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Abstract—A method for controlling the contact of cell-surface
receptors with immobilized ligands has been developed. Cells are
trapped in an asymmetric liquid film that can be quantitatively
thinned by reducing the film’s capillary pressure. Ligands ad-
sorbed to the liquid-solid interface are forced into increasingly
tighter contact with the cells as the air-liquid interface is drawn
down. Controlling the degree of thinning allows study of repul-
sive forces, and controlling its time course produces a definite
time O for analyzing signal transduction. This system was tested
by examining the time course of calcium mobilization in T cells
upon activation with anti-CD3 antibody at different dilutions and
ionic strengths. The averaged calcium transient of the responding
cells was essentially the same for each condition. However, the
fraction of responding cells decreased with anti-CD3 dilution,
and indicated that the critical ligand density for T cell activation
lies between ~35 and 70 molecules of anti-CD3 per um?. De-
creasing the medium’s ionic strength from the normal value of
157 mM to 57 mM did not affect either the average calcium
response profile or the fraction of responding cells, but strongly
affected receptor-ligand contact, decreasing the percent of spon-
taneous activation from 38% to 5%. Such an imposed decrease
sets the stage for film thinning to impose much greater control of
receptor-ligand contact.

Keywords—T cell activation, Signal transduction, Biophysical
forces, Receptor-ligand interaction.

INTRODUCTION

A new method has been developed to control receptor-
ligand contact. Briefly, cells are trapped in a liquid film
over a solid surface to which ligands of interest have been
attached. The film is asymmetric in that it is bounded on
one side by a solid and on the other by gas. When the film
is thinned, cell receptors are brought into contact with the
ligands. The apparatus used to facilitate this thinning is
adaptable to the microscope stage and can be used to ex-
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amine forces opposing receptor-ligand contact, as well as
the kinetics of signal transduction events resulting from
receptor-ligand binding. In this study, the apparatus is
used to investigate the activation of T lymphocytes by
anti-CD3.

Initiation of an immune response normally requires co-
operation between antigen presenting cells (e.g., macro-
phages, B lymphocytes, or dendritic cells) and T lympho-
cytes. Although various surface molecules on these cells
interact and thereby contribute to both signaling and cell
adhesion (23), the specificity of the T lymphocyte re-
sponse is a function of a relatively low-affinity interaction
of the clonotypic T cell receptor (TCR) molecule with its
ligand, an MHC-peptide complex (6,24). Signal transduc-
tion through the TCR and the associated CD3 complex
(18,20) leads to the induction of various cellular messag-
ing systems, including a rise in intracellular free calcium
4.

Intracellular calcium mobilization, an early event in T
cell signal transduction, has been monitored in a number
of studies examining activation of T cells by APCs. Early
studies recorded intracellular calcium at the single-cell
level using calcium-sensitive fluorescent dyes and fluores-
cence microscopy, and demonstrated that calcium was mo-
bilized as a result of specific antigen presentation by an
APC (15,22). More recent studies have provided valuable
information on the time course of the intracellular calcium
response and its dependence on APC stimulatory peptide
concentration (1,19), as well as on the accompanying mor-
phological changes of the T cell (8). These single-cell
studies found considerable variability among individual T
cell responses, an observation that had been obscured by
the analysis of average responses in population studies.
Population studies necessarily reveal an average response,
but often one that loses important details of the individual
responses, even when they are manifested in every cell of
the population because activation is asynchronous. In
many of these studies, it was difficult for the investigators
to initiate APC-T cell contact at all. For example, Donna-
dieu et al. (8) sometimes centrifuged the two cell types
together to initiate contact.
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The experimental difficulty of initiating APC-T cell
contact may result from the biophysical forces that exist
between all cells. The formation of specific bonds between
two cells or a cell and a surface takes place against a
background of nonspecific repulsive forces (3). These
forces, which prevent aggregation in the bloodstream, in-
clude electrostatic, steric, and hydration interactions and
arise largely from the layer of negatively charged poly-
saccharides attached to proteins and lipids in the cell mem-
brane. This layer extends up to 150 nm from the cell
surface (14). In low ionic strength solutions, the range of
the repulsive electrostatic force increases because charge
shielding by counterions in solution is reduced (25). The
hydration layer surrounding cells is also increased in so-
lutions of low ionic strength (25). Nonspecific attractive
forces between cells, van der Waals and hydrophobic, also
exist; however, the repulsive forces dominate through the
range where specific recognition occurs (14). The exis-
tence of this repulsive barrier was demonstrated by Capo
et al. (5), who showed that cells often must be forced
together for strong specific bonds to be formed.

T cell activation by APCs involves a large number of
variables, including efficiency of antigen processing and
presentation by APCs, ligation of a variety of surface mol-
ecules, and cytokine production. However, engagement of
the TCR or CD3 complex with a specific antibody can
directly, if artificially, stimulate T cells and leads to an
observable calcium response (27). A number of studies
have been done to examine more directly signals mediated
by the TCR complex (13,16). The delay in calcium mo-
bilization observed in these studies is caused in part by a
ligand-receptor recognition-binding event and in part by
signal transduction from the TCR complex. Since it is not
possible to distinguish completely between these two
steps, studies like these cannot give precise information on
the time course of T-cell signal transduction. A method to
generate a more accurately controlled time O for ligand-
receptor contact would help to separate these steps.

The method developed in this laboratory allows ligands
to be brought into tight, controlled contact with cell sur-
face receptors, overcoming repulsive forces and creating
an accurately controlled time 0. An open chamber is at-
tached to a capillary tube allowing the thickness of a liquid
film to be adjusted (Fig. 1A). A ligand-coated coverslip at
the base of the chamber forms the solid-liquid interface
and allows real-time microscopic observation of the cells.
Medium is added to the well, forming a thick film to which
cells are added (Fig. 1B). The film is then quantitatively
thinned, pulling the liquid—air interface down, and forcing
cells into contact with the adsorbed ligands on the air—
solid interface (Fig. 1C). The essential quality of the ap-
paratus is its capacity to impose a known, uniform force on
a group of cells in a setting where they can be observed
individually.

When the film is quantitatively thinned, the cells are
deformed. The shapes of the deformed cells can be deter-
mined by interference microscopy. When cells entrapped
in the thin film are illuminated from a point source of
monochromatic light, interference rings are produced by
the curvature of the liquid film covering the cell. Using the
interferograms and equations describing the film, the pro-
file of the deformed cell can be reconstructed. The pres-
sure acting on the cell surface can be determined from the
deformed cell shape (2,10).

In the experiments reported here, anti-CD3 IgG mol-
ecules were adsorbed via a Protein A interlayer to the solid
boundary of the film-thinning apparatus. Using anti-CD3
antibodies allowed the examination of initiation of recep-
tor-ligand binding with a simplified ligand-coated surface.
Murine CD4" T cell hybridomas were loaded with a cal-
cium-sensitive fluorescent dye and added to the chamber.
After film thinning, T cell activation was examined by
monitoring intracellular free calcium levels using fluores-
cence microscopy.

Using this system, the kinetics of T cell activation was
examined by monitoring the calcium response profiles of
single T cells activated at a precisely controlled time 0.
Using surfaces of varying anti-CD3 density, the critical
ligand density for T cell activation was examined. In ad-
dition, by varying the ionic strength of the medium, the
role of repulsive electrostatic forces in preventing recep-
tor-ligand binding was investigated.

METHODS

Materials

Click’s Medium (EHAA) was obtained from Irvine Sci-
entific (Santa Ana, CA, USA). Fetal calf serum (FCS) was
obtained from Hyclone (Logan, UT, USA). The monoclo-
nal antibody used (145-2C11), directed to the € chain of
the CD3 complex on T cells, was obtained from Pharm-
ingen (San Diego, CA, USA). Goat anti-human albumin
antiserum, Protein A, and RPMI 1640 were obtained from
Sigma (St. Louis, MO, USA). Fura-2/AM was obtained
from Molecular Probes (Eugene, OR, USA). Chromic-
sulfuric acid was purchased from Fisher Scientific (Fair
Lawn, NJ, USA). All other chemicals were of reagent
grade or better.

Cell Culture

Murine 7E12 CD4(+) T hybridomas were developed in
the laboratory of Dr. Ned Braunstein. The cell line was
maintained in Clicks Medium (EHAA) with 10% (v/v)
FCS, and 0.5% (v/v) of 0.1 M B-mercaptoethanol at 37°C
and 5% CO,.

Asymmetric Film Thin Apparatus

The apparatus, shown in Fig. 1A, was composed of a
plastic ring containing a hole 10 mm in diameter and 6 mm
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FIGURE 1. Asymmetric film thinning ap-
paratus. (A) Chamber with attached sy-
ringe. (B) Thick film. (C) Thin film.
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deep. An antibody-coated coverslip was attached to the
bottom of the apparatus, forming a well. The well was
filled with medium, forming a thick film (Fig. 1B). A
small hole at the base of the well was attached to a 1 ml
syringe that allowed the film to be thinned (Fig. 1C). For
these experiments, the capillary pressure was reduced to
a value ~0.0004 atm below ambient. From asymmet-
ric film analysis (2), this pressure was calculated to apply
an average pressure of 0.054 atm to the top surface of the
cell.

Fluorescence Imaging System

The imaging system consisted of a Photometrics (Tuc-
son, AZ, USA) series 200 cooled CCD videocamera
mounted on a Nikon (Melville, NY, USA) Diaphot-
inverted microscope equipped with 40x/0.70 LWD and
40x/1.3 objectives, a super high-pressure mercury lamp, a
400 nm dichroic mirror, a 480 nm long-pass emission
filter, and a computer-controlled filter wheel with 340 and

380 nm excitation filters and a shutter. The exposure time
for images collected under both 340 and 380 nm excitation
was 0.2 sec. The images were created using a 2 x 2 bin on
the CCD chip, resulting in a final image size of 150 x 150
pixels. The camera output was collected and analyzed by
a Macintosh Quadra 950 Apple computer (Cupertino, CA,
USA) using custom calcium imaging software provided by
Photometrics.

Antibody Immobilization

Chromic sulfuric acid-washed round coverslips were
incubated with an excess of protein A IgG binding frag-
ment (100 pg ml™") for 30 min, then washed twice with
saline. Then, the coverslips were incubated with an excess
of antibody solution (100 wg ml™") for 30 min. The anti-
body solutions contained different ratios of anti-CD3 an-
tibody with anti-albumin antiserum. Protein A was used to
orient the IgG molecules on the coverslip and minimize
the possibility that the antibodies might induce spurious
activation by engagement of the T cell Fc receptors. The



Controlling Receptor-Ligand Contact 1075

TABLE 1. Experimental conditions.

lonic Strength (mM)? Anti-CD3 Dilution

1 157 1:25
2 157 1:100
3 157 1:200
4 157 1:400
5 57 1:25

#Medium Debye lengths: 157 mM =0.77 nm, 57 mM = 1.27 nm.

coverslips were washed twice with saline and attached to
the chamber using a thin layer of vacuum grease applied to
a boss on the bottom surface.

Intracellular Calcium Measurements in Asymmetric Film
Thin Apparatus

Cell Preparation. TE12 cells (~2 x 10° cells ml™") were
incubated in culture medium with 5 M Fura-2/AM for 30
min at 37°C. Then, the cells were washed twice by cen-
trifugation at 280g for 7 min, and resuspended in experi-
mental medium at 5 x 10° cells ml™'. The experimental
medium, RPMI 1640, was similar to the culture medium,
except it lacked phenol red, FCS, and 3-mercaptoethanol,
and contained 20 mM HEPES buffer and an additional 0.6
mM calcium.

Chamber Preparation. Antibody-coated coverslips at dif-
ferent anti-CD3 dilutions were attached to the chamber.
180 pl of either experimental medium of normal ionic
strength (157 mM) or a mixture of normal and low (14
mM) ionic strength medium (57 mM final ionic strength)
was added to the well (Table 1). The Debye length of each
solution was calculated from the ionic strength using a
formula for 1:1 electrolytes (12). The medium of low ionic
strength was a 1 mM calcium-supplemented phosphate-
buffered saline solution adjusted with sucrose to an os-
motic pressure of 295 mOsm. 20 wl of Fura-loaded T cells
(5 x 10° cells ml™") were added to the well using a pipette.

Calcium Imaging. Pairs of images were taken of the cells
to monitor their intracellular calcium levels. The ratios of
the intensity at 340 nm excitation (from free Fura-2) over
the intensity at 380 nm excitation (from calcium bound
Fura-2) were calculated by the software program, and
from these the intracellular calcium levels were calculated
using the method of Grynkiewicz er al. (9). The average
ratio was determined for each cell at each time point. The
ratios of the cells were monitored for 1 to 2 min to deter-
mine their baseline calcium levels. Then, the film was
thinned by reducing the capillary pressure by 0.0004 atm.
The cell ratios were monitored after film thinning. A T cell
was considered activated when its ratio increased to at

0.5 MINUTE

2 MINUTES

5.5 MINUTES

1 MINUTE

3 MINUTES

6.5 MINUTES

1.5 MINUTES

4 MINUTES

9 MINUTES

FIGURE 2. Ratioed images shown in false color. Calcium mobilization in T cells activated by anti-CD3 diluted 1:25 with anti-

albumin.
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FIGURE 3. Calcium response of 7E12

cells activated by anti-CD3 diluted with
anti-albumin in medium of normal (157
mM)} ionic strength. Thin solid and
dashed lines represent responses of indi-
vidual activated and refractory cells, re-
spectively. Thick lines represent average
responses of activated and refractory
populations. Anti-CD3 was diluted 1:25
with anti-albumin in {A) and (B), 1:100 in

~ -

(C} and (D}, 1:200 in (E) and (F), and 1:400
in (G) and {H). In (A), (C), (E), and {G), the
(3/19) film was thinned to initiate receptor-
ligand contact. In (B), (D), (F}, and {H) [the
controls], the films were not thinned.
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least 50% above its unstimulated baseline ratio. This cor-
responds to an intracellular calcium level of 270 nm and
was arbitrarily chosen after observation of the range of
calcium responses in the T cells.

RESULTS

Film Thinning Initiates Cell Receptor-Ligand Contact and
Produces a Controlled Time 0

The chamber was used to initiate contact between CD3
complexes on the surface of the T cell and the immobi-
lized anti-CD3 antibodies. Receptor-ligand contact re-
sulted in T cell activation, observed as intracellular cal-
cium mobilization. In Fig. 2, the calcium rise in activated
T cells is shown in false color by the fluorescence imaging
system. The false color represents the ratio of the pairs of
images. Green and yellow cells have low ratios, and, there-
fore, low intracellular calcium levels, whereas red cells
have high ratios and high calcium levels. The cells became
activated ~0.5 to 1 min after film-thinning, and the false
color changed to red, indicating a rise in intracellular cal-
cium levels. After a few minutes, the calcium level began
to return to baseline. The presence of cells of different

TIME (minutes)

colors in each frame indicates that the responses of indi-
vidual cells are somewhat different.

In Fig. 3A, the calcium response of activated T cells is
shown graphically. The cells were activated by immobi-
lized anti-CD3 diluted 1:25 with anti-albumin in medium
of normal ionic strength. Since the molecular weight of
IgG is much larger than that of the protein A used, and
both of these molecules were adsorbed using a large ex-
cess of protein, we assumed that the IgG density can be
approximated using its vertical cross-sectional area. Using
a value of 70 nm? (21), the IgG density was calculated to
be 14,000 molecules/pm?, inferring 560 molecules of anti-
CD3/pm?” at the 1:25 dilution point. The thin lines in Fig.
3 represent the calcium response of individual cells. The
thick lines represent average calcium profiles of the re-
sponding and refractory populations. The average re-
sponse curve in Fig. 3A shows that, upon receptor-ligand
binding, there was a 0.5 to 1 min lag before the calcium
levels began to increase to at least 100% above baseline.
The calcium levels remained elevated for 1 to 2 min, and
then began to decay. Some heterogeneity among indi-
vidual cell responses is seen. 65 = 8% of the cell popula-
tion became activated upon film thinning, whereas the rest
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were refractory. (FACS analysis using the anti-CD3 anti-
body showed that the 7E12 population was 99.8% CD3*
with near-uniform levels of CD3 expression.) The activa-
tion upon film thinning was synchronous, as evidenced
from the averaged curve.

Figure 3B shows the control for the experiments in Fig.
3A. Calcium mobilization was monitored in cells under
the same conditions, but without film thinning to initiate
receptor-ligand contact. In this case, 38 + 6% of the cell
population became activated. Since these experiments
were conducted in medium of normal ionic strength, the
electrostatic repulsive forces were reduced, so some cells
became activated as a result of simple settling under the
influence of gravity onto the antibody-coated surface.
However, without precise control of receptor-ligand con-
tact, the initiation of activation occurred at different times,
and the average response curve does not represent the
calcium response of a typical cell.

The Percent of Activated Cells Decreases with
Anti-CD3 Dilution

The anti-CD3 antibody density was further reduced
with anti-albumin to determine the critical ligand density

2

T T

3456 7

TIME (minutes)

for T cell activation. These experiments were done at nor-
mal ionic strength, and are shown in Fig. 3C-3H. Data
shown in each graph were collected in 2 or 3 repeated
experiments of 10 to 15 cells each, and the standard de-
viations indicate the range around the averages. In Fig.
3D,F,H, data were collected in one experiment, because
the number of cells in the field of view was larger. The
shape of the calcium response curve of the responding
cells was not changed by anti-CD3 dilution to 1:100. In-
creasing the dilution of anti-CD3 from 1:25 to 1:100 re-
duced the anti-CD3 average density from ~560 to 140
molecules/wm?, but did not significantly reduce the per-
cent of activation upon film thinning, the percent of re-
sponding cells falling only to 59 * 17% from 65% (Fig.
3C). However, in the control (Fig. 3D), the percentage of
spontaneous activation was reduced to less than half when
the anti-CD3 dilution was increased from 1:25 to 1:100.

When the anti-CD3 density was diluted 1:200 and 1:
400, for an approximate anti-CD3 density of 70 and 35
molecules/wum?, the percent of cells activated upon film
thinning was reduced to 22 + 11 and 0%, respectively (Fig.
3E,G). At 1:200, the magnitude of the averaged calcium
response curve was the same as at the 1:25 and 1:100
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FIGURE 4. Percent of cells responding at each antibody dilu-
tion.

dilution points, but the duration was longer. The low anti-
CD3 density at this dilution point caused activation to
become somewhat asynchronous, despite the controlled
receptor-ligand contact, leading to a longer duration of the
averaged calcium mobilization curve. Spontaneous activa-
tion for the corresponding controls (Fig. 3F,H) was re-
duced to 5% at 1:200 dilution and 0% at 1:400. Thus, the
critical ligand density for activation of T cells with anti-
CD3 seems to lie between the 1:200 and 1:400 dilution
points where there is an approximated average of 70 and
35 anti-CD3 molecules/pwm?, respectively. Figure 4 sum-
marizes the percents of controlled and spontaneous acti-
vation seen at each antibody dilution.

Spontaneous Activation Decreases When Ionic Strength
Is Decreased

The ionic strength of the medium was lowered to ex-
amine the shielding of repulsive electrostatic forces, as
well as to gain better control of receptor-ligand contact.
Data were collected in 2 to 3 repeated expeirments of 4 to
11 cells for each condition shown in Fig. 5. Comparison of
Figs. 3A and 5A shows that reducing the ionic strength
from 157 to 57 mM does not significantly affect the shape
of the calcium response or the percent of activation upon
film thinning. The percent of activated cells at 1:25 anti-
CD3 dilution was 65% at 157 mM ionic strength, and 74
+ 25% at 57 mM. However, reducing the ionic strength to
57 mM greatly reduced spontaneous activation. At 57 mM
ionic strength, there was essentially no spontaneous acti-
vation (6 = 8%) (Fig. 5B), as compared with 38% of the

cells activating spontaneously at an ionic strength of 157
mM (Fig. 3B).

DISCUSSION

The asymmetric film thinning apparatus provided a pre-
cisely controlled time O for analyzing the kinetics of T cell
signal transduction. Since the interaction of the cell sur-
face CD3 complexes with the immobilized antibodies was

A 1400

74% Activation

1200 {14/19)

1000 —

800 — thinning

600
400

Intracellular Calcium (nM)

200

0

2 -1 0 1
TIME (minutes)

2 3 45 6 7

B 1400

—_ b 5% Activation

= 1200 (1/20)

< j

£ 1000

3 )}

[&]

© 800 -

O ;

T 600

3 ]

8 400 -

© ]

£ 200 -

T o)

0 T | Ij T I T —’—r | T | T I T f T

2-101 2 3 45 6 7
TIME (minutes)

FIGURE 5. Calcium response of 7E12 cells activated by anti-
CD3 diluted with anti-albumin in medium of low (57 mM) ionic
strength. In (A), the film was thinned to initiate receptor-
ligand contact. (B) Control.
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controlled by film thinning, the time course of calcium
mobilization reflected delays caused almost entirely by
signal transduction events. Controlling the initiation of T
cell activation also allowed a more representative average
response profile to be observed. The average response
curves showed that upon ligand-receptor binding, there
was a 0.5 to 1 min lag before the calcium levels increased
to at least 100% above baseline. Even with a controlled
time 0, however, some heterogeneity in calcium responses
was observed. The heterogeneity in calcium response
among the responding cells probably represents cell-to-
cell variation in the time constants for signal transduction
events leading to calcium mobilization. Thus, despite uni-
formity in their level of cell surface CD3 expression, as
heterokaryons, the individual hybridoma cells in the popu-
lation likely vary in the levels of expression of other mol-
ecules that couple the CD3-calcium signal.

From the anti-CD3 antibody dilution experiments, the
critical ligand density for T cell activation was found to lie
between the 1:200 and 1:400 dilution points. Combinato-
rial analysis based on independent probabilities (to deter-
mine the likelihood of 2 or 3 anti-CD3 molecules binding
to the protein A-coated surface adjacent to each other)
suggests that there is an average of 280 antibody pairs and
14 triplets under each cell at the 1:200 dilution point, and
140 pairs and 1.8 triplets at the 1:400 dilution point. It has
been observed that deaggregated soluble anti-CD3 does
not lead to calcium mobilization or T cell activation unless
cross-linked with secondary anti-IgG, suggesting that ag-
gregation of multiple TCR/CD3 complexes is necessary
for activation (17). Therefore, antibody pairs or triplets
may be necessary to produce a calcium response. That the
critical ligand density falls between the points where 14
and 1.8 triplets are inferred suggests that triplets are more
effective than less aggregated antibody in initiating recep-
tor aggregation. The critical number of triplets found here
agrees with the number of MHC/peptide complexes (1 to
10), estimated to be needed in the initial T cell/APC con-
tact area to produce a calcium response (1). This number
is also consistent with experimental data reporting the total
number of complexes needed on an APC for T cell acti-
vation (7,11). It should be emphasized that these data ad-
dress initial events in TCR-mediated signaling and not
later features of T cell activation, such as cytokine pro-
duction, which may require the serial engagement of thou-
sands of TCRs (26).

Figure 3 shows that the magnitude of the calcium mo-
bilization profile of the responding cells was not changed
significantly by dilution of the anti-CD3 molecules. This
finding suggests that calcium mobilization is an all-or-
none phenomenon in T cells activated by anti-CD3 anti-
body. This phenomenon was also observed by Agrawal
and Linderman (1), in T cells activated by APCs display-

ing decreasing numbers of peptide-loaded MHC com-
plexes on their surfaces.

The ionic strength of the medium was varied to exam-
ine the role of repulsive electrostatic forces in preventing
receptor-ligand binding. At higher ionic strengths, there
are more counterions present, so the negatively charged
surfaces of the cells and immobilized ligands will be more
effectively shielded from each other. The amount of
charge shielding is related to the Debye length of a solu-
tion, with solutions of longer Debye lengths experiencing
less shielding. The 157 and 57 mM solutions had Debye
lengths of 0.77 and 1.27 nm, respectively (12). Figures 3B
and 5B show that the amount of spontaneous activation
occurring at 57 mM was much less than at 157 mM for the
same antibody dilution. This indicates that the repulsive
forces have a longer reach in the 57 mM solution and is
consistent with the Debye lengths of the two solutions.
Lowering the ionic strength did not reduce the percent of
activation upon film thinning (Figs. 3A and 5A). There-
fore, low ionic strength does not cause the cells to become
refractory, but rather seems only to alter the repulsive
forces, making this maneuver a useful tool for controlling
receptor-ligand contact.

This system can be used to control receptor-ligand
binding, to examine forces opposing this process, and to
study signal transduction kinetics. It provides a means for
examining interactions of cell surface receptors in a sys-
tem that is physiologically relevant. To initiate receptor-
ligand contact, the cells are pushed through a repulsive
force field created largely by the negative charges existing
on both the cell surface and on the adsorbed ligands. This
system can be modified to include a variety of biologically
relevant receptor-ligand pairs on the opposing planar sur-
faces. Then, it should make possible direct study in a
controlled manner of the effects of different receptor-
ligand interactions in lowering the force required to induce
T cell activation.
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