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Abstract

The activation and differentiation of T-cells are mainly directly by their co-regulatory recep-

tors. T lymphocyte-associated protein-4 (CTLA-4) and programed cell death-1 (PD-1) are

two of the most important co-regulatory receptors. Binding of PD-1 and CTLA-4 with their

corresponding ligands programed cell death-ligand 1 (PD-L1) and B7 on the antigen pre-

senting cells (APC) activates two central co-inhibitory signaling pathways to suppress T cell

functions. Interestingly, recent experiments have identified a new cis-interaction between

PD-L1 and B7, suggesting that a crosstalk exists between two co-inhibitory receptors and

the two pairs of ligand-receptor complexes can undergo dynamic oligomerization. Inspired

by these experimental evidences, we developed a coarse-grained model to characterize the

assembling of an immune complex consisting of CLTA-4, B7, PD-L1 and PD-1. These four

proteins and their interactions form a small network motif. The temporal dynamics and spa-

tial pattern formation of this network was simulated by a diffusion-reaction algorithm. Our

simulation method incorporates the membrane confinement of cell surface proteins and

geometric arrangement of different binding interfaces between these proteins. A wide range

of binding constants was tested for the interactions involved in the network. Interestingly, we

show that the CTLA-4/B7 ligand-receptor complexes can first form linear oligomers, while

these oligomers further align together into two-dimensional clusters. Similar phenomenon

has also been observed in other systems of cell surface proteins. Our test results further

indicate that both co-inhibitory signaling pathways activated by B7 and PD-L1 can be down-

regulated by the new cis-interaction between these two ligands, consistent with previous

experimental evidences. Finally, the simulations also suggest that the dynamic and the spa-

tial properties of the immune complex assembly are highly determined by the energetics of

molecular interactions in the network. Our study, therefore, brings new insights to the co-

regulatory mechanisms of T cell activation.

Author summary

The activation of a T cell can be regulated by the receptors on its surface, such as CTLA-4

and PD-1. People used to think that these two receptors inhibit T cell activation through
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distinct pathways. However, recent experiments discovered that the ligands of these two

receptors, B7 and PD-L1, can interact with each other on the same surface of antigen pre-

senting cells. Here we utilized computational simulations to investigate functional roles of

this newly discovered interaction in T cell coregulation. The specific environment of

interface between T cell and antigen presenting cell has been taken into account of our

model. Ligand and receptors randomly diffuse within this interface area. They further

involve in different types of interactions, with each other from the same side or the oppo-

site side of cell surface. Using this method, we found ligands and receptors can not only

form complexes, but also aggregate into large-scale clusters. We also demonstrated that

the engagement between B7 and PD-L1 can reduce the interactions with their corre-

sponding receptors. This study, therefore, offers new insights to our understanding of sig-

nal regulation in T cells.

Introduction

The activation of T cells is induced after the engagement of T cell receptors (TCR) with major

histocompatibility complexes (MHC) presented on the surfaces of antigen presenting cells

(APC) [1]. This original activating signal can be modified either positively or negatively by the

co-regulatory receptors, which are also membrane proteins on the surface of T cell [2]. The

negative modification of signals is conducted by co-inhibitory receptors such as cytotoxic T

lymphocyte-associated protein-4 (CTLA-4) and programed cell death-1 (PD-1) [3], while the

positive modification is carried out by co-stimulatory receptors including CD28 and 4-1BB

[4]. Accumulating evidences showed that these receptors can modulate the immune system in

a manner which is more complicated than we used to believe. For instance, the B7-1/B7-2:

CD28/CTLA-4 pathway is the best characterized system for T-cell co-regulation [5]. Binding

of B7-1 or B7-2 ligands to CD28 or CTLA-4 receptors respectively triggers the co-stimulatory

or co-inhibitory signaling pathways [6]. Even within this well-studied system, new interactions

continue to be identified. It was previously thought that B7 ligand does not bind to other B7

homologues such as programed cell death-ligand 1 (PD-L1) [7]. However, recent experiments

demonstrated the existence of this interaction, resulting in a bi-directional inhibitory signal

which is context-dependent [8,9].

Moreover, it has been discovered that these coregulatory receptors and their ligands often

contain more than one binding interfaces. The binding-interface between receptors and

ligands leads to the formation of so-called “trans-interaction” which links T cell to APC [10–

13]. In addition to this traditional binding interface, a secondary binding interface exists

between receptors or ligands on the same cell surfaces. Interactions through this type of inter-

faces are called “cis-interactions” [14]. For instance, B7 and PD-L1 can form trans-interactions

with their corresponding receptors, CTLA-4 and PD-1. As mentioned above, B7 and PD-L1

was recently found to interact with each other. More recent study further indicated that this

interaction is formed on the same cell surface [15], and is through an interface that is partially

overlapped with their other interfaces involved in dimerization or trans-interaction [16].

While the intersecting and competing interactions among co-regulatory receptors and their

ligands result in a complex signaling network, it is likely that the combination of their trans
and cis-interactions further drive the aggregation of these ligand-receptor complexes into

higher-order oligomers at the interface between T cell and APC. As observed in previous

experiments, co-regulatory receptors such as CTLA-4 and CD28 are spatially co-localized

together with TCR/MHC complexes after the initial encounter of T cells with APC, leading
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into the assembly of signaling hubs called micro-clusters [17]. After further spreading of the T

cell/APC interface, these micro-clusters merge together into a ring-like structure called central

supramolecular activation cluster (cSMAC), as part of the immunological synapse [18]. Like

many other systems of ligand-receptor complexes [19], formation of these spatial-temporal

patterns at the interface between T cells and APC plays an essential role as the intercellular

platform to regulate the dynamics of immune signaling pathways.

Unfortunately, the mechanisms underlying the spatial organization of networks formed by

ligand-receptor interactions and its functional implication in T cell co-regulation remain far

from being fully understood, partially due to the complexity of the system and the limitations

in current experimental approaches. High-throughput screening techniques such as yeast-

two-hybrid have been proven less effective to discover new interactions between proteins asso-

ciated with cell membrane [20]. Moreover, it is difficult to derive structures of membrane pro-

teins and their interactions by experimental methods such as X-ray crystallography [21] and

NMR spectroscopy [22]. As a result, some interactions in the network of immune co-regula-

tion and the binding interfaces in their relevant proteins have only been revealed very recently.

On the other hand, it is also highly challenging not only to determine the dynamic properties

of interactions between membrane proteins, but also to detect their subsequent oligomeriza-

tion on cell surfaces. In vitro methods such as surface plasma resonance (SPR) measure protein

binding within an unrealistic environment comparing with the membrane surface of living

cells [23], while in vivo fluorescence-based microscopy is restricted by the spatial and temporal

resolution and requires careful development of the appropriate labels for target proteins [24–

28]. Alternatively, numerical simulations allow scientists to test hypothesis that might not be

currently approachable in the laboratory. As a result, a large variety of computational models

have been developed to study ligand-receptor interactions at cellular interfaces [29–38].

Based on recently observed experimental evidences, here we use a small network motif as a

test system to study the complexity in the co-regulation of immune signaling pathways. Four ele-

ments of the network and their relationship are illustrated in Fig 1A. These elements form two

pairs of trans-interactions (CTLA-4/B7 and PD-1/PD-L1) at the interface between T cell and

APC as classic regulators of T cell co-inhibitory pathways. The newly discovered cis-interaction

between B7 and PD-L1 was further integrated into the network, leading into additional crosstalk

between two original signaling components. The temporal dynamics and spatial pattern forma-

tion of this network was studied by coarse-grained simulations. Our simulation method incor-

porates the membrane confinement of cell surface proteins and geometric arrangement of

different binding interfaces between these proteins. A wide range of binding constants was tested

for the interactions involved in the network. In summary, the test results indicate that the

dynamic balance between the two trans-interactions is closely regulated by their cis-interaction

in the network. We further show that large-scale clusters can be formed by ligand-receptor com-

plexes through the combination of these trans and cis-interactions. Our study, therefore, sheds

light on the co-regulatory mechanisms of T cell activation, while the method can be potentially

applied to simulate the spatial organization in other systems at cellular interfaces.

Model and methods

Description of the test system

The test system of this study is a simplified network motif which contains two co-inhibitory

receptors and two ligands. As shown in Fig 1A, there are four different types of interactions in

the network. The first interaction is formed between receptor CTLA-4 and its ligand B7, while

the second is the interaction between receptor PD-1 and its ligand PD-L1. The next interaction

is between two B7 proteins, which leads to their homo-dimerization, as observed in the x-ray
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crystallographic structure. The last interaction in the network is recently discovered between

B7 and PD-L1. As a result, B7 is directly involved in three different types of interactions, there-

fore becomes the hub of the network. It is worth mentioning that this four-element network

motif is the minimalist system of co-regulatory complex. The B7 family consists of at least

seven cell surface ligands [39]. B7-1 and B7-2 are the two major types in the family. These two

ligands share their receptor CTLA-4, but can bind to other receptors such as CD28. However,

the binding of CD28 to B7-1 and B7-2 is outcompeted by CTLA-4 due to its substantially

lower binding affinities to both ligands [40]. The competition between CTLA-4 and CD28 and

the differentiation of members in the B7 family are not considered in current study. The incor-

poration of these factors into our simulations will add another layer of complexity to the spatial

organization of coregulatory signaling, which is beyond the scope of this study.

Fig 1. A simple network motif of T cell coregulation is used as a test system to study immune complex assembly.

In specific, four proteins are involved in the network. Their interactions are shown in (A). These receptors and ligands

contain different types of binding interfaces and are located at the interface between T cell and antigen presenting cell

(APC), as described by our coarse-grained model (B). Based on this model representation, a diffusion-reaction

algorithm is applied to simulate the system. The simulation starts from an initial configuration, the top view of which is

illustrated in (C). CTLA-4 is shown in green, B7 is shown in red, PD-L1 is shown in orange, and PD-1 is shown in

blue.

https://doi.org/10.1371/journal.pcbi.1008825.g001
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Representation of the spatial model

As shown in Fig 1A, some proteins in the test system have more than one binding partners.

Some of these binding partners are mutually exclusive in a protein complex because they have

overlapping binding interfaces. On the other hand, some other binding partners can simulta-

neously exist in a same protein complex. Moreover, some of interactions in the network are

formed between proteins on the surfaces of different cells, called trans-interactions, while

some other interactions are formed between proteins on the same cell surfaces, called cis-inter-

actions. The locations of proteins on different cell types and the spatial arrangements of their

different binding sites are incorporated into our model as an intercellular region sketched in

Fig 1B. Receptor CTLA-4 and PD-1 are expressed on T cell as the top side of the region, while

ligands B7 and PD-L1 are expressed on APC as the bottom side of the region.

The structure of each protein is further represented by different numbers of inter-con-

nected groups. The distance and geometry among groups in a protein are fixed. Based on pre-

vious experimental evidences in the crystal structure of the human CTLA-4/B7-1 co-

stimulatory complex (PDB id 1I8L) [41], CTLA-4 exists as homodimers on T cells through an

interface of highly conserved residues. Each CTLA-4 in the dimer further binds to a B7 mono-

mer simultaneously, providing the structural basis of a zipper-like oligomerization. Because

the homo-dimerization of CTLA-4 does not interfere with any other interactions in this study,

we assume that CTLA-4 dimers preform in the system to avoid further complication. As a

result, 4 groups are used to describe the structure of CTLA-4. While the first 2 group represent

the extracellular region of the dimer, the 3rd and 4th groups indicate the two symmetric bind-

ing sites in each monomer. As the ligand of CTLA-4, B7 is presented on APC by 4 groups. The

first two groups are used to represent its extracellular region. The 3rd group represents the

binding site which can form the trans-interaction with either binding site in a CTLA-4 dimer.

The 4th group of B7 represents the binding site for its homo-dimerization, given the structural

evidence that the trans-interaction and the homo-dimerization of B7 are formed through non-

overlapping interfaces. In parallel, the structures of both PD-1 and its ligand PD-L1 are repre-

sented by 3 groups. Their extracellular regions are represented by the first two groups, while

the 3rd groups in both proteins regulate their trans-interaction. Finally, the 3rd group of PD-L1

can also form a cis-interaction with the 4th group of B7, based on the experimental evidence

that this cis-interaction partially shares binding interface with B7 homo-dimerization and PD-

1/PD-L1 trans-interaction.

Algorithm of the diffusion-reaction simulation

Based on the model representation for each protein and the description of interaction between

different proteins, an initial configuration can be constructed, as shown in Fig 1C. The inter-

face between T cell and APC is modeled as two layers of flat surfaces overlapping on top of

each other. The size of each surface was variated from 300nm×300nm to 700nm×700nm to

adjust protein’s surface densities, and the distance between two surfaces (20nm) is a typical

value of intercellular distance observed experimentally [42]. A large amount of both receptors

CTLA-4 and PD-1 are randomly placed on top bound of surface, while their ligands form ran-

dom distributions on the opposite side of surface layer. The height of each receptor and ligand

equals 10nm, corresponding to the typical size of their extracellular domains. Given the experi-

mentally measured surface density of receptors on T cells [43], the numbers of CTLA-4 and

PD-1 in the system are variated within the range of ~102 molecules. The same range of surface

density is applied to the ligands B7 and PD-L1.

Following above initial configuration, the spatial-temporal dynamics of the system is

evolved by a diffusion-reaction simulation algorithm [44,45]. Specifically, there are two
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separate scenarios within each time step. In the first scenario, all proteins are selected by ran-

dom order to make stochastic diffusions. Different from the free diffusions of soluble proteins

in three-dimensional space and along three rotational degrees of freedom, diffusions of sur-

face-anchored receptors and ligands are confined. As a result, rotations of all proteins are

restricted along the membrane normal with only one degree of freedom, while their transla-

tional movements are limited within the two-dimensional plane of cell surface. The periodic

boundary condition is further applied to both surface layers along their x and y directions.

After diffusions are carried out for all proteins, the kinetics of their binding reactions is simu-

lated in the second scenario. Association between two proteins is triggered if the distance

between the two corresponding binding sites is below a predetermined distance cutoff. A rate

constant kon is further given to determine the probability of association. Association can be

classified into following categories: 1) occurred between a receptor and a ligand through their

trans-binding sites, 2) occurred between two B7 proteins through their homo-dimerization

sites, or 3) occurred between B7 and PD-L1 through their cis-binding sites. A single binding

site cannot interact with more than one binding site simultaneously.

After the formation of a trans-interaction, the ligand-receptor complex diffuses together at

the cellular interface with a relatively lower diffusion coefficient. In contrast, we assume that if

the interaction is formed between two proteins on the same cell surface, they will stop diffus-

ing. This assumption was made to facilitate lateral oligomerization of ligand-receptor com-

plexes. It is based on the following consideration. Previous single molecule imaging

experiment showed that diffusions of membrane proteins on the same cell surface can be

reduced by at least an order of magnitude upon oligomerization [46]. Moreover, diffusions

were even slower as the size of oligomers became larger. It was proposed that these oligomers

of ligands or receptors formed through the cis-interactions are trapped due to enhanced con-

nections between their intracellular regions and cytoskeleton. Therefore, although the mobility

of entire oligomers was still detectable in the experiment, they are set as static in our simulation

to avoid computational complexity. We believe this simplification will not significantly affect

our simulation outputs.

In addition to association, its reverse process is also modeled as dissociation for any interac-

tion which was formed in the previous simulation steps. The probability of dissociation is

determined by the rate constant koff. After dissociation of two specific proteins, they can either

re-associate as a geminate recombination if their distance is still below the cutoff, or diffuse far-

ther away from each other. The iteration of above diffusion-reaction process will be terminated

after the dynamics of the simulated system reaches equilibrium.

Determination of simulation parameters

The timescale for each simulation step is set as 1ns. The distance cutoff that is used to trigger

protein-protein association equals 0.5nm. The two-dimensional diffusion constants of a

monomeric receptor or ligand were derived from our previous study [47], in which all-atom

molecular dynamic (MD) simulations were carried out for membrane receptors on the lipid

bilayer [48]. In specific, the translational diffusion constant equals 10μm2/s and rotational dif-

fusion coefficient equals 1˚ per ns. Moreover, we assume that the diffusions of a ligand-recep-

tor complex at cell interface are even slower, with a translational constant of 5μm2/s and

rotational coefficient of 0.28˚ per ns. All association rates in the system are fixed to a value that

makes the time-scale of our simulations computationally accessible. This value corresponds to

an experimentally measurable kon on the level of 109M-1s-1. This is at the upper bound of a dif-

fusion-limited rate constant, in which association is accelerated by long-range electrostatic

interactions [49]. On the other side, the dissociation rates koff is determined by koff = kon×exp
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(−ΔG0/kT) in which ΔG0 is the binding affinity of a protein-protein interaction. These binding

affinities were selected from the typical range of interactions between membrane receptors

and ligands on the surfaces of immune cells, corresponding to the dissociation constants from

millimolar (mM) to nanomolar (nM) [50].

Results

The CTLA-4/B7 complexes form two-dimensional clusters at cell interface

Before the simulation of dynamics in the full network as shown in Fig 1A, we first started from

a simpler system which contains a pair of interacting proteins: the receptor CTLA-4 and its

ligand B7. As we introduced in the Model and Methods, CTLA-4 receptors preexist as sym-

metric homodimers. Each of the two binding sites in a homodimer can form a trans-interac-

tion with B7, while B7 themselves can further homo-dimerize together, as shown in Fig 1B. As

an initial test, 200 CTLA-4 receptor dimers were randomly placed on the surface of T cell,

while another 200 B7 were distributed on the opposite side of APC surface. The simulation

box has the dimension of 500nm×500nm×20nm. Receptors and ligands then underwent sto-

chastic diffusions and complex formation at the interface between T cell and APC, which algo-

rithm has been described in the Model and Methods. The binding affinity of the trans-
interaction between CTLA-4 and B7 was set to be -7kT in the initial test. The same binding

affinity was also used to regulate the homo-dimerization between B7.

Given these parameters, a simulation with the total length of 1×107 ns was carried out. The

kinetics profiles of protein-protein interactions are plotted in Fig 2A. The number of trans-
interactions between CTLA-4 and B7 is shown by the blue curve as a function of time in the

figure, while the number of homodimers formed between B7 is shown by the red curve. Some

representative snapshots selected from the simulation trajectory were also plotted. Receptors

CTLA-4 in these snapshots are shown in green with four representative groups, whereas

ligands B7 are shown in red by the same representation. Soon after the initial random distribu-

tion (Fig 2B), small linear oligomers were observed in the system. These oligomers consist of

both CTLA-4 and B7 through their trans-interaction and homo-dimerization, as shown in Fig

2C. Interestingly, these linear oligomers can grow into two-dimensional clusters when the sim-

ulation proceeded (Fig 2D). The clustering is a very dynamic process, as small clusters either

disappeared or merged into neighboring larger clusters. As a result, when the system reached

equilibrium after about 5×106 ns, a final stable configuration was obtained in which most

ligands and receptors aggregated into a single large cluster, as shown in Fig 2E. Because each

CTLA-4 contains two binding sites, this higher binding avidity cause more trans-interactions

(>150) than the number of homodimers (~50) at the end of the simulation.

The detailed structure of a linear oligomer in Fig 2C has further been enlarged in Fig 2F.

The figure shows that the oligomer consists of a homodimer of two B7 ligands in the middle

and two CTLA-4 receptors at both ends through their trans-interactions with B7. Our simula-

tion suggests that this initial oligomerization of ligand-receptor complexes provides a seeding

process to extend their length or grow into two-dimensional clusters. Moreover, the detailed

structure of a two-dimensional cluster in Fig 2D has also been enlarged in Fig 2G. The figure

indicates that the cluster is composed of multiple linear oligomers which pack against each

other. We speculate that the initial formation of a linear oligomer blocks the diffusions of

nearby ligands or receptors at cellular interface. These molecules at the proximity of the oligo-

mer therefore are more likely to form complexes and further aggregate into parallel arrays as

shown in the figure. Interestingly, the packing of linear assemblies into larger two-dimensional

structures at intercellular region has recently also been observed in the system of protocad-

herin [51–53].
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In order to investigate the correlation between CTLA-4/B7 trans-interaction and B7 homo-

dimerization on a more systematical level, we simultaneously changed the binding affinities in

both types of interactions from 0 to -13kT. A total number of 7×7 = 49 combinations were

tested. Same as above, the simulation of each combination contains 200 receptors and 200

ligands. The overall results are illustrated as two-dimensional heat maps. Different colors in

the maps indicate the number of CTLA-4/B7 trans-interactions (Fig 3A) and the number of

B7-B7 dimers (Fig 3B), respectively. The values of two binding affinities are indexed along x

axis and y axis. The figures suggest that the trans-interaction and homo-dimerization are cor-

related with each other in the systems. More specifically, instead of the horizontal distribution

which indicates no correlation, the color contours in the map of Fig 3A shift towards the bot-

tom side in the middle, but then change directions by shifting towards the top side under the

strong affinities of B7 dimerization. Similarly, instead of the perpendicular distributions, the

color contours in the map of Fig 3B shift towards the left-hand side in the middle, but then

change directions by shifting towards the right-hand side under the strong affinities of CTLA-

4/B7 trans-interaction.

These results suggest that the trans-interactions and homo-dimerization can mutually

strengthen each other when their binding affinities are in the medium range. This effect of pos-

itive coupling will be diminished, however, under strong affinities. In order to understand the

underlying mechanism of this phenomenon, we plotted the final configurations for some rep-

resentative areas in the contour maps. Fig 3C shows the configuration under strong homo-

Fig 2. We started our simulations from a simple system which only contains receptor CTLA-4 and its ligand B7.

The kinetics profiles of protein-protein interactions in an initial test are plotted in (A) as a function of simulation time.

Some representative snapshots were selected along the simulation trajectory. The same color code and representation

are used as before. The initial configuration is shown in (B). The simulation shows that small linear oligomers (C) can

grow into two-dimensional clusters (D). These small clusters finally merged into a single large cluster (E). The close-up

view of a linear oligomer and a two-dimensional cluster are further plotted in (F) and (G), respectively.

https://doi.org/10.1371/journal.pcbi.1008825.g002
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dimerization but weak trans-interaction, corresponding to the black arrows in Fig 3A and 3B.

No large oligomers were found in the system due to the lack of strong trans-interactions. Fig

3D shows the configuration under weak homo-dimerization but strong trans-interaction, cor-

responding to the white arrows in Fig 3A and 3B. Similarly, only small oligomers were

obtained. These results indicate that the formation of large oligomers requires the participation

of both trans-interaction and homo-dimerization. Therefore, a configuration with both affini-

ties of trans-interaction and homo-dimerization in the medium range was plotted in Fig 3E,

corresponding to the area in which trans-interaction and homo-dimerization are positively

coupled (the red arrows in Fig 3A and 3B). A single large cluster was formed under this energy

combination, indicating this positive coupling is caused by the spatial co-localization of these

two types of interactions so that they cannot easily escape from the cluster. Moreover, the large

conformational change from small oligomers to large cluster driven by a small increase of

Fig 3. We systematically changed the binding affinities in both CTLA-4/B7 trans-interactions and B7 homo-

dimerization from 0 to -13kT. The contours in the two-dimensional heat maps indicate the number of CTLA-4/B7

trans-interactions (A) and the number of B7-B7 dimers (B), respectively. Detailed color indices are listed on the right-

hand sides of each map. The x and y axes represent the values of two binding affinities. The final configurations from

some representative areas in the contour maps were selected. The configuration corresponding to the black arrows in

the maps is shown in (C). The configuration corresponding to the while arrows in the maps is shown in (D). The

configuration corresponding to the red arrows in the maps is shown in (E). Finally, the configuration corresponding to

the blue arrows in the maps is shown in (F).

https://doi.org/10.1371/journal.pcbi.1008825.g003
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binding affinities suggests that there is a phase transition during the clustering process. Finally,

a configuration with strong affinities of both trans-interaction and homo-dimerization was

plotted in Fig 3F, corresponding to the blue arrows in Fig 3A and 3B. Comparing with Fig 3E,

the figure shows that a higher number of smaller clusters were formed under this condition.

This result indicates that ligands and receptors are kinetically trapped in small clusters under

strong interactions, therefore reducing the positive coupling between trans-interaction and

homo-dimerization. It is worth mentioning that the same tests were also performed on the sys-

tems with lower and higher surface densities of ligands and receptors by changing the size of

the simulation box, as summarized in S1 Fig. The results under different densities are

consistent.

In above study, the ratio of CTLA-4 to B7 is fixed to 1:1. This, however, is likely not the case

in real cellular environments. Therefore, additional tests were carried out under different

ratios of CTLA-4 to B7. Specifically, three systems were compared. The first system contains

300 B7 monomers and CTLA-4 dimers; the second system contains 200 B7 monomers and

200 CTLA-4 dimers; while the third system contains 100 B7 monomers and 300 CTLA-4

dimers. In each system, the binding affinities of both CTLA-4/B7 trans-interaction and B7

homo-dimerization were changed from -3kT to -11kT with an interval of 2kT. A total number

of 5×5 = 25 combinations were tested. The overall results are summarized as two-dimensional

heat maps in S3 Fig. The number of CTLA-4/B7 trans-interactions and the number of B7-B7

dimers formed in the first system are shown by S3A and S3B Fig, respectively. The number of

CTLA-4/B7 trans-interactions and the number of B7-B7 dimers formed in the second system

are shown by S3C and S3D Fig, respectively. The number of CTLA-4/B7 trans-interactions

and the number of B7-B7 dimers formed in the third system are shown by S3E and S3F Fig,

respectively. Detailed color indices are listed on the right-hand sides of each map. S3 Fig indi-

cates that the patterns in all these systems are very similar. The subtle difference is manifested

in the fact that is specified as follows. The number of CTLA-4/B7 interactions under strong

binding affinities (upper-right corners of the maps in S3A, S3C and S3E Fig) shows the most

negative correlation in the first system and the weakest negative correlation in the third sys-

tem. In contrast, the number of B7 homo-dimers under strong binding affinities (upper-right

corners of the maps in S3B, S3D and S3F Fig) shows the most negative correlation in the third

system and the weakest negative correlation in the first system. This can be explained as fol-

lows. If the number of B7 monomers is higher than the number of CTLA-4 dimers, the dimer-

ization of B7 monomers will dominate the system and thus cause stronger impacts on CTLA-

4/B7 interactions as reflected by the map in S3A Fig. On the other hand, if the number of B7

monomers is lower than the number of CTLA-4 dimers, the CTLA-4/B7 interactions will

dominate the system and thus cause stronger impacts on dimerization of B7 monomers as

reflected by the map in S3F Fig.

In summary, our simulations illustrated that the CTLA-4/B7 ligand-receptor complexes

can first form linear oligomers, while these oligomers further align together into two-dimen-

sional clusters. Through this spatial organization, the CTLA-4/B7 trans-interaction and the

homo-dimerization between B7 ligands will be positively coupled with each other, depending

on the strength of their binding affinities.

The B7/PD-L1 cis-interaction negatively regulates the CTLA-4/B7

oligomerization

We have observed the formation of 2D clusters by the combination of CTLA-4/B7 trans-inter-

actions and B7 dimerization. In this section, the other type of ligand PD-L1 was further intro-

duced into the simulation system. As shown in Fig 1B, PD-L1 is also presented on the surface
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of APC and can form a cis-interaction with B7. Moreover, this cis-interaction and B7 homo-

dimerization compete against each other with the same binding site in B7. In order to investi-

gate the impacts of this B7/PD-L1 cis-interaction on the oligomerization of CTLA-4/B7 com-

plexes, we systematically changed the surface density of PD-L1 in the system, as well as the

binding affinity of the cis-interaction. To avoid further complexity, the surface densities of

CTLA-4 and B7 were fixed. The binding affinities of CTLA-4/B7 trans-interaction and B7

homo-dimerization also remained unchanged. More specifically, the simulation box has the

dimension of 500nm×500nm×20nm. We changed the binding affinities of the B7/PD-L1 cis-
interactions from -3kT to -13kT, with an interval of 2kT. We also increase the number of

PD-L1 in the system from 20 and 220 molecules, with an interval of 40 molecules. As a result,

6×6 = 36 combinations in total were tested. Within the simulation of each combination, 200

CTLA-4 receptor dimers were randomly placed on the surface of T cell as the initial configura-

tion. On the opposite side of APC surface, another 200 B7 were distributed in addition to

PD-L1. The affinity of their trans-interaction equals 5kT and the affinity of dimerization

between two B7 equals 7kT. This combination corresponds to the situation under which

CTLA-4 and B7 can form large clusters.

The overall results from the simulations of above combinations are summarized as two-

dimensional heat maps in Fig 4. Different colors in the maps indicate the number of interac-

tions which types and their corresponding number indices are listed at the right-hand side of

the figure. The values of cis-binding affinity and the number of PD-L1 in the system are

marked along x and y axes, respectively. Fig 4A represents the numbers of B7/PD-L1 cis-inter-

actions obtained under different combinations. The figure shows that more cis-interactions

were formed under stronger cis-binding affinity and higher surface density of PD-L1, corre-

sponding to the red area in the upper-right corner of the map. Fig 4B represents the numbers

of B7 dimers obtained under different combinations. Comparing with Fig 4A, the figure

shows that stronger affinity of B7/PD-L1 cis-interactions and higher surface density of PD-L1

resulted in less B7 dimers, corresponding to the blue area in the upper-right corner of the

map. This result indicates that the formation of cis-interactions with PD-L1 prevents B7 from

dimerization, confirming the competition between these two types of interactions. More inter-

estingly, Fig 4C represents the numbers of CTLA-4/B7 trans-interactions obtained under dif-

ferent combinations. This figure shows that the color contours change from red to blue when

they shift from the left-hand side to the right-hand side of the map, suggesting that strong cis-
interactions between B7 and PD-L1 negatively affect the CTLA-4/B7 trans-interactions. We

speculate that this negative impact is caused indirectly by the loss of B7 dimerization. This sec-

ondary effect also leads to the result that the color contours in Fig 4C are more frustrated.

Finally, it is worth mentioning that the system containing CTLA-4, B7 and PD-L1 has also been

tested by another scenario in which stronger binding affinities (-13kT) were adopted for CTLA-

4/B7 trans-interaction and B7 homo-dimerization. The same combinations were used to change

the PD-L1 density and B7/PD-L1 cis-binding affinity. The testing results are summarized in S2

Fig. They are consistent with the results shown in Fig 4. It is worth mentioning that this nega-

tive coupling between CTLA-4/B7 engagement and B7/PD-L1 cis-interaction has also been

observed by recent experiments [16]. In the experiment, the split nano-luciferase constructs

were generated by cloning full-length B7 and PD-L1 into LgBiT or SmBiT vectors. The HEK

293 freestyle cells were co-transfected with these constructs. As a result, an approximately two-

fold reduction of the B7 SmBit: PD-L1 LgBit luminescence was obtained in the presence of

either soluble CTLA-4 hIgG1 protein or CTLA-4 GFP-expressing cells, confirming our simula-

tion results that CTLA-4/B7 engagement and B7/PD-L1 cis-interaction is negatively coupled.

In order to illustrate the detailed kinetic process of the competition between B7/PD-L1 cis-
interactions and CTLA-4/B7 clustering, two specific systems were selected from all the
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combinations. The comparison between these two systems is shown in Fig 5. In the first sys-

tem, there were 180 PD-L1 on the surface of APC and a weak binding affinity of -3kT was

imposed to the cis-interaction between B7 and PD-L1. In the second system, the number of

PD-L1 is less (100), but a strong binding affinity of -13kT was imposed to the B7/PD-L1 cis-
interaction. The changes in the number of B7/PD-L1 cis-interactions were plotted in Fig 5A as

a function of simulation time. The system with the strong binding affinity (red curve) contains

Fig 4. In addition to CTLA-4 and B7, we further introduced PD-L1 into the simulation system. We systematically

changed the surface density of PD-L1 and the binding affinity of its cis-interaction with B7. The tested results are

summarized as two-dimensional heat maps. The contours in the maps indicate the number of PD-L1/B7 cis-
interactions (A), the number of B7-B7 dimers (B) and the number of CTLA-4/B7 trans-interactions (C), respectively.

Detailed color indices are listed on the right-hand sides of each map. The x axis represents the values of cis-binding

affinity, and the y axis indicates the number of PD-L1 on the APC surface.

https://doi.org/10.1371/journal.pcbi.1008825.g004
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around 100 cis-interactions, much more than the system with the weak affinity (black curve).

Almost all PD-L1 proteins were involved in the cis-interactions with B7 when its binding affin-

ity equals -13kT. In contrast, only a very limited number of cis-interactions (lower than 20)

were observed when the affinity equals -3kT, even though the number of PD-L1 was increased

from 100 to 180. We further compared the number of B7 homodimers between these two sys-

tems in Fig 5B. Under weak cis-affinity, the black curve in the figure shows that more than 60

Fig 5. The kinetic profiles are compared between two selected systems. The changes of B7/PD-L1 cis-interactions as

a function of simulation time were plotted in (A). The changes of B7 dimers as a function of simulation time were

plotted in (B). The changes of CTLA-4/B7 trans-interactions as a function of simulation time were plotted in (C). The

system with strong cis-binding affinity of -13kT is represented by red curves, while the system with weak cis-binding

affinity of -3kT is represented by black curves. Finally, the final configurations from these two comparing systems were

plotted. The configuration with strong affinity is shown in (D) and the configuration with weak affinity is shown in

(E), respectively.

https://doi.org/10.1371/journal.pcbi.1008825.g005
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homodimers were formed between B7 ligands. However, when the cis-affinity increased from

-3kT to -13kT, the total number of B7 dimers reduced to less than a half.

Moreover, the numbers of CTLA-4/B7 trans-interactions in two systems are compared in

Fig 5C. Interestingly, different from the red curve which corresponds to the strong cis-affinity,

the black curve in the figure suggests that the number of CTLA-4/B7 trans-interactions under

the weak affinity of B7/PD-L1 cis-interactions exhibits a two-phase kinetics. The number of

trans-interactions in the black curve grew at the same rate as the red curve in the first phase.

There was a sudden increase in the black curve, however, when the simulation reached

2×106ns, indicating the beginning of the second phase. Finally, the number of trans-interac-

tions in the system with weak cis-affinity is more than double of the number in the system

with strong cis-affinity. We speculate that during the first phase, the competition was under-

gone between B7 homo-dimerization and B7/PD-L1 cis-interactions. In the system with weak

cis-affinity, B7 homo-dimerization dominated the competition. The B7 dimers further induced

the formation of more CTLA-4/B7 trans-interactions in the second phase. In the system with

strong cis-affinity, on the other hand, B7 homo-dimerization lost the competition. As a result,

the high number of cis-interactions indirectly inhibited the further formation of more CTLA-

4/B7 trans-interactions.

The final configurations from above two systems were plotted in Fig 5D and 5E. With the

weak binding affinity of B7/PD-L1 cis-interaction, a large cluster was formed (Fig 5E). The

PD-L1 proteins, which are represented in orange, are colocalized together with B7 and CTLA-

4 in the same cluster. Within this specific spatial organization, one of the two binding sites in

B7 is involved in its trans-interaction with CTLA-4, while the other one could be involved in

its cis-interactions with PD-L1. The low binding affinity of this cis-interaction causes the fact

that the PD-L1 will easily dissociate from B7 and be replaced by B7 homo-dimerization

through the same binding site. The dissociated PD-L1, however, can be recruited to another

vacant B7 in the proximal region, leading into the dynamic growth of the cluster. On the other

hand, a high number of cis-dimers between B7 and PD-L1 are individually distributed in Fig

5D. These cis-dimers were kinetically trapped by their strong binding affinity and spatially sep-

arated from each other. These trapped and separated B7 ligands did not have the opportunity

to dimerize and further form linear oligomer with CTLA-4. As a result, a much smaller cluster

was obtained under this condition.

In summary, our simulations illustrated that the strong cis-interaction between B7 and

PD-L1 causes negative impact on the trans-interaction between B7 and CTLA-4 through a

two-stage kinetic process. The cis-interactions prevent B7 proteins from homo-dimerization.

As a result, these B7 proteins trap together with PD-L1 and cannot form dynamic aggregation

with CTLA-4.

The balance between CTLA-4 and PD-1 pathways is modulated by their cis-

interaction

Except forming cis-interaction with B7, the function of PD-L1 is carried out mainly by its

engagement with the inhibitory checkpoint receptor PD-1 on the surface of T cells. Therefore,

the trans-interaction between PD-1 and PD-L1 is finally introduced in this section. As shown

in Fig 1B, PD-1 and B7 compete against each other with the same binding site in PD-L1. In

order to estimate the impacts of this trans-interaction alone on the dynamics of the entire net-

work system, we systematically changed the binding affinity between PD-1 and PD-L1. Con-

sidering the high number of variables, the values of all the other parameters were fixed in the

simulations. Specifically, 200 CTLA-4 dimers and 200 PD-1 receptors were placed on the sur-

face of T cell as random distribution. On the opposite side, 200 B7 and 200 PD-L1 ligands
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were randomly distributed on the surface of APC. The simulation box has the dimension of

500nm×500nm×20nm. We changed the binding affinities of the PD-1/PD-L1 trans-interac-

tions from -5kT to -13kT, with an interval of 2kT. For the binding affinities of the rest three

interactions, two different simulation scenarios were designed. In the first system, a moderate

binding affinity of -7kT was assigned to the CTLA-4/B7 trans-interaction, the B7 homo-

dimerization and the B7/PD-L1 cis-interaction, while in the second scenario, a strong affinity

of -13kT was adopted to describe these interactions.

The overall test results were plotted in Fig 6. The numbers of PD-1/PD-L1 trans-interac-

tions formed in the first scenario are shown by green triangles in Fig 6A as a function of their

binding affinity, while the numbers of B7/PD-L1 cis-interactions are shown by red circles. The

figure indicates that more PD-L1 bound to PD-1 under stronger affinity of their interaction,

leading into less cis-interaction formed between B7 and PD-L1. Moreover, the numbers of B7

homodimers increased with the loss of cis-interactions, as shown by blue triangles in the figure.

In other words, when more PD-L1 ligands are involved in the engagement with their receptors

Fig 6. The dynamics of the system with all four proteins in the network was simulated. We changed the binding

affinities of the PD-1/PD-L1 trans-interactions in two scenarios. In the first scenario, moderate binding affinities of

-7kT were assigned to all the other interaction, while strong affinities of -13kT were assigned to all the other

interactions in the second scenario. The numbers of all types of interactions obtained under different values of PD-1/

PD-L1 trans-interactions are plotted in (A) and (B) for the first and second scenarios, respectively. Final

configurations from these two scenarios were also plotted in (C) and (D). Detailed structure of three clusters formed

along the simulation trajectories are displayed in (E), (F) and (G).

https://doi.org/10.1371/journal.pcbi.1008825.g006
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on T cell, they are less likely to interact with B7 on the same surface, providing the higher prob-

ability to B7 homo-dimerization. The increasing number of homodimers between B7, in turn,

positively affects their trans-interactions with CTLA-4 through the linear oligomerization, as

shown by black square in Fig 6A. The simulation results from the first scenario suggest that

the B7/PD-L1 cis-interaction generates a positive correlation between PD-1 and CTLA-4 path-

ways. The conclusion from the second simulation scenario, on the other hand, is slightly differ-

ent, which is summarized in Fig 6B. Same as the first scenario, the figure shows more PD-1/

PD-L1 trans-interactions, less B7/PD-L1 cis-interactions and more B7 homodimers when the

affinity between PD-1 and PD-L1 became stronger. However, under strong interactions

between proteins in the network, the second scenario suggests a negative correlation between

the numbers of PD-1/PD-L1 and CTLA-4/B7 interactions. Altogether, our simulations indi-

cate that the dynamic property of crosstalk between PD-1 and CTLA-4 pathways depends on

the energetics of their molecular interactions.

A representative final configuration was selected for each of the two scenarios. Under mod-

erate binding affinities, the system forms a single large cluster, as shown in Fig 6C. Under

strong binding affinity, on the other hand, a larger number of smaller clusters were obtained

(Fig 6D). All four types of proteins were co-localized in these clusters. The close-up view of

several clusters formed along the simulation trajectories were further selected and plotted in

Fig 6E–6G. The configurations of clusters in these figures provide insights about how these

ligands and receptors aggregated together. We speculate that the clustering process could be

described as following. Firstly, the clusters consist of linear oligomers of CTLA-4 and B7, as we

discussed before. The expansion of these linear oligomers can be terminated by PD-L1 through

the cis-interactions between PD-L1 and B7. As a result, a high proportion of PD-L1 molecules

appeared at the ends of CTLA-4/B7 oligomers. Although they can dissociate from the oligo-

mers, their diffusions at cellular interface were restricted due to the geometric confinement of

neighboring oligomers. After they captured their receptors PD-1, these trans-dimers also

formed at the spatial proximal regions. Moreover, this enhancement of local concentration

can trap the diffusions of more proteins, which cause the further growth of the entire clusters.

Additionally, we have performed another computational experiment to investigate the role

of B7/PD-L1 cis-interaction in regulating the balance between CTLA-4 and PD-1 signaling

pathways. Two different simulation scenarios were specifically designed. In the first system,

200 CTLA-4 dimers and 200 PD-1 receptors were placed on the surface of T cell as random

distribution. On the opposite side, 200 B7 and 200 PD-L1 ligands were randomly distributed

on the surface of APC. The simulation box has the dimension of 500nm×500nm×20nm. The

binding affinity of CTLA-4/B7 trans-interaction equals -5kT, while the binding affinities of B7

homo-dimerization and PD-1/PD-L1 trans-interaction equal -7kT. The binding affinity of B7/

PD-L1 cis-interaction equals -9kT. In the second scenario, a mutation was introduced to turn

off the cis-interaction to 0kT. The values of all the other parameters remained unchanged.

While the second scenario is referred as mutant (MT) system, the first scenario is referred as

wild-type (WT) system. For both MT and WT systems, simulations with the length of 1×107ns

were carried out. We counted the numbers of interactions formed within the last 2×106ns of

both simulations. These interactions form distributions as shown by the box-whisker plots in

Fig 7.

The distributions of different interactions derived from the MT system are represented by

red boxes, while the distributions from the WT system are represented by green boxes. In spe-

cific, the distributions of cis-interaction between B7 and PD-L1 are compared in Fig 7A. No

cis-interaction was formed in MT system, while an average number of 120 B7/PD-L1 cis-
dimers were obtained in WT system. Subsequently, the distributions of PD-1/PD-L1 trans-
interactions, B7 dimerization, and CTLA-4/B7 trans-interactions are respectively compared in
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Fig 7B–7D. The figures indicate that for these three types of interactions, their average num-

bers formed in the WT systems (green boxes) are all lower than the MT system (red boxes).

Considering that the only difference between the WT and MT systems is the binding affinity

of cis-interaction between B7 and PD-L1, our statistical results thus suggest that the signaling

of both co-inhibitory receptors CTLA-4 and PD-1 can be negatively regulated by the lateral

crosstalk between their ligands (B7 and PD-L1). This conclusion is supported by previous

experimental evidences [15,54]. In the experiments, Raji B cells were first stained by CTLA-

4-Fc in a dose dependent manner. It was found that co-expression of PD-L1 with 5.9-fold

excess to B7 significantly reduced CTLA-4-Fc staining, leading into an approximately 4.7-fold

higher dissociation constant. This result suggests that the original B7/CTLA-4 interaction can

be inhibited by the cis-interaction between B7 and PD-L1. Vice versa, when PD-L1 transduced,

CD80 knockout Raji B cells were stained by PD-1-Fc in a concentration dependent manner,

this PD-1-Fc staining was dramatically decreased by co-expression of CD80 with 3.5-fold

excess of PD-L1. This result suggests that the PD-1/PD-L1 trans-interaction can also be inhib-

ited by the cis-interaction between B7 and PD-L1. The close-up views of the largest cluster

formed in the final configuration of two scenarios are shown in Fig 7E and 7F. All four types

of proteins are co-localized together in both systems. However, there are still subtle differences

between MT and WT systems. Firstly, more PD-1 receptors (blue) are engaged with PD-L1

(orange) in MT system (Fig 7E) than WT system (Fig 7F). Secondly, more homodimers

Fig 7. We have performed a computational experiment in the cis-interactions between B7 and PD-L1 was turn on

and off in two separate simulation scenarios. We collected the numbers of different interactions along the last

2×106ns of both simulation trajectories. Their distributions are compared with each other as box-whisker plots in (A),

(B), (C), and (D). The boxes in these plots give the range from 25 to 75 percentiles for the number of interactions,

while their average number of interactions is marked in the middle of each box. The whisker indicates the outlier of the

distribution with the coefficient equal 1.5. The type of interactions is indicated on top of each plot. The system with cis-
interaction (WT) is shown by green boxes, while the system without cis-interaction (MT) is shown by red boxes.

Finally, the close-up view of the largest cluster formed in the final configuration of the MT scenario is shown in (E),

and the close-up view of the largest cluster formed in the final configuration of the WT scenario is shown in (F).

https://doi.org/10.1371/journal.pcbi.1008825.g007
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between B7 (red) can be found in MT system than WT system. As a result, more dimerized B7

ligands are further involved in the oligomerization with CTLA-4 (green) in MT system, while

these oligomers are more frequently terminated by the PD-L1 through its cis-interactions with

B7. These observations are consistent with the statistical results described earlier.

In summary, using the simple network motif as a testing system for co-inhibitory immune

complex assembly, we demonstrated that both co-inhibitory signaling pathways activated by

B7 and PD-L1 can be down-regulated by the potential cis-interaction between these two

ligands. Moreover, the dynamic and the spatial properties of the immune complex assembly

are highly determined by the energetics of molecular interactions in the network.

Concluding discussion

Like many other systems of multi-cellularity, it has become increasingly appreciated that

ligand-receptor interactions at the interface between T cells and APCs are more promiscuous

than we used to think [55]. The functional role of this binding promiscuity in regulating the

elaborate dynamics of adaptive immune response, however, is not understood. One example is

the gradually revealed complexity underlying the binding of co-regulatory receptors on T cells.

Binding of receptors PD-1 and CTLA-4 with their corresponding ligands PD-L1 and B7 acti-

vates two central co-inhibitory signaling pathways that immune system uses to suppress T cell

functions. Interestingly, recent experiments have identified a new interaction between PD-L1

and B7. Further evidences demonstrated that this interaction occurs in cis on the surface of

APC, suggesting that the two co-inhibitory receptors and their ligands can be assembled into

dynamic complexes. Inspired by these studies, as well as the structural information of relevant

ligand-receptor complexes, a coarse-grained model was developed to characterize the dynam-

ics and spatial organization of this immune complex assembly. Diffusions of ligands and

receptors are confined at cellular interfaces to present a realistic intercellular environment.

The spatial arrangement of multiple binding sites in each molecule has also been captured by

this model. Our simulations show that the PD-L1/B7 cis-interaction affects the trans-interac-

tion between CTLA-4 and B7 indirectly by reducing the homo-dimerization between B7. The

competition for PD-L1 binding between B7 and PD-1 can relief this effect. This new cis-inter-

action between PD-L1 and B7, therefore, regulates the balance between the two classic trans-
interactions of PD-1/PD-L1 and CTLA-4/B7. We also illustrated that the ligand-receptor com-

plexes can aggregate into large clusters, which sizes are dependent on the strength their inter-

actions. We suggest that these clusters can serve as a spatial platform to maintain the dynamics

of a network consisting of intersecting and competing interactions among co-regulatory recep-

tors and their ligands. In summary, this computational study offers new insights to our mecha-

nistic understanding of co-regulation in immune system.

Further improvements and extension of current model will be made, so that it can be used

to study more complicated scenarios. First of all, the linkers between different representative

groups of a protein are fixed in current coarse-grained model, while the cell membranes are

modeled as plain surfaces. In other words, the deformation of lipid bilayer and the fluctuations

along intramolecular degrees of freedom are neglected for simplification. These dynamic fac-

tors can be explicitly taken into account as our future model extension. For instance, the intra-

molecular conformational fluctuations can be modeled by using a harmonic potential to

describe the deformation between different representative groups. Similarly, plasma mem-

brane will be modeled as an elastic medium. Secondly, the binding constants mediating the

trans and cis-interactions between ligands and receptors are parameters that were predeter-

mined in the simulations. These parameters can be estimated more quantitatively through

computational methods with higher resolutions, if their experimental measurements are not

PLOS COMPUTATIONAL BIOLOGY Simulation of immune complex

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1008825 March 8, 2021 18 / 23

https://doi.org/10.1371/journal.pcbi.1008825


available. For an example, binding rates and affinities of two interacting proteins can be calcu-

lated by simulations with their structural details and using physics-based or knowledge-based

scoring functions to describe their interactions [56]. The calculated binding constants can fur-

ther be integrated into current model by a multiscale modeling framework [57], so that the

structural and energetic features at the binding interfaces of an immune complex can be

explicitly factored in. Finally, our method not only can be applied to study natural proteins,

but also can introduce soluble biotherapeutics into simulations. For instance, nivolumab and

ipilimumab are two FDA approved biologics for cancer immunotherapy [58]. They work as

checkpoint inhibitors through their binding to the extracellular domains of PD-1 and CTLA-

4, respectively. Clinical evidences showed the favorable outcomes of their combination therapy

in the treatment of advanced melanoma [59]. As a result, we hypothesize that a new design of

biologics which covalently links these two antibodies together will be able to binding PD-1 and

CTLA-4 on the surface of the same T cells with higher specificity, due to its higher binding

avidity. This hypothesis can be testified by extending the simulation framework of current

study. The outputs will help the development of new drugs with higher efficacy and lower risk

for off-target side effects.

Supporting information

S1 Fig. We systematically changed the binding affinities in both CTLA-4/B7 trans-interac-

tions and B7 homo-dimerization from 0 to -13kT under different concentration. The con-

tours in the two-dimensional heat maps indicate the number of CTLA-4/B7 trans-interactions

(A) and the number of B7-B7 dimers (B) formed in the system with the lower concentration.

The contours in the two-dimensional heat maps indicate the number of CTLA-4/B7 trans-
interactions (C) and the number of B7-B7 dimers (D) formed in the system with the higher

concentration. Detailed color indices are listed on the right-hand sides of each map. The x and

y axes represent the values of two binding affinities.

(TIF)

S2 Fig. Additional tests were carried out to the system consisting of CTLA-4, B7 and

PD-L1, in which stronger binding affinities (-13kT) were adopted for CTLA-4/B7 trans-
interaction and B7 homo-dimerization. We systematically changed the surface density of

PD-L1 and the binding affinity of its cis-interaction with B7. The tested results are summarized

as two-dimensional heat maps. The contours in the maps indicate the number of PD-L1/B7

cis-interactions (A), the number of B7-B7 dimers (B) and the number of CTLA-4/B7 trans-

interactions (C), respectively. Detailed color indices are listed on the right-hand sides of each

map. The x axis represents the values of cis-binding affinity, and the y axis indicates the num-

ber of PD-L1 on the APC surface.

(TIF)

S3 Fig. Different ratios of CTLA-4 to B7 were tested. Under each ratio, the binding affinities

of both CTLA-4/B7 trans-interaction and B7 homo-dimerization were changed from -3kT to

-11kT with an interval of 2kT. The number of CTLA-4/B7 trans-interactions and the number

of B7-B7 dimers formed in the system containing 300 B7 monomers and 100 CTLA-4 dimers

are shown in (A) and (B) as 2D colorful heat map. Different combinations of binding affinities

are indexed by the y and x aces of the maps. Similarly, the number of CTLA-4/B7 trans-inter-

actions and the number of B7-B7 dimers formed in the system containing 200 B7 monomers

and 200 CTLA-4 dimers are shown by (C) and (D). Finally, the number of CTLA-4/B7 trans-

interactions and the number of B7-B7 dimers formed in the system containing 100 B7 mono-

mers and 300 CTLA-4 dimers are shown by (E) and (F). Detailed color indices are listed on
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the right-hand sides of each map.

(TIF)

Acknowledgments

We acknowledge that all computational supports were provided by Albert Einstein College of

Medicine High Performance Computing Center.

Author Contributions

Conceptualization: Yinghao Wu.

Data curation: Zhaoqian Su, Yinghao Wu.

Formal analysis: Zhaoqian Su, Kalyani Dhusia, Yinghao Wu.

Funding acquisition: Yinghao Wu.

Investigation: Zhaoqian Su, Kalyani Dhusia, Yinghao Wu.

Methodology: Zhaoqian Su, Yinghao Wu.

Project administration: Yinghao Wu.

Resources: Zhaoqian Su, Kalyani Dhusia.

Software: Zhaoqian Su, Yinghao Wu.

Supervision: Yinghao Wu.

Validation: Zhaoqian Su, Kalyani Dhusia.

Visualization: Zhaoqian Su, Yinghao Wu.

Writing – original draft: Yinghao Wu.

Writing – review & editing: Yinghao Wu.

References
1. Huang J, Meyer C, Zhu C. T cell antigen recognition at the cell membrane. Molecular immunology.

2012; 52(3–4):155–64. Epub 2012/06/12. https://doi.org/10.1016/j.molimm.2012.05.004 PMID:

22683645; PubMed Central PMCID: PMC3403742.

2. Chen L, Flies DB. Molecular mechanisms of T cell co-stimulation and co-inhibition. Nature reviews

Immunology. 2013; 13(4):227–42. Epub 2013/03/09. https://doi.org/10.1038/nri3405 PMID: 23470321;

PubMed Central PMCID: PMC3786574.

3. Buchbinder EI, Desai A. CTLA-4 and PD-1 Pathways: Similarities, Differences, and Implications of

Their Inhibition. American journal of clinical oncology. 2016; 39(1):98–106. Epub 2015/11/13. https://

doi.org/10.1097/COC.0000000000000239 PMID: 26558876; PubMed Central PMCID: PMC4892769

spouse previously employed by Merck. A.D. declares no conflicts of interest.

4. Ying Z, He T, Wang X, Zheng W, Lin N, Tu M, et al. Parallel Comparison of 4-1BB or CD28 Co-stimu-

lated CD19-Targeted CAR-T Cells for B Cell Non-Hodgkin’s Lymphoma. Molecular therapy oncolytics.

2019; 15:60–8. Epub 2019/10/28. https://doi.org/10.1016/j.omto.2019.08.002 PMID: 31650026;

PubMed Central PMCID: PMC6804784.

5. Buhlmann JE, Elkin SK, Sharpe AH. A role for the B7-1/B7-2:CD28/CTLA-4 pathway during negative

selection. Journal of immunology (Baltimore, Md: 1950). 2003; 170(11):5421–8. Epub 2003/05/22.

https://doi.org/10.4049/jimmunol.170.11.5421 PMID: 12759417.

6. Podojil JR, Miller SD. Targeting the B7 family of co-stimulatory molecules: successes and challenges.

BioDrugs: clinical immunotherapeutics, biopharmaceuticals and gene therapy. 2013; 27(1):1–13. Epub

2013/01/19. https://doi.org/10.1007/s40259-012-0001-6 PMID: 23329394; PubMed Central PMCID:

PMC3653133.

PLOS COMPUTATIONAL BIOLOGY Simulation of immune complex

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1008825 March 8, 2021 20 / 23

https://doi.org/10.1016/j.molimm.2012.05.004
http://www.ncbi.nlm.nih.gov/pubmed/22683645
https://doi.org/10.1038/nri3405
http://www.ncbi.nlm.nih.gov/pubmed/23470321
https://doi.org/10.1097/COC.0000000000000239
https://doi.org/10.1097/COC.0000000000000239
http://www.ncbi.nlm.nih.gov/pubmed/26558876
https://doi.org/10.1016/j.omto.2019.08.002
http://www.ncbi.nlm.nih.gov/pubmed/31650026
https://doi.org/10.4049/jimmunol.170.11.5421
http://www.ncbi.nlm.nih.gov/pubmed/12759417
https://doi.org/10.1007/s40259-012-0001-6
http://www.ncbi.nlm.nih.gov/pubmed/23329394
https://doi.org/10.1371/journal.pcbi.1008825


7. Schildberg FA, Klein SR, Freeman GJ, Sharpe AH. Coinhibitory Pathways in the B7-CD28 Ligand-

Receptor Family. Immunity. 2016; 44(5):955–72. Epub 2016/05/19. https://doi.org/10.1016/j.immuni.

2016.05.002 PMID: 27192563; PubMed Central PMCID: PMC4905708.

8. Butte MJ, Keir ME, Phamduy TB, Sharpe AH, Freeman GJ. Programmed death-1 ligand 1 interacts

specifically with the B7-1 costimulatory molecule to inhibit T cell responses. Immunity. 2007; 27(1):111–

22. Epub 2007/07/17. https://doi.org/10.1016/j.immuni.2007.05.016 PMID: 17629517; PubMed Central

PMCID: PMC2707944.

9. Butte MJ, Peña-Cruz V, Kim MJ, Freeman GJ, Sharpe AH. Interaction of human PD-L1 and B7-1.

Molecular immunology. 2008; 45(13):3567–72. Epub 2008/07/01. https://doi.org/10.1016/j.molimm.

2008.05.014 PMID: 18585785; PubMed Central PMCID: PMC3764616.

10. Monks CRF, Freiberg BA, Kupfer H, Sciaky N, Kupfer A. Three-dimensional segregation of supramolec-

ular activation clusters in T cells. Nature. 1998; 395(6697):82–6. ISI:000075722200051. https://doi.org/

10.1038/25764 PMID: 9738502

11. Grakoui A, Bromley SK, Sumen C, Davis MM, Shaw AS, Allen PM, et al. The immunological synapse: A

molecular machine controlling T cell activation. Science (New York, NY). 1999; 285(5425):221–7.

ISI:000081346000032. https://doi.org/10.1126/science.285.5425.221 PMID: 10398592

12. Huppa JB, Davis MM. T-cell-antigen recognition and the immunological synapse. Nature Reviews

Immunology. 2003; 3(12):973–83. https://doi.org/10.1038/nri1245 ISI:000186892700015. PMID:

14647479

13. Dustin ML. The Cellular Context of T Cell Signaling. Immunity. 2009; 30(4):482–92. https://doi.org/10.

1016/j.immuni.2009.03.010 ISI:000265319000006. PMID: 19371714

14. Chen J, Wu Y. Understanding the Functional Roles of Multiple Extracellular Domains in Cell Adhesion

Molecules with a Coarse-Grained Model. Journal of molecular biology. 2017; 429(7):1081–95. Epub

2017/02/27. https://doi.org/10.1016/j.jmb.2017.02.013 PMID: 28237680; PubMed Central PMCID:

PMC5989558.

15. Zhao Y, Lee CK, Lin CH, Gassen RB, Xu X, Huang Z, et al. PD-L1:CD80 Cis-Heterodimer Triggers the

Co-stimulatory Receptor CD28 While Repressing the Inhibitory PD-1 and CTLA-4 Pathways. Immunity.

2019; 51(6):1059–73.e9. Epub 2019/11/24. https://doi.org/10.1016/j.immuni.2019.11.003 PMID:

31757674; PubMed Central PMCID: PMC6935268.

16. Garrett-Thomson SC, Massimi A, Fedorov EV, Bonanno JB, Scandiuzzi L, Hillerich B, et al. Mechanistic

dissection of the PD-L1:B7-1 co-inhibitory immune complex. PloS one. 2020; 15(6):e0233578. Epub

2020/06/05. https://doi.org/10.1371/journal.pone.0233578 PMID: 32497097; PubMed Central PMCID:

PMC7272049 manuscript were disclosed in PCT patent application nos. PCT/US2013/073275,PCT/

US2015/035777, and PCT/US2017/33042, and their corresponding national and regional patents and

patent applications, all of which are licensed to Cue Biopharma, Inc. Almo holds equity in Cue Bio-

pharma, Inc. and is a member of its Scientific Advisory Board. However, this commercial affiliation does

not alter our adherence to PLOS ONE policies on sharing data and materials.

17. Yokosuka T, Kobayashi W, Takamatsu M, Sakata-Sogawa K, Zeng H, Hashimoto-Tane A, et al. Spatio-

temporal basis of CTLA-4 costimulatory molecule-mediated negative regulation of T cell activation.

Immunity. 2010; 33(3):326–39. Epub 2010/09/28. https://doi.org/10.1016/j.immuni.2010.09.006 PMID:

20870175.

18. Garcia E, Ismail S. Spatiotemporal Regulation of Signaling: Focus on T Cell Activation and the Immuno-

logical Synapse. International journal of molecular sciences. 2020; 21(9). Epub 2020/05/10. https://doi.

org/10.3390/ijms21093283 PMID: 32384769; PubMed Central PMCID: PMC7247333.

19. Bethani I, Skanland SS, Dikic I, Acker-Palmer A. Spatial organization of transmembrane receptor sig-

nalling. EMBO J. 2010; 29(16):2677–88. https://doi.org/10.1038/emboj.2010.175 PMID: 20717138

20. Brückner A, Polge C, Lentze N, Auerbach D, Schlattner U. Yeast two-hybrid, a powerful tool for systems

biology. International journal of molecular sciences. 2009; 10(6):2763–88. Epub 2009/07/08. https://doi.

org/10.3390/ijms10062763 PMID: 19582228; PubMed Central PMCID: PMC2705515.

21. Carpenter EP, Beis K, Cameron AD, Iwata S. Overcoming the challenges of membrane protein crystal-

lography. Current opinion in structural biology. 2008; 18(5):581–6. Epub 2008/08/05. https://doi.org/10.

1016/j.sbi.2008.07.001 PMID: 18674618; PubMed Central PMCID: PMC2580798.

22. Opella SJ, Marassi FM. Structure determination of membrane proteins by NMR spectroscopy. Chemi-

cal reviews. 2004; 104(8):3587–606. Epub 2004/08/12. https://doi.org/10.1021/cr0304121 PMID:

15303829; PubMed Central PMCID: PMC3270942.

23. Daghestani HN, Day BW. Theory and Applications of Surface Plasmon Resonance, Resonant Mirror,

Resonant Waveguide Grating, and Dual Polarization Interferometry Biosensors. Sensors. 2010; 10

(11):9630–46. https://doi.org/10.3390/s101109630 WOS:000284578200007. PMID: 22163431

PLOS COMPUTATIONAL BIOLOGY Simulation of immune complex

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1008825 March 8, 2021 21 / 23

https://doi.org/10.1016/j.immuni.2016.05.002
https://doi.org/10.1016/j.immuni.2016.05.002
http://www.ncbi.nlm.nih.gov/pubmed/27192563
https://doi.org/10.1016/j.immuni.2007.05.016
http://www.ncbi.nlm.nih.gov/pubmed/17629517
https://doi.org/10.1016/j.molimm.2008.05.014
https://doi.org/10.1016/j.molimm.2008.05.014
http://www.ncbi.nlm.nih.gov/pubmed/18585785
https://doi.org/10.1038/25764
https://doi.org/10.1038/25764
http://www.ncbi.nlm.nih.gov/pubmed/9738502
https://doi.org/10.1126/science.285.5425.221
http://www.ncbi.nlm.nih.gov/pubmed/10398592
https://doi.org/10.1038/nri1245
http://www.ncbi.nlm.nih.gov/pubmed/14647479
https://doi.org/10.1016/j.immuni.2009.03.010
https://doi.org/10.1016/j.immuni.2009.03.010
http://www.ncbi.nlm.nih.gov/pubmed/19371714
https://doi.org/10.1016/j.jmb.2017.02.013
http://www.ncbi.nlm.nih.gov/pubmed/28237680
https://doi.org/10.1016/j.immuni.2019.11.003
http://www.ncbi.nlm.nih.gov/pubmed/31757674
https://doi.org/10.1371/journal.pone.0233578
http://www.ncbi.nlm.nih.gov/pubmed/32497097
https://doi.org/10.1016/j.immuni.2010.09.006
http://www.ncbi.nlm.nih.gov/pubmed/20870175
https://doi.org/10.3390/ijms21093283
https://doi.org/10.3390/ijms21093283
http://www.ncbi.nlm.nih.gov/pubmed/32384769
https://doi.org/10.1038/emboj.2010.175
http://www.ncbi.nlm.nih.gov/pubmed/20717138
https://doi.org/10.3390/ijms10062763
https://doi.org/10.3390/ijms10062763
http://www.ncbi.nlm.nih.gov/pubmed/19582228
https://doi.org/10.1016/j.sbi.2008.07.001
https://doi.org/10.1016/j.sbi.2008.07.001
http://www.ncbi.nlm.nih.gov/pubmed/18674618
https://doi.org/10.1021/cr0304121
http://www.ncbi.nlm.nih.gov/pubmed/15303829
https://doi.org/10.3390/s101109630
http://www.ncbi.nlm.nih.gov/pubmed/22163431
https://doi.org/10.1371/journal.pcbi.1008825


24. Groves JT, Parthasarathy R, Forstner MB. Fluorescence imaging of membrane dynamics. Annu Rev

Biomed Eng. 2008; 10:311–38. Epub 2008/04/24. https://doi.org/10.1146/annurev.bioeng.10.061807.

160431 PMID: 18429702.

25. Schwarzenbacher M, Kaltenbrunner M, Brameshuber M, Hesch C, Paster W, Weghuber J, et al. Micro-

patterning for quantitative analysis of protein-protein interactions in living cells. Nat Methods. 2008; 5

(12):1053–60. Epub 2008/11/11. https://doi.org/10.1038/nmeth.1268 PMID: 18997782.

26. Johnson AE. Fluorescence approaches for determining protein conformations, interactions and mecha-

nisms at membranes. Traffic. 2005; 6(12):1078–92. Epub 2005/11/03. https://doi.org/10.1111/j.1600-

0854.2005.00340.x PMID: 16262720.

27. Wallrabe H, Periasamy A. Imaging protein molecules using FRET and FLIM microscopy. Curr Opin Bio-

technol. 2005; 16(1):19–27. Epub 2005/02/22. https://doi.org/10.1016/j.copbio.2004.12.002 PMID:

15722011.

28. Axelrod D. Total internal reflection fluorescence microscopy in cell biology. Traffic. 2001; 2(11):764–74.

Epub 2001/12/06. https://doi.org/10.1034/j.1600-0854.2001.21104.x PMID: 11733042.

29. Slepchenko BM, Schaff JC, Carson JH, Loew LM. Computational cell biology: spatiotemporal simula-

tion of cellular events. Annu Rev Biophys Biomol Struct. 2002; 31:423–41. Epub 2002/05/04. https://

doi.org/10.1146/annurev.biophys.31.101101.140930 PMID: 11988477.

30. Slepchenko BM, Schaff JC, Macara I, Loew LM. Quantitative cell biology with the Virtual Cell. Trends in

cell biology. 2003; 13(11):570–6. Epub 2003/10/24. https://doi.org/10.1016/j.tcb.2003.09.002 PMID:

14573350.

31. Francke C, Postma PW, Westerhoff HV, Blom JG, Peletier MA. Why the phosphotransferase system of

Escherichia coli escapes diffusion limitation. Biophysical journal. 2003; 85(1):612–22. Epub 2003/06/

28. https://doi.org/10.1016/S0006-3495(03)74505-6 PMID: 12829515; PubMed Central PMCID:

PMC1303116.

32. Hattne J, Fange D, Elf J. Stochastic reaction-diffusion simulation with MesoRD. Bioinformatics (Oxford,

England). 2005; 21(12):2923–4. Epub 2005/04/09. https://doi.org/10.1093/bioinformatics/bti431 PMID:

15817692.

33. Ander M, Beltrao P, Di Ventura B, Ferkinghoff-Borg J, Foglierini M, Kaplan A, et al. SmartCell, a frame-

work to simulate cellular processes that combines stochastic approximation with diffusion and localisa-

tion: analysis of simple networks. Syst Biol (Stevenage). 2004; 1(1):129–38. Epub 2006/10/21. https://

doi.org/10.1049/sb:20045017 PMID: 17052123.

34. Rodriguez JV, Kaandorp JA, Dobrzynski M, Blom JG. Spatial stochastic modelling of the phosphoenol-

pyruvate-dependent phosphotransferase (PTS) pathway in Escherichia coli. Bioinformatics (Oxford,

England). 2006; 22(15):1895–901. Epub 2006/05/30. https://doi.org/10.1093/bioinformatics/btl271

PMID: 16731694.

35. Stiles Jr., Bartol TM. Monte Carlo methods for simulating realistic synaptic microphysiology using

MCell. Computational Neuroscience. 2001:87–127. CCC:000168816100004.

36. Andrews SS, Bray D. Stochastic simulation of chemical reactions with spatial resolution and single mol-

ecule detail. Phys Biol. 2004; 1(3–4):137–51. Epub 2005/10/06. https://doi.org/10.1088/1478-3967/1/3/

001 PMID: 16204833.

37. Ridgway D, Broderick G, Lopez-Campistrous A, Ru’aini M, Winter P, Hamilton M, et al. Coarse-grained

molecular simulation of diffusion and reaction kinetics in a crowded virtual cytoplasm. Biophysical jour-

nal. 2008; 94(10):3748–59. https://doi.org/10.1529/biophysj.107.116053 WOS:000255309700005.

PMID: 18234819

38. Frazier Z, Alber F. A Computational Approach to Increase Time Scales in Brownian Dynamics-Based

Reaction-Diffusion Modeling. Journal of Computational Biology. 2012; 19(6):606–18. https://doi.org/10.

1089/cmb.2012.0027 WOS:000305335100004. PMID: 22697237

39. Collins M, Ling V, Carreno BM. The B7 family of immune-regulatory ligands. Genome biology. 2005; 6

(6):223. Epub 2005/06/18. https://doi.org/10.1186/gb-2005-6-6-223 PMID: 15960813; PubMed Central

PMCID: PMC1175965.

40. Pentcheva-Hoang T, Egen JG, Wojnoonski K, Allison JP. B7-1 and B7-2 selectively recruit CTLA-4 and

CD28 to the immunological synapse. Immunity. 2004; 21(3):401–13. Epub 2004/09/11. https://doi.org/

10.1016/j.immuni.2004.06.017 PMID: 15357951.

41. Stamper CC, Zhang Y, Tobin JF, Erbe DV, Ikemizu S, Davis SJ, et al. Crystal structure of the B7-1/

CTLA-4 complex that inhibits human immune responses. Nature. 2001; 410(6828):608–11. Epub 2001/

03/30. https://doi.org/10.1038/35069118 PMID: 11279502.

42. Meng W, Takeichi M. Adherens junction: molecular architecture and regulation. Cold Spring Harbor per-

spectives in biology. 2009; 1(6):a002899. Epub 2010/05/12. https://doi.org/10.1101/cshperspect.

a002899 PMID: 20457565; PubMed Central PMCID: PMC2882120.

PLOS COMPUTATIONAL BIOLOGY Simulation of immune complex

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1008825 March 8, 2021 22 / 23

https://doi.org/10.1146/annurev.bioeng.10.061807.160431
https://doi.org/10.1146/annurev.bioeng.10.061807.160431
http://www.ncbi.nlm.nih.gov/pubmed/18429702
https://doi.org/10.1038/nmeth.1268
http://www.ncbi.nlm.nih.gov/pubmed/18997782
https://doi.org/10.1111/j.1600-0854.2005.00340.x
https://doi.org/10.1111/j.1600-0854.2005.00340.x
http://www.ncbi.nlm.nih.gov/pubmed/16262720
https://doi.org/10.1016/j.copbio.2004.12.002
http://www.ncbi.nlm.nih.gov/pubmed/15722011
https://doi.org/10.1034/j.1600-0854.2001.21104.x
http://www.ncbi.nlm.nih.gov/pubmed/11733042
https://doi.org/10.1146/annurev.biophys.31.101101.140930
https://doi.org/10.1146/annurev.biophys.31.101101.140930
http://www.ncbi.nlm.nih.gov/pubmed/11988477
https://doi.org/10.1016/j.tcb.2003.09.002
http://www.ncbi.nlm.nih.gov/pubmed/14573350
https://doi.org/10.1016/S0006-3495%2803%2974505-6
http://www.ncbi.nlm.nih.gov/pubmed/12829515
https://doi.org/10.1093/bioinformatics/bti431
http://www.ncbi.nlm.nih.gov/pubmed/15817692
https://doi.org/10.1049/sb%3A20045017
https://doi.org/10.1049/sb%3A20045017
http://www.ncbi.nlm.nih.gov/pubmed/17052123
https://doi.org/10.1093/bioinformatics/btl271
http://www.ncbi.nlm.nih.gov/pubmed/16731694
https://doi.org/10.1088/1478-3967/1/3/001
https://doi.org/10.1088/1478-3967/1/3/001
http://www.ncbi.nlm.nih.gov/pubmed/16204833
https://doi.org/10.1529/biophysj.107.116053
http://www.ncbi.nlm.nih.gov/pubmed/18234819
https://doi.org/10.1089/cmb.2012.0027
https://doi.org/10.1089/cmb.2012.0027
http://www.ncbi.nlm.nih.gov/pubmed/22697237
https://doi.org/10.1186/gb-2005-6-6-223
http://www.ncbi.nlm.nih.gov/pubmed/15960813
https://doi.org/10.1016/j.immuni.2004.06.017
https://doi.org/10.1016/j.immuni.2004.06.017
http://www.ncbi.nlm.nih.gov/pubmed/15357951
https://doi.org/10.1038/35069118
http://www.ncbi.nlm.nih.gov/pubmed/11279502
https://doi.org/10.1101/cshperspect.a002899
https://doi.org/10.1101/cshperspect.a002899
http://www.ncbi.nlm.nih.gov/pubmed/20457565
https://doi.org/10.1371/journal.pcbi.1008825


43. Brameshuber M, Kellner F, Rossboth BK, Ta H, Alge K, Sevcsik E, et al. Monomeric TCRs drive T cell

antigen recognition. Nat Immunol. 2018; 19(5):487–96. Epub 2018/04/18. https://doi.org/10.1038/

s41590-018-0092-4 PMID: 29662172.

44. Xie Z-R, Chen J, Wu Y. A coarse-grained model for the simulations of biomolecular interactions in cellu-

lar environments. Journal of Chemical Physics. 2014; 140:054112. https://doi.org/10.1063/1.4863992

PMID: 24511927

45. Su Z, Wu Y. A computational model for understanding the oligomerization mechanisms of TNF receptor

superfamily. Computational and structural biotechnology journal. 2020; 18:258–70. Epub 2020/02/06.

https://doi.org/10.1016/j.csbj.2019.12.016 PMID: 32021664; PubMed Central PMCID: PMC6994755.

46. Iino R, Koyama I, Kusumi A. Single molecule imaging of green fluorescent proteins in living cells: E-cad-

herin forms oligomers on the free cell surface. Biophysical journal. 2001; 80(6):2667–77. Epub 2001/05/

24. https://doi.org/10.1016/S0006-3495(01)76236-4 PMID: 11371443; PubMed Central PMCID:

PMC1301454.

47. Chen J, Almo SC, Wu Y. General principles of binding between cell surface receptors and multi-specific

ligands: A computational study. PLoS computational biology. 2017; 13(10):e1005805. Epub 2017/10/

11. https://doi.org/10.1371/journal.pcbi.1005805 PMID: 29016600; PubMed Central PMCID:

PMC5654264.

48. Xie ZR, Chen J, Wu Y. Linking 3D and 2D binding kinetics of membrane proteins by multi-scale simula-

tions. Protein science: a publication of the Protein Society. 2014. Epub 2014/10/02. https://doi.org/10.

1002/pro.2574 PMID: 25271078.

49. Zhou HX, Bates PA. Modeling protein association mechanisms and kinetics. Current opinion in struc-

tural biology. 2013; 23(6):887–93. Epub 2013/07/16. https://doi.org/10.1016/j.sbi.2013.06.014 PMID:

23850142; PubMed Central PMCID: PMC3844007.

50. Lewis AK, Valley CC, Sachs JN. TNFR1 signaling is associated with backbone conformational changes

of receptor dimers consistent with overactivation in the R92Q TRAPS mutant. Biochemistry. 2012; 51

(33):6545–55. Epub 2012/07/18. https://doi.org/10.1021/bi3006626 PMID: 22799488.

51. Brasch J, Goodman KM, Noble AJ, Rapp M, Mannepalli S, Bahna F, et al. Visualization of clustered pro-

tocadherin neuronal self-recognition complexes. Nature. 2019; 569(7755):280–3. Epub 2019/04/12.

https://doi.org/10.1038/s41586-019-1089-3 PMID: 30971825; PubMed Central PMCID: PMC6736547.

52. Goodman KM, Rubinstein R, Dan H, Bahna F, Mannepalli S, Ahlsén G, et al. Protocadherin cis-dimer

architecture and recognition unit diversity. Proceedings of the National Academy of Sciences of the

United States of America. 2017; 114(46):E9829–e37. Epub 2017/11/01. https://doi.org/10.1073/pnas.

1713449114 PMID: 29087338; PubMed Central PMCID: PMC5699079.

53. Rubinstein R, Thu CA, Goodman KM, Wolcott HN, Bahna F, Mannepalli S, et al. Molecular logic of neu-

ronal self-recognition through protocadherin domain interactions. Cell. 2015; 163(3):629–42. Epub

2015/10/20. https://doi.org/10.1016/j.cell.2015.09.026 PMID: 26478182; PubMed Central PMCID:

PMC4624033.

54. Sugiura D, Maruhashi T, Okazaki IM, Shimizu K, Maeda TK, Takemoto T, et al. Restriction of PD-1

function by cis-PD-L1/CD80 interactions is required for optimal T cell responses. Science (New York,

NY). 2019; 364(6440):558–66. Epub 2019/04/20. https://doi.org/10.1126/science.aav7062 PMID:

31000591.

55. Schnell A, Bod L, Madi A, Kuchroo VK. The yin and yang of co-inhibitory receptors: toward anti-tumor

immunity without autoimmunity. Cell research. 2020; 30(4):285–99. Epub 2020/01/25. https://doi.org/

10.1038/s41422-020-0277-x PMID: 31974523; PubMed Central PMCID: PMC7118128.

56. Dhusia K, Su Z, Wu Y. Using Coarse-Grained Simulations to Characterize the Mechanisms of Protein-

Protein Association. Biomolecules. 2020; 10(7). Epub 2020/07/19. https://doi.org/10.3390/

biom10071056 PMID: 32679892; PubMed Central PMCID: PMC7407674.

57. Wang B, Xie ZR, Chen J, Wu Y. Integrating Structural Information to Study the Dynamics of Protein-

Protein Interactions in Cells. Structure (London, England: 1993). 2018; 26(10):1414–24.e3. Epub 2018/

09/04. https://doi.org/10.1016/j.str.2018.07.010 PMID: 30174150; PubMed Central PMCID:

PMC6582366.

58. Mansh M. Ipilimumab and cancer immunotherapy: a new hope for advanced stage melanoma. The

Yale journal of biology and medicine. 2011; 84(4):381–9. Epub 2011/12/20. PMID: 22180676; PubMed

Central PMCID: PMC3238313.

59. Callahan MK, Postow MA, Wolchok JD. CTLA-4 and PD-1 Pathway Blockade: Combinations in the

Clinic. Frontiers in oncology. 2014; 4:385. Epub 2015/02/03. https://doi.org/10.3389/fonc.2014.00385

PMID: 25642417; PubMed Central PMCID: PMC4295550.

PLOS COMPUTATIONAL BIOLOGY Simulation of immune complex

PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1008825 March 8, 2021 23 / 23

https://doi.org/10.1038/s41590-018-0092-4
https://doi.org/10.1038/s41590-018-0092-4
http://www.ncbi.nlm.nih.gov/pubmed/29662172
https://doi.org/10.1063/1.4863992
http://www.ncbi.nlm.nih.gov/pubmed/24511927
https://doi.org/10.1016/j.csbj.2019.12.016
http://www.ncbi.nlm.nih.gov/pubmed/32021664
https://doi.org/10.1016/S0006-3495%2801%2976236-4
http://www.ncbi.nlm.nih.gov/pubmed/11371443
https://doi.org/10.1371/journal.pcbi.1005805
http://www.ncbi.nlm.nih.gov/pubmed/29016600
https://doi.org/10.1002/pro.2574
https://doi.org/10.1002/pro.2574
http://www.ncbi.nlm.nih.gov/pubmed/25271078
https://doi.org/10.1016/j.sbi.2013.06.014
http://www.ncbi.nlm.nih.gov/pubmed/23850142
https://doi.org/10.1021/bi3006626
http://www.ncbi.nlm.nih.gov/pubmed/22799488
https://doi.org/10.1038/s41586-019-1089-3
http://www.ncbi.nlm.nih.gov/pubmed/30971825
https://doi.org/10.1073/pnas.1713449114
https://doi.org/10.1073/pnas.1713449114
http://www.ncbi.nlm.nih.gov/pubmed/29087338
https://doi.org/10.1016/j.cell.2015.09.026
http://www.ncbi.nlm.nih.gov/pubmed/26478182
https://doi.org/10.1126/science.aav7062
http://www.ncbi.nlm.nih.gov/pubmed/31000591
https://doi.org/10.1038/s41422-020-0277-x
https://doi.org/10.1038/s41422-020-0277-x
http://www.ncbi.nlm.nih.gov/pubmed/31974523
https://doi.org/10.3390/biom10071056
https://doi.org/10.3390/biom10071056
http://www.ncbi.nlm.nih.gov/pubmed/32679892
https://doi.org/10.1016/j.str.2018.07.010
http://www.ncbi.nlm.nih.gov/pubmed/30174150
http://www.ncbi.nlm.nih.gov/pubmed/22180676
https://doi.org/10.3389/fonc.2014.00385
http://www.ncbi.nlm.nih.gov/pubmed/25642417
https://doi.org/10.1371/journal.pcbi.1008825

