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SUMMARY

During immunological synapse (IS) formation, T cell
receptor (TCR) signaling complexes, integrins, and
costimulatory molecules exhibit a particular spatial
localization. Here, we develop an agent-basedmodel
for the IS formation based on TCR peptide-bound
major histocompatibility complex (pMHC) and leuko-
cyte-function-associated antigen 1 (LFA-1) intra-
cellular activation molecule 1 (ICAM-1) dynamics,
including CD28 binding to a costimulatory ligand,
coupling of molecules to the centripetal actin flow,
and size-based segregation (SBS). A radial gradient
of LFA-1 in the peripheral supramolecular activation
cluster (pSMAC) toward the central supramolecular
activation cluster (cSMAC) emerged as a combined
consequence of actin binding and diffusion and
modified the positioning of other molecules. The
simulations predict a mechanism of CD28 move-
ment, according to which CD28-CD80 complexes
passively follow TCR-pMHC microclusters. How-
ever, the characteristic CD28-CD80 localization in a
ring pattern around the cSMAC only emerges with a
particular CD28-actin coupling strength that induces
a centripetal motion. These results have implications
for the understanding of T cell activation and fate
decisions.

INTRODUCTION

The formation of immune synapses (ISs) is a central process

for antigen recognition by T cells. The structure of the IS im-

pacts on T cell activation, signaling, and fate decisions (Moss-

man et al., 2005; Alarcón et al., 2011; Manz et al., 2011; Lee

et al., 2002, 2003; Sage et al., 2012; Tabdanov et al., 2015; Or-

tega-Carrion and Vicente-Manzanares, 2016), and a lot of

attention has been placed toward understanding the mecha-

nisms of IS formation (Grakoui et al., 1999; Dustin, 2014; Dus-

tin and Depoil, 2011; Springer, 1990). During early IS forma-

tion, specific T cell receptors (TCRs) bind to peptide-bound

major histocompatibility complexes (pMHC) and form islands

of microclusters. Synapse formation and adhesion is stabilized

by integrin complexes, formed between leukocyte-function-

associated antigen 1 (LFA-1) and intracellular activation mole-

cule 1 (ICAM-1). TCR-pMHC microclusters move to the central

region of the contact interface, while LFA-1-ICAM-1 com-

plexes encircle these microclusters. Later, the two kinds of

complexes segregate from each other and form two distinct

areas in the synapse: the central supramolecular activation

cluster (cSMAC) occupied by TCR-pMHC complexes and the

peripheral SMAC (pSMAC) formed by integrin complexes (Gra-

koui et al., 1999).

TCR signaling can be modulated by a variety of costimulatory

molecules, among which CD28 carries a significant role for reg-

ulatory and follicular helper T cell differentiation (Wang et al.,

2015; Sansom and Walker, 2006). Binding of CD28 to one of

its major ligands, CD80 (B7-1) or CD86 (B7-2), supports TCR

signaling (Acuto andMichel, 2003; Beyersdorf et al., 2015), while

a lack of CD28 costimulation leads to an apathetic state known

as anergy (Slavik et al., 1999; Acuto and Michel, 2003; Pentch-

eva-Hoang et al., 2004).

CD28 has been shown to be preferentially located in the

cSMAC (Bromley et al., 2001). This particular localization was

attributed to the ligation with CD86 (Pentcheva-Hoang et al.,

2004) or CD80 (Tseng et al., 2005). A ring of CD28 around the

cSMAC has been described (Tseng et al., 2005) and was further

confirmed by the colocalization of CD28 and protein kinase Cq

(PKCq) that also formed a ring around the cSMAC (Yokosuka

et al., 2008; Sanchez-Lockhart et al., 2008; Tseng et al., 2008).

The reasons for this characteristic pattern are still poorly under-

stood. Full-length CD80 was shown to segregate CD28 from

TCR complexes, whereas removal of its cytoplasmic domain al-

lows colocalization with the TCR (Tseng et al., 2005). CD80 is not

sufficient for proper CD28 localization, since a mutation in the

cytosolic tail of CD28 leads to a disruption of the ring-like pattern

(Sanchez-Lockhart et al., 2008). There is also evidence that

CD28 binds to F-actin, since it has been shown to recruit fila-

min-A (FLNa), an actin-binding protein, upon ligation (Tavano

et al., 2006; Hayashi and Altman, 2006). The hypothesis of cyto-

skeletal-driven motion is further supported by the observation of

a linear motion of CD28 complexes toward the cSMAC (Pielak
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et al., 2017), raising the question whether actin-driven forces

could explain the localization of CD28.

Coupling of molecules to the inward flow of F-actin is believed

to be the mechanism that drives microcluster movement.

DeMond et al. (2008) introduced mazes of barriers on the sup-

ported lipid bilayer (SLB) surface and showed that TCR-pMHC

movement is based on frictional coupling to F-actin centripetal

flow. TCR-pMHC microclusters in Jurkat T cells are transported

in the IS due the retrograde flow of F-actin and the contraction of

actomyosin-II arcs (Yi et al., 2012; Basu and Huse, 2017). TCR

microclusters and actomyosin arcs were found to travel together

at a similar speed (Murugesan et al., 2016). F-actin flow in the IS

drives the spatial organization and opening of LFA-1 in regions

close to the cSMAC, a process called affinity maturation of

LFA-1 (Comrie et al., 2015; Murugesan et al., 2016; Basu and

Huse, 2017). Furthermore, F-actin polymerization and retrograde

flow have been shown to be critical for microcluster movement

(Beemiller et al., 2012; Yu et al., 2013) and PLCg1 signaling (Ba-

bich et al., 2012). A centrally directed transport is likely not

restricted to TCR-pMHC complexes, and it is not clear whether

other molecules in the IS are also coupled to F-actin.

Different modeling approaches have been developed to un-

derstand the IS spatial formation based on mechanical forces,

with the majority focusing on the microcluster formation mecha-

nisms. Partial differential equation (PDE) models have shown

that membrane bending can account for microcluster formation

(Qi et al., 2001; Hori et al., 2002; Burroughs and W€ulfing, 2002).

Accordingly, elastohydrodynamics of the membrane and fluid

flow in the synaptic cleft could explain how microclusters form

(Carlson andMahadevan, 2015). All of these models reproduced

the formation of the cSMAC (in accordance with Grakoui et al.,

1999) and explained microcluster formation with size-based

segregation (SBS) (Springer, 1990), but SBS was not sufficient

to confer the formation of a bull’s eye pattern and TCR-pMHC

accumulation in the cSMAC.

Based on findings from an experimental setting introduced by

Mossman et al. (2005), agent-basedmodels were used to design

experiments with barriers on SLBs to discriminate whether a

central force or a long range attraction of TCR-pMHCs drives

the bull’s eye pattern (Figge and Meyer-Hermann, 2006). The

corresponding experimental results suggested a coordinated

centripetal transport of TCRs linked to the centripetal cortical

actin flow (DeMond et al., 2008). A Monte-Carlo approach with

biased centrally directed diffusion of the complexes has also

been considered (Tsourkas et al., 2007; Tsourkas and Ray-

chaudhuri, 2010). A statistical mechanics study describing

the collective behavior and the most probable distribution of a

large number of particles based on their interactions suggested

that cytoskeletal transport processes can successfully explain

cSMAC formation (Weikl et al., 2002). Thesemodels were limited

tomicrocluster formation and central forces on the TCRs and did

not investigate the effect of actin on other functional molecules.

In this study, we developed an agent-based model based on

SBS and centripetal F-actin transport of molecules with the

aim to determine the mechanisms driving the particular localiza-

tion of CD28-CD80. The model predicts that a combination of

diffusion and attachment of LFA-1-ICAM-1 to the underlying

F-actin network (Comrie et al., 2015; Murugesan et al., 2016) in-

duces a radial gradient of LFA-1-ICAM-1 in the pSMAC with the

highest density near the cSMAC. Further, CD28-CD80 can reach

the cSMAC as passive followers of the TCR-pMHC microcluster

move toward the center of the IS. However, this process alone

was insufficient to generate the experimentally observed ring

of CD28 around the cSMAC. We show that CD28-actin coupling

is necessary to reproduce this pattern in silico and that the

strength of this coupling tightly regulates the amount of CD28-

CD80 that reaches the ring.

RESULTS

Initial Model for IS Formation
In order to understand the mechanisms driving spatial organiza-

tion of molecules in the IS, we start from an agent-based model

taking into account TCR, LFA-1, pMHC, and ICAM-1 only (see

Experimental Procedures). Molecules are located in two lattices

representing the membranes of two interacting cells. Free mole-

culesmay bind to their cognate ligand on the opposite lattice and

already formed complexes can return to the free-molecule state

according to their respective dissociation constants (Table 1;

Figge and Meyer-Hermann, 2009). Molecules and complexes

move according to diffusion, SBS, or actin-mediated forces (Fig-

ure 1). SBS is modeled as a repulsive force between two com-

plexes of different length (Springer, 1990). SBS alone generated

TCR microclusters, but they failed to merge into the central

SMAC (Figure S1A) and did not create the experimentally

observed bull’s eye pattern. This suggests that additional forces

are needed for its formation.

A phenomenological representation of a centrally directed

force was introduced to the model, which represents actin

coupling of molecules inducing a centripetal flow. The strength

of the force reflects the coupling strength to F-actin arcs.

It was initially applied only to TCR-pMHC complexes (Fig-

ure 2Aa–2Ac). Microclusters formed since the first minute of con-

tact between the cells, merged into bigger clusters, and finally

formed the cSMAC (Figure 2Ac; Video S1). The mature synapse

formed at 10 min and remained stable, in agreement with exper-

imental results (Varma et al., 2006). This in silico framework reca-

pitulates the major properties of the IS and is suitable to investi-

gate the properties of additional mechanisms and regulatory

molecules.

LFA-1’s Interaction with the Actin Network Generates a
pSMAC Gradient toward the Center
It has been suggested that LFA-1-ICAM-1 complexes can also

be affected by the centripetal flow of F-actin arcs. A centripetal

force on LFA-1 was added to the in silico model, and the pre-

dicted impact on IS formation was analyzed (Figures 2Ad–2Af;

Video S2). The localization of TCR-pMHC microclusters and

the bull’s eyeweremainly unaffected, although themicroclusters

moved slower to the cSMAC due to higher density of LFA-1

around the cSMAC (Video S1). The density of complexes was

computed inside equally spaced rings as the fraction of grid

points occupied by each type of complex (Figure 2B). The model

predicts the formation of an LFA-1 density gradient in the

pSMAC. Without attachment to F-actin, LFA-1-ICAM-1 com-

plexes were uniformly spread throughout the pSMAC (red solid
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line). Actin binding led to a higher concentration of LFA-1-

ICAM-1 around the cSMAC that reduced with increasing dis-

tance from the center (red dashed line). This quantitatively illus-

trates the gradient observed in Figure 2Af. The predicted LFA-1

gradient was also found in experiments (Yokosuka et al., 2008).

According to the model, actin-mediated forces together with

diffusion are responsible for the formation of an LFA-1 gradient

in the IS.

The relative positioning of molecules can be quantitatively

described using radial distribution functions (RDFs). The RDF

between two types represents the frequency of finding a particle

of type 2 in a radial neighborhood of type 1 particles. The peak of

the RDF of TCR-pMHC complexes to themselves at 60 s reveals

the formation of microclusters with a mean diameter (d) of

z 3.0 mm (Figure 2C). This d increased and ultimately led to

a cSMAC with a d of z 2.0–3.0 mm at 600 s.

The RDF of LFA1-ICAM-1 complexes around TCR-pMHCs

(Figure 2D) also reflects the microclusters with d z 1 mm at

60 s, which evolve to larger structures of d z 3.0–4.0 mm at

600 s. These ds are larger than those in the RDF of pairs of

TCR-pMHC complexes, which reflects the halo around the mi-

croclusters and the cSMAC. This predicted halo is also found

in experiments, and the model supports that this is a result of

membrane bending in these regions (Hartman et al., 2009).

In order to understand the relative effect of actin forces on TCR

and LFA-1, the centripetal forces were blocked in silico for TCR-

pMHC, but not for LFA-1-ICAM-1. The emerging TCR-pMHCmi-

croclusters formed multifocal patterns but failed to merge (Fig-

ure S1A). TCR microclusters ended up in a ring structure at the

distal SMAC (dSMAC) (Figure S1B). We conclude that for proper

IS formation, the centripetal actin-driven force acting on LFA-1

must be lower than that acting on TCR and that the emerging

radial LFA-1 gradient affects the localization of other molecules

of the IS.

CD28 Complexes Behave as Passive Followers of TCR-
pMHC Movement
Next, we investigated whether LFA-1 would also impact the

localization of important signaling molecules such as CD28.

The model was extended to include CD28 on the T cell lattice

and a CD28 ligand on the APC lattice. In order to compare the

in silico results with experimental work (Yokosuka et al., 2008),

we focused on the ligand CD80. The sizes of the CD28-CD80

and TCR-pMHC complexes are very similar, so we assume no

SBS between them and keep the same SBS strength between

CD28-CD80 and LFA-1-ICAM-1 as for TCR-pMHC and LFA-1-

ICAM-1, unless stated otherwise.

Starting from the configuration in Figure 2Af, CD28-CD80

colocalized with TCR-pMHC complexes in the microclusters.

Because of the LFA-1 gradient, most of the CD28-CD80 did

not reach the cSMAC. However, a substantial amount passively

followed the centripetal movement of TCR-pMHC microclusters

Table 1. Parameter Values of the Reference

Name Parameter (Units) Value

Radius of contact region R (mm) 4.9

Lattice constant a (mm) 0.07

Free-molecule diffusion constant Dm (mm2/s) 0.10

Complex diffusion constant Dc (mm
2/s) 0.06

Radius of SBS between TCR-pMHC and LFA-1-ICAM-1 RSBS,TM-LI (mm) 0.425

Weight of SBS between TCR-pMHC and LFA-1-ICAM-1 WSBS,TM-LI �1.0

Radius of SBS between CD28-CD80 and LFA-1-ICAM-1 RSBS,CC-LI (mm) 0.425

Weight of SBS between CD28-CD80 and LFA-1-ICAM-1 WSBS,CC-LI �1.0

Radius of SBS between TCR-pMHC and CD28-CD80 RSBS,CC-TM (mm) –

Weight of SBS between TCR-pMHC and CD28-CD80 WSBS,CC-TM –

Off-rate TCR-pMHC koff,TM (1/s) 0.1

On-rate TCR-pMHC kon,TM (1/Ms) 2 3 104

Off-rate LFA-1-ICAM-1 koff,LI (1/s) 0.03

On-rate LFA-1-ICAM-1 kon,LI (1/Ms) 3 3 105

Off-rate CD28-CD80 koff,CC (1/s) 1.6

On-rate CD28-CD80 kon,CC (1/Ms) 4 3 105

TCR-pMHC centrally directed force CTM 1.00

LFA-1-ICAM-1 centrally directed force CLI 0.05

CD28-CD80 centrally directed force CCC 0.20

Fraction of occupied grid points on the T cell 30%

Fraction of occupied grid points on the SLB 30%

Fraction of TCR, pMHC 6%

Fraction of CD28, CD80 9%

Fraction of LFA-1, ICAM-1 15%
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(a behavior not appreciated before), resulting in a small CD28-

CD80 ring around the cSMAC (Figures 3Ae–3Ah and 4A, solid

line; Video S3). This behavior occurred due to the SBS between

CD28-CD80 and LFA-1-ICAM-1 in combination with the TCR-

pMHC centripetal flow, which allowedCD28 complexes to follow

low tension paths toward the center. TheCD28 ring generated by

passive following in silico was too weak to explain the experi-

mentally observed CD28 ring around the cSMAC (Yokosuka

et al., 2008).

Actin-Dependent Localization of CD28
The effect of a potential actin-driven motion of CD28 complexes

(Pielak et al., 2017; Hayashi and Altman, 2006; Tavano et al.,

2006) onto its localization was analyzed in the model (Figure 3).

SBS between CD28-CD80 and LFA-1-ICAM-1 together with

CD28-actin coupling were sufficient to colocalize CD28-CD80

complexes with TCR-pMHC microclusters and to form a CD28

ring around the cSMAC (Figures 3Aa–3Ad, 3B, and 4A, dashed

line; Video S4) as in experiment (Yokosuka et al., 2008).

In order to find a criterion that allows to distinguish purely

passive following from CD28-CD80 coupling to actin, we inves-

tigated how barriers in several shapes that block the diffusion

of molecules and complexes on the SLB would influence IS

formation (Figure 3C). Colocalization of CD28 and TCR was

stronger when CD28 coupling to actin was on. Without actin

coupling, most CD28 was located in the dSMAC (Figure 3C).

In the annular and square setting, a structural difference was

found. With passive following alone, CD28 accumulates on

both sides of the barriers (Figure 3C, annular and square),

which are low-tension areas due to the accumulation of TCR

complexes. Still, a substantial amount of CD28 manages to

reach the cSMAC, but less than when actin coupling is on. In

this case, CD28 accumulates on the outside of the barriers

and in the center of the IS. This is a result of continuous cen-

tripetal flow, which is either interrupted by the barrier or guides

CD28 into the cSMAC area. Thus, an experiment using such

constraints in the SLB would reveal whether CD28 is coupled

to actin or not.

CD28 coupling to actin did not change the colocalization of

TCR-pMHC and CD28-CD80 early during IS formation (Fig-

ure 4A, 60 s). However, after 120 and 300 s, colocalization of

CD28 and TCR complexes decreased without actin coupling.

With actin coupling, it remained stable and increased after

Figure 1. List of Mechanisms Included in the

IS Model

The membrane of the T cell (blue) and the SLB (pink)

carrymolecules. Oppositemolecules bind or unbind

by chemical kinetics. Free and complexed mole-

cules move by diffusion or forces; centripetal forces

reflect actin coupling, and SBS represents the effect

of membrane bending.

600 s, when the cSMAC formed. In in silico

microclusters, CD28 hardly colocalized

with TCRs at a distance of less than

210 nm (Figure 4B). This reflects that

TCRs move faster to the center than

CD28. However, actin coupling resulted in a higher colocaliza-

tion of CD28 and TCR in the ring around the cSMAC.

To investigate the robustness of these results, additional in

silico experiments for molecular crowding were performed. The

total density of the molecules in Figures 3Aa–3Ad was gradually

increased from 30% to 60% (Figure S2A). As expected, this

increased the sizes of the cSMAC and CD28 ring (Figure S2A)

and consequently pushed the LFA-1 pSMAC further away from

the IS center. Despite size changes, the required mechanisms

for the formation of the ring-like structure remained the same.

Starting from Figures 3Aa–3Ad, we introduced different den-

sities of an extra population of arbitrary molecules (AMs) without

ligands on the SLB on the T cell lattice. Similar to Figure 6, AMs

are affected by the LFA-1 gradient in the pSMAC and are

excluded to the outer region of the IS. With increasing AM den-

sity, CD28 complexes became more spread out around the

cSMAC, but the ring-like structure was maintained (Figures

S2B and S2D, left graph) based on the same mechanisms of

pattern formation.

In order to exclude that the lattice resolution (a) of 70 nmwould

generate artifacts, we replicated the critical simulations with

different as (a = 100, 50, and 35 nm) (Figure S2C). Additionally,

a swapping algorithm was implemented, which allowed agents

moving by active forces, such as repulsion and centrally directed

force, to exchange positions when two agents are about to move

to each other’s position (Meyer-Hermann et al., 2012), resulting

in a more realistic fluidity similar to a lattice gas model. All the

mechanisms and patterns remained in accordance to the refer-

ence resolution of a = 70 nm (Figure S3). Altogether, the results

show that CD28 coupling to the centripetal actin flow is sufficient

for the formation of the ring-like structure and that SBS and pas-

sive following alone are not able to generate this pattern.

Existence of an Optimal Actin Coupling Strength
Next, we asked to which extent actin coupling controls CD28-

CD80 localization and varied the coupling strength from com-

plete absence (CCC = 0.00), to the strength on TCR complexes

(CCC = 1.00) (Figure 5). Both TCR and LFA-1 coupling were

kept the same as in Figure 2Af. The amount of CD28 in the

cSMAC and in the surrounding ring increased with increasing

coupling strength (Figure 5B), while the dSMAC population

was decreased. The time of pattern formation and the coupling

strength were not clearly correlated, and for weak actin coupling,

1154 Cell Reports 24, 1151–1162, July 31, 2018



the ring pattern never developed, even at later simulation times.

Our analysis suggests that the ring-like structure is a result of the

complex combination of (1) SBS between CD28 and LFA-1 com-

plexes, (2) CD28 passively following TCRs, and (3) the centripetal

force on CD28 due to actin coupling. We identified an optimal

coupling strength of CD28 to actin, which best reproduces the

experimentally observed pattern (Yokosuka et al., 2008). Weaker

actin coupling (CCC = 0.05, 0.10) led to the separation of CD28

into two distinct populations in the cSMAC and the dSMAC (Fig-

ure 5Aa), in contrast to previous findings (Yokosuka et al., 2008).

Stronger actin coupling led to an unrealistically high colocaliza-

tion of CD28 and TCR complexes in the cSMAC and microclus-

ters (Figure 5Af) and the absence of the ring-like pattern of CD28.

This shows that the relative localization of CD28-CD80 in the

cSMAC versus dSMAC can be tightly regulated by actin forces

and that the experimentally observed CD28 ring suggests a sub-

stantial actin-driven motion of CD28. Note that the existence of

an optimal CD28 coupling strength to actin does not rely on

A

B

C

D

Figure 2. LFA-1 Coupling to F-actin Induces a Gradient of LFA-1-ICAM-1 Complexes

(A) IS formation at 60, 300, and 600 s without (a–c) and with (d–f) LFA-1 attachment to F-actin. TCR-pMHC, green; LFA-1-ICAM-1, red.

(B) Radial density profile of complexes along the distance from the center at 600 s, without (solid) or with (dashed) LFA-1 attachment to F-actin. Error bars

represent SD.

(C and D) Radial distribution functions at 60, 300, and 600 s between pairs of TCR-pMHC (C) and between TCR-pMHC and LFA-1-ICAM-1 complexes (D) with

(top) or without (bottom) LFA-1-ICAM-1 actin coupling.

Changed parameters compared to Table 1 are shown. In the absence of CD28 and CD80, the fraction of occupied grid points = 42%, TCR and pMHC = 12%,

LFA-1 and ICAM-1 = 30%. In (Aa)–(Ac), (CLI = 0.00).
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the LFA-1 gradient in the pSMAC and is also evident in simula-

tions without LFA-1 coupling to actin (Figure S4).

The LFA-1 Gradient Relocates Free CD28 Molecules
In the absence of CD80, CD28 was observed to spread

throughout the IS with a higher accumulation in the dSMAC (Yo-

kosuka et al., 2008). Following this experimental setup, CD80

ligand was removed from the SLB in silico such that the free

CD28 molecules only diffused on the T cell surface (Figure 6).

In the absence of LFA-1 coupling to actin, free CD28 molecules

were uniformly spread in the contact region (Figure 6Aa), which is

in qualitative disagreement with the experimental result. In

contrast, LFA-1 coupling to actin separated free CD28 into two

A

B

C

Figure 3. Effect of CD28-Actin Coupling on

the Dynamics of the IS

(A) IS formation at 60, 120, 300, and 600 s, with (a–d)

or without (e–h) CD28-CD80 coupling to actin, in the

presence of an LFA-1 gradient.

(B) Radial density profile of complexes along the

distance from the center at 600 s, with or without

CD28 coupling to actin. Error bars represent SD.

(C) Barriers on the APC lattice that block diffusion of

molecules and complexes, with or without CD28

coupling to actin at 600 s. TCR-pMHC, green; LFA-

1-ICAM-1, red; CD28-CD80, yellow.

Changed parameters compared to Table 1 are

shown. In (Ae)–(Ah) and (C, bottom row),CCC = 0.00.

populations in the cSMAC and dSMAC

(Figures 6Ab and 6Ac), in agreement with

experimental results. Stronger coupling of

LFA-1 to actin excluded more CD28 to

the dSMAC, but a substantial amount still

remained dispersed throughout the con-

tact region (Figure 6B).

This result applies not only to CD28 but

also to any free molecule in the IS (Fig-

ure S2B). The modeling results reveal that

the predicted LFA-1 gradient, induced by

its coupling to the centripetal flow of actin,

is a mechanism of dividing free molecules

in the IS into two populations relocated to

the cSMAC and dSMAC.

DISCUSSION

We developed a phenomenological agent-

basedmodel for investigating the contribu-

tion of actin-driven forces to the formation

of the synapse and localization of the cos-

timulatory molecule CD28. In the simula-

tions, TCR-pMHC centripetal flow together

with the SBS between TCR-pMHC and

LFA-1-ICAM-1 led to the formation of mi-

croclusters that traveled toward the cen-

ter, merged into bigger clusters, and finally

formed the cSMAC, confirming previous

experiments (Grakoui et al., 1999) and

models (Qi et al., 2001; Weikl et al., 2002). Our model predicts

that the coupling of LFA-1-ICAM-1 to F-actin induces a gradient

of this complex within the pSMAC with a higher density toward

the cSMAC. The formation of the gradient relies on the combina-

tion of diffusion and actin coupling. The predicted gradient is

confirmed in experimental settings (Comrie et al., 2015; Muruge-

san et al., 2016; Yokosuka et al., 2008). However, its relevance

for other molecules in the IS has not been appreciated.

The halo of free space devoid of LFA-1, generated by the SBS

between LFA-1 and TCR complexes, allowed TCR to move

through the dense pSMAC. Interestingly, complexes with similar

size to the TCR were also located in these open areas, allowing

them to move through the pSMAC (Figures 3Ae–3Ah). Despite
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this, the LFA-1 gradient acted as an exclusionmechanism, push-

ingmolecules and complexes away from the pSMAC and toward

either the central or distal SMAC (Figures 6 and S2B). This sug-

gests that the LFA-1 gradient impedes molecules escaping or

entering the cSMAC. The stronger the coupling of LFA-1 to actin,

themore it affected the localization of othermolecules (Figures 6).

Figure 4. CD28-Actin Coupling Impacts Colocalization of CD28-CD80 and TCR-pMHC

(A) Radial distribution function of Figure 3 at 60, 120, 300, and 600 s of IS formation with (CCC = 0.20) or without (CCC = 0.00) CD28 coupling to actin.

(B) Short-distance colocalization at less than 210 nm (blue) of CD28-CD80 and TCR-pMHC,with (CCC = 0.20) or without (CCC = 0.00) CD28 coupling to actin. TCR-

pMHC, green; LFA-1-ICAM-1, red; CD28-CD80, yellow. Other parameters are as shown in Table 1.
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The model predicts that a substantial amount of CD28 com-

plexes behave as passive followers of the TCR-pMHC micro-

cluster movement and localize around the cSMAC (Figures

3Ae–3Ah). This is a result of two mechanisms: SBS of LFA-1-

ICAM-1 and CD28-CD80 complexes in the pSMAC, which

pushes CD28 complexes into the microclusters, plus actin-

driven transport for TCR-pMHC complexes in the microclusters

to the cSMAC, which opens low tension paths for CD28 com-

plexes toward the IS center. The model results show that the

previously undescribed mechanism of passive following is in

parts responsible for the localization of CD28 in a ring around

the cSMAC.

Coupling of CD28 to actin was sufficient to guide CD28-CD80

complexes together with the TCR-pMHC microclusters to the

cSMAC (Figures 3 and 4) (Yokosuka et al., 2008). The ring-like

positioning of CD28 around TCRs was best achieved with an

optimal strength of the centripetal flow of CD28-CD80. If

coupling of CD28 to actin was too strong, the intermixed pattern

in the cSMAC (Figures 5Ae and 5Af) could not be resolved by

SBS between CD28-CD80 and TCR-pMHC complexes (see

Experimental Procedures) and the ring structure was not

restored (Figures S5B and S5C). SBS was unable to affect the

ring structure in the IS with optimal CD28 coupling to actin (Fig-

ure S5A). Thus, the model predicts that the optimal CD28-CD80

coupling to actin is weaker than for TCR-pMHC. The actin force

acts as the regulator of the CD28 distal to central SMAC ratio

(Figure 5).

In the in silico experiments, TCR-pMHC led theway toward the

center of the IS, while CD28-CD80 followed (Figures 3Aa–3Ad

and 4B). This suggests an early separation of TCR andCD28 dur-

ing IS formation. The CD28 ring forms because TCRs reach the

center faster. The spatial resolution of the model between 35

and 100 nm allowed for more detailed insight into the nature of

surface-molecule movement than current experimental data

based on TIRF (total internal reflection fluorescence) microscopy

(z100 nm resolution). Therefore, experiments with higher reso-

lution imaging such as STORM (stochastic optical reconstruc-

tion microscopy) (z20 nm resolution) would be needed to

confirm the early segregation of CD28 and TCR (Rust et al.,

2006).

By showing that actin has a critical role in the relative posi-

tioning of molecules inside the IS (especially signaling molecules

such as TCR, LFA-1, and CD28), our work further suggests that

actin helps to bring signaling molecules together and structure

signaling pathways in time and space. It has been suggested

that TCR signaling is more potent in microclusters than in the

cSMAC, which is likely related to the exhaustion of TCR signaling

complexes (Beemiller et al., 2012; Hashimoto-Tane et al., 2016,

2017). The model reveals that actin coupling increases the

A

B

Figure 5. Variation of the Strength of CD28 Coupling to Actin

(A) In (a)-(f), (CCC = 0.00, 0.05, 0.10, 0.20, 0.50, 1.00 = CTM), respectively. TCR-

pMHC, green; LFA-1-ICAM-1, red; CD28-CD80, yellow.

(B) Amount of CD28-CD80 complexes in the different regions of the IS,

cSMAC, ring around the cSMAC, and dSMAC. Error bars represent SD. Other

parameters are as shown in Table 1.

A

B

Figure 6. Impact of the LFA-1 Gradient on Free CD28 Molecules in

the Absence of the CD80 Ligand

(A) Altering LFA-1 actin coupling strength: (a) CLI = 0.00, (b) CLI = 0.05, and (c)

CLI = 0.10 at 600 s. TCR-pMHC, green; LFA-1-ICAM-1, red; CD28, yellow.

(B) Radial density profile of complexes and free CD28 molecules along the

distance from the center at 600 s. Error bars represent SD. Other parameters

are as shown in Table 1.
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amount of CD28-CD80 complexes in the vicinity of TCR-pMHC

microclusters (Figure 4) and strengthens costimulation in micro-

clusters, as suggested by experimental results (Tavano et al.,

2006; Hayashi and Altman, 2006; Yokosuka et al., 2008; Yoko-

suka and Saito, 2009). In contrast, in the cSMAC, there is coloc-

alization of CD28-CD80 and TCR-pMHC is high when the CD28

ring forms but a low in the inner cSMAC. Together with the pres-

ence of phosphorylated PKCq around the cSMAC (Yokosuka

et al., 2008), this suggests that there is still signaling in that

area, but the degree of colocalization deep in the cSMAC de-

creases and reduces signaling (Varma et al., 2006; Alarcón

et al., 2011).

The analysis and implications of transmembrane molecule

coupling to actin was in the focus of the presented model. Actin

coupling was modeled phenomenologically as a centripetal

force acting on molecules (see Experimental Procedures). While

this representation is justified for the analysis of IS pattern forma-

tion, the mechanisms behind the actin reorientation and trans-

port toward the center of the IS are not considered (Yi et al.,

2012). A more explicit representation of the actin dynamics

would allow us to go deeper into the coupling mechanisms

involved and investigate complex interactions governing binding

to actin, such as frictional coupling (DeMond et al., 2008). Our

work shows that the strength of coupling to centripetal forces

is critical for the organization of the IS, and opens the question

whether coupling to actin is a regulated process or could be

manipulated by chemical compounds. It would be interesting

to assess in silico whether this process impacts the speed or

coupling of molecules to actin flow.

It should be noted that the physiological interaction between

two immune cells involves more complex mechanisms not stud-

ied here. The interacting cells build a complex 3D interface with

undulating membranes (Cartwright et al., 2014; Oszmiana et al.,

2016; Huang et al., 2016; Carisey et al., 2018; Ambler et al.,

2017). The cytoskeleton of the APC dynamically changes during

IS formation (Benvenuti, 2016), and different APCs can generate

ISs with different properties (Nowosad et al., 2016). Actin protru-

sions in the form of microvilli push parts of themembrane toward

the opposite cell, which increases the interaction surface (Cai

et al., 2017; Jung et al., 2016). Endo- and exocytosis or recruit-

ment of molecules from the rest of the cell surface to the IS

(Martın-Cófreces et al., 2014) further increases the complexity

of trafficking dynamics.

This work is designed to reproduce experimental systems

relying on SLBs, where molecules on the ‘‘virtual APC’’ side

move freely (Figure 1). In this simplified system, actin forces

on the T cell side can be studied separately under controlled

conditions. High-resolution data of the IS were mostly

measured on SLBs, and those imaging data were used to vali-

date the model. For instance, the observed size of microclusters

(Hartman et al., 2009; Hashimoto-Tane et al., 2016), the speed

of microcluster movement (DeMond et al., 2008), and the speed

of cSMAC formation (Grakoui et al., 1999) are consistent with

the in silico dynamics. Despite the lack of more complex mech-

anisms, the simplified IS model contains the critical ingredients

needed to recapitulate IS formation and is in close agreement

with experimental observations based on SLBs (Grakoui et al.,

1999; Mossman et al., 2005). As the results of the model were

derived from SLB data, it remains to be proven that the identi-

fied mechanisms apply to a 3D T cell-APC IS, which harbors

many more complexes with different sizes, such as CTLA-4-

CD80/86 and CD2-CD48/58. Further, it has been suggested

that F-actin transport occurs within membrane extensions (de

la Roche et al., 2016), which would correspond to a space-

dependent actin coupling in the model (Köster and Mayor,

2016; Fritzsche et al., 2017).

This work brings new insights into the mechanistic foundations

of amature IS. It can reproduce the localizationof a variety of com-

plexes interacting with their surroundings in T cells on SLBs. We

showed that the mechanism of actin coupling can not only

generate complex patterns, such as the LFA-1 pSMAC gradient

or the CD28 ring structure, but also segregate complexes with

different coupling strengths, such as TCR-pMHC and CD28-

CD80, despite their similar size. The presentedmodel is a suitable

tool to further investigate signaling events on the T cell. It can help

us to not only better understand the effect that targetedmolecules

canhaveonT cell signaling basedon their localization in the IS but

also predict new mechanisms that are not currently discussed or

not yet considered important for the formation of such character-

istic patterns. The localization of CD28-CD80 around the cSMAC

could be used to study its effect on calcium flux as well as phos-

phorylation of PKCq and how this leads to T cell activation.

EXPERIMENTAL PROCEDURES

The in silico simulations were made to replicate the experimental procedures

of the IS study (Grakoui et al., 1999), where T cells are activated on top of SLBs

containing floating pMHC and ICAM-1 (also CD80, etc.) as a simplified repre-

sentation of an APC surface. The in silico procedure begins by representing the

interaction surface of the two membranes of the experiment, the T cell plasma

membrane and the SLB (Figure 1). For the sake of simplicity, and since the

impact of membrane deformation is not explicitly modeled, both surfaces

are described in two dimensions (2D). Therefore, two lattices are created as

square meshes. The nodes of the lattices (grid points) are initially empty.

Each grid point has eight neighbors (Moore neighborhood), and the agents

will roam on these grid points.

The agents are the molecules under consideration, which are uniformly

distributed on the two lattices. Each grid point can be occupied by amaximum

of one agent. The agents randomly move between neighboring grid-point po-

sitions according to their diffusion coefficient. Diffusion is implemented as a

random walk with a probability defined by the speed of diffusion and the simu-

lation time step. Because diagonal movements are longer than horizontal

or vertical ones, the probability of diagonal movements is reduced by the

factor O1/2.
Free molecules can find a ligand on the other lattice and form a complex.

Only ligands on the exact same position are considered. The binding probabil-

ity is defined by the specific binding rates and the volume of the complex that is

about to form (Figure S1C). Complexes can unbind and return to the free-mole-

cule state with a probability defined by the dissociation rates of each specific

complex.When a complex diffuses, its two agents (one on each lattice) need to

move in the same direction, which happens less frequently. The diffusion rate

of the complexes is thus assumed lower than that of free molecules, Dc < Dm,

where c denotes complex and mmolecule. In order to avoid artificial inhibition

ofmotility by local crowdedness, a local exchange algorithmwas implemented

(Meyer-Hermann et al., 2012); agents that failed to move by active forces (SBS

or actin coupling) to an occupied node are stored on a list. At the end of each

time step, each agent on this list checks its target position again andmoves if it

is free. If the target position is occupied by an agent with a force pointing to-

ward the moving agent, then the agents are exchanged. Otherwise, the agent

remains in its position. SBS assumes that the size difference of complexes in-

duces membrane deformations. This is translated into a repulsive force
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between long (LFA-1-ICAM-1) and short (TCR-pMHC or CD28-CD80) com-

plexes. This force is modeled as a weighted vector from a complex toward

all its interacting neighbors, within a radius Rforce. The weight of each vector

represents the strength of the force relative to diffusion. Negative weights

represent repulsion, and positive ones represent attraction. The weights for

TCR-pMHC and LFA-1-ICAM-1 interactions were taken from Figge and

Meyer-Hermann (2009) (Table 1). All vectors are summed, and the resulting

vector points to the direction of movement. The direction is attributed to one

of the eight neighbors, based on a probabilistic function (Siokis et al., 2017).

Since themodel is in 2D, away to represent the transport of complexes by the

centripetal contractionof theF-actin arcs is needed. The transport of complexes

by the centripetal contraction of F-actin arcs is modeled as a centrally directed

empirical force. It is added to the SBS force vector with weight Cx > 0, where

X denotes the specific complex, which reflects the strength of the F-actin bind-

ing. The amount of CD80 was varied between 60% and 120% of the amount of

ICAM-1 (Table 1; Yokosuka et al., 2008). As the results remained similar (Fig-

ure S6), a value of 60% was used. The size of the CD28-CD80 complex is very

close to that of TCR-pMHC, LCC z 15nm. Therefore, SBS between CD28-

CD80 and LFA-1-ICAM-1 complexes was assumed. The dissociation constant

for CD28-CD80 complexes is kd = 4 mm, with koff R 1.6s�1 and kon R 4 3

105M�1s�1 (Figure S7; van der Merwe et al., 1997). All of the parameters used

in the presented simulations are shown in Table 1. For amore systematic expla-

nation of the simulation procedure, the reader may refer to Siokis et al. (2017).

The RDF (or pair correlation function) describes the density as a function of

distance from a reference particle. In this study, we implemented the RDF as

the local density of particles (complexes or molecules) inside a ring of width

dr, at a distance r from a reference particle, normalized by the total density

of the particle under consideration. The plotted RDF represents the frequency

of finding a particle of a specific type in a particular distance from a reference

particle. This representation is useful to show themean size of TCR-pMHCmi-

croclusters (Figure 2C), the distribution of LFA-1-ICAM-1 away from a TCR-

pMHC microcluster (Figure 2D), and the degree of colocalization of CD28-

CD80 and TCR-pMHC in microclusters (Figure 4A). The model further allows

calculation of the amount of molecules or complexes within a defined radius

Rcol = 0.21mm. If a minimum number min (X,Y) R 7 * (a0 / a), where a0 =

70nm is the reference lattice resolution and a is the resolution of the current

simulation, of the two different kinds of molecules or complexes X and Y is

found within this radius, then these molecules are counted as colocalized (Fig-

ure 4B). The presented agent-based simulations could also be implemented as

a PDE model by treating the IS on a macroscopic population level. We chose

an agent-based model, because this allows us to represent the single-mole-

cule level, which might become relevant in small structures and at high reso-

lution. In this limit, agent-based approaches appear as the better choice.

Effects like passive following appear as a natural result of the agent-based

model, which is less easily obtained by a PDE approach.

DATA AND SOFTWARE AVAILABILITY

The code is written in C++ according to all the algorithmic details explained in

Siokis et al. (2017) and is available upon request.
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