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Abstract 
  
Cell-cell interfaces are found throughout multicellular organisms, from transient interactions 
between motile immune cells to long-lived cell-cell contacts in epithelia. In this review, we 
summarize recent findings that support the emerging view of cell-cell interfaces as specialized 
compartments that biophysically constrain the arrangement and activity of their protein, lipid, and 
glycan components. Studies of immune cell interactions, epithelial cell barriers, neuronal contacts, 
and sites of cell-cell fusion have identified a core set of features shared by cell-cell interfaces that 
critically control their function. Data from diverse cell types show that cells actively and passively 
regulate the localization, strength, duration, and cytoskeletal coupling of receptor interactions 
governing cell-cell signaling and physical connections between cells. We review how these 
biophysical features of cell-cell interfaces, which drive unique membrane organization from local 
molecular and cellular mechanics, allow cells to respond selectivity and sensitivity to multiple 
inputs, serving as the basis for wide-ranging cellular function and as opportunities for therapeutic 
intervention.  
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Introduction 
  
Cell-cell interfaces have been the subject of intense interest since the origin of cell theory in the 
mid-1800s. Today, detailed studies of a variety of interfaces have shown these junctions to be 
sites of intercellular recognition, communication, and both long-term and short-term adhesion. 
However, due to the distinct sets of molecules involved at cell-cell interfaces in different tissues 
and contexts, there has been limited appreciation for the common biophysical and biochemical 
properties of these contacts that make them powerful and unique zones of information processing 
and transmission.  
 
Efforts to understand the properties and function of cell-cell interfaces span more than a century 
(see Fig.1 and Supplemental Timeline). The past few decades have also seen incredible progress 
in elucidating the molecular structure of adhesion proteins through the use of x-ray crystallography 
and cryo-electron microscopy1,2. Today, membrane interfaces are often depicted as two 
phospholipid bilayers with a few receptors binding the two together, usually with the goal of 
emphasizing the role of specific receptor-ligand interactions. While some aspects of this simple 
abstraction still hold, cell-cell interfaces are now being recognized as local environments that are 
surprisingly distinct and more complex from those in which bulk behavior of molecules is usually 
studied. These specialized compartments are responsible for forming both homotypic and 
heterotypic cell-cell contacts and, through them, directing immune cell recognition, epithelial sheet 
formation, nerve cell signal propagation, and myoblast fusion (Fig. 2 and Supplemental 
Information 1).  
 
What allows cell-cell interfaces to dictate cell function? Recent work has uncovered that interfaces 
are organized, physically, in such a way that they carry out two key tasks: i) integrating multiple 
inputs from a cell-cell contact and ii) generating sensitive and selective responses for function. 
For example, macrophages are tasked with deciding in a short period of time (mins) whether a 
target cell or particle is healthy, diseased or foreign and, when appropriate, initiating a phagocytic 
response. To accomplish this, the interface must assess the density, strength, and mobility of 
multiple activating and inhibitory ligands on the target and does so by creating a unique 
environment defined by specific molecules, biophysical properties, and reaction kinetics to 
perform this task.  
 
Cell-cell interfaces from diverse tissues use common components tuned in different ways to direct 
specific cellular functions (Supplemental Information 2). For instance, interface durations range 
in timescale from short, transient contacts observed between immune cells to long, persistent 
contacts between neurons in the brain. They also differ in terms of their length-scales, with the 
small protrusive interfaces – 100s of nm in scale – of some fusogenic cells dwarfed by the lateral 
contacts – extending over multiple micrometers – between neighboring epithelia. Even the 
average interfacial gap distance between the plasma membranes of two cells varies across 
interface type. Tight junctions between epithelial cells, for example, have a gap size of ~2 nm, 
whereas presynaptic-postsynaptic membranes in the nervous system are separated by 15-25 nm. 
These unique traits are central to the execution of specific tasks – T cells and macrophages need 
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to surveil host cells and invaders in short periods of time, while epithelia need to restrict transport 
of large material between cells. 
  
In this review, we summarize findings over the last decade that highlight key biophysical features 
of the cell-cell interfacial compartment, which organize the interface for cellular decision-making 
and function. Intracellular membrane contacts between organelles, vesicles, and the plasma 
membrane have been extensively reviewed elsewhere3–6, so our focus here will be on cell-cell 
interfaces. Throughout the review, we underscore the unique physical boundary conditions that 
give rise to membrane organization and activity at seemingly disparate interfaces. We also cover 
the ways in which cell-cell interfaces couple energy consumption with molecular and cellular 
mechanics and with signaling networks that converge at interfacial hubs. Since cell surfaces and 
cell-cell interfaces have long been the target of therapeutic molecules, most recently 
immunotherapeutics, a fundamental understanding of the molecular mechanisms influencing 
signaling at cell-cell interfaces has never been more important. 
 
Biophysical Features of Cell-Cell Interfaces 
 
Below, we discuss five notable biophysical features of cell-cell interfaces that enable these 
compartments to perform physiologically critical tasks across many different cell types. By 
creating local molecular environments that differ from those of either cell’s plasma membrane, 
cell-cell interfaces are sensitive to both the biophysical and biochemical properties of cell surface 
receptors and ligands, along with their collective interactions and spatial organization. This ability 
to simultaneously probe for molecular affinity, mobility, size, dynamics, and mechanics at cell-cell 
interfaces enables multiple layers of rapid communication and regulation between cells that give 
rise to the remarkably complex and diverse functional consequences of cell-cell interactions. 
Modern experimental techniques are now allowing researchers to uncover the mechanistic details 
that underpin cell-cell interface function (Box 1 and Supplementary Information 3), though much 
more remains to be discovered. As further work helps to illuminate how cells contact and 
communicate with one another, we expect the list below to grow. 
 
1. Altered Diffusion at Interfaces 
 
The fluid mosaic model of the plasma membrane, proposed by Singer and Nicolson in 19727, in 
which orientated transmembrane receptors and transporters diffuse through a sea of lipids, has 
led some to assume that all parts of a cell’s plasma membrane – interfacial and non-interfacial 
alike – are equally accessible and mobile. However, measurements at cell-cell interfaces show 
dramatically reduced mobility of molecules, due in part to adhesive interactions, membrane 
ordering and assembly of cytoskeletal structures that obstruct mobility (Fig. 3A).  
 
Adhesive and lipid constraints.  A membrane protein’s mobility is characterized by the 2D 
diffusion coefficient for the protein in a lipid environment, typically between 1 - 10 μm2/s in bare 
model membranes8,9. Membrane interfaces, on the other hand, create regions with diffusive 
properties that are significantly reduced. In one study, the mobility of an adhesive protein between 
a supported lipid bilayer (SLB) and a GUV was reduced by a factor of 9.3 from that in a single 
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membrane10, while, in cells, the trans-interacting E-cadherin’s (E-cad’s) diffusion coefficient was 
estimated to be 0.28 µm2/s11 on free cell membranes and reduced to between 0.5x10-2 and 6x10-

2 μm2/s at cell-cell interfaces12. These values likely reflect multiple trans interactions across cells 
at the interface, emphasizing that low mobility is the rule at interfaces, not the exception. Another 
mechanism that influences mobility at interfaces is association of membrane proteins with specific 
lipid environments. Both occludin and ZO-1 of the tight junction of epithelial cells have been found 
to reside in detergent-resistant, cholesterol-rich fractions13 affecting their lateral mobility14, and a 
similar phenomenon has been observed for desmoglein-1 at desmosomes in epithelia15.  
 
Cytoskeletal constraints. Cytoskeletal structures assembled in response to receptor 
engagement at cell-cell interfaces can form a lateral picket fence that has significant effects on 
free diffusion of membrane components. For example, at macrophage interfaces, a diffusion 
barrier is established by an FcγR-IgG interface recruiting integrins, which initiate Arp2/3-mediated 
actin assembly, ultimately blocking single molecule trajectories of CD45, an inhibitory 
phosphatase16. If integrin activation or actin assembly was disrupted, then CD45 exclusion was 
less pronounced and phagocytosis of the pathogen S. typhimurium was disrupted. In another 
example, the membrane protein CD44 was found to couple to intracellular formin-derived actin 
structures through ezrin and ankyrin17 to alter diffusion as well as to hyaluronic acid, a type of 
proteoglycan, through its Link domain in the extracellular space. The latter creates an additional 
pericellular picket fence that also restricted receptor mobility. The diffusion of phagocytic 
receptors and glycoprotein pickets are extensively reviewed in18. 
 
The first biophysical feature of cell-cell interfaces – regulation of membrane protein mobility by 
reducing diffusive character – is used by cells to probe and signal to opposing cell surfaces. This 
regulation is achieved through a variety of physical means, including accumulation of ligated 
receptors, association of membrane proteins with specific lipid compositions, tethering receptors 
to the cytoskeleton, and constructing diffusion barriers – within the membrane, below the 
membrane, and above the membrane – to restrict mobility. By doing so, cells can sample their 
local neighbors with select receptors and activate specific pathways, such as phagocytosis, when 
necessary.  
 
2. Size-Dependent Sorting at Interfaces 
 
In addition to changes in mobility of proteins at cell-cell interfaces, the presence of a second 
membrane imposes a physical constraint on the interface that sterically excludes molecules that 
do not fit and enhances the binding of receptors that do (Fig. 3B). Typically, this means that ligated 
receptors with small molecular dimensions, such as short heights, form an interfacial space that 
excludes proteins with large molecular dimensions and imposes physical constraints on protein-
protein association.  
 
Size-dependent exclusion. Exclusion of membrane proteins from cell-cell interfaces based on 
their height creates a unique environment for signaling components, such as immunoreceptor 
tyrosine-based activation/inhibition motifs, ITAMs and ITIMs. In this environment, kinase enzymes 
tethered to the inner leaflet of the membrane, such as Lck and Lyn, can act freely on ITAM motifs, 
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giving rise to a phosphorylation-rich region that is intimately connected to the membrane interface. 
An illustrative example comes from the field of immunology, where T cells, macrophages, and 
natural killer cells all rely on the size-dependent exclusion of CD45, a large mucin containing a 
cytoplasmic phosphatase domain, from the interfaces they form with other cells19–23. In 
macrophages, phagocytosis was found to scale with the size of the IgG antibody-antigen complex 
compared to the size of CD45, with the most efficient eating seen for antigens that were <10 nm 
in size19. Similar results were obtained for IgE FcR triggering of a mast cell-like cell line20. Based 
on in vitro experiments, protein height differences of only 5 nm can drive switch-like exclusion of 
proteins from interfaces24, which may help explain the near complete exclusion of CD45 (28-53 
nm) from pMHC-TCR interfaces (13 nm).   
 
Size-dependent organization. In early work on epithelial junctions, electron microscopy of 
polarized epithelia from guinea pig gall bladders demonstrated segregation of the basal-most 
desmosome from the adherens junction from the apical-most tight junction in epithelial cells25. 
Decades later, it was found that these distinct interfaces consisted of proteins with molecular 
scale differences in height, beginning with the desmosomal cadherins, desmoglein and 
desmocollin (tallest), followed next by the classical cadherins and nectin, and finally by occludin, 
JAMs, and claudins (shortest)26. Since positioning the different junctions appropriately along the 
lateral surface of the epithelium is necessary for polarization and adhesion, size-dependent 
processes in epithelial cells in addition to the known cytoskeletal regulatory elements, e.g. 
intermediate filaments, catenins, and ZO-126, may play, in our opinion, a significant and to date 
unrecognized role in barrier formation and tissue cohesion. With the advancement of correlative 
super-resolution and electron microscopy, visualizing molecular localizations with ultrastructural 
detail is now within reach, as has recently been shown for the TJ membrane protein, JAM-C27, 
which opens up the possibility of observing size-dependent processes at cell-cell interfaces.  
 
Size effects on binding. The large size of some non-adherent proteins can also modulate 
binding kinetics of membrane receptors by presenting a physical barrier that can prevent binding 
(kon) of short receptors and by introducing tension in short receptor-ligand interactions after 
binding (koff). This latter effect arises when the membrane deforms the bond or when tall 
molecules exert pressure either by being excluded from an interface or compressed at the binding 
interface. For receptors that form either an ideal bond, where koff is independent of force, or slip 
bond, where koff increases with force, tall proteins on a cell surface will simply slow down their 
binding to cognate ligands28. When receptors form a catch bond, where koff decreases with force 
(see Mechanosensitivity at Interfaces), however, the physical barrier presented by tall, immobile 
proteins can promote clustering of receptors29. This is because once a receptor successfully binds 
to its ligand, the surrounding glycocalyx that is locally compressed can exert tension on the bond, 
thus enhancing the bond affinity. Consequently, the rate of new bond formation is significantly 
enhanced near the existing bond, which creates the effect of a ‘kinetic trap’ (see next section on 
Cooperative Binding and Clustering). This mechanism of receptor clustering at interfaces is 
particularly relevant in cancer, where cells upregulate tall glycoproteins such as mucin-130–32 and 
create a bulky glycocalyx. In breast cancer, the bulky glycocalyx of cancer cells has been shown 
to promote clustering of bound integrins, which leads to the signaling necessary for cell survival33. 
A similar mechanism was also demonstrated to promote cancer metastasis34.  
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The second biophysical feature of cell-cell interfaces arises from the molecular dimensions of cell 
surface molecules, an often-overlooked aspect of extracellular proteins and glycans, and the 
limited gap size between membranes at interfaces. As demonstrated in the above examples, the 
height of proteins can determine whether they have access to the interface, whether they form 
spatially separated adhesions, and whether their cell-cell interactions are promoted and 
strengthened. Ectodomain size can, therefore, have significant ramifications on cancer 
progression, immune cell activation, and epithelial tissue cohesion.  
 
3. Cooperative Binding and Clustering 
 
Ligand-receptor binding at cell-cell interfaces can change both the apparent affinity of adhesive 
interactions, via cooperative binding, and their spatial organization, via lateral clustering. These 
phenomena are governed by cooperative effects of physical fluctuations in the membrane and 
the dimensionality of receptor binding (Fig. 3C). 
 
Membrane fluctuations and binding. Membrane bending and thermal fluctuations are known 
to play a significant role in shaping adhesion and interface formation28. Formation of an adhesion 
imposes a mechanical constraint perpendicular to the membrane that dampens fluctuations of 
bilayer membranes, while adhesions that expand the interface can increase tension parallel to 
the membrane. Due to the competition between the entropy and enthalpy when receptors and 
ligands bind between fluctuating membranes, membrane adhesions form in spatially segregated 
zones as demonstrated at the GUV-SLB interface35. This mechanism of spatial segregation of 
protein binding is thought to contribute to pattern formation at interfaces, for example at the T-cell 
immunological synapse36. More recently, similar principles have been shown to play a role at 
other interfaces. For example, a number of different adhesion morphologies were observed at the 
GUV-SLB interface formed by E-cadherins depending on the average membrane fluctuation 
amplitude37. As well, dampened membrane fluctuations near the binding interface between the 
‘marker of self’ CD47 on a GUV surface and SIRPα immobilized on a glass surface resulted in 
cooperative binding38. In addition to protein binding at cell-cell interfaces, curved membrane 
architectures in live cells, like actin-driven filopodia extensions and actin-rich microvilli, have also 
been shown to play a role in adhesion nucleation in epithelial cells39 and ligand detection in T 
cells40. 

  
Dimensionality and affinity. The interplay between enthalpy and entropy of molecular binding 
is fundamentally different between 3D (solution) and 2D (membrane-bound) due to the influences 
of geometry and mechanical tension across the bond in 2D configurations. Although not trivial to 
determine the 2D binding affinity of a receptor and ligand whose affinity is measured in 3D, it has 
been proposed that the 2D dissociation constant (2D Kd) is roughly equal to the 3D (solution) Kd 
divided by the confinement length, which is dependent on membrane fluctuations and molecular 
tilting41. In addition, physical forces on the scale of picoNewtons that result from membrane 
fluctuations, repulsive interactions at the interface, and active cellular processes can further 
change the binding affinities. Early studies of the interface between a T cell and a supported lipid 
bilayer (SLB) found that the 2D Kd of the CD2-CD58 interaction is on the order of 1-10 
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molecule/µm2, compared to the 3D Kd on the order of 1 µM42. However, 2D Kd may depend on 
the specific binding interaction as the 2D Kd between an activating peptide-MHC and T-cell 
receptor was found to be ~100-200 molecule/µm2  43.  
 
A more detailed understanding of 2D binding has been achieved by computational simulations of 
membrane adhesion. Monte Carlo simulations of E/N-cad interactions of epithelia showed that 
cis-interactions compensate for the entropic penalty of 2D cadherin trans-interactions to promote 
formation of a stable membrane interface44. The structure and dynamic properties of proteins are 
also critically related to the 2D binding affinity. For SYG-1 and SYG-2 proteins – the 
immunoglobulin superfamily cell adhesion molecules that participate in synapse formation and 
kidney filtration barrier formation – it was found that the rigidity between domains of SYG-1 as 
well as the binding angle between SYG-1 and SYG-2 critically affect their binding strength45. 
Similarly, cadherins require calcium-dependent stiffening of their ectodomains for proper trans 
binding46.  
 
Recent work using x-ray crystallography and cryo-EM has emphasized the profound impact of 
interface dimensionality in neurons. Protocadherin repertoires are responsible for self-avoidance 
in the nervous system. In solution, protocadherins form dimer-of-dimers. However, at 2D 
membrane interfaces, these proteins organize into extended zipper-like lattices along the 
membrane that rely on alternating orthogonal trans and cis associations47. In the case of a 
mismatched cell surface repertoire, chain termination of the extended protocadherin lattice occurs 
because of the lack of a single trans ligation, leading to signaling that results in non-self 
interaction.  
 
Dimensionality and signaling. At membrane interfaces, simply recruiting cytosolic proteins to 
the plasma membrane creates a region where binding is converted from a 3D to a 2D problem, 
often with the impact of increasing the effective affinity. This is a fundamental principle in the 
triggering of many cell surface receptors, particularly in the case of transient, activation-driven 
contacts such as those of the immune system. In such instances, removal of the degree of 
freedom provided by a third dimension makes a substantial difference to enzymatic rate 
constants, meaning previously sub-threshold activity is now sufficient to drive signaling, such as 
the phosphorylation of surface-recruited ZAP70 by Lck in T cells48. This has the immediate effect 
of activating ligand-bound surface receptors, but also of restricting signaling to the contact and 
hence driving cell polarization. Coupled with the observation of sub-domain level organization in 
signaling microclusters on the order of 10s or 100s49, this highlights the importance of nanoscale 
organization within contacts for the regulation of signaling. 
 
Cooperativity and dynamics. Lateral organization of proteins within contacts serves an 
important role in the regulation and integration of signaling from multiple sources. This is again 
most striking in highly transient contacts. During the formation of the T cell immunological 
synapse, TCR molecules phosphorylated in response to pMHC binding rapidly coalesce into sub-
micron scale microclusters which act as the sites of active TCR signaling23. The distribution of 
signals across the immunological synapse is markedly uneven, since signaling microclusters form 
at the periphery before translocating towards the center where their associated complexes are 
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disassembled and they are either internalized or packaged into vesicles for extracellular release50. 
This is achieved in part through restriction of the active form of the TCR-activating kinase Lck to 
the periphery51, which in turn may be reinforced by the size-dependent exclusion of CD4552. 
Indeed, the balance of CD45’s activatory effects on Lck and its inhibitory effects on the TCR 
appears to regulate the antigen threshold for activation53; dampening signaling from weak or non-
specific antigen, whilst permitting graded signaling from stronger antigens. This again is highly 
sensitive to the lateral spatial organization of the various signaling components, since disruption 
of normal CD45 segregation undermines not just T cell activation but also the graded nature of 
the response to antigen54,55. Moreover, clustering of the TCR may be a consequence of local 
binding cooperativity, as an increase in intermolecular kon directly adjacent to ligated TCRs has 
recently been shown in T cell-SLB experiments56. Longer lifetimes of ligated TCR or higher density 
of ligands increase the likelihood of subsequent reactions taking place in the T cell, in this case 
ligation and reversible clustering. Clustering, even by a few receptors, can then segregate CD45 
and allow other time-dependent reactions to take place, like phosphorylation of ITAMs by Lck, 
followed by ZAP70 association and phosphorylation, eventually leading to T cell activation43. 
 
Clustering of receptors and downstream effectors, the third biophysical feature of interfaces, can 
serve as a checkpoint for cell activation. Interfaces make use of their 2D environment to promote 
clustering given the proper conditions – if membrane fluctuations are dampened, if repeating trans 
and cis interaction can form, if high 2D concentration of enzymes can reach thresholds for 
signaling, and if ligation events augment the surrounding binding kinetics. This provides cells a 
critical layer of regulation for subsequent signaling in immune cells, neurons, and during 
development.  
 
4. Mechanosensitivity at Interfaces 
 
The biophysical signatures of cell-cell interfaces described so far – altered diffusion, size-
dependent sorting, and cooperative binding – are all passive phenomena that can occur in the 
absence of energy consumption. Membrane interfaces, however, are a highly dynamic, energy-
consuming compartment on account of the membrane’s close association with the cell cortex. 
The energy source for interfaces is mainly derived from one ubiquitous process, the hydrolysis of 
ATP (~20 kT). This chemical transformation is usually accomplished by filamentous actin which 
consumes approximately 50% of the total cellular ATP57. While actin is constantly being turned 
over and remodeled right below the membrane, other cytoskeletal motor proteins are contributing 
to the energy-consuming nature of interfaces too, by aligning and exerting force on filaments 
through ATP hydrolysis. Myosin-associated actin structures, so called actomyosin, can 
collectively contract filaments, achieving a pulling force on membrane interfaces (~1-5 pN per 
myosin per powerstroke58). Coupling of energy consumption to mechanical perturbation can have 
a profound impact on individual transmembrane proteins at the interface, including force-sensing 
and downstream signaling (Fig. 4A, B). 
 
Force-sensing proteins at interfaces. Recently, TCRs have been shown to bind to matched 
peptide-MHCs through a catch bond but bind to mismatched peptide-MHCs as a slip bond, the 
characteristics of which can lead to robust ligand discrimination - a 15-fold change in differential 
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recognition and T cell activation when under force59. The maximal catch bond for TCR was shown 
to be at 10 pN of applied force, which can easily be accounted for by the pulling force from 
retrograde actin flow and myosin-driven contraction, shown for example by Murugesan et al.60 
among others, right underneath the TCR-pMHC interface. Intriguingly, affinity does not seem to 
compensate for the lack of force-sensitivity as a number of high affinity (2D and 3D) pMHC-TCR 
complexes failed to induce T cell activation61. However, the origin of forces that triggers catch 
bond formation at immune cell interfaces remains an open question and an active area of research 
(Box 2). Furthermore, in T cells, it has been proposed that pMHC-TCR force sensitivity can be 
related to the way force is applied at T cells, i.e. whether force is applied at a constant force vs. a 
constant velocity62. Other receptors also display similar behavior. Notch interfaces, e.g. Notch1-
Jag2, which play a significant role in organismal development, also exhibit catch bond behavior63, 
which suggests that coupling of mechanics to interfacial energetics is likely widespread.  
 
The question of how the adherens junction is connected to F-actin belts, a prerequisite for 
developing polarized epithelial tissue, has been evaluated by examining the force sensitivity of 
the E-cadherin-β-catenin-α-catenin-F-actin complex. In an optical trap experiment, α-catenin was 
found to form a catch bond towards F-actin when in complex with E-cadherin and β-catenin, 
requiring a force of ~5 pN to induce the strongly bound state. This force is physiologically relevant 
as E-cadherin in epithelial cells was found to be under a similar magnitude of tension by protein 
tension sensor measurements64. Moreover, α-catenin is known to partially unfold under this 
amount of force, exposing a cryptic binding site for vinculin, which provides another link between 
the adherens junction and the cytoskeleton65. Vinculin, itself, has recently been shown to exhibit 
catch bond behavior toward F-actin66. The catch-bond behavior of vinculin, though, appeared to 
depend on the direction of applied force – revealing a possible mechanism for polarizing actin 
structures and organizing the adherens junction under load. Of note, α-catenin and vinculin are 
not the only proteins of the adherens junction that display force responsiveness. Atomic Force 
Microscopy (AFM) and single molecule experiments have been used to demonstrate that E-
cadherin trans association is force-responsive67. E-cadherin-E-cadherin binding is known to adopt 
two distinct conformations, the X-dimer and the strand-swap dimer. The X-dimer conformation 
forms catch-bonds in the presence of calcium, while the strand-swap dimer forms slip bonds68,69 
– effectively allowing E-cadherin to increase affinity in vivo above the weak trans interaction 
observed in solution. These two conformations can be interconverted by achieving an 
intermediate state that displays ideal bond, force-insensitive, behavior70. E-cadherin appears 
capable of transitioning to different conformations under varying loads, which regulates the 
initiation and eventual stability and stiffness of epithelial contacts in response to stress. 
 
Membrane deformability and cortical tension. Suspended, spherical cells typically exhibit high 
cortical tension due to contractile acto-myosin networks associated with the intracellular side of 
the cell membrane71. In order for interfaces to form, sites of cell-cell contact must relieve cortical 
tension locally to flatten the membrane along the entire length of the adhesion72 – effectively 
building a tension differential parallel to the membrane axis. For example, cadherin-based 
contacts are shown to recruit the Elmo-Dock complex, which in turn causes actin reorganization 
and actin cortex dissolution through modulating RhoGTPase activity, namely Rac activity, 
locally73. This is in contrast to the rest of the plasma membrane where the actin cortex bundle 
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remains dense and continuous. Thus, cadherin-based interfaces, through Elmo-Dock, are able to 
create a mechanical differential between the interface and the rest of the cell membrane, which 
allows cells to adhere and maintain large contacts for the lifetime of the tissue.  
 
The cortex underlying the plasma membrane of a cell-cell interfaces need not behave in 
mechanically the same way, thereby allowing even more diverse functions of interfaces. In fact, 
inhomogenous actin structures linked to adherens junctions have recently been observed in 
epithelial cells. Actin turnover at the tip of an actin bundle, which is in close proximity to E-
cadherin, is faster than turnover of the stalk region of the bundle away from the membrane74. 
Another interesting example comes from the myoblast fusion field. Myoblast cells fuse their 
membranes at sites of membrane interfaces to form long, multinucleated muscle cells. This is 
accomplished by first initiating a fusogenic contact, which can direct localized cytoskeleton 
assembly on either side of the membrane, and then by forming a fusion pore. Although mechanics 
have been implicated in overcoming the energy barrier associated with membrane fusion, it is 
difficult to imagine how fusion takes place if one cell is pushing against another’s compliant, 
deformable membrane. The fusogenic interface consists of two main adhesion proteins, sticks 
and stones (Sns) and dumbfounded (Duf), which organized actin into podosome-like protrusive 
structures and thin sheaths of actin beneath the membrane, respectively75. Surprisingly, these 
two very different actin-derived mechanical environments can exist simultaneously at the 
fusogenic interface. The “attacking” Sns-expressing cell makes use of protrusive forces from the 
cytoskeleton, and in response, the “receiving” founder cell increases cortical tension at the 
interface by accumulating myosin II76. These two forces work together to compress the “attacking” 
cell and “receiving” cell membranes, thereby promoting cell-cell fusion. The dynamic nature of 
interfaces, through ATP consumption, can thus lead actin to take on many different mechanical 
forms, even across a single interface.  
 
The mechanism by which the T cell immunological synapse is typically believed to function 
involves the nucleation of signaling in focal adhesions by transmembrane receptors undergoing 
long-lived interactions with ligands on the opposing cell. This provides a stable network of 
interactions reaching from the cytoskeleton of one cell to that of the other, and hence 
spatiotemporal organization of the foci as a whole can be achieved through actin remodeling on 
one or both sides. In the case of TCR-containing microclusters, signaling TCR complexes drive 
the polymerization of local F-actin foci through the recruitment of WASP and the Arp2/3 complex 
independently of formins77, in contrast to the formin-dependent polarization of microtubule-
associated structures into the immunological synapse78. 
 
The fourth biophyiscal feature of interfaces centers on the generation of localized mechanical 
forces. By coupling active mechanical perturbation to interfaces, cells test bonds, deform 
membranes, reinforce assemblies, and drive otherwise intractable processes. The interface is 
uniquely poised for this activity because of the coupling of mechanics across cells and is used in 
diverse physiological examples, from tissue development and maintenance to cell-cell fusion.  
 
5. Temporal Coordination at Interfaces 
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The assembly of spatially-defined signaling domains, both dynamic and long-lived, opens the 
possibility of temporal control of signaling through incorporation of rate-limiting recruitment events. 
While each of the biophysical signatures of cell-cell interfaces described above involves time as 
a component – diffusion and residence time at an interface, cooperative binding and cluster size 
increase, mechanosensitivity and bond lifetime – an emerging feature of the interfacial 
compartment is orchestration of multiple time-dependent events into a temporally-coordinated 
process. For instance, recent work on tight junctions suggests that the kinetics of alignment 
between dynamic claudin strands in the membrane and the stiff actin cytoskeleton might play an 
outsized role in the time-dependence of epithelial permeability79. In other examples, temporally 
coordinated processes are achieved through stepwise assembly of signaling clusters, 
biomolecular condensates, and, in some cases, regulation of gene expression.  
 
Timing of microcluster assembly and organization. In T cells, microclusters assemble in a 
step-wise manner defined by the sequential recruitment of TCR, ZAP70, LAT, and LAT-
associated effectors49, with moderate time lags between steps on the order of tens of seconds. 
Temporal regulation in this manner may impact TCR discrimination between pMHC complexes of 
varying affinities, as it imposes a defined minimum lifetime of TCR retention within the contact 
necessary for active microcluster generation, which is in turn dependent on TCR-pMHC 
interaction lifetime. Similar temporal thresholds may exist in other systems, particularly those 
involving step-wise assembly of signaling complexes. 
 
The most obvious consequence of such tight spatiotemporal organization is to limit the lifetime of 
any one signaling TCR complex, and hence rapidly downregulate TCR activity to prevent 
excessive T cell responses. Just as important, however, is the integration of signals from multiple 
receptors at the same site. Since the initiation and maintenance of such signals are the product 
of enzymatic cascades, the concentration of enzymes and potential protein substrates into a 
localized region has a substantial impact on the extent and nature of emergent signals. In the 
most basic scenario, concentration of TCR with the adaptor protein LAT promotes LAT 
phosphorylation by TCR-bound ZAP70, thereby acting as simple amplification of an otherwise 
weaker signal. More complex regulation can emerge through the incorporation of various 
activating or inhibitory co-receptors into the same microclusters, whereupon associated 
modulators can locally influence signaling. The best characterized case is for the co-receptor 
CD28, which is recruited to TCR-containing microclusters in a ligand (CD80 or CD86)-dependent 
manner80, where it recruits the kinase PKCθ and drives activation of PI3K. 
 
Biomolecular condensates and low-affinity interactions at membranes. The high density of 
adaptor proteins and their multivalent ligands, such as phosphorylated receptors, at cell-cell 
interfaces make these subcellular compartments poised for biomolecular condensates (or liquid-
liquid phase separates). Condensation of membrane proteins and their downstream adaptors has 
been of intense interest lately in a broad range of fields, as reviewed in81. However, it’s important 
to note that the concentration threshold for phase separation is drastically reduced in 2D, by ~30-
fold82. Thus, cell-cell interfaces are potentially rich sources and sites for condensation of proteins 
into cross-linked networks, further excluding other proteins. This was recently demonstrated for 
the TCR signaling cascade83, where purified, phosphorylated LAT of T cells can form a phase 
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separated cluster in the presence Grb2 and Sos1, promoting MAPK signaling in cells. 
Interestingly, phase separation can also lead to the recruitment of the ZAP70 kinase and the 
exclusion of the phosphatase CD45 in reconstitution experiments, offering an orthogonal means 
of CD45 segregation to kinetic segregation at T cell interfaces. 2D biomolecular condensates also 
appear instrumental in assembling actin structures and increasing the specific activity of actin 
nucleators and polymerases82–85. Profoundly,  biomolecular condensation may serve a role in 
kinetic proofreading during T cell activation86. The GEF domain of SOS requires long activation 
times (~50 s), and a biomolecular condensate, like that formed between LAT-Grb2-SOS in 2D, 
extends the dwell times of SOS to release its autoinhibition, which allows SOS to achieve full 
activation of its GEF activity for Ras – a necessary step in T cell activation (Fig. 4C).  
 
Signaling domains formed through multiple low affinity, short-lived interactions, where the domain 
is constant but the proteins within remain dynamic, has apparent functional advantages at cell-
cell interfaces. The resultant fluidity of the domain at a single-protein level means that it does not 
form fixed cytoskeletal foci, yet can still act as an active signaling domain and as a site for 
modulating the activity of other signaling molecules that may themselves be undergoing actin-
driven migration. An example of such a domain is that formed by the T cell adhesion protein CD2, 
which binds only weakly to its ligand CD58 and has a relatively rapid off rate87. Nonetheless, 
CD58-binding is sufficient to induce accumulation of CD2 within the T cell immunological synapse, 
wherein its distribution is highly dependent on the density of CD2 recruited88. Importantly, since 
fluid domains such as those of CD2 are dependent on transient ligation rather than receptor 
activation (unlike TCR microclusters and other similar structures), they can persist even when 
signaling is locally inhibited (e.g. by PD1) and hence can serve as modulatory domains under a 
wide range of both activating and inhibitory conditions. 
  
Though the contribution of such dynamic domains to cell-cell interactions is not well defined, 
several comparable low-affinity interactions are known to contribute to a range of contacts in 
different systems. A prominent example is the neural cell adhesion molecule (NCAM) which 
mediates neural cell-cell interactions and neurite outgrowth89. NCAM exists as a high-affinity 
dimer in cis but forms low-affinity homophilic and heterophilic interactions in trans90, the dynamic 
nature of which strongly contributes to neural plasticity91,92. NCAM on developing NK cells controls 
their motility on but not adhesion to stromal cells93, while homophilic interactions between NCAM 
on mature NK cells and targets cells has been linked to increased cytotoxicity94. The function of 
NCAM in such processes is only partially linked to its role as an adhesion molecule, and is strongly 
dependent on its intracellular signaling processes, such as interaction and activation of growth 
factor receptors and Src kinases95. These observations are consistent with the potential for 
dynamic NCAM domains in the manner of CD2; acting partially as anchor points between cells 
but also as active signaling foci emerging from the ensemble behavior of many proteins rather 
than the stable localization of a small number. It remains to be seen how commonplace such 
domains are across interface biology. 
 
Molecular assemblies are also found in the postsynaptic density (PSD) within the postsynaptic 
membrane at neuronal synapses96. The PSD of all vertebrate species share a highly complex 
proteome with ∼1000 conserved proteins97, and super-resolution microscopy has revealed that 
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the sub-synaptic proteins are concentrated into nanodomains (∼80 nm diameter)98,99. It has also 
been shown that the membrane-associated guanylate kinase (MAGUK) scaffold proteins, such 
as post synaptic density protein 95 (PSD-95), are responsible for the lateral patterning of PSD 
components, as reviewed in97,100. Interestingly, recent in vitro reconstitution of purified fragments 
of PSD95 and SynGAP suggested a liquid-liquid phase separation of postsynaptic proteins into 
nanodomains101. Finally, membrane condensates appear in epithelial cells as well. Phase 
separation of purified ZO-1102 and of non-junctional pools of ZO-1103 has recently been 
documented, pointing to a possible widespread phenomenon across interface types. 
 
Localization of gene expression. In the last few years, cell-cell interfaces have emerged, 
unexpectedly, as sites of gene regulation. Most interfaces are spatially distant from gene 
expression programs occurring within the nucleus, but several novel mechanisms have been 
found to operate at cell-cell interfaces due to their unique biochemical and biophysical properties. 
As one example, epithelial interfaces are long-lived and stable structures, and cells appear to take 
advantage of this temporal feature by localizing RNA interference machinery to adherens 
junctions104. There, certain microRNAs are enriched along with the interference machinery to 
silence drivers of pluripotency, such as SOX2 and MYC, preventing the dedifferentiation of 
epithelial cells within a developed tissue. Thus, cells use the presence of the interface 
compartment as an indicator of cell health and state.  
 
Integration of multiple inputs remains one of the most intriguing aspects of cell-cell interfaces. In 
the fifth biophysical feature of cell-cell interfaces, temporal coordination helps to partly explain 
how cells rely on these membrane hubs to integrate a multitude of factors from their local 
environment and direct cell function. Across diverse interfaces, long time-lags in enzymatic 
activation are used to sample and read-out the numerous ligation and organizing events at the 
membrane, including upstream adhesions and conversions, critical concentrations for phase 
separation, and recruitment of RNA interference machinery.  
 
Conclusions and perspectives 
 
The wealth of new data on cell-cell interfaces from diverse biological systems, only some of which 
we have been able to reference in this review, provide a window into the physical interactions that 
govern cell-cell communication and organization. Those interactions, we are learning, is at times 
slowed by local obstructions, constrained by interface geometry, corralled into clusters, strained 
by mechanical forces, and sequenced into carefully timed steps. The cell-cell interfaces that are 
home to these biophysical features constitute a unique compartment within cells, one that may 
serve as a global center of transcriptional and metabolic activity for the entire cell – something we 
are only beginning to understand in mechanistic detail. Yet, a number of open questions 
surrounding cell-cell interfaces remain. How does the diversity of cell surface biomolecular size 
and the extent of glycosylation shape interfaces and influence function? What is the precise 
relationship between lipid composition, organization, and protein mobility? Since interfaces can 
adopt several possible molecular states, how does the cell tune the contributions from driving 
forces that are equilibrium-based and those that are energy-consuming to select a final state for 
function? Is it possible to engineer novel synthetic cell-cell interfaces in vivo? Can new therapies 
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be devised that target the organization of interfaces for intervention (see Box 3)? The increasing 
array of molecular, biophysical, and imaging tools now available to interrogate cell-cell interfaces 
promises new insights and surprises in the near future, providing a guide to address a multitude 
of diseases that depend on proper functioning of cell-cell interfaces. 
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Box 1 - Tools and techniques for investigating cell-cell interfaces 
 
Table 1. A list of common tools and techniques that are widely used for studying the molecular 
and cellular functions at cell-cell interfaces. 
  
Visualizing molecular organization and interface geometry 
Tools and techniques Key features Key examples 
Freeze-fracture 
electron microscopy 
 

Provides access to en face views of cell-cell junctions 
and visualizes bulk organizations at sub-nanometer 
detail. 

105 

Cryo-transmission 
electron microscopy 
(Cryo-EM) 

Preserves native structures of sample through cryo-
fixation and provides cutaway views of cell-cell 
junctions at sub-nanometer detail.   

47, 106  

X-ray crystallography Determines the atomic and molecular structure of a 
protein. 

47 

Super-resolution 
imaging (eg. STORM, 
PALM, STED, etc) 

Provides sub-diffraction limited imaging resolution 
(~10nm) by localizing individual fluorescent molecules. 
Visualizes molecular assemblies lateral or parallel to an 
interface.  

107,108 

Correlative light and 
electron microscopy 
(CLEM) 

A state-of-the-art imaging technique that combines the 
sub-nanometer resolution of EM with the specific 
labeling of fluorescent microscopy. Visualizes both bulk 
and specific molecular organization at sub-nanometer 
detail.  

27 

Total Internal 
Reflection 
Fluorescence 
Microscopy (TIRFM) 

A local illumination technique that allows imaging the 
membrane-surface contact with minimal background 
from the rest of the cell. It is often used for imaging 
molecular trajectories and binding.  

43 

Interference-based 
imaging technique 
(eg. RICM) 

Measures inter-membrane gap distance.  109 

Special fluorescent 
microscopy 
techniques (eg. SAIM, 
CSOP) 

Measures the height of molecules on cell surfaces or 
membrane interfaces at nanometer scale. 

110, 111 

Measuring molecular interactions 
Micro-Pipette 
Aspiration (MPA) 

Quantifies bond mechanics of receptor-ligand pairs at 
~1pN scale. 

59 

Optical tweezers (OT) Quantifies bond mechanics of receptor-ligand pairs at 
~0.1pN scale. 

66, 112 

Atomic Force 
Microscopy (AFM) 

Quantifies bond mechanics of receptor-ligand pairs at 
~10pN scale. 

113 

Surface Force 
Apparatus (SPA) 

Measures forces between two surfaces 114 

Molecular tension 
sensors 

By installing molecules of known mechanics, which can 
be quantified by FRET, characterize forces at interfaces 
of live cells. 

115, 116 

Assembling interfaces 
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In vitro reconstitution 
of interfaces 

Creates simplified in vitro interfaces using model 
membranes, such as GUVs and SLBs, and purified 
proteins. Usually combined with RICM, TIRFM, as well 
as modeling techniques to visualize and describe 
behavior. 

117 

Patterned SLB Micropatterning of SLBs allows spatial modulation of 
ligands. 

118 

Advanced vesicle 
reconstitution 

Creates vesicles with cell-like features. For example, 
forms asymmetric lipid bilayers, lipid bilayers with 
transmembrane proteins, and vesicles with 
encapsulated soluble proteins.  

119–121 

Microfabrication of 
elastomers 

Builds microscale structures in elastomers, like 
polydimethylsiloxane (PDMS), to form interfaces in 
proper orientations. 

122 

Modeling interfaces 
Monte Carlo 
simulations 

Calculates thermodynamic parameters of membrane 
fluctuations and molecular adhesions to determine 
energetically favorable states, such as receptor-ligand 
bindings or molecular patterns at interfaces. 

28 

Molecular dynamics 
simulations 

Simulates dynamics of molecular interactions at 
interfaces. Molecular structures are coarse-grained to 
varying levels of detail.  

123 
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Box 2 - Which forces drive mechanosensitive signaling at T cell interfaces? 
 
Although mechanosensitivity has emerged as a key player in many areas of interfacial signaling, 
the precise source of mechanical force driving these processes is often poorly defined. Several 
models of force-generation have been proposed, however it is not always clear which is the major 
contributor in each case. Of these, the most prominent models are those of cytoskeletal-driven 
lateral force, forces derived from membrane fluctuations, and glycocalyx compression-driven axial 
force. Unquestionably, the strongest active forces that can be accounted for under these models 
emerge from the contractile movements of actomyosin complexes in the cytoskeleton, as 
discussed above. The ensemble contributions of large numbers of pN powerstrokes58 generate 
nN-scale forces that can link to large protein assemblies or domains, however it is not clear if this 
is also able to manifest as constant pN-level forces on individual bonds, such as those proposed 
to define TCR catch bond affinity59. This necessitates that the force per bond remains roughly 
constant during the lifetime of the TCR-actomyosin interaction, which transitions substantially 
from single complex-level interactions in probing microvilli to large ensemble interactions in 
translocating microclusters. It is not clear how such consistency is maintained, nor how early TCR-
actomyosin interactions would generate constant force given the cyclical nature of the actomyosin 
powerstroke. Moreover, if a TCR-pMHC catch bond drives peptide discrimination, the force acting 
on this bond must be present during initial TCR-pMHC interaction but before T cell activation. The 
lack of substantial TCR-actin cross-linking prior to activation, and the propensity of actomyosin to 
generate lateral rather than axial force, raise further questions about its ability to deliver bond-
specific forces to TCR complexes in a meaningful manner. Conversely, force derived from 
membrane fluctuations seems likely to be more consistent and less sensitive to the molecular 
context of protein-protein interactions. However, whilst it has been proposed that lateral 
segregation of proteins may be driven by transient membrane fluctuations (James and Vale, 
2012), it is not clear whether they would be capable of generating forces on the pN scale required 
for TCR-pMHC catch bond activation. Resistance to compression by the glycocalyx may also be 
able to achieve relatively uniform force distribution across a whole contact, however in this case 
it does appear to reach pN levels as seen by the demonstration that such an effect can activate 
integrin catch bonds29. This would therefore seem to be a promising model for the uniform 
maintenance of TCR catch bonds throughout the lifetime of the T cell-APC contact. Which 
glycocalyx components may contribute to force generation in the T cell-APC interface is unclear, 
however a strong candidate must be the highly-abundant CD45. CD45 was included in GUVs 
used to discriminate alternately activated slip and catch TCR-pMHC bonds by Garcia and 
colleagues61, however dense CD45 on the T cell side may also provide resistance to compression. 
Similarly, receptor-ligand complexes with axial dimensions larger than that of the TCR-pMHC, 
such as LFA1-ICAM1, could also promote a localized glycocalyx effect capable to providing 
constant axial force to the TCR124. One issue, though, is that small adhesion molecules like CD2-
CD58, which are generally seen as supporting TCR triggering, might shield TCR-pMHC 
interactions from force and prevent the testing of catch bonds125. In all, each model of force 
generation at the TCR has its own caveats, many of which apply to mechanosensitivity in other 
systems.   
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Box 3 - Implications for immunotherapy 
 
How might this new picture of cell-cell interfaces as compartments be taken advantage of for 
therapeutic purposes? One contemporaneous development in biomedicine over the past two 
decades has been the increased use of cell-based immunotherapy in the clinic. Immunotherapy 
can come in different forms, but antibody-dependent cellular cytotoxicity (ADCC) and ex vivo T 
cell engineering, e.g. chimera antigen receptor (CAR) – T expressing cells (CAR-T), are some of 
the most prominent examples being used in patients today. These non-native interfaces are 
subject to the same organizing forces discussed above, providing new tools that could help to 
design desired immune responses. Below, we briefly outline means by which cell-based 
immunotherapies could make use of the biophysical signatures of cell-cell interfaces to potentially 
improve efficacy in the clinic (See Box Fig.). 
 
i) Engineer interface size: Molecular sizes of adhesive interactions control the intermembrane 
gap distance, thereby excluding large inhibitory glycoproteins, like CD45, from immune synapses. 
To maximize this organizing force, antibodies involved in ADCC and CAR-T receptors should 
target antigens that are small in molecular dimensions or that are in close proximity to the target 
cell’s membrane – in effect, shortening the cell-cell interface19.  
 
ii) Engineer 2D affinity: Cell-cell interfaces are defined by a high density of proteins at the site 
of adhesion. By increasing the 2D affinity between adhesive proteins, the interface becomes 
denser, in turn driving cell activation. For therapeutic antibodies, multiple approaches have been 
pioneered to increase 2D Fc affinity, such as engineering the N-linked glycosylation on the Fc 
portion of the antibody and mutating the Fc region to modulate affinity126. Another, less explored 
option may be to tailor the flexibility of the Fc domain, since conformational flexibility plays a more 
important role at 2D interfaces.  
 
iii) Engineer mechanosensitivity: Active processes shape and organize cell-cell interfaces and 
control the downstream output of junction formation. Designing CAR-T receptors that are sensitive 
to a tumor’s mechanics may prove therapeutic advantageous, for example. This type of strategy 
could be characteristic of an AND logic gate, where a CAR T targets a tumor antigen, but only 
forms a robust response in the presence of proper interfacial mechanics. One could imagine 
adapting SynNotch receptor technology to be force sensitive127. As well, an orthogonal approach 
would be target the interfacial mechanics themselves. By altering tumor cell cortical tension or 
interfacial tension, cell-cell interfaces with longer-lived states would be accessible, leading to cell 
activation and cell killing.128,129 
 
iv) Engineer composition and stoichiometry:  Perhaps the most brute force approach to 
improve cell-based immunotherapy is by changing the biochemical composition at the cell-cell 
interface. Since there are many inhibitory co-receptors at immune cell interfaces, expression-
modifying methods, such as siRNA silencing, and gene-editing with CRISPR techniques may 
prove effective for biochemical remodeling of interfaces. Other approaches already in practice are 
based on antibodies that block specific trans interactions between inhibitory receptors, e.g. anti-
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PD-1 and anti-PD-L1 antibodies, at the interface. Direct biochemical remodeling of an interface 
has also been achieved through therapeutic enzyme constructs130.  
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Glossary 
 
• Physical boundary conditions: set of constraints that define a closed physical system 
• Tight junctions: cell-cell junction that seals adjacent epithelial cells together, preventing the 

passage of most dissolved molecules from one side of the epithelial sheet to the other. 
• Adherens junctions: Cell junction in which the cytoplasmic face of the plasma membrane is 

attached to actin filaments. Examples include the adhesion belts linking adjacent epithelial 
cells. 

• Hydrophobic mismatch: for a lipid bilayer, when the height of a hydrophobic domain differs 
in length from another 

• Antigen-presenting cell: Highly specialized cells that can process antigens and display their 
peptide fragments on the cell surface together with other, co-stimulatory, proteins required 
for activating naïve T cells.  

• Desmosome: Type of anchoring cell-cell junction, usually formed between two epithelial 
cells, characterized by dense plaques of protein into which intermediate filaments in the two 
adjoining cells insert. 

• slip bond, ideal bond, catch bond: slip bond refers to the shortening of bond lifetime under 
force; an ideal bond refers to a bond lifetime that is not influenced by force; catch bond 
refers to bonds that increase their bond lifetimes under force 

• Glycocalyx: Carbohydrate-rich layer that forms the outer coat of a eukaryotic cell. Composed 
of the oligosaccarides linked to intrinsic plasma membrane glycoproteins and glyolipids, as 
well as glycoproteins and proteoglycans that have been secreted and reabsorbed onto the 
cell surface.  

• Anti-PD1 immunotherapy: cancer therapy that blocks the inhibitory interaction between PD-1 
on immune cells and PD-L1 on cancer cells 

• Liquid-liquid phase separation: the demixing of a fluid into two distinct liquid phases 
• α-catenin: adaptor protein of the adherens junction that is part of E-cadherin-catenin 

complex and can bind to the actin cytoskeleton 
• Vinculin: adaptor protein of both the adherens junction and focal adhesions that re-inforces 

connections to the actin cytoskeleton 
• WASP: nucleation promoting factor of the actin cytoskeleton that acts on the Arp2/3 

complex 
• Arp2/3 complex: protein complex that nucleates the assembly of branched actin filament 

networks 
• Focal adhesion: A type of anchoring cell junction, forming a small region on the surface of a 

fibroblast or other cell that is anchored to the extracellular matrix. Attachment is mediated by 
transmembrane proteins such as integrins, which are linked, through other proteins, to actin 
filaments in the cytoplasm.  

• Yap1: transcription factor that translocates to the nucleus in a mechanics-dependent 
manner 

• Antibody-dependent cellular cytotoxicity (ADCC): The killing of antibody-coated target cells 
by cells with Fc receptors that recognize the constant region of the bound antibody. Most 
ADCC is mediated by NK cells that have the Fc receptor FcγRIII on their surface. 
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• Chimera antigen receptor (CAR): Engineered fusion proteins composed of extracellular 
antigen-specific receptors (e.g., single-chain antibody) and intracellular signaling domains 
that activate and co-stimulate, expressed in T cells for use in cancer immunotherapy.   
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