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Activation of T cells by antigen-presenting cells (APCs) depends
on the complex integration of signals that are delivered by
multiple antigen receptors. Most receptor-proximal activation
events in T cells"” were identified using multivalent anti-receptor
antibodies, eliminating the need to use the more complex APCs.

82 Nature © Macmillan Publishers Ltd 1998

As the physiological membrane-associated ligands on the APC
and the activating antibodies probably trigger the same biochem-
ical pathways, it is unknown why the antibodies, even at saturat-
ing concentrations, fail to trigger some of the physiological T-cell
responses’. Here we study, at the level of the single cell, the
responses of T cells to native ligands. We used a digital imaging
system and analysed the three-dimensional distribution of recep-
tors and intracellular proteins that cluster at the contacts between
T cells and APCs during antigen-specific interactions>. Surpris-
ingly, instead of showing uniform oligomerization, these proteins
clustered into segregated three-dimensional domains within the
cell contacts. The antigen-specific formation of these new, spa-
tially segregated supramolecular activation clusters may generate
appropriate physiological responses and may explain the high
sensitivity of the T cells to antigen.

Engaged and activated lymphocyte-bound receptors, together
with their associated proteins, can be identified and studied, at the
single-cell level, by their localized clustering at the T-cell-APC
contact’™. Cloned D10 T cells, specific for the antigens conalbumin
and 1Ak, were mixed with APCs that had been pulsed with
conalbumin (500 pgml™), and, 30 min later, the cell mixtures
were fixed and doubly immunofluorescently labelled with antibo-
dies specific for talin and for protein kinase C (PKC)-6 (Fig. 1). Sets
of 46 serial optical sections, 0.2 um apart along the z axis, were
recorded for each of the immunofluorescent labels. The three-
dimensional image sets, which span the entire boundaries of the
cell conjugates, were computationally processed using deconvolu-
tion software to eliminate the out-of-focus haze, thereby improving
the spatial resolution and fidelity of the data’.

Figure 1a, b shows the labelling for talin and PKC-6 in one of the
deconvolved optical sections, through the middle of the cell con-
jugate. Such single two-dimensional images show that both talin
and PKC-0 clustered at the cell contact, as reported previously™®, but
they also indicated some differential localization. Surprisingly, the
reconstructed three-dimensional views of the cell contacts showed
that these proteins were present in two distinct, non-overlapping
domains (Fig. 1d, e). Talin was enriched in most of the contact area,
but was absent from a smaller central region (Fig. 1d). In contrast,
PKC-8 was enriched in only a small contact area (Fig. le) from
which talin was largely excluded (Fig. 1f). The same contact
domains were also seen when other anti-talin and PKC-0 antibodies
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Figure 1 The localization of talin and PKC-6 at the three-dimensionally
reconstructed T-cell-APC contact site. The antigen-specific D10-CH12 cell
conjugates were labelled with guinea-pig antibodies specific for talin (a, d) and
rabbit antibodies specific for PKC-6 (b, e). a, b, A single 2D optical section (along
thex-y axis)in the centre of the cell conjugate whose Nomarskiimage is shownin
c. d-f, The 3D view of the entire cell contact (along the x-z axis). f, Both talin
(green) and PKC-6 (red) are shown at the cell contact. Note that the two proteins
are present in two distinct domains.
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were used and when the fluorescent labels for talin and PKC-6 were
switched (data not shown). Moreover, similar three-dimensional
contact domains were seen in control experiments in which the T-
cell-APC conjugates were labelled singly with either anti-talin or
anti-PKC-6 antibodies (data not shown). None of these domains
were seen in antigen-nonspecific conjugates, for which neither talin
nor PKC-0 was enriched in the contacts.

The activation-induced segregation of talin and PKC-0 indicated
that the molecular composition of the cytoplasmic side of
the contact is not uniform. To determine whether clustered recep-
tors also spatially segregate in the T-cell-APC contact sites, we
analysed the three-dimensional distribution of two receptors, LFA-1
and the T-cell antigen receptor (TCR). LFA-1 associates with talin,
but not with PKC-0, in activated T cells**®. Activation of the TCR by
the APC is required for the translocation of both PKC-6 and talin,

Figure 2 The 3D redistribution of LFA-1 in antigen-specific T-APC conjugates. In
Figs 2,3, 5,7 and 8, each cell conjugate is shown in two rows of three panels. The
top row of each pair of rows starts with a Nomarski image. The next two panels
show each of the two labels in a single optical section along the x-y axis. The
bottom row of each pair starts with a panel showing both labels in the 3D view of
the entire contact area (x-z axis). The next two panels show each of the
corresponding labels in the 3D view of the contact. The 3D views were magnified
by 50% to show more detail. Antigen-specific (a-1) and antigen-nonspecific (m-r)
conjugates of AD10-CH12 cells are shown. The cells were labelled with rat
antibodies specific for LFA-1 (in green, b, e, h, k, n, g), guinea-pig antibodies
against talin (in red, ¢, f, o, r) or rabbit antibodies specific for PKC-6 (in red, i, I).
Note that LFA-1 is enriched in most of the contact, like talin, but is excluded from
PKC-6. None of these proteins cluster and organize in the antigen-nonspecific
conjugates.
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but antibody co-capping experiments failed to show an association
between the TCR and either talin or PKC-6>*°. We conjugated T
cells from AD10-TCR transgenic mice with CH12 cells, which had
been pulsed with the antigen pigeon cytochrome C (PCC) (50 wgml™).
The cell mixtures were doubly labelled with anti-LFA1 and either
anti-talin or anti-PKC-6 antibodies (Fig. 2). The immunofluores-
cent images show that LFA-1, talin and PKC-0 cluster at the cell
contact in antigen-specific conjugates (Fig. 2b, ¢, h, i) but not in
antigen-nonspecific conjugates (Fig. 2n, o). The three-dimensional
reconstructed views of the cell contacts showed that LFA-1 and talin
were enriched in most of the contact, and both were excluded from
the same central contact area (Fig. 2d—f). In contrast, LFA-1 and
PKC-6 were segregated into two different contact domains (Fig. 2j-1).

Figure 3 The 3D redistribution of TCR-CD3 in antigen-specific (a-r) but not in
antigen-nonspecific (s-x) T-cell-APC conjugates. D10-CH12 (a-l) and AD10-
CH12 (m-x) cell conjugates were labelled with anti-CD3 antibodies (in green, b, e,
h, k, n, q,t,w)and any of the following antibodies (in red): anti-LFA1 (¢, f), anti-V8
chain of the TCR (i, I) or anti-talin (o, r, u, x). See Fig. 2 legend for layout of panels.
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The formation of these three-dimensional domains depended on
recognition of specific antigen. In antigen-nonspecific conjugates,
LFA-1 and talin remained randomly distributed (Fig. 2p—r).

We determined the spatial distribution of the TCR—CD3 complex
in antigen-specific AD10-CH12 and D10-CH12 cell conjugates
(Fig. 3). Clusters of CD3 and LFA-1 were observed in the contact
area (Fig. 3a—f). There were, however, significant quantitative and
qualitative differences between the clusters of LFA-1 and CD3.
Quantitative three-dimensional analysis of the entire cell mem-
branes showed that 78 = 9% (mean = s.d.) (n = 20) of total sur-
face LFA-1 was present at the cell contacts, and only 42 = 9%
(n = 20) of the TCR was in the contact (Fig. 4a). The fraction of the
TCR in the contact was only slightly higher than that of the class I
major histocompatability complex (MHC) protein H2k, a mem-
brane protein that did not cluster (36 * 5%; n = 10) (Figs 4a and
50, r). The contact may contain both ligand-bound and unbound
receptors. Receptor ligation at the cell contact results in a localized
enrichment that is proportional to the extent of binding*®'’. We
determined the fraction of clustered (that is, bound) LFA-1 and
TCR by quantifying contact voxels whose intensity was higher than
the intensity of the voxels in the rest of the T-cell membrane. In this
analysis, only a small fraction of total TCR (6 * 3%) appeared to be
ligand-bound in the contact. In contrast, most LFA-1 (78 % 9%)
appeared to be ligand-bound (Fig. 4b). This difference concurred
with the expected relative concentrations of the cell-adhesion
molecule ICAM and specific peptide—IAk (IAk is a class I MHC
protein) complexes'', the ligands for the LFA-1 and TCR, respect-
ively. In addition, although clustered LFA-1 was present along most
of the contact area, the clustered TCR was confined to only
6.2 £ 2.4% of the contact area. To estimate the frequency of TCR
clustering among all T-cell-APC couples, we used Nomarski optics
to identify cell conjugates and blindly imaged their TCR labelling.
Clustered TCR was detected in 28 of such 29 randomly selected cell
conjugates.

Three-dimensional analysis of the cell contacts showed that
clustered LFA-1 and TCR were spatially segregated from each
other (Fig. 3d—f). Similar three-dimensional domains were seen
in control experiments in which the cells were either singly labelled
for only one of the receptors or doubly labelled with other antibody
combinations. These results indicate that the mutual exclusion of
the two receptors reflected their distinct spatial distribution and was
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Figure 4 Quantitative analysis of the fractional distribution of receptors for the T-
cell-APC contact site. Conjugates of D10 and CH12 cells, which were pulsed with
500 wg mI~" conalbumin, were singly labelled with anti-LFA1, anti-V8 chain of the
TCR or anti-H2k antibodies. 3D images of cell couples were recorded and the
localized surface expression of the different receptors was quantified. a, The
labelling in the entire cell contact expressed as a percentage of total T-cell
labelling. b, The clustered (that is, engaged) receptors at the contact as a
percentage of total T-cell labelling.
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not due to an inability to label two antibodies in the same domain.
The clustering of the TCR was further confirmed by doubly labelling
D10-CH12 cells with antibodies directed against CD3-€ and V38—
TCR (Fig. 3g-1), as well as by labelling the cytoplasmic tail of the (-
chain of CD3 (not shown). The spatial segregation of the clustered
TCR was detected in several different antigen-specific T-cell clones
(as in Fig. 3) and, significantly, in ex vivo T cells from TCR-
transgenic mice (Fig. 3a—f). The TCR did not cluster and did not
form a centrally focused domain in antigen-nonspecific conjugates
of T-helper (Ty) cells and APCs (Fig. 3t, v, w).

In extra control experiments, AD10-CHI2 conjugates were
doubly labelled with anti-CD3 antibodies and with a murine anti-
body specific for H2k (Fig. 5m—r). H2k is a membrane glycoprotein
that is not expected to be involved in this interaction, as the TCRs of
the AD10 T cells recognize peptide that is bound to class II, not class
I, MHC. Although the TCR-CD3 was focused in the contact
(Fig. 5n, p, q) the labelling for H2k remained uniform and was
neither enriched nor depleted from any domain (Fig. 50, p, r). These
results indicate that the segregation of membrane proteins into
contact domains is a specific and regulated process, and is not
caused by the passive sorting of proteins. Thus, the three-dimensional
analysis of the entire site of interaction between Ty cells and APCs
shows, surprisingly, that receptors and intracellular proteins that are

Figure 5 The 3D redistribution of TCR-CD3 and class Il MHC in antigen-specific
T-cell-APC conjugates. AD10-CH12 (a-f and m-r) and D10-CH12 (g-I)
conjugates were labelled with anti-CD3 antibody (in green, b, e, h, k, n, q) and
with one of the following antibodies (in red): anti-lEk (¢, f), anti-lA« (i, 1) and anti-
H2k (o, r). Note that class Il antigens co-cluster with the TCR but that class |
antigens do not co-cluster. See Fig. 2 legend for panel layout.
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involved in physiological T-cell activation are organized into dis-
tinct spatial domains. We name these three-dimensional contact
domains ‘supramolecular activation clusters’ (SMACs), which
include the peripheral SMAC (p-SMAC) and the central TCR-
SMAC (c-SMAC) (Fig. 6).

Because the SMAC:s are seen only in antigen-specific conjugates,
it is likely that the c-SMAC is the site of TCR ligation. To further test
this idea, we determined whether class Il MHC, TCR ligand, clusters
in the APC, mirroring the ¢c-SMAC in the T cell. As the CH12 cells
express both TAk and IEk class I MHC, we used AD10 T cells that
recognize PCC peptide bound to IEk and D10 T cells that
recognize conalbumin peptide bound to IAk. 14-4-4, a murine
monoclonal antibody specific for IEk, and a rabbit antibody
directed against the cytoplasmic tail of IA-a (ref. 12) were used to
selectively localize IEk and IAk, respectively. Clustering of surface
IEk (Fig. 5¢) was detected at the contact of AD10—CH12 conjugates
that were doubly labelled with anti-CD3 and anti-IEk antibodies
(Fig. 5a—f). Remarkably, the clustered IEk on the APC mirrored the
c-SMACs on the T cell (Fig. 5d—f). Unlike IEk, labelled IAk was not
clustered at the AD10—CHI12 contact area (results not shown). The
reverse results were seen in D10—CHI12 cells. In these conjugates,
IAk, but not IEk, was clustered on the CH12 cells (Fig. 5g—1). Again,
the IAk cluster mirrored the c-SMAc, indicating that the clustered
TCR-CD3 complexes at the c-SMAC are probably bound to their
ligands.

To determine whether the SMACs are important for T-cell
activation, CHI12 cells were treated with CA37 (5pg ml™), an
agonist peptide, or with either ESA or E8T (5 wgml™), which are
altered peptides containing a single amino-acid substitution at
position 8 (ref. 13). Although the agonist peptide causes extensive
T-cell proliferation and cytokine production, the altered peptides
function as antagonist peptides for T cells derived from D10-TCR
transgenic mice and do not trigger cytokine production or T-cell
proliferation (for a complete description of these peptides, see ref.
13). The T-cell-APC conjugates were doubly labelled with anti-
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Figure 6 The p-SMAC and c-SMAC. a, 3D view of the entire cell contact. b, Cross-
section through the centre of a T-cell-APC contact, showing the molecular
clustering and segregation of the TCR, LFA-1, PKC-6 and talin.
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CD3 antibody, to detect the c-SMAC, and anti-talin antibody, to
visualize p-SMAC (Fig. 7). In the agonist-induced cell conjugates,
both talin and CD3 clustered at the cell contact and both p- and c-
SMACs were formed (Fig. 7a—f). Talin and CD3 also clustered at the
cell contacts in the altered-peptide-induced conjugates (Fig. 7h, i),
indicating that the TCR was engaged and that activation signals for
talin translocation were delivered. This is in agreement with pre-
vious studies showing that activation of talin clustering can be

Figure 7 Agonist peptides and not altered peptides cause the formation of
SMAGCs. Cell conjugates containing T cells from D10-TCR transgenic mice and
CH12 cells that were pulsed with either CA37, an agonist peptide (a-f), or EBA, an
antagonistic peptide (g-1), were labelled with anti-CD3 antibody (in green, b, e, h,
k) and anti-talin antibody (in red, ¢, f, i, ). See Fig. 2 legend for panel layout.

Figure 8 The rapid translocation of Fyn and Lck to c-SMACs. AD10-CH12 cell
conjugates were fixed 5 (for Lck) or 13 (for Fyn) min after cell conjugation and
labelled with anti-CD3 (in green, b, e, h, k), anti-Fyn (in red, ¢, f) or anti-Lck (inred, i,
1) antibodies. See Fig. 2 legend for panel layout.
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functionally uncoupled from the induction of T-cell proliferation®®.
Importantly, in these conjugates the clustered CD3 and talin failed
to segregate into SMACs and remained unorganized throughout
the contact (Fig. 7j—1). The SMAC:s failed to form even when the
CH12 cells were pulsed with higher concentrations of E8A (up to
50 wgml ™). These results indicate that receptor engagement by
itself, although necessary, is not sufficient to form the SMACs and
that receptor ligation without the formation of SMACs is not
sufficient to properly activate the T cells.

The formation of SMACs may explain several important issues
related to the physiological activation of T cells. The TCR—CD3
complexes do not remain randomly dispersed after binding ligand.
Instead, they immediately begin to assemble into a c-SMAC (Fig. 8).
Three-dimensional analysis indicated that, as early as 5-13 min
after cell conjugation, the Src-family kinases Lck and Fyn were also
enriched in the c-SMAC (Fig. 8). Other signalling proteins at the
p-SMAC (A.K. et al., manuscript in preparation) indicate that the
p-SMAC may also act in T-cell signalling, albeit providing signals
that differ from the c-SMAC signals. It is thus likely that the
regulated segregation of activated receptors and their associated
proteins would generate unique signals that would not be otherwise
generated by randomly co-aggregated receptors.

Activation of receptor-associated tyrosine kinases and the appro-
priate tyrosine phosphorylation of the cytoplasmic tails of receptors
and of multiple intracellular proteins"® requires the formation of
receptor signalling complexes''°. The SMACs identify a new,
additional level of regulated molecular interactions, whereby indi-
vidual receptor signalling complexes appear to interact with each
other to form distinct supramolecular complexes. Although the
mechanisms that generate the SMACs are still unknown, it is likely
that the SMAC:s are assembled by receptor interactions with extra-
cellular ligands and with intracellular signalling and linking pro-
teins, which can express multiple protein-interaction domains'*™'S.
We are now studying the mechanisms that regulate the formation of
the SMAC:s and their roles in determining the fate of the activated T
cells. O
Methods
The T and B cells, the formation of cell conjugates, the antibodies and the
immunofluorescence labelling have been described’. The agonist peptide
CA37 and the altered peptides ESA and E8T, containing a substitution of the
glutamic acid at position 8 with alanine or threonine, as well as all the D10-
related cells, have been described" and were a gift from C. A. Janeway. The anti-
Taa antibody was a gift from J. Miller. P. Marrack provided the AD10-TCR
transgenic mice. The three-dimensional immunofluorescence and the corre-
sponding Nomarski images of the cells were recorded by a digital fluorescence
microscopy system (Intelligent Imaging Innovations, Denver, CO). The
imaging system included a chilled charge-coupled device (CCD) slow-scan
camera (Orbis, SpectraSource, Westlake Village, CA), a Zeiss Axiophot micro-
scope, a z-axis stepper motor (Della, Estes Park, CO), and excitation and
emission filter wheels (LEP, Hawthorne, NY) with narrow-band optical filters
(Chromatech, Brattleboro, VT). All of these components were controlled by
SlideBook software (Intelligent Imaging Innovations). SlideBook software was
used for three-dimensional image capture, deconvolution and rendering. At
least 100 cell conjugates per coverslip were analysed. All the three-dimensional
image sets were analysed using Nearest Neighbour Deconvolution. In addition,
at least 25 of the same conjugates were also processed by the much slower
Constrained Iterative Deconvolution, applying 20 iterations on the three-
dimensional image sets. Additional iterations had no detectable effects on the
images. There were no obvious differences between the images that were
generated with the two different deconvolutions. The three-dimensional
front views of the cell contacts were generated as orthographic projections of
the voxels that make up the T-cell-APC contact.
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In most eukaryotes, commitment to cell division occurs in late G1
phase at an event called Start in the yeast Saccharomyces
cerevisiae', and called the restriction point in mammalian cells®.
Start is triggered by the cyclin-dependent kinase Cdc28 and
three rate-limiting activators, the Gl cyclins Clnl, Cln2 and
Cln3 (ref. 3). Cyclin accumulation in Gl is driven in part by the
cell-cycle-regulated transcription of CLN1 and CLN2, which peaks
at Start’. CLN transcription is modulated by physiological signals
that regulate G1 progression*’, but it is unclear whether Cln
protein stability is cell-cycle-regulated. It has been suggested that
once cells pass Start, Cln proteolysis is triggered by the mitotic
cyclins CIbl, 2, 3 and 4 (ref. 6). But here we show that G1 cyclins
are unstable in G1 phase, and that Clb—Cdc28 activity is not
needed for GI1 cyclin turnover. Cln instability thus provides a
means to couple Cln—Cdc28 activity to transcriptional regulation
and protein synthetic rate in pre-Start G1 cells.
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