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Lymphocytes must strike a delicate balance between activating in response to signals from potentially pathogenic organisms and avoiding activation from stimuli emanating from the body's own cells. For cells, such as T or B cells, maximizing the efficiency and fidelity, whilst minimizing the crosstalk, of complex signaling pathways is crucial. One way of achieving this control is by carefully orchestrating the spatiotemporal organization of signaling molecules, thereby regulating the rates of protein-protein interactions. This is particularly true at the plasma membrane where proximal signaling events take place and the phenomenon of protein microclustering has been extensively observed and characterized. This review will focus on what is known about the heterogeneous distribution of proteins and lipids at the cell surface, illustrating how such distributions can influence signaling in health and disease. We particularly focus on nanoscale molecular organization, which has recently become accessible for study through advances in microscope technology and analysis methodology.
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INTRODUCTION

In order for the immune system to effectively neutralize pathogens, cells must take part in complex cell-cell communication interactions, such as those occurring between T or B cells and antigen presenting cells (APCs), such as dendritic cells. At the level of whole cells, these interactions take place through the formation of the immunological synapse (IS). Rather than being uniformly distributed over the IS, proteins are segregated into a bullseye-like configuration, made up of three concentric sections (1) easily resolved by conventional fluorescence microscopy. Termed supramolecular activation clusters (SMACs), the original findings placed T cell receptor (TCR) complexes in the central SMAC (cSMAC), adhesion molecules, such as the integrin LFA-1 in a narrow ring-shaped peripheral SMAC (pSMAC) and negative regulators, such as the large phosphatase CD45, with a dense cortical actin meshwork in the distal SMAC (dSMAC). Since then, it has become widely accepted that actively signaling TCR molecules are more likely to be found in the distal regions of the synapse and subsequently migrate into the cSMAC (2–4).

Whilst macroscale organization is also observed in B and NK cells, they form their own uniquely structured IS for their specific functions. The B cell synapse typically lacks a well-defined dSMAC, with B cell receptors (BCRs) concentrated in a large cSMAC specialized for gathering antigen for internalization and further intracellular processing (5). The NK cell synapse is more complex, with differently structured synapses corresponding to different cellular outcomes—the lytic synapse, the inhibitory synapse and the regulatory synapse (6).

The lytic synapse is somewhat similar to the B cell arrangement, with a cSMAC containing lytic granules and the microtubule organizing center (MTOC) with adhesion molecules located in the pSMAC. The inhibitory IS differs, with killer immunoglobulin-like receptors (KIRs) gathering in the cSMAC. In each type of synapse, on top of these cell-scale organizational layers on the scale of microns, is nanoscale molecular organization—the clustering of proteins and lipids. The composition and properties of the membrane, therefore, have a profound effect on cell activation. These are reviewed in (7).

There are a number of ways of mathematically defining what we mean when we use the term “molecular clustering” (Figure 1). One of the simplest is that on average, the distance from one molecule, for example LAT, to its closest LAT neighbor is shorter than would be expected had all the LAT molecules been randomly distributed. Furthermore, the difference should be large enough that with a given statistical test and experimental power, we can distinguish the two cases, given the random degree of clustering that might occur in any control dataset.


[image: Figure 1]
FIGURE 1. Illustration of different molecule (protein or lipid) distributions on the cell surface. For dispersed distributions, the average distance between molecules is larger than would be expected for randomly distributed molecules. In both the clustered examples shown here, the average nearest neighbor distance is smaller than expected for randomly arranged molecules.


The same concept can be applied to lipids—if the average distance from a sphingomyelin molecule to its nearest neighbor is smaller than had all the sphingomyelin lipids been randomly distributed, and by enough that this can be confirmed with statistical significance, then sphingomyelin is said to be clustered. In most biological scenarios almost all non-random distributions of molecules will probably result in clustering but not necessarily to a degree that chance clustering in a random distribution can be ruled out with a given statistical certainty.

Almost all descriptions of heterogeneous molecular distributions (proteins or lipids) are therefore descriptions of clustering. It should also be made clear that protein clustering does not imply any dynamic process or change in distribution, which would be correctly described as an increase or decrease in clustering. Here, we use clustering to denote a state, not a process.



PROTEIN CLUSTERING

In T cells, many of the key proximal signaling molecules; TCRs (8, 9), LAT (10, 11), Lck (12), and ZAP-70 (13, 14) have been shown to form nanoclusters. With the need for both sensitivity and selectivity in T cell responses, the spatial organization of TCRs is emerging as a key factor in appropriate and adequate T cell signaling. TCRs are generally thought to pre-cluster on resting cells with several studies detecting clusters using optical microscopy methods (8, 10), with approximately 7–30 TCRs per cluster, and an average radius of 35–70 nm (10). Upon cell activation, clusters become increasingly dense, with denser clusters being linked to phosphorylation, and higher signaling efficiency. Interestingly, cluster density appears to be determined by the dose and affinity of the MHC-antigen to the TCR, suggesting a relationship between antigen and signaling mediated through clustering (8).

Similar to T cells, studies have shown resting BCRs in IgM and IgG producing B cells cells are clustered with an average radius below 60 nm, though a much broader range of cluster sizes is observed in resting IgG producing cells (15). These clusters might be lipid dependent and exclude the phosphatase CD45 (16). In contrast to T cells, the density of clusters in B cells tends to decrease upon activation (15).

In NK cells, the nanoclustering properties differ again. Rather than relying on one dominant activating receptor being triggered, as occurs in T and B cells, the outcome of NK cell interactions is controlled by the balance of activating and inhibitory signals from multiple receptors. KIR2DL1 is an inhibitory receptor arranged in clusters on resting NK cells (17). Upon exposure to the activating receptor NKG2D, causing formation of the cytolytic immune synapse, the KIR2DL1 clusters become smaller and denser. Resting KIR2DL1 clusters, as measured on IgG1-coated control coverslips, were approximately 122 nm in diameter, decreasing in size by almost 20% in samples activated by the NKG2D receptor. There was also a 58% increase in KIR2DL1 cluster density between the IgG1 control and NKG2D receptor coverslips (17).

One of the key areas of debate is now whether important signaling molecules are pre-clustered on the surface of resting cells and if so, whether those pre-stimulus clusters are essential. In 2005, a FRET study suggested BCRs existed as monomers on resting cells (18), a finding that has also been shown by diffusion studies (19). More recent studies have shown pre-existing BCR clusters in resting cells using electron microscopy (20) and single molecule localization microscopy (SMLM) techniques, such as direct stochastic optical reconstruction microscopy (dSTORM) and photoactivated localization microscopy (PALM) (15). Rossboth et al. (21) suggest that clusters may be detected due to overcounting errors inherent to SMLM techniques. They carried out robust studies using dSTORM, PALM, and stimulated emission depletion (STED) to show that TCRs are distributed randomly across the membrane in resting cells. In a separate study, the notion that pre-clustering plays a role in antigen sensitivity and specificity was questioned. Using FRET and a single-molecule fluorescence brightness analysis method, monomeric TCR-CD3 complexes were found to initiate intracellular signaling, rather than TCR-CD3 oligomers (22).

Overall, much uncertainty about the presence or role of pre-clusters still exists. The fact that pre-clustering has been detected by independent techniques (SMLM, FRET, EM etc), and in different cell types suggests non-random distributions on the surface of non-stimulated cells is likely, at least for some molecules. As we discussed in the definition of clustering, different tests will have different statistical power and may have been testing different definitions of clustering. If clustering is low level with only small deviations from random distributions, these different tests could account for the discrepancies and controversy. Going forward, the community might agree a definition for molecular clustering and work to establish how clustering, by that definition, would be manifested in different data types. In parallel, work is needed on the experimental sample system to agree clear definitions of “resting cells” and other biological descriptors to foster consistency between systems used in competing claims.



LIPID CLUSTERING

The original “lipid raft hypothesis” suggested that interactions between cholesterol and lipids with highly saturated acyl chains can cause cholesterol clustering in which cholesterol-proximal lipid acyl tails become highly ordered, as opposed to the disordered tails in the surrounding membrane. These clusters, it was hypothesized, can also preferentially accommodate some proteins whilst excluding others (23), therefore leading to clustered distributions for both the “raft enriched” and excluded proteins (Figure 1). There is a wide variety of nomenclature in the literature for describing the lateral distribution of lipids—rafts, domains, territories, islands, and some open questions about whether lipids “cluster” in the same way as has been observed for proteins. Mathematically, however, the lipid raft hypothesis, ordered phase domains and other similar models are describing clustering, even if the particular lipid distribution involves areas of exclusion (Figure 1). If you were to take a particular lipid species, e.g., palmitoyl sphingomyelin (PSM) for example, and plot the coordinates of each molecule on the cell surface, almost all these membrane models would result in clustering—the distance to a nearest neighbor would be smaller than would be expected for a completely random distribution of the lipid in question. We therefore consider rafts, domains as well as concepts such as islands and territories—any area in which a specific type of lipid is “enriched” or “excluded” to be a form of clustering (which may or may not be detectable, depending on the statistical strength of the experiment and analysis). However, the exact properties of the clustering, the biophysical determinants and the functions of lipid clusters could be very diverse from protein clusters.

One method for studying such distributions is using detergents, where, under specific conditions, clusters of sterols and lipids with ordered acyl tails are resistant to solubilisation. Detergent solubilisation assays of T cell derived giant plasma-membrane vesicles (GPMVs), report that non-activated TCRs are absent from detergent-resistant fractions and that TCRs only translocate into detergent-insoluble fractions (i.e., co-cluster with ordered-tail lipids and sterols) upon receptor activation (24). In contrast, the adaptor protein LAT, the Src-family kinase Lck, and the CD4/CD8 co-receptors involved in TCR signaling can be recovered in detergent-resistant fractions independently of TCR triggering (25, 26). Similarly, in B cells, the BCR is not present in detergent-resistant fractions prior to crosslinking, and will translocate to detergent-resistant fractions which are also enriched with the Src-family kinase Lyn following BCR ligand binding (27). The discovery that signaling complexes co-cluster with sterols and ordered acyl tail lipids which are resistant to detergent solubilisation, following receptor activation suggests a functional role of lipid clusters as hotspots that compartmentalize and regulate immunoreceptor activation and subsequent downstream signaling events (26). The use of detergent resistance, however, has started to fall out of favor, mainly due to the potential artifacts of the procedure (for example due to using cold temperatures) and often contradictory results, reviewed in Lichtenberg et al. (28). Most studies now focus on the less invasive optical microscopy methods, reviewed in Sezgin et al. (29).

Environmentally-sensitive lipid dyes such as Laurdan and Di-4-ANEPPDHQ exhibit spectral shifts in their fluorescence emission dependent on the degree of lipid packing in the membrane. These probes are solvatochromic, sensing the polarity of their local solvent, and, in the case of membranes therefore, the relative penetration of polar water molecules into the bilayer. Multispectral imaging can therefore be used to probe and quantify membrane lipid packing, which is dependent on the ordering of the lipid tails by sterols (30). Inconsistent with detergent solubilisation assays, Laurdan labeling of cells shows that TCR proteins in resting cells co-localize with areas of dense lipid packing and aggregate into even larger TCR clusters following cross-linking (31). The disparity between results observed using microscopy and those found using detergent-resistant solubilisation assays might arise from the instability of dynamic nanoclusters or artifacts from the detergent solubilisation process, in particular when membrane constituents might be associated with cortical actin.

Probes such as these can be used to map membrane properties across the immunological synapse. Interestingly, condensation of the membrane surrounding the TCR complex at the T cell immunological synapse has been observed (32, 33). The pattern of increased membrane ordering at the immunological synapse periphery supports the proposed pattern of actively signaling TCR microclusters within the SMACs (34). Furthermore, application of small molecule agents such as the cholesterol analog 7-ketocholesterol (7KC), which disrupts lipid ordering, also disrupts T cell activation and synapse formation (35). Methyl-β-cyclodextrin depletion of cholesterol in the plasma membrane has been shown to both inhibit and enhance the activation of T cells, depending on experimental conditions (36, 37). It was recently found that following cell treatment with the naturally occurring analog cholesterol sulfate, TCR nanoclusters were disrupted, leading to reduced avidity for peptide-MHC and reduced CD3 ITAM phosphorylation (38). This points the way toward potential manipulation of membrane lipids in order to control molecular distributions (clustering) and function and, therefore, lymphocyte signaling.

Another way membrane lipids can influence the distribution and dynamics of membrane proteins is via sub-synaptic vesicles. Using SMLM and total internal reflection fluorescence microscopy (TIRF), LAT-containing sub-synaptic vesicles were found to be recruited to the plasma membrane in early cell activation, and it was found that plasma-membrane associated LAT may not be involved in signaling (11). Since then, it is believed that two phases of T cell activation occurs, initiated first by pre-existing clusters on the plasma membrane and prolonged by the recruitment of LAT containing vesicles that were found to have higher membrane order than non-LAT containing vesicles (39, 40). Lipid composition, therefore, might represent a novel mechanism for organizing cargo transport by intracellular vesicles.

Finally, in addition to regulating protein distributions and function, high lipid tail order has also been proposed to play a protective role for cytotoxic CD8+ T cells, protecting against accidental death by repelling perforin (41). In these cells, phosphatidylserine is enriched at the immunological synapse following antigen recognition (42). The negative charge of phosphatidylserine was found to inactivate residual perforin as an additional mechanism to prevent accidental cell death and allow for successive killing of target cells (41). With this in mind, elevated levels of negatively charged lipids on virus envelopes and cancerous cell membranes may be immunoevasive.



PROTEIN AND LIPID CLUSTERING RELEVANT TO DISEASE

Understanding of lymphocyte signaling protein cluster properties, and their regulation, has significantly advanced over the last 20 years, however, the next challenge is to exploit this knowledge in the context of health and disease. There is currently a lack of knowledge as to how these clustering properties relate to disease states and whether their exploitation could improve current clinical treatments.

One study looking at diffuse large B-cell lymphomas (DLBCLs) has shown that, of the 5 activated B-cell-like DLBCL cell-lines studied, all had pronounced BCR clustering, a phenomenon that was not observed in the 16 other cell lines tested from a variety of different B cell cancer types (43). Furthermore, decreased BCR diffusion in these lines was also observed, and it was suggested these clusters were actively signaling, with phosphotyrosine accumulation in these cells. This so-called “chronic active” signaling was required for cell survival, therefore, highlighting a role for the BCR clusters and the signaling they induce in activated B-cell-like DLBCL, and revealing a possible new treatment target.

Inappropriate clustering has also been linked to autoimmune diseases. The R620W variant in protein tyrosine phosphatase non-receptor type 22 (PTPN22) is associated with rheumatoid arthritis, lupus and type one diabetes and is a mutation present in the human population (44). More recently, Burn et al. (45) showed that PTPN22 inhibits LFA-1 signaling, with the R620W variant being loss-of-function. It was found that the mutation, in a non-catalytic protein binding domain, alters the clustering profile of PTPN22 with a resulting failure to de-cluster upon cell stimulation. The R620W mutation was also shown to be associated with changes in LFA-1 integrin clustering in migrating T cells (46).

Lipid clustering has also been implicated in a number of lymphocyte-related diseases, including cancer and autoimmunity. Hallmarks of systemic lupus erythematosus (SLE) include chronic immune cell activation and increased serum lipids, with interplay between the two being demonstrated (47, 48). High membrane order and increased cholesterol and glycosphingolipid levels have been observed in the plasma membrane of T cells from SLE patients (49, 50). The altered lipid environment is believed to drive an increase in glycosphingolipid expression in CD4+ T cells in a liver X receptor (LXR) dependent manner.

In vitro studies suggest that T cell function in SLE patient derived cells can be restored through normalization of glycosphingolipid expression using LXR antagonists (51). Additionally, LXR activation of CD4+ T cells from healthy donors can also upregulate expression of glycosphingolipids leading to reduced membrane order at the TCR immunological synapse. Altered spatiotemporal distribution of lipids promoted Lck recruitment to the immunological synapse and increased phosphorylation of CD3 and LAT, dysregulating effector functions via disruption of ordered lipids (52). Additionally, kinase phosphorylation in SLE patient-derived T cells is restored by statin inhibition of cholesterol synthesis (53). The cytotoxic effects of CD8+ T cells can be heightened by ablation or inhibition of cholesterol esterification enzyme ACAT1, which is upregulated upon TCR activation (54). Together these findings suggest that tight regulation of lipid properties and distributions is necessary for normal T cell function. There are numerous processes that result in diseases associated with lymphocytes where cholesterol plays a role. For example HIV entry, associated with the surface marker CD4, is significantly impaired by cholesterol depletion from the plasma membrane (55). Further, although we have focussed on cholesterol here, many other lipids display clustering and for a more complete review, we point the reader to Wu et al. (56). Many of these are also involved in regulating membrane order and, therefore might be relevant to human health and disease (57) including cancer and autoimmune disease.



CONCLUSIONS

In lymphocytes, protein clustering has been well-documented on the micron-scale and with the development of super-resolution microscopy, is beginning to be characterized on the nanoscale. The challenge remains as to what biophysical mechanisms are governing nanocluster formation and what the ultimate function of such protein distributions is.

Cluster formation is likely due to a variety of competing and non-exclusionary phenomena. Prominent among these are the clustering properties of the lipids themselves within the plasma membrane. This is important as it brings into play a number of small molecule pharmacological agents, and even genetic manipulations, to control the lipidome and, therefore, cell fate and function. Protein-protein interactions and corralling by the cortical actin meshwork are also potentially important mechanisms and, thus, therapeutic targets.

The function of protein clustering in T cells has only been minimally explored, in part due to the lack of molecular tools to selectively manipulate the systems. In other protein pathways clustering has been shown to create digital switches, for example, in Ras signaling (58). Signaling via two protein species is dependent on the frequency of collisions between them as they diffuse, say in a 2D membrane. A similar situation exists for example in the rate of a chemical reaction as two substrates diffuse and react to form a product. In reaction kinetics, whether a substrate is dimeric or oligomeric and whether there is cooperativity between sites (allostery) will change the rate of product production. In the same way, clustering will change the rate of protein-protein interactions in a signaling interaction (59).

The hypothesized role of clustering can be illustrated by considering a hypothetical experiment in which two types of interacting molecules–say kinases and their substrates (which may be proteins or lipids, such as inositides) are observed (Figure 2). The “input” to the system represents the amount of kinase activity e.g., it may represent kinase concentration, activation status or elapsed time through the experiment. The “output” here might represent the amount of phosphorylated substrate. We hypothesize that clustering determines the shape of the curve relating this input and output and in particular, that clustering produces more digital relationships featuring input thresholds required to achieve any significant output. On top of this, phosphorylation events are stochastic (because of the random nature of diffusion) and so if the experiment were repeated many times, different amounts of phosphorylation would be observed each time, for a given input. In Figure 2, this is represented by the hypothesised size of the error bars. We further hypothesize that clustering affects the size of these variances, decreasing “noise” in the system.
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FIGURE 2. Hypothesized effect of molecular nanoclustering on input-output relationship of a generalized signaling pathway for two proteins. A hypothetical kinase for example (red) can diffuse in the membrane and phosphorylate a substrate with different clustering properties (blue, green, yellow). The input can be conceptualized simply—as the amount of active kinase or more generally—say as the strength of antigen binding by a receptor. The output might be proximal downstream phosphorylation levels more distal, such as gene expression—analogous to the rate of production of product in a chemical reaction. The shape of the curve relating these two depends on the stoichiometry, oligermerisation and cooperativity of the molecules involved, just like a classical chemical reaction. In a cell signaling pathway however the situation will be complex, with many interacting partners, feedback and so on. The exact shapes of such hypothetical curves therefore remain an area for future study.


In reality of course, a cellular signaling pathway will have many members and might involve complex feedback processes. In addition, while many studies have been performed on proteins, here, lipids play a dual role. They may represent members of a signaling pathway themselves (e.g., phosphatidylinositol) and therefore their distribution/clustering may be directly important, or they may be indirectly involved by influencing the clustering of proteins. Despite the complexity of a complete signaling pathway, there will still be some input-output curve for the entire pathway. In lymphocytes, for example, the input might represent the number or strength of engaged TCRs/BCRs and the output might be the level of downstream phosphorylation or even gene expression. We hypothesize that even in this complex case, the shape of the curve will be influenced by the clustering properties of the many proteins and lipids that constitute the pathway. Since many pathologies, for example autoimmune disease, may be caused by modified immune cell activation thresholds, understanding molecular clustering, and how to manipulate it, may lead to new types of therapeutic interventions.

Clearly, several open questions remain to be answered. For example, to relate protein clustering to the concepts of allostery, stoichiometry and competition in classic enzyme kinetics, requires accurate measurements of protein oligomers even down to the level of dimers. In some contexts, this is possible, but precise molecular counting and localization on the scale of proteins is still difficult. Since much of the recent progress has been made using optical microscopy, Table 1 summarizes the main methods that have been applied to study protein and lipid clustering in lymphocytes and, in our opinion, what developments are needed to further push the boundaries of our understanding.


Table 1. Fluorescence methods applied to study membrane protein and lipid clustering, their limitations and suggestions for future development.
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In addition to microscopy, tools to specifically alter protein and lipid nanoscale clustering are required in order to better draw causal links with cell phenotypic outcomes. On the biological side, the role of pre-clustered surface proteins is an emerging topic, still controversial but has the potential to have a significant impact on our understanding of how B and T cells are regulated.
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Limitations

Dyes change the composition of the bilayers and may alter
properties (50). They also do not generally allow the environment
around specific molecules to be probed as the dyes are usually
untargeted. Probes often have low brightness and photostabilty.
Overcounting due to multiple blinking makes quantifying small
clusters challenging (64, 65). Labeling methodology generally
limited to proteins.

Generally, point measurements are used making mapping
heterogeneity over the cell challenging. Can be difficult to interpret
data in complex membrane geometries.

Generally, artificial synapses are studied but more physiological
insights could be derived from cell-cell conjugate systems (7).

Required developments

Targeted, leaflet specific probes compatible with super-resolution
microscopy (61-63).

New, smaller probes, with well-characterized photophysics and
new analysis methods are needed. Further, the technology for
labeling lipids —to allow lipid clustering to be analyzed in the same
framework s proteins is also lacking and developments in th
area would be a significant boon.

Area based FCS measurements such as Imaging FCS (66).
Greater computational modeling approaches to single-molecle
tracking data.

Application of light-sheet based approaches for long term, 3D
imaging.
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