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Functional convergence of CD28 costimulation and TCR signaling is critical to T-cell activation and adaptive immunity. These
receptors form complex microscale patterns within the immune synapse, although the impact of this spatial organization on cell
signaling remains unclear. We investigate this cross talk using micropatterned surfaces that present ligands to these membrane
proteins in order to control the organization of signaling molecules within the cell-substrate interface. While primary human
CD4� T cells were activated by features containing ligands to both CD3 and CD28, this functional convergence was curtailed on
surfaces in which engagement of these two systems was separated by micrometer-scale distances. Moreover, phosphorylated Lck
was concentrated to regions of CD3 engagement and exhibited a low diffusion rate, suggesting that costimulation is controlled
by a balance between the transport of active Lck to CD28 and its deactivation. In support of this model, disruption of the actin
cytoskeleton increased Lck mobility and allowed functional T-cell costimulation by spatially separated CD3 and CD28. In pri-
mary mouse CD4� T cells, a complementary system, reducing the membrane mobility increased the sensitivity to CD3-CD28
separation. These results demonstrate a subcellular reaction-diffusion system that allows cells to sense the microscale organiza-
tion of the extracellular environment.

Spatial organization plays important roles in cell signaling, gov-
erning a wide range of functions, including migration, polar-

ization, and morphogenesis. A striking example at subcellular
scales has emerged in the immune synapse (IS), a small (�70-
�m2) area of contact between a lymphocyte and an antigen-pre-
senting cell (APC) which serves as a platform that focuses and
modulates cell-cell communication. The archetypal IS formed be-
tween a T cell and an APC contains a central supramolecular ac-
tivation cluster (cSMAC) of T-cell receptor (TCR)—pMHC com-
plexes surrounded by a peripheral supramolecular activation
cluster (pSMAC) with LFA-1–ICAM-1 (1–3). The interfaces of
different T-cell–APC pairings exhibit variations on this “bullseye”
pattern (4–10), and manipulation of IS structure modulates T-cell
activation (11–13), suggesting that microscale organization con-
tributes to the language of cell-cell communication. However, the
concept that signaling can be modulated at such scales places
stringent requirements on the dynamics of intracellular signaling
molecules (14–17), and experimental examples of such mecha-
nisms, particularly within the small dimensions of the IS, have
been elusive.

We focus here on spatially resolved, microscale cell signaling in
the context of CD28 costimulation. When bound by CD80 or
CD86, typically presented by an APC in conjunction with pMHC,
CD28 augments TCR signaling and is essential for full activation
of naive T cells. A role of spatial organization in this signaling was
established by experiments in which CD28 was engaged outside
the IS, a trans-costimulation configuration representing the ac-
tion of a bystander cell auxiliary to the main T-cell–APC interac-
tion (18–22). This configuration can lead to cellular activation,
but through different mechanisms than the cis-costimulation con-
figuration, in which CD28 is engaged within the IS, along with
TCR; interleukin-2 (IL-2) secretion is enhanced in trans costimu-

lation by stabilization of mRNA, while the cis configuration in-
volves higher levels of transcription (18–22). Subsequent studies
suggested a role of spatial organization within the IS in CD28
costimulation. CD28 initially comigrates with TCR in microclus-
ters from the IS periphery but separates from these structures at
the pSMAC-cSMAC boundary (23, 24), which correlates with in-
creased T-cell activation in mouse cells (25). In this report, we
show that microscale separation of CD28 from CD3 within the IS
modulates activation of primary human CD4� T cells, leading to a
new model of spatially resolved intracellular signaling involving
the convergence of two signaling pathways. We further propose
that the lateral mobility and dynamics of intermediate signaling
molecules allows cells to recognize microscale organization of
CD3 and CD28 and focus on Lck, a major Src family kinase ex-
pressed in T cells, as a representative example of this mechanism.
Lck is critical for TCR triggering and downstream signaling but
also phosphorylates and activates CD28 (26, 27). In addition, Lck
activity and presence within the immune synapse is under the
control of CD3 and CD28 (28–30). Together, these intercon-
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nected roles place Lck in a strategic position for coordinating CD3
and CD28 signaling.

MATERIALS AND METHODS
Substrate preparation. Borosilicate glass coverslips were patterned by
microcontact printing using previously described techniques (13) that
were further adapted for use here with human cells. Surfaces contained
arrays of costimulatory sites, spaced at 15- and 12-�m intervals for
human and mouse cells, respectively. These dimensions were chosen
for each cell type to allow spreading across an individual site while
limiting interaction with multiple sites and reflect the larger size of
human versus mouse cells. Each site consisted of anti-CD3 and anti-
CD28 antibodies arranged in two basic motifs or a combination of
these (Fig. 1B). The first is a single, 2-�m-diameter circle targeting the
center of the cell surface IS, while the second is a cluster of 1-�m-

diameter dots placed in the interface periphery. The clustered dots are
spaced at center-to-center distances of 5 and 4 �m for human and
mouse cells, respectively, such that a typical T cell will interact with
four features thus presenting the same area as a single 2-�m-diameter
circle. For each step, stamps were coated with a mix of species-specific
anti-CD3 and anti-CD28 antibodies totaling 25 �g/ml. Unless other-
wise specified, colocalized patterns were created using stamps coated
with a 1:3 mass ratio mix of OKT3 (Janssen-Cilag or Biolegend) to 9.3
(prepared in-house) for experiments with human cells or a 1:10 mix of
clone 145-2C11 to clone 37.51 (eBioscience) for mouse cells. Segre-
gated patterns were made by combining separate steps for anti-CD3
and anti-C28 on the same substrate, replacing the other active anti-
body in the mix with a nonreactive counterpart. TS2/4 (ATCC) and
goat anti-rat IgG (Invitrogen) were used for experiments targeting
mouse and human cells, respectively. Substrates were then coated with

FIG 1 Primary human CD4� T cells from peripheral blood sense the microscale separation of CD3 and CD28 signaling. (A) Micropatterned surfaces provide
control over the molecular organization of an artificial synapse. (B) Layout of an individual costimulation site. (C) Long-range arraying of primary human T cells
on micropatterned surface, 30 min after initiation of cell-surface contact. (D) Local, microscale control over the layout of TCR (CD3) and CD28 within artificial
immune synapses by patterning of anti-CD3 (OKT3) and anti-CD28 (9.3). These cells were fixed and stained 30 min after initiation of cell-surface contact. (E)
IL-2 secretion was curtailed by separation of CD3 and CD28 engagement by micrometer-scale distances. TCP � antibody coated tissue culture plastic. The data
are means � the SD from �2,000 cells per surface (n � 5 independent experiments) and were compared by using ANOVA/Tukey methods; overbars group
conditions that are not statistically different (� � 0.05). (F) Translocation of NF-	B in response to surface patterning. The data represent mean � the SD. from
three independent experiments, representing 17 to 25 cells per sample. Each condition was statistically different from all others (ANOVA/Tukey multiple
comparison, � � 0.05). (G) Changing the relative concentrations of OKT3 and 9.3 in the micropatterning process did not alter the sensitivity of human CD4�

T cells to segregated costimulation. The standard ratio of OKT3 to 9.3 is 1:3. The data are box plots from a representative experiment, representing more than
2,000 cells per surface, and compared using ANOVA/Tukey methods (� � 0.05). (H and I) Replacing OKT3 with HIT3a (H) or 9.3 with CD28.6 (I) did not
change the sensitivity of cells to segregated patterns. The data are box plots from representative experiments (n � 2,000 cells for each condition) and were
analyzed using Kruskal-Wallis/Tukey methods (� � 0.05). (J and K) Comparison of IL-2 secretion by CD4� T cells from human umbilical cord blood (J) and
mouse peripheral blood (K). The data represent �2,000 cells for each condition from a representative experiment. Within each experiment, each condition was
statistically different from all others, as analyzed using Kruskal-Wallis/Tukey methods (� � 0.05). (L) Activated Lck in primary human CD4� T cells is tightly
associated with features of anti-CD3. Cells were stained 15 min after initiation of cell-substrate contact. Pattern, anti-CD3 and anti-CD28; pSFK, anti-pY394; BF,
bright field. (M) Quantitative comparison of pLck correlation with anti-CD3 and anti-CD28. The data represent means � the SD for 10 to 15 cells on each
pattern. The data were analyzed by ANOVA/Tukey methods (� � 0.05). (N) Total Lck and CD45 were uniformly distributed across the cell-surface interface.
These representative cells were fixed 15 min after substrate contact.
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2 �g of species-specific ICAM/Fc/ml for 2 h; this protein consisted of
the extracellular domain of ICAM-1 fused with the Fc region of human
IgG (R&D Systems).

The microcontact printing conditions used here deposits 200 antibod-
ies/�m2 (13), consistent across the antibodies included here. Coating a
stamp with a mix of antibodies splits the resultant surface concentration
proportionally; the standard 1:3 mass-ratio mix of OKT3 and 9.3 pro-
duced surface concentrations of 50 and 150 molecules/�m2 (31). The
CD3, CCO, and PCO patterns were created in one step, while SEG and
PSG were created by sequentially stamping anti-CD28 and anti-CD3 onto
the same surface. For mouse cells, PCO patterns were created using the
repeating pattern of 1-�m dots used in the SEG pattern; cells on these
surfaces typically interacted with one group of four of these smaller fea-
tures. In specific experiments, cholera toxin subunit B (CTX) or bovine
serum albumin was mixed with ICAM/Fc at a mass ratio of 1:5; yielding
similar surface concentrations of ICAM/Fc.

T cells. Human CD4� T cells were purified from peripheral blood
lymphocyte fractions by negative selection (Rosette-Sep method; Stem
Cell Technologies). These preparations contained �95% CD4� cells, pre-
dominantly a mix of naive and memory phenotypes. Mouse CD4� T cells
were isolated from lymph nodes of C57BL/6 animals by bead-based, neg-
ative selection (Dynal beads; Invitrogen). These preparations contained
�85% naive cells (CD44�/CD62L
). Primary human T cells were either
isolated from leukopacks or provided by the Immunology Core of the
University of Pennsylvania Gene Therapy Program without information
identifying the specific donor. For indicated experiments, mouse CD4� T
cells were isolated from peripheral blood lymphocyte fractions by nega-
tive selection, while T cells from human cord blood were obtained from
the University of Pennsylvania Immunology Core. For all experiments,
cells were resuspended in RPMI (Invitrogen) plus 5% serum (fetal bovine
and mouse serum for human and mouse experiments, respectively) and
seeded onto surfaces at a density of 2 � 104 cells/mm2. To inhibit cyto-
skeletal dynamics in specified experiments, medium containing 1 �M
latrunculin B (LatB; Sigma-Aldrich) was washed within 15 min following
initiation of cell-substrate contact and incubated under standard cell cul-
ture conditions in this medium for an additional 15 min before analysis.
All animal procedures were carried out in accordance with protocols ap-
proved by the Columbia University Institutional Animal Care and Use
Committee.

Image acquisition. All images were collected using an Olympus IX81
inverted microscope in epifluorescence, total internal reflection fluores-
cence (TIRF), or transmitted light mode. All images were collected using
either a Hamamatsu C9100-02 EMCCD or Andor Neo sCMOS camera. A
custom-built launch apparatus was used to place a diffraction-limited
spot of laser-sourced light in the microscopy field of view for photo-
bleaching experiments, the analysis of which is described below. Measure-
ments of protein diffusion were carried out at 37°C in a 5% CO2–95% air
mixture (LiveCell, Pathology Devices, environmental chamber) with phe-
nol red-free RPMI as the culture medium. For comparisons of protein
staining intensity, all conditions were included in each experiment. All
samples in each experiment were prepared, stained, and imaged in the
same session. Fluorescence linearity was verified using InSpek calibration
beads (Invitrogen), but data were normalized across experiments by al-
lowing a proportional change in signal (due to staining efficiency or mi-
croscopy sensitivity that could vary session-to-session) as previously de-
scribed (13, 32). All images were collected and analyzed using the
MetaMorph and ImageJ imaging suites.

Immunostaining. For receptor localization, cells were fixed and
stained 30 min after seeding with antibodies to CD3 (ab5690; Abcam) and
CD28 (sc-1624; Santa Cruz Biotechnology) and then imaged by total in-
ternal reflection fluorescence microscopy (TIRFM). Additional visualiza-
tion was done with antibodies for total Lck (v49; Cell Signaling Technol-
ogy), pY394 Lck (pSFK, NB100-82019; Novus Biologicals), CD45 (catalog
no. 304019; Biolegend), and F-actin (phalloidin; Invitrogen). Images of
these signals were obtained by TIRFM. Surface patterns were visualized by

fluorescently labeling a fraction (20%) of the activating antibodies used in
microcontact printing (13). Nuclear translocation of NF-	B (detected 4 h
after seeding with antibody clone sc109 [Santa Cruz Biotechnology]) was
quantified by taking image stacks through adherent cells and collecting
the signal associated with the nucleus interior, as previously described
(13).

IL-2 assay. Secretion of IL-2 was measured by using a commercially
available, surface capture system designed for flow cytometric analysis
(Miltenyi Biotec). Briefly, cells were incubated prior to seeding with an
IL-2 capture reagent that binds to the cell surface. Cells were then seeded
onto prepared surfaces in RPMI plus 5% fetal bovine serum (FBS). At 6 h
after seeding, the cells were rinsed and labeled with a fluorescently tagged
antibody to IL-2 (the detection reagent of the kit) and then fixed. Surface-
captured IL-2 was estimated by microscopy and typically exhibited a sin-
gle, non-Gaussian peak on each surface as previously described (13). The
average fluorescence intensity across all cells observed on a surface was
used to represent that surface in comparisons across multiple experiments
and patterns.

Diffusion coefficient. A plasmid vector (Lck-YFP) encoding full-
length Lck (33) appended (C terminus) with EYFP was introduced into
primary mouse and human T cells using the AMAXA nucleofection sys-
tem, following the manufacturer’s instructions and associated reagents
indicated for primary T cells. Cells were allowed to rest overnight after
transfection in RPMI plus 5% FBS and then seeded onto glass surfaces that
were previously coated for 2 h with a mix of 5 �g of anti-CD3/ml plus 5 �g
of anti-CD28/ml and 2 �g of ICAM/Fc/ml. At 1 h after seeding, fluores-
cence recovery after photobleaching (FRAP) experiments were carried
out using a laser to photobleach a small, micrometer-scale spot in the
middle of the cell-substrate interface. Time series images of Lck-YFP re-
covery in the cell-substrate interface were then collected using TIRFM.
The diffusion coefficient of Lck was estimated from these image sets as
described by Hook and coworkers (34). This FRAP algorithm uses low-
wavenumber components of the Bessel transform of data from each time
point to estimate diffusion coefficient. By focusing on these transforms,
this approach is insensitive to punctate distributions of signal and does
not require a specific initial profile, such as a top-hat or Gaussian distri-
bution.

Statistics. Comparisons of data over multiple conditions were carried
out using analysis of variance (ANOVA) and Tukey significant difference
methods. In the case where data were not normally distributed, as deter-
mined using a Lillifors test, Kruskal-Wallis approaches were used in place
of ANOVA. Unless otherwise specified, plots of data that were analyzed
with Tukey methods group conditions that are not statistically different
from each other by overbars, with dotted lines connecting overbars of the
same group. Comparisons between data consisting of only two conditions
were carried out using dual-tailed t test or Kruskal-Wallis approaches.
Unless otherwise specified, a value of � � 0.05 was chosen to determine
statistical significance. For box plots representing �100 data points per
condition, the whiskers and elements of the hourglass-shaped boxes rep-
resent the following percentiles: 95, 90, 75, 50, 25, 10, and 5. For box plots
representing �100 data points, the whiskers and parts of the rectangular
boxes represent the following percentiles: 90, 75, 50, 25, and 10. Statistical
analyses were carried out using MATLAB (Mathworks) or Origin
(OriginLab) software.

RESULTS
Primary human T cells are sensitive to microscale separation of
CD3 and CD28. The microscale organization of CD3 and CD28
signaling was controlled in the present study by replacing the APC
with a substrate containing multiple, independent patterns of li-
gands to these membrane proteins. Specifically, planar glass sub-
strates were patterned with costimulation sites (Fig. 1A) contain-
ing the antibodies OKT3 and 9.3, which activate human CD3
(epsilon subunit, a key signaling component of the TCR) and
CD28, respectively (13, 35, 36). Each site consisted of antibodies
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arranged in a single 2-�m-diameter circle targeting the center of
the cell-substrate interface, a cluster of four 1-�m, peripheral
dots, or a combination of these two motifs (Fig. 1B). The areas
surrounding and separating the OKT3 and 9.3 features were back-
filled with ICAM/Fc. These patterns were effective in directing
both the long-range order of T cells on the substrates (Fig. 1C) and
the local organization of CD3 and CD28 receptors within individ-
ual cell-substrate interfaces (Fig. 1D). Complete details of this
system, including methods used to normalize the protein concen-
trations in each pattern, are included in a previous report (13) and
are summarized in Materials and Methods.

Stimulation of human CD4� T cells with patterns containing
colocalized OKT3 and 9.3 (CCO and PCO, which target the center
and periphery of the cell-substrate interface, respectively) resulted
in strong activation of cells, as measured by a 6-h secretion of IL-2,
a high-level function reflecting cellular activation (Fig. 1E); this
readout has proven to be a useful, graded response of cells to
substrates (13, 32). Furthermore, presenting colocalized OKT3
and 9.3 in the periphery of the cell-substrate interface (PCO) pro-
moted greater IL-2 secretion than in the center (CCO), reaching a
level comparable to uniformly coated surfaces (Fig. 1E). This is
consistent with earlier reports that maintaining signaling com-
plexes in the IS periphery enhances activation (12, 13). In sharp
contrast to the colocalized patterns, IL-2 secretion was abrogated
on patterns for which OKT3 and 9.3 were separated by microscale
distances. One pattern consisted of a central OKT3 feature sur-
rounded by four peripheral regions of 9.3 (SEG, Fig. 1E), while the
other contained these antibodies in separate features in the inter-
face periphery (PSG). IL-2 secretion on these surfaces was similar
to that on patterns for which anti-CD28 was omitted (CD3 pat-
tern, Fig. 1E), indicating a lack of functional CD28 costimulation.
These changes in IL-2 secretion were mirrored by NF-	B translo-
cation; intranuclear staining for this transcription factor was sig-
nificantly higher on the CCO surface than the SEG or CD3 pat-
terns (Fig. 1F). Importantly, the effects of microscale organization
were not limited to these specific patterning parameters. Increas-
ing the surface concentration of either CD3 or CD28 by changing
the ratio of OKT3 to 9.3 used in patterning did not rescue IL-2
secretion on the SEG pattern (Fig. 1G). Replacing OKT3 with
HIT3a (Fig. 1H) or 9.3 with CD28.6 (Fig. 1I) similarly did not alter
the pattern of IL-2 secretion. A surprising aspect of these re-
sponses is that they contrast sharply with that of primary naive
CD4� T cells from mouse lymph nodes, which we previously
showed are not sensitive to microscale separation of CD3 and
CD28 engagement (13). To better understand the factors control-
ling these responses, the response of IL-2 secretion by cells from
two additional sources was examined. Human cells isolated from
umbilical cord blood (which are predominantly naive) show sen-
sitivity to CD3-CD28 separation that is similar to that seen for
resting cells from peripheral circulation (Fig. 1J), while those from
mouse peripheral blood are similar to cells from mouse lymph
nodes (Fig. 1K). These results indicate that differences between
human peripheral blood resting cells and mouse lymph node na-
ive cells, which are the focus of the remainder of this report, are
not restricted to these specific preparations. Below, these two sys-
tems are referred to by species for brevity, but it is recognized that
this delineation is simplistic and that additional factors may affect
how cells from any given preparation behave. However, we first
sought to understand how the human cells can sense the separa-

tion/colocalization of CD3 and CD28, focusing on Lck as an in-
termediary signaling protein.

Phospho-Lck is localized around sites of CD3 engagement in
human CD4� T cells. The multiple roles that Lck has in regulating
signaling by the TCR complex and CD28 suggests that this kinase
may play important roles in coordinating their interaction. Acti-
vation of Lck is dependent on phosphorylation at Y394. Immuno-
staining with a phospho-specific antibody for this site in cells fixed
15 min after seeding showed sharp enrichment at features con-
taining OKT3 on the CCO, PCO, and SEG patterns (Fig. 1L); it is
noted that current antibodies cannot distinguish between Y394 on
Lck and the homologous site Y417 of Fyn, so this signal is denoted
as pSFK. Focusing on the SEG pattern, pSFK showed higher cor-
relation with features of OKT3 than 9.3 (Fig. 1L and M), suggest-
ing a mechanism for spatial regulation of costimulation. Specifi-
cally, the ability of Lck to act on CD28 and induce downstream
signaling in this system is determined by the microscale overlap
between sites of CD3 and CD28 engagement, since localization of
active Lck follows that of CD3. As a mechanism for this localiza-
tion, we first examined the distribution of total Lck. Staining with
a non-phospho-specific antibody revealed that Lck was distrib-
uted across the entire cell-substrate interface (Fig. 1N), and the
per-area intensity of Lck staining was not statistically different
between CCO and SEG surfaces; 1.00 � 0.22 versus 0.96 � 0.24,
respectively (data are means � the standard deviations [SD] of
arbitrary fluorescence units per area normalized to the CCO sur-
face, n � 18 cells per surface, collected over three independent
experiments, P � 0.66 as determined by two-way ANOVA). This
suggests that the differences in pSFK distribution and cell re-
sponse are due to regulation of Lck activity rather than recruit-
ment or exclusion of Lck from the cell-surface interface. A poten-
tial mechanism for this regulation is differential exclusion of
CD45, which dephosphorylates active Lck, from the T-cell–sub-
strate interface as a function of surface pattern (37, 38). However,
CD45 was distributed across the cell-substrate interface on both
CCO and SEG patterns with little large-scale exclusion (Fig. 1N).
The fluorescence intensity associated with CD45 staining was
higher on CCO patterns compared to SEG surfaces (1.00 � 0.43
versus 0.70 � 0.20, respectively, P � 0.05, n � 16 cells per surface,
collected over three independent experiments). However, this
would not explain the stronger activation on CCO patterns, since
higher CD45 levels would be associated with stronger Lck deacti-
vation and lower cell activation, in contrast to the results shown in
Fig. 1E.

The IS cytoskeleton reduces Lck mobility and confers spatial
sensitivity in human T cells. As an alternative mechanism for
regulating Lck activity, we measured the mobility of Lck across the
cell-substrate interface. A vector encoding Lck-YFP was trans-
fected into primary human cells that were subsequently seeded
onto surfaces uniformly coated with a mix of OKT3, 9.3, and
ICAM1/Fc. The long-range diffusion coefficient of Lck-YFP, as
well as mobile fraction of this protein, was estimated from fluo-
rescence recovery profiles after local photobleaching by a focused
laser spot placed in the cell-substrate interface (Fig. 2A and B).
Laterally mobile Lck was found across the cell-substrate interface
and comprised 60% of the total observed protein, superimposed
against a number of immobile features, which are potentially en-
dosomes within the TIRFM evanescent field (Fig. 2A, but are also
visible in Fig. 1N). Mobile Lck-YFP exhibited a diffusion coeffi-
cient of 0.04 � 0.02 �m2/s (Fig. 2C, mean � the SD), lower than
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expected for a freely mobile membrane component and also less
than that reported for Lck in Jurkat cells (39, 40). When balanced
against the deactivation of Lck by membrane-bound phosphata-
ses such as CD45, this low mobility provides a potential mecha-
nism for the concentrations of pSFK observed around features of
anti-CD3, as will be detailed later in the Discussion.

To explain this low mobility, we turned to a model by Ike et al.
(41) in which TCR-induced polymerization of the cytoskeleton
canreduce long-rangediffusionofmembranemolecules.Phalloid-
in-based staining revealed an extensive F-actin network in human
T cells 30 min after contact with substrates coated with OKT3, 9.3,
and ICAM/Fc (Fig. 2D). The effect of this network on Lck mobility
was tested by wash-in of latrunculin B (LatB) 15 min after contact
with the substrate, allowing cells to undergo initial activation and

establishment of an immune synapse prior to treatment. A mod-
erate concentration of LatB (1 �M) was chosen that remained
effective in disrupting the cytoskeleton network but avoided
completely collapsing the cell-surface contact area (Fig. 2D).
The cell area increased upon LatB treatment (Fig. 2D), possibly
reflecting reduced cytoskeletal tension and resultant increase
in cell spreading.

This disruption had a dramatic effect on Lck mobility and sig-
naling in primary human T cells. The long-range diffusion coeffi-
cient of Lck-YFP increased 5-fold compared to untreated cells
(Fig. 2C). On patterned surfaces, wash-in of LatB disrupted the
cell cytoskeleton similarly to that observed on the coated surfaces
(Fig. 3A) but also decreased correlation between pSFK and fea-
tures of OKT3, indicating a more uniform distribution across the

FIG 2 The IS cytoskeletal network hinders mobility of membrane proteins. (A) The long-range diffusion coefficient of Lck was estimated by FRAP. This series
of images illustrates the distribution of Lck-YFP before, immediately after, and 52 s after photobleaching. (B) Line profiles of Lck-YFP taken across the dotted line
indicated in panel A, illustrating recovery of Lck-YFP. (C) Comparison of long-range Lck-YFP mobility in human CD4� T cells with or without wash-in of 1 �M
LatB. The data are box plots from a representative experiment, 7 to 15 cells per condition, and were compared using Kruskal-Wallis methods (*, P � 0.005). (D)
LatB treatment disrupted a dense F-actin network at the cell-substrate interface. Cells were fixed 30 min after seeding. Each image was individually adjusted for
brightness and contrast to allow visualization of F-actin structures and are thus not comparable on a quantitative basis. F-actin staining is compared quantita-
tively in the top graph, whereas the lower one compares cell spreading in response to LatB wash-in. The data for both graphs are box plots from a representative
experiment, �17 cells per condition. The data were compared using Kruskal-Wallis methods (*, P � 0.005).

FIG 3 Increased mobility of membrane proteins allows primary human T cells to respond to segregated patterns. (A) LatB wash-in disrupts the IS cytoskeleton
and decreases localization of pSFK to OKT3-containing features on micropatterned surfaces. These images illustrate primary human T cells 30 min after seeding
on a SEG patterned surface and show anti-CD3 (red), anti-CD28 (blue), and F-actin (green). The graphs quantitatively compare per-area actin intensity and cell
spreading. The data are from a representative experiment (n � 20 cells per surface). The data were compared using Kruskal-Wallis methods (*, P � 0.005). (B)
LatB wash-in also changed the distribution of pSFK (green) within these cells. These images illustrate cells 30 min after seeding on CCO and SEG patterns. Areas
of anti-CD3 and anti-CD28 are shown in red and blue, respectively, while colocalized patterns appear in purple. (C) Wash-in of LatB changes pLck correlation
with anti-CD3 and anti-CD28. The data represent means � the SD for 10 to 15 cells on each pattern. The data were analyzed using ANOVA/Tukey methods (� �
0.05). (D) IL-2 secretion on segregated but not colocalized patterns is enhanced by application of LatB. The data are means � the SD from three experiments and
were analyzed using ANOVA/Tukey methods (� � 0.05).
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cell (Fig. 3C). Localization of pSFK relative to 9.3 was unchanged
by LatB wash-in and remained largely uncorrelated with these
sites of CD28 engagement. It is noted that 9.3 and OKT3 comprise
a small fraction of the surface (ca. 5% each of a typical cell-sub-
strate interface). The lack of change in pSFK correlation with anti-
CD28 suggests that phospho-Lck has a similar affinity for anti-
body-bound CD28 and the surrounding, ICAM/Fc-coated areas;
although the amount of phospho-Lck interacting with areas away
from OKT3 is increased upon LatB treatment, increases at these
sites of CD28 engagement are difficult to detect because of the
small area associated with 9.3. Finally, the application of LatB
allowed cells to respond to segregated patterns of OKT3 and 9.3, as
reflected by increased IL-2 secretion on these surfaces (Fig. 3D).
These results all support a role of Lck in spatially mediating cross
talk between CD3 and CD28, with the cell cytoskeleton modulat-
ing the long-range mobility of this protein in the human cell prep-
aration and providing these cells with the ability to recognize mi-
croscale separation of the two signaling systems.

The ability of mouse cells to respond to separated CD3-CD28
signaling is associated with higher mobility of Lck. We previ-
ously showed that naive mouse lymph node T cells are not sensi-
tive to separation of anti-CD3 and anti-CD28 (13), mounting
significant IL-2 secretion on segregated patterns. We attempted to
reconcile the sharp contrast in response between these cells and
that of resting human cells from peripheral blood. Since the sen-
sitivity of human T cells to micropatterned costimulation was as-
sociated with low mobility of Lck relative to deactivation, a re-

versed balance of these processes might explain the ability of
mouse cells to respond to the segregated patterns. In support of
this mechanism, Lck-YFP in primary mouse cells on surfaces
coated with anti-CD3, anti-CD28, and ICAM/Fc exhibits a long-
range diffusion coefficient of 0.37 � 0.17 �m2/s (mean � the SD),
8-fold higher than that observed in the human system (P � 0.001
compared to human cells, t test, 7 to 15 cells per surface). More-
over, pSFK staining for mouse cells on patterned surfaces was
distributed across the cell-substrate interface rather than localized
to regions of anti-CD3 (Fig. 4A). To further test this model, part of
the ICAM/Fc used to coat surfaces was replaced with cholera toxin
subunit B (CTX), with the intent of immobilizing GM1 and other
membrane components. This approach reduced the diffusion co-
efficient of Lck-YFP 4-fold to 0.08 � 0.04 �m2/s (mean � the SD
from 12 cells, P � 0.001 compared to non-CTX surface). Inclu-
sion of CTX on these surfaces also increased the correlation of
pSFK with regions of anti-CD3 (Fig. 4B and C). Correlation of
pSFK with regions of anti-CD28 remained unchanged and largely
uncorrelated, a result similar to that discussed for human cells
upon treatment with LatB. Finally, inclusion of CTX curtailed
IL-2 secretion by cells on the SEG surfaces, mimicking the sensi-
tivity to CD3-CD28 separation observed in human cells (Fig. 4D).
IL-2 secretion on CCO surfaces increased on inclusion of CTX on
the surface, potentially indicating localized retention of active Lck
by the lower mobility (Fig. 4D).

Toward a mechanism for this effect, inclusion of CTX on the
surface increased cytoskeletal structure in primary mouse cells

FIG 4 The response of primary mouse cells to micropatterned costimulation is consistent with a diffusion-based model. (A) Staining for pSFK in primary mouse
cells is spread across the cell-substrate interface. Cells were fixed 15 min after contact with the substrate. Pattern, anti-CD3 and anti-CD28; pSFK, anti-pY394; BF,
bright field. (B) Inclusion of CTX on the substrate surface increases localization of pSFK to anti-CD3 features. In these images, anti-CD3 and anti-CD28 in the
CCO and SEG patterns are shown in red, whereas pSFK is in green. (C) Quantitative comparison of the effect of CTX on localization of pSFK. The data are
means � the SD from 10 to 15 cells per condition and were compared by ANOVA/Tukey methods (� � 0.05). (D) Comparison of IL-2 secretion as a function
of pattern and CTX. The data are means � the SD across three experiments, which were analyzed using ANOVA/Tukey methods (� � 0.05). (E) Actin structure
as a function of surface-immobilized CTX and LatB wash-in. These images were individually adjusted for brightness and contrast to allow visualization of F-actin
structures. (F) Quantitative comparison of F-actin staining intensity, cell spreading, and Lck-YFP diffusion coefficient as a function of CTX and LatB. In each
representative experiment, data are from 8 to 16 cells per surface and were compared using Kruskal-Wallis/Tukey methods (� � 0.05). (G) Comparison of
average Lck signal in the cell-substrate interface as a function of pattern and CTX inclusion. The data for this representative experiment are from 12 to 49 cells
per condition and were compared using ANOVA/Tukey methods (� � 0 0.05).
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(Fig. 4E), along with cell-substrate contact area (Fig. 4E). How-
ever, the per-area intensity of F-actin remained unchanged by this
manipulation (Fig. 4E). Wash-in of LatB to cells on CTX-contain-
ing surfaces reduced the intensity of phalloidin staining but did
not restore Lck mobility (Fig. 4F), suggesting that unlike the hu-
man cell system, reduction of Lck mobility by CTX does not in-
volve the cell cytoskeleton. An alternative explanation is that sur-
face-immobilized CTX recruits Lck, via lipid raft domains
involving GM1, to the cell-substrate interface. However, CTX
slightly decreased the intensity of total Lck staining on both CCO
and SEG surfaces (Fig. 4G). This lack of Lck recruitment may be a
result of the low density of CTX on the surface; rather than coating
the substrate with CTX alone, it was mixed 1:5 with ICAM/Fc.
Attachment of CTX to a substrate also restricts the clustering and
cross-linking of membrane components that would be observed
for such proteins applied in solution. Finally, we note that the
CCO surfaces with CTX (Fig. 4D) showed strong IL-2 secretion
but the lowest levels of total Lck staining intensity (Fig. 4G); the
effect of CTX on cell activation on the SEG surfaces is not simply
a result of Lck recruitment.

DISCUSSION

The importance of spatial organization in signaling is suggested by
the rich array of cellular structures observed in living tissues. A
mechanism for such organization at the multicellular level during
morphogenesis was codified by Turing (42), applying the concept
of reaction-diffusion systems to the life sciences. In such systems,
the concentration of a reactant molecule is expressed not by a
single, uniform concentration but is instead locally defined and
determined by a variety of factors. These include the presence of
sinks and sources, additional reactions that consume or produce
this species, and transport throughout the reaction volume which,
given the small dimensions of these systems and absent any forced
flow, is considered to be diffusion. The practicality of reaction-
diffusion mechanisms at subcellular scales was considered in a
report by Brown and Kholodenko (14), which included analysis of
the phosphorylation state of a freely diffusing signaling molecule
that was controlled by a kinase at the surface of a spherical cell and
a phosphatase uniformly distributed throughout the cell volume.
Based on values of diffusion coefficient, protein activities, and
protein concentrations collected from literature, they demon-
strated that gradients of phosphorylation can be obtained across
practical cell distances of several micrometers. Notably, these
models considered cytosolic proteins with diffusion coefficients
on the order of 1 to 10 �m2/s, higher than those observed for
membrane-associated biomolecules, including that of Lck re-
ported here.

We propose that the reaction-diffusion framework provides a
plausible model for reconciling the different sensitivities we ob-
served between human T cells from peripheral blood and mouse
cells from lymph nodes, based on the mobility of intermediate
signaling molecules. Specifically, our data suggest that active Lck is
generated at sites of TCR/CD3 engagement and is then trans-
ported throughout the cell interface, including areas of CD28 en-
gagement. Whether Lck is still active when it interacts with CD28
is determined by a balance between transport and deactivation; in
a system with slow transport (i.e., the human cell system), active
Lck is not found far from the areas of CD3 engagement, and CD28
must be within this short range for convergence of these signals.
Conversely, a system with fast transport (mouse cells or human

cells with destabilized actin networks) will be less sensitive to sep-
aration of these two signals. As a feasibility check of our results, we
adapted the model of Brown and Kholodenko to a polar geometry,
which is more appropriate for events along a cell-substrate inter-
face. Since the lifetime of Y394-phosphorylation for Lck in either
system is not known, we adopted a value of 0.1 s
1 for the phos-
phatase activity, within the range identified by Brown and
Kholodenko. For a diffusion coefficient of 0.04 �m2/s (corre-
sponding to that for Lck-YFP in the human cell preparation), we
predict a 90% decrease in phospho-Lck concentration from a site
of phosphorylation to a location 2.5 �m away, the distance be-
tween anti-CD3 and anti-CD28 features in the SEG pattern. Con-
versely, the same model with a diffusion coefficient of 0.3 �m2/s
(observed for mouse lymph node cells) predicts a 50% decrease in
phospho-Lck concentration over 2 �m, the distance between fea-
tures in that species-appropriate SEG pattern; the limited extent of
the cell-substrate interface would also confine the larger amount
of active Lck that diffuses beyond this distance, further concen-
trating this kinase. These predictions are in keeping with our ob-
servations of pSFK staining and the functional output of IL-2 se-
cretion, supporting the proposed reaction-diffusion model.

The question of why Lck exhibits different mobilities in these
systems is intriguing. We first considered CD4, a coreceptor found
on a range of immune cells and a major binding partner of Lck.
However, the diffusion coefficient of CD4, estimated by FRAP
using fluorescently labeled Fab fragments, is similar to Lck in each
system; mobile CD4 exhibited a diffusion coefficient of 0.26 �
0.11 �m2/s (mean � the SD, n � 13 cells) in the mouse system and
0.05 � 0.03 �m2/s (n � 21) for human cells, neither of which were
statistically different from Lck (P � 0.07 and P � 0.30, respec-
tively). Differences in association between Lck and CD4 in the two
cell systems would thus not explain the lower mobility observed in
the human T cell. Similarly, differential association of Lck with
membrane microdomains (30, 43–45) would not explain the dif-
ferences in mobility, since trapping of GM1 with CTX was re-
quired to bring the diffusion coefficient of Lck in mouse cells
closer to that of in the human system. We subsequently focused on
the cytoskeleton underlying the IS to explain the differences be-
tween the mouse and human T-cell systems. Compared to the
dense cytoskeletal network observed in the primary human cells
(Fig. 3A), artificial synapses formed by mouse cells are much less
developed (Fig. 4E and F), potentially posing fewer barriers and
less hindrance to Lck mobility. Intriguingly, we note that the con-
centration of F-actin structures in the IS is typically higher in the
outer edge of the cell-substrate interface compared to the center of
this structure (2, 46). It is thus possible that cells are more sensitive
to spatial separation of TCR/CD3 and CD28 signaling in these
denser areas than in the cell center. It is possible that cells are less
sensitive to separation of features within the confines of smaller
structures such as the cSMAC.

It should be noted that the precise mechanism for CTX action
remains unclear. The results presented in Fig. 4F suggest that re-
duction of Lck mobility by CTX in the mouse system is not related
to the cell cytoskeleton. It is attractive to consider immobilization
of lipid raft structures as the mechanism for lower protein mobil-
ity, but this specific interaction is not strictly required; reorgani-
zation of membrane structure by CTX binding (47) or simply
immobilization of membrane molecules are also potential mech-
anisms for these changes.

Differences in cytoskeleton structure may also reconcile the
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behavior of primary mouse and human cells observed in a sep-
arate context. We recently demonstrated that both types of cells
can sense the stiffness of a substrate presenting anti-CD3 and
anti-CD28 antibodies (32, 48). However, the range of mechan-
ical stiffness over which modulation of T-cell function was
observed was higher in human than mouse cells. Since the cy-
toskeleton is a central structure in cell mechanobiology, the
ability to sense stiffer surfaces by human cells may reflect the
more extensive cytoskeleton in that system. It is also recognized
that a simple explanation is that species-appropriate anti-CD3
and anti-CD28 (as well as ICAM-1/Fc) are used in each system.
However, OKT3 exhibits 4-fold-higher affinity than 145-2C11
(the mouse-reactive counterpart) to CD3 (36, 49); if stronger
TCR triggering through higher affinity could overcome the ef-
fect of spatial separation, the sensitivity to pattern geometry
would have been reversed.

Importantly, it is noted that whereas Lck is the focus of the
model developed here, given its central role in T-cell activation,
other molecules contribute to CD3-CD28 cross talk. The differ-
ences in pSFK distribution between the mouse and human sys-
tems and across the various manipulations inspired the reaction-
diffusion model and the plausibility of Lck as an important
intermediary signaling protein. Such differences were not ob-
served for all signaling molecules. In particular, protein kinase C-
showed little correlation with areas of CD3 or CD28 engagement
in either system (data not shown). It is still possible that Fyn,
which would also be detected in our staining for pSFK but is less
understood in the context of T-cell activation, provides a comple-
mentary function. It is also possible that some other signaling
intermediate that is also affected by the mechanisms identified
here to modulate Lck diffusion is the true mediator of micropat-
terned costimulation. A complete methodology for testing the
role of a signaling intermediate in a reaction-diffusion system re-
mains to be developed but will be useful in fully resolving our
observations and applying this framework to other systems.

The differences in sensitivity to CD28 costimulation geometry
and cytoskeletal development contribute to the growing list of
recognized differences between mouse and human T-cell physiol-
ogy (50) but may also explain some of these observations. For
example, mouse and human T cells show different patterns of
differentiation after activation, such as selection between Th1 ver-
sus Th2 lineages, a process governed in part by the balance be-
tween different arms of the T-cell activation signaling network.
The observation that these two cell types form morphologically
different synapses (7) could suggest a role in IS microgeometry in
lineage decisions. Finally, the differences in sensitivity to mi-
cropatterned costimulation reported here could explain that while
the trans costimulation is effective in promoting activation of
mouse T cells, reports with human cells are more mixed regarding
the effectiveness of this configuration (22, 51–53).

Finally, the approach of patterning a cell culture surface with
biomolecules (31, 54–58) provides an important counterpart to
emerging microscopy techniques that provide unprecedented res-
olution of biological processes in living cells. Specifically, such
patterning allows spatial manipulation of signaling networks with
a level of sophistication that is difficult to achieve in other exper-
imental systems. We demonstrate here the use of multicompo-
nent surfaces to provide new insight into a long-standing question
in IS function, namely, whether and how the microscale patterns
observed in this interface can influence intracellular signaling.

Notably, microscale patterning provided near-arbitrary control
over synapse layout without modification of the signaling proteins
themselves, avoiding secondary effects that are difficult to isolate
(25). Micropatterning also provides a level of colocalization or
separation between signaling complexes that is difficult to repro-
duce in cell-cell interfaces; while in this sense nonphysiological,
such surfaces provide an important capability for reductionist
studies in this new area of signaling research. We anticipate that
these experimental and theoretical approaches will provide ad-
vanced insight into spatially resolved signaling in a wide range of
cellular systems.
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