit (Fisher
Scientific).

3. Mount and analyze the slides using a bright-field microscope with 100X objective.

4. Alternatively, cells may be fixed with 2% paraformaldehyde for 5 min and stained
with 2% chromotrope 2R for 5 min.

Eosinophilsin the EliCell system may show different morphologies, ranging
from round to highly polarized cells. Generally, after stimulation, a great pro-
portion of eosinophils are seen as elongated cells (Fig. 6). This morphological
change indicates that the cells are activated. Refer to Note 8 for adaptation of
protocol for additional cytochemical analyses.

4. Notes

1. When choosing a fluorochrome for detection antibody labeling, it is important to
consider stahility of the signal, as well as its staining intensity. We routinely use
Alexa Fluor 546 (red) or Alexa Fluor 488 (green). Protein labeling kits are avail-
able from Molecular Probes (cat. no. A-10237 and A-10235 for Alexa 546 and
Alexa 488, respectively). Allow approx 2 h for the labeling procedure.
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2. Because of the staining artifacts discussed in Subheading 3.4.2. and to control for
quality of purified eosinophils, the following controls must be included in each
experiment, for each condition: (1) medium alone (no stimulus); (2) isotype con-
trol fluorochrome labeled detection antibody; (3) capture antibody omitted from
agarose or replacement with irrelevant capture antibody.

3. The EliCéll assay may be adapted to detect two cytokines simultaneously. In this
case two capture antibodies will be combined with the avidin-agarose in step 2 of
Subheading 3.3.1. To maintain appropriate matrix consistency, the total volume
added must be equivalent to 1 volume. Therefore, add 0.5 volume each of 2X stock
biotinylated capture antibody. Fluorescently |abeled detection antibodies should be
chosen which do not cross-react with each other or either capture antibody, and
whose emission spectra do not overlap. Diluted detection antibodies may be added
simultaneously (step 5, Subheading 3.3.3.) in atotal volume of 400 uL. (See Fig.
3B for illustration of positive signal.)

4. Inaddition, the EliCell assay may be adapted for the simultaneous detection of sur-
face marker expression and released product. It is important to first determine
whether fixation alters the antigenicity of the surface marker in question. If fixation
does not alter ability of detection antibody to bind surface marker, then EliCell pro-
cedure may be followed as described, with the addition of a fluorochrome labeled
antibody against surface marker added simultaneously with anti-cytokine detection
antibody. Alternatively, slides may be incubated with fluorochrome-labeled anti-
body against the surface marker prior to fixation in 2% PFO (step 1, Subheading
3.3.3.). Slides should then be washed in HBSS —/— before continuing with fixation
and subsequent staining with anti-cytokine detection antibody.

5. The EliCell system may be modified to immunolocalize intracellular products
formed by eosinophils (i.e., the principal cysteinyl leukotriene LTC,). In this case,
the agarose is prepared without avidin and the cells must be permeabilized before
detection with a specific fluorochrome-labeled antibody. For LTC, detection, cells
are prepared as for conventional EliCell assay, with the following modifications
(23): (1) Eosinophils are embedded in the agarose matrix without binding of cap-
ture antibody to substrate. 1 volume of RPMI + 0.1% OVA should be added to tube
to compensate for depleted volume (step 2, Subheading 3.3.1.). (2) After stimula-
tion, cells are permeabilized and fixed with carbodiimide chemistry that induces
cross-links between carboxy! group of newly synthesized LTC, to amines of adja-
cent proteins. (3) Fluorescently labeled detection antibody (i.e., Alexad88-labeled
Ab specific for LTC,) is used to detect and localize the immobilized leukotriene.

6. When choosing capture and detection antibody pairs, it isimportant to choose anti-
bodies which react with unique epitopes of the target cytokine. We generally
choose a polyclona capture antibody and a monoclonal detection antibody to
decrease the probability of antibody hindrance.

7. We routinely isolate eosinophils from human peripheral blood by Hypague-Ficoll
separation followed by negative selection using an immunomagnetic depletion pro-
tocol (Stem Cell Technologies, Vancouver, BC; cat. no. 14156). Much of the suc-
cess of the EliCell assay will depend upon the initial quality of cells. Therefore, it
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Fig. 7. Intracellular lipid body staining using EliCell system. Phase-contrast and flu-
orescence microscopy of identical field of chemokine-stimulated eosinophil in an
EliCédll preparation. Cytoplasmic lipid bodies are indicated (arrows). Cells were stained
with BODIPY. Digital pictures were taken using 100X magnification. See Color Plate
11, following page 50.

is essential that great care be taken during the eosinophil purification process.
Specifically, hypotonic saline solution should be used for red blood cell lysis (avoid
using NH4Cl solution). HBSS without calcium or magnesium should be used
throughout purification process to avoid activation of eosinophils. In addition, it
has been our experience that hypodense eosinophils are more fragile than normod-
ense cells. Therefore if possible, care should be taken to recover only the normod-
ense layer after Ficoll separation.

8. In addition to immunolocalization analyses, the EliCell assay may be useful for
multiple cytochemical studies. For instance, viable eosinophils embedded in the
agar matrix (prepared without avidin incubation) may be stimulated to induce lipid
body formation, which may be detected by Nile Red or BODIPY® (Molecular
Probes) staining (Fig. 7).
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Although the ELISPOT (enzyme-linked immunospot) assay is widely used in many fields of biomed-
ical research, producing recognizable and quantifiable spots may be very difficult not only for beginners,
but also for experienced researchers. In Handbook of ELISPOT: Methods and Protocols, the first book
dedicated entirely to the ELISPOT, recognized experts with first-hand experience detail how to design,
perform, and analyze these assays. The readily reproducible techniques they provide cover a wide variety
of topics, including the use of membrane-backed plates, the standardization and validation procedures, the
removal of cells from ELISPOT plates, cell separation techniques, and the quantification of ELISPOT data.
There are also numerous ELISPOT applications involving animal models, human cells, measles, multiple
sclerosis, immune responses, multicytokine detection systems, and immunocytochemistry. Highlights in-
clude dual-color and multiplex ELISPOT assays, use of the ELISPOT assay on feline lymphocytes, standard-
ization of the ELISPOT procedure, and combining the ELISPOT assay with immunohistochemistry. The
protocols follow the successful Methods in Molecular Biology™ series format, each offering step-by-step
laboratory instructions, an introduction outlining the principle behind the technique, lists of the necessary
equipment and reagents, and tips on troubleshooting and avoiding known pitfalls.

Comprehensive and highly practical, Handbook of ELISPOT: Methods and Protocols offers both
novice and experienced researchers a wealth of easy-to-understand information that will clarify the tech-
nically challenging aspects of ELISPOT and open the door to its wider successful use.

FEATURES

¢ How to successfully design and perform ELISPOT assay
and analyze experimental data
Emphasis on the merits and shortcomings of different
ELISPOT techniques
Notes on how to modify ELISPOT technique to meet
certain experimental needs

o State-of-the-art ELISPOT quantification techniques

Guide to ELISPOT assay for human and animal immune
system cells

Step-by-step guide to designing and troubleshooting
multiplex ELISPOT assays

Standardization of ELISPOT assays

Tricks of the trade and notes on troubleshooting and
avoiding known pitfalls

CONTENTS

Part 1. ELISPOT Assay Setup and Data Analysis. The ELISPOT Assay:
A Personal Retrospective. Chemistry and Biology of the ELISPOT
Assay. Membranes and Membrane Plates Used in ELISPOT. Standard-
ization and Validation Issues of the ELISPOT Assay. A Cell-Detach-
ment Solution Can Reduce Background Staining in the ELISPOT As-
say. Isolation of Subsets of Immune Cells. Image Analysis and Data
Management of ELISPOT Assay Results. High Resolution as a Key
Feature to Perform Accurate ELISPOT Measurements Using Zeiss KS
ELISPOT Readers. Part I1. ELISPOT Assay in Animal Models. Improv-
ing the Sensitivity of the ELISPOT Analyses of Antigen-Specific Cel-
lular Immune Responses in Rhesus Macaques. Feline Cytokine
ELISPOT: Issues in Assay Development. Measuring T-Cell Function in
Animal Models of Tuberculosis by ELISPOT. Interferon-y ELISPOT
Assay for the Quantitative Measurement of Antigen-Specific Murine
CD8* T-Cells. Part I1I. ELISPOT Assays in Human Studies. Detection

Methods in Molecular Biology™ e 302
HANDBOOK OF ELISPOT

METHODS AND PROTOCOLS

ISBN: 1-58829-469-2  E-ISBN: 1-59259-903-6
ISSN: 1064-3745  humanapress.com

of Measles Virus-Specific Interferon-y-Secreting T-Cells by ELISPOT.
Epitope Mapping in Multiple Sclerosis Using the ELISPOT Assay. Use
of Interferon-y ELISPOT in Monitoring Immune Responses in Humans.
ELISPOT Determination of Interferon-y T-Cell Frequencies in Patients
With Autoimmune Sensorineural Hearing Loss. Part IV. Multiplex and
Modified ELISPOT Assay Formats. Dual-Color ELISPOT Assay for
Analyzing Cytokine Balance. Simultaneous Detection of Multiple Cy-
tokines in ELISPOT Assays. Fluorospot Assay: Methodological Anal-
ysis. A Gel-Based Dual Antibody Capture and Detection Method for
Assaying of Extracellular Cytokine Secretion: EliCell. Index.

ISBN 1-58829-469-2

|| 90000

9l7815881294692




	v0: 
	v1: 
	v2: 
	v3: 
	v4: 
	v5: 
	v6: 
	v7: 
	v8: 
	v9: 
	v10: 
	v11: 
	v12: 
	v13: 
	v14: 
	v15: 
	v16: 
	v17: 
	v19: 
	v20: 
	v21: 
	v22: 
	v18: 
	v23: 
	v24: 
	v25: 
	v26: 
	v27: 
	v28: 
	v29: 
	v30: 
	v31: 
	v32: 
	v33: 
	v34: 
	v35: 
	v36: 
	v37: 
	v38: 
	v39: 
	v40: 
	v41: 
	v42: 
	v43: 
	v44: 
	v45: 


