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ABSTRACT T cell recognition typically involves both the
engagement of a specific T cell receptor with a peptide/major
histocompatibility complex (MHC) and a number of accessory
interactions. One of the most important interactions is be-
tween the integrin lymphocyte function-associated antigen 1
(LFA-1) on the T cell and intracellular adhesion molecule 1
(ICAM-1) on an antigen-presenting cell. By using fluorescence
video microscopy and an ICAM-1 fused to a green fluorescent
protein, we find that the elevation of intracellular calcium in
the T cell that is characteristic of activation is followed almost
immediately by the rapid accumulation of ICAM-1 on a B cell
at a tight interface between the two cells. This increased
density of ICAM-1 correlates with the sustained elevation of
intracellular calcium in the T cell, known to be critical for
activation. The use of peptide/MHC complexes and ICAM-1
on a supported lipid bilayer to stimulate T cells also indicates
a major role for ICAM-1/LFA-1 in T cell activation but,
surprisingly, not for adhesion, as even in the absence of
ICAM-1 the morphological changes and adhesive character-
istics of an activated T cell are seen in this system. We suggest
that T cell antigen receptor-mediated recognition of a very
small number of MHC/peptide complexes could trigger LFA-
1/ICAM-1 clustering and avidity regulation, thus amplifying
and stabilizing the production of second messengers.

T cell recognition of a cell bearing a particular peptide/major
histocompatibility complex (MHC) complex follows a well-
described series of molecular and cellular events. The T cell
flattens against the antigen-presenting cell (APC), T cell
migration stops (1), and a tight interface forms (2, 3). A
signaling cascade is also initiated (4) that may ultimately lead
to T cell proliferation and/or the activation of T cell effector
pathways such as cytokine secretion or cell killing. One of the
early indicators of T cell activation is the elevation of intra-
cellular calcium, (5, 6), which many studies have shown is a
critical component of this process.

Although the binding of an a8 T cell antigen receptor (TCR)
to its cognate peptide/ MHC complex confers specificity to this
process, a number of additional molecular interactions are
known to be important [as recently reviewed by Croft and
Dubey (7)]. Among the most significant of these is the binding
of the integrin lymphocyte function-associated antigen 1
(LFA-1) on a T cell to intracellular adhesion molecule 1
(ICAM-1) on the APC (8-10). LFA-1 is markedly affected by
T cell signaling (11, 12), in that its affinity for ICAM-1 is
increased transiently following T cell activation (8, 9, 13) by an
unknown mechanism. After T cell activation, ICAM-1 and
LFA-1 are enriched in the interface, as determined by three-
dimensional microscopy of fixed T cell/B cell pairs (A. Kupfer,
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personal communication). The presence of ICAM-1 on the
APC is crucial for T cell activation in a mixed lymphocyte
reaction and in the septic shock response to Staphylococcus
aureus enterotoxin B, as revealed by mice deficient in ICAM-1
(14, 15).

One intriguing feature of T cell recognition is that only a
small number of specific peptide/MHC ligands (n = 200) are
required for activation (16-19). This finding suggests that
signaling through the TCR itself may be quite weak when
antigen is limiting and that some type of amplification mech-
anism or mechanisms may exist. Valitutti ez al. (20) have shown
that one such mechanism is likely to be the serial engagement
of each peptide/MHC complex with many TCR molecules.

Here we present an experimental system that allows one to
simultaneously follow morphological changes, the intracellular
calcium concentration, and the distribution of cell surface
molecules on live cells in real time. We have used this approach
to study the role of the ICAM-1/LFA-1 interaction during T
cell recognition of a B lymphocyte bearing the appropriate
peptide/MHC complex. By using a green fluorescent protein
(GFP) fusion construct, we are able to follow the distribution
of ICAM-1 and find that it accumulates in the T/B cell
interface within seconds after the onset of the calcium signal.
CHO cells can present antigen to T cells but do not exhibit this
clustering phenomenon. When CHO cells expressing densities
of ICAM-1/GFP equivalent to the clusters observed in B cells
are used as APCs, significantly more of the responding T cells
sustain their intracellular calcium levels versus ICAM-1'°% or
null expressors. This result suggests that the increased density
brought about by this clustering may stabilize the calcium
signal at low peptide/MHC concentrations. These data suggest
a model of T cell activation in which a specific but perhaps
minimal signal through the TCR can commit the T cell to an
activation program that can be maintained without having to
rely exclusively on TCR/MHC interactions.

EXPERIMENTAL PROCEDURES

Cells. 5C.C7 lymph-node cells were primed in vitro on
irradiated B10.BR spleen loaded with 2 uM moth cytochrome
C (MCC 88-103) peptide. Primed cells were cultured in the
presence of interleukin 2 and used between day 8 and 12. CH27
cells were transfected with a construct expressing an ICAM-
1/GFP fusion protein. CH27 that express the same amount or
less of the ICAM-1/GFP fusion protein in comparison to the
endogenous ICAM-1 were selected by fluorescence-activated
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cell sorting and cloned. The ICAM-1/GFP fusion consists of
the full-length ICAM-1 protein (21) followed by a linker
polypeptide with the amino acid sequence TSAAAGGGGS-
GGGGSGGGGS and then the GFP-Bex1 residues (22). It is
expressed from the plasmid pBJ1Neo (23). A fusion protein
containing the extracellular domain of ICAM-1, GFP, and a
glycoprotein I (GPI) membrane anchor (24) was constructed
as well. The extracellular domain of ICAM-1 (residues 1-482)
was followed by a AAAGGGGS linker, GFP-Bex1, another
GGGGSAAA linker, and the GPI tail. CHO cells were
cotransfected with expression plasmids for I-EX and the
ICAM-1/GFP fusion protein. Transfected cells were sorted
for high I-EX expression and moderate and high (i.e., 4X
moderate) ICAM-1/GFP expression. Moderate ICAM-1/
GFP expressing cells were cloned and their GFP fluorescence
was found to be comparable to CH27 cells that were trans-
fected with the same ICAM-1/GFP expression construct and
cloned as well. APCs were peptide loaded as described (295,
26).

Microscopy. When CH27 B cells were used as APCs, CH27
cells and 5C.C7 T cells were mixed before the start of the
experiment and immediately injected into a microscopy stage
laminar flow chamber (see below). For cytochalasin D pre-
treatment, either B or T cells were kept at 2 uM cytochalasin
D for 15 min before the start of the experiment and then
diluted into the experiment 20-fold. To chelate intracellular
calcium, bis(2-aminophenoxy)ethane-N,N,N',N'-tetraacetate
(BAPTA) was loaded at 20 uM concentration as an acetoxym-
ethylester in parallel with the Fura-2. All other pharmacolog-
ical reagents were added directly to the experiment at the
indicated concentrations. For experiments with transfected
CHO cells or supported lipid bilayers, T cells were added to an
eight-well coverslip (Nunc) or the flow chamber to start the
experiment. The temperature was controlled by air-heating
with a custom designed heating box. In addition, the micros-
copy stage laminar flow chamber was heated with a Peltier
element. Microscopy was performed by using two different
systems. In most of the experiments, a Zeiss imaging system
with a Zeiss Axiovert 135 microscope and the Attofluor
extensions and software was used. Briefly, the system included
infrared Nomarski optics, a beam splitter, an intensified
charge-couple device (CCD) camera to record fluorescence
and a CCD camera to capture the bright-field images. For
quantitative measurements, a Zeiss Axiovert 100TV micro-
scope with a cooled CCD camera (TEA/CCD512TKB/1,
Princeton Instruments, Trenton, NJ) to collect all images and
METAMORPH analysis software was used (Universal Imaging,
West Chester, PA). In both setups Fura-2 was excited at 334
nm and 380 nm and GFP was excited at 488 nm. The emission
was collected above 510 nm. No cross-excitation between the
dyes could be detected. All movies were made by using Adobe
(Mountain View, CA) PREMIERE software, and stills were
taken from these to create the figures. For confocal micros-
copy live cells couples were stained with a directly phyco-
erthrin-conjugated anti ICAM-1 antibody (PharMingen) and
imaged immediately on a Molecular Dynamics MultiProbe
2010 CLSM confocal microscope.

Single Cell Adhesion Assays. CHO cells transfected with
I-EX were grown to confluence and loaded with peptide on a
48 X 60-mm no. 1 glass coverslip that forms the bottom of a
fluorescence microscope mounted laminar flow chamber with
a flow channel of the dimensions: height, 0.26 mm; width, 5
mm; and length, 40 mm. 5C.C7 T cells interacted with the
APCs for 16 min while the calcium signal and Nomarski images
were recorded. Then the chamber was washed with a Syringe
pump (Cavro, Sunnyvale, CA) at increasing flow rates. Adhe-
sion was evaluated by imaging. The wall shear stress was
calculated from a momentum balance on a Newtonian fluid,
assuming a viscosity of 1.0 cP. For antibody blocking experi-
ments, the antibodies YN1/1.7.4 [anti-ICAM-1, as an Fab-
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fragment (27)], M17/5.2 [anti-CD11a (28)], and 2E6 (anti
CD18, ATCC no. HB226) were simultaneously present during
the interaction of the T cells with the APCs at 10 ug/ml each.
Activated T cells were found to adhere with an adhesion
strength above 90 dynes/cm? with or without these antibodies.

Supported Lipid Bilayers. Supported lipid bilayers contain-
ing proteins were prepared and handled as described (29).
Briefly, genetically engineered versions of I-EX and ICAM-1
(see below) in which the transmembrane domains have been
substituted by GPI tails were purified by affinity chromatog-
raphy in the presence of detergent, incorporated into small
unilammelar vesicles by dialysis, and spread on cleaned glass
coverslips. The extracellular domain of ICAM-1 was linked to
a GPI tail (24) at residue 482 and purified on a YNI affinity
column by base elution. Membrane incorporated I-EX was
quantified by ELISA by using two different protocols as
described (29). Both methods gave similar results: a 100 nM
solution of the GPI-linked I-EX in the detergent dialysis
produced a supported bilayer with a protein density in the
range of 100-1,000/um?. I-EX in supported lipid bilayers was
peptide loaded overnight at 25 uM peptide concentration in
5% FCS in PBS adjusted to pH 6.5. Lower concentrations of
activating peptide were achieved by dilution into a neutral
peptide (25, 26).

RESULTS

Multicolor Video Microscopy. To observe early events in the
interaction of a T cell with an APC in real-time and under
physiological conditions, we used video imaging systems that
allow us to capture both fluorescence and differential inter-
ference contrast images. The later allows the characterization
of cell position and behavior, whereas fluorescence detection
allows us to monitor T cell activation by using the ratiometric
dye Fura-2 (30) as well as a variant of GFP (GFP-Bex1) (21),
which has increased, red-shifted fluorescence. All experiments
described below use primed T cells from the lymph nodes of
5C.C7 TCR transgenic mice that recognize the moth cyto-
chrome ¢ peptide 88-103 presented by the class II MHC
molecule, I-EX (31, 32). A variety of APCs or surrogates were
used as stimulants.

ICAM-1 Rapidly Accumulates in the B/T Cell Interface
After T Cell Activation. In Fig. 1 we show an example of the
typical sequence of events that occurs when SC.C7 T cells are
mixed with B cell lymphoma cells stablely transfected with
ICAM-1/GFP and which also express the I-E* molecule and
have been loaded with peptide. GFP is fused to the ICAM-1
C terminus with a flexible 17-aa linker. The ICAM-1/GFP
expression level has been adjusted to match the endogenous
ICAM-1 expression level. After a variable period of cell-cell
contact the T cell activates as measured by a rapid rise in
intracellular calcium and concomitantly forms a tight B/T cell
interface. Interestingly, the initial rise in T cell calcium levels
is followed very quickly (first detectable within 20 * 4 sec) by
the movement of ICAM-1 into this interface. Even though the
first accumulation is detectable within seconds, ICAM-1 keeps
accumulating over several minutes before reaching a plateau
that is maintained for at least 0.5 h (data not shown). The
average gain in ICAM-1 after 10 min is 1.8-fold (* 0.35,n =
22) as determined by measuring the GFP intensity with a
cooled CCD camera over the whole interface. This corre-
sponds to 3.5 times of the preactivation level of the endogenous
ICAM-1. In cases where the calcium level then returns close
to baseline, the accumulation of ICAM-1 persists (Fig. 1). No
ICAM-1 redistribution occurs before calcium becomes ele-
vated in the T cell. When more than one T cell is activated by
the same B cell, each interface shows an accumulation of
ICAM-1 (Fig. 1). However, in several hundred observed T cell
activations, we have yet to find a case where one T cell forms
interfaces with two different B cells. This result suggests that



6304 Immunology: Wiilfing et al.

Proc. Natl. Acad. Sci. USA 95 (1998)

FiG. 1. Mobilization of ICAM-1/GFP during T cell recognition of B cells and MHC II-transfected CHO cells. Each panel consists of two
identical bright-field images. The upper one is overlaid with a transparent color scale of the ratio of the fluorescence emissions at 340 nm and 380
nm of the calcium sensitive dye Fura-2. This ratio is correlated with the intracellular calcium concentration. Blue indicates low, resting calcium;
and red, high calcium. The bottom bright-field image is overlaid with a transparent color scale of the GFP fluorescence. Green indicates low
ICAM-GFP concentration, yellow medium, and red high. The five left panels show a time course for the interaction of a T cell with a B cell. Time
points of the interaction are given with the time before or after activation indicated below each panel. The second T cell activating on the central
B cell is slightly above the plane of focus of the objective; thus the recorded GFP fluorescence is reduced. The sixth panel at the right shows the
activation of T cells by an I-EX-transfected CHO cell 2 min after the activation of the middle T cell. The movies from which these photos are derived

can be viewed at http://cmgm.stanford.edu/hhmi/mdavis.

cell polarity is crucial for the T cell but not for the B cell in the
accumulation of ICAM-1 at the interface and is consistent with
the findings of Negulescu et al. (2), who found a preferred
recognition interface on the T cell.

Next, we varied the peptide concentration on the ICAM-
1/GFP-transfected CH27 cells by diluting the agonist peptide
into a neutral peptide as described (25, 26). At a 1.000-fold
dilution (10 nM agonist peptide), CH27 cells are no longer able
to stimulate T cells. At a 100-fold dilution of the agonist
peptide (0.1 uM) the rearrangement of ICAM-1 is indistin-
guishable from the behavior induced by maximal peptide
concentrations. ICAM-1 redistribution is thus independent of
the concentration of activating peptide as long as this peptide
concentration is sufficient for T cell activation.

To be sure that the ICAM-1/GFP fusion was not behaving
aberrantly, we stained T/B cell couples with an ICAM-1-
specific antibody and performed confocal microscopy (data
not shown). We find that the ICAM-1/GFP colocalizes with
unmodified ICAM-1 on the B cell (both are expressed at equal
levels). As most of the interfaces observed are oriented
perpendicular to the observation plane, some or all of the
observed accumulation could result from the flattening of the
membranes at the cell-cell interface. However, we were also
able to observe several T/B cell couples where the orientation
of the interface relative to the focal plane changes during the
experiment (Fig. 2). These couples show that the accumulation
is not an artifact of the observation method. Furthermore, they
allow us to determine the geometry of the accumulation:
ICAM-1 is not homogeneously distributed through the inter-
face but concentrated into patches, whose size and position can
change somewhat over time (Fig. 2).

Accumulation of ICAM-1 at the Interface Is T Cell Driven.
To establish whether the cytoskeleton of the B cell or the T cell
is important for the ICAM-1 clustering phenomenon, we
pretreated either cell type with 2 uM cytochalasin D before
mixing the cells. In the case of the B cells, this treatment had
no noticeable effect on T cell activation, including the forma-
tion of a tight interface and ICAM-1 redistribution, indicating
that these are independent of the B cell cytoskeleton. Similarly,
when the transmembrane and cytoplasmic domains of
ICAM-1 are substituted with a signal sequence for GPI
linkage, the same ICAM-1 redistribution is observed, arguing
that the ICAM-1 cytoplasmic domain is not required for

ICAM-1 rearrangement (data not shown). In contrast, pre-
treatment of the T cells with cytochalasin D caused a 10-fold
drop in the activation frequency as determined by the elevation
of the intracellular calcium concentration, reduced the degree
of ICAM-1 redistribution, and resulted in the formation of a
markedly less tight interface (data not shown). This is consis-
tent with previous data showing that an intact actin cytoskel-
eton is important for T cell activation (33).

Elevation of Intracellular Calcium Is Not Essential to
ICAM-1 Redistribution. Most T and B lymphocytes require
both calcium mobilization and protein kinase C (PKC) trans-
location to be activated. To determine the relation between the
calcium signal and ICAM-1 redistribution, we treated T cells
with 5 uM thapsigargin. This treatment elevates the intracel-
lular calcium concentration without triggering a signal through
the TCR. We allowed the thapsigargin-treated T cells to
interact with nonpeptide-loaded CH27 cells transfected with

2:00 min

3:00 min 5:00 min 6:30 min

F1G. 2. Capturing the T/B cell interface in a different orientation.
Two T cells, activated by one ICAM-1-transfected CH27 B cell, are
shown. The T cells have moved under the larger CH27 cell after
activation, with the result that the focal plane of the microscope is now
at the B/T cell interface (versus the side view of Fig. 1). One cell lies
under the top left part of the CH27 cell, the other under the bottom
right part. The other T cells in the images are not activated. In the
upper row are bright-field images, in the bottom row the ICAM-1/
GFP fluorescence images. The fluorescence intensity is encoded in a
rainbow color scheme, which represent linear variations in intensity,
because the images have been collected with a cooled CCD camera.
The time after the activation of the bottom right cell is indicated below
each panel. The top left cell has activated 7 min before this. T cell
activation was determined by monitoring the intracellular calcium
concentration (data not shown).
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ICAM-1/GFP. No tight T/B cell couples form, even after
prolonged cell-cell contact. We also do not observe any
ICAM-1 redistribution (data not shown). In addition, we
inhibited the rise in intracellular calcium by chelating cyto-
plasmic calcium with BAPTA and inhibiting calcium influx
with 5 mM Ni?*. We found that tight B/T cell interfaces still
form normally and, except for a delay in the first occurrence
of the interface from 20 = 4 sec to 61 *= 36 sec, the
accumulation of ICAM-1 is not disturbed. Thus the calcium
signal is neither necessary nor sufficient for the formation of
a B/T cell couple and the redistribution of ICAM-1. In
contrast, treatment of both T and B cells with the PKC
activator phorboldibutyrate (at 50 ng/ml) produces tight cell-
cell interfaces with very strong ICAM-1 accumulation in the
absence of peptide. These occur both in T/B cell couples, as
well as between B cells (data not shown). This markedly
different behavior by the B cells under these conditions shows
that they can also mediate ICAM-1 clustering but require PKC
activation to do so.

The Presence of ICAM-1 Sustains the Calcium Signal. To
study the role of ICAM-1 in T cell activation we used two
substitutes for the CH27 cells as APCs, either supported lipid
bilayers or transfected CHO cells. On supported lipid bilayers
reconstituted with I-EX and ICAM-1, we find that the presence
of ICAM-1 increases both the activation frequency and the
percentage of “sustained” calcium responses, especially at the
lower peptide concentrations (Table 1, data set 1). We define
a sustained calcium response as one in which calcium rises and
stays elevated throughout the 20-min observation period (Fig.
3). A T cell whose intracellular calcium returns to baseline in
this time is counted as partial. To study the specificity of the
effect of ICAM-1 on the form of the calcium signal, we
increased the strength of the T cell stimulus by an I-EX-
transfected CHO cell at limiting peptide concentrations in two
different ways. We either cotransfected with the ICAM-1/
GFP fusion protein or increased the expression levels of I-EX
3-fold. Even though the stronger stimulus is reflected in an
increase in the activation frequency in both cases, only the
cotransfection of ICAM-1 assures that most of the calcium
signals are sustained, thus showing the specificity of the
ICAM-1-induced signal (Table 1, data set 2).

An Increased Density of ICAM-1 Sustains the Calcium
Signal. On CHO cells transfected with I-E¥ and the ICAM-
1/GFP fusion protein, 5C.C7 T cells activate and adhere in a
peptide-dependent manner, but, surprisingly, no significant
redistribution of ICAM-1 is seen (Fig. 1), whether the trans-
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F1G. 3. Types of calcium signals. Five traces were taken from one
experiment each, where SC.C7 T cells have been stimulated with CHO
cells transfected with I-E¥ and ICAM-GFP. (Upper) A stable sustained
phase induced by high ICAM-1 expression levels. (Lower) A reduced
sustained phase found with low ICAM-1 expression levels (see Table
1).

fected CHO cells used were adherent or in a suspension. To ask
what effect the increase in ICAM-1 density brought about by
clustering might have on T cell activation, we established two
different CHO cell lines, one of which expresses a density of
ICAM-1 GFP similar to that of the CH27 transfectants prior
to mobilization and one which expresses 4-fold more, similar
to the density after mobilization. When the calcium signal
induced by these two cell lines at limiting activation conditions
is compared with the one induced by CHO cells bearing only
I-EX, we find that the ICAM-1"" line is significantly better at
maintaining a sustained calcium response (Table 1, data set 3,
and Fig. 3). Thus we conclude that the mobilization of ICAM-1
serves to keep calcium concentrations high within the cell once
activation is initiated.

T Cell Flattening and Strong Adhesion Do Not Require
ICAM-1. We also asked whether the presence of ICAM-1 is
necessary for either the formation or the maintenance of the
tight T-cell/APC interface, the major morphological feature
of T cell activation. By using a laminar flow chamber with an
attached syringe pump, we determined the adhesion strength
of activated 5C.C7 T cells to CHO cells transfected with I-E¥
and loaded with peptide to be more than 90 dynes/cm?, the
maximum force we are able to generate. This finding compares
with less than 2 dynes/cm? prior to activation and is an order
of magnitude above maximal physiological shear stresses (34,

Table 1 Activation frequencies and signal type in 5C.C7 T cells activated in the presence or absence of ICAM

I-EK I-EX + ICAM

I-EX-high I-EX + ICAM-low  I-EX + ICAM-high

Data Peptide

set  concentration % act. % sust. Ca % act.

% sust. Ca % act. % sust. Ca % act.

% sust. Ca % act. % sust. Ca

1 25nM

8+3 (2) 40+14(2) 25+11(7) 81=10(7)

29 =1 65*6 17x2 91 =11
50 +7 729 4018 96 x4

250nM 23+ 10(4) 49+23(4) 45=13(5) 81+ 10(5)
25uM  26+5 (3) 85=18(3) 60*14(2) 92+3 (2)
2 025n0M  11+2 54 + 30
3 0.15nM  27+23  45=26
25nM  49+30  82+8

4612 7715 36*x12 95=*5

Peptide concentration refers to the amount of agonist peptide (MCC 88-103). The percentage of T cells which are activated is given in the “%
act.” column with standard deviations. The percentages of those among the activated ones that have a sustained phase above the baseline are given
in the “% sust. Ca” with standard deviations. Data set 1: T cell are activated by supported lipid bilayers. The number of experiments is indicated
in parentheses. Supported lipid bilayers containing I-E¥ alone or in combination with ICAM are indicated. Data set 2: T cell are activated by
transfected CHO cells. The 0.25 nM peptide is the minimal peptide concentration at which T cell activation is observed. CHO lines expressing two
different levels of I-E¥ (“high” corresponds to three times the I-E¥ cells) and ICAM-1/GFP (Data set 3) are indicated on the top of the table. The
differences in % activation and % sustained calcium between CHO cells containing ICAM or not are statistically significant with P<0.05
(independent ¢ test). Each data point is based on the analysis of 60-120 cells. Data set 3: T cell are activated by transfected CHO cells. The 0.25
nM peptide is the minimal peptide concentration at which T cell activation is observed. CHO lines expressing I-EX (see data set 2) and different
levels of ICAM-1/GFP (“high” corresponds to four times the ICAM-1 “low” cells) are indicated on the top of the table. The differences in %
sustained calcium between ICAM-high and ICAM-low/CHO cells without ICAM are statistically significant to P<<0.005 (0.25 nM peptide) and
P<0.06 (2.5 nM peptide) (independent ¢ test). Differences in activation percentage are not significant. Each data point is based on the analysis
of >120 cells. Therefore, for the determination of the type of calcium signal, >50 activated cells have been analyzed for each data point.
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35). Cotransfection of ICAM-1 does not change this behavior.
In all experiments the adhesion is not affected by antibodies
against ICAM-1 or LFA-1, even with a density of agonist
peptide loaded I-EX of at most 1 per um?. Thus, under these
conditions, T cells behave similarly with respect to their
adhesion characteristics regardless of whether ICAM-1 is
present.

To ask whether ICAM-1 is required for the morphological
changes that are characteristic of T cell activation, we also
performed video microscopy on supported lipid bilayers that
contain only I-EX/peptide at different densities (Fig. 4). Be-
cause the experiments are performed in the presence of calf
serum to prevent nonspecific adsorption of the T cells to the
bilayers, it is likely that extracellular matrix proteins are
present on the bilayer too. Here T cells flux calcium, flatten out
against the bilayers, and adhere as in the above experiments
(Fig. 1); thus it seems that the morphological changes associ-
ated with activation are dependent only on the presence of
MHC/peptide and possibly the extracellular matrix, even at an
average of less than 20 peptide/I-EX complexes per wm?
(assuming all I-E* molecules contain the peptide, a likely
over-estimate). Inclusion of ICAM-1 into the supported lipid
bilayers at this density of peptide loaded MHC does not change
the morphological order of events, but has a strong influence
on the activation frequency of the T cells and on the form of
the calcium signal (Table 1, data set 1).

DISCUSSION

Mechanism of ICAM-1 Clustering. At this point our under-
standing of the mechanism behind the ICAM-1 clustering
described here is only fragmentary. It appears T cell driven, as
cytochalasin treatment of T cells, but not B cell APCs inter-
feres with it. On the APC side it has some cell-type specificity,
as CHO cells bearing the same ICAM-GFP construct do not
cluster these molecules at the T cell interface. This is not a
function of cell geometry, because CHO cells made nonad-
herent also do not show this clustering. This finding raises the
possibility that some receptor(s) on the B cell may be necessary
to trigger this effect. Interestingly, the formation of a tight
interface that is linked to the calcium signal as well and always
precedes the ICAM-1 accumulation can be induced by the
transfected CHO cells. This flattening of the B/T cell interface
after T cell activation brings a larger number of complemen-
tary receptors into close vicinity, potentially allowing in-
creased binding. Nonetheless, as transfected CHO cells cannot
induce ICAM-1 accumulation, the flattening of the interface
alone could not drive redistribution.

The other salient feature of this phenomenon is the close
connection we observe between the rise in the intracellular
calcium concentration in the T cell and the onset of ICAM-1
clustering. This occurs despite the fact that inhibition of the
calcium elevation only slows down the process. Thus some
other TCR-triggered signaling pathway must drive ICAM-1
clustering. One possible candidate would be the activation or

F1G. 4. Activation of T cells on supported lipid bilayers containing
I-EX. The figure setup is as in the upper panels in Fig. 1. The original
movie is available at http://cmgm.stanford.edu/hhmi/mdavis.
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translocation of one or several of the PKC isoforms. In
particular Monks et al. (36) have recently shown that PKC 6 is
translocated to the T/B cell interface shortly after activation.
Consistent with this is the finding that phorbol ester treatment
can promote the formation of tight interfaces and ICAM-1/
GFP accumulation at the interfaces of either T/B or B/B cell
couples. Because phorbol ester treatment activates PKCs in
both B and T cells and has been shown to increase the avidity
of LFA-1 (13), it seems likely that this is a major signaling
pathway underlying ICAM-1 accumulation.

The Role of ICAM-1 in T Cell Activation. Because the
avidity of LFA-1 is up-regulated as a result of T cell activation,
most attention has been focused on the contribution of LFA-
1/ICAM-1 binding to adhesion (8, 9, 37). Nevertheless, pre-
vious work has suggested a signaling role for this interaction
(38, 39), especially in the stimulation of naive CD4 T cells (as
reviewed in ref. 40). Particularly relevant to the work presented
here is the finding by Van Seventer et al. (38) of a partial
stabilization of the calcium flux in activated T cells by ICAM-
1-coated beads. Here we examine the contribution of ICAM-1
to both adhesion and signaling in the same experimental
system and find a clear effect on the stabilization of the calcium
signal but no obvious effect on adhesion. Why might this be?
The most dramatic effects seen with LFA-1/ICAM-1 medi-
ated adhesion are with T cells activated by cross-linking
antibodies or in the presence of phorbol 12-myristate 13-
acetate, whereas here we use limiting amounts of the normal
ligand, namely peptide/MHC complexes on B cells. In addi-
tion Sung et al. (41) directly measured the effect of different
levels of ICAM-1 on transfected APCs binding to activated T
cells by using micropipette suction. They found that the
adhesive force ranges from 1,400 dyn/cm? in the absence of
ICAM-1 to 6,250 dyn/cm? in the presence of ICAM-1. This is
well beyond the adhesion forces tested here (=90 dyn/cm?)
and also beyond what is thought to be necessary for T cell
activation in vivo (34, 35). Thus the adhesive properties of the
LFA-1/ICAM-1 interaction may not be strictly necessary in
T/B cell recognition over the peptide range studied, although
we have clearly not surveyed all possible APCs or all possible
types of T cells. In particular we note the work of Dustin et al.
(42) who found that very high densities of peptide/MHC
(>1,000/um?) were required to cause a T cell hybridoma to
adhere to a bilayer. We would also like to point out that the
formation of a tight, flat interface might facilitate adhesion
already by itself. Such an interface would allow a large number
of receptors of whatever kind to bind to their ligands and
would, by virtue of its geometry, confer increased resistance to
shear stress.

As to the implications of the data presented here indicating
arole for LFA-1/ICAM-1 in sustaining the rise in intracellular
calcium that accompanies T cell activation: it seems clear that
the stabilization of the calcium signal is very important for T
cell activation (4). In particular Timmerman et al. (43) dem-
onstrated that sustained elevated calcium levels are necessary
to keep the transcription factor NFATc in the nucleus. Simi-
larly, Negulescu et al. (44) have shown that an elevated calcium
concentration must be maintained for 30—60 min to express a
lacZ gene driver by an interleukin 2 promoter. In our own
work, we have shown that only a sustained calcium signal
correlates with subsequent T cell proliferation (25, 26). Of
particular relevance here is our finding that an incidence of
more than 20% partial signals in a population correlates with
a drastic reduction in T cell proliferation. This result makes the
differences observed here (Table 1, data set 3) between T cells
stimulated with the low levels of ICAM-1 on the APCs (72%)
and those stimulated with the high ICAM-1-expressing cells
(96%) very significant. Thus in the context of T cell recogni-
tion it may be that the primary role of the LFA-1/ICAM-1
interaction is to stabilize the calcium signal. This does not
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preclude an adhesive function for LFA-1 in TCR-independent
processes such as during the extravasation of T cells.

LFA-1/ICAM-1 Clustering Could Amplify a Weak MHC/
Peptide Signal. Because a very small number of MHC 11/
peptide complexes (20-200 or less) is sufficient to fully activate
aTcell (1,16-19), creating a sustained signal might be difficult
because of the weakness of the stimulus. One way in which a
weak signal might be amplified has been suggested by Valitutti
et al. (20) who have shown evidence that each MHC/peptide
‘serially engages’ many TCRs. Another suggestion comes from
the work of Reich et al. (45), who have found that TCR-
peptide/MHC complexes have an intrinsic ability to cluster,
thus possibly focusing interacting molecules. The phenomenon
of rapid ICAM-1 clustering that we describe here may repre-
sent a completely different “amplifier” mechanism. In this
scenario, an initial TCR engagement, even one that involves
very few ligands, triggers the clustering of ICAM-1/LFA-1
pairs at the interface. Consistent with this is our finding that
the ICAM-1 accumulates at the interface even at very low
concentrations of stimulating peptide, and that the rate of
accumulation does not change with higher concentrations of
antigen. The engagement of many thousands of high affinity
LFA-1 molecules (13) with ICAM-1 could then produce
additional second messenger signals that act to sustain the
elevated intracellular calcium levels and promote full T cell
activation in synergy with the TCR-induced signals. This
mechanism would be most noticeable at limiting concentra-
tions of peptide, consistent with the data in Table 1. It is also
consistent with previous work showing that LFA-1 engage-
ment can trigger the activation of phospholipase C-y and can
synergize with the TCR as judged by proliferation of a T cell
clone stimulated with an APC as well as by early signaling
intermediates of T cells stimulated with an anti-CD3 antibody
and ICAM-1 on beads (38, 46).
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