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ABSTRACT Contact with antigen-presenting cells
(APCs) initiates an activation cascade within T lymphocytes,
including a rise in cytosolic calcium, lymphokine production,
and cell division. Although T cell-APC physical contact is
required for an immune response, little is known about the
patterns of cellular interactions and their relation to activa-
tion. Calcium imaging combined with an optical trap enabled
the T cell contact requirements and polarity to be investigated
at the single-cell level. APCs or anti-CD3 mAb-coated beads
were trapped with a laser and placed at different locations
along the T cell, which has a polarized appearance defined by
the shape and direction of crawling. T cells were 3-fold more
sensitive to APC contact made at the leading edge of the T cell
than with contact made at the tail. Anti-CD3 mAb-coated
6-pm beads induced calcium signaling with ~10-fold higher
frequency and ~4-fold shorter latency on contact with the
leading edge of the T cell than on contact with the trailing
edge. Alterations in antibody density (2 to 500 per um?) and
bead size (1 to 6 pm in diameter) were used to determine the
spatial requirements and the minimal number of receptors
which must be engaged to transmit a positive signal. T cell
response percentage, latency, and calcium-signaling pattern
(transient vs. sustained or oscillatory) depended on antibody
density on the bead. The presence of ~170 anti-CD3 mAb
within the contact area elicited a detectable T cell calcium
response. We propose here that engagement of no more than
340 T cell receptors (=1% of the total on the cell) is sufficient
to initiate Ca®* signaling. The minimal contact area was
~3 pm?.

T cell activation is a complex, multistep process involving a
number of molecules, including the T cell receptor (TCR)
binding to its ligand, a specific peptide bound to a MHC
molecule on the antigen-presenting cell (APC; ref. 1). Al-
though direct cell-cell contact is required for T cell activation,
little is known about the patterns of cellular interaction and
their relation to activation. Assuming that a single-hit TCR
engagement by its ligand results in internalization of the
activated receptor, Viola, Lanzavecchia, and coworkers (2, 3)
measured the number of surface TCRs after stimulation and
found that T cells “count” the number of triggered TCRs and
respond to produce IFN-y when a threshold of ~8,000 TCRs
is reached. Costimulatory signals lowered the activation
threshold to ~1,500 TCRs. Here, we report the development
and application of an optical-trap-based single-cell assay to
study the contact requirements for T cell activation and the
minimum number of TCRs that must be engaged to initiate the
intracellular calcium signal ([Ca?"];), an event that occurs
much earlier than cytokine production.

Optical traps (tweezers) use photon momentum transfer to
grasp and manipulate microscopic dielectric particles, such as
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beads (microspheres), cellular organelles, and cells. A number
of biological applications have been demonstrated with “op-
tical tweezers” (4), including sorting and isolation of cells,
organelles, and chromosomes; measuring the mechanical
properties of cytoskeletal assemblies, biopolymers, and mem-
branes; and measuring mechanical forces generated during
DNA transcription (5, 6). In this work, we use optical tweezers
to present microsphere-immobilized anti-CD3 mAD at varying
surface densities to well defined regions of individual T cells.
This general approach is ideal for investigating ligand-based
cellular interactions, because the contact geometry, timing,
and nature of the ligand can be specified exactly under
physiological conditions. Using calcium imaging and an optical
trap, we recently showed that murine hybridoma hen egg
lysozyme-restricted CD4* T cells (1ES) are polarized antigen
sensors (7). Here, we extend these studies to address the spatial
and temporal contact requirements for T cell activation and
the minimum number of receptors that must be engaged to
transmit a [Ca?*]; signal.

MATERIALS AND METHODS

Cell Culture. The murine hen egg lysozyme-restricted,
CD4" T cell (1ES; ref. 8) and MHC Il-restricted B cell (2PK3)
hybridomas (a gift from A. Sette, Cytel, San Diego) were
grown in RPMI medium 1640 containing 10% (vol/vol) FBS,
10 mM Hepes, 10 uM p-mercaptoethanol, and 1% each of
nonessential amino acids, glutamine, and sodium pyruvate.
Cells were maintained in a humidified incubator at 37°C with
5% COa, 95% air. The 1ES cells were adherent to plastic flasks
at 37°C and were resuspended for collection by gentle shaking
at room temperature. Antigen-presenting 2PK3 B cells were
incubated with 10 pwg/ml hen egg lysozyme for 3-12 h. This
protocol produced a maximal response from 1ES T cells as
judged by a contact-dependent [Ca®*]; response from ~70% of
cells.

Antibody Coating on Beads. T cells were also probed with
anti-mouse CD3e mAb-coated beads. We used various sizes of
polystyrene beads (1-6 uwm in diameter; Interfacial Dynamics
Corporation, Portland, OR) stabilized with sulfate charges.
Beads were initially coated with 100 wg/ml anti-hamster Fc
IgG mADb in 25% (vol/vol) PBS for 1 h at room temperature
and then with varying concentrations of FITC-conjugated
hamster anti-mouse CD3 mAb of known fluorescein/protein
ratio for 1 h. Beads coated with anti-hamster IgG mAb alone
did not activate T cells (0%; 0 of 100). The number of anti-CD3
mAD on single beads was quantified by analysis with a fluo-
rescence-activated cell sorter (FACS) to compare FITC-
conjugated mAb-coated beads with a standard curve of mi-
crobeads labeled with defined numbers of fluorescein mole-
cules (Flow Cytometry Standards Corporation, San Juan, PR).
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The coating variation between beads was relatively small
(typically 15% coefficient of variation). Under fluorescence
microscopy, the beads appeared round and uniformly fluores-
cent. Throughout the experiment, the beads did not encounter
serum proteins to prevent their adsorption and contribution to
the adhesion between the bead and cell.

Optical Trapping. The geometry of T cell-FAPC or T
cell-bead contact was manipulated by using a tunable, near-
infrared titanium:sapphire laser producing a trapping beam at
~820 nm (9). The trapping laser was introduced via the TV
port of a Zeiss Laser Scanning Confocal microscope (LSM
410). A short-pass (720-nm) dichroic reflector was used to
separate trapping and fluorescence-excitation beams. A X100
1.3 numerical aperture Neofluor objective focused the near
infrared and visible beams, resulting in 20 mW of trapping
power at the focal plane. This arrangement allowed trapping
and fluorescence-based [Ca’*]; measurements on the same
cells. A wavelength of 820 nm for the optical trap was chosen
to minimize cell damage (10).

[Ca?*]; Imaging. To measure T cell [Ca?*]; on the LSM
microscope, 1ES5 cells were coloaded with a combination of
Fura Red/acetoxymethyl (5 pM) and Oregon Green/
acetoxymethyl (2 uM; Molecular Probes), two long-
wavelength Ca?* indicators that respond to the 488-nm exci-
tation line of the argon laser. After dye loading, the cells were
washed and maintained throughout in mammalian Ringer
solution containing (in mM): 160 NaCl, 4.5 KCl, 2 CaCl,, 1
MgCly, 10 Hepes (pH = 7.4; osmolality 290-310 milliosmol/
kg), supplemented with 11 mM glucose. Cells loaded for 1.5 h
at 37°C produced a red-to-green shift when [Ca’*]; was
elevated. This shift was quantified by scanning cells with the
argon laser and dividing the fluorescence-intensity signals
from two photomultipliers with emission bands of 510-555 nm
(green) and >610 nm (red). In these experiments, a single
2PK3 cell or anti-CD3 mAb-coated bead was held in the trap
on a heated stage (37°C) and positioned so that it made contact
with a particular region (leading edge, mid section, or trailing
edge) of a dye-loaded T cell. Once the cells or beads were
positioned, the trapping beam was cut off, and 488-nm laser
excitation was performed. A third photomultiplier collected a
Ca?*-insensitive blue emission band (400-480 nm) from in-
candescent illumination, which was used to produce a bright
field image. There were 100—150 scans made at 4-s intervals to
determine whether a [Ca?*]; increase occurred in the T cell
after contact with the APC or bead. T cells not responding
within 400 s were scored as unresponsive. The latency of the
T cell [Ca?"]; response was defined as a time delay between
cell-cell/bead contact and a detectable [Ca?*); rise within the
responding T cell. [Ca?*]; was estimated by dividing 488-nm-
excited green and red fluorescence images pixel by pixel. A
positive response was confirmed by a sharp increase in esti-
mated [Ca?*]; of at least 50% over basal levels. Calibration was
performed by measuring fluorescence intensities at very low
and saturating [Ca>"]; in cells by using 1 uM ionomycin and
either 1 mM EGTA for Rumin or 10 mM Ca?* for Ry, (Where
R is the ratio of 488-nm-excited green-to-red fluorescence
intensity) and applying the equation of Grynkiewicz et al. (11).

Contact-Area Estimation. The flexibility of positioning with
the optical tweezers allowed us to choose the same T cell-bead
contact geometry, including similar polarized T cell shape and
similar contact geometry with the leading edge of the T cell.
The contact area was assumed to form a spherical cap with a
solid angle of 2« on the bead and estimated by the equation
C = 2@R?*(1 — cosa), where C is the contact area and « is half
of the solid angle for the contact cap. The contact geometry
usually does not change until after the [Ca?*]; rise. For beads
of the same size, the contact area was essentially the same for
each T cell-bead pair.
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RESULTS AND DISCUSSION

T Cell Functional Polarity Identified with an Optical Trap.
In these experiments, a single murine hybridoma MHC class
II-restricted B cell (2PK3) or a polystyrene bead coated with
mADbs to the TCR CD3e subunit was held and manipulated by
the trap for about 10 s so that it made contact with a particular
region of a T cell, which has a polarized appearance defined by
the shape and direction of crawling. The T cells were loaded
with Fura Red and Oregon Green, two cytoplasmic [Ca?"]
indicators. Before contact, [Ca®"]; was uniformly low in the T
cells. Once the cells or beads were positioned, the trapping
beam was cut off. The subsequent [Ca’*]; response was
detected as an emission shift from red to green (Fig. 1).

T cells were 3-fold more sensitive and responded with
shorter latencies to APC contact made at the leading edge of
the T cell than with contact made at the tail (Fig. 1; Table 1).
When stimulated by 6.2-um-diameter beads coated with anti-
CD3 mAb, the polarity was even more dramatic; response
percentages were ~10-fold higher with contact at the leading
edge (87%). In contrast, only 4 of 55 cells responded to contact
at the trailing edge. T cells contacted by either an APC or an
antibody-coated bead entered a dynamic and reproducible
program in the first 10-20 min, including a rise in [Ca?*];, in
the form of either a transient response or an oscillation,
changes in shape and motility, engulfment followed by partial
disengagement of the APC or bead, and stabilization of the
contact.

To rule out the possibility that a simple difference in
engagement area accounts for the polarized response, smaller
beads (2.5 wm in diameter) were examined. With 2.5-um
beads, head and tail contact areas are approximately the same
(4.9 wm?). Despite this similarity, the polarized response
persists (Table 1). This result implies that a localized molecular
mechanism governs the T cell polarity to antigen.

T cell-B cell contact during antigen presentation involves a
number of molecular pairs, any of which may contribute to the
observed polarity, e.g., TCR/MHC:peptide, CD28/B7, or
LFA-1/ICAM-1 (12). Although the TCR and other surface
molecules appear uniformly distributed before activation,
there may be functional differences because of aggregation
ability and/or localization of transduction elements such as
kinases at the leading edge (13, 14). The lack of accessory
molecules on anti-CD3 mAb-coated bead is probably respon-
sible for the observed more dramatic polarity, compared with
APC stimulation.

T cell polarity after contact with an APC has been well
documented on the basis of plasma membrane protein clus-
tering (15), cytoskeletal movement (16), organellar rearrange-
ment (17, 18), and cytokine production. In addition to reor-
ganization triggered by cell-cell contact, T cells are motile and
thus possess some intrinsic polarity even before they contact
the APC. Here, we confirm that T cells are polarized antigen
sensors to either APC or immobilized anti-CD3 mAbD stimu-
lation. In contrast, the APCs did not seem to have polarity
when engaged with T cells, a result also observed by Wiilfing
et al. (19). The inherent T cell polarity may play an important
role in ensuring the high sensitivity of T cells in crowded
environments such as lymph nodes, where most antigen is
detected.

TCR Threshold for Initiating the T Cell [Ca?*]; Signal. The
response of T cells to antigen depends on the number of
engaged TCRs. To investigate the receptor threshold for
initiating the [Ca?*]; signal, we varied the anti-CD3 antibody
density on 5-um-diameter beads. The number of antibodies on
single beads was quantified by using flow cytometry (Fig. 2).
The anti-CD3 antibody-coated beads at densities ranging from
2 per um? to 500 per um? were then manipulated with an
optical trap and placed at the leading edge of T cells, and the
subsequent [Ca?*]; response was monitored. Both the percent-
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F1G. 1. Optical trapping of anti-CD3 mAb coated-bead identifies functional T cell polarity. (4) Bright field and fluorescence images are shown
as an overlay. Acetoxymethyl esters of Oregon Green and Fura Red were preincubated with T cells for 90 min. Cells produced a true-color emission
shift from red to green when [Ca2*]; was elevated. Three photomultipliers collected green fluorescence, red fluorescence, and bright field images
simultaneously. FITC-conjugated anti-CD3 mAb coated-beads (6.2 wm in diameter) are shown presented by the optical trap to either the tail (a)
or leading edge (b) of the T cell. (B) Time course of [Ca?*]; for cells shown in 4. [Ca?*]; was estimated every 4 s by dividing 488-nm-excited green
and red fluorescence images pixel by pixel and applying the equation of Grynkiewicz et al. (11).

age of response and the latency of T cell [Ca’*]; signals
depended on anti-CD3 density (Fig. 3). The T cell response
percentage steeply increased from 2 to 83%, and the response
latency decreased from 160 to 27 s with increasing anti-CD3
mAb density on beads. The half-maximal response corre-
sponded to an anti-CD3 mAb density of 80 per um?. Inter-
estingly, the [Ca?"]; response pattern switched from transient

Table 1. Polarized T cell response to TCR stimulation

to oscillating or sustained responses with increasing anti-CD3
mAb density. We arbitrarily chose 18 per wm? as the threshold
anti-CD3 mAb density that resulted in 5.3% of T cells dis-
playing [Ca?*]; response. At this low density, only [Ca’>*];
transients were seen in the responding cells. At higher density
(=60 per um?), sustained or oscillating [Ca?*]; responses were
observed in more than 80% of the trials.

Percentage of cell responding (no.) Latency, s
Contact zone 6.2-pm 2.5-pm 6.2-um 2.5-um
(on T cell) APC bead bead APC bead bead
82 (14/17) 87 (77/87) 43 (20/46) 42 = 16 5223 53 =16
80 (4/5) 82 (14/17) — 60 = 22 141 + 63 —
31 (4/13) 7 (4/55) 6 (4/66) 146 = 29 248 =173 173 = 49

T cells were stimulated by either APCs or anti-CD3 mAb-coated beads at the region indicated. Region 1 is defined as the leading edge. Latency
(mean = SEM) indicates the delay between contact and a detectable intracellular calcium increase in the responding population.
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Fic. 2. Quantification of immobilized FITC-conjugated anti-CD3
mAb density on polystyrene beads by FACS analysis. (4) Antibody
coating on beads. The two-step antibody coating method was assumed to
prevent potential steric hindrance and increase anti-CD3 mAb binding
efficacy. Beads were initially coated with 100 ug/ml anti-hamster Fc IgG
mADb (mAb 1’) and then with varying concentrations of FITC-conjugated
hamster anti-mouse CD3 mAb (mAb 2’) of known fluorescein/protein
ratio. mAb 1’ binds the Fc portion of mAb 2', leaving the antigen-binding
site of mAb 2’ free to engage with the TCR:CD3 complex. (B) FACS
analysis of beads shown in 4. The number of anti-CD3 mAb on single
beads was quantified by using FACS analysis to compare FITC-
conjugated mAb-coated beads with a standard curve of microbeads
labeled with defined numbers of fluorescein molecules. (C) The resulting
anti-CD3 mAb density on beads showing a 3-log linearity with incubating
antibody concentration.

The flexibility of positioning with the optical tweezers
allowed the same contact geometry for each T cell-bead pair
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so that the contact area between the 5-um-diameter bead and
the T cell was ~9.5 um? as determined by a solid-angle
measurement. This contact geometry usually did not change
until after the [Ca?*]; rise. Thus, for a bead with anti-CD3 mAb
density of 18 per um?, the total number of anti-CD3 mAb
molecules on the contact area was ~170. The TCR density on
asingle T cell is =300 per um? (20), corresponding to a spacing
of ~0.06 um between TCR complexes, and is much higher
than the anti-CD3 mAb density on the bead. Because the
diffusion constant of the TCR is ~0.01 wm?/s (M. L. Dustin,
personal communication; B. Hashemi, D. Holowka, and B.
Baird, personal communication), it is not unreasonable to
expect that all available antigen-binding sites in the contact
region of the low-density beads will become irreversibly oc-
cupied by TCRs within the latency period of tens of seconds.
Furthermore, assuming the two-step antibody-coating method
allows all of the antigen-binding sites of the anti-CD3 mAbs to
be available, it is appropriate to estimate the number of
triggered TCRs based on the number of anti-CD3 mAb on the
contact area. Assuming one bivalent anti-CD3 mAb at most
engages 2 TCRs, the number of triggered TCRs at the anti-
CD3 mAb threshold density is ~340, corresponding to ~1% of
total TCRs on the cell. The actual contact area between the
cell and the bead may be smaller than the apparent contact
area, considering the local roughness of the T cell surface.
Therefore, some portion of the antibody molecules on the
estimated contact area may not be able to reach CD3 mole-
cules, despite favorable diffusion. Thus, the number provided
here is an upper limit that may underestimate the T cell
sensitivity for early signaling.

Analyzing the T cell response latency also provides insight
into anti-CD3 mAD threshold density and kinetics for initiating
the [Ca?"]; signal. We assume that the measured latency
includes two kinetically distinguishable steps: T4, the time for
a fixed number of TCR-mAb complexes to form (21), a
function of the stimulating anti-CD3 mAbD density; and 7>, the
minimal time for downstream signal-transduction events lead-
ing to the [Ca?*); rise. The first step can be approximated as
a first-order biochemical reaction with respect to anti-CD3
mAb density, because the density of TCR complexes on a
single T cell is higher than the anti-CD3 mAb density. The
latency data fit well with this model (Fig. 3B, dashed line). The
threshold mAb density obtained from the fitting is 13 per um?,
which is in agreement with the experimental threshold of 18
per um? (5.3% T cell response). The constant 7> obtained
from the fitting is 23 s, reflecting the minimal time needed for
downstream signal transduction events leading to the [Ca?*];
signal.

Our results suggest that no more than 300-400 TCRs are
sufficient to initiate the [Ca?*]; signal. This number correlates
well with previous reports that as few as 100-300 MHC-
antigen complexes are sufficient to activate T cells (22-24).
However, assuming that a single-hit TCR engagement by its
ligand results in internalization of the activated receptor, Viola
and Lanzavecchia (3) measured the number of surface TCRs
after stimulation and found that T cells count the number of
triggered TCRs and respond to produce IFN-y when a thresh-
old of ~8,000 TCRs is reached. Costimulatory signals lowered
the activation threshold to ~1,500 TCRs. The [Ca?*]; rise is an
early event in TCR-mediated signaling; later events, including
gene expression and cytokine production, may require either
more TCRs to be engaged or the presence of costimulation
molecules. In addition, different experimental systems, includ-
ing cell type and experimental methods, might also contribute
to the difference. Our results indicate that ~1,000 TCRs are
required to generate a long-lasting [Ca?*]; signal, which might
be required for gene expression.

Minimal Contact Area for Initiating T Cell [Ca%*]; Re-
sponse. To study the contact requirements for T cell [Ca®*];
response, we varied the size of anti-CD3 mAb-coated beads.
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FiG6.3. T cell response depends on anti-CD3 mAb density on beads
and contact area between the T cell and the bead (n = 30 cells per
point). (4) T cell response percentage to beads of varying size and
antibody density. Contact areas were 9.5 um?, 4.9 um?, 3.0 um?, and
2.0 um? for 5-um, 2.5-um, and 1.14-pwm doublet beads and 1.14-um
singlet beads, respectively. (B) T cell response latencies corresponding
to initiation of [Ca?*]; signals in A. Measured response latencies (7)
for 5-um-diameter beads were fit to a pseudo-first-order rate expres-
sion with constant offset (72): T = K*In[D/(D — A)] + T» (dashed
line). T, latency time; D, anti-CD3 mAb density on beads; K, constant;
A, anti-CD3 mAb threshold density; 7>, the minimal time for down-
stream signal transduction events leading to the [Ca2"]; rise. The
parameters obtained from the fit were A = 13 per um? and 7> = 23 s.
Standard error bars are shown in the figure.

Decreasing the contact area proportionally decreased the T
cell [Ca?"]; response percentage (Fig. 34), suggesting that T
cells were able to integrate the stimulus spatially within the
range of contact areas. Different sizes of beads with the same
amount of mAbs on the contact area achieved similar response
percentages. For example, the response percentage for the
2.5-um-diameter bead with a mAb density of 103 per um? was
similar to that for the 5-um bead with density of 60 per um?.
However, a 2.5-um-diameter bead with a mAb density of 409
per um? did not achieve the expected higher response, prob-
ably because the antibody density already reached an effective
plateau, 150 per um?, corresponding to ~50% of the TCR
density of 300 per wm?. The critical contact area seemed to
reside at 3 um?, because single 1.14-um-diameter beads that
contacted T cells with an area of 2 wm? failed to induce the
[Ca?*]; response, even with a very high mAb density of 405 per
wm?. However, doublets of the same beads with ~3-um?

Proc. Natl. Acad. Sci. USA 96 (1999) 8475

contact area achieved an appreciable response percentage
(20%; see Fig. 34).

Previously, Mescher (25) reported a 3-um-diameter bead-
size threshold for effective antigen-dependent degranulation
of cytotoxic T lymphocytes when beads coated with alloanti-
gen were added and incubated with a T cell population for 3 h.
Ganpule et al. (26) found a smaller (1-um-diameter) bead-size
threshold for integrin-mediated adhesion when a bead-
rosetting assay was performed. Although it is difficult to assess
the exact contact area in these experiments, the results,
together with ours, support the concept that late events in T
cell activation, such as cytotoxic T lymphocyte activation and
subsequent degranulation, may require a larger surface area.
In addition, different stimuli might also contribute to the
difference in the contact-area threshold.

The minimal contact area might correspond to a spatial limit
for recruiting TCRs and/or other transduction molecule(s).
Monks et al. (13) recently reported that T cell membrane
proteins clustered into segregated three-dimensional domains
within the cell-contact zone, and ligand-bound TCR was
confined to only 6% of the contact area. The size of this inner
contact zone corresponds well with our determination of a
minimal contact area of ~3 um? suggesting that an inner
contact zone of this size may be required to initiate [Ca’>*];
signaling.

CONCLUSION

We have developed an optical tweezer-based single-cell assay
for studying ligand-receptor interactions during T cell activa-
tion. This approach allows the geometry and timing of ligand
presentation to be controlled precisely so that factors affecting
both spatial orientation and activation kinetics can be exam-
ined. Our results suggest that no more than 300-400 TCRs are
sufficient to initiate the [Ca?*]; signal, and the minimal contact
area is ~3 um? (=~0.6% of the total cell plasma surface). This
number correlates well with previous reports that as few as
100-300 MHC-antigen complexes are sufficient to activate T
cells. The [Ca*); rise is an early event in TCR-mediated
signaling, and later events, including gene expression and
cytokine production, may require either more TCRs to be
engaged or the presence of costimulation molecules. Our
results indicate that ~1,000 TCRs are required to generate a
long-lasting [Ca?*]; signal, which might be required for gene
expression. We expect this approach can be combined with
ligands for accessory molecules or with downstream assays for
gene expression to examine species- and clonal-specific vari-
ations in the T cell response and deepen our understanding of
the relationship between early activation events and gene
expression (27-30).
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