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Abstract

Cytotoxic T lymphocytes (CTLs) kill by forming immunological synapses with target cells and 

secreting toxic proteases and the pore forming protein perforin into the intercellular space. 

Immunological synapses are highly dynamic structures that boost perforin activity by applying 

mechanical force against the target cell. Here, we employed high-resolution imaging and 

microfabrication to investigate how CTLs exert synaptic forces and coordinate their mechanical 

output with perforin secretion. Using micropatterned stimulatory substrates that enable synapse 

growth in three dimensions, we found that perforin release occurs at the base of actin-rich 

protrusions that extend from central and intermediate locations within the synapse. These 

protrusions, which depended on the cytoskeletal regulator WASP and the Arp2/3 actin nucleation 

complex, were required for synaptic force exertion and efficient killing. They also mediated 

physical deformation of the target cell surface during CTL-target cell interactions. Our results 

reveal the mechanical basis of cellular cytotoxicity and highlight the functional importance of 

dynamic, three-dimensional architecture in immune cell-cell interfaces.
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Cytotoxic T cells use actin-rich protrusions at the immunological synapse to enhance perforin-

mediated target cell killing.

INTRODUCTION

Dynamic cell-cell interactions coordinate bidirectional information transfer in the immune 

system and control the potency and the scope of effector responses (1). One of the most 

important of these interactions is the immunological synapse (IS) formed between a 

cytotoxic T lymphocyte (CTL) and the infected or transformed target cell it aims to destroy 

(2, 3). IS formation is rapidly induced by recognition of cognate peptide-major 

histocompatibility complex (pMHC) on the target cell by T cell antigen receptors (TCRs) on 

the CTL. Once firm contact is established, the CTL secretes a toxic mixture of granzyme 

proteases and the hydrophobic protein perforin into the intercellular space. Perforin forms 

pores in the target cell membrane that stimulate the uptake of granzymes into the cytoplasm, 

where they induce apoptosis by cleaving specific substrates (4). Perforin and granzyme-

mediated killing is the most prevalent mode of lymphocyte cytotoxicity, and it likely plays 

an important role in cellular immunotherapy approaches against cancer (5).

IS formation is accompanied by dramatic reorganization of both microtubules and 

filamentous actin (F-actin) (6). Within minutes of TCR stimulation, the centrosome (also 

called the microtubule-organizing center) moves to a position just beneath the IS. The 

centrosome is closely associated with lytic granules, the secretory lysosomes that store 

perforin and granzyme, and its reorientation positions these granules next to the synaptic 

membrane (3). This promotes the directional secretion of granule contents into the 

intercellular space, enhancing both the potency and the specificity of killing. If and how F-

actin remodeling contributes to cytotoxicity is, by comparison, less clear. Our current 

conception of synaptic F-actin is strongly influenced by imaging studies in which the target 

cell is replaced by a glass surface or a supported bilayer containing stimulatory TCR ligands. 

In this context, T cells form radially symmetric synapses characterized by intense F-actin 

accumulation at the periphery and depletion from the center (7–10). This annular 

configuration is thought to encourage lytic granule fusion at the center of the IS by clearing 

F-actin from the plasma membrane in this zone (3, 11, 12). Although this model is 

conceptually appealing, it is unclear how well it applies to granule release in bona fide CTL-

target cell conjugates, where synaptic F-actin rings are less apparent and, when observed, 

often quite transient. Synaptic F-actin is also highly dynamic, forming protrusions and 

lamellipodial sheets that exhibit both centripetal retrograde flow and radial anterograde 

movement (10, 12–15). Importantly, these dynamics enable T cells to impart mechanical 

force across the IS (16, 17). In CTLs, the capacity to exert synaptic force is strikingly 

correlated with cytotoxic potential (18). Biophysical and imaging experiments suggest that 

force enhances cytotoxicity by increasing the membrane tension of the target cell, which in 

turn promotes the pore forming activity of secreted perforin.

Here, we applied microfabrication and high-resolution live imaging to investigate how CTLs 

mechanically potentiate the chemical activity of perforin, a process we refer to as 

mechanopotentiation. Using stimulatory micropillar arrays that trigger IS formation in three 
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dimensions, we have found that lytic granule release occurs at the base of F-actin rich 

synaptic protrusions that extend into the antigen-presenting surface. These protrusions, 

which are generated by the Wiskott-Aldrich Syndrome protein (WASP) and the Arp2/3 actin 

nucleation complex, are required for synaptic force exertion and cytotoxic efficiency. Our 

results provide insight into how cytotoxic lymphocytes organize mechanical output and 

demonstrate how three-dimensional architecture influences the functionality of 

communicative interfaces in the immune system.

RESULTS

CTLs form synaptic protrusions on stimulatory micropillar arrays

Synaptic force exertion can be measured by imaging T cells on arrays of flexible 

polydimethylsiloxane (PDMS) micropillars bearing immobilized TCR ligands and adhesion 

proteins (Fig. 1A) (17, 18). T cells form IS-like contacts with these arrays and induce pillar 

deflections that can be converted into force vectors based on the known dimensions and 

composition of the pillars. Using this approach, we previously found that lytic granule 

release tends to occur in regions of active pillar deflection (18). This result raised the 

possibility that there might be specific structures within the IS that mechanopotentiate 

perforin function by imparting force in close proximity to granule secretion.

To identify candidate structures that could be involved in this mechanopotentiation, we 

closely examined the dynamic architecture of CTL synapses on micropillar arrays. For these 

experiments, we used primary CTLs expressing the OT1 TCR, which is specific for the 

ovalbumin257–264 peptide presented by the class I MHC protein H2-Kb (H2-Kb-OVA). OT1 

CTLs were retrovirally transduced with Lifeact-GFP, a fluorescent probe for F-actin, and 

imaged by confocal microscopy on micropillars coated with H2-Kb-OVA and ICAM1, a 

ligand for the αLβ2 integrin LFA1. The pillars in these arrays (1–1.5 μm in diameter and 4–5 

μm tall) were thicker, shorter, and therefore more rigid than the pillars used for T cell force 

measurements (0.7 μm in diameter and 6 μm tall) (Fig. 1A). These thicker pillars are not 

substantially deflected by CTLs, and function as a regularly crenulated stimulatory surface 

that facilitates quantitative assessment of IS growth in three dimensions.

Within minutes of initial contact with the arrays, the CTLs formed F-actin rich protrusions 

that invaded the spaces between adjacent pillars (Fig. 1B). Time-lapse experiments using 

both confocal and lattice light-sheet microscopy revealed that the F-actin in these 

protrusions was highly dynamic, coruscating up and down the length of each pillar (Fig. 1B, 

movie S1). Periodically, F-actin free gaps appeared at the base of the protrusions, in the 

regions around the pillar tops. During protrusion growth, F-actin accumulation was often 

strongest at the leading edge, implying a causative relationship between actin polymerization 

and the formation of these structures (fig. S1). Most of the microtubule cytoskeleton, by 

contrast, was constrained to the region above the pillars, although individual microtubules 

were observed to extend into a subset of protrusions (Fig. 1C). In most cells, the centrosome 

reoriented to a position in the plane of the pillar tops, but did not proceed into the inter-pillar 

spaces. Hence, on micropillar arrays, CTLs form dynamic, F-actin rich protrusions at the IS 

that exclude the centrosome.
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During initial cell spreading, invasion into the micropillar zone was typically constrained to 

the periphery of the contact (Fig. 1B, movie S1). However, once the radial size of the IS 

stabilized, after ~60 s, protrusions formed in the more central regions of the interface. This 

was intriguing to us because prior studies had indicated that lytic granules accumulate 

beneath the more central IS domains (3, 11, 19, 20). To investigate the spatial relationship 

between synaptic protrusions and lytic granules, we imaged CTLs expressing Lifeact-

mApple together with a GFP-labeled form of the lysosomal protein Lamp1 (Lamp1-GFP). 

Lytic granules appeared as a cluster of distinct compartments within the CTL cytoplasm. In 

the first two minutes of contact formation, the granule cluster moved downward, settling ~5 

μm from the cell front, roughly at the level of the pillar tops (Fig. 1D). This behavior implied 

a close association between granules and the centrosome, as previously reported (11, 20, 

21). Notably, after orienting downward, the granules tended to occupy central locations 

within the IS, which we quantified by calculating the normalized proximity of granule 

fluorescence to the IS center of gravity (COG) (fig. S2). Analysis of this “centralization 

factor” revealed that the granules tended to be closer to the center of the IS than would be 

expected by chance (Fig. 1D).

The proximity of lytic granules to the base of synaptic protrusions at the center of the IS 

raised the possibility that these structures might be involved in cytolytic 

mechanopotentiation. Indeed, synaptic protrusions were highly enriched in LFA1 (Fig. 1E), 

consistent with them being strongly adhesive and capable of exerting force. Previously, we 

found that mechanopotentiation requires phosphoinositide 3-kinase (PI3K) signaling and is 

enhanced by the depletion of PTEN, a lipid phosphatase that antagonizes PI3K (18). 

shRNA-mediated suppression of PTEN augmented F-actin accumulation in synaptic 

protrusions (fig. S3), further supporting the idea that these structures transmit forces that 

promote cytotoxicity.

Lytic granule fusion occurs at the base of synaptic protrusions

Granule fusion events can be detected in single cell imaging experiments with a fluorescent 

reporter containing a pH sensitive GFP (pHluorin) fused to the granule-targeting domain of 

Lamp1 (22). Within lytic granules, the low pH environment quenches the fluorescence of 

pHluorin-Lamp1. Granule fusion with the plasma membrane, however, neutralizes the pH 

around the reporter, leading to a rapid increase in fluorescence. To explore the relationship 

between cytolytic secretion and synaptic protrusions, OT1 CTLs expressing pHluorin-

Lamp1 were imaged by confocal and lattice light-sheet microscopy on fluorescent 

micropillars coated with H2-Kb-OVA and ICAM1 (Fig. 2A). Protrusions were visualized in 

these experiments either using Lifeact-mRuby2 or by staining with a fluorescent Fab 

fragment against the surface marker CD45. After IS formation, fusion events appeared as 

sudden flashes of GFP fluorescence, which were often visible for only one time point. 

Importantly, these events clustered close to the plane of the pillar tops (Fig. 2B–C, movie 

S2), the same vertical zone occupied by lytic granules and the centrosome. This position was 

well behind the leading edge of CTL protrusions, which extended approximately 5 μm into 

the inter-pillar space.
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Remarkably, granule fusion was not observed in zones of sustained F-actin depletion. 

Instead, it tended to occur in regions containing synaptic protrusions (Fig. 2B, movie S2). To 

quantify this effect, we determined the Lifeact-mRuby2 intensity over time in the 1 μm 

diameter synaptic domain around each fusion site. F-actin accumulation within this domain 

actually increased modestly during granule fusion (Fig. 2D), implying that cytolytic 

secretion and protrusion growth could occur concurrently in the same region. Importantly, 

linescans of sagittal slice images demonstrated that F-actin did not overlap precisely with the 

fusion site. Instead, it tended to accumulate underneath it, closer to the bottoms of the pillars 

(Fig. 2E). We conclude that granule fusion on micropillar arrays occurs in small F-actin free 

zones that form transiently at the base of active F-actin rich protrusions.

Synaptic protrusions require the Arp2/3 complex

Having characterized the structure and dynamics of synaptic protrusions, we turned our 

attention to their molecular basis and biological function. We were particularly interested in 

the Arp2/3 complex, which nucleates actin polymerization from the sides of existing actin 

filaments (Fig. 3A) (23). To assess the importance of Arp2/3, we utilized CK666, a small 

molecule inhibitor of the complex (24). Treatment with CK666 dramatically attenuated 

protrusive activity on micropillar arrays. (Fig. 3B, movie S3 and S4). We quantified these 

data by calculating the enrichment of F-actin (visualized using Lifeact-GFP) in the region 

beneath the pillar tops (fig. S4A). This analysis revealed a dose dependent reduction in 

synaptic protrusions (Fig. 3C). Notably, a small amount of protrusive activity was still 

observed even at high CK666 concentrations, possibly representing residual TCR-induced 

actin polymerization by formins (25, 26).

The capacity of CK666 to block protrusion formation provided a strategy for determining 

the importance of these structures for synaptic force exertion and cytotoxicity. To measure 

cellular forces, we imaged CTLs on stimulatory PDMS arrays containing narrow, 

deformable micropillars (Fig. 1A). Treatment with CK666 reduced force exertion by ~ 75% 

(Fig. 4A–B, movies S5 and S6), indicating that Arp2/3 dependent protrusive activity is 

required for IS mechanics. Next, we assessed the role of Arp2/3 in cytotoxic function by 

incubating OT1 CTLs with OVA-loaded RMA-s target cells in the presence of CK666. 

Target cell lysis was inhibited by CK666 in a dose dependent manner (Fig. 4C), implying a 

critical role for Arp2/3. To better define the basis for this defect, we examined several 

molecular and cellular events involved in T cell activation and cytotoxicity. CK666 treatment 

did not alter TCR-induced phosphorylation of Erk1/2 and Akt and had little effect on the 

degradation of IκB (fig. S4B). This suggested that signaling through the MAP kinase, PI3K, 

and NF-κB pathways was intact. By contrast, we observed a modest inhibition of TCR-

induced calcium (Ca2+) flux in CK666 treated cells (fig. S4C–D). Elevated intracellular 

Ca2+ is a prerequisite for lytic granule release (19, 27). Consistent with this idea, we found 

that CK666 significantly inhibited granule fusion, which we measured by staining for 

surface exposure of Lamp1 (Fig. 4D). We also observed a marked inhibition of CTL-target 

cell conjugate formation, as quantified by flow cytometry (Fig. 4E).

Taken together, these data demonstrated that the Arp2/3 complex is required for the 

formation of synaptic protrusions and also for other TCR dependent responses associated 
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with cytotoxicity: synaptic force exertion, granule release, and adhesion to the target cell. 

These results were not inconsistent with our hypothesis that synaptic protrusions enhance 

killing via cytolytic mechanopotentiation. They could not, however, exclude the possibility 

that the killing defect induced by CK666 was caused entirely by reduced conjugate 

formation and/or cytolytic secretion, either of which may have occurred independently of the 

protrusion defect. Nor could we rule out that the cytotoxicity phenotype resulted from 

effects of CK666 on the target cells. Hence, to define the role of synaptic protrusions 

unambiguously, it was necessary to establish more specific molecular perturbations.

WASP and WAVE2 control spatially and functionally distinct synaptic protrusions

Arp2/3 complex activity is controlled by regulators of the nucleation promoting factor (NPF) 

family (23). Among NPFs, both WASP and WAVE2 have been implicated in synaptic F-

actin remodeling (Fig. 3A). WAVE2, which is activated by the GTP-bound form of the small 

GTPase Rac, is thought to promote cell spreading and adhesion during IS formation (8, 28–

30). WASP, for its part, functions downstream of the GTPase Cdc42 and the adaptor protein 

Nck, and it has been linked to IS stability and the formation of protrusive structures during 

diapedesis and antigen scanning (31–34). In humans, loss-of-function WASP mutations 

cause Wiskott Aldrich Syndrome (WAS), a primary immunodeficiency associated with 

increased incidence of autoimmunity and cancer (35, 36).

To investigate the role of WASP and WAVE2 in the formation of synaptic protrusions, we 

imaged OT1 CTLs expressing GFP-labeled forms of each protein on stimulatory 

micropillars. WAVE2-GFP accumulated strongly in the periphery of the IS during initial cell 

spreading (< 1 min, Fig. 5A, movie S7). In subsequent time points, transient bursts of 

WAVE2-GFP appeared in isolated peripheral domains (Fig. 5A, magenta arrowheads), often 

occurring concomitantly with lateral movement of the IS toward the same side (movie S7). 

By contrast, WASP-GFP accumulated in annular structures that encircled individual pillars 

in central and intermediate synaptic domains (Fig. 5A, movie S8). Importantly, WASP-GFP 

exhibited a significantly higher mean centralization factor than WAVE2-GFP at all time 

points (Fig. 5B, fig. S2), confirming that WASP localized more centrally than WAVE2. To 

assess the importance of WASP and WAVE2 for IS remodeling, we used CRISPR/Cas9 to 

target the Was and Wasf2 genes, respectively, in OT1 CTLs (fig. S5A and Materials and 

Methods). WASP or WAVE2 deficient CTLs prepared in this manner (WASP-CR and 

WAVE2-CR, respectively) were transduced with Lifeact-GFP and then imaged on 

micropillar arrays. Whereas control CTLs expressing nontargeting gRNA (NT-CR) formed 

protrusions in both the center and the periphery of the IS, the protrusive activity of WASP-

CR cells was largely constrained to the periphery (Fig. 5C, movies S9 and S10). WASP-CR 

synapses also tended to be more laterally mobile, consistent with previous work (32). In 

WAVE2-CR CTLs, by contrast, protrusions appeared to concentrate in the center of the 

contact (Fig. 5C, movie S11). Centralization factor analysis revealed that the F-actin 

distributions of WAVE2-CR CTLs were more centralized than those of NT-CR controls, 

which were in turn more centralized than those of WASP-CR CTLs (Fig. 5D). Hence, WASP 

deficiency leads to a specific loss of central protrusions, whereas WAVE2 deficiency 

eliminates peripheral structures. Collectively, these data indicate that WAVE2 controls 
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peripheral F-actin growth involved in lateral motion, whereas WASP drives protrusion 

formation closer to the center of the IS.

Next, we investigated the mechanical consequences of WASP and WAVE2 depletion by 

imaging NT-CR, WASP-CR, and WAVE2-CR CTLs on narrow micropillar arrays (Fig. 1A 

and 6A, movies S12–S14). WASP-CR CTLs avidly engaged the arrays and deformed them 

as quickly as did NT-CR controls. The overall magnitude of WASP-CR force exertion, 

however, was significantly reduced (Fig. 6B). By contrast, depletion of WAVE2 delayed the 

onset of force exertion but did not affect its overall magnitude (Fig. 6A and 6B). To assess 

the spatial patterns of these mechanical responses, we plotted the number of strongly 

deflected pillars as a function of radial distance from the IS COG (fig. S5B). NT-CR and 

WAVE2-CR CTLs induced pillar deflections in both the central IS (< 3 μm from the COG) 

and in the periphery (> 3 μm from the COG). By contrast, in WASP-CR CTLs there was a 

marked absence of centrally localized events (Fig. 6C). Hence, the capacity to generate 

protrusions in the center of the IS was associated with force exertion in that domain.

Finally, we examined the cytotoxic function of CTLs lacking WASP and WAVE2. WASP 

depletion induced a significant defect in killing, which we observed using both lymphocytic 

(RMA-s lymphoma) and adherent (MB49 urothelial carcinoma, B16 melanoma) target cells 

(Fig. 6D, fig. S5C). This defect was most pronounced (~50% reduction) at low levels of 

antigen. At higher antigen concentrations, however, killing by NT-CR and WASP-CR CTLs 

was quite comparable. WASP-CR CTLs did not exhibit lower levels of lytic granule fusion 

(Fig. 6E), indicating that their reduced cytotoxicity could not be attributed to a defect in 

perforin and granzyme release. Depletion of WAVE2 led to a distinct and somewhat variable 

cytotoxicity phenotype. In some experiments, we found little to no change in killing and 

granule fusion, while in others we observed modest reductions that were most pronounced at 

high antigen concentrations (Fig. 6D, 6E, fig. S5D). Interestingly, WAVE2-CR CTLs, but 

not their WASP-CR counterparts, exhibited significantly reduced conjugate formation (Fig. 

6F), implying that WAVE2 promotes target cell adhesion. Consistent with this interpretation, 

depletion of WAVE2, but not WASP, impaired CTL adhesion to ICAM1-coated surfaces, 

both in the presence and the absence of H2-Kb-OVA (fig. S5E). We also examined indices of 

TCR signaling, and found that WASP-CR and WAVE2-CR CTLs exhibited normal TCR-

induced Ca2+ flux and activation of the MAPK, PI3K, and NF-κB pathways (fig. S5F–G). 

Hence, depletion of WASP or WAVE2 does not broadly disrupt early T cell activation.

We conclude that WASP plays a more important role than WAVE2 in boosting cytotoxicity 

and that it does so in a manner independent of TCR signaling, conjugate formation, and 

granule release. It is interesting to note that the WASP-CR killing defect was strongest at 

low antigen concentrations, when granule release was lower and perforin levels limiting, and 

that it disappeared at high antigen concentrations, when perforin was abundant. Previous 

studies of CTLs derived from WAS patients revealed a similar cytotoxicity phenotype: 

reduced killing (despite normal conjugate formation and granule release), which was rescued 

by strong TCR stimulation (33, 37). This is precisely the pattern of results one would expect 

after blocking a mechanical process that boosts the per molecule efficiency of perforin. 

Taken together with the imaging data described above, these results suggest a model in 
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which centralized, WASP dependent protrusions enhance target cell killing through cytolytic 

mechanopotentiation.

WASP dependent protrusions deform target cells at the immunological synapse

If synaptic protrusions mechanopotentiate perforin function, then they should be capable of 

physically deforming the target cell surface. To investigate this hypothesis, we performed 

live imaging experiments using H2-Kb+ murine endothelial cells as targets for OT1 CTLs 

(13, 31). In culture, endothelial cells adopt a flat, stellate architecture that is stable over time. 

Hence, deviations in this morphology within the IS can be attributed to the physical activity 

of the T cell (Fig. 7A). To facilitate imaging of cellular volume, we prepared endothelial cell 

lines that expressed mApple or iRFP670 uniformly in both the cytoplasm and the nucleus. 

These target cells were loaded with OVA, mixed with OT1 CTLs expressing fluorescently 

labeled Lifeact, and imaged by lattice light-sheet microscopy. Synapses formed readily and 

could be identified by their stability as well as the strong accumulation of interfacial F-actin 

within the CTL.

Within minutes of IS initiation, CTLs generated small, protrusive F-actin structures that 

invaded the space occupied by the target cell (Fig. 7B, yellow arrowheads). This was 

followed shortly thereafter by rapid displacement of the target surface, which was most 

obvious in conjugates where the CTL attacked from above (Fig. 7B, movie S15). This 

displacement typically occurred before any obvious signs of target cell blebbing, suggesting 

that it was not part of the apoptotic cascade. Indeed, CTLs lacking perforin also formed 

large holes in target cells (fig. S6A), further supporting the idea that synaptic deformations 

result from a physical, rather than a chemical, process. TCR engagement was critical for 

these mechanical effects. In the absence of antigen, both the speed and the magnitude of 

target cell displacement diminished substantially (fig. S6B), consistent with previous work 

(13). Finally, imaging of CTLs expressing Lamp1-GFP revealed that lytic granules 

accumulated close to areas of deformation (fig. S6C), implying that physical manipulation of 

the target cell contributes to perforin- and granzyme-mediated killing.

Next, we investigated the molecular basis of target cell displacement by comparing synapses 

formed by NT-CR, WASP-CR, and WAVE2-CR CTLs. Depletion of WASP markedly 

inhibited physical deformation of the target surface, despite the fact that robust synaptic F-

actin accumulation still occurred (Fig. 7B, movie S16). To quantify this result, we 

determined the volume beneath the CTL occupied by the target cell at a given time point and 

normalized this value to the volume occupied by the target cell in that same region before IS 

formation (fig. S6D). Analysis of this “Target IS volume” parameter confirmed that WASP 

depletion significantly reduced the target cell displacement response (Fig. 7B–C). CTLs 

lacking WAVE2 exhibited a qualitatively distinct phenotype; although they were still capable 

of substantial deformation, their mechanical responses were somewhat delayed relative to 

those of NT-CR controls (Fig. 7B–C, movie S17). Collectively, these results mirror the force 

exertion analysis of WASP-CR and WAVE2-CR cells (Fig. 6A–C), and they suggest that 

WASP dependent synaptic protrusions play a particularly important role in the physical 

deformation of target cells.
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DISCUSSION

The cytotoxic IS boosts perforin toxicity by spatially coordinating its secretion with the 

exertion of mechanical force. In the present study, we found that perforin release occurs at 

the base of WASP dependent, F-actin rich protrusions (Fig. 8). These protrusions were 

necessary for synaptic force exertion, particularly in more central regions of the IS close to 

lytic granules. They were also required for physical deformation of target cells in bona fide 

cytolytic interactions. Importantly, WASP deficient CTLs exhibited a defect in killing that 

could not be explained by reduced granule release or conjugate formation. Taken together, 

these data identify synaptic protrusions as key components of a physical delivery system that 

enables CTLs to kill target cells with high efficiency. In putting forth this model, we do not 

suggest that synaptic protrusions are a prerequisite for lytic granule release. Indeed, multiple 

groups have demonstrated that rigid stimulatory surfaces induce robust cytolytic secretion in 

the absence of protrusive activity (19, 22, 38–40). It may be worth considering the converse 

relationship, however, namely that lytic granule docking and fusion might influence local F-

actin architecture and IS mechanics.

The marked concentration of granule fusion events at the base of synaptic protrusions 

implies that mechanisms exist for granule targeting to these domains. Previous studies have 

highlighted the importance of F-actin clearance for enabling granule access to the plasma 

membrane (11, 12, 22, 40). This is consistent with our observation that, on micropillar 

arrays, granule fusion occurs in transient F-actin free regions at the base of synaptic 

protrusions. However, the presence of other F-actin hypodense areas in the CTL, which are 

not targeted by granules, implies that other factors contribute to the process. Lipid second 

messengers are known to influence exocytosis and membrane trafficking in a variety of 

cellular contexts (41). Among these, diacylglycerol is an interesting candidate because it 

tends to accumulate in central synaptic domains that experience F-actin depletion (42–44). 

Granule delivery via microtubules is another possibility (45, 46). We observed that a small 

subset of microtubules extends into synaptic protrusions, and it will be interesting to explore 

if and how this subset contributes to granule trafficking from the centrosome toward fusion 

sites in the synaptic membrane. Finally, it is possible that WASP itself plays a role. Indeed, a 

recent super-resolution imaging study demonstrated that WASP promotes granule docking 

close to regions of integrin clustering (47).

T cells form a variety of protrusive structures at both interfacial and noninterfacial surfaces, 

which have been documented previously by electron microscopy and high-resolution 

fluorescence imaging (13, 14, 20, 34, 48, 49). Although the spatial distribution of these 

protrusions and their dynamics have implied roles in antigen scanning, signaling, and 

motility, their precise functions have, in most cases, remained undefined. Probably the best-

studied are the invadosome-like protrusions (ILPs), which were first observed in T cells 

initiating diapedesis through endothelial monolayers (34). Subsequently, ILPs were also 

found in antigen-induced synapses formed between T cells and endothelial cells, dendritic 

cells, or B cells (13). ILPs are podosomal structures that are enriched in LFA1 and require 

WASP and Arp2/3 for their formation (31, 34). The synaptic protrusions we have observed 

share these characteristics, and it is therefore tempting to speculate that they are a form of 

ILP. That CTLs might use the same structures to facilitate both diapedesis and target cell 
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killing highlights an underappreciated similarity between the two processes. Both rely on the 

physical deformaton of other cells through direct contact, in the first case to facilitate 

transmigration and in the second to promote destruction.

The functional defects observed in T cells from WAS patients and Wasp−/− mice have been 

attributed to specific effects of WASP on TCR signaling (31, 33, 50–52). WASP is expressed 

by all lymphoid and myeloid lineages (35, 36), however, and consequently the phenotypes 

exhibited by any one immune subset in a WASP deficient background result not only from 

the cell intrinsic functions of the protein but also from the dysfunction of other cell types. 

Interpreting studies from patient samples is particularly complex because of the wide range 

of pathological WASP mutations, which vary in their penetrance and can therefore yield 

markedly distinct disease phenotypes (36). In the present study, we circumvented this 

complexity by selective deleting Wasp in CTLs using CRISPR/Cas9 targeting. The resulting 

cytotoxicity defect was not associated with reduced TCR signaling, Ca2+ flux, or granule 

release, but rather was caused by a failure to generate interfacial protrusions during the 

effector phase of the response. These data raise the possibility that WASP dependent 

protrusions may contribute to interfacial effector pathways in other immune subsets. Prior 

studies have implicated WASP in macrophage phagocytosis (53, 54), T cell priming by 

dendritic cells (55, 56), and the induction of B cell class switching by follicular helper T 

cells (57). It will be interesting to investigate how the protrusive activity of WASP influences 

these and other cell-cell interactions, and in turn how defects in these interactions contribute 

to the complex etiology of WAS.

In marked contrast to WASP, WAVE2 accumulated in peripheral synaptic protrusions, and 

CTLs lacking WAVE2 exhibited adhesion and conjugation defects. These observations 

suggest a role in cell spreading and adhesion that is consistent with previous reports (28–30). 

Interestingly, WAVE2 depletion only weakly affected synaptic force exertion and killing, 

indicating that the protein and the peripheral structures it generates are not involved in 

cytolytic mechanopotentiation. These results do not exclude the possibility that WAVE2 

might promote cytotoxicity in other settings, particularly when target cells are more limiting 

and robust migration and adhesion are required for their destruction. What is clear from our 

data, however, is that the functionality of synaptic protrusions is partitioned both spatially 

(center versus periphery) and molecularly (WASP versus WAVE2).

In vitro systems that collapse the IS into two dimensions have been invaluable for 

investigating its structure and function (58, 59). The inherent constraints of these systems, 

however, have limited our understanding in significant ways. Indeed, it was only by 

analyzing the IS in an oriented, three-dimensional environment that we were able to assess 

the formation of synaptic protrusions and to study the implications of these structures for IS 

mechanics and effector responses. Micropatterned reconstitution systems can reveal 

unexplored aspects of cellular architecture, and we anticipate that they will become 

increasingly important in future studies of complex immune cell biology.
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MATERIALS AND METHODS

Study Design.

The goal of this study was to understand how CTLs combine cytolytic secretion with force 

exertion at the IS. We employed fluorescence imaging of mouse CTLs, single cell 

biophysical assays, and functional experiments. Micropatterned PDMS substrates were used 

both to visualize the growth of synaptic protrusions and also to measure mechanical activity. 

To perturb protrusion formation and synaptic F-actin dynamics, we employed CRISPR/Cas9 

technology, shRNA, and the Arp2/3 inhibitor CK666. Experimental sample sizes were not 

predetermined, and there were no predefined study endpoints. Experiments were not 

randomized, and investigators were not blinded during acquisition and data analysis. In 

general, experiments were performed at least twice (two biological replicates). Specific 

information about analysis methods can be found in the Image Analysis section below.

Micropillar preparation.

PDMS (Sylgard 184; Dow Corning) micropillar arrays were prepared as previously 

described (17). Two types of pillars were used for this study: 1) 1 μm diameter, 5 μm in 

height and spaced hexagonally with a 2 μm center-to-center distance, and 2) 0.7 μm 

diameter, 6 μm in height and spaced hexagonally with a 2 μm center-to-center distance. 

Micropillars were cast on chambered coverglass (Lab-Tek), washed with ethanol and 

Phosphate Buffered Saline (PBS), and stained with 20 μg/ml fluorescently-labeled 

streptavidin (Alexa647 or Alexa568, ThermoFisher Scientific) for 2 h at room temperature. 

After additional washing in PBS, the arrays were incubated with biotinylated H2-Kb-OVA 

and ICAM1 (10 μg/ml each) O/N at 4 °C (8). The pillars were then washed into RPMI 

containing 5% (vol/vol) FCS and lacking phenol red for imaging.

Live imaging on micropillars:

For force measurements, T cells were stained with Alexa488-labeled anti-CD45.2 Fab (clone 

104–2) and imaged on fluorescently labeled 0.7 μm diameter pillars. Videomicroscopy was 

performed using an inverted fluorescence microscope (Olympus IX-81) fitted with a 100 × 

objective lens and a mercury lamp for excitation. Images in the 488 nm (CTLs) and 568 nm 

(pillars) channels were collected every 15 s using Metamorph software. Protrusion formation 

was imaged on 1 μm diameter pillars stained using Alexa647- or Alexa568-labeled 

streptavidin. Cells expressing fluorescent probes were added to the arrays and imaged using 

a confocal laser scanning microscope fitted with a 40 × objective lens and 488 nm, 560 nm, 

and 642 nm lasers (Leica SP5 or Zeiss LSM 880).

Lattice light-sheet imaging.

Lattice light-sheet microscopy was performed as described previously using 488 nm, 560 

nm, and 642 nm lasers for illumination and a 25 × water immersion objective (60). 

Micropillar arrays were cast on 5 mm diameter coverslips, which were coated with 

stimulatory proteins as described above and then mounted for imaging. Movies (3–20 s 

time-lapse intervals) were recorded immediately after addition of fluorescently labeled CTLs 

using two cameras. 488 nm (30–60 mW laser power) and 560 nm (50 mW laser power) 
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images were collected on one camera and 642 nm (50 mW laser power) images on a second 

camera. For CTL-target cell imaging, CTLs were added to coverslips bearing 90% confluent 

monolayers of mApple- or iRFP670-labeled endothelial cells that had been incubated 

overnight in 2 μM OVA. Movies (15–20 s time-lapse intervals) were recorded immediately 

after addition of CTLs. 488 nm (50 mW laser power), 560 nm (200 mW laser power), and 

642 nm (200 mW laser power) images were collected on one camera. Raw data were 

deskewed and deconvolved as described (60) using experimentally derived point spread 

functions. For two camera experiments, image alignment was performed in Matlab using 

reference images of fluorescent beads.

Image analysis.

Imaging data were analyzed using SlideBook (3I), Imaris (Bitplane), Excel (Microsoft), 

Prism (GraphPad), and Matlab (MathWorks). Ca2+ responses were quantified by first 

normalizing the ratiometric Fura2 response of each cell to the last time point before the 

initial influx of Ca2+, and then by aligning and averaging all responses in the data set based 

on this initial time point. To quantify F-actin intensity in fixed images (fig. S3C), the sum 

intensity of Alexa546-labeled phalloidin in the region beneath the pillar tops was determined 

for each cell after intensity thresholding. For protrusion enrichment (Fig. 3C), total Lifeact-

GFP intensity in the region beneath the pillar tops (FA) was divided by the total Lifeact-GFP 

intensity in a region of identical volume beginning from the first z-section above the pillar 

tops and extending upwards (FB) (fig. S4A). Force exertion against 0.7 μm diameter pillars 

was calculated after extracting pillar displacements from the imaging data and then 

converting these displacements into force vectors using custom Matlab scripts (17, 18). 

Radial distributions of pillar deflections (Fig. 6C) were generated by calculating the 

distances between strongly deflected pillars (> 0.6 μm deflection) and the IS COG at each 

time point (fig. S5B). COG coordinates for the IS were generated from masks derived from 

the Alexa488 (CTL) channel. To calculate the centralization factor (Fig. 1D, 5B, 5D), a 

mask encompassing the entire IS (MC) and a mask containing only the features of interest 

(e.g. lytic granules) (MF) were first generated using xy projection images. Then, the average 

distance between every pixel in MC and the COG of MC (DC) was determined and 

subsequently divided by the average distance between every pixel in MF and the COG of MC 

(DF) (fig. S2). Granule polarization (Fig. 1D) was quantified by determining the vertical 

distance between the centroid of a mask encompassing the lytic granules and the deepest 

CTL protrusion, using xz or yz projection images. To calculate target IS volume (Fig. 7B 

and C), a three dimensional mask was generated at a time point of interest by tracing the 

edges of the IS and then propagating the resulting shape downward to encompass the sample 

lying directly beneath the CTL. The volume of this region occupied by the target cell (V1) 

was then divided by the volume of this same region occupied by the target cell at time 0 (V0) 

(fig. S6D).

Killing assay, granule fusion assays and conjugate formation.

RMA-s target cells were labeled with carboxyfluorescein succinimidyl ester (CFSE) or the 

membrane dye PKH26, loaded with OVA and mixed in a 96-well V-bottomed plate with 

CTV stained OT-1 CTLs. To assess killing, cells were mixed at a 1:3 E:T ratio and incubated 

for 4 h at 37 °C. Specific lysis of CFSE+ target cells was determined by flow cytometry (61). 
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For granule fusion assays, the E:T ratio was 1:1 and cells were incubated at 37 °C for 90 min 

in the presence of eFluor 660-labeled anti-Lamp1 (clone eBio1D4B, eBioscience). Lamp1 

staining was then assessed by flow cytometry. To measure conjugate formation, CTLs and 

targets were mixed 1:1, lightly centrifuged (100 × g) to encourage cell contact, and 

incubated for 20 min at 37 °C. Cells were then resuspended in the presence of 2% PFA, 

washed in FACS buffer (PBS + 4% FCS), and analyzed by flow cytometry. Conjugate 

formation was quantified as (CFSE+ CTV+)/(CTV+). For killing of adherent target cells, 

MB49 or B16 cells were cultured overnight on fibronectin and then pulsed with OVA for 2 

h. OT1 CTLs were added at a 4:1 E:T ratio and incubated for 3 h (MB49 cells) or 4 h (B16) 

at 37 °C in RPMI medium supplemented with 30 IU/ml IL-2. Target cell death was 

quantified with an LDH cytotoxicity assay kit (Clontech) using the manufacturer’s 

recommended protocol. All functional assays were performed in triplicate.

Statistical analysis.

Figures show representative experiments. Analysis was carried out using either 

representative experiments or pooled data as indicated (N refers to the number of cells 

analyzed). Statistical analyses (unpaired or paired T tests) were carried out using GraphPad 

Prism or Microsoft Excel. All error bars denote SEM.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. CTLs form protrusions on stimulatory micropillars.
(A) Schematic diagram of thin micropillars used for force measurements (left) and thicker 

micropillars used for imaging protrusions (right). (B-E) OT1 CTLs were imaged by confocal 

microscopy on micropillars bearing H2-Kb-OVA and ICAM1. z-projection images (top 

views) are shown above with sagittal views below. Dotted lines (cyan in B, D, and E, white 

in C) denote the slicing plane used for the sagittal images. (B) Time-lapse montage of a 

representative CTL expressing Lifeact-GFP, with micropillars shown in red. (C) Fixed image 

of a representative CTL stained with phalloidin (to visualize F-actin) and anti-tubulin 

antibodies. Micropillars are shown in gray in the left images. (D) Above, time-lapse 

montage of a representative CTL expressing Lifeact-mApple and Lamp1-GFP. Below left, 

mean distance between the lytic granule cloud and the cell front, graphed against time. 

Below right, centralization factor analysis of Lamp1-GFP. In both graphs, time 0 denotes 

initial contact with the pillars and error bars indicate standard error of the mean (SEM). N = 

10. (E) Fixed image of a representative CTL stained with anti-LFA1 antibodies, with 

micropillars shown in red. All scale bars = 2 μm. In B and D, time in M:SS is indicated in 

the upper left corner of each top view image.
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Figure 2. Granule fusion occurs at the base of synaptic protrusions.
(A) Schematic diagram showing lytic granule fusion (visualized by pHluorin-Lamp1) on 

micropillar arrays. (B-E) OT1 CTLs expressing pHluorin-Lamp1 were imaged by confocal 

(C) or lattice light-sheet (B, D-E) microscopy on micropillars bearing H2-Kb-OVA and 

ICAM1. (B) Time-lapse montage of a representative CTL expressing Lifeact-mRuby2 and 

pHluorin-Lamp1, with micropillars shown in gray. z-projection images (top views) are 

shown above with sagittal views below. The white dotted line denotes the slicing plane used 

for the sagittal images. Yellow arrowheads indicate the fusion event. Time in M:SS is 

indicated in the upper left corner of each top view image. Scale bars = 2 μm. (C) Graph 

showing the vertical displacements of fusion events (Fus., cyan) relative to the plane of the 

pillar tops (dotted gray line) along with the corresponding position of the cell front (red, 

visualized with a fluorescent Fab fragment against CD45). N = 11 events. P calculated from 

two-tailed paired Student’s T-test. (D) F-actin accumulation in the region of granule fusion 

in z-projection images of CTLs expressing Lifeact-mRuby2 and pHluorin-Lamp1. Graph 

shows the average Lifeact-mRuby2 intensity within a 1 μm diameter circle centered on the 

fusion site, starting two time points before the fusion event and ending two time points after. 

(E) Below, mean Lifeact-mRuby2 intensity derived from linescans vertically bisecting the 

midpoint of the granule fusion site. The dotted black line denotes the plane of the pillar tops. 

Above, a representative image used for the analysis, with the linescan region indicated by 

the dotted white line. Error bars in D and E denote SEM. N = 18 events.
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Figure 3. CK666 blocks protrusion formation.
(A) TCR induction of actin polymerization through NPFs and Arp2/3. (B-C) OT1 CTLs 

expressing Lifeact-GFP were imaged by confocal microscopy on fluorescent micropillars 

bearing H2-Kb-OVA and ICAM1 in the presence of the indicated concentrations of CK666. 

(B) Time-lapse montages of representative CTLs, with micropillars shown in red. z-

projection images (top views) are shown above with sagittal views below. Cyan dotted lines 

denote the slicing planes used for the sagittal images. Time in MM:SS is indicated in the 

upper right corner of each top view image. Scale bars = 2 μm. (C) Lifeact-GFP enrichment 

in protrusions was quantified over time, with time 0 indicating initial contact with the pillars. 

N = 5 cells for each condition, with error bars denoting SEM. P values were calculated by 

two-tailed Student’s T-test comparing each CK666 condition against vehicle control. * and 
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** indicate P < 0.05 and P < 0.01, respectively, colored to match the appropriate CK666 

concentration.
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Figure 4. CK666 inhibits force exertion and cytotoxicity.
(A-B) OT1 CTLs were labeled with a fluorescent anti-CD45 Fab, incubated with 150 μm 

CK666 or vehicle control (DMSO), and imaged on narrow fluorescent micropillars coated 

with H2-Kb-OVA and ICAM1. (A) Time-lapse montages of representative CTLs showing 

pillar deflection. Time in M:SS is indicated in the upper left corner of each image. Scale bars 

= 2 μm. (B) Total force exertion against pillar arrays was graphed versus time. Color bar 

above the graph indicates the P-value for each time point (two-tailed Student’s T-test). N = 9 

for DMSO, 10 for CK666. (C-E) RMA-s target cells were loaded with increasing 

concentrations of OVA and mixed with OT1 CTLs in the presence or absence of CK666 as 

indicated. (C) Specific lysis of RMA-s cells. (D) Lytic granule fusion measured by surface 

exposure of Lamp1. (E) CTL-target cell conjugate formation measured by flow cytometry. 
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All error bars denote SEM. In C-E, P values were calculated by two-tailed Student’s T-test 

comparing each CK666 condition against vehicle control. * and ** indicate P < 0.05 and P < 

0.01, respectively, colored to match the appropriate CK666 concentration.

Tamzalit et al. Page 23

Sci Immunol. Author manuscript; available in PMC 2019 September 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. WASP and WAVE2 control distinct subsets of protrusions.
(A-B) OT1 CTLs expressing WASP-GFP or WAVE2-GFP were imaged by confocal 

microscopy on fluorescent micropillars bearing H2-Kb-OVA and ICAM1. (A) Time-lapse 

montages of representative CTLs, with micropillars shown in red. z-projection images (top 

views) are shown above with sagittal views below. Cyan dotted lines denote the slicing 

planes used for the sagittal images. Magenta arrowheads indicate representative lateral 

accumulations of WAVE2-GFP. (B) Centralization factor analysis of WASP-GFP and 

WAVE2-GFP, with time 0 denoting initial contact with the pillars. N = 6 for each cell type. 

(C-D) NT-CR, WASP-CR, and WAVE2-CR CTLs expressing Lifeact-GFP were imaged by 

confocal microscopy on fluorescent micropillars bearing H2-Kb-OVA and ICAM1. (C) 

Time-lapse montages of representative CTLs, with micropillars shown in red. z-projection 

images (top views) are shown above with sagittal views below. Cyan dotted lines denote the 

slicing planes used for the sagittal images. (D) Centralization factor analysis of Lifeact-GFP 

in NT-CR, WASP-CR, and WAVE2-CR OT1 CTLs, with time 0 denoting initial contact with 

the pillars. N = 6 for each cell type. In all montages, time in MM:SS is indicated in the upper 

left corner of each top view image. Scale bars = 2 μm. In graphs, * and ** indicate P < 0.05 

and P < 0.01, respectively, calculated by two-tailed Student’s T-test comparing WASP-GFP 

to WAVE2-GFP (B) or WASP-CR (red) and WAVE2-CR (green) to NT-CR (C). Error bars 

denote SEM.
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Figure 6. WASP and WAVE2 depletion induce distinct functional phenotypes.
(A-B) NT-CR, WASP-CR, and WAVE2-CR OT1 CTLs were labeled with a fluorescent anti-

CD45 Fab and imaged on narrow fluorescent micropillars coated with H2-Kb-OVA and 

ICAM1. (A) Time-lapse montages of representative CTLs showing pillar deflection. Time in 

M:SS is indicated in the upper left corner of each top view image. Scale bars = 2 μm. (B) 

Total force exertion against pillar arrays was graphed versus time. Color bar above each 

graph indicates the P-value for each time point (two-tailed Student’s T-test). (C) Histogram 

showing the distribution of strong deflections as a function of radial distance from the center 

of the IS. N = 10 for each cell type in B and C. (D-F) RMA-s target cells were loaded with 

increasing concentrations of OVA and mixed with NT-CR, WASP-CR, or WAVE2-CR OT1 

CTLs. (D) Specific lysis of RMA-s cells. (E) Lytic granule fusion measured by surface 
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exposure of Lamp1. (F) CTL-target cell conjugate formation measured by flow cytometry. 

All error bars denote SEM. In D-F, * and ** indicate P < 0.05 and P < 0.01, respectively, 

calculated by two-tailed Student’s T-test comparing WASP-CR (red) and WAVE2-CR 

(green) to NT-CR.
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Figure 7. WASP controls target cell deformation at the IS.
(A) Schematic diagram of a CTL deforming an adherent target cell. (B-C) NT-CR, WASP-

CR, and WAVE2-CR OT1 CTLs expressing Lifeact-GFP were applied to cultures of OVA-

loaded endothelial target cells expressing iRFP670 and imaged using lattice light-sheet 

microscopy. (B) Left, time-lapse montages of representative “vertically” oriented synapses, 

with z-projection images (top views) shown above and sagittal views below. Cyan dotted 

lines denote the slicing planes used for the sagittal images. In z-projection images, target 

cells are visualized by surface representation. Two z-projections are shown for each time 

point; Lifeact-GFP is shown on the left and the outline of the CTL of interest on the right. 

Time in M:SS is indicated in the upper left corner of each sagittal image. Scale bars = 2 μm. 

Yellow arrowheads denote protrusive structures in the NT-CR CTL that invade the target cell 

space. Right, target IS volume graphed against time, with time 0 denoting IS initiation. Each 
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line corresponds to one CTL-target cell conjugate. (C) Graph of minimum target IS volume 

values achieved during the first 400 s of conjugate formation. N = 7 for each cell type. Error 

bars denote SEM. P calculated by two-tailed Student’s T-test.
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Figure 8. Cytolytic mechanopotentiation by WASP-dependent synaptic protrusions.
Diagram of the cytolytic IS showing peripheral WAVE2-dependent protrusions and central 

WASP-dependent protrusions. Red arrows denote force exertion.

Tamzalit et al. Page 29

Sci Immunol. Author manuscript; available in PMC 2019 September 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	One sentence summary:
	INTRODUCTION
	RESULTS
	CTLs form synaptic protrusions on stimulatory micropillar arrays
	Lytic granule fusion occurs at the base of synaptic protrusions
	Synaptic protrusions require the Arp2/3 complex
	WASP and WAVE2 control spatially and functionally distinct synaptic protrusions
	WASP dependent protrusions deform target cells at the immunological synapse

	DISCUSSION
	MATERIALS AND METHODS
	Study Design.
	Micropillar preparation.
	Live imaging on micropillars:
	Lattice light-sheet imaging.
	Image analysis.
	Killing assay, granule fusion assays and conjugate formation.
	Statistical analysis.

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.
	Figure 8.

