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T-Cell Stimulation through the T-Cell Receptor/CD3 Complex Regulates
CD2 Lateral Mobility by a Calcium/Calmodulin-Dependent Mechanism

Si-Qiong J. Liu* and David E. Golan*#$

Departments of *Biological Chemistry and Molecular Pharmacology and *Medicine, Harvard Medical School, and SHematology Division,
Brigham and Women’s Hospital, Boston, Massachusetts 02115 USA

ABSTRACT T lymphocyte activation through the T cell receptor (TCR)/CD3 complex alters the avidity of the cell surface
adhesion receptor CD2 for its ligand CD58. Based on the observations that activation-associated increases in intracellular
[Ca®™] ([Ca®*]) strengthen interactions between T cells and antigen-presenting cells, and that the lateral mobility of cell
surface adhesion receptors is an important regulator of cellular adhesion strength, we postulated that [Ca®*]; controls CD2
lateral mobility at the T cell surface. Human Jurkat T leukemia cells were stimulated by antibody-mediated cross-linking of the
TCR/CD3 complex. CD2 was labeled with a fluorescently conjugated monoclonal antibody. Quantitative fluorescence
microscopy techniques were used to measure [Ca®"]; and CD2 lateral mobility. Cross-linking of the TCR/CD3 complex
caused an immediate increase in [Ca®*], and, 10-20 min later, a decrease in the fractional mobility of CD2 from the control
value of 68 = 1% to 45 + 2% (mean = SEM). One to two hours after cell stimulation the fractional mobility spontaneously
returned to the control level. Under these and other treatment conditions, the fraction of cells with significantly elevated
[Ca2*]; was highly correlated with the fraction of cells manifesting significantly reduced CD2 mobility. Pretreatment of cells
with a calmodulin inhibitor or a calmodulin-dependent kinase inhibitor prevented Ca®*-mediated CD2 immobilization, and
pretreatment of cells with a calcineurin phosphatase inhibitor prevented the spontaneous reversal of CD2 immobilization.
These data suggest that T cell activation through the TCR/CD3 complex controls CD2 lateral mobility by a Ca?*/calmodulin-
dependent mechanism, and that this mechanism may involve regulated phosphorylation and dephosphorylation of CD2 or a
closely associated protein.

INTRODUCTION

T lymphocyte activation, proliferation, and differentiation adhesion and detachment cycles by coupling TCR ligation
are induced upon ligation of antigen-specific T cell recep-to adhesion molecule avidity.

tors (TCRs) by antigen/major histocompatibility complex Adhesion strength is determined both by the intrinsic
(MHC) proteins on antigen-presenting cells (APCs). Otheraffinity of binding between receptors and ligands and by the
T cell surface molecules also contribute to TCR-mediatedjensity of these adhesion molecules at contact sites. Redis-
activation by increasing the adhesion strength between Fributions of adhesion molecules to and from sites of contact
cells and APCs and by providing costimulatory signals to Thetween lymphocyte and target membranes may be impor-
cells (Springer, 1990). The T cell adhesion receptor CDZant steps in cell-cell adhesion and detachment events
binds CD58 (also known as lymphocyte function-associateqBoniface and Davis, 1995; Dustin et al., 1996; Koyasu et
antigen 3, LFA-3), CD59 (Deckert et al., 1992; Hahn et al.,5|  1990). Adhesion molecules must be capable of lateral
1992), and CD48 (Arulanandam et al., 1993; Kato et al.;yoyement in the plane of the plasma membrane for such

1992) on APCs, whereas T cell CD11a/CD18 (LFA-1) pyoiecyles to redistribute to contact sites. Experiments in
binds CD54, CD102, and CD50 (also known as mtercellularwhich Jurkat T leukemia cells were found to adhere more

adhgsion molecules (I,CAMS,) 1’_ 2, and 3, rgspectively)strongw to laterally mobile CD58 than to immobile CD58
(Springer, 1990). By stimulating intracellular signal trans'reconstituted in glass-supported planar bilayer membranes

gilcj-:‘%tllc;/nugit:&?gtsés-l;ﬁs;ar?/%?tlstgg CTDgigraég\gag'c;r;Jr;thave demonstrated the importance of adhesion molecule
avidity of CD11a/CD18 for CD54 (Dustin and Springer, (I}aggrsl mobility for cellular adhesion strength (Chan et al.

1989; Hahn et al., 1993)2 Intergctlons between T cells an T cell stimulation through the TCR/CD3 complex ini-
APCs are also dynamic, involving cycles of cell-cell adhe- . . . ) . .
tiates a series of intracellular events, including activation of

sion and detachment (Martz, 1977; Martz et al., 1983; tein t e ki 4 of bhosoholi c Wei
Poenie et al., 1987). Intracellular signals may regulate sucRroteIn yrosine kinases and of phospholipase (see Weiss

and Littman, 1994). Phospholipase C mediates hydrolysis of
phosphatidylinositol-4,5-bisphosphate to generate inositol-
1,4,5-trisphosphate and 1,2-diacylglycerol, which induce,
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cell interactions with APCs. The kinetics and magnitude ofCell pretreatment

C&" signals appear to correlate with those of T cell acti- _ _ . .
W-7 (Seikagaku America, Rockville, MA), cyclosporine A (CsA) (Sandoz

Vatlof (Wu[f!ng et al',’ 1997),‘ An increase "j] intracellular Research Institute, Hanover, NJ), and KN-62 (Seikagaku America) were
[Ca®*] stabilizes the interaction of T cells with APCs and gissolved in HO, ethanol, and dimethyl sulfoxide to make 5 mM, 1 mM,

reduces the ability of T cells to migrate (Donnadieu et al.,and 10 mM stock solutions, respectively. Other reagents were dissolved in
1994; Negulescu et al.,, 1996). We hypothesize that oné&BS.
mechanism by which intracellular €4 controls adhesion Jurkat cells were incubated in the dark with trifluoperazine (TFP)

. . . (Sigma) for 15 min at 37°C; with 10@M W-7, 50 uM KN-62, or CsA for
strength involves regulation of CD2 lateral mobility and cell 1 h at 37°C; or with 500 nM okadaic acid (Calbiochem, La Jolla, CA) for

surface distribution. By specifically immobilizing CD2 30 min at room temperature. For some experiments, intracellufsr @as
molecules that accumulate at cell-cell contact sites, fodepleted by pretreating cells with 10 mM EGTA and AM ionomycin
example, intracellular Ga could increase the probability (EGTA + ionomycin) in HBS fa 1 h atroom temperature. None of these

of formation of adhesive molecular contacts and decreas%retreatments caused a change in cell morphology by phase-contrast mi-

. L . . __croscopy. By trypan blue exclusior;90% of cells remained viable after
the chemical activity of the stabilized CD2-CD58 adhESIOneach pretreatment. All pretreatments were carried out before fluorescent

complexes (Zhu et al., manuscript in preparation) andapeling and mAb stimulation of cells.

thereby increase cellular adhesion strength, stabilize T cell-

APC interactions, and reduce T cell migration. We have

previously demonstrated that T cell stimulation by pairs ofCell stimulation

anti-CD2 monoclonal antibodies (mAbs) causes immobili-celis (5 x 10%ml) were incubated with TS2/18 or FITC-TS2/18 (50
zation of cell surface CD2, and that this CD2 immobiliza- ug/ml) in HBS for 10 min on ice, then incubated with OKT3 (&@/ml)
tion is mediated in part by increases in F(jh (Liu et al., + TS2/18 or FITC-TS2/18 in HBS for 20 min on ice, then washed with

1995)_ In this report, we extend this hypothesis to the moré—|BS. Unless otherwise indicated, GaM (m@/ml) was added to the cell
' suspension immediately before lateral mobility or {Ca measurements.

phySIOIoglcaI case by quantlfylng the deQree to which TCR'In some experiments (see Fig. 6), cells were incubated with FITC-TS2/18

mediated .Chang_es in [ééL regulate CD2 lateral mobility.' for 30 min on ice, then OKT3 was added to the cell suspension immedi-
We also investigate the intracellular events that mediatately before lateral mobility or [G4]; measurements. Samples pretreated

changes in CD2 lateral mobility upon cell stimulation with EGTA + ionomycin or with a pharmacological inhibitor were main-
through the TCR/CD3 Complex These studies may providéained in HBS with EGTA+ ionomycin or with the inhibitor throughout

the molecular link by which T cell activation is coupled to the incubation, mAb stimulation, and data collection steps. Jurkat cells
y P were alternatively stimulated by using a pair of anti-CD2 mAbs, 91

Chang'es in_ CD2 mop”i_ty and distribution, and thereby tOgTc.Ts2/18. Cells were first labeled with FITC-TS2/18, then 9-1 (50
alterations in CD2 avidity. ug/ml) was added to the cell suspension immediately before lateral mo-
bility or [Ca®*], measurements.

MATERIALS AND METHODS Fluorescence photobleaching recovery

Cell lines and antibodies An ACAS 570 interactive laser cytometer (Meridian Instruments, Okemos,
MI) was used to perform fluorescence photobleaching recovery (FPR)
Jurkat T leukemia cells were maintained in RPMI 1640 (Sigma Chemicalexperiments (Axelrod et al., 1976), as described (Liu et al., 1995). Briefly,
Co., St. Louis, MO) supplemented with 10% heat-inactivated fetal bovinea Gaussian laser beam was focused to a spot on a labeled cell in a
serum (Hyclone Laboratories, Logan, UT), 100 units/ml penicillin-100 fluorescence microscope. After a brief, intense photobleaching pulse, re-
pg/ml streptomycin (Sigma), 3 mM glutamine (Gibco BRL, Gaithersburg, covery of fluorescence was monitored by periodic pulses of lower inten-
MD), and 50 uM 2-mercaptoethanol (Sigma) at 37°C in a 5% £O sity. Fluorescence recovery resulted from the lateral diffusion of un-
atmosphere. The anti-CD2 mAb TS2/18 (subclass IgG1; Sanchez-Madridleached fluorophores into the bleached area. The Gaussian beam radius
et al.,, 1982) was conjugated to fluorescein isothiocyanate (FITC), asvas 1 um, and excitation and emission wavelengths were 488 nm and
described (Golding, 1976; Stolpen et al., 1988). OKT3 (subclass IgG2a) i$10 + 5 nm, respectively. Photobleaching power at the sample-wa5
an anti-CD3 mAb (Sigma Immunochemicals). Goat anti-mouse IgG2amWw, and the bleaching time was 40-50 ms. The fractional mobifity (
(GaM; Caltag Laboratories, San Francisco, CA) was used to cross-linkialue; the fraction of FITC-labeled protein that was free to diffuse in the
OKT3. 9-1 is an anti-CD2R mAb (Bernard et al., 1986). Antibodies wereplane of the membrane) and the lateral diffusion coefficiét ¢f the
centrifuged at 16,00 g (model 5412; Eppendorf, Hamburg, Germany) mobile fraction were obtained by nonlinear least-squares analysis of fluo-
for 1 h immediately before experiments. rescence recovery curves (Golan et al., 1986).

Intracellular calcium ion concentration

Cell preparation , _ _ o
The ACAS 570 interactive laser cytometer was used to image individual

Cells were washed with HEPES-buffered saline (HBS) (140 mM NaCl, 2fluo-3-loaded cells, using an excitation wavelength of 488 nm and an
mM KCI, 0.5 mM CaCl, 0.5 mM MgClL, 20 mM HEPES, 5.6 mM  emission wavelength of 510 nm. Integrated single-cell fluo-3 fluorescence
glucose, pH 7.4). For fluorescence photobleaching recovery (FPR) expeintensities were then measured. Fluo-3 spectral response was calibrated
iments, cell surface CD2 molecules were labeled with FITC-conjugatecusing Mrf*, and [C&"]; was calculated from the integrated single-cell
TS2/18 (FITC-TS2/18) by incubating cells (& 10°%ml) with FITC- fluo-3 fluorescence intensity, based on the method described by Kao et al.
TS2/18 (50ug/ml) for 30 min at 0°C in the dark. For intracellular €a (Kao et al., 1989; Liu et al., 1995). Fluo-3-loaded cells were treated with
measurements, cells were incubated with M fluo-3-acetoxymethyl mADbs (TS2/18 or TS2/18 OKT3) and washed. GaM (5@g/ml) was then

ester (Molecular Probes, Eugene, OR) floh atroom temperature, as added to the cell suspension. Single-cell images were taken immediately
described (Liu et al., 1995). after fluo-3 loading and after each antibody treatment. Because calcium
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dyes such as fluo-3 are rapidly internalized into pinocytic vesicles anddecrease in CD2 lateral mobility, and that the increase in
other intracellular organelles at 37°C, the calcium imaging experiments[Ca2+]i is responsible in part for the CD2 immobilization

were performed at room temperature. To ensure uniformity of cell treat-;, . . .
ment between CD2 lateral mobility and [€3; experiments, lateral mo- (Liu et al., 1995). Because T cell stimulation through the

bility measurements were also made at room temperature. TCR/CD3 complex also 'decreaSEd CD2 fractional mobility,
we hypothesized that intracellular €acould act as a
RESULTS common regulator of CD2 lateral mobility and attempted to

determine whether the TCR-induced immobilization of
T cell stimulatior! through the 1_'CR/CD3 c9mplex CD2 was caused by an increase in {€g
induces a reversible decrease in the fractional [Ca®*]; was measured in single cells before and after T
mobility of CD2 cell stimulation. Relative fluorescence intensity was used to
Jurkat T cells were stimulated by cross-linking of the TCR/characterize changes in [€4; under various experimental
CD3 complex with the anti-CD3 mAb OKT3 (subclass conditions. As previously observed (Yang et al., 1987),
IgG2a) and goat anti-mouse IgG2a (GaM). CD2 was fluo-treatment of Jurkat T cells with the single anti-CD2 mAb
rescently labeled with FITC-conjugated TS2/18, an anti-! ©2/18 did not cause an increase in TCR Similarly,
CD2 mAb, and FPR was used to measure CD2 lateralf€atment with TS2/18 and GaM did not increase 10a
mobility. Fluorescence imaging of FITC-TS2/18-labeled (data not shown). Treatment with TS2/18 and OKT3 caused
resting and stimulated cells showed the characteristi@ Small but significant increase in [€d; (Fig. 3); this
plasma membrane “rim” stain: 29% of resting cells and 4994ncrease occurred |mmeq[ately after stlmulgtlon yvlth OKT3
of stimulated cells were also found to have one or two2nd did not change significantly over 20 min of incubation
fluorescent patches<(2 um in diameter) in the plasma (data not shown). Cross-linking of the TCR/CD3 complex
membrane. by addition of GaM to OKT3-treated cells caused a more

To test the effect of TCR-mediated T cell stimulation on Prominent [C&']; elevation. This increase in [C¥]; oc-
CD2 lateral mobility, cells were first incubated with FITC- curred immediately after GaM addition, peaked at 11-20
TS2/18 and OKT3: then GaM was added to the cell sus™Min of incubation, and declined to baseline levels by 41-50
pension. Control FITC-TS2/18-labeled cells manifested 4Mn of incubation (Fig. 3). .

CD2 fractional mobility of 68+ 1% (mean= SEM). To determine whether intracellular €awas required for
Treatment with either OKT3 or GaM did not significantly CD2 immobilization, cells were depleted of intracellular
" . : , .
change the fractional mobility. In contrast, cross-linking of Ca" by pretreatment W'éh EGTA¢ ionomycin. This pre-
OKT3 by GaM induced time-dependent immobilization of réatment lowered the [Ca]; from 115 nM to 18 nM in
CD2. The fractional mobility decreased significantly 20 minrezgfg cells and completely eliminated the increase in
after GaM addition and remained at a level of #82% for (€& 1i upon stimulation with OKT3+ GaM. The frac-
21-60 min of incubation (Fig. 1a andb, Table 1). The tional mobility of CD2 in cells depleted of intracellular
[ . + . 3
fractional mobility then increased spontaneously h after Ca'* remained constant ¢alue, 65-70%) for 60 min after
GaM addition, returning to baseline lese? h after GaM the addition of GaM to cells treated with TS2/18 and OKT3
addition and remaining at this level for at least 1.5 addi-(Table 1, Fig. 1c), suggesting that intracellular €awas
tional hours (Fig. 23). T cell stimulation through the TCR/ reéauired for TCR-induced CD2 immobilization.
CD3 complex was therefore associated with a significant,
reversible decrease in CD2 fractional mobility.

An apparent decrease in fractional mobility could resultThe degree of CD2 immobilization correlates

from immobilization of fluorescently labeled cell surface directly with the increase in intracellular calcium
receptors or, alternatively, from internalization of labeledjon concentration

receptors (Thatte et al.,, 1994) upon T cell stimulation. , . ,
Receptor internalization would be expected to shift the! Cell stimulation, through either the TCR/CD3 complex

fluorescence distribution from the periphery to the center ofth€ present ngdy) or CD2 (Liu etal., 1995), caused both an
cells. The distribution of FITC-TS2/18 fluorescence inten-Increase in [Ca']; and a decrease in CD2 mobility. Because

sity along the axis of laser scanning was similar on restingn® Tagpitude of the changes in CD2 mobility and in
cells and on cells stimulated with OKT8 GaM (data not Ca®"); differed between cells stimulated through the TCR/

shown), suggesting that CD2 internalization was not re-CD3 complex and cells stimulated through CD2, we could
sponsible for the decrease in CD2 lateral mobility. Rathert€st the hypothesis that CD2 immobilization correlates di-

the decrease in fractional mobility was due to CD2 immo_'rectly with the increase in [(4];. The single cell distribu-

bilization at the cell surface. tiqns of CD2 mopility and [(.:%f]'i were megsurgd in cells
stimulated by various combinations of antibodies. We pre-
. . . dicted that if the increase in [(%Ja]i caused CD2 immobi-
Intracellular calcium ions mediate the R . .
TCR-induced CD2 immobilization lization, then for each experimental treatment the fraction of
cells with high [C&"]; (R,) would equal the fraction of
We have previously shown that T cell activation throughcells with low CD2 mobility &). (Optimally, measure-
CD2 induces both an increase in [”‘Ca and a marked ments of CD2 mobility and [Czé]i would have been per-
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FIGURE 1 Time course of CD2 immobilization induced by stimulation of Jurkat T cells through the TCR/CD3 complex, and effects of intracéflular Ca
depletion, CaM inhibition, and CaM kinase inhibition on the immobilization of CD2. Cells were treated with FITC-TS2/&T3 (a, c—f) or
FITC-TS2/18 alonelf). Goat anti-mouse 1gG2a (GaM) was added at time 0 to cross-link the TCR/CD3 complex. In some experiments cells were pretreated
with 10 mM EGTA + 10 uM ionomycin (), 100 nM trifluoperazine (TFP)d), 100 uM W-7 (€), or 50 uM KN-62 (f). Data points represent the mean

SEM of 19-39 &—¢) or 8—18 @—f) measurements of CD2 fractional mobilitly $6) from 8 @), 6 (b), 7 (c), 3 (d), or 2 ( ) independent experiments in

each time interval. By Student’s two-tailedest, the meafi values inb—f are significantly different from those ia at each of the corresponding time
intervals, withp < 0.05 (*), p < 0.01 (**), or p < 0.001 (***).
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TABLE 1 Effect of intracellular Ca?* depletion on immobilization of CD2 induced by stimulation of Jurkat T cells through the
TCR/CD3 complex

Pretreatment mAb treatment D (X 10" cn?s%) f (%) N
None TS2/18* 7.5£ 0.3 68+ 1(1,5,6,7,8) 338
None TS2/18+ OKT3* 75+08 63+ 3 (2, 5) 34
None TS2/18— GaM* 7004 65+ 2 (3, 6) 161
None TS2/18+ OKT3 — Gam* 8.9+0.8 45+ 2 (1, 2, 3, 4) 72
EGTA + ionomycin TS2/18* 8.6+ 2.0 65+ 4 (7,9) 9
EGTA + ionomycin TS2/18+ OKT3* 7.8+ 0.6 68 3 (9, 10) 54
EGTA + ionomycin TS2/18+ OKT3 — GaM* 7.0+0.9 66+ 3 (4, 8, 10) 52

After pretreatment, cells were incubated with TS2/18 or TS2/1®KT3 and then with GaM. FPR was used to measure CD2 lateral mobility 0—60 min
(*) or 21-60 min {) after the addition of GaM. The time course of CD2 immobilization induced upon addition of GaM is shown in Bigdiffusion
coefficient;f, fractional mobility;N, number of measuremenf3.andf values represent the meanSEM. 1, 2, 3, 4p < 0.001, Student’s two-tailedtest.
5,6,7,8,9, 10p > 0.05, Student’s two-tailetiest.

formed in the same cells at the same time for each experiwas used as the cutoff value that characterized TCR-medi-
mental treatment. We could not identify a pair of fluorescentated cell stimulation, an& was defined as the fraction of
labels that would allow such simultaneous measurementsither control cells or cells stimulated through the TCR with
however. For example, although both FITC-TS2/18 and thea CD2f value < 50%.
calcium dye fura red could be excited by 488-nm light, the ~ Stimulation of T cells by pairs of anti-CD2 mAbs de-
spectral overlap between the weak FITC emission and thereases the fractional mobility of CD2 from 70%<d.0%.
strong fura red emission prevented signal separation aderhis effect is mediated in part by mobilization of intracel-
quate for this study.) lular C&", because intracellular 4 depletion causes the
Objective cutoff values were determined for the f{CR  f value of CD2 to decrease to 35% rather thah0% upon
and CD2 fractional mobility that corresponded to cell stim- gtimulation through CD2 (Liu et al., 1995). To determine a
ulation. The distribution of [C&]; values in cells treated ¢toff value for the CD2 fractional mobility that corre-
with TS2/18 and OKT3 followed by GaM (stimulated cells) sponded to the Ga-sensitive portion of the CD2 immobi-

was compared to that in cells treated with TS2/18 and GaM;, ation induced by stimulation through CD2, we compared

(control cells). Compared to control cells, stimulated cellsy,e gistributions of values in cells treated with TS2/18
showed a lower fraction of cells with [€4]; < 200 nM and 9-1 to those in cells pretreated with EGTA ionomycin

a higher fraction of cells with [Gd ], > 400 nM (Fig. 4a). and then treated with TS2/18 9-1 (Fig. 5,d and f,

" n .
t‘l;]he d(?”tt'f:; ! tyalue Off.l[Cé ]1‘ va%s t?kent.to blettf:jat afjWh'Ch respectively). The two distribution profiles intersected at an
e distribution profiles of [C&']; for stimulated and con- f value of 15%. This fractional mobility was therefore used

trol .Ce”S. intersected. Finer analys_ls show_ed_ that thes_e twgs the cutoff value that characterized the®Gaensitive
profiles intersected at 280 nM (Fig. ). Similar experi-

o . portion of the CD2 immobilization induced by stimulation
ments were performed to compare the distribution profile hrough CD2, anR was defined as the fraction of cells
of [Ca®"]; values in cells treated with the anti-CD2 mAb 9 '

pair TS2/18 + 9-1 (stimulated cells) and control cells. stimulated by pairs of anti-CD2 mAbs with a CDR2

0
These two distribution profiles again intersected at 280 nMvaIue < 15%.

(Fig. 4,c andd). An [C&"] of 280 M was therefore used The objective criteria defined above were used to calcu-
.4, ) | , . )
as the cutoff value that characterized cell stimulation, andateRa andR; values for the various control and stimulated

R. was defined as the fraction of cells with [€3, > 280 cell populations. Control cells included unlabeled cells and
nM. ' cells treated with TS2/18 alone or with TS2/18 and GaM.

Next the distribution of CD2 values in cells treated with Stimulated cells included cells treated with TS2/18 and

TS2/18 and OKT3 followed by GaM (stimulated cells) was OKT3, with TS2/18 and OKTS3 followed by GaM, or with
compared to that in cells treated with TS2/18 alone or!S2/18 and 9-1. BotlR,” and R values increased in the
TS2/18 and GaM (control cells). The distribution profiles following order: control cells< cells treated with OKT3<

for stimulated cells (Fig. §) and control cells (Fig. laand  cells stimulated by OKT3 followed by GaM: cells stim-

b) intersected at affi value of 50%. Because depletion of ulated by TS2/18+ 9-1. For both control and stimulated
intracellular C&" prevented the CD2 immobilization in- cells,R," values increased in proportion to the correspond-
duced by cross-linking of the TCR/CD3 complex (Figh 1 ing R; values (Fig. 6), suggesting a strong correlation be-
and 5€), we also compared the distribution bf/alues in ~ tween the fraction of cells with elevated [€3; and the
stimulated cells (Fig. &) with that in cells pretreated with fraction of cells with decreased CD2 mobility. The linear
EGTA + ionomycin and then treated with OKT3 followed least-squares fit regression line describing the relationship
by GaM (Fig. 5e). The latter two profiles also intersected at betweenR, and R; had a slope of 0.92, g-intercept of
anf value of 50%. Therefore, a fractional mobility of 50% —0.04, and a correlation coefficient of 0.95.
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FIGURE 3 Time course of [Gd]; changes induced by stimulation of
Jurkat T cells through the TCR/CD3 complex. Cells were loaded with
fluo-3, incubated with mAb-free control medium or with TS2/280KT3,

and washed. GaM was then added to the cells at time 0. The fluorescence
intensity of control and TCR-stimulated cells was normalized by the
fluorescence intensity measured in the presence df'Mas described in
Materials and Methods, to obtain the relative fluorescence intensity. Data
points represent the meah SEM of 74-101 measurements from five
independent experiments under each treatment condition. By Student's
two-tailedt-test, GaM alone did not induce a significant increase irf[Ga

(p > 0.05), but OKT3 and OKT3+ GaM did induce significant increases

in [Ca?*]; compared to the [Gd]; in control cells (*,p < 0.05; **, p <

0.01; *** p < 0.001). The relative fluorescence intensity of cells 11-20
min after GaM addition was significantly different from that of cells treated
with OKT3 alone p < 0.01) and from that of cells at 51-60 min after GaM
addition < .01). The fluorescence intensity of control cells did not vary
over the time course of the experiments (not shown).

Inhibition of calmodulin or CaM kinase prevents
the CD2 immobilization induced by cross-linking
of the TCR/CD3 complex

The increase in [Cd]; induced by OKT3+ GaM occurred
immediately after GaM addition and peaked at 11-20 min
of incubation (Fig. 3). In contrast, for 10 min after GaM
addition, CD2 mobility remained at control levels, then
began to decrease between 11 and 20 min of incubation and
reached a minimum valud & 45%) at 21-30 min after
GaM addition (Fig. 1a). The 10-min delay between the

significantly different from that at 0.5-1 h after GaM additign<{ 0.001).

FIGURE 2 Reversal of CD2 immobilization induced by stimulation of (b, c) Cells were pretreated with 100 nM cyclosporine # 6r 500 nM
Jurkat T cells through the TCR/CD3 complex, and effects of phosphatasekadaic acid €. Data points represent the mean SEM of 26-43
inhibition on the reversal of CD2 immobilization. Cells were treated with measurements of CD2 fractional mobility from three experimetsid
FITC-TS2/18+ OKT3, then GaM was added at time O to cross-link the 13-16 measurements of CBH2alue from one experiment)in each time

TCR/CD3 complex. ) Data points represent the meanSEM of 40—-150
measurements of CD2 fractional mobilitf; ¢6), including all data pre-

interval. By Student’s two-tailetitest, the meahvalues of cells pretreated
with cyclosporine i) are significantly different from those of control cells

sented in Fig. 1a and data from three additional experiments in which (a) in the 1.5-2-h time intervalp(< 0.02) and in all time intervals from 2
measurements were performed for 3.5 h after GaM addition. By Student’so 3.5 h ¢ < 0.001). For comparison the mean fractional mobility of CD2

two-tailed t-test, the mearf value at 1.5-2.0 h after GaM addition is

in cells treated with FITC-TS2/18 alone is showtaghed line, a
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FIGURE 4 Histograms of intracellular [4] in control and stimulated Jurkat T cells, normalized by the total number of cells. Intracellufir][@as
measured in control cellglérk stripes; c, 3, cells treated with TS2/18 GaM (black; a, b, cells treated with TS2/18 OKT3 followed by GaM [ight

stripes; a, B, and cells treated with TS2/18 9-1 {white; c, d, from 0 to 60 min after the addition of GaM or 9-1. For each experimental condition, the
fractions of cells with [C&+]; from 0 to >3000 nM were calculated using data pooled from at least three independent experiments. The total numbers of
measurements for each condition were 3dark stripe3; 279 plack); 547 (ight stripe9; and 449 yhite). b andd represent expanded portions of the data
shown ina andc, respectively. The cutoff [Ca]; value for cell stimulation was determined to be 280 nM for both TS2/18KT3 — GaM and TS2/18

+ 9-1-treated samples (see Results).

increase in [C&']; and the decrease in CD2 mobility sug- Neither TFP nor W-7 inhibited the increase in fC}
gested that modulation of CD2 mobility by intracellular induced by cross-linking of the TCR/CD3 complex (data
C&" was mediated by intermediate molecular events. Taot shown). Thus the effects of TFP and W-7 on CD2
determine whether intracellular €aregulated CD2 lateral immobilization appeared to result from specific inhibition
mobility by activation of the Ca"/CaM pathway, Jurkat of CaM activity.

cells were pretreated with a CaM inhibitor, either trifluoper- We next determined whether CaM activity was required
azine (TFP) or W-7, and then CD2 lateral mobility was for the C&"-sensitive portion of the CD2 immobilization
measured before and after cell stimulation by OK¥3 induced by a pair of anti-CD2 mAbs. In cells pretreated with
GaM or by a pair of anti-CD2 mAbs. Pretreatment with TFP either TFP or W-7, the CD2 fractional mobility decreased
prevented the CD2 immobilization induced by cross-linkingfrom 65-70% to 40-50% after stimulation by TS2/48

of the TCR/CD3 complex, in a dose-dependent manner. Th8—1, whereas in control cells such stimulation resulted in
minimum CD2 fractional mobility after stimulation with complete immobilization of CD2f(< 10%) (Table 2). The
OKT3 + GaM increased with increasing TFP concentra-CaM-dependent (Table 2) and €adependent (Fig. 5¢
tion, reaching the control level (i.e., the level in the absencand f) portions of the CD2 immobilization induced by
of cell stimulation) at concentrations of TFR 100 nM  TS2/18 + 9-1 were in quantitative agreement with one
(Figs. 1d, 7). Similarly, pretreatment with 10Q0M W-7 another, providing further support for the hypothesis that
completely prevented the CD2 immobilization induced byintracellular C&" regulated CD2 lateral mobility through
cross-linking of the TCR/CD3 complex (Fig. €. These activation of CaM.

data suggested that TFP and W-7 interrupted a stimulation- C&f*/CaM-dependent protein kinase Il (CaM kinase) is
induced signaling pathway leading to CD2 immobilization. activated by calmodulin. Based on the observation of a
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significant delay between the return of €3 and that of GaM or by TS2/18+ 9-1, suggesting that intracellular
CD2 fractional mobility toward baseline values after T cell C&#" and CaM regulated CD2 lateral mobility by activating
stimulation by OKT3+ GaM (Figs. 1a, 3), we hypothe- CaM kinase.
sized that CaM kinase activation was involved in the induc-
tion and maintenance of CD2 immobilization. Cells were
pretreated with the selective CaM kinase inhibitor KN-62, .. ... . .
. ) . Inhibition of calcineurin phosphatase prevents

(Ishikawa et al., 1990; Tokumitsu et al., 1990) and then . e

X L the reversal of CD2 immobilization induced by
stimulated by cross-linking of the TCR/CD3 complex or by cross-linking of the TCR/CD3 complex
a pair of anti-CD2 mAbs. Pretreatment with KN-62 com-
pletely prevented the CD2 immobilization induced by Calcineurin is a C&'/CaM-dependent protein serine/threo-
OKT3 + GaM (Fig. 1f) and partially prevented the CD2 nine phosphatase that dephosphorylates many substrates of
immobilization induced by TS2/18 9-1 (Table 2). The the C&"/CaM-dependent kinases (Klee, 1991; Klee et al.,
effects of this CaM kinase inhibitor were in quantitative 1988; Premack and Gardner, 1992). We hypothesized that
agreement with the Ga-dependent and CaM-dependent calcineurin phosphatase activity was responsible for the
portions of the CD2 immobilization induced by OKT8 reversal of CD2 fractional mobility from-45% to ~70%
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0.0 0.1 0.2 0.3 0.4 0.5 0.6 FIGURE 7 Concentration dependence of inhibition of CD2 immobiliza-
Ra' tion by trifluoperazine. Jurkat cells were pretreated with various concen-

trations of TFP and then stimulated by cross-linking the TCR/CD3 com-
FIGURE 6 Linear correlation between fractional fC} elevation R)  plex with OKT3 + GaM. CD2 fractional mobility was measured 3160
and fractional CD2 lateral immobilizatiomR(). R, represents the fraction  min after the addition of GaM. Data points represent the mezBEM of
of cells with [C&]; greater than 280 nM for each experimental treatment. 54_97 measurements of CD?2 fractional mobilify from at least two
R: represents the fraction of cells with a CO2value less than 50%  experiments at each TFP concentration.
(control, TO, TOG) or less than 15% (9TR, and R; values (meant
SEM) were calculated using data pooled from at least three independent

experimentsR; values were determined for cells treated with FITC-TS2/18 S .
and FITC-TS2/18+ GaM (control), FITC-TS2/18+ OKT3 (T0), FITc-  change the kinetics of either the decrease or the spontaneous

TS2/18+ OKT3 followed by GaM (TOG), and FITC-TS2/18 9-1 (9T).  reversal in CD2 fractional mobility induced by cross-linking
TheseR; values were significantly different from each other witk< 0.05 of the TCR/CD3 complex (Fig. 8), suggesting that neither
by Student’s two-tailed-test; the total numbers of cells per sample were pp1 nor PP2A was involved in initiating CaM kinase-
?38 (cont), 149 (TO), 145 (TOG), and 429 (IR values were calculated o jiated CD2 immobilization or in reversing the effects of
or cells without antibody treatment, cells treated with TS2/18, and cells .
treated with TS2/18- GaM (control), and for cells treated with TO, TOG, CaM kinase. Taken toqether' these data SqueSted that Spe-
and 9T. Thes® values were significantly different from each other with Cific activation of calcineurin phosphatase by “CicaM

p < 0.01 by Student’s two-tailetiest; the total numbers of cells per was responsible for the reversal of CD2 immobilization

sample were 278 (control), 377 (TO), 548 (TOG), and 447 (9T). Data wergnduced by cross-linking of the TCR/CD3 complex.
fitted by linear least-squares regression. The slope of the regression line

was 0.92, the-intercept was 0.04, and the correlation coefficiBitwas

0.95. DISCUSSION

In this report we show that T cell stimulation by cross-
1-2 h after stimulation of T cells by OKT3 GaM. To test linking of the TCR/CD3 complex reduces CD?2 fractional

this hypothesis, Jurkat cells were pretreated with the calMoPility from ~70% to ~45%. This result is consistent

cineurin phosphatase inhibitor cyclosporine A (CsA), andith our previous observation that T cell stimulation by
pairs of anti-CD2 mAbs causes CD2 immobilization (Liu et

CD2 lateral mobility was measured before and after cell
stimulation by OKT3+ GaM. Pretreatment with CsA did
not affect the immobilization of CD2 induced by OKT—.G TABLE 2 Effects of CaM and CaM kinase inhibitors on the
GaM. In a dose-dependent m‘_anner’ hO\_N.ever' CsA did Pr&imobilization of CD2 induced by stimulation of Jurkat T cells
vent the recovery of CD2 fractional mobility for up to 3.5 h through cp2

after OKT3+ GaM treatment. The CD2 fractional mobility
1.5-3.5 h after stimulation with OKT3- GaM decreased

mAb treatment

with increasing CsA concentration, reaching a minimum Ts2/18 TS2/18+ 91
value at concentrations of Csa 100 nM (Figs. 2b, 8). Pretreatment f (%) N f (%) N
Calcineurin can activate protein phosphatase 1 (PP1) anglex 68+ 1 338 <10 (1, 2, 3) 149
thereby trigger a protein phosphatase cascade (Cohen, 198%p 66+ 3 41 50+ 2(1) 100
Ingerbritsen and Cohen, 1983) that leads to dephosphorylav-7 65+ 4 14 40+ 2(2) 62
tion and activation of multiple proteins, including CaM KN-62 73+3 23 42+ 2(3) 107

kinase (Klee, 1991). To determine whether thé @&aM-  After pretreatment, cells were incubated with TS2/18 and then with 9-1.
independent phosphatases were involved in regulation dfPR measurements of CD2 lateral mobility were made for 60 min after the
CD?2 lateral mobility, Jurkat cells were pretreated with theadd?t?on of 9-1. The time course of CD2 im_mobilization induced upon the
PP1/PP2A inhibitor okadaic acid. and CD2 lateral mobi”tyaddlypn of 9-1 is shown in figure 2 of Liu et al. (1995). fractional

! . . mobility; N, number of measuremenfszalues represent the meanSEM.
was measured before and after cell stimulation by OKT3  «control data are reproduced from Table 1 of this study and from table 2

GaM. Pretreatment with 500 nM okadaic acid did notof Liu et al. (1995). 1, 2, 3p < 0.001, Student’s two-tailetitest.
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al., 1995). Similar correlations between cell activation andTFP that inhibits CaM binding to the membrane by 50%
surface receptor immobilization have also been found iICgy) is 20-30uM (Lee et al., 1987). Although the dis-
neutrophils stimulated with fMLP (Johansson et al., 1993)crepancy between this value and thgJ®alue found here
and in the human T cell line HPB-ALL stimulated with for inhibition of C&*/CaM-mediated CD2 immobilization
bivalent anti-CD3 mAb (Hashemi et al., 1992). remains to be explained, the ability of TFP to prevent CD2
Results from this and our previous report (Liu et al.,immobilization is unlikely to be due to nonspecific effects
1995) support the hypothesis that increased intracellulasuch as those observed at high concentrations of the inhib-
[Ca?*] is required for lateral immobilization of CD2. First, itor (>10 uM) (Davis et al., 1983; Valverde et al., 1981).
depletion of intracellular Cd prevents the decrease in CD2 Another CaM inhibitor, W-7, causes inhibition of CaM
fractional mobility in cells stimulated by cross-linking of binding to the membrane (Lee et al., 1987) and of CD2
the TCR/CD3 complex (the present study) and prevents anmobilization induced by cross-linking of the TCR/CD3
significant portion of the CD2 immobilization induced by complex at similar concentrations.
pairs of anti-CD2 mAbs (Liu et al., 1995). The difference Cé&*/CaM-dependent protein kinase Il (CaM kinase)
between the fractional mobility of CD2 with and without also plays an important role in T lymphocyte activation
EGTA + ionomycin pretreatment is 20—25% in cells stim- (Bland et al., 1993; Hanson and Schulman, 1992; Nghiem et
ulated either by cross-linking of the TCR/CD3 complex oral., 1993). CaM kinase is activated by CaM binding to the
by pairs of anti-CD2 mAbs. Second, kinetic studies showregulatory domain of the enzyme, which leads to deinhibi-
that [C&"]; increases 10 min before CD2 becomes immo-tion of kinase activity. Autophosphorylation of a conserved
bilized, either by cross-linking of the TCR/CD3 complex threonine residue in the regulatory domain slows CaM
(the present study) or by pairs of anti-CD2 mAbs (Liu et al.,dissociation, thereby prolonging kinase activity. Autophos-
1995). Third, for each experimental treatment the fraction opphorylation of the regulatory domain also changes the ki-
cells with elevated [CH]; is equal to the fraction of cells nase from a Cd -dependent to a Ga-independent form,
with decreased CD2 mobility. Fourth, inhibition of the thus potentiating the response to transienfCaignals
activity of CaM or CaM kinase, which are dependent on(Schulman, 1993; Schulman et al., 1992). Eventually, de-
increased [C&'];, completely prevents CD2 immobilization phosphorylation of CaM kinase renders the enzyme inac-
in cells stimulated by cross-linking of the TCR/CD3 com- tive. Here we find that [C&]; increases immediately after
plex. Although these results strongly suggest that increaseckll stimulation, whereas CD2 becomes immobilized 10
[Ca?*]; is necessary for CD2 immobilization, it is possible min later, and that the fraction of cells with elevated{Cia
that C&"-independent signaling pathways triggered by Tdeclines 30 min after cell stimulation, whereas CD2 remains
cell stimulation are also involved. The requirement, if any,immobilized for 60 min. This sequence of events is consis-
for activation of such pathways remains to be elucidated. tent with the kinetics of CaM kinase activation. C#CaM-
CaM, an intracellular Cd binding protein, binds to and induced autophosphorylation of CaM kinase could maintain
regulates the function of enzymes such as kinases anthie enzyme in an activated state and thereby prolong the
phosphatases and of cytoskeletal proteins such as actin inimmobilization of CD2. CaM kinase has broad substrate
lymphocytes (Premack and Gardner, 1992). Among othespecificity; the enzyme phosphorylates caldesmon, inter-
activities, CaM binds to lymphocyte plasma membranesnediate filaments, microtubule-associated proteins, cal-
upon cell stimulation by PHA and concanavalin A; this cineurin, and other substrates (Hanson and Schulman,
binding is inhibited by TFP or W-7. The concentration of 1992). CaM kinase could regulate interactions between cy-
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toskeletal proteins and the cytoplasmic domain of CD2 bythe 10-min delay between the increase in{Qaand the
phosphorylation of these or other protein targets. immobilization of CD2. As [C&']; increases, sufficient
Calcineurin, a C&' -dependent protein phosphatase, de-Ca"/CaM could be generated to activate CaM kinase; the
phosphorylates phosphoserine and phosphothreonine resesulting autophosphorylation of CaM kinase could then
dues on many substrates of the?Calependent kinases. prolong the activity of this enzyme even after the peak of
The enzyme is therefore an important feedback regulator diCa?"]; is reached. Activated CaM kinase could also phos-
C& " -dependent phosphorylation (Klee, 1991; Premack anghorylate a serine residue within the CaM-binding domain
Gardner, 1992). Cd/CaM activates calcineurin by binding of calcineurin, thereby preventing stable CaM binding to
to the A subunit of the enzyme (Hubbard and Klee, 1989)calcineurin and deactivating the phosphatase (Hashimoto
Calcineurin activity is also modulated by CaM kinase- orand Soderling, 1989). By these mechanisms CaM kinase
PKC-mediated phosphorylation of a serine residue withimactivity could become dominant, such that CD2 immobili-
the CaM-binding domain, which prevents CaM binding zation is sustained for 60 min after TCR-mediated cell
(Hashimoto and Soderling, 1989). In T lymphocytes, bothstimulation. As [C4"]; then decreases, CaM kinase could
antigen-dependent (TCR-mediated) and -independeriitecome deactivated, both because of decreasét/CaVi
(CD2-mediated) pathways activate calcineurin, which inbinding and because of calcineurin-mediated dephosphory-
turn dephosphorylates the CDgchain and activates the lation of the autoregulatory residues on CaM kinase that
transcription factor NF-AT. NF-AT then translocates from potentiate enzyme activity. The increased calcineurin activ-
the cytoplasm to the nucleus and initiates transcription ofty and decreased CaM kinase activity could eventually
interleukin-2 and other genes (Alexander et al., 1989; Biereresult in dephosphorylation of CaM kinase substrate phos-
et al., 1991, 1993; Elliott et al., 1984; Emmel et al., 1989;phorylation sites, leading to the reversal of CD2 immobili-
Granelli-Piperno et al., 1986; Kino et al., 1987a,b; Kronkezation. Studies similar to those reported here, on cells with
et al., 1984; Premack and Gardner, 1992; Thomson, 1989nutations in CD2 and CD2-associated proteins, could fur-
Tocci et al., 1989). CsA inhibits these calcineurin-depen-ther define these molecular mechanisms.
dent activities by binding to its intracellular receptor cyclo- T cell activation regulates the strength of cell-cell adhe-
philin, which then forms a complex with calcineurin and sion mediated by the receptor-ligand pair CD2-CD58 (Hahn
inhibits calcineurin phosphatase activity (Bierer et al., 1993gt al., 1993). Stimulation of cells by anti-CD3 mAb induces
Clipstone and Crabtree, 1992; Dutz et al., 1993; Emmel e& transient increase in CD2 avidity for CD58, reaching a
al., 1989; Flanagan et al., 1991; Fruman et al., 1992; Liu emaximum at 30 min after cell stimulation and returning to
al., 1991, 1992; Schreiber, 1991; Schreiber and Crabtredyasal levels within 90 min (Hahn et al., 1993). Here we find
1992). Here we find that CsA specifically prevents thethat TCR-mediated increases in fC4 induce CD2 immo-
reversal of CD2 immobilization upon cross-linking of the bilization, and that the CD2 immobilization spontaneously
TCR/CD3 complex; the concentration dependence of thiseverses between 1 @2 h after cell stimulation. Thus the
effect agrees quantitatively with that for inhibition of cal- kinetics of changes in CD2 mobility upon cell stimulation
cineurin phosphatase activity in Jurkat cells activated byappear to correlate temporally with the effects of TCR-
OKT3 and PMA (Fruman et al., 1992). It therefore appearamediated regulation of CD2 avidity for CD58.
that calcineurin phosphatase activity is involved in the re- The ability of [C&"]; to modulate CD2 mobility is likely
versal of CD2 immobilization induced by T cell stimulation. to contribute to changes in T cell adhesivity to target mem-
Calcineurin could act to reverse CD2 immobilization by branes. T cell stimulation through the TCR/CD3 complex or
dephosphorylating cytoskeleton-associated substrates suttirough CD2 could induce rapid increases in {€a acti-
as MAP-2 and tau (Klee, 1991). vating CaM and CaM kinase and leading both to phosphor-
This work suggests that two €3CaM-dependent en- ylation of CD2 or a closely associated protein and to lateral
zymes, CaM kinase and calcineurin phosphatase, are inmmobilization of CD2. Because there is a 10-min delay
volved in the CD2 immobilization and the subsequent re-between the TCR/CD3- or CD2-induced fC% increase
versal of CD2 immobilization, respectively, in T cells and CD2 immobilization, CD2 is capable of anisotropic
stimulated by cross-linking of the TCR/CD3 complex. Theredistribution from noncontact regions of the T cell mem-
mechanism by which simultaneous activation of enzymedbrane into sites of contact with target membranes during this
with opposing functions could result in sequential CD2time period. Confocal fluorescence microscopy has recently
immobilization and reversal of immobilization is likely to shown that CD2 redistributes into sites of contact with
involve differential C&*/CaM affinities and kinetics of the model bilayers expressing CD58 on a time scale &0 min
two enzymes. CaM binds with 100-1000-fold greater affin-(Zhu et al., manuscript in preparation). After the 10-min
ity to calcineurin than to CaM kinase (Klee, 1991), anddelay, immobilization of CD2 could maintain this adhesion
calcineurin activation is more rapid and requires lowermolecule at high density at the contact sites, thereby de-
concentrations of Cd than does CaM kinase activation. creasing the chemical activity of the stabilized CD2-CD58
Thus calcineurin activation is likely to occur immediately adhesion complexes and increasing cellular adhesion
upon a TCR-mediated increase in fC}, whereas the strength. Subsequently, activation of calcineurin could
relatively low [C&*]; is still insufficient to activate CaM cause both dephosphorylation of the previously phosphor-
kinase. This delay in CaM kinase activation could explainylated residues on CD2 or a closely associated protein, and



1690 Biophysical Journal Volume 76 March 1999

reversal of CD2 immobilization. This reversal of CD2 im- REFERENCES

mobilization 1-2 h after cell stimulation could allow CD2 to ) )

redistribute laterally away from contact sites, thus destabi-A'%Xrirrf;rc;nE."'lgég OSZI’OEés'\gﬁg?;ﬁéjbSgtfht?]aer?]'uvrxér'\f?”@‘r'ﬁgﬁégzg w
lizing CD2-CD58 binding interactions and facilitating T cell  antigen.Eur. J. Biochem181:55—65.

“deadhesion” (detachment) from target membranes. Thigrulanandam, A. R., P. Moingeon, M. F. Concino, M. A. Recny, K. Kato,

model could underlie the observations that an increase in H. Yagita, S. Koyasu, and E. L. Reinherz. 1993. A soluble multimeric

+ L . . recombinant CD2 protein identifies CD48 as a low affinity ligand for
[Ca"]; both stabilizes interactions between T cells and human CD2: divergence of CD2 ligands during the evolution of humans

APCs, and reduces the ability of T cells to migrate (Don- and mice.J. Exp. Med177:1439-1450.
nadieu et al., 1994; Negulescu et al., 1996). Axelrod, D., D. E. Koppel, J. Schlessinger, E. Elson, and W. W. Webb.

; ; 1976. Mobility measurement by analysis of fluorescence photobleaching
The topology of the contact site between apposing T recovery kineticsBiophys. J16:10551060.

Iymphpcyte and APC membrqnes could enhe_mce CeII'Ce%emard, A., R. W. Knowles, K. Naito, B. Dupont, B. Raynal, H. C. Tran,
adhesion strength by augmenting the mechanisms that reg-and L. Boumsell. 1986. A unique epitope on the CD2 molecule defined
ulate CD2 mobility. It has recenﬂy been Suggested that by the monoclonal antibody 9-1: epitope-specific modulation of the

kinases associated with the inner surface of the T cell Eég’figg receptor and effects on T-cell functiorsm. Immunol 17:

plasma membrane are |nc'luded within such contact Sit®$ierer, B. E., S. H. Herrmann, C. S. Brown, D. E. Golan, and S. J.
whereas membrane-associated phosphatases are physicallgurakoff. 1989. A monoclonal antibody to LFA-3, the CD-2 ligand,
excluded from such sites (Shaw and Dustin, 1997)_ Prolon- specifically immobilizes major histocompatibility complex proteins.

. f i . hich . | Eur. J. Immunol19:661-5.
gation o CaM kinase action, whic appears to be invo VedBierer B. E., G. Hollader, D. Fruman, and S. J. Burakoff. 1993. Cyclo-

in th_e immObilization of cell sgrface QDZ, and prevention (?f sporin A and FK506: molecular mechanisms of immunosuppression and
calcineurin phosphatase action, which appears to mediateprobe for transplantation biologgZurr. Opin. Immunol5:763-773.
the reversal of CD2 immobilization, could stabilize immo- Bierer, B. E., S. L. Schreiber, and S. J. Burakoff. 1991. The effects of the

TR : immunosuppressant FK-506 on alternate pathways of T cell activation.
bilization of CD2 at the contact site and thereby promote /""" " “20 . 20 4ue

adheswe pell-cell interactions. It has also 'been p'rppo.sed th@fand, M. M., B. McDonald, and A. C. Carrera. 1993. pS6 phosphor-
cross-linking of CD58 on APCs induces immobilization of  ylation by C&*/calmodulin-dependent protein kinase typeBiochem.
class Il MHC proteins in the membranes of these cells Biophys. Res. Commuf98:67-73.

(Bierer et al., 1989). Because MHC proteins present antigefoniface, J. J., and M. M. Davis. 1995. T cell recognition of antigen: a
. . . process controlled by transient intermolecular interactidxm. N.Y.
to the TCR and thereby stimulate and maintain T cell pcad. sci766:62—609.

activation, this observation raises the intriguing possibilitychan, p.-y., M. B. Lawrence, M. L. Dustin, L. M. Ferguson, D. E. Golan,
that the adhesion strength of interactions between T cells and T. A. Springer. 1991. Influence of receptor lateral mobility on

; i At adhesion strengthening between membranes containing LFA-3 and
and APCs could be regulated not only by immobilization of CD2. J. Cell Biol 115:245-255,

rgceptorg on the T cell membrane, but also by IranbIIIZa'Clipstone, N. A., and G. R. Crabtree. 1992. |dentification of calcineurin as
tion of ligands for T cell surface receptors on the APC a key signalling enzyme in T-lymphocyte activatioNature. 357:
membrane. 695-697. _ _

More generally, phosphorylation and dephosphorylatiorFOhe”' P. 1989. The structure and regulation of protein phosphatases.

tiviti be i tant i dulati dhesi di Annu. Rev. Biochen’8:453-508.
activiies may be important in modulating adhesion me I-Davis, F. B., P. J. Davis, and S. D. Blas. 1983. Role of calmodulin in

ated by a variety of receptor/ligand pairs. For example, thyroid hormone stimulation in vitro of human erythrocyte 2Ca
chemoattractant (fMLP) stimulation of neutrophils induces ATPase activityJ. Clin. Invest.71:579-586.

repeated transient increases in TC}% and inhibition of Deckert, M., J. Kubar, D. Zoccola, G. Bernard-Pomier, P. Angelisova, V.
. . . . Horejsi, and A. Bernard. 1992. CD59 molecule: a second ligand for CD2
calcineurin retards release of neutrophils from sites of ad- ;7 ¢all adhesionEur. J. Immunol 22:2943—2947.

hesion t(_) VitroneCtin. (Hendey et al., 1992). Transient in-ponnadieu, E., G. Bismuth, and A. Trautmann. 1994. Antigen recognition
creases in neutrophil [€&]; could regulate cellular adhe- by helper T cells elicits a sequence of distinct changes of their shape and

sion strength by modulating the lateral mobility of intracellular calciumCurr. Biol. 4:584-595.

: ; ; _a_[i : : Dustin, M. L., L. M. Ferguson, P.-Y. Chan, T. A. Springer, and D. E.
vitronectin receptors, which are-v andB 3-like Integrins Golan. 1996. Visualization of CD2 interaction with LFA-3 and deter-

(Lawson and Maxfield, 1995). In one such model, increased mination of the two-dimensional dissociation constant for adhesion
[C&*]; could immobilize cell surface integrins, leading to  receptors in a contact arei. Cell Biol. 132:465-474.
an increase in cellular adhesion S'[reng'[h7 whereas subsBustin, M. L., and T. A. Springer. 1989. T-cell receptor cross-linking

. . S . ransientl imul hesiven hrough LFANBture. 341:
quent calcineurin activation could reverse receptor immo- Lorsienty stimulates adhesiveness throug ure. 3

bilization and promote release of cells from adhesive SUrpytz, J. P., D. A. Fruman, S. J. Burakoff, and B. E. Bierer. 1993. A role for
faces by allowing lateral diffusion of adhesion molecules calcineurin in degranulation of murine cytotoxic T lymphocyt&sim-
away from contact sites. munol. 150:2591~2598.

Elliott, J. F., Y. Lin, S. B. Mizel, R. C. Bleackley, D. G. Harnish, and V.
Paetkau. 1984. Induction of interleukin 2 messenger RNA inhibited by
cyclosporin A.Science226:1439-1441.

gEmmel, E. A, C. L. Verweij, D. B. Durand, K. M. Higgins, E. Lacy, and
G. R. Crabtree. 1989. Cyclosporin A specifically inhibits function of
nuclear proteins involved in T cell activatioBcience246:1617-1620.
This work was supported by National Institutes of Health grants HL-32854F|anagan, W. M., B. Corthesy, R. J. Bram, and G. R. Crabtree. 1991.
and HL-15157 (DEG). SJL was a Bristol-Myers Squibb Fellow in Clinical  Nuclear association of a T-cell transcription factor blocked by FK-506
Pharmacology. and cyclosporin ANature.352:803-807.

We thank Elizabeth Menu for help with cell culture and Barbara Bierer an
Hemant Thatte for helpful discussions.



Liu and Golan Intracellular Ca®* Regulates CD2 Diffusion 1691

Fruman, D. A., C. B. Klee, B. E. Bierer, and S. J. Burakoff. 1992.  T-cell growth factor gene expression at the level of mMRNA transcription.
Calcineurin phosphatase activity in T lymphocytes is inhibited by FK  Proc. Natl. Acad. Sci. USA1:5214- 5218.
506 and cyclosporin AProc. Natl. Acad. Sci. USA&9:3686-3690. Lawson, M. A., and F. R. Maxfield. 1995. &5 and calcineurin-
Golan, D. E., C. S. Brown, C. M. L. Cianci, S. T. Furlong, and J. P. dependent recycling of an integrin to the front of migrating neutrophils.
Caulfield. 1986. Schistosomula &fchistosoma mansoose lysophos- Nature.377:75-79.
phatidylcholine to lyse adherent human red blood cells and immobilizel_ee‘ T.-P., J. Venuti, I. Macara, R. Kawauchi, P. J. Davis, and B. K.

red cell membrane componengs.Cell Biol. 103:819-828. Mookerjee. 1987. Characteristics of calmodulin binding to purified
Golding, J. W. 1976. Conjugation of antibodies with fluorochromes: mod- human lymphocyte plasma membrangésimmunol.139:42—-48.
ifications to the standard methodk. Immunol. Methodsl3:215-226. Liu, J., M. W. Albers, T. J. Wandless, S. Luan, D. G. Alberg, P. J. Belshaw

Granelli-Piperno, A., L. Andrus, and R. M. Steinman. 1986. Lymphokine P. Cohen, C. MacKintosh, C. B. Klee, and S. L. Schreiber. 1992.
and nonlymphokine mRNA levels in stimulated human T cells: kinetics, Inhibition of T cell signalling by immunophilin-ligand complexes cor-
mitogen requirements, and effects of cyclosporinJAExp. Med.163: relates with loss of calcineurin phosphatase activtypchemistry.31:
922-937. 3896-3901.

Hahn, W. C., S. J. Burakoff, and B. E. Bierer. 1993. Signal transductionLiu, J., J. D. Farmer, W. S. Lane, J. Friedman, |I. Weissman, and S. L.
pathways involved in T cell receptor-induced regulation of CD2 avidity =~ Schreiber. 1991. Calcineurin is a common target of cyclophilin-
for CD58.J. Immunol.150:2607—-2619. cyclosporin A and FKBP-FK506 complexeSell. 66:807—815.

Hahn, W. C., E. Menu, A. L. M. Bothwell, P. J. Sims, and B. E. Bierer. Liu, S. J., W. C. Hahn, B. E. Bierer, and D. E. Golan. 1995. Intracellular
1992. Overlapping but nonidentical binding sites on CD2 for CD58 and mediators regulate CD2 lateral diffusion and cytoplasmié¢*Qaobili-

a second ligand CD5%cience256:1805-1807. zation upon CD2-mediated T cell activatidBiophys. J.68:459—-470.
Hanson, P. I., and H. Schulman. 1992. Neuronaf @zalmodulin- Martz, E. 1977. Mechanism of specific tumor-cell lysis by alloimmune T
dependent protein kinase&nnu. Rev. Biochen1:559—-601. lymphocytes: resolution and characterization of discrete steps in the

Hashemi. B.. T. J. Feder. W. W. Webb. D. Holowka. and B. A. Baird cellular interactionContemp. Top. Immunobiol:301-361.
1992. Diffusion and distribution measurements of the T cell receptorMartz, E., W. Heagy, and S. H. Gromkowski. 1983. The mechanism of

complex under stimulating and non-stimulating conditidBi@phys. J. CTL-mediated killing: monoclonal antibody analysis of the roles of

61:A147. killer and target-cell membrane proteinsimunol. Rev72:73-96.
Hashimoto, Y., and T. R. Soderling. 1989. Regulation of calcineurin byNegulescu, P. A., T. B. Krasieva, A. Khan, H. H. Kerschbaum, and M. D.

phosphorylationJ. Biol. Chem264:16524-16529. Cahalan. 1996. Polarity of T cell shape, mobility, and sensibility to
Hendey, B., C. B. Klee, and F. R. Maxfield. 1992. Inhibition of neutrophil ar?tlgen.Immunlty.4:42.1—430.

chemokinesis on vitronectin by inhibitors of calcineurtience258: Nghiem, P., S. M. Saati, C. L. Martens, P. Gardner, and H. Schulman.

296-299. 1993. Cloning and analysis of two new isoforms of multifunctional

Hubbard. M. J. and C. B. Klee. 1989. Eunctional domain structure of Ca*/calmodulin-dependent protein kinase: expression in multiple tis-
calcineurin A: mapping by limited proteolysiBiochemistry.28: sueﬁ.J. Biol. Chem?68:5471—5479. ) _
1868-1874. Poenie, M., R. Y. Tsien, and A. M. Schmitt-Verhulst. 1987. Sequential

Ingerbritsen, T. S., and P. Cohen. 1983. Protein phosphatases: propertieszglt;ga;:,'ogtzrdelt(;;ﬁggt;g?;;;éigzgém& in individual cytolytic T
and role in cellular regulatiorScience221:331-338. g ' )

) . . Premack, B. A., and P. Gardner. 1992. Signal transduction by T-cell
- ) )
Ishikawa, N Y. Hashiba, and‘ H. _H|daka._199(_). Effect of a new'Ca . receptors: mobilization of Ca and regulation of Ca-dependent effector
calmodulin-dependent protein kinase Il inhibitor on GABA release in moleculesAm. J. Physiol263:C1119-C1140
cerebrospinal fluid of the ratl. Pharmacol. Exp. Thel54:598-602. o 4 ' ) .
Johansson, B., M. P. Wymann, K. Holmgren-Peterson, and K. E. Magn Sanchez-Madrid, F, A. M. Krensky, C. F. Ware, E. Robbins, J. L.

us- . . et
: h - Strominger, S. J. Burakoff, and T. A. Springer. 1982. Three distinct
son. 1993. N-Formyl peptide receptors in human neutrophils display antigeng associated with human T-Iyn?phgcyte-mediated cytolysis:

distinct membrane distribution and lateral mobility when labeled with LFA-1, LFA-2, and LFA-3.Proc. Natl. Acad. Sci. USA9:7489- 7493.

agonist and antagonisl. Cell Biol. 121:1281-1289. Schreiber S. L. 1991 Chemi d biol fthe i il d
. . ) chreiber, S. L. . Chemistry and biology of the immunophilins an
Kao, J. P. Y., A. T. Harootunian, and R. Y. Tsien. 1989. Photochemically =y, i, immunosuppressive ligandScience251:283-287.

generated cytosolic calcium pulses and their detection by fluo-Biol. ) . )
Chem.264:8179—8184. Schreiber, S. L., and G. R. Crabtree. 1992. The mechanism of action of

. . - | in A and FK506l |. Today13:136-142.
Kato, K., M. Koyanagi, H. Okada, T. Takanashi, Y. Wong, A. Williams, K. cyclosporin A an n?munc? ocay ;
Okumura, and H. Yagita. 1992. CD48 is a counter-receptor for mouséSchulman, H. 1993. The multifunctional €dcalmodulin-dependent pro-
CD2 and is involved in T cell activatior. Exp. Med176:1241—-1249. tein kinasesCurr. Opin. Cell Biol.5:247-253.

Kino, T., H. Hatanaka, M. Hashimoto, M. Nishiyama, T. Goto, M. Oku- Schulman, H., P.I. Hanson, and T. Meyer. 1992. Decoding calcium signals
hara, M. Kohsaka, H. Aoki, and H. Imanaka. 1987a. FK-506, novel by multifunctional CaM kinaseCell Calcium.13:401-411.

immunosuppressant isolated from a Streptomyces. |. Fermentation, isGhaw, A. S., and M. L. Dustin. 1997. Making the T cell receptor go the
lation, and physico-chemical and biological characteristic@ntibiot. distance: a topological view of T cell activatiommunity.6:361-369.

(Tokyo).40:1249-1255. Springer, T. A. 1990. Adhesion receptors of the immune syshature.
Kino, T., H. Hatanaka, S. Miyata, N. Inamura, M. Nishiyama, T. Yajima, 346:425—-434.

T. Goto, M. Okyhara, M. Kohsaka, H Aoki, and H. Imanaka. 1987b. Stolpen, A. H., D. E. Golan, and J. S. Pober. 1988. Tumor necrosis factor
FK-506, novel immunosuppressant isolated from a Streptomyces. II.

. S - and immune interferon act in concert to slow the lateral diffusion of
Immunosuppre33|ve effect of FK-506 in vitrg. Antibiot. (Tokyo). proteins and lipids in human endothelial cell membrade<ell Biol.
40:1256-1265. 107:781-789

Klee, C. B. 1991. Concerted regulation of protein phosphorylation andThatte H.S. K.R. Brid : T

: . 3 ,H. S, K.R. ges, and D. E. Golan. 1994. Microtubule inhibitors
dephosphorylation by caimodulifNeurochem. Res.6:1059-1065. differentially affect translational movement, cell surface expression, and

Klee, C. B., G. F. Draetta, and M. J. Hubbard. 1988. Calcineuki. endocytosis of transferrin receptors in K562 cels.Cell. Physiol.
Enzymol. Relat. Areas Mol. Bidh1:149-200. 160:345-357.

Koyasu, S., T. Lawton, D. Novick, M. A. Recny, R. F. Siliciano, B. P. Thomson, A. W. 1989. FK-506: how much potentidifmunol. Today.
Wallner, and E. L. Reinherz. 1990. Role of interaction of CD2 molecules  10:6-9.

with lymphocyte function-associated antigen 3 in T-cell recognition of +o.i M. J.. D. A. Matkovich. K. A. Collier. P. Kwok. F. Dumont. S. Lin
nominal antigenProc. Natl. Acad. Sci. USA37:2603-2607. S. Degudicibus, J. J. Siekierka, J. Chin, and N. I. Jutchinson. 1989. The

Kronke, M., W. J. Leonard, J. M. Depper, S. K. Arya, F. Wong-Staal, R. C. immunosuppressant FK506 selectively inhibits expression of early T cell
Gallo, T. A. Waldmann, and W. C. Greene. 1984. Cyclosporin A inhibits  activation genesJ. Immunol.143:718—-726.



1692 Biophysical Journal Volume 76 March 1999

Tokumitsu, H., T. Chijiwa, and M. Hagiwara. 1990. KN-62, N D-bis(5- Waulfing, C., J. D. Rabinowitz, C. Beeson, M. D. Sjaastad, H. M. McCon-
isoquinolinesulfonyl)N-methyl+ -tyrosyl]-4-phenylpiperazine, a spe- nell, and M. M. Davis. 1997. Kinetics and extent of T cell activation as
cific inhibitor of Ca*/calmodulin-dependent protein kinase JI.Biol. measured with the calcium signdl. Exp. Med185:1815-1825.

Chem.265:4315-4320. ) Yang, S. Y., S. Rhee, G. Angelos, and B. Dupont. 1987. Functional
Valverde, I., A. _Sener, P. Lebrun, A. Herchuelz, and W J. Ma_lalss_e. analysis of CD2 (T, p50) epitopes detected by 24 CD2 antibodies.
1981. The stimulus-secretion coupling of glucose-induced insulin Leucocyte Typing Ill. White Cell Differentiation Antigens. A. J. Mc-
release. XLVII. The possible role of calmodulifendocrinology. Michael, P. C. L. Beverley, S. Cobbold, M. J. Crumpton, W. Gilks, F. M.
108:1305-1312. Gotch, N. Hogg, M. Horton, N. Ling, I. C. M. MacLennan, D. Y. Mason,
Weiss, A., and D. R. Littman. 1994. Signal transduction by lymphocyte C. Milstein, D. Spiegelhalter, and H. Waldmann, editors. Oxford Uni-
antigen receptorCell. 76:263-274. versity Press, Oxford. 113-116.



