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SUMMARY

Small immunoglobulin superfamily (sIGSF) adhesion complexes form a corolla of
microdomains around an integrin ring and secretory core during immunological
synapse (IS) formation. The corolla recruits and retains major costimulatory/
checkpoint complexes, such as CD28, making forces that govern corolla forma-
tion of particular interest. Here, we investigated the mechanisms underlying mo-
lecular reorganization of CD2, an adhesion and costimulatory molecule of the
sIGSF family during IS formation. Computer simulations showed passive distal
exclusion of CD2 complexes under weak interactions with the ramified F-actin
transport network. Attractive forces between CD2 and CD28 complexes relocate
CD28 from the IS center to the corolla. Size-based sorting interactions with large
glycocalyx components, such as CD45, or short-range CD2 self-attraction suc-
cessfully explain the corolla ‘petals.’ This establishes a general simulation
framework for complex pattern formation observed in cell-bilayer and cell-cell in-
terfaces, and the suggestion of new therapeutic targets, where boosting or im-
pairing characteristic pattern formation can be pivotal.

INTRODUCTION

The organization of membrane receptors at the immunological synapse (IS) interface is important for signal

integration and effector function of T cells (Basu et al., 2016; Dustin andChoudhuri, 2016; Hui et al., 2017; Gaw-

den-Bone et al., 2018). The immune synapse is initiated by T cell receptor (TCR) interaction with peptide-major

histocompatibility complex (pMHC) to form a specificity complex. The integrin lymphocyte function-associ-

ated antigen 1 (LFA-1) forms complexes with intercellular adhesion molecule-1 (ICAM-1) and small immuno-

globulin superfamily (sIGSF) member cluster of differentiation 2 (CD2) interacts with CD58 in humans (hCD58)

andCD48 inmice (mCD48) in the context of T cell effector function (Monks et al., 1998;Milstein et al., 2008; Van

Der Merwe et al., 1994; Milstein et al., 2008). When a live T cell forms an interface with a planar supported lipid

bilayer (SLB) containing freely mobile ICAM-1, CD58, and pMHC, the individual complexes are organized into

a layered, radially symmetrical pattern with central TCR-pMHC cluster (synaptic cleft and central supramolec-

ular activation cluster [cSMAC]), surrounded by an integrin adhesion ring (peripheral or pSMAC), and fringed

by sIGSF microdomains in the distal SMAC (dSMAC), resembling flower petals known as corolla (Monks et al.,

1998; Dustin et al., 1998; Grakoui et al., 1999; Kaizuka et al., 2009; Demetriou et al., 2020). cSMAC and pSMAC

formation are driven by F-actin-mediated centripetal transport (Kaizuka et al., 2009; Kaizuka et al., 2007; Fritz-

sche et al., 2017) (Figure S1). Intermittent coupling to the F-actin network (DeMond et al., 2008) with a constant

force (Colin-York et al., 2019) is driving TCR-pMHC to the cSMAC. Integrin-mediated adhesion is an active pro-

cess also regulated by interactions with the F-actin transport network (Nordenfelt et al., 2017). We have pre-

viously shown that cSMAC localization of both TCR-pMHC and costimulatory CD28-CD80 complexes can be

explained by F-actin-dependent transport (Siokis et al., 2018). sIGSF members operate through highly multi-

valent microdomains and are less dependent on cellular energy (Milstein et al., 2008), and the contribution of

the F-actin network to their localization is poorly characterized. The corolla pattern is completely distinct from

that formed by costimulatory and checkpoint complexes, such as CD28-CD80 and PD1-PDL1, which also

occupy TCR microclusters and the outer annulus of the cSMAC (Hui et al., 2017; Demetriou et al., 2020; Yoko-

suka et al., 2008; Tseng et al., 2008; Yokosuka et al., 2012). Strikingly, presence of both CD2-CD58 and CD28-

CD80 in the system leads to corolla formation and relocation of the latter from the cSMAC (Yokosuka et al.,

2008; Siokis et al., 2018) to the corolla in the dSMAC (Demetriou et al., 2020). Thus, it is important to under-

stand the forces that regulate corolla formation.
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To understand the unique localization of sIGSF complexes, we study the positioning of the CD2 receptor.

Interacting molecules in the IS display a phase separation behavior based on chemical kinetics coupled to

membrane spacing (Hori et al., 2002), depending on the size of the formed complexes. CD2 interaction with

mouse CD48 (mCD48) assembles adhesion junctions with an intermembrane gap of 12.8 nm (Milstein et al.,

2008; Wang et al., 1999), similar to TCR-pMHC interaction at 13.1 nm (Choudhuri et al., 2005), suggesting

limited size-based interaction between them. CD2 interactions with hCD58 or mCD48 are low affinity with

fast dissociation kinetics (Van Der Merwe et al., 1994; Dustin et al., 1996; Dustin et al., 1997; Zhu et al., 2006).

The long, unstructured, and highly conserved cytoplasmic domain of CD2 is rich in polyproline (PP) motifs

that contribute to Src family kinase activation (Kaizuka et al., 2009; Demetriou et al., 2020; Carmo et al.,

1993; Bachmann et al., 1999; Skånland et al., 2014; Su et al., 2016). Similar unstructured domains with mul-

tiple PP motifs in combination with proteins containing multiple SH3 domains can undergo concentration-

dependent liquid-liquid phase separation (Lin et al., 2017). CD2-CD58 complex formation supports T cell

polarization (Tibaldi et al., 2002) and also augments and sustains antigen-induced cytoplasmic calcium

(Ca2+ increase in T cells (Espagnolle et al., 2007). Blockade of the CD2-CD58 interaction has been shown

to impair recruitment of PLCg1, a key player for downstream signaling in T cells (Espagnolle et al., 2007).

Together with the aforementioned molecules, T cells and antigen-presenting cells (APCs) express

numerous other surface glycoproteins that make up the glycocalyx, which plays important roles in T cell

interactions, activation, and effector function. A characteristic glycocalyx protein is the transmembrane

protein tyrosine phosphatase CD45. No ligand has been described for CD45 on APCs (Figure S1). Never-

theless, it plays an important role for TCR signaling (McNeill et al., 2007), positively regulating T cell acti-

vation via dephosphorylation of the inhibitory C-terminal tyrosine of p56lck and p59fyn proteins (Johnson

et al., 2000; Thomas and Brown, 1999; Seavitt et al., 1999; Chang et al., 2016), which also interact with CD2

(Carmo et al., 1993). Importantly, CD45 molecules are excluded from the TCR-pMHC microclusters during

the initial moments of IS formation and eventually completely relocate to the outer region of the IS, the

dSMAC (Johnson et al., 2000; Cordoba et al., 2013; Graf et al., 2007), where the corolla forms (Demetriou

et al., 2020). This suggests that CD45may play a role in the organization of the corolla/dSMAC, although no

previous study has addressed this question.

In this study, we focused on understanding the possible mechanisms leading to the CD2 corolla in the

dSMAC. We developed a general agent-based model simulating the immunological synapse formation

involving all relevant components for corolla pattern emergence, including specificity (TCR-pMHC), inter-

grin (LFA-1-ICAM-1), sIGSF adhesion (CD2-CD58), and costimulatory (CD28-CD80) complexes as well as

glycocalyx molecules (CD45). This complete simulation platform reflects the physical processes of diffu-

sion, chemical kinetics, and agent-agent interactions (Figure S1). In the simulations, the emerging LFA-1

gradient in the pSMAC resulted in two distinct CD2-CD58 populations, one passively following the TCR-

pMHC movement toward the cSMAC and the other relocating to the dSMAC and residing in an annular

pattern. Attraction between CD2-CD58 and costimulatory CD28-CD80 complexes resulted in the forma-

tion of the corolla pattern, where the two classes of interactions can work together. In the absence of cos-

timulatory interactions, self-attraction between CD2-CD58 complexes was sufficient to reproduce the

corolla. The origin of such a force could be the interaction of CD2-CD58 complexes with local F-actin asters

and focal points but not the centripetal F-actin flow. In simulations with a glycocalyx component (CD45)

present, the corolla pattern was reproducible alone by the size-based segregation (SBS) between CD2-

CD58 complexes and CD45 molecules. Taken together, these results imply that the corolla pattern forma-

tion can be a result of active processes, such as the CD2-CD58 self-attraction and the attraction between

CD2-CD58 and CD28-CD80 complexes, or of a physical phase separation process together with competi-

tion for space in the presence of glycocalyx components. All these mechanisms can simultaneously

contribute during synapse formation, and therefore, additional experiments are required to understand

the effect of glycocalyx components and the intermolecular forces.

RESULTS

sIGSF receptor titration fails to reproduce the corolla pattern

In our effort to understand the mechanisms underlying sIGSF adhesion complex localization and interac-

tion with other molecules on the forming synapse, such as costimulatory complexes, we developed a

phenomenological agent-based model and validated it by experiments performed on SLBs (Demetriou

et al., 2020; Yokosuka et al., 2008). This model takes into account chemical kinetics for the formation of re-

ceptor-ligand complexes. SBS of sIGSF versus longer integrin complexes was modeled as a repulsive force
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Figure 1. Titration of CD2 in the IS

(A) Experimentally observed IS patterns including different receptor-ligand complexes (left column) and comparison with IS patterns obtained by

simulations (right column).
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and the F-actin-driven centripetal transport as an empirical centrally directed force (Siokis et al., 2018) (Fig-

ure S1). As those interactions depend on the biophysical properties of the complexes such as size and on-

and off-rates, the following results were generated for a specific example of the involved complexes: the

specificity complex TCR-pMHC, the integrin complex LFA-1-ICAM-1, costimulation complexes CD28-

CD80 (similar to checkpoint PD1-PDL1), and sIGSF adhesion complex CD2-CD58.

SBS between TCR-pMHC and LFA-1-ICAM-1 complexes was responsible for the formation of TCR-pMHC

microclusters, while at the same time, the F-actin-driven centripetal force results in the accumulation of

TCR-pMHC in the cSMAC as well as the emergence of an LFA-1-ICAM-1 gradient in the pSMAC (Figure 1A

top row). The gradient acted as an exclusion mechanism, altering the localization of free molecules as well

as receptor-ligand complexes (Cartwright et al., 2014), which did not interact with the F-actin centripetal

flow. SBS between LFA-1-ICAM-1 and CD2-CD58 complexes results in the exclusion of CD2-CD58 com-

plexes toward the dSMAC (Figure 1A bottom row, 1B). The in silico experiments showed that CD2-CD58

and TCR-pMHC complexes initially colocalize in the microclusters (Figure 1B). Measuring the amount of

CD2-CD58 in each region of the IS (c, p, dSMAC), we observed that during the first two minutes of IS for-

mation, the in silico and in vitro data did not match (Figure 1C). In vitro, this is the spreading phase of the

T cell on the SLB, while in silico the full IS area is already formed. When this phase is over (R3 min), the

in vitro and in silico data are in good agreement (Figure 1C), as can also be seen from the radial density

profiles at 10 minutes of IS formation (Figure 1D). Interestingly, a small population of CD2-CD58 complexes

passively followed the TCR-pMHC movement toward the center of the IS and localized around the cSMAC

(Figures 1A–1C). This population was termed passive followers (Siokis et al., 2018). The majority of CD2-

CD58 (z80%), although excluded to the dSMAC, were correctly positioned but failed to form the corolla

pattern (Figures 1A–1D).

Demetriou et al. reported that the relative levels of CD2 in different T cell types, including naive and mem-

ory CD4+ and CD8+ T cells, and in tumor-infiltrating lymphocytes (TILs) of patients with colorectal cancer

(CRC) versus cells from surrounding healthy tissues might play an important role in the emergence of the

corolla pattern (Demetriou et al., 2020). TILs of patients with CRC express smaller numbers of CD2 per

T cell, resulting in an impaired or completely absent corolla pattern. Therefore, we sought to investigate

whether titration of the CD2 amount would result in the corolla pattern in the dSMAC region.

The amount of CD58 in the SLB lattice was abundant (100 CD58/mm2), discounting its role as a limiting fac-

tor in CD2-CD58 complex formation. We then studied the localization of CD2-CD58 complexes, starting

with population sizes as low as 1 and reaching up to 45 CD2/mm2. With increasing CD2 density, the

CD2-CD58 ring in the dSMAC became more prominent (Figure 1E), but the distinct ‘petals’ of the corolla

pattern did not emerge. Furthermore, as shown in Figure 1F, increasing CD2 density did not alter the

amount of excluded CD2-CD58 (z90%), reaching the same levels as in Figure 1C. Interestingly, as a result

of crowding and SBS between CD2-CD58 and LFA-1-ICAM-1, the passive follower population in the outer

cSMAC saturated at a maximum capacity already at 18 CD2/mm2 (Figure 1G). The lack of CD2-CD58 com-

plex clustering in the dSMAC suggests that the amount of CD2 or other similar sIGSF family receptor is not

a sufficient driver for corolla formation. Therefore, we investigated different hypotheses and possible

mechanisms.

sIGSF adhesion complex self-attraction is sufficient for corolla pattern

In an attempt to recapitulate the clustering of the excluded CD2-CD58 in the corolla, we tested different

mechanisms. Both centripetal forces weaker or similar to those acting on LFA-1-ICAM-1 (Figures S2A and

Figure 1. Continued

(B) IS formation dynamics between 1 and 10 minutes and colocalization of CD2-CD58 with TCR-pMHC complexes.

(C) Amount of CD2-CD58 complexes in central, peripheral, and distal SMACs during IS formation in simulation versus experiment (Demetriou et al., 2020).

(D) Radial density profiles of TCR, LFA-1, and CD2 complexes along the distance from the center at 10 min.

(E) Titration of the initial CD2 amount from 1 to 45 molecules/mm2.

(F) Amount of CD2-CD58 complexes in central, peripheral, and distal SMACs for different CD2 densities. Pink shaded area denotes the experimental range

in the dSMAC.

(G) Radial density profiles of CD2-CD58 complexes along the distance from the center for different CD2 densities. Parameters from Table 1. Varied

parameters: 1-45 CD2/mm2; 100 CD58/mm2. Error bars represent SD of N = 10 simulations. TCR-pMHC: green, LFA-1-ICAM-1: red, CD2-CD58: magenta,

CD2-TCR colocalization: white.
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Table 1. Reference parameter values, used throughout the article

Name Parameter Value References

Radius of contact region R (mm) 4.9 (Siokis et al., 2018; Figge and

Meyer-Hermann, 2009)

Lattice constant a (mm) 0.07 (Siokis et al., 2018; Figge and

Meyer-Hermann, 2009)

Free molecule diffusion constant Dm (mm2/s) 0.10 (Siokis et al., 2018; Figge and

Meyer-Hermann, 2009)

Complex diffusion constant Dc (mm
2/s) 0.06 (Siokis et al., 2018; Figge and

Meyer-Hermann, 2009)

Radius of SBS between TCR-pMHC

and LFA-1-ICAM-1

RSBS,TCR-LFA (mm) 0.42 (Siokis et al., 2018; Figge and

Meyer-Hermann, 2009)

Weight of SBS between TCR-pMHC

and LFA-1-ICAM-1

WSBS,TCR-LFA �1.0 (Siokis et al., 2018; Figge and

Meyer-Hermann, 2009)

Radius of SBS between CD28-CD80

and LFA-1-ICAM-1

RSBS,CD28-LFA (mm) 0.42 (Siokis et al., 2018)

Weight of SBS between CD28-CD80

and LFA-1-ICAM-1

WSBS,CD28-LFA �1.0 (Siokis et al., 2018)

Radius of SBS between CD2-CD58

and LFA-1-ICAM-1

RSBS,CD2-LFA (mm) 0.42 fixed

Weight of SBS between CD2-CD58

and LFA-1-ICAM-1

WSBS,CD2-LFA �1.0 fixed

Radius of SBS between CD45

and TCR-pMHC

RCD45TCR (mm) 0.28 varied: 0.00–0.42

Weight of SBS between CD45

and TCR-pMHC

WCD45TCR �1.0 fixed

Radius of SBS between CD45

and LFA-1-ICAM-1

RCD45LFA (mm) 0.00 varied: 0.00–0.28

Weight of SBS between CD45

and LFA-1-ICAM-1

WCD45LFA 0.0 varied: �1.00-0.00

Radius of SBS between CD45

and CD2-CD58

RCD45CD2 (mm) 0.28 varied: 0.21–0.42

Weight of SBS between CD45

and CD2-CD58

WCD45CD2 �1.0 fixed

Radius of attraction between

CD2-CD58 and CD28-CD80

RCD2CD28 (mm) 0.35 varied: 0.00–0.42

Weight of attraction between

CD2-CD58 and CD28-CD80

WCD2CD28 1.0 fixed

Radius of self-attraction between

CD2-CD58 and CD2-CD58

RSelfAtt (mm) 0.28 varied: 0.00–0.42

Weight of self-attraction between

CD2-CD58 and CD2-CD58

WSelfAtt 1.0 varied: 0.2–1.0

Dissociation rate TCR-pMHC koff,TCR (1/s) 0.1 (Siokis et al., 2018; Figge and

Meyer-Hermann, 2009)

Association rate TCR-pMHC kon,TCR (1/Ms) 2*104 (Siokis et al., 2018; Figge and

Meyer-Hermann, 2009)

Dissociation rate LFA-1-ICAM-1 koff,LFA (1/s) 0.03 (Siokis et al., 2018; Figge and

Meyer-Hermann, 2009)

Association rate LFA-1-ICAM-1 kon,LFA (1/Ms) 3*105 (Siokis et al., 2018; Figge and

Meyer-Hermann, 2009)

Dissociation rate CD28-CD80 koff,CD28 (1/s) 1.6 (Siokis et al., 2018)

(Continued on next page)
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S2B) and adhesion between neighboring CD2-CD58 complexes (Figure S2C) failed to reproduce clustering

in the dSMAC and thus the corolla.

We then hypothesized an attractive interaction between neighboring CD2-CD58 complexes. Such an

attraction could be the result of CD2 interacting with F-actin asters that are not part of the ramified trans-

port network (Gowrishankar et al., 2012). This self-attraction was implemented as an attractive force be-

tween CD2-CD58 complexes over a distance described by a varying radius RSelfAtt = 0.00–0.42mm and

with strength WSelfAtt ˛ (0, 1]. For attraction radius RSelfAtt = 0.28 mm and CD2 concentrations R18/mm2,

distinct clustering appeared, emulating the corolla pattern (Figure 2A). Increased CD2 density on the

T cell surface led to a linear increase of the number of cells, developing a corolla pattern in vitro (Demetriou

et al., 2020). Titration of the CD2 amount with fixed attraction radius RSelfAtt = 0.28 mm divided CD2-CD58

into two populations, one localized around the cSMAC and the other in the corolla (Figure 2B). With the

increasing amount of CD2, the sIGSF adhesion complex population in the corolla increased in a linear

fashion (see linear regression line for CD2 density %4/mm2 in Figure 2B) before saturation at z90%, as

before (Figures 1C and 1F). Assuming ergodicity, the linear increase of the number of cells with developed

corolla in vitro (Demetriou et al., 2020) corroborates the linear increase of the number of CD2-CD58 com-

plexes in the corolla with increasing CD2 density in silico.

Interestingly, stronger self-attraction increased the amount of CD2 molecules that formed complexes with

CD58 (Figure 2C). Comparing the amount of boundCD2 with the state of clustering in the dSMAC, we iden-

tified four regimes (Figures 2C and 2D). In Regime I, RSelfAtt%0.15 mm, CD2-CD58 were located in the

dSMAC but not clustered. In Regime II, 0.16 % RSelfAtt%0.19 mm, some individual CD2-CD58 stuck

together, while in Regime II/III, a transition regime, 0.20% RSelfAtt%0.22 mm, denser CD2-CD58 areas ap-

peared. Finally, in Regime III, RSelfAtR0.23 mm, the CD2-CD58 clustering was more pronounced and the

corolla pattern became apparent. It is remarkable that the simulations suggest a sharp transition from

regime II to III.

For the case of self-attraction with radius RSelfAtt = 0.28 mm, we observed that CD2-CD58 complexes initially

(t < 3 min) colocalized with TCR-pMHC in the microclusters (Figure S3 [top and middle row] and Video S1).

As TCR-pMHC accumulated in the cSMAC (t > 3min), some of the CD2-CD58 complexes passively followed

while the majority were relocated in the dSMAC, where the corolla pattern eventually formed (t = 10 min).

This recapitulates the path described experimentally (Demetriou et al., 2020). Plotting the tracks of twenty

random CD2-CD58 complexes (Figure S3 [bottom row] and Video S2), we saw that they initially moved in-

ward, and when the LFA-1-ICAM-1 complexes formed in the pSMAC, they were excluded toward the

dSMAC. The strength of the self-attraction,WSelfAtt ˛ (0, 1], did not alter these results (Figure S4): The tran-

sition from the CD2-CD58 ring in the dSMAC to the corolla occurred for RSelfAtt>0.21 mm (Figure S4A), while

their localization in the IS was not substantially affected (Figures S4B–S4D).

Table 1. Continued

Name Parameter Value References

Association rate CD28-CD80 koff,CD28 (1/Ms) 4*105 (Siokis et al., 2018)

Dissociation rate CD2-CD58 kon,CD2 (1/s) 4 (Van Der Merwe et al., 1994; Dustin

et al., 1997; Dustin et al., 1996)

Association rate CD2-CD58 koff,CD2 (1/Ms) 6*105 (Van Der Merwe et al., 1994; Dustin

et al., 1997; Dustin et al., 1996)

TCR-pMHC centrally directed force CTCR 1.00 varied: 0.00–1.00

LFA-1-ICAM-1 centrally directed force CLFA 0.06 varied: 0.00–0.10

CD28-CD80 centrally directed force CCD28 0.20 (Siokis et al., 2018)

CD2-CD58 centrally directed force CCD2 0.00 varied: 0.00–0.10

Density of TCR, pMHC (1/mm2) 9 varied: 9-14

Density of LFA-1, ICAM-1 (1/mm2) 23 fixed

Density of CD28, CD80 (1/mm2) 11 fixed

Density of CD2, CD58 (1/mm2) 18 varied: 1-100

Density of CD45 (1/mm2) 21 fixed
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These results together showed that a phenomenological attractive force between sIGSF adhesion com-

plexes, possibly originating from their interaction with local F-actin asters or networks of signaling proteins

such as Lck, can reproduce in silico the experimentally observed corolla pattern.

sIGSF adhesion complexes alter CD28 localization

Costimulatory CD28-CD80 complexes (Yokosuka et al., 2008) are structurally similar to the sIGSF adhesion

complexes CD2-CD58, but their localization around the cSMAC was completely different in a minimal IS in

which LFA-1-ICAM-1 and TCR-pMHC complexes were involved (Figure 3A-top row). Their accumulation

around the core of TCR-pMHC complexes in the cSMAC was a combined result of SBS with LFA-1-

ICAM-1, passively following TCR-pMHC, and being actively transported toward the center owing to inter-

action with the F-actin centripetal flow (Figure 3A top row).

Interestingly, it was recently shown experimentally that the sIGSF adhesion complex can relocate costimu-

latory/checkpoint complexes to the corolla (Figure 3A bottom row) (Demetriou et al., 2020). Considering

the aforementioned experimental and theoretical results for CD28 (Yokosuka et al., 2008; Siokis et al.,

2018), we run simulations with both CD28/CD80 and CD2/CD58. Owing to the similar sizes of CD2-

CD58, CD28-CD80, and TCR-pMHC complexes (z12.8–13.1 nm), we did not assume any interaction be-

tween them, but only introduced SBS between each of these and LFA-1-ICAM-1 complexes.

Introduction of CD2-CD58 complexes into the synapse did not affect the annular localization of CD28-

CD80 costimulatory complexes, in contrast to the experimental observation (Figure 3A bottom row).

This was also confirmed by measuring the amount of CD2-CD58 and CD28-CD80 complexes in the

cSMAC and dSMAC of the IS (Figure 3C). The majority of CD28-CD80 (z60%) still resided in the

cSMAC, while almost 90% of CD2-CD58 complexes were excluded to the dSMAC, where they resided in

a ring-like structure. This set of simulations showed that to (i) relocate costimulatory complexes from the

cSMAC to the dSMAC and (ii) form the CD2-CD58 corolla in the dSMAC, as also seen earlier (Figures 1

and 2), additional mechanisms are required.

For the relocation of costimulatory complexes to the dSMAC, the similarities of sIGSF adhesion and cos-

timulatory complexes in protein interaction network and size could suggest that the two kinds of com-

plexes prefer to stay together during IS formation, as found experimentally (Demetriou et al., 2020). This

was modeled as an attractive interaction defined by interaction radius (RCD2CD28) and strength (WCD2CD28).

The attractive force was able to overcome the centripetal force on CD28-CD80 and pull them into the

dSMAC region (Figures 3B and 3C, Video S3). The greater the attraction radius, the more the costimulatory

complexes relocated in the dSMAC. The amount of CD28-CD80 in the dSMAC increased from z20% to

z80%. The attraction was also sufficient to cluster CD2-CD58 andCD28-CD80 complexes (Figure 3B), reca-

pitulating the experimentally observed corolla pattern (Demetriou et al., 2020).

To further investigate how the corolla was affected by the LFA-1-ICAM-1 gradient (Siokis et al., 2018), in silico

simulations were performed with different strengths of the centripetal force on LFA-1-ICAM-1 complexes

(CLFA = 0.00–0.20). The attraction of the CD2-CD58 andCD28-CD80 complexes was kept constant at RCD2CD28 =

0.35 mm with strength WCD2CD28 = 1.0 (Figure S5). In the absence of centripetal forces (CLFA = 0.00), no LFA-1-

ICAM-1 gradient developed and the CD2-CD28 clusters localized to the pSMAC region rather than being

excluded to the dSMAC. As the centripetal force increased in strength (CLFAR0.03), the CD2-CD28 clusters

were excluded to the dSMAC. This result shows the importance of the LFA-1-ICAM-1 gradient for exclusion

of sIGSF adhesion and costimulatory complexes to the dSMAC during IS formation.

Glycocalyx proteins residing in the dSMAC promote corolla pattern

In reality, many more molecules are present in the IS region contributing to a dense glycocalyx. Next, we

asked whether such molecules affect the sIGSF adhesion complex localization and the transition from the

Figure 2. CD2 self-attraction results in the corolla pattern

(A) Rows: Different radii of self-attraction, RSelfAtt, between CD2-CD58 complexes. Columns: Different densities of CD2 molecules.

(B) Amount of CD2-CD58 complexes in the central and distal SMAC. Pink shaded area denotes the experimental range in the dSMAC. The function f(x) is a

linear regression based on the four lowest CD2 densities, i.e., % 4/mm2.

(C and D) Amount of CD2 that formed complexes with CD58 and the emergence of four regimes based on the amount of CD2-CD58 complex formation and

the clustering in the IS considering 18 CD2/mm2. Parameters from Table 1. Varied parameters: 1-45 CD2/mm2; 100 CD58/mm2. Error bars represent SD of N =

10 simulations. TCR-pMHC: green, LFA-1-ICAM-1: red, CD2-CD58: magenta.
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ring in the dSMAC to the corolla pattern. An example is the transmembrane protein tyrosine phosphatase

CD45. CD45molecules are important for T cell activation (McNeill et al., 2007; Johnson et al., 2000; Thomas

and Brown, 1999; Seavitt et al., 1999; Chang et al., 2016), and their concentration in the dSMAC (Johnson

et al., 2000; Cordoba et al., 2013; Graf et al., 2007) positions them to regulate sIGSF adhesion complexes in

this compartment.

At first, we asked how CD45 molecules are excluded from the IS. Their size, z20 nm, is smaller than the

maximal reach of LFA-1-ICAM-1 complexes, and the exclusion from the TCR-pMHCmicroclusters (Johnson

et al., 2000; Graf et al., 2007) suggested SBS between CD45 and TCR-pMHC. For simplicity, we first inves-

tigated the IS dynamics only with TCR, LFA-1, and CD45 on the T cell and pMHC and ICAM-1 on the SLB.

The repulsive force between TCR-pMHC and CD45 with radius RCD45TCR led to initial exclusion of CD45

molecules from TCR microclusters. Together with the LFA-1-ICAM-1 gradient, CD45 was eventually

A

C

B

Figure 3. CD28-CD80 complexes relocate to the CD2-CD58 dSMAC based on an attractive force between both complexes that results in the

corolla formation

(A) Experimentally observed IS patterns including different receptor-ligand complexes (left column) and comparison with IS patterns obtained by

simulations (right column).

(B) Attraction between CD2-CD58 and CD28-CD80 complexes within radius RCD2CD28 = 0.14–0.35 mm and weight WCD2CD28 = 1.0, colocalization of CD2-

CD58 and CD28-CD80 complexes for RCD2CD28 = 0.35 mm and experimental data.

(C) Amount of CD2-CD58 (solid) and CD28-CD80 (dashed) complexes in the central and distal SMACs for various CD2-CD28 attractive force radii. Pink

shaded area denotes the experimental range of CD2-CD58 and CD28-CD80 in the dSMAC. Parameters from Table 1. Error bars represent SD of N = 10

simulations. Scale bar: 2 mm. TCR-pMHC: green, LFA-1-ICAM-1: red, CD2-CD58: magenta, CD28-CD80: cyan, CD2-CD28 colocalization: white.
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excluded from the cSMAC and inner pSMAC, restricting CD45 to the outer pSMAC and dSMAC (Figures

S6A and S6C). Accordingly, we investigated how additional SBS between LFA-1-ICAM-1 complexes and

CD45 affects the IS dynamics and pattern. A small distance repulsion (RCD45LFA = 0.14 mm) between the

LFA-1-ICAM-1 complexes and CD45 resulted in complete exclusion of CD45 from the pSMAC. Interest-

ingly, for increasing radii, RCD45LFA>0.21 mm, clusters of CD45 appeared in the pSMAC and around the

cSMAC (Figure S6B). This resulted in a slightly decreasing amount of CD45 in the dSMAC, but still more

than 80% remained there (Figure S6D). Because CD45 is experimentally shown to form a ring in the dSMAC

(Johnson et al., 2000; Graf et al., 2007), we decided to include SBS only between TCR-pMHC and CD45.

TCR-pMHCandCD2-CD58complexeshavesimilar sizes, andtherefore,we included thesameSBSbetweenboth

of theseandCD45.Noself-attractionbetweenCD2-CD58was included in these in silicoexperiments. For a repul-

sion radiusofRCD45TCR=RCD45CD2=0.21mm,CD2-CD58 complexes colocalizedwithCD45 in thedSMACbut did

not form a distinct corolla (Figure 4A). The corolla emerged for RCD45TCR = RCD45CD2R0.28 mm (Video S4). The

mechanisms leading to the corolla and the final characteristic pattern per se were not affected by different lattice

resolutions, ranging between 35 and 100 nm (Figure S7). Around 80% of the total CD2-CD58 participated in the

formationof the corolla in thedSMAC (Figure4B), a fraction inaccordancewith theexperimental data (Demetriou

et al., 2020). Interestingly, with increasing repulsion strength, the amount of CD2 molecules that formed com-

plexes with CD58 increased in a linear fashion (Figure 4C). These results suggested that the corolla pattern for-

mationcanalsobedrivenbyaphase separationprocesswithcompetition for spacebetweenapercolatingphase

enriched in CD45 andmicrodomains enriched in CD2-CD58. Other glycocalyx components could contribute to

corolla formation (Shurer et al., 2019).

Next, we performed CD2 titration while keeping the repulsion at RCD45TCR = RCD45CD2=0.28 mm. For CD2

densities between 1 and 4/mm2, no clustering appeared in the corolla and a large fraction of CD2-CD58

complexes resided in the central IS region (Figures 5A and 5B). As the CD2 amount increased, not only

the majority of CD2 was excluded, reaching more than 70% in the dSMAC, in accordance with experiment

(Demetriou et al., 2020), but also clustering in the corolla was induced (Figures 5A and 5B). These results

A

B C

Figure 4. Interaction of CD45 with CD2-CD58 and TCR-pMHC complexes

(A) IS pattern at 10 minutes for different radii of repulsion between CD45 and CD2-CD58 as well as CD45 and TCR-pMHC.

The same plots are shown with and without resolving CD45.

(B) Amount of CD45 and CD2-CD58 in the central, peripheral, and distal SMACs for different radii of repulsion. Pink

shaded area denotes the experimental range of CD2-CD58 in the dSMAC.

(C) Percent of CD2 molecules that formed complexes with CD58. The function f(x) is a linear regression. Parameters from

Table 1. Error bars represent SD of N = 10 simulations. TCR-pMHC: green, LFA-1-ICAM-1: red, CD2-CD58: magenta,

CD45: white.
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together showed that the amount of CD2 can affect corolla formation (Demetriou et al., 2020), provided the

presence of large, SBS inducing glycocalyx molecules in the dSMAC. Therefore, reduced CD2 numbers on

T cells of CRC TILs, indeed, can result in the absence of CD2-CD58 corolla formation, with implications for

the balance of costimulatory and checkpoint function, as suggested before (Demetriou et al., 2020).

Finally, to confirm the presence and also to show the importance of the LFA-1 gradient, we performed

in vitro experiments where after allowing the synapse to form for 20 min, the cells were treated with Latrun-

culin A (LatA). LatA is known to disrupt the ramified F-actin transport network and therefore the centripetal

flow of LFA-1 complexes. In accordance with the experiments, we performed simulations where the cen-

tripetal flow of LFA-1 (CLFA) was altered after 20 minutes of synapse formation. Interestingly, we observed

both in vitro and in silico that depending on the LatA dose, and accordingly depending on strength of the

centripetal flow CLFA, the corolla pattern is disrupted and eventually ceases to exist. CD2-CD58 complexes

then move to the center of the IS (Figure 6). For LatA = 330 nM, the corolla completely disappeared in vitro,

as was also observed for CLFA = 0.00 in silico (Figure 6A). The radial density profiles of CD2 and LFA-1 com-

plexes were similar between experiments and simulations (Figure 6B). These data provide an additional

qualitative validation of the IS simulation model. These experiments could be also performed with acto-

myosin inhibitors targeting Arp2/3 such as CK666 (Murugesan et al., 2016). Acto-myosin leads to F-actin

A

B

Figure 5. CD2 titration in the presence of CD45

(A) Titration of CD2 amount, with constant repulsion between CD45 and CD2-CD58 and TCR-pMHC (RCD45TCR =

RCD45CD2 = 0.28 mm) with CD45 shown (top row) or not (bottom row).

(B) Amount of CD2-CD58 in cSMAC and dSMAC, during CD2 amount titration. Pink shaded area denotes the

experimental range of CD2-CD58 in the dSMAC. The function f(x) is a linear regression. Parameters from Table 1. Varied

parameters: 1-18 CD2/mm2. Error bars represent SD of N = 10 simulations. TCR-pMHC: green, LFA-1-ICAM-1: red, CD2-

CD58: magenta, CD45: white.
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arc formation and the consequent centripetal transport of complexes, and therefore, partial or complete

inhibition of it will lead to impaired synapse formation.

DISCUSSION

A limitation of previous immune synapse simulation models was a failure to incorporate two major classes

of molecules. Our studies and others have simulated basic features of IS formation related to the cSMAC

and pSMAC only (Qi et al., 2001; Weikl and Lipowsky, 2004; Figge and Meyer-Hermann, 2006; Carlson and

Mahadevan, 2015). Recently, we refined the model to incorporate costimulation complexes and a more ac-

curate simulation of the pSMAC (Siokis et al., 2018). We also now recognize that rules developed for cos-

timulatory interactions likely also apply to checkpoint molecules that counteract costimulatory signals (Hui

et al., 2017). In this study, we have generalized this agent-basedmodel to incorporate sIGSF adhesion com-

plexes such as CD2-CD58 and large glycocalyx molecules such as CD45 to simulate a newly described

feature of human T cell IS (Demetriou et al., 2020). The in silico experiments pointed to two possible mech-

anisms contributing to CD2 corolla formation. One active, energy-consuming mechanism, where self-

attraction between sIGSF adhesion complexes as well as attraction between sIGSF adhesion and costimu-

latory complexes led to their clustering and together with exclusion by the integrin adhesion complex

gradient, to the formation of the corolla pattern (Figures 2, 3, S3, and S5). The CD2 corolla can also be

formed by an extracellular size-dependent phase separation mechanism in combination with competition

for space. In this case, the presence of other, SBS-inducing molecules in the dSMAC, such as glycocalyx

component CD45, led to sIGSF adhesion complex clustering and consequently the corolla pattern (Figures

A

B

Figure 6. LatA treatment and alteration of the LFA-1 centripetal transport strength (CLFA), 20 minutes after synapse formation

(A) IS simulations of altered CLFA strength (top) and cells treated with different doses of LatA.

(B) Radial density profiles of CD2-CD58 and LFA-1-ICAM-1 complexes along the distance from the center for differentCLFA strengths (dashed lines) and LatA

doses (solid lines). Parameters from Table 1. Varied parameters: 14 TCR, pMHC/mm2; 23 CD2, CD58/mm2;CLFA = 0.00–0.06. Error bars represent SD of N = 10

simulations and at least N = 15 treated cells. LFA-1-ICAM-1: red, CD2-CD58: magenta.
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4 and 5). These molecular and mechanistic features establish a general model and simulation platform that

can recapitulate complex pattern formation processes observed in cell-bilayer and cell-cell interfaces.

We have categorized many potential interactions into larger groups based on specificity (TCR-pMHC), integrin

adhesion complexes (LFA-1-ICAM-1), sIGSF adhesion complexes (CD2-CD58), and costimulatory/checkpoint

complexes (CD28-CD80 and PD-1-PDL1). We expected that methods we have used to simulate sIGSF adhesion

also apply to hemophilic SLAM family members and heterophilic but promiscuous adhesion molecules such as

CR-TAM-CADM1 (Takeuchi et al., 2015). Costimulatory interactions may also include ICOS-ICOSL interactions

and tumor necrosis factor (TNF) receptor superfamily members that can interact with sIGSF or TNF superfamily

ligands (Demetriou et al., 2020; Mintz et al., 2019). The similarities in size and interaction networks of CD2-CD58

sIGSF adhesion complex and CD28-CD80 costimulatory complex together with the indirect links with F-actin

(Hutchings et al., 2003) supported the notion that sIGSF adhesion complexes bind to the centripetal flow of F-

actin, just like CD28-CD80 complexes (Siokis et al., 2018). Interactions of individual engaged CD2 with F-actin

would be transient owing to the brief lifetime of CD2-CD58 interactions. These interactions may not result in

domain transport as high lateral mobility within the microdomains might instead generate convective mixing

within themicrodomains anddeformation away fromperfect circles dictatedby self-attraction or size-dependent

phaseseparationmechanisms.Although, in somecases, aweakcentripetal force seemedcompatiblewithcorolla

formation, the amountofCD2-CD58 complexes residing around the cSMACcontradicted the experimental data

(Figures S2A and S2B) (Demetriou et al., 2020). The localization of sIGSF adhesion complexes thenmore resem-

bled that of costimulatory complexes (Yokosuka et al., 2008; Siokis et al., 2018), rather than the corolla (Demetriou

et al., 2020). In general, adhesionmolecules areexpressedat 10-fold greater abundance than costimulatory com-

plexes, but our results suggest there are additional differences.

The attractive force between sIGSF adhesion complexes and costimulatory/checkpoint complexes or among

sIGSF adhesion complexes that are sufficient for corolla formation in simulation may arise from different types

of lateral interactions. There are two classes of interactions to consider: active solids such as F-actin asters (Hutch-

ings et al., 2003) and active liquids such as cytoplasmic condensates implication in TCR signaling (Su et al., 2016).

Linking to an active solid such as F-actin cytoskeleton requires adapter proteins. For example, the cytoplasmic

domain of CD2 interacts with CapZ through CD2AP (CD2-associated protein) (Hutchings et al., 2003). This inter-

action isbelieved toorchestrateproteinpatterning in the IS (Dustinetal., 1998). ThemultiplePPmotifs in the long,

unstructured cytoplasmicdomain of CD2are a signatureof proteins that canparticipate in condensate formation

(Hymanet al., 2014). There are several possibilities for the implementationof suchan interaction includinghybrids

in which liquid condensates interact with F-actin filaments. The necessary range of self-attraction suggests that

the organizing structure would be on the order of >200-350 nm. Alternately, short-range interactions of neigh-

boringcomplexes, similar toTCRcross-linking (Dixonet al., 1989;Minguet et al., 2007), were unable to reproduce

the CD2-CD58 corolla pattern (Figure S2C).

The secondmechanism able to recapitulate the corolla was a passivemechanismbasedon SBS and local crowd-

ing. CD45 is abundantly expressed on T cells andmore generally on all leukocytes and is important for signaling

(McNeill et al., 2007; Zamoyska, 2007). CD45 localization in the dSMAC together with the strong SBS (Johnson

et al., 2000;Graf et al., 2007) suggested a repulsive interactionbetween the two. The confiningeffectsof this force

onsIGSFadhesion complexesmayaccount for corolla formation. Ingeneral, themodel suggests that crowding in

the IS and specifically in the dSMAC can induce pattern formation without self-attraction between the sIGSF

adhesion complexes. Additional experiments are required for an improved understanding of whether CD45 or

anyother kindofmolecule or complexpresent in thedSMAC is responsible for theCD2corolla formation.A com-

bination of knockouts targeting particular core proteins and glycosylation pathwaysmight be able to sufficiently

modulate the glycocalyx of T cells to test this mechanism.

The incorporation of the sIGSF adhesion complex corolla and alternative models for how the structure can

form greatly increases the fundamental and practical utility of IS simulations. Genetic variants of CD2 and

its ligand CD58 are important in rheumatoid arthritis (Raychaudhuri et al., 2009). Individuals with variants of

CD58 that decreased expression are at a greater risk of developingmultiple sclerosis (De Jager et al., 2009).

In cancer, loss of CD58 is associated with relapse in Hodgkins disease (Razak et al., 2016) and low CD2

expression is associated with poor outcome on melanoma (Patel et al., 2017). Moreover, exhausted

T cells with low CD2 are observed in patients with CRC and have a similar impact on TCR signaling to check-

point PD-1 engagement (Demetriou et al., 2020). This general model is now also likely to be predictive for

patterns of checkpoint complex forming including interactions of PD-1 and its ligands. Additional features
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such as cis interaction of CD80 and PD-L1, and PD-1 and PD-L1 between adjacent molecules in the same

membrane (Zhao et al., 2018; Chaudhri et al., 2018), or introduction of another major class of adhesion mol-

ecules such as cadherins (Brasch et al., 2012; Wu et al., 2010) could be rapidly implemented.

It has to be noted that Demetriou et al., 2020 showed that the corolla pattern emerges and is similar when

formed on T cell-APC and T cell-SLB conjugates. The greater imaging convenience of the latter leads to the

wider use of SLBs. Similar to T cells, the cytoskeleton of APCs is also dynamically changing during synapse

formation, and these changes may not only affect (by assisting or even resisting) the movement of certain

molecules but also signaling that can be altered which consequently may affect synapse formation. None-

theless, the benefits of SLB use are widely acceptable in the biological community despite being a

simplification of the real biological system. Our model is validated on data from SLBs (Demetriou et al.,

2020; Yokosuka et al., 2008) because data from three-dimensional (3D) T cell-APC conjugates are scarce.

Our model has to be considered as a phenomenological model in an attempt to understand possible

mechanisms leading to characteristic pattern formation. Our predictions need to be validated by addi-

tional experiments either on SLBs or with real APCs, allowing us to further validate and improve the current

model in an iterative process. A 3D representation of T cells and APCs together with signaling in the form-

ing synapse will allow the in silico experiments to better represent physiological synapse dynamics. The

physics of the membranes of the two interacting cells as well as the signaling cascades affecting pattern

formation have to be considered as future developments of the current agent-based model.

The current model ignored additional complexity emerging from endocytosis, exocytosis/recycling, as

well as molecule influx into and outflux out of the T cell-APC/SLB interface (Liu et al., 2000; Martı́n-Có-

freces et al., 2014), but these mechanisms are not expected to alter the emerging characteristic patterns

(Figure S8). Although during synapse formation the number of participating molecules seems to remain

constant and speak for flow equilibrium, effects of such dynamics on the pattern merit further

investigation.

The presented agent-based simulation platform can be easily extended to study spatial reorganization and

complex pattern formation of transmembrane molecules in the plasma membrane of cells composed of

lipids. Data obtained by cell-cell (Comrie et al., 2015; Duchez et al., 2011), cell-SLB, or cell-glass coverslip

synapses of epithelial cells, cancer cells, or even neurons (Salaita et al., 2010; Yu et al., 2015; Pautot et al.,

2005) can further inform the simulation platform. Commonly acknowledged mechanisms derived from the

experimental data can assist the computer simulation and lead to predictions and suggestions of possible

mechanisms for the molecular organization on the different cell-cell/SLB/glass interfaces.

LIMITATIONS OF THE STUDY

In this study, we presented a phenomenological model validated on T cell-SLB conjugates. The predictions

made in this study should be validated by new experiments. To better describe physiological synapse dy-

namics, a 3D representation of T cells and APCs including complex membrane physics is required. In addi-

tion, signaling should also be considered as it may also affect the dynamics of synapse formation. Further

complexity arising from endocytosis, recycling, influx, and outflux of molecules and complexes during syn-

apse formation, although briefly discussed in this study, should be examined in detail in the future.
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The software used for this study is developed in C++ according to all the algorithmic details explained in

(Siokis et al., 2017; Siokis et al., 2018) and is available on https://github.com/AnastasiosSiokis/IS_Cell.

Any additional information required to reanalyze and resimulate the data reported in this paper is available

from the lead contact upon request.

METHOD DETAILS

Agent-based model

The agent-based model used in this article was formulated in order to replicate experiments performed on

supported lipid bilayers (SLBs) instead of APCs (Siokis et al., 2018; Siokis et al., 2017). The model consists of

two square lattices, with each node occupied by only one freely diffusing agent, namely the in silico mol-

ecules. Each agent can diffuse to one of its eight neighboring nodes (Moore neighborhood). Diffusion is

implemented as a random walk with a probability defined by the speed of diffusion (Table 1) and the simu-

lation timestep. Binding and unbinding of molecules can happen only with ligands on the exact same po-

sition on the opposite lattices, with probabilities defined by (Figge and Meyer-Hermann, 2009):

pon =
t

ton
; ton =

V 3NA

kon
;

poff =
t

toff
; toff =

1

koff
;

where t is the simulation timestep, kon and koff are the on- and off-rates, respectively, V the volume of the

complex about to form and NA the Avogadro’s number. The kon and koff for each specific complex forming

in the IS are shown in Table 1.

The forces between interacting complexes are modeled as weighted vectors from one complex towards all

its interacting neighbors. The forces are exerted within a radius Rforce and all the vectors are summed. The

strength of the force is represented as a weight, Wforce, where negative weight represents repulsion (SBS)

and positive attraction (Siokis et al., 2018). In a similar manner, interaction of the IS molecules with the cen-

tripetal flow of F-actin is modeled as an empirical centrally directed force added to the vector of the

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and algorithms

C++ ISO/IEC 14882:2011 ISO/IEC 14882:2011 Information

technology—Programming

languages—C

https://www.iso.org/

standard/50372.html

Qt creator https://download.qt.io/

archive/qt/5.2/5.2.0/

Microsoft Office https://www.microsoft.com/de-

de/download/office.aspx
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interaction forces discussed above. The strength of this force, CX > 0, where X represents each specific

complex, shows the coupling strength to F-actin (Siokis et al., 2018).

Adhesion between neighboring CD2 pairs was implemented as a phenomenological factor, g(N), reducing

the movement probability, pmove / pmoveg(N), with g(N) given by (Figge and Meyer-Hermann, 2009):

gðNÞ =

8><
>:

1

ð1+NÞb; N%g

0; N>g

where b ε [1, 2] is the strength and N is the number of neighbors considered. Different hypotheses were

tested for different number of adhering neighbors, N, where N % g, with g = 2, 4, 6 and 8 (Figure S2).

In addition, a variety of the model robustness tests has been previously performed (Siokis et al., 2018).

Different lattice constants, ranging from 35-100 nm (Figure S7), different densities of molecules either

participating in the synapse formation process or not, barriers that block the movement of complexes

but not freemolecules, similar to (DeMond et al., 2008) and finally an exchange algorithm where complexes

trying to move to each other’s position can swap places have all resulted in unchanged characteristic

pattern formation dynamics (Siokis et al., 2018). Additional mechanisms such as endocytosis, recycling of

molecules back to the T cell surface as well as influx and outflux of molecules from the synapse interface

(Figure S8) did not alter the presented results. A random position (x, y) on the T cell lattice is selected

and the molecule/complex present is recognized. Based on (Liu et al., 2000) we have assumed internaliza-

tion rate of TCR-pMHC complexes to be approximately 0.6%/minute. Due to data scarcity, we have

assumed the same internalization rate for CD2-CD58 and LFA-1-ICAM-1 complexes. When a complex

(TCR-pMHC, CD2-CD58 or LFA-1-ICAM-1) is selected for internalization the 8 nearest neighbors are also

internalized representing the way the membrane engulfs a region of the surface molecules. In addition,

we have assumed a total rate of recycling and influx of molecules equal to the internalization rate

mentioned above. This assumption followed experimental evidence suggesting that the number of mole-

cules in the synapse region during synapse formation tends to remain constant despite all the influxes and

outfluxes of molecules, in a flow-equilibrium state. The molecular trafficking dynamics require additional

investigations which will increase the complexity of the current article and therefore were not considered.

Cell culture

Donor specific CD4 T cells were plated at 1x106 cells/ml with CD3/CD28 activation beads at a 1:1 ratio with

50 U/ml IL-2 at 2 ml per well in a 24 well plate and expanded for three days at 37�C in a CO2 incubator. On

day three, cells were resuspended, counted and replenished with fresh media to reach the original density

of 1x106 cells/ml. The cells were expanded for four more days replenished with 50 U/ml IL-2 and fresh cul-

ture media every second day. The cells were left without IL-2 the day before they were plated on planar

supported lipid bilayers (PSLBs).

Preparation of PSLBs for high throughput imaging

96-well glass bottom plates (Brooks Life Science Systems) were incubated with 1% Hellmanex III in 50% iso-

propanol overnight at room temperature (RT). The wells were then rinsed with a plate washer (Wellwash

Versa, Thermo Scientific). To remove residual water, the plates were centrifuged upside down for 1 min

at 2000 rpm and dried with nitrogen gas. The wells were then cleaned with 3M NaOH for 1 hour at RT

and rinsed as before. 50 ml 12.5% NTA lipids in DOPC were then loaded per well and the plate incubated

for 20 min at RT. The wells were subsequently washed with 2 ml 0.1% BSA in HBS (20 mM HEPES, 137 mM

NaCl, 1.7 mM KCl, 0.7 mM Na2PO4, 5 mM glucose, 2 mMMgCl2, 1 mM CaCl2, pH 7.2), blocked with 400 ml

blocking solution (2% BSA in HBS) and mixed for 3 min at 300 rpm. The plate was then incubated for 20 min

at RT before it was washed with 2 ml 0.1% BSA in HBS.

Each well was loaded with 100 ml of a protein mix containing ICAM-1-AF647, UCHT1 (unlabeled) and CD58-

AF488. The protein concentrations were calibrated by flow cytometry to yield a density of 200 molecules/

mm2 ICAM-1, 100 molecules/mm2 UCHT1, and 200 molecules/mm2 CD58. Proteins and lipids were then

mixed for 3 min at 300 rpm and incubated for 30 min at RT. Each well was subsequently washed with

2 ml 0.1% BSA in HBS. Cells were incubated on the bilayers for 20 min. at 37�C in a CO2 incubator. They

were then treated with either DMSO, 82.5 nM latrunculin A or 330 nM latrunculin A for another 15 min.
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The cells were then fixed with 100 ml 4% PFA for 10 min at RT. Following fixation, the cells were imaged with

an IN Cell Analyzer 6000 (GE Healthcare) with a 40x (0.75 NA) objective.

QUANTIFICATION AND STATISTICAL ANALYSIS

The in silico radial density plots are calculated inside equally spaced concentric rings as the fraction of

occupied grid points by each type of complex and is normalized by the maximum value. The presented

simulation curves and error bars represent the mean values and standard deviation (SD), respectively, of

at least ten computer simulations. The central, peripheral and distal SMACs are defined at the end of

the in silico experiment, which also determines the amount of each complex in each SMAC in the

simulations.

The experimental images were analyzed using the Matlab based TIAM software (https://github.com/

uvmayya/TIAM_HT) described previously (Valvo et al., 2017). Following this analysis, individual cells were

chosen at random and their radial averages analysed using the Fiji macro RadAv (https://github.com/

donFellus/radAv). This macro is specifically designed to analyze the average position of subcellular struc-

tures within the immunological synapse. It rotates a selected image 360 times 1 degree and creates a copy

following each rotation. It then merges all the copies to create a radial positional average of the fluores-

cence signals in the original image. Further details can be found in the respective Figure legends.
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