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SUMMARY

T lymphocyte cytotoxicity relies on a synaptic ring of
lymphocyte function-associated antigen 1 (LFA-1),
which permits polarized delivery of lytic granules.
How LFA-1 organization is controlled by underlying
actin cytoskeleton dynamics is poorly understood.
Here, we explored the contribution of the actin cyto-
skeleton regulator WASP to the topography of LFA-1
using a combination of microscopy modalities. We
uncover that the reduced cytotoxicity of Wiskott-
Aldrich syndrome patient-derived CD8+ T lympho-
cytes lacking WASP is associated with reduced
LFA-1 activation, unstable synapse, and delayed le-
thal hit. At the nanometric scale, WASP constrains
high-affinity LFA-1 into dense nanoclusters located
in actin meshwork interstices. At the cellular scale,
WASP is required for the assembly of a radial belt
composed of hundreds of LFA-1 nanoclusters and
for lytic granule docking within this belt. Our study
unravels the nanoscale topography of LFA-1 at the
lytic synapse and identifiesWASP as amolecule con-
trolling individual LFA-1 cluster density and LFA-1
nanocluster belt integrity.

INTRODUCTION

The integrin lymphocyte function-associated antigen 1 (LFA-1)

was initially identified in a screen of antibodies that blocked the

lytic activity of CD8+ cytotoxic T lymphocytes (CTLs) (Davignon

et al., 1981). In these cells, LFA-1 is required both for the conjuga-

tion with antigen-presenting cells and for the confined delivery of

cytotoxic molecules. Indeed, CTL lytic granules are delivered in a

secretory domain lying between the center of the synapse en-

riched in signaling molecules and a peripheral ring of LFA-1
Ce
This is an open access article under the CC BY-N
(Stinchcombe et al., 2001). In agreement with the requirement to

confine lytic granule delivery with high fidelity, CD8+ T cells have

been shown to form 5-fold more LFA-1 ring junctions than CD4+

T cells (Somersalo et al., 2004). In the context of the T cell immu-

nological synapse, LFA-1 clusters accumulate over time at the in-

ner side of the lamellar actin network to formaperipheral ring (Ani-

keeva et al., 2005; Yi et al., 2012). The lateral force providedby the

actin retrograde flowhas been hypothesized to drive integrin acti-

vation by separating a- and b-integrin cytoplasmic tails (Zhu et al.,

2008). In accordance, LFA-1 under the extended conformation

localizes to the synapse outer ring, while the open conformation

is enriched in a more central ring (Comrie et al., 2015). Initial anal-

ysis of LFA-1 topography at the surface of T cells has provided the

view that LFA-1 activation results from the assembly of micro-

meter-scale domains (Kaizuka et al., 2007). However, recent

super-resolution microscopy approaches have revealed that

LFA-1, instead, assembles into nanometer-scale clusters (Baum-

gart et al., 2016; Murugesan et al., 2016). The mechanisms that

control the organization of LFA-1 into a ring-like structure and

that confine LFA-1 into nanoclusters remain to be elucidated.

In this work, we tested the hypothesis that the Wiskott-Aldrich

syndromeprotein (WASP)might be amajor player in the control of

LFA-1 activation and organization in CTLs.WASP is a hematopoi-

etic-specific actin cytoskeleton regulator that sets immunological

synapse stability and T cell receptor (TCR) activation threshold in

CD4+ T cells (Calvez et al., 2011; Dupré et al., 2002; Sims et al.,

2007). Whether it controls the stability of the lytic synapse and

whether this might explain its reported role in CTL killing activity

(De Meester et al., 2010; Lang et al., 2013) remain unexplored.

To test the role of WASP in lytic synapse organization, we inves-

tigated actin cytoskeleton ultrastructure and dynamics together

with LFA-1 topography in patient-derived WASP-deficient

CTLs, using a combination of microscopy tools, including the

super-resolution approaches direct stochastic optical recon-

struction microscopy (dSTORM) (Heilemann et al., 2008; van de

Linde et al., 2011) and structured illumination microscopy (SIM)

(Gustafsson, 2000). Our data reveal that WAS CTLs display
ll Reports 22, 979–991, January 23, 2018 ª 2018 Elsevier Inc. 979
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Figure 1. Reduced Killing Activity and LFA-1

Activation in WASP-Deficient CD8+ T Cells

(A) Western blot analysis of WASP expression in

CTLs from a healthy donor (HD) and a WAS patient

(WAS).

(B) Number of residual alive target cells after 4 and

24 hr of a redirected killing assay at a 2:1 effec-

tor:target (E:T) ratio against P815 cells pre-coated

with the indicated concentrations of anti-CD3

Ab. Dotted bars represent the reference number

of target cells (mean ± SEM of 3 independent

experiments).

(C) Total LFA-1 expression (TS2/4 Ab) in primary

CTLs from 4 HD and 3 WAS patients.

(D) CTLs were co-incubated during 60 min with

P815 cells and analyzed for expression of high-

affinity LFA-1 (a24 Ab).

(E) Anti-CD3 Ab pre-coated target cells were

seeded in the presence of HD orWASCTLs (green)

at a 2:1 E:T ratio. PI (red) was used to track lethal hit

delivery. Scale bar, 100 mm.

(F) Number of PI-positive target cells along time.

(G) Time delay between the contact of target cells

with a CTL and PI entry. 34 conjugates were

analyzed for both HD and WAS CTLs.

Graphs indicate mean values ± SEM. Statistical

significances were obtained with two-tailed

Mann-Whitney non-parametric t tests. ns, p > 0.05;

*0.01 < p < 0.05; **0.001 < p < 0.01; ***p < 0.001;

****p < 0.0001.

See also Figure S1, Movie S1, and Movie S2.
reduced LFA-1 activation, non-radial spreading of the lytic syn-

apse, delayed lethal hit delivery, and reduced target cell killing.

We further identify that open-conformation LFA-1 nanoclusters

are confined into actin meshwork interstices and that such clus-

ters display reduced density in WASP-deficient CTLs. At the

cellular scale, WAS CTLs display defects in LFA-1 cluster belt

assembly and lytic granule positioning. In conclusion, our study

identifies WASP as a key regulator of LFA-1 nanoscale topog-

raphy in the context of CD8+ T cell cytotoxic activity.

RESULTS

Decreased Killing Potential and Reduced LFA-1
Activation in WAS CD8+ T Cells
The mechanism underlying the reduced ability of CD8+ T cells

from Wiskott-Aldrich syndrome (WAS) patients to kill target cells
980 Cell Reports 22, 979–991, January 23, 2018
(De Meester et al., 2010) has not been

elucidated. Here, we reasoned that the

role of WASP in stabilizing the synapse

of CD4+ T cells (Calvez et al., 2011; Sims

et al., 2007) might apply to CD8+ T cells

and that such a role would be mediated

through LFA-1. The polyclonal CD8+

T cells expanded from WAS patients ex-

pressed normal levels of lytic molecules

(Figures S1A–S1C) but, as expected,

failed to express WASP (Figures 1A

and S1D). The ability of the WAS CTL to
rapidly eliminate P815 target cells, as well as to sustain pro-

longed killing activity, was reduced (Figures 1B and S1E). We

then tested whether WASP deficiency might affect LFA-1 activa-

tion bymeasuring the expression of total and open LFA-1 confor-

mations by flow cytometry (Theorell et al., 2011). The CTLs from

the healthy donors and the WAS patients expressed basally

comparable levels of total LFA-1 (Figure 1C). They expressed

similar levels of LFA-1 under the open conformation when facing

uncoated target cells. However, upon encounter with the anti-

CD3 antibody (Ab)-coated target cells, the WASP-deficient

CTLs displayed a reduced capacity to upregulate active LFA-1

(Figure 1D). We then sought to explore whether this reduced

LFA-1 activation would be mirrored by abnormal dynamics of

CTLs to target cell contacts in the context of killing. Real-time

imaging of CTLs and anti-CD3 Ab-coated target cell mixtures

shows that, although WASP-deficient CTLs were highly motile



Figure 2. Abnormal Synapse Shape and F-Actin Dynamics in WAS CD8+ T Cells

(A) TIRFM imaging of F-actin dynamics at the contact of a representative healthy donor (HD) CTL adhering to an ICAM-1/anti-CD3-coated surface. Scale

bar, 5 mm.

(B) TIRFM imaging of a representative WAS patient CTL, imaged as described in (A). Scale bar, 5 mm.

(C) Time course of the aspect ratio measured for 6 HD and 6 WAS CD8+ T cells adhering to an ICAM-1/anti-CD3-coated surface.

(D) Mean aspect ratio of the cells analyzed in (C).

(E) SiR-actin intensity was measured along the time in the 3 indicated concentric circles. This approach was applied to the representative cells displayed in

(A) and (B).

Statistical significances were obtained with a two-tailed Mann-Whitney non-parametric t test. **0.001 < p < 0.01.

See also Figure S2.
and able to encounter target cells, killing efficiency was reduced

compared to that of control CTLs (Figure 1E; Movies S1 and S2).

The reduced ability of WAS CTLs to kill targets over time (Fig-

ure 1F) was related to an increased delay between initial contact

and lethal hit delivery (Figure 1G). Together, these results indi-

cate that the reduced efficiency of WAS CTLs to eliminate

target cells is associated with a delayed lethal hit delivery and

a reduced LFA-1 activation.

Aberrant Actin Cytoskeleton Dynamics and Non-radial
Spreading in WAS CD8+ T Cells
Although WASP deficiency has been reported to distort syn-

apse morphology in primary human T cells (Calvez et al.,

2011), its effect on actin dynamics at the immunological syn-

apse remains to be characterized. For this purpose, we used

the cell-permeant SiR-actin dye (Lukinavi�cius et al., 2014) to
record F-actin dynamics by total internal reflection fluores-

cence microscopy (TIRFM), which allows a focus on the cell

portion that lays at the immediate contact with the ICAM-1/

anti-CD3-coated surface. As shown in a representative healthy

donor CD8+ T cell, spreading occurred within 2 to 3 min and

was characterized by a surrounding lamellipodium, shown in

the transmitted images (Figure S2A) and a dense actin mesh-

work (Figure 2A). This network was not uniform, since areas of

reduced actin density were present toward the center of the

synapse, while small actin patches were distributed all over

the contact surface. Although the F-actin meshwork was

highly dynamical at the synaptic plane, the cell shape did not

evolve beyond 3 min. In contrast, the WAS CTL displayed a

reduced spreading area and lobular morphology, character-

ized by nascent lamellipodia on different sides of the cell (Fig-

ure S2B). The WAS cell displayed a variable actin density
Cell Reports 22, 979–991, January 23, 2018 981



along the considered observation time. Intermittently, areas of

high intensity fluorescence were observed in the middle of the

synapse, out of which actin cables appeared to emerge (Fig-

ure 2B). The time course of the aspect ratio (AR) indicated

that healthy donor (HD) cells rapidly assembled a circular syn-

apse with an AR value evolving from 1.6 to 1 during the first

minute (Figure 2C). However, WAS CTLs were unable to

spread radially, as confirmed by AR variations ranging from

1.5 to 1.8 along the observation period. The mean AR of

9 HD and 19 WAS cells confirmed the non-circular morphology

of WAS T cell synapses (Figure 2D). To then assess F-actin dy-

namics during the initial phase of cell spreading, SiR-actin

fluorescence intensity was quantified in concentric circles

centered on the cell centroid (Figure 2E). In control T cells,

F-actin intensity increased sharply over the first 2 min of con-

tact at the center of the synapse and then in the intermediate

and peripheral rings, indicating concomitant F-actin polymeri-

zation and spreading (Figures 2E and S2C). After 2 min, the in-

tensity of F-actin stabilized, with the highest intensity being

measured at the intermediate ring. In contrast, WAS T cells

failed to show this biphasic behavior and displayed a more

progressive increase in SiR-actin staining over the 6-min

observation period. Furthermore, WAS T cells displayed rela-

tively more polymerized actin at the synapse center than at

the intermediate ring, and the central F-actin pool displayed

high intensity fluctuations. In conclusion, the TIRFM study of

F-actin dynamics in WAS CTLs reveals a major defect in actin

meshwork organization combined with the inability to spread

radially and to establish a stable synapse.

Biased Distribution of LFA-1 Clusters in WAS T Cells
We implemented a SIM approach to precisely locate active

LFA-1 at the CTL synapse and elucidate how it interacts with

the actin cytoskeletonmeshwork. We also applied this approach

to the WAS CTL to understand which precise actin cytoskeleton

aberrations might be related to the LFA-1 activation defects

identified in these cells. The representative normal CTL depicted

in Figure 3A displayed an extended synaptic spreading, with

F-actin being enriched both at the periphery, as a thin lamellipo-

dium, and within patches located toward the inner parts of the

synapse. Active LFA-1 distributed as very distinct clusters orga-

nized into a belt-like structure lying inward to the external F-actin

area. Active LFA-1 clusters appeared to be positioned in the in-

terstices of the actin cytoskeleton meshwork. This applied to

both the actin-rich area corresponding to the LFA-1 ring and to

the actin-poor areas toward the synapse center (Figure 3A,

zooms on the right panels). Sections along the z axis showed

that the inner part of LFA-1 clusters localized to thin interstices

of reduced F-actin density (Figure 3A, central lower panels), sug-

gesting that LFA-1 nanoclusters are confined into the alveoli of

the actin cytoskeleton meshwork. Parallel examination of a

representative WAS CTL (Figure 3B) revealed that it spread

over a reduced area. Although a very rich actin cytoskeleton

meshwork composed of highly branched and spiky structures

had assembled at the WAS T cell periphery, the synapse center

was almost devoid of detectable actin structures. In this cell,

active LFA-1 could be detected, but they failed to assemble

into a belt. At the ultrastructure level, the most external LFA-1
982 Cell Reports 22, 979–991, January 23, 2018
clusters were positioned in the interstices of the very dense actin

cytoskeleton meshwork, while LFA-1 clusters localizing toward

the synapse center appeared to not be connected to actin fila-

ments and to distribute less evenly than in the control cell (Fig-

ure 3B, zooms on the right panels). Sections along the z axis of

the WAS CTL confirmed both the asymmetry of the LFA-1 ring

and the biased distribution of LFA-1 clusters in relationship

with the actin meshwork (Figure 3B, central lower panels). The

partial decorrelation of active LFA-1 clusters from the areas of

enriched actin density and the asymmetry of the WAS CTL was

highlighted by an analysis of LFA-1 and F-actin intensity profiles

within cell quadrants. In control cells, active LFA-1was highly en-

riched at 8 mm from the cell center, with a slight inner shift as

compared to the peripheral F-actin-rich area (Figure 3C). In those

cells, LFA-1 distributed evenly among the areas enriched in

F-actin (IN) and those devoid of F-actin (OUT) (Experimental Pro-

cedures) (Figure 3D). This distribution is probably attributable to

the fact that, although LFA-1 clusters are enriched in the inner

side of the actin-rich lamellipodium, they locate in the interstices

of the actin meshwork. In contrast to the control cells, the WAS

CTL failed to display active LFA-1 peripheral enrichment (Fig-

ure 3E). The analysis of LFA-1 distribution according to F-actin

intensity confirmed the biased distribution of the LFA-1 clusters

toward areas devoid of detectable F-actin in the WAS CTL (Fig-

ure 3F). Together, our data unveil the nanoscale topography of

LFA-1 at the immunological synapse. They reveal that active

LFA-1 distributes into hundreds of nanoclusters embedded

into the actin cytoskeleton meshwork. They further identify that

WASP regulates actin meshwork organization at the CTL syn-

apse and is required to maintain the synaptic belt of active

LFA-1 nanoclusters at this site.

WASPControls LFA-1Organization and Activation at the
Cellular and Nanometric Scales
Beyond the abnormal LFA-1 nanocluster distribution charac-

terized in the WAS CTL by SIM, we sought to apply dSTORM

to quantify whether the reduced LFA-1 activation in WAS CTL

might be related to a reduced number or density of individual

LFA-1 clusters. As observed earlier with TIRFM and SIM, WAS

CD8+ T cells were able to spread, although in a less radial

manner than control T cells (Figures 4A and 4B, left panels).

In particular, the typical ring of active LFA-1 clusters was dis-

rupted in numerous WAS CTLs, and those clusters appeared

to distribute more centrally (Figures 4A, 4B, S3A, and S3B).

At the nanometric scale, active LFA-1 in the control CTL ap-

peared to distribute almost exclusively into dense clusters

(Figure 4A, second raw of panels), in agreement with the SIM

observations. This was confirmed by the density-based spatial

clustering of applications with noise (DBSCAN) analysis (Ester

et al., 1996) on two representative regions of interest (ROIs)

within the LFA-1 ring (Figure 4A, third row of panels). In the

WAS CTL, although active LFA-1 assembled into clusters,

the compactness and distribution of those clusters appeared

to be affected (Figure 4B, second row of panels). Indeed, the

DBSCAN analysis on two representative ROIs within the pre-

served section of the LFA-1 ring shows that active LFA-1 clus-

ters in the WAS CTL were less dense and less clearly delin-

eated than those in the control CTL (Figure 4B, third row of



Figure 3. Open-Conformation LFA-1 Distributes as Nanoclusters into Actin Meshwork Interstices

(A) Basal section of SIM imaging of a representative cell from a healthy donor (HD) adhering to ICAM-1/anti-CD3 coated surface for 10 min prior to fixation. In

middle panels, an overlay of the two colors (xy) is represented with orthogonal views (xz). Right panels represent different zooms. Scale bars indicate 5, 2, 1, and

0.2 mm for whole-cell images, intermediary zoom, orthogonal views, and zoomed insets, respectively.

(B) Basal section of SIM imaging of a representative cell from a WAS patient, imaged as described in (A). Scale bars are as defined in (A).

(C) 90�-radial profile angle of open LFA-1 and F-actin, from the center to the periphery, of the HD CTL. Intensities were normalized based on the maximum

intensity.

(D) Open LFA-1 cluster density in (‘‘rich’’) or out (‘‘poor’’) of the F-actin mask for the HD CTL; n = 12 cells.

(E) 90�-radial profile angle of open LFA-1 and F-actin, as in (C) for the WAS CTL.

(F) Open LFA-1 density in the ‘‘rich’’ F-actin versus ‘‘poor’’ F-actin area for the WAS CTL; n = 12 cells.

Statistical significances were obtained with a two-tailed Wilcoxon paired test. ns, p > 0.05; **0.001 < p < 0.01. UL, upper left; UR, upper right; LL, lower left; LR,

lower right.
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Figure 4. LFA-1 Nanoclusters Are Relaxed and Hypodense in WASP-Deficient CD8+ T Cells
(A) Open-conformation LFA-1 staining in a representative healthy donor (HD) CTL spreading on ICAM-1/anti-CD3 Ab for 10 min prior to fixation. From left to right,

TIRFM image (top) and dSTORM reconstruction (bottom), then 2 ROIs (top and bottom) with the corresponding DBSCAN detection of clusters (top and bottom).

Scale bars, 5 mm (whole cell) and 0.2 mm (ROI).

(B) Open-conformation LFA-1 staining (a24 Ab) in a representative WAS patient CTL, treated as described in (A).

(C) Open-conformation LFA-1 intensity profile along the LFA-1 ring. Intensities and distances were normalized based on the respective maximum values for

each cell.

(D) Open LFA-1 cluster area distribution within 2 ROIs per cell in control versus WAS CTLs.

(E) Surface density of open LFA-1 clusters within 2 ROIs per cell in control versus WAS CTLs. Mean is represented in red.

(F) Localization point density within 2 ROIs per cell in control versus WAS CTLs.

(G) Number of localization points detected as part of clusters (IN) or out of the clusters (OUT), within 2 ROIs per cell, in control versusWASCTLs. n = 7 cells for both

HD and WAS CTLs, which were analyzed with 2 ROIs per cell.

Statistical significances were obtained with two-tailed Mann-Whitney non-parametric t tests. ns, p > 0.05; *0.01 < p < 0.05; **0.001 < p < 0.01; ****p < 0.0001.

See also Figure S3.
panels). Independently from its organization into clusters, the

intensity of LFA-1 was measured along the LFA-1 ring. The

WAS CTL harbored regions of poor to undetectable LFA-1 in-

tensity (Figure 4C), highlighting the fact that it did not assemble

a complete ring. To further characterize the LFA-1 activation

defect associated with WASP deficiency, a number of cluster

parameters were analyzed in representative ROIs of the cluster

ring. Although the distribution of the areas of active LFA-1

clusters was comparable in WAS and control CTLs (Figure 4D),

both the surface density of active LFA-1 cluster (Figure 4E)

and their localization point density (Figure 4F) were reduced
984 Cell Reports 22, 979–991, January 23, 2018
in the WAS T cells. In addition, the proportion of localization

points belonging to clusters was significantly reduced in the

WAS T cells as compared to the control T cells (Figure 4G).

A further analysis applied to representative cells confirmed

the reduction of cluster density at the synaptic belt in

WAS T cells (Figures S3C–S3E). Together, these data suggest

that the reduced ability of WASP-deficient CD8+ T cells to acti-

vate LFA-1 corresponds, at the cellular scale, to an incomplete

assembly or stabilization of the LFA-1 ring and, at the nano-

metric scale, to reduced numbers of active cluster and

reduced LFA-1 molecule density within those clusters.



WASP Is Required to Confine Lytic Granules at the CTL
Synapse
Given the synaptic defects of WASP-deficient cells, we reasoned

that WASP might be required for the correct positioning of lytic

granules. Therefore, we inspected CTLs by a 3D-SIM analysis

restricted to a thickness of 550 nm from the cell surface in order

to focus on the lytic granules that were the most proximal to the

synaptic area. In control CTLs, lytic granules localized toward

the inner layer of the high-affinity LFA-1 ring, at the edge of the

actin-rich area (Figures S4A and S4B). They were detected at a

close vicinity to active LFA-1 clusters in interstices of the actin

cytoskeleton meshwork, suggesting that active LFA-1 clusters

might control lytic granule docking at local sites of tight adhesion

with the target cell. This approach was then applied to 11 control

CTLs and 12 WAS CTLs. While the control CTLs adopted a syn-

apse morphology characterized by a radial spreading, an outer

ring of F-actin, and an inner ring of high-affinity LFA-1, the WAS

CTLs displayed either radial synapse, distorted synapse, or elon-

gated synapse (kinapse) morphologies (Figures 5A, S5A, and

S5B). This is in agreement with our live microscopy data and pre-

vious reports onWASP-deficient CD4+ T cells (Calvez et al., 2011;

Lafouresse et al., 2012; Sims et al., 2007). The compilation of the

control cells (Experimental Procedures) yielded a very clear topo-

logical picture composed by a thick peripheral ring of actinmesh-

work, followed by a partially overlapping belt of active LFA-1

clusters and by lytic granules dispersed within the confinement

of the LFA-1 cluster belt (Figure 5B). Taking into account the

morphological heterogeneity of the WAS CTL, images were

compiled separately, according to the 3 identified morphological

categories (Figure 5A). WAS CTLs forming synapses displayed a

radial polarity similar to that observed in control cells, with correct

confinement of the lytic granuleswithin the LFA-1 cluster belt (Fig-

ure 5B). Differently, the cells with distorted synapses failed to

reveal a clear radial organization, and the lytic granules localized

over the contact planes without any apparent localization bias.

The cells forming a kinapse revealed a clear longitudinal polariza-

tion, with a wide actin-rich edge, a central LFA-1-rich area, and

dispersed lytic granules. To assess the lytic granule confinement

function of the active LFA-1 cluster belt, the positions of individual

perforindotswereoverlaidon theLFA-1mask,and theirdistances

from the edge of the LFA-1 masks were calculated (Figures 5C

and 5D). In the cells assembling a radial LFA-1 cluster belt, most

detected perforin dots were positioned on the LFA-1 cluster

belt, at a mean distance of 3 mm from the outer edge of this belt

(Figure 5D). InWASP-deficient T cells adopting distorted synapse

or kinapsemorphologies, an increasedproportion of perforin dots

werepositionedaway fromtheLFA-1belt (Figure5C)or very close

to its outer edge (Figure 5D). The comparison of the WAS-related

morphologies is suggestive of an interplay between actin cyto-

skeleton organization, LFA-1 cluster distribution, and lytic granule

polarization.Wenext aimed to examine, by 3D-SIM, the assembly

of the LFA-1 cluster belt and lytic granule positioning using anti-

CD3 monoclonal Ab (mAb)-coated P815 cells. The control CTL

forming a synapse with target cells displayed a flattened contact

area enriched in F-actin (Figure 5E). The en-face view is in line

with our observations on stimulatory surfaces. It shows a ring of

active LFA-1 lying inward from the F-actin-rich area and the dock-

ing of lytic granules within the inner confines of the high-affinity
LFA-1 ring. Although the WAS CTL formed conjugates with the

anti-CD3 mAb-coated P815 cells, their morphology displayed

notable aberrations (Figure 5E), including the presence of lateral

F-actin-rich protrusions and a non-symmetrical morphology. In

the selected cell, active LFA-1 clusters were reduced in numbers

and failed to form a ring. The few lytic granules detected in

the synapse plane displayed a very peripheral distribution.

Together, these observations confirm the role ofWASP in assem-

bling the high-affinity LFA-1 cluster belt at the CTL synapse. The

WASP-deficiency model also suggests that the LFA-1 cluster

belt may control the confined delivery of lytic granules.

Relationship between LFA-1 Activation Level and
Cytotoxic Activity
To further explore the possible link between LFA1 activation,

nanocluster belt organization, and cytotoxic activity indepen-

dently from WASP, we sought to lower LFA-1 activation in

normal cells by diluting the concentration of anti-CD3 mAb,

which is expected to reduce the strength of the inside-out

signaling (Mueller et al., 2004). Indeed, the use of different doses

of 0.1 to 10 mg/mL anti-CD3mAb to coat target cells resulted in a

gradual activation of LFA-1 on the surface of the CTL (Figure 6A).

In particular, the concentration of 1 mg/mL anti-CD3 mAb was

found to lead to an intermediate level of LFA-1 activation compa-

rable to that reached by WAS T cells stimulated with the

10 mg/mL anti-CD3 mAb concentration. Sub-optimal activation

of LFA-1 in the control CTL was associated with a reduction in

their killing activity (Figure 6B). At the nanometric scale, active

LFA-1 in the control CTL stimulated with 1 mg/mL anti-CD3

mAb distributed into dense and well-delineated clusters, as

shown by the DBSCAN analysis on two representative ROIs

within the LFA-1 ring (Figure S6A). The main parameter that

distinguished LFA-1 nanoclusters upon stimulation with the

1-mg/mL and 10-mg/mL anti-CD3 mAb concentrations was their

surface (Figures 4E and S6B), indicating that suboptimal LFA-1

activation corresponds to the assembly of smaller clusters

and suggesting a concentration-dependent increase of active

LFA-1 cluster size. Of note, active LFA-1 nanoclusters distrib-

uted into a belt-like structure, independently from the anti-CD3

mAb concentrations used. We next investigated, using video-

microscopy, the mechanism by which suboptimal activation of

LFA-1 in normal CTLs might be related to the reduced killing ac-

tivity (Figure 6C). At the high anti-CD3 mAb concentration, most

CTLs entering in contact with a target cell were able to kill it over

the 150-min observation time (Figure 6D). While the lethal hit

delivery was rapid (<20 min), CTLs remained attached to the

dying target cells for a prolonged time (approximately 50 min),

as previously reported (Wiedemann et al., 2006). Differently, at

the intermediate anti-CD3 Ab concentration, about one third of

the CTLs entering in contact with a target cell failed to kill it

over the observation time, which matches the reduced killing

activity observed. Interestingly, ineffective and productive

CTLs diverged in their attachment stability, as revealed by the

interaction time with the target cells (respectively, 20 and

50 min). This analysis, therefore, shows that lowering TCR trig-

gering in normal cells reduces LFA-1 activation and is associated

with an increased proportion of cells that display reduced ability

to form stable contacts with target cells.
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Figure 5. Defects of LFA-1 Cluster Belt Assembly and Lytic Granule Positioning in WASP-Deficient CD8+ T Cells

(A) Compilation of SIM images of HD andWASCTLs spreading on ICAM-1/anti-CD3 Ab for 10min prior to fixation. WASCTLs were split into ‘‘radial,’’ ‘‘distorted,’’

and ‘‘kinapse’’ categories, according to morphological parameters.

(B) Open LFA-1 mask corresponding to images shown in (A), overlaid with a distance map of individual perforin dots to the outer border of LFA-1 mask and the

outline of the F-actin.

(C) Percentage of perforin dots detected outside of LFA-1 mask outer border.

(D) Distance of all perforin dots to LFA-1 mask outer border reported to the radius distance of the corresponding compiled cell.

(E) SIM imaging of a representative control and aWASCTL in contact with a target cell pre-coated with anti-CD3 Ab. Bottom panels represent the synaptic area in

contact with the target cell.

Statistical significances were obtained with a two-tailed Mann-Whitney non-parametric t test. ns, p > 0.05; ****p < 0.0001.

See also Figures S4 and S5.
DISCUSSION

In this study, we set out to explore the precise topography of

LFA-1 at the immunological synapse of WAS patient-derived

CD8+ T cells. A combination of advancedmicroscopy modalities

allowed us not only to identify a defect in LFA-1 activation
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but also to produce fundamental knowledge about the interplay

between actin cytoskeleton meshwork organization, LFA-1 acti-

vation, and lytic granule docking.

Since the initial description of the immunological synapse,

the distribution of LFA-1 as a peripheral ring has been a hall-

mark of this structure (Grakoui et al., 1999; Monks et al.,



Figure 6. Sub-optimal TCR Stimulation of

Normal CTL Leads to Reduced LFA-1 Acti-

vation and Killing Efficiency

(A) LFA-1 activation measured by flow cytometry

with the a24 Ab after 30-min interaction of HD cells

with P815 cells pre-coated with the indicated anti-

CD3 mAb concentrations. n = 3 experiments.

(B) Number of residual alive target cells after 4 hr

of a redirected killing assay at a 2:1 E:T ratio

against P815 cells pre-coated with 1 or 10 mg/mL

anti-CD3 mAb.

(C) Target cells (coated with 0, 1, or 10 mg/mL anti-

CD3mAb) were seeded in the presence of HDCTL

(green) at a 2:1 E:T ratio. PI (red) was used to track

lethal hit delivery. Scale bar, 100 mm.

(D) Proportion of productive CTL to target cell

conjugates, based on the detection of PI within the

observation time window of 150 min.

(E) Within productive conjugates, time delay be-

tween initial CTL to target cell contact and PI entry.

(F) Contact time between CTL and target cells,

distinguishing productive conjugates from inef-

fective conjugates.

Error bars indicate mean ± SEM. Statistical

significances were obtained with two-tailed

Mann-Whitney non-parametric t test. ns, p > 0.05;

****p < 0.0001.

See also Figure S6.
1998). It is, however, only recently that the conformational

state of LFA-1 at the immunological synapse has been unrav-

eled with the use of conformation-specific antibodies (Comrie

et al., 2015). Still, the precise topography of LFA-1 remained to

be established. In agreement with a previous report in Jurkat

cells (Kaizuka et al., 2007), we observed by TIRFM that,

upon synapse assembly, primary human CD8+ T cells appear

to aggregate LFA-1 into microdomains. However, the 2 su-

per-resolution microscopy approaches used in our study high-

light that the structures appearing as microdomains corre-

spond to areas densely populated by well-individualized

nanoclusters. The diameter of the LFA-1 clusters detected

here in T lymphocytes is approximately 100 nm, which is

comparable to that measured by transmission electron micro-

scopy (TEM) at the surface of monocytes (Cambi et al., 2006).

We report that LFA-1 clusters in the open conformation

were concentrated into a belt-like structure, in line with the
Cell R
LFA-1 ring described previously (Comrie

et al., 2015; Kaizuka et al., 2007). High-

affinity LFA-1 molecules are expected to

bind tightly the actin cytoskeleton (Cairo

et al., 2006) to permit a tensile force-

driven activation mechanism (Nordenfelt

et al., 2016). In line with such a central

role of the actin cytoskeleton in the con-

trol of LFA-1 activation and distribution,

our radial analysis of LFA-1 and F-actin

intensities showed that the open LFA-1

clusters lay in the inner layer of periph-

eral actin ring. More unexpectedly how-

ever, our 2D analysis revealed that the
LFA-1 clusters were positioned into the interstices of the actin

cytoskeleton meshwork. Our 3D imaging approach further

revealed that the innermost sections of the LFA-1 clusters

stood on a deeper layer of the actin cytoskeleton. Our analysis,

therefore, posits the question of how LFA-1 clusters are

coupled to the actin cytoskeleton. We favor the hypothesis

that the most superficial layer of the actin cytoskeleton might

provide a physical meshwork to laterally constrain LFA-1

nanoclusters, while the underlying layer might provide a site

for physical coupling and force transmission via Talin-1 and

Kindlin-3 (Evans et al., 2009).

In accordance with this hypothesis, deficiency of the actin

regulator WASP was found to affect the molecular density of in-

dividual active clusters as well as their number. Interestingly,

WASP is also involved in the assembly of F-actin foci beneath

TCR microclusters to facilitate PLCg1 activation and calcium

flux (Kumari et al., 2015). This suggests that distinct F-actin
eports 22, 979–991, January 23, 2018 987



microarchitectures are associated with TCR and LFA-1 nano-

clusters to sustain their specific activation patterns. Indeed,

the use of micropatterns has revealed different actin cytoskel-

eton dynamics associated with the TCR and LFA-1 (Tabdanov

et al., 2015). Importantly, here, we identified WASP as a key pro-

tein to control the assembly of the circular belt of high-affinity

LFA-1 clusters at the CTL synapse, which allowed us to investi-

gate the role of this structure in controlling the cytotoxic activity.

Our data indicate that, while WASP appears to regulate the

confinement and activation of LFA-1 clusters at the nanometric

scale, it also controls their distribution at the cellular scale. It is

probable that defective confinement of the LFA-1 nanoclusters

leads to the different distribution patterns observed in the WAS

CTL. Given the role of WASP in transducing TCR signals

(Kumari et al., 2015), the LFA-1 defects associated with WASP

deficiency reported here might originate from a lower TCR-

evoked activation. We found that stimulation of normal CTLs

with an intermediate anti-CD3mAb concentration led to reduced

LFA-1 activation and killing efficiency. However, we failed to

detect cells with a disrupted LFA-1 cluster belt and with central

localization of clusters, as observed in numerous WAS CTLs.

At the nanometric scale, control CTLs stimulated with 1 mg/mL

anti-CD3 Ab assembled smaller LFA-1 clusters, in which

compactness was, however, not affected as in the case of the

WASP-deficient CTLs. Together, these observations indicate

that the WAS-related defect cannot be simply explained by a

reduced LFA-1 activation. The perturbed morphology of the

WAS CTL revealed here might result in a broad perturbation of

the distribution of membrane receptor beyond LFA-1. However,

WASP deficiency does not appear to affect TCR microcluster

distribution and dynamics (Kumari et al., 2015) or the exclusion

of CD45 from the synapse area (Calvez et al., 2011). Together,

these observations suggest that WASP-controlled actin remod-

eling is particularly important for the control of LFA-1 distribution

and activation.

Cytotoxic T cells assemble a LFA-1/talin ring junction through

which lytic granules are secreted (Somersalo et al., 2004; Stinch-

combe et al., 2001). Lytic granules have been shown to release

their contents by fusing with an actin-depleted secretory domain

located toward the synapse center (Ritter et al., 2015; Stinch-

combe et al., 2001; Stinchcombe et al., 2006). An alternative

model of lytic granule secretion has recently been proposed

based on the observation that lytic granule secretion, visualized

with a fluorescent probe, occurred in an intermediate domain of

the synapse corresponding to the inner side of the F-actin ring

(Basu et al., 2016). Interestingly, measurement of local mechan-

ical forces with micropillars revealed that this domain is where

the strongest forces are exerted. This model implies that lytic

granules are secreted in synaptic areas containing the adhesive

and cytoskeletal machinery required to transmit force. In support

of this model, our experiments with healthy donor CTLs indicate

that lytic granules would preferentially dock at the vicinity of

high-affinity LFA-1 clusters in the inner side of the LFA-1 cluster

belt associated to a relatively dense actin meshwork. In conjunc-

tion with this mechanism, local actin meshwork relaxation might

be required for lytic granule exocytosis as described in natural

killer (NK) cells (Brown et al., 2011; Rak et al., 2011). Taken

together, these observations suggest that lytic granules would
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be preferentially secreted in the inner side of the LFA-1 cluster

belt, providing optimal local forces to control both secretion

and target cell interaction. We argue that the reduced lytic activ-

ity of WAS CTLs is, at least in part, related to a reduced LFA-1

activation and symmetry. Indeed, we previously reported that

both conjugate formation and LAMP-1 exposure are not affected

by WASP deficiency (Calvez et al., 2011; De Meester et al.,

2010). Similarly, the reduction of CTL cytolytic activity induced

by LFA-1 with Fab fragments was not associated with granule

release inhibition but with non-polarized delivery (Anikeeva

et al., 2005). In a physiological setting, the ability to dissolve

and reform the adhesion ring would be required for CTLs to

execute multiple killing. Accordingly, our data point to an ampli-

fication of the WASP-associated killing defect in long-term as-

says, in which multiple killing is favored (Vasconcelos et al.,

2015). Beyond the WASP-deficiency model, our study indicates

that the level of LFA-1 activation might regulate killing efficiency.

Indeed, stimulation of CTLs with an intermediate anti-CD3 mAb

concentration leading to reduced LFA-1 activation is associated

with a lower killing activity. This is explained by the increased fre-

quency of individual CTLs, which establish poorly stable con-

tacts with target cells and fail to kill. Together, our data on the

WASP-deficiency CTL model and the suboptimal activation of

normal CTLs suggest that both quantitative and qualitative

aspects of LFA-1 activation at the nanoscale contribute to the

tuning of killing efficacy.

In conclusion, our study provides a detailed characterization

of LFA-1 topography at the human T cell synapse. It provides

insight into the activation of LFA-1 at the nanoscale and into its

interaction with the underlying actin cytoskeleton meshwork. It

further identifies WASP as a key protein to control the LFA-1

cluster belt that confines lytic granule secretion.
EXPERIMENTAL PROCEDURES

Patients and Cells

Blood samples fromWAS patients and healthy donors were obtained following

standard ethical procedures (Helsinki protocol) and as per French Bioethics

law and with the approval of the local ethics committee. Peripheral blood

mononuclear cells (PBMCs) were isolated by density gradient centrifugation

over a Ficoll gradient (PAA Laboratories). CD8+ T cells were isolated by

negative selection according to the manufacturer’s instructions (STEMCELL

Technologies). T cells were cultured in RPMI 1640 GlutaMAX (GIBCO) supple-

mented with 5% human serum (PAA) and stimulated every 2 weeks with

irradiated PBMCs and Epstein-Barr virus (EBV)-transformed JY cells in the

presence of 1 mg/mL phyto-hematoglutinin (PHA), 100 IU/mL recombinant hu-

man interleukin (rhIL)-2, and 5 ng/mL rhIL-15.WASCTLswere derived from the

patient W2 described previously (Trifari et al., 2006), as well as from patients

WAS1 (De Meester et al., 2010) and WAS4 (Marangoni et al., 2007). The lack

of WASP expression in the patient-derived CD8+ T cells was confirmed by

western blotting as previously reported (Trifari et al., 2006). GFP-expressing

P815 cells were generated by lentiviral transduction and cultured in DMEM

(GIBCO) supplemented with 10% FCS (PAA).

Flow Cytometry

CTLs were stained with anti-CD8-FITC (fluorescein isothiocyanate) mAb and

anti-CD4-PE mAb for 20 min at 4�C, fixed with 3% paraformaldehyde (PFA),

and permeabilized with PBS 3% BSA 0.1% saponin. Intracellular staining

with anti-WASP 5A5 mAb was followed by phycoerythrin (PE)-labeled

secondary Ab. Granzyme B and perforin staining were performed with

FITC-labeled mAb and AF647-labeled mAb (dG9). LFA-1 expression was



revealed with mAb for total (TS2/4) or open conformations (a24). To mea-

sure LFA-1 activation, CTLs were incubated with GFP-expressing target

cells previously coated with anti-CD3 mAb (OKT3, eBioscience). Unlabeled

a24 mAb was added at 2.5 mg/mL during a 1-hr incubation at 37�C. Cells
were fixed with 3% PFA, and the bound a24 mAb was revealed with

AF647-labeled secondary Ab. Antibodies were purchased from BD Phar-

Mingen. Data were acquired on the BD FACSCalibur cytometer and

analyzed with FlowJo software.

Cytotoxic Assays

For the flow-cytometry-based assessment of CTL cytotoxic activity, GFP-

expressing P815 target cells and CTLs were prepared as described for

LFA-1 activation. Cells were pelleted for 1 min at 1,500 rpm and incubated

at 37�C/5% CO2 from 4 to 24 hr. Aphidicolin (Sigma) was used at 0.1 mg/mL

during the duration of the assay to block target cell proliferation. Residual alive

target cell acquisition and quantification were performed as described previ-

ously (Vasconcelos et al., 2015). All data were acquired on a BD FACSCalibur

cytometer and analyzed using FlowJo software. For the microscopy-based

assessment of CTL cytotoxic activity, 8-well IBIDI chambers were coated

with 10 mg/mL of fibronectin (Sigma-Aldrich) for 1 hr at 37�C/5% CO2. CTLs

were pre-stained with CellTracker Green CMFDA dye (Invitrogen) for 30 min

at 37�C/5% CO2 and then transferred to an IBIDI chamber together with

P815 cells pre-coated with anti-CD3 mAb as described for LFA-1 activation.

A 200-mM concentration of propidium iodide (PI) was added in the medium

and present during the acquisition on a Leica SP8 confocal microscope equip-

ped with a chamber set at 37�C/5% CO2.

TIRFM

8-well Labteck chamber slides with a #1.5-glass bottom were coated over-

night with both recombinant ICAM-1/Fc chimera (4 mg/mL) (R&D Systems,

Minneapolis, MN, USA) and anti-CD3 mAb (10 mg/mL) at 4�C. Cells were

stained with 2 mM SiR-actin for 1 hr at 37�C before transferring onto the Lab-

teck chamber slides. Acquisitions were performed by TIRFM illumination inte-

grated within an iLas2 system (Roper Scientific, Lisses, France) incorporated

within an inverted motorized microscope (Nikon Ti, Japan) equipped with a

Plan-Apo 1003 1.45 NA objective and a perfect focus system. Live samples

were imaged at 37�C with 5% CO2. Images were acquired at 1.26–1.29 s

per frame for 10 min using MetaMorph software (Molecular Devices, Sunny-

vale, CA, USA). The emitted photons were collected with a 5123 512 EM-CCD

(electron multiplying charge-coupled device) camera (Evolve; Photometrics,

Tucson, AZ, USA).

dSTORM

#1.5H circular coverslips were coated overnight with recombinant ICAM-1/Fc

chimera and anti-CD3 mAb at 4�C. AF647-labeled a24 mAb was added to

CTLs during their attachment to the coverslips. After 10 min at 37�C, cells
were fixed with 4% PFA. Acquisition was performed by TIRFM illumination

on the system described earlier. Images were acquired at room temperature

(RT) in a solution containing Cysteamine (Sigma, USA) and glucose oxidase

(Sigma, USA) as oxygen scavenger. The AF647 fluorescence was converted

into a dark state using a 640-nm laser. Upon obtaining the adequate density

of blinking events per frame, 20,000 frames were acquired at 50–100 Hz.

Images were reconstructed online using the WaveTracer module (Kechkar

et al., 2013) integrated into MetaMorph (20-nm pixel size). The minimal

surface of a LFA-1 cluster was set as twice the mean surface of the events de-

tected outside the cells, resulting in a value of 0.0055 mm2. On that basis, we

used the DBSCAN algorithm to identify clusters in zoomed insets measuring

1.6 mm3 1.6 mm. The cluster detection was set as aminimumof 3 points within

a radius of 20–40 nm (epsilon). Shape and area were extracted with ggplot2

and factoextra in R software. We wrote a C++ algorithm to determine the

size of clusters in nanometers. Whole-cell cluster counts were measured

using ImageJ with an intensity-based threshold. The ImageJ particle detection

approach was validated by comparison to DBSCAN in test ROIs.

SIM

The staining procedure was comparable to that used for dSTORM with

the following combination: AF568-labeled a24 mAb, phalloidin-AF647, and,
where indicated, anti-perforin mAb revealed with an AF488-labeled secondary

Ab. For conjugates, CTL and P815 cells were seeded in U-bottom 96-well

plates with AF-568-labeled a24 mAb and then were transferred onto poly-L-

lysine-coated #1.5H coverslips for 10 min at 37�C. Fixation and permeabiliza-

tion were executed as described earlier, and F-actin and perforin were stained

byphalloidin-AF488- andAF647-labeledanti-perforinmAbs for 1 hr at RT.Cov-

erslips weremounted in Vectashield H-1000 (Vector Laboratories, Burlingame,

CA, USA). 3D-SIM images were acquired with a Zeiss ELYRA PS1 super reso-

lution (SR)-SIM equipped with a Plan-Apo 633/1.40 NA oil DIC (differential

interference contrast) immersion objective using a scientific complementary

metal-oxide-semiconductor (sCMOS) camera (Hamamatsu) and a 1.603

tube lens. A multicolor image was obtained with the 488-nm, 561-nm, and

642-nm laser excitations using the 28-mm, 32-mm, and 42-mm optical grids,

respectively, which were rotated to three pre-aligned angles and translated

to 5 positions per angle. The different channels were aligned using the point

spread function (PSF) from multicolor beads. The lateral pixel size was 65 nm

in the acquired images and 32 nm in the reconstructed images. The 3D-SIM im-

ages were reconstructed with the Zeiss ZEN software and further verified with

SIMcheck (suite of ImageJ plugins). 3D-SIM images of 550-nm thickness were

analyzedby ImageJ. ThresholdswereperformedonF-actin anda24 intensity to

transform them into two masks; then, the number of a24 clusters in and out of

the F-actin mask were extracted and reported to the surface area of the mask.

Individual cellswere normalized according to eachcell areabefore compilation.

LFA-1 ringmaskwas determined by aGaussian blur and an intensity threshold.

The closest distance of each perforin granule to the outer border of the ringwas

drawn manually and reported to the radius of the compiled cell.

Statistical Analysis

Statistical analyseswere performedusingGraphPad software. Statistical signif-

icance was determined by performing two-tailed non-parametric paired Mann-

Whitney or unpairedWilcoxon t tests. Graphs indicate mean values ± SEM. Re-

sulting p values are indicated as follows: ns, p > 0.05; *0.01 < p < 0.05; **0.001 <

p < 0.01; ***p < 0.001; and ****p < 0.0001.

SUPPLEMENTAL INFORMATION
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