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Spatial organization of signaling complexes is a defining charac-
teristic of the immunological synapse (IS), but its impact on cell
communication is unclear. In T cell-APC pairs, more IL-2 is produced
when CD28 clusters are segregated from central supramolecular
activation cluster (cSMACQ)-localized CD3 and into the IS periphery.
However, it is not clear in these cellular experiments whether the
increased IL-2 is driven by the pattern itself or by upstream events
that precipitate the patterns. In this article, we recapitulate key
features of physiological synapses using planar costimulation ar-
rays containing antibodies against CD3 and CD28, surrounded by
ICAM-1, created by combining multiple rounds of microcontact
printing on a single surface. Naive T cells traverse these arrays,
stopping at features of anti-CD3 antibodies and forming a stable
synapse. We directly demonstrate that presenting anti-CD28 in the
cell periphery, surrounding an anti-CD3 feature, enhances IL-2
secretion by naive CD4* T cells compared with having these signals
combined in the center of the IS. This increased cytokine produc-
tion correlates with NF-«B translocation and requires PKB/Akt
signaling. The ability to arbitrarily and independently control the
locations of anti-CD3 and anti-CD28 offered the opportunity to
examine patterns not precisely attainable in cell-cell interfaces.
With these patterns, we show that the peripheral presentation of
CD28 has a larger impact on IL-2 secretion than CD3 colocalization/
segregation.
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ommunication between T cells and antigen-presenting cells

(APCs) forms a key regulatory point of the immune system,
mediated in large part by interactions between cell-surface
proteins in a small (=75 um?) intercellular contact area termed
the immunological synapse (IS). It is hypothesized that the
spatial organization of receptor/ligand complexes within the IS
is an important part of the language of T cell-APC communi-
cation (1, 2). The archetypical organization of mature synapses
consists of a central supramolecular activation cluster (cCSMAC)
containing TCR/MHC complexes and surrounded by a periph-
eral (pSMAC) region rich in ICAM-1/LFA-1 clusters; the func-
tion of this bull’s-eye pattern, as well as alternative geometries,
in modulating T cell activation is of much contemporary interest
(3-7). Recent studies have also suggested a functional role of
microscale organization of CD28 ligation, a classic costimulatory
signal, in modulating T cell response. Andres et al. (8) showed
that during the initial minutes of T cell/APC interaction, CD28
and TCR comigrate, leading to cSMAC localization of both
complexes. At later time points, Tseng and colleagues (9)
showed that CD28/CD80 complexes segregate from TCR/MHC
into either the ¢SMAC periphery or pSMAC. Surprisingly,
truncation of the CD80 cytosolic domain, which reduces T cell
activation (10), promoted colocalization of TCR/MHC and
CD28/CD80 complexes in the cSSMAC (9). Because the modi-
fications to CD80 were in the APC, this result suggests that T
cells recognize and respond to micrometer-scale organization of
CD28 ligands, particularly with respect to TCR signaling com-
plexes. However, it has been difficult to test this hypothesis
further by using T/APC systems.

www.pnas.org/cgi/doi/10.1073/pnas.0710295105

To gain the required control over IS geometry, we replaced
the APC with a planar substrate containing high-density arrays
of antigenic and costimulatory signals (Fig. 14). The use of such
surfaces to investigate the IS is well established (3, 5, 11, 12). In
particular, Doh and Irvine (13) used complementary, two-
component patterns of TCR and LFA-1 ligands to modulate the
geometry of synapses formed by preactivated T cells, demon-
strating that changing the geometry of TCR engagement mod-
ifies activation. However, our need to independently control the
geometry of TCR and CD28 ligands, against a background of
ICAM-1, poses a more complex challenge in surface prepara-
tion. We combined multiple rounds of microcontact printing
(14-17) on a single substrate, yielding an additive and extensible
process that offers arbitrary control over pattern geometry. We
demonstrate that naive CD4* T cells respond differentially to
these patterns, as measured by secretion of IL-2. From this
high-level cellular function, we examine the molecular events
leading from TCR/CD28 engagement to IL-2 secretion (18, 19)
and identify Akt as a key integrator that allows T cells to
recognize pattern geometry.

Results

Patterning of Multicomponent Surfaces. To test the hypothesis that
microscale organization of TCR and CD28 signaling within a
single IS can modulate activation of naive T cells, we designed
two patterns of ligands for the TCR complex and CD28,
surrounded by LFA-1. In a “colocalized” configuration (Fig.
1B), each synaptic site contains activating antibodies to both
TCR (anti-CD3) and CD28 (anti-CD28) in a single 2-um-
diameter feature. The two antibodies were combined in solution
and patterned on a surface in a single step; ICAM-1 was
subsequently deposited from solution. In a “segregated” con-
figuration (Fig. 1C), CD28 engagement is redirected to a set of
1-pm-diameter satellite features; by this design, a typical cell of
6-um diameter is expected to interact with four satellite features,
together presenting the same total stimulation as a single site on
the colocalized surface. These three-component surfaces were
created by patterning anti-CD3 and anti-CD28 in separate steps
of microcontact printing, followed by coating the substrate with
ICAM-1. The resultant features showed minimal cross-
contamination, as illustrated in Fig. 1C Inset. While various
implementations of microcontact printing often result in accu-
mulations of proteins along pattern boundaries, our choice of
conditions yielded features that dropped off smoothly over ~500
nm from a uniform, central plateau.

T cell responses depend highly on the surface concentration of
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Fig.1. Tcellinteraction with micropatterned, costimulatory arrays. (A) CD4*
cells were presented with surfaces that capture the microscale organization of
ligands associated with T cell costimulation. Colocalized patterns were created
by mixing anti-CD3 and anti-CD28 antibodies (yellow) in asingle step (B), while
segregated patterns were defined by sequential patterning of anti-CD3 (red)
and anti-CD28 (green) on a single surface (C). (Inset) Fluorescence profile
across a segregated site. ICAM-1 was coated onto the remainder of these
surfaces but is omitted here for clarity. (Scale bar: 10 um.)

ligands. To control this factor, we first measured the surface
density of antibodies deposited by microcontact printing. The
fluorescence intensity of printed antibodies was quantified by
using a series of supported lipid bilayers containing defined
amounts of labeled lipids as calibration standards. The plateau
of these features corresponded to a density of 200 molecules per
wm?, with a variation of ~15% across different regions of a
substrate and between samples (n = 7). This density is a small
fraction (<10%) of a close-packed protein monolayer but is in
the range required to evoke a costimulatory response and much
larger than that needed for effective TCR engagement (11).
Surface density was independent of feature size and similar for
anti-CD3 and anti-CD28. The surface density of these antibodies
was adjusted by dilution with TS2/4 (an antibody that is nonre-
active in the context of these experiments) in the coating solution
while keeping the total concentration of protein constant. The
concentration of patterned antibody, demonstrated for anti-CD3
in supporting information (SI) Fig. S1, varied linearly with
dilution with TS2/4; this choice of antibodies is quite fortuitous
because we do not expect this linear relation to be universal,
given variations in the stamping properties of different antibod-
ies. Our approach was further confirmed on surfaces with
“standard” colocalized and segregated patterns defined in the
following section; dilution with TS2/4 was used to control the
amount of anti-CD3 and anti-CD28 (labeled with Cy5 and Alex
568, respectively) presented to a typical cell. On colocalized
surfaces, total fluorescence (arbitrary intensity units X pixels)
associated with each 2-um feature was 6.9 X 10° *= 9.8 X 10* for
anti-CD3 and 5.4 X 10° = 7.7 X 10° for anti-CD28 (mean * SD,
n > 120 features; the magnitudes reflect differences in surface
concentration, spectra, and camera response). On segregated
patterns, the anti-CD3 intensity associated with each 2-um
feature was 7.0 X 10° *= 7.7 X 10%, similar to the colocalized
surface, while that for anti-CD28 on each 1-um feature was 1.4 X
105 + 4.3 X 10% thus ¥ of that from the larger 2-um feature on
the colocalized pattern, as designed.

T Cell Recognition of Costimulatory Arrays. Naive CD4* T cells
(>85% purity) were isolated from mouse lymph nodes and
seeded onto patterned surfaces. As illustrated in Fig. 24 and
Movie S1, cells were able to attach to and traverse across these
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Fig. 2. Interaction of CD4" T cells with micropatterned arrays. (A) In this
series of images, features of anti-CD3 (larger, 2-um dots) and anti-CD28
(smaller, 1-um dots) are shown in red. Cells were seeded onto surfaces 30 min
before collection of this time series. A full movie is shown as Movie S1. (Scale
bar: 10 um.) (B) Localization of TCR (detected by using an H57 antibody) and
CD28 (antibody against the cytosolic domain) follows the patterned antibod-
ies. (Scale bar: 5 um.) (C) Cells on segregated surfaces interacted predomi-
nantly with three or four anti-CD28 features (see text).

arrays. Cells were predominantly rounded in morphology and
slowly motile (1-4 wm/min; upper cell in Fig. 24 and Movie S1)
as is characteristic for naive cells (20), although polarized, highly
migratory cells (10-20 wm/min; lower cell in Fig. 24 and Movie
S1) were occasionally observed. Both types of cells halted on
anti-CD3 features, typically within the first 30 min of being
seeded onto a substrate, similar to the “stop” signal associated
with TCR engagement by preactivated T cells observed (13, 21).
Cells remained locally active, extending processes away from the
anti-CD3 dot but not releasing this feature. Cells were very
sensitive to the presence of anti-CD3 and were able to recognize
dots as small as 1 um in diameter and diluted 1:10 (wt/wt) with
TS2/4. In contrast to anti-CD3, anti-CD28 did not stop T cell
motion, even when patterned at high concentration. We thus
established a set of three standard patterns.

* CD3-only (CD3): square array of 2-um-diameter dots pat-
terned by using a 1:10 dilution of anti-CD3:TS2/4 (2.5 ug/
ml:25 pg/ml) and spaced at a 12-um center-to-center pitch.
This control surface reflects TCR signaling without costimu-
lation.

* Colocalized (COL): array of 2-um-diameter dots patterned by
using a 1:10 mix of anti-CD3:anti-CD28 spaced at a 12-um
pitch. This pattern mimics the IS pattern observed with
cytoplasmic domain deleted CD80.

* Segregated (SEG): array of 2-um-diameter dots (12-um pitch)
patterned by using a 2.5 pg/ml:25 pg/ml mix of anti-
CD3:TS2/4. This was overlaid with an array of 1-um-diameter
dots of anti-CD28 (25 ug/ml) spaced at a 4-um pitch. This
mimics the IS pattern observed with intact CD8O0.

TCR and CD28 localization closely reflected the patterns of
anti-CD3 and anti-CD28 (Fig. 2B, collected 30 min after cell
seeding), indicating that these surfaces were effective at direct-
ing receptor ligation. Interaction with the segregated pattern was
further characterized by counting the number of anti-CD28
features that cells contacted. Two hours after seeding, the
cell-substrate interface was observed by interference reflection
microscopy at 10-sec intervals over a period of 10 min; these
footprints, which were slightly smaller than the cell bodies as
visualized in Fig. 24, were then correlated with the positions of
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Fig. 3. Modulation of IL-2 secretion. (A) IL-2 secretion (green) over 6 h was
measured on a cell-by-cell basis. Patterns of anti-CD3 and anti-CD28 antibod-
ies are shown in red. (Scale bar: 25 um.) (B) Histogram of IL-2 secretion from
a representative experiment. IL-2 secretion on each of these conditions is
statistically different from the other two (both ANOVA and Kruskal-Wallis
analysis, « = 0.01).

anti-CD28 features. Three representative graphs of the number
of anti-CD28 features in contact with an individual cell as a
function of time are shown in Fig. 2C Upper, and a histogram of
fraction of time (frames/total frames) that individual cells were
in contact with a specific number of features (mean = SD, n =
12 cells from a representative experiment) is presented in Fig. 2C
Lower. Cells were predominantly in contact with three or four
features, as desired for our design.

Costimulation Geometry Modulates IL-2 Secretion. IL-2 secretion
was measured by using a surface-capture technique in which IL-2
released by a cell is captured and detected on the cell surface,
providing a cell-by-cell, spatially resolved measure of IL-2 se-
cretion (Fig. 34). IL-2 secretion was 2- to 3-fold higher on SEG
compared with COL patterns (Fig. 3B). IL-2 secretion on
CD3-only surfaces was smaller than on COL (factor of 15),
demonstrating the need for costimulatory signals other than
provided by ICAM-1 for naive T cells. These conditions are
statistically different from each other, as determined by both
ANOVA and Kruskal-Wallis methods (a = 0.01, n > 1,000 cells
per surface).

Alignment between the anti-CD3 and anti-CD28 features on
the SEG surfaces had only a minor effect on IL-2 secretion. Our
surfaces exhibit a gradual phasing in which one region contains
well separated anti-CD3 and anti-CD28 features (Fig. 1B), while
hundreds of micrometers away, individual anti-CD28 dots over-
lapped with a larger anti-CD3 feature. However, our microsco-
py-based analysis allowed correlation of IL-2 secretion with the
geometry of anti-CD3 and anti-CD28 ligands on the underlying
surface. Although average IL-2 secretion by cells on well sepa-
rated patterns was typically 10% higher than on overlapping
features, these groups were not consistently statistically different
(a = 0.05, n = 700-3,000 cells per group), suggesting that the
presentation pattern of CD28 may have a larger impact on cell
response than registration/segregation from the TCR signal, an
aspect that will be revisited later in this study.

NF-xB Translocation. CD28-mediated costimulation contributes to
IL-2 production by both transcriptional activation and mRNA
stabilization (22-24), with transcription being dependent on
translocation of NF-«kB from the cytosol to the cell nucleus (25).
To determine whether NF-«B is involved in sensing the pattern
of CD28 engagement, we imaged nuclear p65 subunit by 3D
fluorescence microscopy (Fig. 44). NF-«B translocation, mea-
sured as fluorescence intensity within the core of the nucleus,
followed that of IL-2 secretion (Fig. 4B) and was significantly
different between all patterns (a = 0.01, n > 80 on each surface).
The ability of T cells to discriminate between the SEG and COL
patterns is thus driven in part by processes upstream of NF-«B
translocation.

Shen et al.
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Fig. 4. Modulation of NF-kB translocation. (A) NF-«B within the core of the
nucleus was measured by segmentation of an image stack. (B) Box plots of
average NF-«B in the cell nucleus. The whiskers and elements of the boxes
correspond to 5, 25, 50, 75, and 95 percentiles of the data, whereas the
diamond corresponds to the dataset average. Each condition is statistically
different from the other two (a = 0.01).

PKCO Recruitment. We then focused on PKC6 recruitment, which
is implicated in NF-«B activation and is specifically recruited to
the IS (18-20, 26-29). Immunochemical staining for PKC6 in
cells fixed at time points from 30 min to 4 h revealed a similar
localization across the COL and SEG surfaces, with PKC6 areas
overlying anti-CD3 (Fig. 5). A minor, diffuse distribution of
PKCS6 in proximal areas surrounding these features was also
observed. PKC# clusters were also occasionally observed on
features of anti-CD28 (without anti-CD3) but were less prom-
inent than those on the anti-CD3 features. These results suggest
that PKC6 recruitment is not involved in distinguishing between
the COL and SEG patterns. A similar distribution was observed
on the CD3 pattern, but cells withdrew from these surfaces over
several hours (outlines in Fig. 5), suggesting a weaker interaction
in the absence of CD28 signaling.

Akt Signaling. PKB/Akt is involved in the control of T cell
survival, growth, NF-«kB activation, and IL-2 mRNA stability
(30-33). Activity depends on the association of this protein with
the cell membrane but also involves the release of phosphory-
lated Akt to allow interaction with downstream molecules;
immunochemical staining provides only a limited view into Akt
activity. Instead, we took a pharmacological approach to exam-
ining the role of this pathway, carrying out the IL-2 secretion
assay in the presence of triciribene, an Akt inhibitor that does not
affect upstream molecules such as PI3K and PDK (34, 35). IL-2
secretion on COL and SEG patterns was reduced in the presence
of this inhibitor (Fig. 64). These inhibited levels were higher than
on the CD3 surfaces (a = 0.01)—indicating that CD28 signaling
was not completely inhibited—and similar to each other (no
difference observed at a = 0.05).

30 min 1 hour 4 hour

CIj:i---

[——]

Fig. 5. PKC6 localization is similar across patterns. Patterned antibodies are
shown in red, and PKC6 is shown in green. Cell outlines at the substrate
interface were generated from long-exposure images and are indicated by
dotted lines. (Scale bar: 7 um.)
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Fig. 6. Inhibition of Akt. (A) Six-hour secretion of IL-2 in the presence of the
Akt-inhibitor triciribene. No significant difference was detected between
experiments indicated by asterisks (« = 0.05). All other comparisons indicated
significant differences (e = 0.01). (B) PI3K (green, showing p85«, subunits)
distribution on colocalized and segregated patterns. Patterns of anti-CD3 and
anti-CD28 ligands are shown in red. Cells were fixed 10 min after seeding.
(Scale bar: 5 um.)

Like many elements of T cell signaling, CD28 and Akt interact
not directly but through the activity of other proteins. To identify
a mechanism for modulating Akt, we examined PI3K, which can
interact with CD28 and convert PIP, to PIPs. PIP; is required for
Akt activation and has a widespread distribution in T-B conju-
gates (36-38). Changing the distribution of active CD28 com-
plexes may thus alter the extent of PIPs-rich regions of the lipid
membrane. PI3K staining of cells on COL patterns indicated
small, bright clusters over the anti-CD3/CD28 features. On SEG
patterns, these clusters were also localized over the central
anti-CD3 feature, with minimal association with the anti-CD28
dots, similar to that on COL patterns, suggesting that this route
is not recognition of these patterns. PI3K clusters also occasion-
ally associated with the anti-CD28 dots in cells not in contact
with anti-CD3 features (Fig. 6B).

Correlation with CD28 Geometry. Finally, we examined two addi-
tional variations on the “standard” patterns, which are observed
rarely in T-APC conjugates, but are useful in hypothesis testing.
The first, a “reverse segregated” pattern, consisted of a central
2-um feature of anti-CD28 surrounded by 1-um dots of anti-
CD3 (Fig. 74). Cells attached to anti-CD3, typically interacting
with three, but sometimes four, individual features. IL-2 secre-
tion (counting only cells that also covered an anti-CD28 feature)
was significantly decreased compared with the SEG pattern but
higher than on the COL surface (Fig. 7B, a = 0.01). The second
pattern was a “reversed colocalized” configuration of 1-um dots
spaced at 4-um intervals and containing both anti-CD3 and
anti-CD28; unlike the overlapped SEG patterns described ear-
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SEG COL

Fig.7. IL-2secretion correlates primarily with CD28 geometry. (A) Additional
geometries of anti-CD3 and anti-CD28 ligands. (B) Six-hour IL-2 secretion on
these patterns. Data from each pattern are different from all other conditions
(Kruskal-Wallis analysis, « = 0.05).
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lier, each anti-CD28 feature also contained anti-CD3. IL-2
secretion by cells on this surface was slightly higher than that
observed on the SEG pattern making reverse colocalized the
most potent pattern (Fig. 7B, a = 0.05).

Discussion

We demonstrate that the organization of TCR and CD28
signaling in the IS can modulate IL-2 secretion by naive CD4"
T cells. This report began with the hypothesis that segregation of
CD28 from TCR clusters was responsible for the potent co-
stimulatory effect of full-length CD80 observed in a T-APC
system (9). However, our results indicate that this effect is more
directly related to the change of CD28 signaling. Presentation of
anti-CD28 as a pattern of peripheral clusters, rather than a
cSMAC:-like cluster, enhances IL-2 production; in comparison,
changing the geometry of anti-CD3 either within the IS or with
respect to anti-CD28 had a smaller, secondary effect. The ability
to arbitrarily control the geometry of these signaling components
was important in developing these results and is broadly appli-
cable to a range of cellular systems. Interfaces between dendritic
cells and T cells often exhibit a multifocal distribution of TCR
complexes, segregated from LFA-1/ICAM-1 (39). In a parallel
study, CD80 was also found to be multifocal (S.-Y. Tseng, J. C.
Waite, M. Liu, and M.L.D., unpublished work), suggesting that
dendritic cells, highly effective T cell stimulators, may use the
layout of CD28 within the IS as part of the language of cell-cell
communication.

Identification of signaling pathways that are modulated in
response to IS geometry, along with mechanisms responsible for
this control, is important for understanding the functional
impacts of spatial organization. We determined that the ability
of T cells to discriminate the SEG and COL patterns correlates
with NF-«B translocation. In addition, inhibition of the Akt
pathway reduced IL-2 secretion on the two patterns to levels that
were higher than on CD3 alone and similar to each other (Fig.
6A), suggesting that Akt signaling is important in discriminating
between the patterns. However, the upstream mechanisms un-
derlying this effect, as well as the exact role that Akt has in these
processes, remain unclear. In particular, both PKC6 and PI3K
localized to regions of anti-CD3 on both SEG and COL arrays,
suggesting that these proteins are not involved in recognition of
these patterns. Localization of PI3K to the CD3 regions was
unexpected, given the presence of a docking site for this protein
on CD28. The association of PKC6 with anti-CD3 was also
unexpected because in the T-APC system in which TCR and
CD28 clusters appear segregated, PKC6 is robustly recruited to
CD28/CD80 clusters (9). Our current results do agree with those
of Doh and Irvine (13) for preactivated cells on anti-CD3,
however, suggesting that the use of an immobilized, activating
antibody rather than cell-bound, peptide-loaded MHC influ-
ences PKC#localization; whereas the use of activating antibodies
to drive T cell function is well established, the functional
differences between these and physiological ligands are not well
understood.

Alternatively, these observations may be related to the spatial
dynamics of signaling. Whereas the immobilized antibodies
provide good spatial definition of receptor ligation (at a level not
typically achievable at the cell-cell interface), downstream sig-
naling molecules are often free to leave the receptor location
(40). Immobilized sites of CD28 activation may serve as docking
sites of PKC#6 to the membrane, which subsequently shed and
migrate to regions of TCR activity; although highly speculative,
this would be consistent with PKC# localization to CD28 in the
presence of low, background levels of activated TCR on an APC
surface and the lack of strong PKC# localization on the anti-
CD28-only regions of Fig. 5. A similar dynamic may influence
localization of PI3K and indeed explain the switch of localization
shown in Fig. 6B. Furthermore, although it has been thought that

Shen et al.
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PKC# acts locally, the observation that NF-kB activation sites
are scattered in the cytoplasm suggests that the active compo-
nent of PKC6 may also need to interact transiently with surface
receptors and then dissociate to activate downstream tar-
gets (41).

Although the use of patterned antibodies to direct receptor
location offers several advantages, it does not capture the lateral
mobility of receptor complexes on the cell surface that are
involved in synapse maturation and modulation of activity of
signaling complexes. However, our results suggest that antibody-
based activation is more dynamic than may be anticipated from
the relatively high affinities of these interactions. On the SEG
patterns, cells repeatedly contacted and released features of
anti-CD28 (Fig. 2C), potentially leading to the generation of
new, active sites of CD28 signaling that continually refresh this
pathway. This behavior was not seen on the COL surfaces,
because the anti-CD3 signal, although present at a lower con-
centration than anti-CD28, is not as readily released. This could
also explain the relatively small impact of moving the anti-CD3
sites to the cell periphery. Finally, the ability of cells to break
contacts with anti-CD28 suggests a role of force generation in
signaling; the pSMAC region is active and rich in cytoskeletal
elements (42, 43). The role of TCR/MHC and CD28/CD80
mobility, including migration to the cSMAC structure, remains
an open question.

Methods

Substrate Preparation. Activating antibodies against CD3 (145-2C11) and CD28
(37.51) were purchased from eBioscience. TS2/4 antibody was from American
Type Culture Collection. Glass coverslips were cleaned by immersion into hot
detergent (Linbro 7X, diluted 1:3 with deionized water), rinsed with MilliQ-
grade water, and then baked at 450°C for 6 h. For microcontact printing,
topological masters were made by ebeam lithography with a 1-um PMMA
layer, spin-coated onto silicon wafers. Poly(dimethylsiloxane) stamps were
cast from these masters (44, 45) and coated, in this hydrophobic state, with
antibodies for 30 min, rinsed with PBS, PBS plus 0.05% Tween-20, and deion-
ized water, and then placed in contact with the cleaned coverslips for 1 min.
Substrates were rinsed extensively with PBS and then coated with ICAM-1 (as
a chimeric fusion with an Fc domain; R&D Systems) at 2 ug/ml for 2 h. These
patterns were stable throughout these experiments and in fact can last up to
several weeks (17). To estimate the surface concentrations of these proteins,
a fraction of the antibodies were labeled with Texas red before patterning
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onto substrates. Fluorescence intensities of these structures were compared
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T Cells. CD4* T cells were isolated from lymph nodes of C57BL/6 mice by
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