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rent studies provide a conceptual framework 
for developing approaches to regulate T cell 
function through CTLA-4. 
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Movement Triggered by 
Costimulation During T Cell 

Activation 
Christoph Wulfing and Mark M. Davis* 

During T cell activation, the engagement of costimulatory molecules is often 
crucial to the development of an effective immune response, but the mecha- 
nism by which this is achieved is not known. Here, it is shown that beads 
attached to the surface of a T cell translocate toward the interface shortly after 
the start of T cell activation. This movement appears to depend on myosin 
motor proteins and requires the engagement of the major costimulatory re- 
ceptor pairs, B7-CD28 and ICAM-1-LFA-1. This suggests that the engagement 
of costimulatory receptors triggers an active accumulation of molecules at the 
interface of the T cell and the antigen-presenting cell, which then increases the 
overall amplitude and duration of T cell signaling. 

The central event in T cell activation is the 
interaction of the T cell receptor (TCR) with the 
antigenic peptide presented by the major histo- 
compatibility complex (MHC) of the antigen- 
presenting cell (APC). However, because the 
number of agonist peptide-MHC complexes 
can be very low, in the range of 10 to 100 per 
APC (I), and because the TCR is continuously 
modulated from the T cell surface (2); sustained 
T cell activation is liltely to require signal am- 
plification (3, 4). An i~npoi-tant component of 
this amplification is thought to be provided by 
costimulatory inolecules on the T cell, although 
the mechanism by which they accomplish it is 
unclear (5). The most important of the costimu- 
latory receptors on T cells and their ligand on 
APCs are CD28-B7 (6) and LFA-1-ICAM-1 
(7). Many different receptor couples, including 
TCR-peptide-MHC and LFA- 1-IC&M- 1, ac- 
cumulate at the T cell-APC interface (8, 9). 
This accumulation has been assumed to be a 
passive, diffusion-limited cocapping mecha- 
nism (10). Here, vie describe an active, cy- 
toskeletal mechanism that appears to drive re- 
ceptor accumulation at the T cell-APC inter- 
face. This mechanism requires the APC to ex- 
press B7 and IC&M-1 and is independent of 
TCR signaling. We suggest that this mecha- 
nism is a central part of costimulation, as it 
would effectively amplify any TCR-mediated 
signals. 

To study whether receptor accumulation 
at the T cell-APC interface could be actively 
driven by the T cell cytoskeleton, we moni- 
tored the general movement of the cortical 
actin cytoskeleton and linked receptors (11) 
using the classical technique of attaching 
large beads to the surfaces of antigen-specific 
T cells. We coated 4.5-p,m beads with an anti- 
body to the T cell sui-face antigen ICAM-1 (12). 
Cross-lmking ICAM-1 by beads in this way is 
not expected to influence T cell function (13). 
As has been observed with fibroblasts (11, 14); 
we find that in migrating 5C.C7 transgenic T 
cells (9, 15) the beads translocate from the 
anteiior to the posteiior end of the cell (16). We 
then mixed bead-loaded 5C.C7 T cells with B 
cell lymphoma cells that express the appro- 
priate MHC molecule (I-Ek) and have been 
pulsed with the moth cytochroine c peptide 
88-103. After contact with the APC, the T 
cells rapidly become activated (9, 17) and the 
beads move from the posterior end of the T 
cell to the newly formed interface with the B 
cells (Fig. 1, movie 1) begilming 4 ? 1 iniil 
after the first rise in intracellular calcium 
(n = 13). This suggests that the T cell cortical 
actin cytoskeletoil reorients toward the T cel- 
l-APC interface sooil after the start of T cell 
activation. The ensuing cytoskeletal flow 
would allow receptors that are linked to the 
actin cytoskeleton to be transported to the 
newly formed T cell-APC interface. 

Howard Hughes Medical Inst i tute and Department o f  'Ule out ICAM-l-specific effects: we 
Microbiology and Immunology, Stanford University also attached beads to T cells in two other ways. 
School o f  Medicine, Stanford, CA 94305, USA. First. we surface-biotinvlated the 5C.C7 T cells 
"To w h o m  correspondence should be addressed. with an amine-reactive foim of biotin and used 
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2.8-pm streptavidin beads (18). Second, we 
exchanged a lipid that is biotinylated at its head 
into the cell surface of the T cells from lipo- 
somes (19) and used the same 2.8-p,m strepta- 
vidin beads (20). In both cases, we found a 
behavior identical to that of the antibody-coated 
beads (Table 1). This confirms that the beads 
monitor the movement of the cortical actin 
cytoskeleton and not that of a specific receptor. 
We have also obtained identical results using 
monocytes and dendritic cells prepared directly 
ex vivo as APCs (16). The time to travel half a 
cell circumference is 6 ? 2 min (n = 14). 
Given that the diameter of our activated T cells 
is - 10 km, this speed of -3 pdmin is similar 
to that reported in comparable studies on mi- 
grating fibroblasts (1 to 5 ~ rdmin )  (21). This 
behavior is independent of the peptide concen- 
tration on the APC as long as enough peptide is 
presented to activate the T cell (16). Beads 
bound to the B cell do not move, consistent 
with the lack of involvement of the B cell actin 
cytoskeleton in the redistribution of specific 
receptors (9, 22). 

To study the role of costimulatory recep- 
tor pairs in the regulation of the cytoskeletal 
movement, we added antibodies that block a 
number of accessory interactions to this sys- 
tem. We found that blocking ICAM-1 or 
B7-1 together with B7-2 abolishes bead 
movement while leaving undisturbed other 
aspects of T cell activation, such as the for- 
mation of a tight interface and the elevation 
of intracellular calcium (Table 1) (16). Anti- 
bodies to CD48 or VCAM had no effect 
(Table 1). To determine whether the interac- 
tions of ICAM-1 with LFA-1 or of B7 with 
CD28 are sufficient to trigger bead move- 
ment. we used transfected CHO cells as 

Fig. 1. Bead movement 
toward the interface. Sin- 
gle frames of a video mi- 
croscopy experiment (36) 
of the interaction of 5C.C7 
T cells, loaded with 4.5- 
p m  anti-ICAM-I (YN1) 
beads, with peptide-load- 
ed CH27 B cell lymphoma 
cells (35) are shown. The 
CH27 cell is substantially 
larger than the T cells. The 
T cell intracellular calcium 
concentration is overlaid 
in a false color scale from 
blue (low concentration) 
t o  red (high concentra- 
tion) t o  mark the onset of 
T cell activation, set t o  
time 0:00 min. Although 
the beads, one of which is 
marked with an arrow, are 
bound t o  the posterior 
end of the central T cell 
before and at the time of 

APCs. When transfected with I-Ek, the CHO three molecules (I-Ek, ICAM-1, and B7-2) 
cells were not able to induce bead movement showed that 7 of 10 T-CHO couples examined 
(Table 1). When the CHO cells were trans- moved beads toward the T cell-APC interface 
fected with I-Ek and either ICAM-1 or B7-2 (16). These experiments show that the interac- 
gene constructs, we observed a partial restora- tions of LFA-1-ICAM-1 and CD2887 are 
tion of the bead movement (Table 1). The best both necessary and sufficient to induce move- 
results were obtained by transfecting ICAM-1 ment of the T cell cortical actin cytoskeleton 
and engaging CD28 on the T cell with an towardthenewly formed T cell-APC interface. 
activating antibody, which allows bead move- We have also characterized second messen- 
ment to near B cell levels (Table 1). Preliminary gers that are synergistically activated by the 
experiments with CHO cells expressing all TCR and the accessory interactions that are 

Table 1. Occurrence of different types of T cell bead movement (39) during the interaction of a 5C.C7 
T cell with APCs loaded with an activating peptide. Unless mentioned, the APCs were CH27 B cell 
Lymphomas. Bead movement was analyzed using three different types of beads (12, 18, 20); only two of 
these bead types (72, 18) were used for the rest of the experiments. Blocking antibodies and pharma- 
cological agents were used under standard conditions. (40). The number of cells analyzed during 
wortmannin treatment was small because the majority of the T cells did not establish a polarized 
phenotype (41). When transfected CHO cells were used as APCs, we found that CFP fusion did not inhibit 
the function of its fusion partner (9, 22). In the last row, an activating antibody to  CD28 was present 
during the interaction of the T cell and APC; n indicates the number of cells studied (34). 

Type of beads/treatment/APC Movement Movement away No 
toward interface from interface movement 

Type of beads 
Anti-ICAM 
Streptavidin (surface biotin) 
Streptavidin (lipid biotin) 

Antibody blocking 
anti-ICAM 
anti-B7 
anti-VCAM 
anti-CD48 

Pharmacological agents 
Wortmannin 
NiIBAPTA 

Transfected CHO cells as APCs 
CHOII-E~ 
CHOII-E~IICAM-I-GFP 
CHOII-Ek/B7-2-CFP 
CHO/I-Ek/lCAM-1-CFP (anti-CD28) 

its activation, they can be 1 
seen t o  move toward the T celCB cell interface in 
Online (www.sciencemag.org). 

subsequent frames. The still frames have been excerpted from I movie 1 (37) which can 8 viewed at 
I 
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important for bead movement, namely 
the intracellular calcium concentration for 
ICAM-1-LFA-1 (9, 23) and the phosphatidyl- 
inositol 3-kinase (PI 3-kinase) for B7-CD28 
(24). Blocking the rise in the intracellular 
calcium concentration with 1,2-bis(2-amino- 
phenoxy)ethane-N,N,N1,N'-tetraacetic acid 
(BAPTA) and Ni2+ blocks bead movement 
(Table 1) while leaving the formation of a 
tight interface intact (9). Using the PI 3-ki- 
nase inhibitor wortmannin (25) at 100 nM 
leads to a distinct phenotype in that most T 
cells do not establish a polarized phenotype 
before activation. For the minority of T cells 
that display a polarized phenotype, bead 
movement is abolished. These results are 
consistent with both PI 3-kinase and intra- 
cellular calcium being necessary for bead 
movement. 

The cortical actin cytoskeleton moves ei- 
ther by controlled assembly and disassembly 
of actin filaments or by sliding actin fila- 
ments past each other using myosin motor 
proteins (11, 26). In particular, myosin motor 
proteins are thought to be involved in actin 
cytoskeleton movement at the cell body (21). 
Previously, we and others have shown that 
blocking actin filament assembly in the T cell 
(but not B cell APCs) with cytochalasin D 
severely disrupts many aspects of T cell ac- 
tivation (3, 9). Inhibiting the myosin motors 
with butanedione monoxime (BDM) (27) 
gives a more specific phenotype in this sys- 
tem, as shown in Fig. 2 (movie 2) and Table 
2. At high concentrations of BDM, the diam- 
eter of the T cell-B cell interface is reduced, 
the calcium signal is less sustained, the redis- 
tribution of ICAM-1 to the T cell-B cell 

Table 2. Effects of blocking myosin motor proteins. The analysis of T cell activation by peptide loaded 
CH27 cells in the presence of BDM or noxius toxin (NTX) is shown (42). Narrow interface form denotes 
activated T cells having a T cell-B cell interface diameter that is smaller than the diameter of the T cell 
(Fig. 2). Calcium signal back to  baseline denotes activated T cells whose intracellular calcium concen- 
tration returns to preactivation levels during an observation period of at least 5 min. ICAM cluster 
formation denotes CH27 cells that show accumulation of ICAM-14FP at the T cell-B cell interface after 
T cell activation (9) (Fig. 2). Bead movement toward the interface (39) refers to  activated T cells that 
show anti-ICAM-1 bead movement. In all cases, n denotes the number of cells analyzed (43). 

Interface form Calcium signal ICAM clustering Bead movement 
Pharmacol. 

agent Back to  Cluster Toward Narrow n baseline formation interface " 
BDM (20 mM) 93% 55 68% 108 36% 33 19% 27 
BDM (10 mM) 79% 58 45% 83 51% 35 27% 15 
BDM (2 mM) 70% 46 23% 73 85% 32 25% 28 
Buffer alone 14% 56 2% 102 90% 38 62% 21 
NTX (100 nM) 23% 47 9% 76 85% 40 63% 27 

interface is impaired, the redistribution of 
I-Ek is inhibited (22), and bead movement is 
partially blocked (Table 2). At low BDM 
concentrations (2 mM), the reduction in in- 
terface diameter and the impairment of bead 
movement remain (Table 2), suggesting that 
myosin motors are most involved in these 
two processes. Because BDM has also been 
reported to block T cell potassium uptake 
(28), we inhibited voltage-gated potassium 
channels specifically with noxius toxin (29) 
and found no inhibition of bead movement 
(Table 2). The small effect we see on early T 
cell activation is consistent with the moderate 
effects reported for specific potassium chan- 
nel blockers on later activation events (30). 
We conclude that the receptor/cytoskeletal 
movement that we describe here is dependent 
on myosin motor proteins. 

In vivo, costimulation is usually required 
for efficient T cell activation, probably be- 
cause TCR signaling is limited by small num- 
bers of agonist peptide-MHC complexes and 
continuous internalization of the TCR-CD3 
complex. Previously, we have shown that the 
accumulation of MHC-peptide-TCR and ac- 
cessory receptor couples at the T cell-APC 
interface after T cell activation can amplify 
the weak TCR signal efficiently (9, 22). Here, 
we have described an active movement of the 
cortical actin cytoskeleton toward the inter- 
face, involving myosin motor proteins, that 
would move all molecules linked to the actin 
cytoskeleton toward the T cell-APC inter- 
face. In support of this possibility, we find 
that the increase in concentration of LFA-1- 
ICAM-1 and other (TCR-peptide1-EL and 
CD2-CD48) receptor couples at the interface 

Fig. 2. T cell-APC interaction with blocked myosin motor proteins. (A) Single 
frames of a video microscopv experiment 1361 of the interaction of 5C.C7 T 
cells, loaded with 4.5-(*m a i t i - i ~ ~ ~ - l  ( \ i ~ i )  beads, with peptide-loaded, 
ICAM-14FP-transfected CH27 cells are shown. The bright-field image has 
been duplicated. In the top panels, the T cell intracellular calcium concen- 
tration is overlaid in a false color scale as in Fig. 1. In the bottom panels, the 
ICAM-14FP fluorescence is overlaid in a false color scale from green (Low 
fluorescence) t o  blue (high fluorescence) t o  allow the simultaneous inves- 
tigation of the additional cellular parameter. The accumulation of ICAM-1 at 

the T cell-APC interface in the absence of all pharmacological agents was 
described in  (9); here, such an interaction is shown in the presence of 2 p M  
BDM. Although the calcium signal is elevated in a stable manner and 
ICAM-14FP accumulates at the interface, this interface is narrow (as most 
easily seen by the tightly concentrated ICAM-1-CFP accumulation), and a 
bead that is bound t o  an activating T cell, marked with an arrow, does not 
move. The still frames were excerpted from movie 2 (38), which can be 
viewed at Science Online (www.xiencemag.org). (B) An even narrower 
interface at 20 p M  BDM, excerpted from a movie of a different experiment. 
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and the movement of the cortical cvtoskele- sulfo-NHS-biotin (200 pglml ;  Pierce, Rockford, IL). 2lFig. 2. The movie compresses 20  m i n  o f  experi- 

ton are regulated similarly. Both processes 
are sensitive to the myosin inhibitor BDIM, to 
anti-B7, and to the choice of APC (9, 22) 
(Table 2). Fui-thelmore, we have shown that 
this movement of the actin cytoskeleton is 
regulated by the two most important costimu- 
latory receptor pairs, CD28-B7 and LFA-1- 
ICAM-1. We suggest that this active accumu- 
lation of receptor pairs and other cytoskele- 
ton-linked molecules at the T cell-APC in- 
terface, and the signal amplification that 
would result from these increased receptor 
densities. could be the orincioal basis of the 

L L 

costiillulatory effect. This is in contrast to 
models in which a costimulatoiy signal inte- 
grates with TCR signals in the nucleus to 
affect gene expression. 
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3 4  The results are derived from a composite analysis of 
at least seven experiments (11 on average) per- 
formed on at least t w o  different days (four on aver- 
age) for each condition. We show a composite analysis 
because on average only three or four cells per experi- 
ment could be analyzed. To ensure consistency within 
the data set, at least one positive control experiment 
was included during each day of experiments. 

35. The CH27 cells used in  this particular experiment 
were ICAM-1-GFP transfected. ICAM-1-CFP trans- 
fection o f  the CH27 cells has no effect on the bead 
movement (16). The ICAM-1-CFP fluorescence is no t  
shown. 

36. Peptide loading o f  APCs using 10  p M  moth  cyto- 
chrome c peptide 82-103, Fura-2 loading o f  T cells, 
and microscopy (using the ZeissIAttofluor system) 
were performed as in  (9). 

37. Movie 1: Bead movement toward the interface. The 
interaction o f  K C 7  T cells, loaded w i th  4 .5 -pm 
anti-ICAM-1 (YN1) beads, w i th  peptide-loaded CH27 
B cell lymphoma cells (35) is shown. The CH27 cell is 
substantially larger than the T cells. Although the 
beads are bound t o  the posterior end of the top  T cell 
before and at the t ime o f  its activation, they can be 
seen t o  move toward the T cell-B cell interface in 
subsequent frames. The T cell intracellular calcium 
concentration is overlaid in  a false color scale. Two 
closely related calcium-sensitive dyes tha t  differ in  
the i r  calcium dissociation constant, Fura-PE in  
movie 1 and Fura-2 in  movie 2, have been used. 
Therefore, blue indicates l ow  calcium concentra- 
t i on  i n  bo th  movies, whereas high calcium concen- 
t ra t ion is encoded in  ye l l ow  in  movie 1 and in  red 
in  movie 2. For reasons o f  simplicity, in  Fig. 1 the  
calcium color scale has been changed f rom the  
original one o f  movie 1 t o  ma tch  tha t  o f  movie 

men; in to 1 m i n  o f  movie. 
38. Movie 2: T cell-APC interaction w i th  blocked myosin 

mo to r  proteins. The interaction o f  K C 7  T cells, 
loaded w i th  4 .5 -pm anti-ICAM-1 (YN1) beads, w i th  
peptide-loaded, ICAM-1-GFP-transfected CH27 B 
cell lymphoma in  the presence o f  2 m M  BDM is 
shown. A bright-field series o f  images has been du- 
plicated and is overlaid w i th  false-color encoded flu- 
orescence information. The top  panel is overlaid w i th  
a false-color representation o f  the intracellular calci- 
u m  concentration of the T cell, ranging f rom blue 
( low concentration) t o  red (high concentration). In 
the bo t tom panel, the ICAM-1-CFP fluorescence o f  
the B cell lymphoma is overlaid in  a false color scale 
f rom green ( low fluorescence) t o  blue (high fluores- 
cence) t o  al low the simultaneous investigation of an 
additional cellular parameter. The movie shows that  
in the presence o f  2 p M  BDM, although the calcium 
signal is elevated in  a stable manner and ICAM-1- 
CFP accumulates at the T cell-B cell interface, this 
interface is narrow (as most easily seen by the t ightly 
concentrated ICAM-1-CFP accumulation) and no 
bead movement is seen. The movie compresses 20  
min o f  experiment in to 1 m in  o f  movie. 

39. Three categories of bead movement were observed. 
Movement toward the interface was defined as bead 
movement at least one-fourth o f  a T cell circumference 
toward the interface (as shown in Fig. 1). Movement 
away from the interface was defined as bead move- 
ment at least one-fourth of a T cell circumference away 
from the interface, indicative o f  random bead move- 
ment. Beads located at the interface at the moment of 
T cell activation constituted <25% of all beads bound 
t o  T cells, consistent wi th  the observation that migrat- 
ing T cells move the beads toward their posterior. The 
only exception occurs after treatment wi th  the PI 3-ki- 
nase inhibitor wortmannin, when 75% of the beads are 
already at the interface at the t ime of T cell activation, 
indicative of a lack of polarization. In this case, the 
beads are likely t o  initiate the cell-cell interaction by 
binding t o  ICAM-1 on both cells simultaneously. Beads 
that started at the interface stay there without excep- 
tion. Beads that are scored "no movement" are those 
that move less than one-fourth of a T cell circumference 
in at least 5 min (Fig. 2). 

40. Blocking antibodies were used at 10  pglml .  We used 
YN1 as anti-ICAM-1 (31), 16-10A1 (Pharmingen) as 
anti-B7-1, CL1 (Pharmingen) as anti-B7-2, HM48-1 
(Pharmingen) as anti-CD48, 37 51 (Pharmingen) as 
anti-CD28, and MK2.7 as anti-VCAM (33). Wortman- 
nin was used at 100 nM, Ni2-  at 5 mM,  and both 
were added directly t o  the microscopy dish. T cells 
were preloaded w i th  BAPTA in parallel w i th  Fura-2 a t  
20 p M  The ICAM-1-CFP construct has been de- 
scribed (9); the B7-2-GFP construct is str ict ly analo- 
gous, w i th  the GFP attached t o  the cytoplasmic tail. 
Stable transfectants were selected for CFP expression 
using f low cytometry, and single cells were cloned 

41. Lack of T cell polarization is indicated by the fact that  
few activated cells had beads a t  the interface, by the 
lack o f  uropods and extended lamellipodia, and by 
the failure t o  migrate (16). 

42. BDM (Sigma) was added to  the T cells a t  the indicat- 
ed concentrations 5 m in  before the start o f  the 
microscopy experiment f rom a fresh 200 p M  stock in  
PBS. Noxius toxin (Alomone Labs, Jerusalem, Israel) 
was added t o  the T cells a t  100 nM, that  is, a 100-fold 
excess over the apparent dissociation concentration 
o f  blocking peak potassium channels 5 m in  before the 
start o f  the microscopy experiment. 

43. The results were derived f rom a composite analysis of 
a t  least five experiments (nine on average) performed 
on at least three different days for each condition. As 
discussed in  (34), composite data sets are shown 
because of the small number o f  cells per experiment 
that  could be analyzed for some parameters. Positive 
controls were run on each day o f  the experiments t o  
ensure uniformity. 
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