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The area of contact between a T cell and an antigen-presenting cell (APC) is 
known as the immunological synapse. Although its exact function is unknown, 
one model suggests that it allows for T cell receptor (TCR) clustering and for 
sustained signaling in T cells for many hours. Here we demonstrate that 
TCR-mediated tyrosine kinase signaling in naYve T cells occurred primarily at the 
periphery of the synapse and was largely abated before mature immunological 
synapses had formed. These data suggest that many hours of TCR signaling are 
not required for T cell activation. These observations challenge current ideas 
about the role of immunological synapses in T cell activation. 

The biochemical pathways that are stimulated 
by TCR engagement are well characterized, 
but little is known about how T cell interac- 
tions with the APC actually initiate signaling 
by the TCR. The immunological synapse hy- 
pothesis proposes that membrane protein re- 
organization at the T cell-APC contact sur- 
face serves to generate a structure, the immu- 
nological synapse, which facilitates TCR sig- 
naling by concentrating both TCRs and 
antigenic major histocompatibility complex 
(MHC-peptide complexes as well as lipid 
rafts in the center of the contact [reviewed in 
(1, 2)]. The stability of this structure can 
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explain how TCR engagement can be sus- 
tained for long periods of time (3). 

The immunological synapse was first de- 
scribed as having two discrete zones by using 
high-resolution immunofluorescence imaging 
of T cell-APC conjugates (4). The central zone, 
the c-SMAC, contains the TCR and surface 
accessory molecules such as CD4, CD2, and 
CD28 (3). Surrounding the central zone is a 
second zone, the p-SMAC, which is enriched 
for the integrin, LFA-1. Real-time imaging with 
T cells plated on planar membranes shows that 
synapse formation occurs with TCRs first en- 
gaged by MHC peptide in the periphery of the 
synapse followed by recruitment of such com- 
plexes to the center of the synapse. To date, 
however, the initial engagement of the TCR in 
the periphery of the contact has not been visu- 
alized in immunological synapses formed with 
APCs (2). We wished, therefore, to determine 
where TCR-MHC engagement first occurs dur- 
ing authentic synapse formation and to compare 
it with known T cell signal transduction events. 

Freshly isolated naive T cells were im- 

aged to most closely mimic conditions in 
vivo. We also reasoned that the higher thresh- 
old for activation of naive T cells might result 
in slower immunological synapse formation. 
Naive T cells were purified from AND TCR 
transgenic mice that recognize a moth cyto- 
chrome c peptide (residues 88 to 103) pre- 
sented by I-Ek (5). Freshly isolated T and B 
cell-depleted splenocytes were used as 
APCs. Conjugate formation was initiated by 
centrifuging together T cells and APCs, 
which had been preincubated with antigenic 
peptide (6). After various times, cells were 
fixed and then immunostained for TCR and 
LFA-1 (6). At the earliest time points (2 
through 15 min), we noted that the majority 
of LFA-1 molecules were recruited to the 
center of the contact area, whereas TCRs 
were concentrated at the periphery of the 
synapse (Fig. 1A). Between 15 and 30 min, 
this pattern reversed, with TCRs now visible 
in the center of the contact surrounded by an 
external ring of LFA-1 (Fig. 1A). By 60 min, 
TCRs in the synapse were not detectable even 
though LFA-1 was still concentrated in the 
synapse. Computer reconstructions of the 
synapse (from serial confocal images along 
the z axis) confirmed the peripheral localiza- 
tion of the TCR at early time points (15 min), 
referred to as an immature immunological 
synapse, and the central localization of the 
TCR at later time points (30 min), referred to 
as a mature immunological synapse (Fig. 
1B). Immature synapses were also detected 
with T cell blasts, but synapse maturation 
occurred much more rapidly (within 1 to 3 
min) and the magnitude of TCR down-regu- 
lation was much less (7). 

To relate the events in the formation of the 
immature and mature immunological synapse 
to TCR-mediated signaling, we used phos- 
pho-specific antibodies that recognize the ac- 
tivated forms of two key TCR-regulated cy- 
toplasmic tyrosine kinases, Lck and ZAP-70. 
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Lck is the first tyrosine kinase activated dur- 
ing TCR signal transduction and is responsi- 
ble for phosphorylating key tyrosine residues 
in the TCR (8). Its autophoshorylation on 
tyrosine residue 394 correlates with its acti- 
vation (9). Cell conjugates were fixed and 

stained with antibodies to the TCR, active 
Lck (a-pY394 antibody), and total Lck and 
imaged at various time points after conjuga- 
tion (6). At early time points (Fig. 2A, 2 
min), Lck was recruited to the synapse con- 
sistent with earlier reports (4). Over the next 

15 to 30 min, Lck concentrated at the center 
of the contact. Between 30 and 60 min after 
conjugate formation, Lck dispersed from the 
contact area and was evenly distributed in the 
T cell plasma membrane. 

Active Lck had a different pattern of 
staining. At early time points (2 to 15 min), 
active Lck colocalized with the external ring 
of TCR in immature synapses. The intensity 
of staining peaked between 5 and 7 min after 
conjugate formation and was undetectable 15 
min after conjugate formation, well before 
the mature synapse had formed. No active 
Lck could be detected in the mature synapse, 
even though Lck is concentrated in the center. 
Taken together, these results demonstrate that 
Lck is recruited early to the synapse and is 
present in both immature and mature syn- 
apses. However, active Lck is only detected 
in immature synapses at the periphery of the 
cell contact (Fig. 2A). 

Lck phosphorylation of the ITAM se- 
quence results in ZAP-70 recruitment and 
activation at the plasma membrane (8, 10, 
11). T cell-APC conjugates were formed, 
fixed, and then stained with antibodies to 
TCR, active ZAP-70, and total ZAP-70. In 
comparison with Lck, recruitment of ZAP-70 
to the synapse was delayed, not occurring 
detectably until at least 5 to 7 min after 
conjugate formation (Fig. 2B). Like Lck, 
ZAP-70 persisted at the center of the synapse 
for up to 30 min after conjugate formation 
and had dispersed into the T cell cytoplasm 
by 60 min. 

Activation of ZAP-70 results in its phos- 
phorylation on tyrosine-3 19 by Lck (11). Us- 
ing a phospho-319 antisera, we first detected 
active ZAP-70 at the periphery of immature 
synapses and then weakly in the center of 
mature synapses (Fig. 2B). At 60 min, no 
active ZAP-70 was detected. Similar results 
with antibodies to phosphotyrosine con- 

Fig. 1. Development A TCR LFA-1 Overlay DIC 
of immunological syn- 
apses in naYve T cells. 
AND TCR transgenic T . 
cells were conjugated 2 m_ 
with antigenic pep- 
tide-loaded splenic 
APCs from B10.BR 
mice. At the indicated 
time points, cells were 15 min 
fixed and stained with U. . , 
monoclonal antibod-__ 
ies to TCR VP3 (KJ25) 
and LFA-1 (H 1i55) 
(25). Conjugates were 
examined by confocal 30 min U. . 
microscopy. (A) Pe- 
ripheral localization of 

_____ the TCR early in the 
formation of the im- 
munological synapse. 60 min 
TCR localization is in- U. . . dicated in red (first 
column), and LFA-1 
localization is indicat- 
ed in blue (second col- B 
umn). The far right 
column shows differ- 15 min 
ential interference 
contrast (DIC) images 
of the antigen-specific 
T cell-APC conjugates. 30 min 
A single optical sec- 
tion is shown. Quanti- 
tation is shown in Fig. Overlay 3B. (B) z-stack recon- TCR LFA-1Ovra 
struction of the T cell- 
APC interface at 15 and 30 min after conjugate formation. At 15 min, the TCR (red) is localized in 
a peripheral ring, whereas LFA-1 (blue) is in the center (immature immunological synapse). At 30 
min, the TCR is now in the center, surrounded by LFA-1 in an outer ring (mature immunological 
synapse). 

A 2 min 5 min 15 min 30 min 60 min B 2 min 5 min 15 min 30 min 60 min 

TCR TCR 

pY394 pY319 
Lck ZAP70 U 

Lck ZAP70 

DIC DIC 

Fig. 2. Lck and ZAP-70 are activated at the periphery of the immuno- antibodies to the TCR (blue), Lck (red), and active Lck (green). (B) 
logical synapse. (A) AND TCR transgenic splenic T ceLls were conjugated Conjugates were prepared as described in (A) and labeled with antibodies 
with antigenic peptide-loaded splenic APCs from B1O.BR mice. At the to the TCR (blue), ZAP70 (red), and active ZAP70 (green). The lower row 
indicated time points, ceLls were fixed, permeabilized, and stained with shows DIC images of the antigen-specific T cell-APC conjugates. 
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firmed that tyrosine kinase signaling initiates 
at the periphery of immature synapses and 
decreases in intensity as the synapse matures 
(Fig. 3, A and B). Phosphotyrosine immuno- 
blotting of zeta immunoprecipitations con- 
firmed that tyrosine phosphorylation peaks at 
about 10 min (12). The initiation of TCR- 
mediated tyrosine kinase signaling, therefore, 
appears to occur early and largely precedes 
the formation of the mature immunological 
synapse. This is also consistent with previous 
biochemical studies demonstrating the kinet- 
ics of tyrosine kinase signaling (13). 

Although TCR down-regulation from the 
surface during antigen engagement is well 
known (14), the magnitude of TCR down- 
regulation seen here was surprising given 
previous data suggesting that sustained TCR 
engagement, up to 20 hours in length, is 
required for activation of naive T cells (15). 
Previous studies used [3H]thymidine incorpo- 
ration to measure the commitment of T cells 
to proliferate. Because T cells undergo sev- 
eral rounds of cell division after activation, 
[3H]thymidine incorporation might overesti- 
mate the time required for cell commitment. 
Therefore, we evaluated this issue using a 
more sensitive method to measure cell cycle 

progression, carboxyfluorescein diacetate 
succinimidyl ester (CFSE) staining (16). This 
allowed us to focus only on the time of 
contact required to achieve the first cell divi- 
sion. T cells were loaded with CFSE before 
conjugate formation with APCs (17). After 
various times, APCs were removed by using 
two rounds of complement-mediated lysis 
with antibodies to MHC class II (12). T cells 
were placed back in culture and analyzed for 
CFSE staining at 24, 48, and 72 hours. 

No change in CFSE staining was detected 
in T cells incubated with APCs for less than 
2 hours, indicating that the cells had not 
divided (Fig. 4). After 2 hours, however, the 
decreased intensity of CFSE staining indicat- 
ed that most of the T cells had divided. To 
confirm that a membrane structure did not 
persist on the T cell membrane after APC 
removal, we treated T cells with the choles- 
terol-depleting drug, methyl-p-cyclodextrin 
(MCD), which disrupts lipid rafts. Although 
MCD treatment before APC engagement in- 
hibited T cell proliferation, MCD treatment 
after 2 hours had no effect (12). Thus, the 
minimal duration of naive T cell-APC inter- 
action required for cell division is about 2 
hours. The 2-hour requirement is consistent 

with recent studies of naive CD8+ cells (18) 
and earlier studies of the length of engage- 
ment required for interleukin-2 release from 
T cells (19). One difference is our finding that 
2 hours was only sufficient for a single cell 
division in naive CD4+ cells; in the study of 
naive CD8+ cells, 2 hours was sufficient for 
multiple cell divisions (18). 

Here, we show that T cell engagement and 
activation begin before immunological syn- 
apses are fully formed. Phospho-specific an- 
tibodies to Lck and ZAP-70 demonstrated 
that the strongest signaling occurs before the 
mature synapse has formed. Although, Lck, 
ZAP-70, and some tyrosine-phosphorylated 
proteins were detectable at the center of the 
synapse, the magnitude of signaling was 
weak. Moreover, the rapid and profound loss 
of TCRs from the synapse by 30 min is 
consistent with the idea that TCR signaling 
peaks before the mature synapse has formed. 
Thus, the central clustering of the TCR gen- 
erated by the immunological synapse forma- 
tion does not function to initiate or sustain 
TCR signaling. Although only 2 hours of T 
cell-APC contact was required for T cell 
commitment, there is still a gap between our 
inability to detect tyrosine phosphorylation 
after 30 min and T cell commitment at 2 
hours. Although it is certainly possible that 
residual tyrosine kinase signaling occurs be- 
low our level of detection, it is also possible 
that other signaling systems, such as those 
involving calcium or serine/threonine phos- 
phorylation, may be critical during this 
period. 

What then is the function of the immuno- 
logical synapse? Davis and van der Merwe 
have argued that it is not involved in signal 
transduction but rather it is required for po- 

Fig. 3. (A) Time A 2 min 5 min 15 min 30 min 60 min 
course of phosphoty- 
rosine staining of T 
cell-APC conjugates. TCR 
Cell conjugates were 
prepared as described 
in Fig. 1. At the indi- 
cated time points, 
cells were fixed, per- Y 
meabilized, and la- PY 
beled with antibody 
to phosphotyrosine 
(green) and antibody 
to TCR VP3 (red). The DIC 
lower row shows DIC DIC 
images of the anti- 
gen-specific T cell- 
APC conjugates. (B) 
Quantitative analysis 
of data presented in B 70 TCR 70 pY 
Figs. 1 to 3. Cells 60 - 604 
were scored visually 50 .- - 504- 
for peripheral (solid % 40 % 40 - - 

bars) or central (open 20-- 20 - . . . 
bars) localization of 10 -I- 10 - t----n---- - 
TCR, active Lck, or 0 Ot4 
active ZAP-70. Cells 2' 5' 10' 15' 30' 60' 2' 5' 10' 15' 30' 60' 

that exhibited no 
TCR recruitment or pY394 Lck 
had an indeterminate 70 _________Lck_ 70 pY319 ZAP70 

pattern were counted 604 ----604-- :--:----:-:---:-- 6: 
but not scored. Num- % -40 40 ------------------- 
ber of conjugates 30 - .30 .-.-.-.-..-.-.-. 
scored: TCR, 438 con- 20 20 
jugates from four in- _ _4-- 
dependent experi- 2' 5' 10' 15' 30' 60' 2' 5' 10' 15' 30' 60' 
ments; pY, 168 con- peripheral central 
jugates from the two 
independent experi- 
ments; pY394 Lck, 268 conjugates from three independent experiments; and pY319 ZAP70, 214 
conjugates from three independent experiments. 

Fig. 4. Two hours of 
conjugate formation 1 1 l 
is sufficient for T cell 
activation. Natve T 
cells were loaded with 
CFSE and then conju- l 
gated with antigen- 
loaded APCs. Cell con- 3 
jugates were disrupt- A 
ed by two rounds of EL 

complement lysis of [ 
the APCs at various 
time points with an A 

antibody to I-Ek 
(14.4.4). T cells were 5& 
reisolated and recul- 
tured with unloaded 
APCs. After 72 hours, 61 
T cell proliferation iL J 
was determined by __ 

flow cytometric mea- 
surement of CFSE 
staining of T cells. Panel 1, disrupted after 1 
hour. Panel 2, disrupted after 1 hour, 30 min. 
Panel 3, disrupted after 2 hours. Panel 4, dis- 
rupted after 2 hours 30 min. Panel 5, disrupted 
after 4 hours. Panel 6, disrupted after 6 hours. 
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larized secretion (20). We favor the idea that 
the immunological synapse is involved in 
TCR down-regulation and endocytosis. TCR 
endocytosis might be required for signaling 
as proposed for the epidermal growth factor 
(EGF) receptor (21) or could function to at- 
tenuate TCR signaling responses (22). Final- 
ly, it is possible that the immunological syn- 
apse provides a surface allowing the activa- 
tion and engagement of receptors other than 
the TCR. For example, cytokine signaling is 
potentiated in the context of focal adhesions 
(23). Secondary signaling pathways that are 
up-regulated after TCR triggering, such as 
ICOS and CTLA-4, might be facilitated by 
synapse formation (24). Clearly, a better un- 
derstanding of the structure and function of 
the immunological synapse will lead to in- 
sights into the T cell activation process. 
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