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METHODS FOR MEASURING T CELL
CYTOKINES

FIELD OF THE INVENTION

The present invention relates to devices and methods for
detecting secreted cellular products, and 1n particular for
measuring secreted T cell products, including cytokines.

BACKGROUND

Over the last thirty years, the immune system has been
studied with better and better laboratory tools. Still, most
knowledge of the immune response concerns antibody for-
mation. This 1s understandable given that antibodies, includ-
ing specific antibodies, are easily detectable 1n quantity 1n
the serum of 1mmunized individuals. Anfibodies are prod-
ucts of B lymphocytes. Antibody production by individual B
cells (as well as cells fused with B cells such as hybridomas)
1s also readily achieved in vitro using a variety of tests,
including the ELISA spot assay (also called “ELISPOT” for
“enzyme-linked immunospot”). See Segwick, J. D. and
Holt, P. G., “A solid-Phase Immunoenzymatic Technique for

the Enumeration of Specific Antibody-Secreting Cells,” J.
Immunol. Methods 57:301-309 (1983). See also Mazer, B.

D. et al., “An ELISA Spot Assay for Quantitation of Human
Immunoglobulin Secreting Cells,” J. Allergy Clin. Immunol.

88:235-243 (1991).

In the conventional B cell ELISA spot assay, standard,
commercially-available flat-bottom plates (containing no
membranes) are coated overnight with antigen or animal
antibody. In the case where antibody 1s used, it 1s typically
an “anti-antibody” (e.g., goat antibody reactive with human
IgG, IgE, IgM etc.). After blocking overnight, B cells are
introduced 1 the wells. Following a sufficient culture
period, the wells are washed free of the cells and an
antibody-enzyme conjugate 1s added. The plates arc then
developed using substrate for the enzyme of the conjugate.
Spots are counted using a microscope. The lowest amount of
detectable antibody 1s typically in the range of 10 to 50

picograms. See ¢.g., Renz, H. et al., “Enhancement of IgE
Production by Ant1-CD40 Antibody 1n Atopic Dermatitis,” J.

Allergy Clin. Immunol. 93:658-668 (1994).

In contrast to the antibody response, the response of T
cells to antigen (including the antigen of pathogens) can not
be easily monitored due to the fact that antigen reactive T
cells occur 1n low frequencies and the fact that their secre-
tory products are not typically stable (i.e. have a short
half-life). Indeed, even in hyper-immunized individuals,
antigen reactive T cells constitute 1 1n 10,000 cells or less 1n
the peripheral T cell pool, e¢.g., among the T cells 1n
circulating blood. Thus, T cells usually act beyond the
detection limits of conventional assay systems (such as
proliferation assays).

As a consequence of this, there 1s no technique at present
available that would reliably measure whether a patient has
ogenerated a T cell response to a particular pathogen, such as
HIV. There 1s no reliable assay that can detect whether a T
cell response to HIV proteins has been generated, what
protems of the virus are primarily targeted, and which
determinants within that protein are 1mmunodominant.
There 1s also no reliable method available for testing the
magnitude of the anti-viral T cell response (clonal sizes) and
its quality (e.g. whether the response is pro- or anti-
inflammatory).

The heterogeneity of T cells, their products and the mode
of function provide great challenges (particularly as com-
pared to B cells). With respect to mode of function, T cells
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2

can act 1 different subpopulations that utilize strikingly
different effector functions. T cell responses can be pro-
inflammatory T helper 1 type, Thl, characterized by the
secretion of interferon gamma (IFNy) and interleukin 2
(IL-2). Thl cells are critical for the cellular defense and
provide little help for antibody secretion. (Strong Thl
responses are usually associated with poor antibody
production, which highlights the importance of directly
measuring the T cell response 1nstead of relying on antibody
measurements.) The other class of T cell responses 1is
anti-inflammatory, mediated by Th2 cells that produce 1L-4,
5, 10, but no IL-2 or IFNy. Th2 cells are the helper cells for
antibody production. CD4™ and CDS&™ cells both occur in
these subpopulations: Th1/Th2:CD4, TC1/TC2:CDS.

Importantly, for each type of infection there 1s an “appro-
priate” (and different) type of T cell response (e.g., Thl vs.
Th2, CD4" vs. CD8") that clears the infectious agent but
does not cause excessive tissue destruction to the host. It 1s
detrimental to the host 1f an “inappropriate” type of T cell
response 1s engaged (Thl instead of Th2, or vice versa).
Thus, there 1s a strong need for assessing the host’s T cell
immunity to the virus to understand the host-virus interplay
and to design vaccines. An ideal assay should permit moni-
toring all of the critical features of the T cell response: first,
the existence of a response, 1.€., that effector cells have been
generated, second the nature of the effector cells as Thl or
Th2 type cells, and finally the magnitude of the response.

Some attempts have been made to apply the B-cell ELISA
spot technology to T cells. However, the conventional cytok-
ine ELISA spot assay has not been a more sensitive tool than
alternative assays (e.g. proliferation assays), displaying high
background and generally a weak signal. The conventional
ELISA spot assay for T cells mvolves plates containing
nitrocellulose membranes which are precoated with a cap-
ture antibody specific for the cytokine to be detected. See
c.g., Taguchi, T. et al., “Detection of Individual Mouse
Splenic T Cells Producing IFNy and IL-5 Using the Enzyme-
Linked Immunospot (ELISPOT) Assay,” J. Immunol. Meth-
ods 128:65-73 (1990). See also Fujihashi, F. et al,
“Cytokine-Specific ELISPOT Assay,” J. Immunol. Methods
160:181-189 (1993). See also Miyahira, Y. et al., “Quanti-
fication of Anfigen Specilic CD8™ T Cells Using an
ELISPOT Assay,” J. Immunol. Methods 181:45-54 (1995).
T cells are plated with the test antigen and start to secrete the
type of cytokine they are programmed to produce. As the
cytokine 1s released, it 1s captured around the secreting cells
by the plate bound antibody. After 24 h the cell culture 1s
terminated, cells are removed and the plate bound cytokine
1s visualized by a second antibody and an enzymatic color
reaction.

Ideally, each cytokine producing cell will be represented
as an ELISA spot. However, with conventional assays,
sensifivity does not exceed cytokine measurements 1n the
supernatant by ELISA (cytokine measurements in culture
supernatants provide a positive result only 1f more than 1000
cells are present per well). The quantification of the data is
also problematic because of background problems and the
subjective, visual evaluation.

There 1s a great need for better assays to measure secreted
T cell cytokines. Specifically, there 1s a need for devices and
methods with greater capability to detect cytokines from
individual cells 1n a mixture of heterogenecous cells.

SUMMARY OF THE INVENTION

The present invention relates to devices and methods for
detecting cellular products, and 1n particular for measuring
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secreted T cell products, including cytokines. The present
invention contemplates a device and method comprising a
membrane. In one embodiment, the membranes of the
present 1nvention are weakly hydrophilic and display
advancing contact angles for water between approximately
seventy (70) and approximately ninety (90) degrees. In
another embodiment, the membranes of the present inven-
fion are hydrophobic and display advancing contact angles
for water between approximately ninety (90) and approxi-
mately one hundred and thirty (130) degrees. In another
embodiment, the membranes of the present invention are
very hydrophobic and display advancing contact angles for

water greater than approximately one hundred and thirty
(130) degrees.

In accordance with one embodiment of the invention, the
microwells containing the hydrophobic membrane of the
present mvention are precoated with a first capture reagent
(see FIG. 1A). It is not intended that the present invention be
limited by the nature of the capture reagent. In one
embodiment, the capture reagent 1s a cytokine binding
ligand such as a capture antibody specific for the cytokine to
be detected (e.g., anti-IFNy mAb1 or anti-IL5 mAb or with
both simultaneously for the two color assay). In a preferred
method, freshly isolated, primary cell populations (e.g.,
lymph node, spleen cells, etc.) are subsequently plated (see
FIG. 1B) with the test antigen, e.g., HIV protein or peptide;
control cultures contain 1rrelevant antigens or peptides.
Since the primary cell suspensions contain abundant antigen
presenting cells (APC) to process and present the antigen,
specific T cells become activated and start to secrete the type
of cytokine they are programmed to produce. As the cytok-
ine 1s released, 1t 1s captured around the secreting cells by the
plate-bound capture reagent (see FIG. 1B). After a suitable
culture period (e.g., between approximately 30 minutes and
48 hours), the cell culture is terminated and the cells are
removed (e.g. by washing), leaving the captured, plate-

bound secreted product (see FIG. 1C).

The plate-bound, captured cytokine 1s visualized by a
detection reagent. It 1s not intended that the present 1nven-
tion be limited by the nature of the detection reagent. In one
embodiment, the detection reagent 1s a second cytokine
binding ligand (e.g., antibody) free in solution that is con-
jugated to enzyme (see FIG. 1D). In another embodiment,
the present i1nvention contemplates the use of directly
labelled detection reagents (e.g. antibodies). The addition of
substrate (see FIG. 1E) results in an enzymatic color reac-

tion. Each cytokine producing cell will be represented as an
ELISA spot.

In still another embodiment, the detection reagents 1s
directly labelled with a fluorochrome (¢.g., FITC, PE or
texas red) or with colored beads (different colors for differ-
ent secretory products) or a ligand like biotin that can be
detected with tertiary reagent that is labelled as above (with
a fluorochrome, bead or enzyme).

While one embodiment of the present invention employs,
as a first capture reagent, cytokine binding antibodies bound
to a hydrophobic membrane to capture cytokines, the
present mvention also contemplates the binding of soluble
products directly to the membrane without the use of capture
reagents. In still another embodiment, the present mnvention
contemplates non-antibody ligands, such as cytokine recep-
tors and lectins (e.g. concanavalin A), as the capture ligand.

The present invention contemplates a testing device com-
prising: a plurality of microwells, a membrane within each
of said microwells, wherein said membrane displays
advancing contact angles for water greater than approxi-
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mately seventy degrees, and a first cytokine binding ligand
bound to said membrane. In one embodiment, said mem-
brane displays advancing contact angles for water between
approximately ninety (90) and approximately one hundred
and thirty (130) degrees. In another embodiment, said mem-
brane displays advancing contact angles for water greater
than approximately one hundred and thirty (130) degrees. In
a preferred embodiment, said membrane 1s a hydrophobic,
PVDF-based membrane or a hydrophobic, nylon-based
membrane.

The present invention contemplates a variety of first
cytokine binding ligands, including antibody specific for a
cytokine (e.g. antibody specific for an interferon such as
interferon gamma or antibody specific for an interleukin,
such as IL-5) as well as cytokine receptors (e.g. interleukin
receptors). Where more than one cell product is to be
detected, the present invention contemplates a second cytok-
ine binding ligand bound to said membrane.

In a specific embodiment, the present i1nvention
contemplates, a method of detecting secreted T cell
cytokines, comprising: a) providing: 1) a microwell com-
prising a hydrophobic membrane having a first cytokine
binding ligand; i1) a primary cell population comprising T
cells capable of secreting cytokines; b) adding said primary
cell population to said microwell under conditions such that
said T cell secretes a cytokine that binds to said first cytokine
binding ligand; and c) detecting said secreted T cell cytok-
ine. The present invention further contemplates an embodi-
ment wherein said microwell further comprises, prior to said
adding of step (b), a test antigen (such as a peptide).

The present mvention 1s not limited by the nature of the
primary cell population In one embodiment, the primary cell
population further comprises antigen presenting cells.

The present invention contemplates a variety of detecting,
schemes. In one embodiment, said detecting comprises
introducing a second cytokine binding ligand into said
microwell under conditions such that a colorimetric signal 1s
generated.

The present i1nvention contemplates computer 1mage
analysis. In one embodiment, the analysis method detects
and categorizes spots on a membrane, and comprises: a )
providing a testing device, comprising 1) a plurality of
microwells, and i1) a membrane (such as a hydrophobic
membrane) within each of said microwells, wherein said
membrane has been treated under conditions such that spots
could develop; b) capturing an image of each of said
membranes from each of said microwells; ¢) digitizing said
images to create digitized 1mages comprising bits; and d)
thresholding said digitized 1mages, such that said spots on
sald membranes are detected and categorized. Said thresh-
olding may comprise superimposing an inverted binary bit
map of a predetermined threshold on each of said digitized
images and eliminating those bits not meeting the threshold.

DESCRIPTION OF THE DRAWINGS

FIGS. 1A-1E schematically show one embodiment of the
method of the present invention.

FIG. 1A shows a capture reagent (“Y”) bound to a
hydrophobic membrane within a test well.

FIG. 1B shows cells 1n solution secreting soluble products
(solid black diamonds) binding to the immobilized capture
reagent.

FIG. 1C shows membrane bound secreted product.

FIG. 1D shows binding of detection reagents (“—L.”)
containing enzyme (“E”) after their addition free in solution.
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FIG. 1E shows precipitating substrate (solid black
circles).

FIG. 2 1s a photograph of results of ELISA spot assays
comparing the microwells of the present invention, 1i.e.,
containing a hydrophobic membrane, with a conventional
assay using a conventional membrane.

FIG. 3 shows the elements of the quantitative electronic
image system of the present invention.

FIG. 4 shows the stage and positioning elements of the
quantitative electronic 1image system of the present inven-
fion.

FIG. 5 shows the assembled custom photo tube offset
clement of the quantitative electronic 1mage system of the
present invention.

FIG. 6 shows the components of the custom photo tube
oifset element of the quantitative electronic image system of
the present invention.

FIG. 7 1llustrates a basic flowchart of the processing steps
of the automated image analysis method of the present
invention.

FIGS. 8A, 8B and 8C 1illustrate the procedure for setting
the light level for the automated image analysis method of
the present invention.

FIGS. 9A and 9B illustrate the steps utilized for process-
ing the well 1mages.

FIG. 10 1s a photograph of the results of peptide screening
using the microplates of the present invention.

FIGS. 11A-11G are photographs showing the two color
assay of the present invention.

DESCRIPTION OF THE INVENTION

The present invention relates to devices and methods for
detecting cellular products, and 1n particular for measuring
secreted T cell products, including cytokines. T cells are
recognized as mediating the first line of defense against
intracellular pathogens, such as viruses. An ever-increasing
number of viruses are being identified as the source of
human disease. The better known diseases caused by viruses
include influenza, hepatitis, poliomyelitis, rabies, and now,
of course, the human immunodeficiency virus (HIV) of
Acquired Immunodeficiency Syndrome (AIDS). The cytok-
ine ELISA spot system of the present invention holds the
promise to permit, for the first time, direct monitoring of the
T cell response to viruses, such as HIV.

The ELISA spot assay of the present invention involves
microplates containing membranes displaying virtually no
background, a considerable achievement over the conven-
fional assays using conventional membranes. The mem-
branes of the present mvention are “hydrophobic.”

One skilled in the membrane art recognizes there are a
number of methods for determining the hydrophobicity of
membranes. One method involves measuring the contact
angles of liquids. While 1t 1s not intended that the present
invention be limited by the nature of the particular mecha-
nism or the understanding of the particular physical forces
involved, a drop of liquid resting on the surface of a
membrane may be considered to be balancing three forces:
a) the interfacial tension between the solid and liquid, b) the
interfacial tension between the solid and vapor, and c¢) the
interfacial tension between the liquid and the vapor. The
angle within the liquid phase 1s known as the “contact angle”™
or “wetting angle.” See B. C. Nayar and A. W. Adamson,
“Contact Angle 1n Industry” Science Reporter, pp. 76—79
(February 1981). It is the angle included between the tangent
lane to the surface of the liquid and the tangent plane to the
surface of the solid at an point along their line of contact.
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Advancing and receding contact angles are frequently
found not to be the same. This hysteresis may be due to
rough surfaces on the membrane or other artifacts (e.g.
contamination of the liquid being tested). It is common
practice to measure and report advancing contact angles.

One method of measuring the contact angle 1s by taking
a photograph of the sessile drop resting on the membrane
and then measuring the angle from the print. The angle can
also be measured from an enlarged 1mage of the drop. A low
power microscope produces a sharply defined image of the
liquid drop which 1s observed through the eyepiece as a
silhouette.

There are commercially available goniometers with envi-
ronmental chambers 1n which contact angles can be deter-
mined 1n controlled conditions of temperature and pressure.
A camera can also be attached to such goniometers. Com-

mercial instruments for measuring contact angles are avail-
able from such companies as RAME-HART, Inc. (Mountain

Lakes, N.J.), KRUSS (Charlotte, N.C.), CAHN INSTRU-
MENTS (Cerritos, Calif.), and KERNCO INSTRUMENTS
(El Paso, Tex.).

The angle ranges from zero (0) to one hundred and eighty
(180) degrees (although the latter is not encountered in
practice). Where water on a membrane displays a contact
angle between approximately zero and approximately ninety
(90) degrees, the membrane i1s considered hydrophilic.
Ninety (90) degrees is considered “hydroneutral.” Where
water on a membrane displays a contact angle greater than
ninety (90) degrees, the membrane is considered hydropho-
bic. Where the contact angle 1s greater than approximately
one hundred and thirty (130) degrees the membrane is
considered extremely hydrophobic. In one embodiment, the
membranes of the present invention are weakly hydrophilic
and display advancing contact angles for water between
approximately seventy (70) and approximately ninety (90)
degrees. In another embodiment, the membranes of the
present invention are hydrophobic and display advancing
contact angles for water between approximately ninety (90)
and approximately one hundred and thirty (130) degrees. In
another embodiment, the membranes of the present mven-
tion are very hydrophobic and display advancing contact
angles for water greater than approximately one hundred and

thirty (130) degrees.

A preferred hydrophobic membrane of the present inven-
tion 1s nylon or polyvinylidene difluoride “PVDFEF” polymer-
based and 1s available commercially from Gelman Sciences
Membrane and Device Division (Ann Arbor, Mich.). Plates
containing PVDF membranes are available commercially
from Polyfiltronics (Rockland, Mass.). As a membrane, the
pore size 1s generally greater than 0.1 microns and less than
1.0 microns, and preferably approximately 0.45 microns.
Such PVDF-based membranes are “depth membranes™ and
increase the sensitivity of the assay more that 10 fold and
dramatically reduce the nonspecific background.

Other depth membranes are available commercially (e.g.
PVDC, nylon, etc.). While it is not intended that the present
invention be limited by the nature of the particular mecha-
nism or the understanding of the particular physical forces
involved, 1t 1s believed that molecules are captured within
thin the interstices of a depth membrane, providing a high
binding capacity and large surface area. Such membranes
can be treated such that they are hydrophobic (e.g. a
hydrophobic, nylon-based membrane).

The hydrophobic membranes of the present invention
provide a barrier to aqueous liquids. Because of the mem-
brane’s hydrophobicity, the membrane will block the flow of
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liquid under the conditions used for the practice of the
invention. This type of “liquid barrier” membrane design has
been found to have benefits compared to the “flow through”
membrane-containing plates available from Millipore Cor-
poration (Marlborough, Mass.). Moreover, the nitrocellulose
membranes typically sold display advancing contact angles
for water less than approximately seventy degrees and more
typically less than approximately sixty degrees.

Microtiter plates or “microplates” were mtroduced 1n the
1960’s to facilitate laboratory testing 1n situations where a
larce number of tests were run simultaneously. The most
typical microplates contain ninety-six (96) molded plastic
wells (In an 8x12 array) with a typical sample volume
capacity of about 0.2 milliliters. It 1s not intended that the
assays of the present invention be carried out in a particular
plate format; a range (e.g. approximately 0.010 to 0.200

milliliters, and preferably 0.050 milliliters) is contemplated.

A wide variety of mechanical fluid handling devices are
now available so that specimens, chemical solutions and
other liquids can be transferred into the wells of microplates.
Usually a row of eight (8) or twelve (12) wells are filled
simultaneously, but some handling devices can simulta-
neously add sample to all of the wells. It 1s not 1ntended that
the present invention be limited to microplates made of
particular materials, or to microwells of particular dimen-
sions or volumes. In one embodiment, the microplate is
made of hard plastic such a polystyrene.

The preferred plate 1s a plate that 1s not completely
transparent. Transparent plates conduct and refract the light
in highly 1rregular patterns, creating problematic variations
in 1llumination of the membrane. There 1s also a problem
with the highly polished and thereby reflective nature of the
interior sides of the wells, which creates distorted mirror
images of the spots during analysis, as well as compounding
the variations 1n the lighting.

The preferred plate of the present invention 1s made from
a white, translucent version of the same plastic (not 1vory, or
any other tint that would introduce color to the light). The
vertical walls of the wells are treated (e.g. with sandpaper)
so as to achieve a matte or slightly roughened finish, thereby
avolding interior mirror reflections. In selecting the plastic,
it 1s important that it be suitable in tissue culture (i.e.,
suitable 1in the sense that the cells do not adhere to the walls,
rather than the membrane) and are not toxic. With this
embodiment, 1t 1s preferred that the top surface of the plate
be made non-reflective so that there 1s no interference with
the 1mage analysis. This can be done, for example, by
painting the surface with non-reflective black paint to create

a black mask.

In one embodiment, the present invention contemplates a
96-well microtiter plate comprising a hydrophobic mem-
brane attached to the perimeter or periphery of each well and
enclosed by a solid bottom. This embodiment can be made
using a two-plate assembly approach. In this case, the “A
plate” has the membrane attached to the periphery of each
well. This “A plate” 1s bonded to a “B plate” which encloses
the bottom, 1.e., with solid plastic under the membrane.

The membrane may be attached to the microwells by any
number of conventional technologies including: adhesive
attachment, heat sealing, solvent sealing, chemical bonding
and ultrasonic welding. Ultrasonic welding 1s a preferred
method of attaching the PVDF membrane to the periphery of
the microwells of the present invention. Ultrasonic welding

1s described 1n U.S. Pat. Nos. 4,948,442 and 5,047,215 to
Roy Manns, hereby mcorporated by reference.

With the hydrophobic membranes of the present invention
one can obtain very clear signals (which are readily suited
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for image analysis) where previously signals (using conven-
tional nitrocellulose based designs) were ambiguous or not
detectable at all. One can detect a single cytokine producing
cell with the improved microtiter plates of the present
invention. Indeed, the microtiter plates of the present inven-
tion represent a major development in lowering the detection
limit for monitoring T cell responses.

While particularly suitable for measuring T cell products
such as cytokines, it 1s also not intended that the mmvention
be limited to the type of sample. The present mnvention can
be employed with success with all types of liquid samples,
including various different suspensions of biological mate-
rial.

In accordance with one embodiment of the invention, the
microwells containing the hydrophobic membrane of the
present invention are precoated with a first capture reagent
(see FIG. 1A). It is not intended that the present invention be

limited by the nature of the capture reagent. In one
embodiment, the capture reagent 1s a cytokine binding
ligand such as a capture antibody speciiic for the cytokine to
be detected (e.g., anti-IFNy mAb1 or anti-IL5 mAb or with
both simultaneously for the two color assay). In a preferred
method, freshly 1solated, primary cell populations

TABLE 1
Name Abbr.  Type Specific Name
[nterferons [FN alpha Leukocyte Interferon
beta Fibroblast Interferon
gamma Macrophage Activation Factor
[nterleukins [L-1 1 alpha Endogenous Pyrogen
1 beta  Lymphocyte-Activating Factor
1 ra [1.-1 Receptor Antagonist
[L-2 T-cell Growth Factor
[L-3 Mast Cell Growth Factor
[1-4 B-cell Growth Factor
[L-5 Fosinophil Differentiation Factor
[L-6 Hybridoma Growth Factor
[L-7 Lymphopoietin
[L-8 Granulocyte Chemotactic
Protein
[L-9 Megakaryoblast Growth Factor
[1-10 Cytokine Synthesis Inhibitor
Factor
[1-11 Stromal Cell-Dernived Cytokine
[1-12 Natural Killer Cell Stimulatory
Factor
Tumor Necrosis TNF alpha Cachectin
Factors beta Lymphotoxin
Colony Stimulating CSF GM-CS Granulocyte-macrophage
Factors F Colony-Stimulating Factor
Mp-CS Macrophage Growth Factor
F
G-CSF  Granulocyte Colony-stimulating
Factor
EPO Erythropoietin
Transforming TGF beta 1  Cartilage-inducing Factor
Growth Factor beta 2 Epstein-Barr Virus-inducing
Factor
beta 3  Tissue-derived Growth Factor
Other Growth LIF Leukemia Inhibitory Factor
Factors MIF Macrophage Migration-
inhibiting
Factor
MCP Monocyte Chemoattractant
Protein
EGF Epidermal Growth Factor
PDGF Platelet-derived Growth Factor
FGF alpha Acidic Fibroblast Growth Factor
beta Basic Fibroblast Growth Factor
[LGF [nsulin-like Growth Factor
NGF Nerve Growth Factor
BCGF B-cell growth factor

(e.g., lymph node, spleen cells, etc.) are subsequently plated
(see FIG. 1B) with the test antigen, e¢.g., HIV protein or
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peptide; control cultures contain irrelevant antigens or pep-
tfides. Since the primary cell suspensions contain abundant
antigen presenting cells (APC) to process and present the
antigen, specific T cells become activated and start to secrete
the type of cytokine they are programmed to produce. As the
cytokine 1s released, it 1s captured around the secreting cells
by the plate-bound capture reagent (see FIG. 1B). After a
suitable culture period (e.g., between approximately 30
minutes and 48 hours), the cell culture is terminated and the
cells are removed (e.g. by washing), leaving the captured,
plate-bound secreted product (see FIG. 1C).

The plate-bound, captured cytokine i1s visualized by a
detection reagent. It 1s not intended that the present 1nven-
tion be limited by the nature of the detection reagent. In one
embodiment, the detection reagent 1s a second cytokine
binding ligand (e.g., antibody) free in solution that is con-
jugated to enzyme (see FIG. 1D). The addition of substrate
(see FIG. 1E) results in an enzymatic color reaction. Each
cytokine producing cell will be represented as an ELISA
Spot.

It 1s not ntended that the present invention be limited by
the nature of the cytokine to be detected. Cytokines are
hormone-like substances secreted by a wide variety of cells,
including (but not limited to ) lymphocytes (e.g., T cells),
macrophages, fibroblasts, and endothelial cells. It 1s now
known that cytokines consist of a broad class of glycopro-
teins that have the ability to regulate intercellular commu-
nication (e.g., cell-cell interaction) in both normal and
pathologic situations. Cytokines generally contamn from
approximately 60 to 200 amino acid residues, with a relative
molecular weight of between 15 and 25 kd. At least 35
distinct cytokines have been elucidated (see Table 1 above).

There 1s also a family of chemoattractant cytokines
known as “chemokines.” See e.g. T. J. Schall and K. B.
Bacon, “Chemokines, leukocyte trafiicking, and inflamma-
tion” Curr. Op. Immun. 6:865-873 (1994). These molecules
share structural similarities, including four conserved cys-
teine residues which form disulfide bonds in the tertiary
structures of the proteins. The present invention contem-
plates employing the devices and methods of the present
invention for detecting secreted chemokines.

While the invention 1s not limited by the nature of the
particular cytokine, the role of many cytokines i1s now
known. For example, interleukin-l1c¢. and interleukin-1B
(IL-1ae and IL-1B) are distantly related polypeptide hor-
mones which play a central role 1n the regulation of immune
and inflammatory responses. See D. P. Cerrett1 et al., U.S.
Pat. Nos. 4,894,333 and 4,879,374, each hereby incorpo-
rated by reference. These two proteins were originally both
classified as IL-1, based on a shared lymphocyte activation
factor (LAF) activity, and a common major cellular source,
activated macrophages. As information has accumulated
from studies using purified natural and recombinant IL-1
molecules, 1t has become clear that IL-1a and IL-1B each
mediate most, 1f not all, of the wide range of activities
previously ascribed to IL-1.

TNF-a. plays a critical role 1n the development of acute
pulmonary failure and injury. When released into the lung,
TNF-o. has devastating effects, causing rapid and diffuse
fissue 1njury. This 1s presumably a direct result of 1ts known
ciiects on endothelial cells and granulocytes, as well as its
induction of other mediators such as IL-1, prostaglandins,
and platelet-activating factor.

While one embodiment of the present invention employs,
as a first capture reagent, cytokine binding antibodies bound
to a PVDF-based membrane to capture cytokines, the
present mvention also contemplates the binding of soluble

10

15

20

25

30

35

40

45

50

55

60

65

10

products directly to the membrane without the use of capture
reagents. In still another embodiment, the present invention
contemplates non-antibody ligands, such as cytokine recep-
tors and lectins (¢.g. concanavalin A), as the capture ligand.

With respect to cytokine receptors, the existence of 1L-1
plasma membrane receptors which bind both IL-1ca and
IL-1B 1s now well-established. IL-1 receptors have now
been cloned and expressed 1n high yield. See S. K. Dower,
U.S. Pat. No. 4,968,607, hereby incorporated by reference.
Similarly, tumor necrosis factor-c. and B receptors have been
1solated and DNA sequences encoding these secretory pro-
teins are described. See C. A. Smith et al., European Patent
Application No. 90309875.4 (Publication No. 0418014A1),
hereby incorporated by reference. See also U.S. patent
application Ser. Nos. 405,370, 421,417 and 523,635, hereby
incorporated by reference.

The present mvention also contemplates the use of the
improved microtiter plates to detect and/or screen synthetic
cytokine analogues and inhibitors. Cytokine analogues are
those compounds which act in an analogous manner as the
known cytokine. An example of such an analogue 1s
described 1n European Patent Application No. 343684,
hereby incorporated by reference. See also U.S. patent
application Ser. Nos. 266,531, 199,915, 238,713, 248,521,
and 238,171, hereby incorporated by reference. In that case,
the analogue 1s a polypeptide 1nhibitor of interleukin-1.

Finally, the present invention can be used with success to
measure a variety of cellular products other than cytokines.
In one embodiment, the present invention contemplates
detecting other products of T cells such as performs and
cranzymes. Perforin 1s a lytic protein and granzymes are a
family of natural serine proteases; these products are stored
in secretory granules until released from the cell. See e.g. G.
Berke, “The CTL’s Kiss of Death” Cell 81:9-12 (1995).

The present invention also contemplates measuring prod-
ucts from cells other than T cells. For example, the device
and method of the present invention can be employed to
detect the expression and secretion of recombinant products
from host cells.

EXPERIMENTAL

The following examples serve to 1llustrate certain pre-
ferred embodiments and aspects of the present invention and
are not to be construed as limiting the scope thereof.

In the experimental disclosure which follows, the follow-
ing abbreviations apply: €q (equivalents); M (Molar); uM
(micromolar); N (Normal); mol (moles); mmol (millimoles);
umol (micromoles); nmol (nanomoles); gm (grams); mg
(milligrams); ug (micrograms); L (liters); ml (milliliters); ul
(microliters); cm (centimeters); mm (millimeters); um
(micrometers); nm (nanometers); © C. (degrees Centigrade).

In considering the automated imaging method of the
present invention, some definitions are helptul. For example,
when saving an 1mage, 1t can be saved 1n varying degrees of
resolution and with varying numbers of colors; a 24 bat
image 1s three times larger than an 8-bit image and 1ncludes
a sharper 1mage and more colors. When “adding an 1mage”™
1s specifled, this means to add the pixel values of corre-
sponding pixels to each other. As used herein, “adjusting a
light setting” means increasing or decreasing the light set-
ting depending on the initial luminance of the different
wells. A “bitmap” 1s a binary image consisting of only black
and white pixels, such as 1s created after a thresholding
process. A “buller” 1s a location for temporarily storing data.
A “corrected 1mage” 1s the 1image formed after a specific
filtering or smoothing process 1s performed on the 1mage. As
used herein, “filtering the 1mage” means removing any noise
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or extraneous information from an image (in most instances,
it sharpens the 1image for a more accurate reading of the
image). As used herein, “extracting an average luminance”
1s where a single luminance value of a well 1s obtained by
averaging the mtensity levels of the pixels 1n the 1mage. As
used herein, “creating areas 1in an image for inspection”
means 1solating connected sets of pixels that meet a given
threshold 1n an 1mage for review. When “1maging wells” 1s
specified, this involves any means for generating an image
of the wells, such as using a camera to create a digital image
of the wells. As used herein “loading an 1mage into a
location” means placing said 1mage 1n said location. When
“processing 1mages” 1S specifled, this ivolves those steps
performed on the captured images, imncluding but are not
limited to filtering the 1mage, enhancing the image, and
locating and categorizing the spots. When “sorting areas”™ 1s
speciflied, this involves categorizing objects 1n extracted
arcas which fall within predetermined parameters; these
parameters indicate what the objects represent. As used
herein, “smoothing the background” means eliminating
large scale variations in lighting and coloration caused by
uneven lighting or other irregularities in the membrane of
the well. As used herein, “thresholding” means the process
of comparing each pixel 1n an 1mage to a set of values for
Red-Green-Blue color layers from which a new image or
bitmap can be created. When “watershed filtration™ 1s
specified, this allows for identification of objects 1n an 1mage
of widely differing luminances. A “Proof Sheet” 1s a single
image made up of numerous smaller 1mages of different
wells. This 1s the similar to a proof sheet in photography.
Finally, “incrementing” means to increase a value by one
and “decrementing” means to decrease a value by one.

EXAMPLE 1

Use of Hydrophobic Membrane In ELISA Spot
Assay

In this example, a hydrophobic membrane 1s employed in
a microfiter plate to detect cellular products. First, a hydro-
phobic membrane is coated with anti-interferon § (IFNf3
antibody 1) as the capture reagent. After several hours of
incubation (2 hrs to overnight), during which the capture
reagent(s) bind(s) to the membrane, excess reagent is
washed away. The unsaturated surfaces of the membrane are
then blocked with irrelevant protein (bovine serum albumin
or gelatin) to prevent subsequent nonspecific binding of
proteins. Following the blocking step, the plates are washed
to remove non-plate bound, excess blocking reagent.

At this point the membrane 1s properly prepared to test
cells. In this case, human peripheral blood mononuclear
lymphocytes (PBL) are added at a concentration of ~5x10°
per well. Specific antigen (e.g. HIV antigen) is added to the
experimental wells, control wells contain no antigen or
irrelevant antigen (e.g. myohemerythrin, a protein that
humans have not encountered). Among all cells plated
(~5x10° cells) only the antigen specific T cells will be
stimulated by the antigen to release secretory products (e.g.
[ENYy). In the control wells, in the absence of the antigen,
antigen specific cells are not stimulated and do not release
secretory products. During a 4-48 hr cell culture period
(dependent on the product to be detected) the antigen
specific cells secrete their products(s) being captured by the
capture reagents around the secreting cell.

Following the culture period, the cells are washed away,
leaving their secretory product retained on the membrane. A
detection reagent 1s added to bind to the plate-bound secre-
tory product (the detection and capture antibodies specific
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for secretory products, e.g., IFNy have to recognize different
parts of the molecule such as not to interfere with each
other’s binding). The detection reagents is/are either directly
labelled with a fluorochrome (e.g., FITC, PE or texas red) or
with colored beads (different colors for different secretory
products) or enzymes whose substrates can give different
color reactions (e.g., horseradish peroxidase, HRP, or alka-
line phosphatase, ALPH) or a ligand like biotin that can be
detected with tertiary reagent that is labelled as above (with
fluorochrome, bead or enzyme). Directly labelled detection
antibodies are preferred. Alternatively, labelled antibody 1s
added that 1s specific for the unlabelled secondary reagent.
In this case, HRP conjugated anti-IFNvy detection antibody 1is
added. After an incubation period, excess detection reagent
1s washed away.

The present invention contemplates a variety of means for
visualizing the detection reagent such as: a) immune fluo-
rescence if the secondary (or tertiary) reagent was a
fluorochrome, b) colored beads (different colors for different
secretory products) visualized by light microscopy, ¢) or
enzymatic reactions whose products generate a colored
precipitate. In this case, 3-amino-9-ethylcarbazole (“AEC”
commercially available from Pierce) is used. HRP activated
AEC gives a red product that can be seen by light micros-
copy. Each “spot” of colored substrate corresponds to one
cell secreting the product. The difference 1n number of Spots
between antigen stimulated wells and the number of spots 1n
the negative control wells (with medium alone or irrelevant
antigen) establishes the “signal” to be analyzed (usually
there is no spot formation in the negative control). Sizes of
the spots correspond to the quantity of product secreted, the
number of spots establishes the frequency of antigen speciiic
cells in the cell population tested (i.e. cells that were induced
by the antigen to secrete the product among all cells plated,
¢.g., 20 IFNy spots in HIV antigen challenged PBL represent
a frequency of 40/million, if 5x10° cells were plated).

EXAMPLE 2

Comparison with Conventional Membranes

In this example, the microwells of the present invention,
1.€., containing the PVDF-polymer based membranes, were
compared with conventional nitrocellulose membranes used
in ELISA spot assays. Peripheral blood mononuclear cells
(PBL) of a tetanus toxoid (1IT) immunized donor were
plated at 2x10° cells per well in PVDF-based membrane-
containing plates and nitrocellulose based plates (“MAHA”
from Millipore). The microwells were tested with and with-
out antigen (TT) (10 pg/ml). The membrane was coated (see
Example 1) with antibody capable of detecting human
interferon gamma (IFNy) (antibody M-700A, commercially
available from Endogen) at 5 ug/ml, overnight. Plates were
then washed and the PBL were added at 3x10° cells per well.
The cells were cultured 1n the plates for 48 h 1n an 1ncubator
and then removed by washing. Biotinylated second
antibody, also specific for human IFNy (M701, Endogen, 10
ug/ml) was added overnight and the plate bound second
antibody was detected via the streptavidin/AEC reaction
resulting in the red color reaction.

The production of the cytokine (see FIG. 2) was measured
in the absence of the antigen (negative control, images on
the left) and in the presence of the antigen, TT (test wells,
on the right). The data show that the PVDF membrane-
containing plates detect a clear specific signal 1n the experi-
mental wells (top right) with virtually no background in the
negative control (top left). In contrast, the specific signal is
much weaker on nitrocellulose plates (bottom right) and
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there 1s considerable nonspecific background in the negative
control (bottom left). Importantly, when tested in a conven-
tional T cell proliferation assay when the culture supernatant
1s tested by a conventional IFNYELISA assay, barely sig-
nificant results were obtained, which underlines the diag-
nostic potentials of the new plates. As 1s evident, the
PVDF-modified membranes significantly increases the sen-
sitivity of the assay while dramatically reducing the non-
specific background. With these new plates, 1t 1s possible to
detect a single cytokine producing cell.

EXAMPLE 3

Automation and Quantitative Results

While the cytokine ELISA spot assay of the present
invention can be visually evaluated, the exact quantification
of the results 1s difficult and prone to subjective error. The
present nvention, therefore, contemplates evaluation of the
data by using a computer 1image analysis system. In one
embodiment (FIG. 3), a video camera (5) is mounted on the
camera port of a dissection microscope (6) to capture an
image of each microwell in a test plate (8) resting on a
positioning platform (9). This information is sent to a
digitizer and board based image analyzer in a computer (1)
that employs a morphometric program; commercially avail-
able software (shown as item 4), including Windows, Opti-
mas 5.2 and Excel 5.0 is used along with a VGA monitor (2)
with resolution at 640x480; 1n addition, software has been
developed for particular applications and this 1s described in
more detail below. The microscope (6) has a scanning stage
(10) that is driven by control signals from the computer (1),
which permits the sequential analysis of each of the 96 wells
on the test plate (8), individually and fully automatically.
The 1mage analyzer, which can be viewed on a high reso-
lution RGB monitor (3), is a highly developed system
frequently used for histologic analysis which has been
adopted for the present invention to isolate and idenfify
spots meeting objective criteria for size, chromatic density,
and shape. Importantly, absolute criteria are established to
classify a spot which permits objective comparison of sepa-
rate wells and assays.

FIG. 4 shows the automated scanning stage (FIG. 3, item
10) in greater detail. This system aligns the test plate (FIG.
3, item 8) on the positioning platform (FIG. 3, item 9) on an
X and Y stage (FIG. 3, 10) which 1s constructed of Y% inch
polycarbinate plastic with hardened step cap screws. The test
plate (FIG. 3, item 8) is pushed against the step screws by
a spring plunger, this provides contact to the step screws.
The design provides constant positioning repeatability. The
stage 1s mounted directly on a base with a shaft to support
the microscope head and CCD camera (5). Stepper motors
(11) provide 0.9 degree steps at 400 steps per revolution. For
the X axis linear positioning table (12), total travel is 12
inches with an accuracy of 0.0001 of an inch, per one inch
travel. For the Y axis linear positioning table (13), the total
travel 1s 4 1inches with a similar range of accuracy.

FIGS. § and 6 show the custom designed Photo Tube
Offset with fiber optic illuminator ring (shown in FIG. 3 as
item 7 connected to the Fiber Optic Light Source). This
design provides a selection of monocular view or binocular
view so that the image 1s directed entirely to the camera port,
climinating any loss of light. The translator, with stop, is
designed by milling two parallel slots on two sides of the
existing lens mounting plate. Next a plate 1s fabricated from
Delrin AF plastic with two mating channels that are matched
to the milled slots on the lens mounting plate. A positioning
stop 1s milled into the side to give exact alignment. The four
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mounting holes are duplicated for remounting alignment
onto the microscope lens mounting end. The lens 1s then
screwed back into the mounting plate. The ring illuminator
adjuster 1s fabricated from black Delrin plastic, with locking
screws. The ring illuminator adjusting unit slides over the
lens with the fiber optic illuminator attached. This design
(which has been developed for compatibility with the Olym-
pus SZH microscope head) eliminates multiple shadowing
of magnified image and optimum light intensity.

EXAMPLE 4

Method of Automated Image Analysis

The conventional ELISA spot approach to detecting and
categorizing spots has been wvisual identification by the
human eye. Unfortunately, even with a strong signal, 1t 1s
difficult for the human observer to reliably locate and
categorize numerous spots in an 1mage. As noted 1n the
previous example, the present invention employs a computer
coupled to a camera and a microscope to locate and catego-
rize spots in multiple wells of a typical assay plate.

FIG. 7 1llustrates a basic flowchart of the processing steps
for the present mvention. Specifically, at Step A, a user
inputs various variables and configuration data which 1den-
fify the assay being examined and several examination
parameters. These variables include the assay number, the
size thresholds and corresponding categories, flags for dif-
ferent save operations, instructions for post assay data
analysis, and a standard luminance for the assays.

Step B of FIG. 7 corresponds to procedures for setting the
light level for the current assay. This is to provide for a light
setting that will provide for optimal luminance match-up for
cach assay. Luminance match-up 1s required so that the wells

can be examined under the same conditions. A more detailed
flowchart of these procedures 1s described 1in FIGS. 8A, 8B

and 8C.

Step C of FIG. 7 corresponds to procedures for processing,
the digitized mmages of each well. Once the computer
captures an 1mage of a specific well, specific filtration
procedures are executed to clean and clarify the 1mage.

Again, a more detailed flowchart of these procedures 1s
described 1in FIGS. 9A and 9B.

Step D of FIG. 7 1s a decisional step wherein the processor
must determine if the well currently being processed 1s the
last well. There are many methods for determining this. For
example, the user could input the number of wells as an
additional variable 1n Step A. After each well 1s processed,
the processor can decrement this value until the value is
zero, at which point, there are no more wells to process. It
the current well being processed 1s the last well, the program
ends. If not, step E 1s executed and the processor moves the
stage so that the next well can be viewed by the camera. The
program then loops to run steps C and D again until the last
well 1s processed.

FIGS. 8A, 8B and 8C 1illustrate the procedure for setting,
the light level for the current assay. The procedure starts by
checking to see if the configuration file and other global
variables are loaded (Step 1). If they are not loaded, then the
procedure returns back to Step A to have the user mput the
required variables (Step 7). The stage of the image analysis
system 1s then moved so that background well 1s visible to
the camera (Step 2). The average luminance (avglum) of this
well 1s determined by taking an image of the well and
calculating the average red-blue-green luminance values of
the pixels 1n the 1image. The procedure then runs a loop to
adjust the light setting variable. Specifically, the procedure
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determines, at Step 4, if the average luminance 1s less that
the standard luminance (which should have been input by
the user at Step A). If so, the Light Setting is incremented,
at Step 8, and the program loops back to Step 4. If not, the
procedure determines 1f the average luminance 1s greater
than the standard luminance. If so, the light setting 1is
decremented, at Step 9, and the program loops back to Step
4. If not, this means that the standard luminance 1s equal to
the background luminance. The average luminance value 1s
then assigned to the variable AssayXwellYlum, where “X”
represents the current assay number and the “Y” represents

the current well number (Step 6).

The procedure then continues 1n FIG. 8B. The stage of the
image analysis system 1s moved so that the next well 1s
visible to the camera (Step 10), and the average luminance
is extracted from that well (Step 11). The program then loops
(Step 12) until the average luminance values of all the
remaining wells are extracted (similarly to the procedure for
the first well). Once the average luminance values for the
remaining wells are determined, the wells with the maxi-
mum and minimum values are located (Step 13). The stage
1s then moved to the well with the maximum luminance and
the average luminance of the well 1s compared with the
standard luminance (Step 15). Steps 15-18 perform the
same loop described 1n Steps 4,5, 8, and 9 above.

The newly determined light setting 1s then saved as the
light max value 1 Step 19 of FIG. 8C. The stage of the
image analysis system then moves to the well with the
minimum average luminance value (Step 20). The procedure
loops through Steps 21, 22, 26, and 27 similarly to Steps
15—18. The newly determined light Setting 1s then saved as
a light minimum value at Step 23. The final light setting to
be used for the current assay 1s then determined by taking the
average of the max and min light settings (Step 24). Now
that the final light setting 1s determined for the entire assay,
the stage 1s moved to the first well 1n preparation for
processing well images to be taken by the camera (Step 25).

FIGS. 9A and 9B 1illustrate the steps utilized for process-
ing the well images. The processor first checks the status of
a screen mode variable (Step 28). If it is true, the processor
will show all intermediate bitmaps (process steps) are shown
on the screen (Step 35). This will slow down the processing
fime but 1t may be beneficial for users to view intermediate
images. The camera then captures an 1image of the present
well (Step 29). Depending on the hardware used, the image
signal may be analog, 1n which case 1t must be digitized in
order for the image to be processed. The processor then
checks two variables, a “24 bit” variable (Step 30) and a
“Proof File” variable (Step 31). Depending on whether these
variables are configured, a 24 bit image (Step 36) and/or an
8 bit image (Step 37) will be saved, respectively. The §-bit
images 1n the proof file can be used to create a composite
“prootf sheet” of all wells collected. The originally captured
image 1s then loaded into Buffer 1 (Step 32). A local
background correction subroutine 1s executed at Step 33.
This subroutine eliminates large scale variations in lighting
and coloration caused by uneven lighting and blotchy col-
oration of the membrane. This subroutine operates by seg-
menting the 1image 1nto a grid according to x, y dimensions
chosen by the user. (The default is 64:64 pixels) Aluminance
array 1s created by extracting the average luminance from
cach segment and placing the value in the corresponding
array position. The two dimensional array 1s then fit to a
polynomial curved surface to provide a smooth transition
from point to point on the array. A luminance grid 1is
constructed to {ill in all the points 1n the original 1mage size
and then applied to the image. This process 1s performed for
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cach of the image planes (Red, Green, Blue) separately, to
correct the luminance for the entire 1mage. By keeping the
pixel grid sufliciently large and the polynomial order suffi-
ciently small, features of the size of ELISA Spots remain
intact, while the backeround 1s made uniform.

After the background has been smoothed, the 1mage 1s
filtered and loaded into Buffer 2 (Step 34). The filters used
here are convolve filters, which can be configured for many
different purposes. A convolve filter alters each pixel 1n an
image according to 1ts own luminance and the luminances of
its neighboring pixels. Filters can be of various sizes,
depending on how far from the target pixel the user wants to
examine other pixels. For example, a first 3x3 filter of equal
welght 1s applied followed by a second 5x5 filter which 1s
configured to amplily transitions from light to dark. The first
filter 1s a standard 3x3 averaging filter that smooths out fine
variations in the 1mage 1n preparation for the second filter.
The second filter enhances regions that are dark 1n the center,
surrounded by relatively light regions, 1.e. ELISA spots. The
second filter 1s also unevenly biased 1n that it lightens the
overall 1image while drastically darkening the spots.
(Inbetween the extremes, the contrast between levels of
luminance are increased.) Therefore, the luminance contrast
and detail are enhanced while at the same time, lowering the
background level.

Once the background has been smoothed, an inverted
bitmap 1s created based on the color threshold obtained from
assay parameters entered by a user in the beginning of the
program. This inverted bitmap 1s superimposed on the image
in Buffer 2 as a mask (Step 38). An inverted bitmap is one
where the intensity levels of the pixels are inverted so that,
white pixels become black pixels and vice-versa. In
otherwords, a white mask based on an inverse of the bitmap
of the threshold 1s created and superimposed on the image
from Step 37 which resides 1n Buffer 2. The effect 1s to
climinate those pixels not meeting the threshold. The thresh-
old 1s a predetermined pixel intensity level which 1s set by
the user. Thresholds are utilized so that only those objects of
suificient 1ntensity levels will remain for later analysis. The
remaining bits that pass the threshold are saved to Buifer 2.

A watershed filtration process 1s then performed at Step
39. This 1s a widely published and commonly used filtration
process known 1n the art. Its function 1s to separate objects
in an 1mage on the basis of variations in luminance between
the two. Unlike blob separation routines that are threshold
based, this routine can distinguish objects of widely differing
luminances. In other words, 1t can identify spots even if
some are light and others are dark, so long as there are
relatively lighter areas between them.

The watershed filtration process used 1n the present mnven-
tion basically works as follows. A bitmap 1s created for each
threshold from 0-255 (black to white). This means that a
virtual 1image 1s created which 1s all black where the source
image 1s below threshold (darker than the threshold lumi-
nance value), and all white where it is equal to or higher than
the threshold. These bitmaps are examined 1n sequence,
from the threshold where all bits are black until all bits are
white. For each level, the black space, between white areas
are skeletalized (reduced to a single line along the longest
axis). This skeletal image is retained and added to as each
bitmap 1s examined 1n turn. As new white arcas emerge, they
ogenerate new dividing lines. The result 1s a map of black
dividing lines on a white background.

After the watershed filtration process 1s performed, the
image is inverted and added to Buffer 2 (Step 40). To
perform the add process between Buifer 2 and the watershed
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bitmap, the bitmap must be black with white lines. This 1s
accomplished by mnverting the bitmapped 1mage; in essence,
making a negative 1mage. By performing the add process,
the luminances values of the corresponding pixels 1n the two
images are added together. The effect 1s that those areas in

the 1mage that are important remain, and those that are not,
are whited out.

Before the final image can be examined and the ELISA
spots 1dentified and categorized, one last procedure may
need to be performed. This involves breaking apart blobs
(which are masses of overlapping spots). As explained
above, the watershed {filter separates regions on the basis of
luminance variations. In densely populated wells, there can
be spots that overlap such that the connecting area 1s of a
constant luminance or saturation. These spots will not be
separated by the watershed filter. For these, a separation
must be done based on binary morphology (black and white
shapes).

Binary morphology mnvolves extracting a single black and
white bitmap from the image according to a set threshold. A
series of erodes are then performed. (An erode is a process
wherein the edge pixels are removed from the edges of all
objects, making them smaller.) When only one pixel is left
for each object, the process stops. Any region that has a
constriction in it (a dumbbell shape) will erode to two points.
Next, the same number of dilates 1s performed, adding one
pixel to the perimeter, however, arcas are not allowed to
overlap, thus maintaining separation of objects.

The final 1mage of the well can now be processed 1n Step
43 wheremn Spots are 1dentified and categorized based on
user 1mput threshold values. There are many well known
methods for locating and measuring objects 1n a digitized
image. Once all of the objects are 1dentified and categorized,
the data is written to the monitor, and to a save file (Step 44).
A user can then control a saving operation of the overlay
image at Step 45 and clear the buffers at Step 46 1n
preparation for another well.

The flow logic then continues back to Step D from FIG.
7 wherein the computer determines if there are any remain-
ing wells and reruns the processing subroutine 1f necessary.

EXAMPLE 5

Peptide Screening

In this example, the microwells of the present invention
are employed to screen and identify the determinants (i.e.
MHC-bound peptides of the antigen generated by intracel-
lular processing) that T cells recognize, using peptides.
Usually, 1n studies that involved peptides, a few randomly
chosen sequences of the antigen were tested as peptides.
However, even overlapping sequences that walk down the
molecule 1n steps of 5 to 10 amino acids do not necessarily
detect all determinants. By contrast, in this example over-
lapping sets of peptides were employed that walk the
molecule amino acid by amino acid. This peptide scan
includes every possible determinant on an antigen and
provides an exact mapping of the T cell repertoire.

While this assay system has been employed to test for
antigen specific CD4 cells [G. Gammon et al., “T Cell
Determinant Structure: Cores and Determinnant Envelopes
in Three Mouse Major Histocompatibility Complex Haplo-
types” J. Exp. Med. 173: 609-617 (1991)], the present
invention allows for testing of CDS8 cells. CDS8 determinant
mapping for HIV 1dentifies possible peptides for vaccines.
Determinant mapping for autoantigens 1 autoimmune dis-
case has prognostic and possible therapeutic consequences.
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For determinant mapping, Myelin Basic Protein (“MBP”)
peptides that walk the MBP molecule amino acids by amino
acid were used. These peptides produce clear data in SHIV-
ERER mice. The peptides can be frozen without loosing
bioactivity at 14 uM concentration in HL-1 medium, which
1s 2xthe optimal concentration for the bioassay. Thus, the
large number of peptides involved do not have to be diluted
and plated for each experiment, but can be freshly thawed
from storage. The entire peptide series was diluted, pipetted
and frozen series in advance and, on the day of experiment,
the required number of plates were thawed.

The number of cells available from patients can be
limiting; one million cells can be obtained from one milli-
liter of blood and usually fifty milliliters of blood 1s available
per patient (i.e. fifty million cells may be the total cells
available for the assay). Because 2x10° cells per well
provides clear results with the plate of the present invention,
this 1s sufficient for testing 250 peptides, which constitutes
an average size protein. However, by miniturizing the plates
(e.g. to 50 microliter wells), one can test for 1000 peptides,
which can cover even the larger proteins. The entire peptide
serics can be tested on an individual. The plating of the cells
can be performed with 12 channel pipetors mnto the freshly
thawed plates, reducing the time involvement on the first day
of the assay to a couple of hours.

In this example, PBL cells were plated at 2x10° cells per
well into 96 well microtiter plates containing the hydropho-
bic membrane precoated with capture antibody. The cells
were incubated in the wells with antigen for 24 h at 37° C.,
8% CO,. During this culture period, T cells with specificity
for a given peptide will be activated and start secreting
cytokines and other cellular products, which will be cap-
tured by the appropriate antibody on the plate around
producing cells. Thus, secreting cells (antigen specific
memory cells) are surrounded by a “spot” of the cytokine.

After an additional culture (24 hours), the cells are then
washed away and the bound cytokine 1s detected by a
biotinylated second antibody that 1s specific for the same
cytokine but recognizes a different determinant on 1t. The
plate bound second antibody will be visualized with the
tetrazolium-bromochloroindolyl phosphate reaction or other
enzymatic reactions. The “spots™ are stable for about a year

(see FIG. 10).

The numbers of spots 1n antigen containing wells vs. wells
containing medium alone or 1rrelevant antigens establish the
number of antigen specific cells in the culture. Since 2x10°
cells were plated to each well, the absolute frequency
represents the frequency of antigen reactive T cells in 2x10°
T cells of the given specificity within the cell pool tested.

EXAMPLE 6
Two Color ELISA Spot Assay

In this example, the membrane 1s prepared as 1n Example
1, except that a second capture reagent 1s used as well. To
prepare the membrane for a two color assay, two (2) capture
reagents (anti-IFNy and anti-IL5 antibody) are used simul-
taneously (for additional capabilities, still additional capture
reagents can be employed for a “multicolor” assay).

Cells are again plated (~5x10° cells) and only the antigen
specific T cells will be stimulated by the antigen to release
secretory products. However, 1n this case, the membrane 1s
capable of detecting both IFNy and IL-5. After the culture
pertod and washing described in Example 1, a second
detection reagent 1s employed together with the first detec-
tion reagent. In this case, ALPH labelled anti-IL-5 detection
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antibody 1s added (alternatively, fluorochromes emitting
different colors when excited by UV light permit two or

multicolor assays e.g., FITC:green, PE:red). As substrate,
5-Bromo-4-chloro-indolyl-phosphate (“BCIP”) is used with

NBT (BCIP is available commercially from Pierce); ALPH
cleaved NBT/BCIP gives a blue product. In the two (2) color

assay, spots originating from cells that secreted one of the
products only, will appear in single color (e.g., red or blue),
while cells secreting both will have the color overlay,
appearing as violet. The extent of color overlay in the two
(2) color assay permits quantification of the relative quantity
of each component released by the double producing cell
(i.e. a more red-violet spot means a cell that produces both
[FNy and IL-5, but IFNy dominates over IL-5 production).
The exact qualification requires 1mage analysis, as described
above.

A Thl and a Th2 clone were tested. One clone, 4RO,
derived from a B10.A(4R) mouse, is CD4™ and allo-specific
for I-A*. When stimulated with anti-CD3 antibody in the
presence of SCID feeder cells, this clone secretes IFNy, but

no IL-5, as measured by ELISA 1n the culture supernatant
(not shown). Thus 4R9 is a Thl clone. The other clone

tested, M33, was derived from an SJL. mouse, is CD4™", I-A”
restricted and specific for a kidney autoantigen, RTA. When
CD3 stimulated, M33 produces abundant IL-5, but no IFNy,
as judged by ELISA (not shown). Thus, M33 is a Th2 clone.

In this assay the clones were tested with SCID APC 1n the
presence of anti-CD3 antibody. The reason for using this
experimental setup 1s two-fold. First, since the 2 clones
utilize different restriction elements for cognate antigen
recognition, it 1s necessary to use an experimental condition
in which both clones can be stimulated by a single type of
APC and stimulus. Second, since there are no T cells 1n
SCID mice, there 1s no alloresponse by the feeder cells to the
clone and the CD3 antibody will not cause stimulation 1n the
feeder cells population, either. Furthermore, unirradiated
SCID spleen cells were used as APC, this setup also allows
for the determination as to whether non-lymphocyte lincages
will produce the cytokines 1n question in a bystander
fashion, e.g., 1t 1s conceivable NK cells secrete IFNvy 1n
response to the IL-2 released by the Thl clone (in which
case, the frequency of spots should be higher than the
number of cloned cells plated per well).

All the ELISA spot wells shown in FIG. 11 contain 2x10°
unirradiated SCID spleen cells and anti-CD3  antibody
(2C11) at 5 ug/ml. Additionally, each well contained cloned
T cells as indicated. A single color IFNy assay was per-
formed in A, B and C (HARP-XMG1.2 antibody with AEC
substrate that gives a red product) and a single color IL-5
assay was performed with D, E, and G (ALPH-TRFK4
antibody with NBT/BCIP substrate that gives a blue
product). In F, a 2 color assay, simultaneously measuring

both IFNvy and IL-5 1s shown.

The results show that, when stimulated, clone 4R9 pro-
duces IFNy (FIGS. 11 A & B), but no IL-5 (G), 1.e., 4R9 is
a Th1 clone, while clone M33 produces IL-5 (D & E), but
no IFNy (C), 1.e., M33 is a Th2 clone (unstimulated clones
did not produce cytokines, not shown). Second, the number
of spots detected correlates well with the number of acti-
vated T cells present in the wells, e.g., n A, and D 103 and
188 spots were counted by image analysis from the ~200
cells plated; in B and E, 39 and 45 spots were detected from
the ~50 cells plated. Therefore, the ELISA spot assay detects
individual cells, directly measuring Irequencies.
Importantly, the number of spots detected did not exceed the
number of cells seeded per well which shows that there was
no bystander reaction.
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From the results in F of FIG. 11, 1t 1s clear that simulta-
neous measurement of two cytokines 1s feasible at the single
cell level using a two color ELISA spot assay. (Note: in the
figure, there are no violet spots, since there are no cells
producing both cytokines; but where freshly 1solated cells
are used, violet spots are seen, suggesting a ThO phenotype.)

From the above, it should be clear that the present
invention provides 1improved devices and methods to mea-
sure secreted cell products, and 1n particular, secreted T cell
cytokines. The devices and methods of the present invention
provide a greater capability to detect cytokines from indi-
vidual cells 1n a mixture of heterogeneous cells.

What 1s claimed 1s:

1. A method of detecting secretion of a cytokine by T
cells, comprising:

a) providing:

[) a microwell comprising a hydrophobic membrane
comprising polyvinyl difluoride having a first bind-
ing ligand bound to said membrane, wherein said
first binding ligand 1s specific for the cytokine;

i1) a primary cell population comprising T cells capable
of secreting cytokines;

1i1) a conjugate, free in solution, comprising an enzyme
conjugated to a second binding ligand specific for the
cytokine; and

1iv) substrate for said enzyme;

b) adding said primary cell population to said microwell
under conditions sufficient for said T cells to secrete
cytokines, wherein said cytokine secreted by said T
cells binds locally to said first binding ligand bound to
said membrane adjacent locations of said T cells;

c) washing said microwell;

d) adding said conjugate to said microwell under condi-
tions such that said second binding ligand binds spe-
ciically to said secreted cytokine bound to said first
binding ligand;

¢) washing said microwell;

f) adding said substrate to said microwell under condi-
tions sufficient for an enzymatic color reaction to result
from reaction of said substrate with said enzyme as an
indication of presence, location, or amount of conjugate
bound to said first binding ligand bound secreted cytok-
ine; and

g) visualizing said enzymatic color reaction to detect
presence, location, or amount of secretion of said
cytokine by said T cells.

2. The method of claim 1, wherein a test antigen 1s added

to said microwell prior to said adding of step (b).

3. The method of claim 2, wherein said test antigen

comprises a peptide.

4. The method of claim 1, wheremn said primary cell

population further comprises antigen presenting cells.

5. The method of claim 1, wherein said first binding

ligand comprises antibody specific for the cytokine.

6. The method of claim §, wherein said antibody 1s

specific for an interferon.

7. The method of claam 6, wheremn said interferon i1s

interferon gamma.

8. The method of claim 1, wherein said first binding

ligand comprises a cytokine receptor.

9. A method of detecting secreted T cell cytokines,

comprising:

a) providing:

[) a microwell comprising a hydrophobic membrane
comprising polyvinyl difluoride having a first cap-
ture ligand bound to said membrane, wherein said
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first capture ligand 1s specific for a first cytokine, and
a second capture ligand bound to said membrane,
wherein said second capture ligand 1s specific for a
second cytokine;

1) a primary cell population comprising T cells sus-
pected of secreting cytokines;

i11) a first conjugate comprising a first enzyme conju-
cgated to a first detection ligand specific for the first
cytokine and a second conjugate comprising a sec-
ond enzyme conjugated to a second detection ligand
specific for the second cytokine; and

1v) a first substrate for said first enzyme, and a second
substrate for said second enzyme;

b) adding said primary cell population to said microwell
under conditions sufficient for said T cells to secrete
cytokines, wherein said first cytokine secreted by said
T cells binds locally to said first capture ligand bound
to said membrane adjacent locations of said T cells, and
said second cytokine secreted by said T cells binds
locally to said second capture ligand bound to said
membrane adjacent locations of said T cells;

¢) washing said microwell;

d) adding said first and second conjugates to said microw-
ell under conditions such that said first and second
detection ligands bind specifically to said secreted first
and second cytokines bound to said first and second
capture ligands, respectively;

¢) washing said microwell;

f) adding said first and second substrates to said microwell
under conditions sufficient for said first enzyme to react
with said first substrate resulting 1n an enzymatic color
reaction producing an amount of first color, and said
second enzyme to react with said second substrate
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resulting 1n an enzymatic color reaction producing an
amount of second color; and

o) detecting presence or the amounts of said first and
second colors, wherein the presence or amounts of said
colors are indicative of presence, location, or amount of
secretion of said first and second cytokines by said T
cells.

10. A method for detecting and categorizing spots on

membranes, comprising:

a) providing a testing device, comprising I) a plurality of
microwells, and 11) one or more membranes defining, or
peripherally attached to, a bottom of each of said
microwells, wherein said membranes have been treated
under conditions such that spots could develop thereon;

b) capturing an image of each of said membranes from
cach of said microwells;

c) digitizing said 1mages to create digitized images com-
prising bits;

d) filtering each of said digitized images with convolve
filters;

¢) superimposing an inverted binary bit map of a prede-
termined threshold on each of said filtered digitized
images and eliminating those bits not meeting the
threshold to create thresholded images;

f) filtering each of said thresholded images with water-
shed filtration such that corrected 1images are created;
and

g) detecting and categorizing spot images in said cor-
rected images as an indication of presence and category
of the spots developed on each of the membranes.
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EX PARTE

REEXAMINATION CERTIFICATE
ISSUED UNDER 35 U.S.C. 307

5
THE PATENT IS HEREBY AMENDED AS
INDICATED BELOW.

Matter enclosed in heavy brackets [ ] appeared in the
patent, but has been deleted and is no longer a part of the 0
patent; matter printed in italics indicates additions made
to the patent.

AS A RESULT OF REEXAMINATION, IT HAS BEEN
DETERMINED THAT: 15
The patentability of claims 1-8 1s confirmed.

New claims 11-13 are added and determined to be patent-
able.

20

Claims 9 and 10 were not reexamined.

11. A method of detecting secretion of a cyvtokine by T
cells, comprising: 55

a) providing:

1) a solid bottom microwell comprising a hydvophobic
membrane comprising polyvinyl difluoride having a
first binding ligand bound to said membrane,
wherein said first binding ligand is specific for the 5,
cytokine;

i1) a primary cell population comprising T cells
capable of secreting cytokines;

2

Ii1) a conjugate, free in solution, comprising an enzyme
conjugated to a second binding ligand specific for
the cytokine; and

iv) substrate for said enzyme;

b) adding said primary cell population to said microwell
under conditions sufficient for said T cells to secrete
cyvtokines, wherein said cytokine secreted by said T
cells binds locally to said first binding ligand bound to
said membrane adjacent locations of said T cells;

c) washing said microwell;

d) adding said conjugate to said microwell under condi-
tions such that said second binding ligand binds spe-
cifically to said secreted cytokine bound to said first
binding ligand;

e) washing said microwell;

1) adding said substrate to said microwell under condi-
tions sufficient for an enzymatic color veaction to result
from reaction of said substrvate with said enzyme as an
indication of presence, location, or amount of conju-
gate bound to said first binding ligand bound secreted
cytokine; and

) visualizing said enzymatic color reaction to detect
presence, location, or amount of secretion of said

cytokine by said T cells.
12. The method of claim 11, wherein said solid bottom
microwell is part of a solid bottom microtiter plate.
13. The method of claim 11, wherein said membrane is
attached to the periphery of the microwell by ultrasonic
welding.
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