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SUMMARY

The immunological synapse is a complex structure that decodes stimulatory signals into adapted lympho-
cyte responses. It is a unique window to monitor lymphocyte activity because of development of systematic
quantitative approaches. Here we demonstrate the applicability of high-content imaging to human T and nat-
ural killer (NK) cells and develop a pipeline for unbiased analysis of high-definition morphological profiles. Our
approach reveals how distinct facets of actin cytoskeleton remodeling shape immunological synapse archi-
tecture and affect lytic granule positioning. Morphological profiling of CD8* T cells from immunodeficient in-
dividuals allows discrimination of the roles of the ARP2/3 subunit ARPC1B and the ARP2/3 activator Wiskott-
Aldrich syndrome protein (WASP) in immunological synapse assembly. Single-cell analysis further identifies
uncoupling of lytic granules and F-actin radial distribution in ARPC1B-deficient lymphocytes. Our study pro-
vides a foundation for development of morphological profiling as a scalable approach to monitor primary

lymphocyte responsiveness and to identify complex aspects of lymphocyte micro-architecture.

INTRODUCTION

Recent advances in high-content imaging (HCI) allow morpho-
logical profiling of cell populations at a rich level of detail,
providing an integrative readout for complex biological events.
HCl is particularly suitable for systematic analysis of cellular phe-
notypes. It is employed widely in cancer and toxicology research
on adherent cell lines to evaluate cellular fitness and viability
upon drug treatment or genetic alterations (de Groot et al.,
2018; Joshi and Lee, 2015; Papakonstantinou and O’Brien,
2014; Priestley et al., 2019; Wu and Li, 2018). HCI is also a
powerful approach for identification of novel systemic properties
of cells (Bryce et al., 2019; Caldera et al., 2019; Heigwer et al.,
2018; Mattiazzi Usaj et al., 2020). To the best of our knowledge,
HCI has not yet been applied to study immune cell populations,
which are traditionally studied by flow cytometry. Because these
highly specialized cells adopt distinctive morphologies and
structures to sustain their various immuno-surveillance tasks,
HCI would be highly relevant to monitor immune cell shape re-
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modeling upon activation. In particular, the immunological syn-
apse (IS) is a complex structure that sets lymphocyte activation
and function during encounters with antigen-presenting cells
and target cells. Low-throughput microscopy approaches have
revealed that the IS is characterized by a symmetrical architec-
ture consisting of concentric rings of F-actin and integrins,
whereas the antigen receptors occupy a central position (Gra-
koui et al., 1999; Monks et al., 1998). The lymphocyte spreading
associated with IS assembly and organization relies on dynamic
rearrangements of the actin cytoskeleton (Dustin and Long,
2010). In cytotoxic lymphocytes, including CD8* T cells and nat-
ural killer (NK) cells, the IS is particularly important because it
sustains polarized delivery of cytolytic molecules, such as per-
forin and granzymes, toward target cells (Somersalo et al,
2004). The study of IS organization has remained low throughput
and has been restricted to analysis of a limited number of
morphological measurements. A more systematic and in-depth
assessment of the IS would leverage this structure as a pivotal
readout for characterization of lymphocyte activation.
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In this study, we report implementation of a scalable HCI
approach combining confocal imaging of human T and NK cells
stimulated over 2D surfaces functionalized with ICAM-1 and stim-
ulatory antibodies (Abs), and high-dimensional profiling and clus-
tering of IS morphologies. Comparison of lymphocytes treated
with drugs affecting different facets of actin cytoskeleton remod-
eling highlights a variety of morphological alterations and effects
on lytic granule distribution and degranulation. Application of
our HCI pipeline to lymphocytes isolated from human blood re-
veals distinct morphological profiles in individual healthy donors.
Furthermore, our method allows discrimination of synapse de-
fects in untransformed CD8" T cells from individuals with related
deficiencies in the actin regulators ARPC1B and WASP, illus-
trating its potential to identify disease-specific morphological sig-
natures. Single-cell analysis points to a loss of relationship be-
tween actin radial distribution and lytic granule dispersion as a
possible explanation for the reduced cytotoxic activity of
ARPC1B-deficient CD8" T cells. This inspired complementary
time-lapse recording of actin and lytic granule dynamics, indi-
cating unstable positioning of the lytic granule pool in ARPC1B-
deficient CD8"* T cells. Finally, we detail our experimental and
computational methods and provide a reproducible analysis envi-
ronment to enable their application to other study models.

RESULTS

Morphological profiles of T and NK cell ISs

To systematically analyze the morphological profile of T and NK
cells, we designed a custom HCI workflow consisting of seeding
cells on stimulatory surfaces in microwells of 96- or 384-well
plates with subsequent fixation and staining for nuclei, the actin
cytoskeleton, and perforin or LFA-1 with combinations of fluores-
cent dyes and Abs. Confocal images were acquired on an Opera
Phenix high-content screening system equipped with a water im-
mersion 40x objective and 4 scientific complementary metal-ox-
ide-semiconductor (SCMOS) cameras. Images were acquired
along 8 Z-planes with a 0.5-um interval starting from the cell-sub-
strate interface and were analyzed with CellProfiler (McQuin et al.,
2018) to automatically segment individual cells and extract quan-
titative morphological descriptors based on the different fluores-
cent markers (Figure 1A). As proof of concept, we applied our
approach to NK-92 and Jurkat cells, two human cell lines
commonly used as models for NK cells and T cells, respectively.
Cell morphologies were compared upon interaction with a poly-L-
lysine (PLL)-coated or stimulatory surface with the LFA-1 ligand
ICAM-1 and stimulatory Ab evoking IS assembly. Upon co-stim-
ulation with ICAM-1 and anti-NKp30/NKp46 Ab, NK-92 cells
spread, emitted F-actin-rich peripheral pseudopodia, and gath-
ered perforin-containing granules toward the center of the cell-
substrate interface, as indicated by their detection in proximity
of the cell-substrate interface (Figure 1B; Figure S1A). These ob-
servations are in line with the hallmarks of the IS in cytotoxic lym-
phocytes (Dieckmann et al., 2016; Dustin and Long, 2010), vali-
dating our high-throughput stimulation and staining procedure.
We first assembled a curated set of descriptors to serve as the ba-
sis for morphological profiling. Based on literature describing the
IS and reporting polarization of F-actin and lytic granules in NK
cells (Krzewski and Coligan, 2012; Mace et al., 2012, 2014), we in-
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tegrated morphological descriptors for F-actin and perforin stain-
ing and completed them with nuclear measurements via DAPI
staining (Figure 1C; Table S1). The selected descriptors were ex-
tracted as mean values per field of view averaged across 3 exper-
iments. The increases in F-actin intensity and cell area were prom-
inent features of the stimulation compared with the PLL condition.
Furthermore, the number of perforin-containing granules de-
tected at the cell-substrate interface increased upon stimulation,
which is indicative of their enrichment toward the IS. We detected
relative spreading of the area covered by lytic granules, support-
ing the notion of multiple docking domains at the synapse (Brown
et al., 2011). Notably, our analysis also highlights an increase in
nucleus area as a typical feature of the IS in stimulated NK-92
cells. The nucleus area increased noticeably along with F-actin in-
tensity when assessed across three experiments (Figure 1D), sug-
gesting that cortical actin is associated with mechanical tensions
that may flatten the nucleus. Of note, the absolute values for F-
actin intensity were higher in one of the 3 experiments, possibly
resulting from differences in staining quality. This indicates that
absolute values for staining intensities across experiments should
be considered with caution. Consequently, all further compari-
sons of samples and treatments were done within the same stain-
ing/acquisition batches and within the same plates. To ensure
that no morphological heterogeneity across cells was overlooked
by comparing mean values per field of view, F-actin intensity was
assessed on a per-cell basis (Figure 1E). The unimodal increase in
F-actin intensity driven by stimulation of NK-92 cells indicates a
relatively homogeneous IS assembly, which validates our
approach.

In parallel, the HCI workflow was applied to Jurkat cells, which
were stimulated with ICAM-1 and anti-CD3 Abs. We selected, in
this instance, 12 measurements to constitute our curated set of
morphological descriptors, which pertained to F-actin, LFA-1,
and DAPI staining to monitor hallmarks of the T cell IS (Dustin
and Long, 2010). Because Jurkat cells do not express perforin,
the LFA-1 integrin was stained instead. Compared with the
neutral PLL surface, ICAM-1/anti-CD3 Ab stimulation led to
cell spreading, assembly of a peripheral F-actin ring-like struc-
ture, and distribution of the integrin LFA-1 as a dense array of
clusters at the cell-substrate interface (Figure 1F; Figure S1B),
which are characteristic for the IS (Dustin and Long, 2010; Hou-
madi et al., 2018). Our quantification over multiple fields showed
that, similar to NK-92 cells, F-actin intensity and cell area are
prominent features of the Jurkat cell IS (Figure 1G; Table S2).
Moreover, LFA-1 intensity and LFA-1 area also increased upon
stimulation, and we noted that F-actin and LFA-1 intensities
correlated in individual fields of view with a Pearson correlation
coefficient of 0.50 (Figure 1H). At the single-cell level, F-actin
clearly increased in response to ICAM-1 and anti-CD3 Ab stim-
ulation despite noticeable heterogeneity (Figure 1l). The data
collected on assembly of the IS in NK-92 and Jurkat cells reveal
commonalities, such as a raise in F-actin intensity and cell
spreading, whereas Jurkat cells, but not NK-92 cells, became
rounder upon co-stimulation of LFA-1 and T cell receptors
(TCR). Furthermore, although NK-92 cells flattened their nuclei,
this effect was not observed in Jurkat cells, indicating a distinct
cell spreading behavior in each cell line. Such differences among
the 2 cellular models might be due to distinct IS architectures or
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A Overview of the study design
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Figure 1. HCI of the IS in lymphocytic cell lines
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(B) Representative images of NK-92 cells seeded on poly-L-lysine (PLL) or ICAM-1 plus anti-NKp30/NKp46 Abs, stained for F-actin (green), perforin (yellow), and

the nucleus (DAPI). Scale bars, 10 um.

(C) Selected IS features analyzed as fold change of ICAM-1 plus anti-NKp30/NKp46 Abs over PLL. The data represent the mean of three separate experiments

= 933-5,860 cells).

(

(D) Mean nucleus area in pixels and median F-actin intensity per image across PLL and ICAM-1 plus anti-NKp30/NKp46 Ab conditions.

(E) F-actin intensity distribution per cell across PLL and ICAM-1 plus anti-NKp30/NKp46 Ab conditions.

(F) Representative images of Jurkat cells on PLL or ICAM-1 plus anti-CD3 Abs, stained for F-actin (green), LFA-1 (red), and the nucleus (DAPI). Scale bars, 10 pm.
(G) Selected IS features analyzed as fold change of ICAM-1 plus anti-CD3 Abs over PLL. The data represent the mean of triplicates (n = 125-940 cells).

(H) Median F-actin and LFA-1 intensity per image across PLL and ICAM-1 plus anti-CD3 Ab conditions.

(I) F-actin intensity distribution per cell across PLL and ICAM-1 plus anti-CD3 Ab conditions.

See also Figure S1 and Tables S1 and S2.

different kinetics of the IS assembly, as highlighted recently by a
comparison of primary T and NK cells (Carisey et al., 2018).
Overall, our data validate the reliability and power of our HCI
pipeline for automated morphological profiling of stimulated lym-
phocytes with high spatial resolution.

Cytoskeleton drugs induce distinct alterations of the NK
cell IS

In line with the role of actin remodeling in sustaining IS assembly
(Dustin and Cooper, 2000), our data point to the rise in F-actin

content as a prominent feature of this process. To gain a system-
atic view of how distinct facets of actin dynamics, including poly-
merization, coupling to myosin, and branching or elongation of
filaments, might contribute to assembly of ISs in cytotoxic lym-
phocytes, we performed morphological profiling of NK-92 cells
stimulated with ICAM-1 and anti-NKp30/NKp46 Abs upon
treatment with three concentrations of the drugs latrunculin B,
jasplakinolide, blebbistatin, Y-27632, CK-869, wiskostatin, and
SMIFH2. To compare morphological alterations, we used curated
morphological descriptors identified previously (Figures 2A and
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Figure 2. Comparative analysis of the effect of actin-targeting drugs on lytic granule distribution and exocytosis in NK-92 cells

(A and B) Representative images (A) and graphs (B) representing the fold change of IS descriptors for NK-92 cells seeded on ICAM-1, anti-NKp30, and anti-
NKp46, stained for F-actin (green), perforin granules (yellow), and nuclei (blue) and treated with three concentrations of latrunculin B, jasplakinolide, blebbistatin,
Y-27632, CK-869, wiskostatin, and SMIFH2 with respect to the untreated control. The data represent the mean of triplicates for each concentration (1,425-5,541

cells). Scale bars, 10 um.

(C) Evaluation of LAMP-1 expression on NK-92 cells upon stimulation and treatment with the indicated drugs.

2B). This analysis was complemented with measurement of
LAMP-1 surface exposure to assess the effects of the tested
drugs on lytic granule exocytosis (Figure 2C; Figure S2). As ex-
pected, inhibition of actin polymerization by latrunculin B led to
a concentration-dependent decrease in F-actin intensity (Figures
2A and 2B), validating our approach. Although cell spreading was
not fully impeded, as revealed by only a minor reduction in cell
area, cell roundness increased, possibly because of a reduction
in peripheral actin-rich protrusions. Latrunculin B treatment eli-
cited an increase in the number and area of perforin granules. In
parallel, the treated cells exhibited increased LAMP-1 surface
exposure upon stimulation (Figure 2C). This suggests that the
loss of F-actin density evoked by latrunculin B treatment impaired
the filter function of the F-actin cortical network (Carisey et al.,
2018; Mace et al., 2012), resulting in uncontrolled and poorly
polarized lytic granule exocytosis. F-actin stabilization by jaspla-
kinolide did not result in an increase in F-actin intensity (Figures
2A and 2B). Treatment with an intermediate concentration of
1 uM led to a mild decrease in F-actin intensity, possibly through
competition of the drug with phalloidin-AF488 for F-actin binding
(Bubb et al., 1994). Different from latrunculin B, jasplakinolide ap-
peared to not alter the cell morphological descriptors, implying
that F-actin polymerization, but not stabilization, is crucial for
NK cell IS assembly. A higher concentration of 2.5 uM jasplakino-
lide was tested but discarded because of its apparent detrimental
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effect on cell viability. Treatment with jasplakinolide elicited an in-
crease in the perforin-related descriptors, corresponding to more,
larger, and brighter granules. In contrast to latrunculin B, jasplaki-
nolide treatment was associated with severe impairment of lytic
granule exocytosis (Figure 2C), indicating accumulation of lytic
granules at the synapse plane. This confirms that actin turnover
is required for lytic granule exocytosis (Carisey et al., 2018; Lyub-
chenko et al., 2008). Inhibition of acto-myosin contractility via the
Rho-associated protein kinase (ROCK)-myosin pathway using
blebbistatin or Y-27632 yielded overlapping effects with a mild in-
crease in F-actin intensity and mild decrease in cell roundness
(Figures 2A and 2B), suggesting minor control over overall assem-
bly of the IS. Treatment with blebbistatin and Y-27632 increased
the number of granules detected at the synapse and the area they
occupied but had no effect on LAMP-1 surface exposure (Fig-
ure 2C; Figure S2). In partial contrast with previous reports
regarding the role of myosin IIA in promoting lytic granule fusion
with the cell membrane (Andzelm et al., 2007; Sanborn et al.,
2009), our data suggest that acto-myosin contractility contributes
to lytic granule positioning at the IS without affecting degranula-
tion per se. Given the prominent role of actin polymerization in
controlling the IS, we compared the relative contribution of actin
branching and actin filament elongation, employing inhibitors of
the ARP2/3 complex (CK-869), WASP (wiskostatin), and formins
(SMIFH2). CK-869 treatment led to a concentration-dependent
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decrease in F-actin intensity and cell shape alterations, whereas
wiskostatin and SMIFH2 treatments resulted in a modest increase
in F-actin intensity without distinct alteration of cell shape descrip-
tors (Figures 2A and 2B). A specific property of CK-869 treatment
was a reduction in the number of and area covered by perforin
granules, possibly reflecting the inability of CK-869-treated cells
to polarize lytic granules toward the stimulatory surface because
of defective IS assembly. In agreement, this was accompanied by
adose-dependent reductionin lytic granule exocytosis (Figure 2C;
Figure S2), as reported previously (Randzavola et al., 2019). Low-
concentration wiskostatin and SMIFH2 treatments resulted in an
increase in perforin intensity and area, supporting a role of WASP
and formins in lytic granule positioning at the IS (Houmadi et al.,
2018; Butler and Cooper, 2009). The effect of these treatments
on degranulation was not conclusive because cell toxicity was
observed over the 4 h of the LAMP-1 surface exposure experi-
ments. Overall, our comparative analysis shows that lytic granule
distribution at the NK IS is dependent on the integrity of various
facets of actin dynamics, supporting the notion that multiple
actin-dependent steps control lytic granule docking and exocy-
tosis (Mace et al., 2014). We further identify the ARP2/3 complex
as playing a dominant role in driving actin polymerization, sustain-
ing IS assembly, and controlling lytic granule positioning.

High-definition morphological profiling of NK cells upon
drug treatment

To further enrich the morphological analysis of the IS in the
context of drug treatment, the initial set of curated descriptors
was expanded to include all available measurements. These
included various descriptors of cell shape, staining intensity dis-
tributions and textures, as well as descriptors of heterogeneity,
such as standard deviation of the aforementioned measure-
ments per field of view, because they were found to be informa-
tive in other morphological profiling studies (Breinig et al., 2015;
Bryce et al., 2019; Caldera et al., 2019; Rohban et al., 2019).
From 1,898 initial measurements, a set of 383 morphological de-
scriptors was retained following filtering of non-informative and
redundant descriptors. By opposition to the curated morpholog-
ical descriptors used previously, we further refer to this new set
as comprehensive morphological descriptors. To visualize and
quantify the significance of morphological changes upon drug
treatment compared with untreated cells, we applied a uniform
manifold approximation and projection (UMAP) dimensionality
reduction to these morphological profiles. This allows visualiza-
tion of the relation between the morphology displayed on each
field of view in a 2D morphological space, summarizing the vari-
ation on all the 383 comprehensive morphological descriptors
(Figure S3A). We sorted these measurements based on the
cellular compartment (nucleus, cytoplasm, or granules) and the
concept they described, such as granularity or shape. By exam-
ining the relation between them, we observed no strong clus-
tering, suggesting that the different types of measurements ac-
quired and the different compartments studied provided
complementary and non-redundant information about the IS
changes occurring across treatments (Figure S3B). This also
implied that none of these morphological descriptors were
repeating technical confounders, such as experimental plate po-
sition effect or cell density, because the confounders were more
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similar to each other than to any other descriptor. The morpho-
logical space revealed that latrunculin B, jasplakinolide, and
CK-869 treatments were clustered away from the untreated cells
and from one another, most likely because of these drugs having
prominent and distinct effects on the ability of NK-92 cells to
assemble the IS (Figures 3A, 3B, and 3E). In comparison, mor-
phologies of cells treated with blebbistatin, Y-27632, wiskosta-
tin, and SMIFH2 appeared to be less distinct from the untreated
condition and to cluster in close vicinity of one another (Figures
3C, 3D, 3F, and 3G). The three concentrations assayed per treat-
ment fell into distinct sub-clusters, clearly indicating dose-
dependent effects, as detailed for CK-869 and SMIFH2 (Figures
S3C and S3D). All drug-evoked morphological profiles were
found to be significantly distant from the untreated state. Indeed,
the median robust Mahalanobis distances between the fields of
view of treated cells and their matching negative controls are
larger than expected at random (Figure S3E; Hutz et al., 2013;
Rousseeuw and Leroy, 1987). To get insight into the nature of
the morphological changes identified in this experiment and
pinpoint which of these changes are hallmarks of the chemical
treatments, we trained a random forest classifier (Breiman,
2001). This tells us (1) whether the changes are strong enough
to result in good model performance and (2) which features are
essential to delimit each class. The image set was split to carry
out parameter optimization and validate the performance of
the model by cross-validation. The classifier achieved good per-
formance, as shown on the confusion matrix (Figure 3H), with an
F1 score and an accuracy of 0.89 and 89%, respectively, which
highlights the relevance of the comprehensive morphological
descriptors to characterize treatment effects. Most drugs were
predicted with high accuracy based on the corresponding image
measurements, whereas the morphological effects of blebbista-
tin and Y-27632 were more challenging to distinguish, in line with
their highly related mechanism of action. The importance of each
descriptor for classification was proxied by the average increase
in accuracy obtained by including the given variable in a decision
tree. In particular, our analysis shows that CK-869 treatment
mostly affected nucleus and cytoplasm shape descriptors (Fig-
ure 3l), whereas SMIFH2 treatment altered radial intensity distri-
butions in the cytoplasm (Figure 3J). Only four measurements
described intensities in the cytoplasm within the comprehensive
descriptors. Interestingly, those few descriptors, on average,
increased model accuracy the most, strengthening the neces-
sity, but not sufficiency, of actin intensity measurements to pro-
file the IS. Descriptors pertaining to lytic granules also played a
determinant role in reinforcing model accuracy, providing further
evidence of a tight regulation of lytic granule distribution at the IS.
In comparison, we trained a classifier only on the curated de-
scriptors used previously (Figure S3f). The overall accuracy of
69% and F4 score of 0.70 confirmed that these descriptors char-
acterize relatively well the morphological effects of the actin
drugs, but the unbiased comprehensive approach offers a
considerably higher definition of the morphological description
of the IS. It also confirmed F-actin intensity as a major discrimi-
nating feature and identified cell eccentricity and roundness as
key features to account for the morphological alterations
induced by the drugs (Figure S3G). Our data therefore demon-
strate the ability of the unbiased profiling to identify relevant
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Figure 3. Morphological profiling of the NK cell IS upon drug treatment

(A-G) NK-92 cells were treated with the indicated drugs. Corresponding images were analyzed with CellProfiler for an array of measurements and visualized using
UMAP to position drug-treated cells with respect to untreated cells from the same row.

(H) Confusion matrix and class-wise performance on held-out data of a random forest model trained to predict drug treatment based on the morphology of NK-92

cells seeded on ICAM-1, anti-NKp30, and anti-NKp46.

(I and J) Total and average importance for prediction of morphological features per measurement type and biological object described of NK-92 cells seeded on
ICAM-1, anti-NKp30, and anti-NKp46 and treated with (I) CK-869 or (J) SMIFH2.
In (H)-(J), a darker color indicates a higher number of images or descriptors for a given box, and the corresponding count is provided alongside.

spatially localized events and characterize perturbed cell states
with high-definition power.

Morphological profiling of primary human NK cells upon
drug treatment

We next explored the applicability of HCI to study primary human
lymphocytes. For that purpose, NK cells were purified from the
peripheral blood of three normal donors, treated with four con-
centrations of CK-869 or SMIFH2, and stimulated with ICAM-1
and anti-NKp30/NKp46 Abs (Figure 4A). We disregarded PLL
as a control surface because primary NK cells appeared to
strongly remodel their morphology over this surface, in line
with recent observations (Santos et al., 2018). The stimulatory
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surface promoted an actin-rich IS with lytic granules concen-
trated in one area on the side of the nucleus. The four concentra-
tions of CK-869 caused a marked decrease in F-actin intensity in
the NK cells from the three donors, demonstrating the capacity
of morphological profiling to detect actin cytoskeleton alter-
ations in primary lymphocytes. Notably, the area covered by
the perforin granules, taken as an absolute value or divided by
the cell area, was increased in the CK-869-treated NK cells
from the three donors, showing a clear dose-dependent
response (Figure 4B). This effect is opposite to what was
measured in NK-92 cells, highlighting contrasting responses of
model cell lines and primary cells. Moreover, the four concentra-
tions of SMIFH2 also caused a decrease in F-actin intensity in the
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Figure 4. CK-869 and SMIFH2 treatments alter IS architecture and lytic granule polarization in primary NK cells
(A) Representative images of primary NK cells isolated from peripheral blood mononuclear cells (PBMCs) of three normal donors seeded on ICAM-1, anti-NKp30,
and anti-NKp46, stained for F-actin (green), perforin granules (yellow), and nuclei (blue) and left untreated or treated with four concentrations of CK-869 or

SMIFH2. Scale bars, 10 um.

(B and C) Graphs representing the fold changes of IS parameters of primary NK cells treated with (B) CK-869 and (C) SMIFH2 with respect to untreated controls.
The data represent the mean of 4 replicates for each drug concentration (60-409 cells).
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NK cells from the three donors, highlighting the importance of
formins for actin remodeling at the IS of primary NK cells (Fig-
ure 4C). SMIFH2 treatment also strongly affected the distribution
of perforin granules. Remarkably, dose-dependent reductions in
perforin granule number and covered area were observed in NK
cells from the first two donors and to a lesser extent in the NK
cells from the third donor. Therefore, although inhibition of actin
branching and actin elongation yields comparable net decreases
in polymerized actin, these treatments differentially affect the
distribution of lytic granules. Those observations highlight the
potential of HCI to identify complex relationships between cyto-
skeleton remodeling and organelle trafficking. In addition, HCI
reveals features underlying inter-donor variability upon stimula-
tion and treatment of lymphocyte populations.

Distinct IS defects in CD8* T cells from ARPC1B- and
WASP-deficient individuals

To broaden the scope of application of HCI and assess its rele-
vance in hematological disease settings, we implemented
morphological profiling of CD8" T cells isolated from individuals
suffering from two related inborn errors of immunity (IEls) caused
by mutations in ARPC1B and WAS, which encode a subunit of
the ARP2/3 complex and the ARP2/3 activator WASP, respec-
tively. Cells from three ARPC1B-deficient and three WASP-defi-
cient individuals and three normal donors were stimulated with
ICAM-1 anti-CD3 Abs and stained for F-actin, perforin, the nu-
cleus, and CD8 (for exclusion of contaminating non-CD8*
T cells). Analysis of 13 curated morphological descriptors high-
lighted that F-actin intensity was decreased in cells from
ARPC1B- and WASP-deficient individuals compared with cells
from normal donors (Figures 5A and 5B). This decrease was
observed in all individuals (Figures S4A-S4D). When examining
the mean values of the descriptors pertaining to shape and the
nucleus, T cells from ARPC1B-deficient and WASP-deficient in-
dividuals did not appear to display striking alterations (Figure 5B;
Figures S4A-S4D). Remarkably, the number of detected perforin
granules and, consequently, the average fraction of the cell area
they occupied was increased in T cells from ARPC1B- and
WASP-deficient individuals (Figure 5B). This was the case for
all three WASP-deficient individuals and two of three ARPC1B-
deficient individuals (Figures S4A-S4D). The effect of these nat-
ural deficiencies on lytic granule positioning is reminiscent of the
increase in perforin descriptors observed above upon treatment
of primary NK cells with the ARP2/3 inhibitor CK-869. Our find-
ings also align with a previous characterization of IS defects in
WASP-deficient (Houmadi et al., 2018) and ARPC1B-deficient
individuals (Brigida et al., 2018; Randzavola et al., 2019). We
took advantage of the side-by-side HCI analysis of T cells from
the 2 disease entities to identify specific traits. We selected a
comprehensive set of 306 informative descriptors we projected
onto a morphological space with UMAP. This analysis evidenced
amarked segregation of affected individuals from control donors
but also among the 2 disease entities (Figure 5C). This indicates
that, beyond reduced F-actin intensity and altered distribution of
lytic granules, additional morphological descriptors might be
differentially altered in ARPC1B- and WASP-deficient CD8"
T cells. Applying a random forest model, we then tested the abil-
ity of our approach to distinguish cells from normal donors and
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from each of the two deficiencies. Near-perfect classification
was obtained on the validation set of images, with an overall ac-
curacy of 96% and F1 score of 0.96 (Figure 5D), confirming that
the ARPC1B and WASP deficiencies were associated with
distinct morphological alterations. The categories of descriptors
selected most often by the random forest model indicated that
ARPC1B-deficient T cells were mostly recognized on the basis
of descriptors pertaining to the cell periphery (referred to as
“cytoplasm” and corresponding to the cell mask extending
beyond the nucleus projection) (Figures 5E and 5F). These de-
scriptors included mean and standard deviation of radial distri-
bution of actin intensities as well as shape- and texture-related
parameters. These descriptor classes also accounted partly for
the discrimination of WASP-deficient T cells. However, these
cells were mostly recognized on the basis of descriptors pertain-
ing to the cell center (referred as to “nucleus” and corresponding
to the nucleus projection mask). These descriptors included
shape- and texture-related parameters. This ranking of discrim-
inative descriptor classes reveals distinct morphological signa-
tures in T cells with the related ARPC1B and WASP deficiencies
that suggest non-overlapping spatial distribution of associated
defects in the context of IS assembly.

Altered lytic granule distribution in ARPC1B-deficient
CD8* T cells revealed by single-cell analysis

CD8* T cells isolated from an ARPC1B-deficient individual have
been shown recently to be unable to kill target cells, and this
impairment was associated with a combination of defects in la-
mellipodium formation, centrosome polarization, lytic granule
dispersion, and expression of TCR, CD8, GLUT1, and granzyme
B (Randzavola et al., 2019). Here we sought to exploit the
confocal resolution and single-cell granularity of our HCI
approach to investigate in more detail how defective actin re-
modeling may relate to aberrant distribution of lytic granules in
the context of ARPC1B deficiency. We confirmed that
ARPC1B-deficient CD8" T cells have reduced cytotoxic activity
(Figure S5D) with evidence of aberrant morphology upon contact
with target cells (Figure S5E). However, the CD8* T cells from the
ARPC1B-deficient individuals considered in our study ex-
pressed normal levels of the TCR, CD8, perforin, and granzyme
B (Figure S5C), indicating that the killing defect was not related to
aberrant expression of these molecules. We first took advantage
of the confocal resolution of our imaging approach to quantify
lytic granule distance from the synaptic plane. Eight confocal sli-
ces spanning 3.5 um above the cell-substrate interface were ac-
quired in cells stained for perforin, F-actin, and the nucleus. Our
analysis indicates that lytic granules are detected all along the
considered Z-planes with enrichment in z layers 3 to 5 corre-
sponding to the layer 1-2 um from the synapse plane (Figure 6A).
Clearly, polarization of the lytic granules toward the synapse
plane was not altered in CD8" T cells from the 2 ARPC1B-defi-
cient individuals, implying that ARPC1B deficiency in the 2 stud-
ied individuals did not prevent lytic granule positioning toward
the IS. Next we exploited the power of our HCI approach in col-
lecting morphological descriptors pertaining to individual cells to
extract relations between actin and perforin features at a single-
cell level. Using multiple linear regression, we estimated the rela-
tionship between key actin-based descriptors and lytic granule
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Figure 5. HCI of the IS in WASP- and ARPC1B-deficient CD8* T cells

(A) Representative images of CD8" T cells from normal donors and affected individuals, seeded on ICAM-1/anti-CD3 Abs and stained for F-actin (green), perforin
granules (yellow), CD8 (red), and nuclei (blue). Scale bars, 10 pm.

(B) Average characteristics of the IS of CD8" T cells from affected individuals, represented as fold change with respect to the average of three normal donors. The
data represent the mean of eight replicates for each sample (24-443 cells per replicate, 2,890-4,881 cells per condition).

(C) UMAP projection of CD8* T cell morphological profiles. Different shapes denote different samples under each condition (dots, squares, and triangles for the
first, second, and third donor/affected individual, respectively).

(D) Confusion matrix and class-wise performance on held-out data of a random forest model trained to discriminate between affected individuals and normal
donors.

(E) Total and average importance of morphological features per measurement type and biological object described for prediction of ARPC1B deficiency status.
(F) Total and average importance of morphological features per measurement type and biological object described for prediction of WASP deficiency status.
In (D)—(F), a darker color indicates a higher number of images or descriptors for a given box, and the corresponding count is provided alongside.

positioning in individual normal donor CD8* T cells at the Z-plane  ules. We wanted to find out whether descriptors pertaining to
the most proximal to the cell-substrate interface (Figure 6B). The  F-actin distribution and cell shape might correlate with lytic
mean minimal distance between lytic granules and the celledge  granule dispersion. Eight independent variables were found to
was considered to account for the radial dispersion of lytic gran-  significantly contribute to the capacity of our model to predict
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Figure 6. In-depth characterization of ARPC1B deficiency through single-cell analysis of the 3D distribution of lytic granules, granule-actin

covariate analysis, and live imaging

(A) Distribution over consecutive focal planes of individual perforin® objects identified as lytic granules in CD8" T cells from 3 healthy donors and 2 ARPC1B-

deficient individuals upon interaction with ICAM-1 and anti-CD3 Abs.

(B) Positive (green) or negative (red) associations using linear regression of the average minimum distance between the lytic granules and the cell edge based on
eight actin-based morphological descriptors at the synapse plane of the indicated cells. Representative images of healthy donor and ARPC1B-deficient CD8*

T cells, showing the relationship between lytic granule and F-actin distribution.

(C) Snapshots of representative video recordings of healthy donor and ARPC1B-deficient CD8" T cells interacting with an ICAM-1 and anti-CD3 Ab-coated
surface and stained with silicon rhodamine (SiR)-actin (red) and LysoTracker (green).

lytic granule dispersion in individual cells (r? = 0.2886; Table S3).
In particular, our analysis revealed that the radial distribution of
F-actin was associated with lytic granule dispersion even when
accounting for geometrical confounders. More precisely, the
higher the fraction of F-actin intensity at the synapse center,
the higher the dispersion of lytic granule toward the cell edges
(Figure 6B). This is in line with the notion that partial depletion
of F-actin at the IS center is required for lytic granule exocytosis
at this site. When this analysis was applied to ARPC1B-deficient
T cells, the association of lytic granule dispersion with 7 of the 8
F-actin/shape descriptors held true (Figure 6B; Table S3).
However, the association with F-actin density at the IS center
was inverted, meaning that higher central F-actin intensity was
associated with more central lytic granules (Figure 6B; Table
S4). This analysis of parameter correlation at the single-cell level
indicates that ARPC1B deficiency disrupts the association be-
tween the radial distribution of F-actin and lytic granule posi-
tioning. To resolve the temporal aspect of lytic granule disper-
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sion in ARPC1B-deficient CD8" T cells, we complemented our
HCI 3D analysis by time-lapse microscopy using identical stim-
ulatory conditions. We employed a spinning disk microscopy
setting to focus on the 1-to 2-um layer above the IS and acquired
images every 35 s. Actin dynamics were visualized with SiR-
actin, whereas lytic granules were revealed with LysoTracker.
In line with the HCI data, ARPC1B-deficient T cells displayed
aberrant IS assembly upon interaction with the stimulatory sur-
face with abnormal cell edge dynamics (Figure 6C; Video S1).
In healthy donor and ARPC1B-deficient CD8" T cells, lytic gran-
ules gathered around a ring-like actin structure, presumably cor-
responding to the previously described peri-centrosomal F-actin
network (Obino et al., 2016). However, this F-actin ring and the
bulk of lytic granules appeared to oscillate more in ARPC1B-
deficient CD8" T cells and to occupy a less central position
compared with their normal counterparts (Figure 6C; Video
S1). Our HCI measurements, complemented by live-recording
observations, indicate that ARPC1B deficiency does not affect
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the overall polarization of the lytic granule pool but affects its dy-
namic distribution at the synaptic plane. Our analysis points to
the aberrant radial organization of the actin cytoskeleton at the
IS as a major factor contributing to this defective distribution.

DISCUSSION

By combining automated cell imaging with computational image
analysis pipelines, HCI provides novel opportunities to systemat-
ically analyze cellular mechanisms (Breinig et al., 2015; Bryce
et al., 2019; Rohban et al., 2017). However, the potential of this
approach has not yet been explored for the study of immune cells.
Here we tailor an HCI approach for high-definition morphological
profiling of various human cytotoxic lymphocyte populations and
focus on imaging of the IS as a means to capture the responsive-
ness and effector potential of these cells. We validate our HCI
approach by identifying distinct morphological signatures evoked
by a panel of actin-targeting drugs. We were thus able to charac-
terize different defects occurring at the IS and how they converge
in altering lytic granule positioning. We further reveal the power of
our HCl approach to discriminate individual donors on the basis of
immune cell morphological traits. We also exemplify the clinical
applicability of this approach by identifying cytotoxic lymphocyte
aberrations in individuals with severe congenital IEls.
Conveniently, a simple 2D static approach based on adsorption
of stimulatory molecules on the surface microwells was sufficient
to robustly stimulate assembly of morphological structures qual-
ifying as I1Ss. We show that various human lymphocyte popula-
tions, including model cell lines, cells freshly isolated from the
blood, as well as expanded primary cells, can be stained and
imaged with an automated confocal microscope at high resolu-
tion in a 384-well format, allowing analysis of several samples,
activation conditions, and perturbations in parallel. Computation-
ally, we use robust statistics and work at an image-level resolu-
tion, typically gathering a few dozen cells imaged over four
Z-planes (along the optical axis) representing the 2-um section
of the cells most proximal to the stimulatory substrate. Although
most morphological profiling studies have been limited to average
profiles over wells or replicates (Breinig et al., 2015; Caie et al.,
2010; Caldera et al., 2019), a few approaches have defined pro-
files based on single cells (Caicedo et al., 2018; Lu et al., 2019).
To compare samples and treatments, we considered the vari-
ability in morphology displayed in each image by including mea-
sures of dispersion that have been proven to be beneficial for
morphological profiles and could potentially be improved by add-
ing a higher-order joint statistical moment (Rohban et al., 2019).
We also exploit individual cell heterogeneity to extract relation-
ships among detected descriptors (e.g., F-actin radial distribution
and lytic granule dispersion) at single-cell resolution. From an
analytical point of view, we elaborate two complementary
methods. First, we focus on a pre-defined set of morphological
descriptors based on prior knowledge, including cell and nucleus
shape parameters as well as intensities of F-actin, LFA-1, and
perforin at the synaptic plane. We show that this method can be
applied to relatively low numbers of images and provides mean-
ingful identification of discriminative features when comparing
experimental conditions. Second, we implement a high-definition
and unbiased morphological profiling pipeline from which novel
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relevant parameters can be identified and high-performance clas-
sifiers can be trained to discriminate cell states corresponding to
different stimulations, drug treatments, or genetic defects.
Beyond the methodological advance provided in this study,
we present data relevant to understanding lymphocyte activa-
tion from a fundamental and medically relevant perspective.
Among the pre-defined set of morphological descriptors we
identify an increase in F-actin as a hallmark of T and NK lympho-
cyte stimulation by combinations of ICAM-1 and Abs directed
against CD3 or NK receptors, respectively. This is in line with
the previously established role of the actin cytoskeleton in driving
the cell spreading behavior supporting IS assembly (Fritzsche
et al., 2017; Roy and Burkhardt, 2018). Further investigation of
the role of actin cytoskeleton remodeling by treatment of NK
cells with a drug array reveals distinct morphological alterations
upon targeting actin polymerization, depolymerization, and
myosin Il. Our data also point to converging morphologies
induced by some of the drugs with distinct modes of action,
possibly related to a limited number of configurations of the cyto-
skeleton, as described recently in an adherent neuroblastoma
cell line (Bryce et al., 2019; Yin et al., 2014). Strikingly, most
tested drugs yield prominent alteration of the distribution of per-
forin-containing granules, indicating that the different facets of
actin cytoskeleton dynamics are important to regulate polarized
delivery of lytic granules at the IS (Carisey et al., 2018; Hetrick
et al., 2013). Because of the distinct morphological profiles
observed for each drug and detection of dose-dependent effects
in cell lines and primary cells, we envision that such an approach
could be applied for screening immunotherapeutic drugs.
Application of morphological profiling to lymphocyte popula-
tions reveals a previously unappreciated level of heterogeneity
in cellular morphological traits among individuals. When consid-
ering the data pertaining to NK cells freshly isolated from the
blood, we cannot rule out that morphological differences arise
from distinct activation states of cells from different donors.
However, in vitro stimulation and expansion of T lymphocytes,
which are expected to robustly drive cells toward a differentiated
phenotype (Litterman et al., 2014), were also associated with
distinct morphological traits. Further analysis of larger cohorts
of donors and sorted subpopulations of lymphocytes, which
would be compatible with the approach developed here, will
be required to precisely evaluate the degree of morphological
heterogeneity among individuals and lymphocyte subsets. The
sensitivity of the HCI approach is also highlighted by its ability
to distinguish morphological alterations in T lymphocyte popula-
tions isolated from individuals suffering from related IEls. We
show that the limited set of IS morphological descriptors
(because they might be selected for a classic analysis) suggests
an overlap of IS alterations in CD8* T cells of WASP-deficient and
ARPC1B-deficient individuals. However, implementation of
high-definition morphological profiling unravels distinct traits
for each disease entity, with WASP and ARPC1B deficiencies
affecting features of the IS center and periphery, respectively.
Focusing on the recently identified ARPC1B deficiency, we
further exemplify the potential of HCI to extract robust quantifica-
tion of cellular events with high spatial resolution at the single-cell
level. In particular, staining of perforin combined with acquisition
of 8 confocal planes covering a deep layer of the IS allows
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analysis of lytic granule positioning toward the cell-substrate
interface. Our 3D analysis indicates that ARPC1B deficiency
does not impair lytic granule polarization in the context of 2D syn-
apses. Further analysis of the XY dispersion of lytic granules at the
IS plane across normal individual cells reveals numerous corre-
lates with morphological and F-actin-related descriptors, pointing
to the covariates that contribute to lytic granule distribution. Inter-
estingly, ARPC1B deficiency appears to reverse the correlation
between dispersion of lytic granules and radial distribution of
F-actin. These findings motivated complementary investigation
of lytic granule and F-actin dynamics by live imaging. Our data
indicate that the reduced cytotoxic activity of CD8" T cells from
ARPC1B-deficient individuals is mostly related to loss of coordi-
nation between F-actin distribution and lytic granule distribution
at the IS plane. Distinct secondary events, such as compensatory
mechanisms (e.g., the level of ARPC1A expression) or mutations
in other modifier genes, might differentially compensate for the
ARPC1B-related defects in the different individuals and explain
the more restricted defects we observed in our study (Randzavola
etal., 2019; Somech et al., 2017). Our focused study of ARPC1B
deficiency illustrates the potential of HCI to provide guidance for
implementation of complementary low-throughput assays to
assess morphological and functional defects. At this stage, we
cannot generalize the case of ARPC1B deficiency in establishing
a systematic relationship between IS alteration and functional de-
fects. However, it is interesting that multiple IEls have been found
by us and others to be associated with IS defects and functional
impairment (Gil-Krzewska et al., 2018; Kalinichenko et al., 2021;
Mace and Orange, 2014; Pfajfer et al., 2017; Salzer et al., 2016).
Previous reports have also shown that IEls where the IS is defec-
tive fail to eliminate target cells (Mace and Orange, 2014; Mizesko
et al., 2013; Pfajfer et al., 2017). Systematic analysis of multiple
such pathologies and corresponding cellular models would
certainly provide a unique opportunity to establish rules linking
morphology to function.

Here we provide an innovative HCI approach that surpasses
current approaches in unbiasedly detecting morphological traits
of lymphocyte populations upon activation. We thoroughly
report the experimental and computational methods and provide
all scripts used in the analysis to maximize the reproducibility of
the approach developed here. Further research will be needed to
leverage application of HCI to different blood-derived cell sub-
sets, with foreseeable translation into the fields of cancer therapy
and personalized medicine.
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Antibodies

Mouse anti-human CD3 antibody, clone OKT3 eBiosciences Cat#16-0037-81; RRID:AB_468854
Mouse anti-human NKp30 antibody, clone P30-15 BioLegend Cat#325202; RRID:AB_756106
Mouse anti-human NKp30 antibody, clone #210847 R&D systems Cat#MAB18491; RRID:AB_2149445
Mouse anti-human NKp46 antibody, clone 9-E2 BD PharMingen Cat#557847; RRID:AB_2149297
Mouse anti-human perforin antibody, clone dG9 Biolegend Cat#308102; RRID:AB_1085316
Alexa Fluor 647 mouse anti-human perforin antibody, BioLegend Cat#308110; RRID:AB_493254

clone dG9

PE mouse anti-human granzyme B, clone GB11

Pacific Blue mouse anti-human CD8 antibody, clone SK1
PE mouse anti-LAMP1 antibody, clone eBioH4A3

Alexa Fluor 700 mouse anti-human CD56 antibody,
clone B159

Mouse anti-human anti-LFA-1 (CD11a) antibody,
clone HI-111

Alexa Fluor 647 goat anti-mouse IgG1 cross-adsorbed
secondary antibody

Alexa Fluor 555 goat anti-mouse IgG2b cross-adsorbed
secondary antibody

Mouse anti-GAPDH antibody, clone 6C5
Mouse anti-HSP90 antibody, clone F-8
Anti-WASP rabbit polyclonal antibody
Anti-ARPC1B rabbit polyclonal antibody
HRP-conjugated anti-rabbit IgG antibody

BD PharMingen
BioLegend
eBioscience
BD biosciences

BioLegend

ThermoFisher Scientific

ThermoFisher Scientific

Santa Cruz Biotechnology
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Sigma Aldrich
Cell Signaling

Cat#561142; RRID:AB_10561690
Cat#344718; RRID:AB_10551438
Cat#12-1079-42; RRID:AB_10853326
Cat#557919; RRID:AB_396940

Cat#301202; RRID:AB_314140

Cat#A-21240; RRID:AB_2535809

Cat#A-21147; RRID:AB_141778

Cat#32233; RRID:AB_627679
Cat#13119; RRID:AB_675659
Cat#sc-8353; RRID:AB_794067
Cat#HPA004832; RRID:AB_1845044
Cat#7074S; RRID:AB_2099233

Biological samples

Peripheral blood from healthy donors

Peripheral blood mononuclear cells from 3 ARPC1B- and
3 WASP-deficient patients (all male subjects)

Etablissement Francais du
Sang (EFS Occitanie)

San Raffaele Hospital, Milan
Italy ; Saint Anna Children’s
Hopital, Vienna, Austria;
Institut Universitaire du Cancer
de Toulouse - Oncopole,
Toulouse, France

N/A

Somech et al., 2017
Brigida et al., 2018
Dupré et al., 2002

De Meester et al., 2010
Cheminant et al., 2019

Chemicals, peptides, and recombinant proteins

Phalloidin-Alexa Fluor 488

4’ ,6-diamidino-2-phenylindole, DAPI
Recombinant human ICAM-1/Fc chimera
lonomycin

Phorbol 12-myristate 13-acetate, PMA
Latrunculin B

Jasplakinolide

Blebbistatin

Y-27632

Arp2/3 Complex Inhibitor I, CK-869
Wiskostatin

Formin FH2 Domain Inhibitor, SMIFH2

ThermoFisher Scientific
ThermoFisher Scientific
R&D systems
Sigma-Aldrich
Sigma-Aldrich

Abcam

Calbiochem
Sigma-Aldrich
Calbiochem
MedChemExpress
Sigma-Aldrich
Calbiochem

Cat#A12379

Cat#D1306; RRID:AB_2629482
Cat#720-1C
Cat#10634-5MG
Cat#79346-1MG
Cat#ab144291
Cat#420127-50UG
Cat#B0560-1MG
Cat#68802-1MG
Cat#HY-16927-10mM/1ml
Cat#W2270-5MG
Cat#344092-10MG
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Dimethyl sulfoxide, DMSO Sigma-Aldrich Cat#41640-1L-M
Phytohaemagglutinin, PHA ThermoFisher Scientific Cat#R30852801
Recombinant human IL-2 Peprotech Cat#200-02
Aphidicolin Sigma Aldrich Cat#A0781
CellTrace Violet ThermoFisher Scientific Cat#C34571
Fibronectin Sigma Aldrich Cat#F1141-1MG
Cell Tracker green CMFDA ThermoFisher Scientific Cat#C7025
SiR-actin Tebu-bio Cat#SC001
LysoTracker Blue ThermoFisher Scientific Cat#L7525
Protease and Phosphatase Inhibitor Cocktail ThermoFisher Scientific Cat#78442
Poly-L-Lysine Solution (0.01%) Merck Cat#A-005-C

Paraformaldehyde 16%, EM grade

ThermoFisher Scientific

Cat#50-980-489

Critical commercial assays

EasySep Human CD8* T cell enrichment kit
MagniSort Human NK enrichment kit
Super Signal West Pico Chemiluminescence Substrate

StemCell
Invitrogen
ThermoFisher Scientific

Cat#19053
Cat#8804-6819
Cat#34080

Deposited data

Morphological measurements

This manuscript

FigShare: https://doi.org/10.6084/
m9.figshare.11619960

Experimental models: Cell lines

NK-92 lymphoblastic natural killer cell line, originating ATCC Cat#CRL-2407; RRID:CVCL_2142
from the peripheral blood of a male subject

Jurkat lymphoblastic T cell line, originating from the ATCC Cat#TIB-152; RRID:CVCL_0367
peripheral blood of a male subject

P815 mastocytoma cell line of murine origin (DBA/2 strain) ATCC Cat#TIB-64; RRID:CVCL_2154
Software and algorithms

FlowJo BD FlowJo 10.7.2

R The R Foundation R 3.5.1

Excel Microsoft 1902

umap-learn Mclnnes et al., 2018 0.3.6

robustbase CRAN 0.93

randomforest CRAN 4.6

CellProfiler McQuin et al., 2018 3.0

ggplot2 CRAN 3.1.1

Harmony high-content imaging and analysis software PerkinElmer HH17000012

Analysis notebooks

This manuscript

Zenodo: https://doi.org/10.5281/
zenodo.4562363

Other

CellCarrier-384 Ultra Microplates

PerkinElmer

Cat#6057300

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Loic Dupré

(loic.dupre@inserm.fr).

Materials availability

Raw images of individual experimental sets can be obtained upon request.
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Data and code availability

All the CellProfiler pipelines and morphological measurements used in this analysis are made available on FigShare with the DOI
10.6084/m9.figshare.11619960. The analyses can be found and reproduced using the Docker image and scripts provided via Zen-
odo: https://doi.org/10.5281/zenodo.4562363

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines and primary cells

Jurkat cells were cultured in RPMI (GIBCO) supplemented with 10% FBS, 100 U/ml penicillin/streptomycin, 1 mM sodium pyruvate, 1X
non-essential amino acids and 10 mM HEPES (all from ThermoFisher Scientific). NK-92 cells were cultured according to the recom-
mendations from ATCC. Primary NK cells were purified from freshly isolated PBMCs using the MagniSort Human NK enrichment kit
(Invitrogen) and maintained in RPMI supplemented with 5% human serum, 100 U/ml penicillin/streptomycin, 1 mM sodium pyruvate,
1X non-essential amino acids and 10 mM HEPES. Primary CD8" T cells were purified from frozen PBMCs of three healthy donors, three
ARPC1B-deficient patients and three WASP-deficient patients by negative selection using the EasySep Human CD8" T cell enrichment
kit (StemCell Technologies, Inc.). CD8" T cells were stimulated in RPMI supplemented with 5% human serum, 100 U/ml penicillin/strep-
tomycin, 1 mM sodium pyruvate, 1X non-essential amino acids, 10 mM HEPES, 1 ng/ml PHA and 100 IU/ml IL-2. CD8* T cells were
expanded for further rounds every two weeks with a mixture of irradiated PBMCs from three normal donors. Peripheral blood from
healthy donors and patients was obtained in accordance with the 1964 Helsinki declaration and its later amendments or ethical stan-
dards. Informed consents were approved by the relevant local Institutional Ethical Committees.

Patients

ARPC1B Patient 1 (ARPC1B-Pt1, male, 15 years) corresponds to Pt1 in the study by Brigida et al. (2018). The patient carries a
€.64+1G > C splice donor variant in the ARPC1B gene resulting in insertion of 21 nucleotides from intron 2 and usage of an alternative
splice site with partial intron retention and maintenance of the reading frame. ARPC1B-Pt1 was initially described as having a subpop-
ulation (21%) of T cells expressing normal levels of ARPC1B (as detected by flow cytometry), possibly resulting from a secondary mu-
tation. However, expanded CD8* T cells failed to express ARPC1B (Figure S5B). ARPC1B-Pt2 (male, 2 months) corresponds to Pt2 in
the study by Somech et al. (2017) and to P17 in the study by Brigida et al. (2018). ARPC1B-Pt2 carries a 2-bp deletion (n.c.G623DEL-TC)
causing a putative frameshift resulting in premature termination (p.V208VfsX20). The ARPC1B protein was not detected (short fragment
could theoretically be expressed but remain undetected; see Figure S5B). ARPC1B Pt3 (male, 4 years) is a patient with early disease
onset. He carries an homozygous 2-bp duplication (c.613_614dup), leading to a frameshift and premature termination (p.H206Y{sX16).
ARPC1B protein failed to be detected by western blotting in the T cells from the patient (Figure S5B). WAS-Pt1 (male, 1 year) corre-
sponds to patient WAS1 in the study by De Meester et al. (2010). WAS-Pt1 carries a WAS gene nonstop mutation (c.1509A > C), re-
sulting in undetectable WASP expression in the PBMC-derived CD8* T cells (Figure S5A). WAS-Pt2 (male, 5 years) corresponds to pa-
tient WAS2 in the study by Dupré et al. (2002). WAS-P12 carries a 2-nucleotide deletion (ag) in exon 4 (position 484 to 485) resulting in a
stop codon (codon 167). Accordingly, no WASP expression was detected in the expanded CD8" T cells from the patient (Figure S5A).
WAS-Pt3 (male, 51 years) corresponds to patient P10 in the study by Cheminant et al. (2019). WAS-Pt3 carries a ¢.1453G > A mis-
splicing mutation. This patient was reported to express revertant WASP in a minor fraction of peripheral lymphocytes. However we
failed to detect WASP expression in the expanded CD8* T cells from the patient (Figure S5A).

METHODS DETAILS

Flow cytometry-based NK-92 cell degranulation

NK-92 cells were incubated for 1 hr with Blebbistatin (5, 10 and 50 uM), CK-869 (10, 25 and 50 uM), Jasplakinolide (0.1, 1 and 2.5 pM),
Latrunculin B (0.1, 0.25 and 0.5 uM), SMIFH2 (50, 100 and 250 uM), Wiskostatin (10, 50 and 100 uM), Y-27632 (5, 10 and 25 uM) and
DMSO as control (all drugs from Merck). For stimulation cells were transferred into a 96 well plate (Nunc MaxiSorp) coated overnight
at 4°C with 5 pg/ml anti-NKp30 Ab and 0.4 pg/ml recombinant human ICAM-1-Fc chimera (R&D Systems) in PBS, briefly spun down
and further incubated in the presence of chemical compounds and anti-CD107a Ab for 4 hr. Following incubation, NK-92 cells were
stained with anti-CD56 and anti-CD107a Ab for 30 min, washed, fixed and analyzed using LSR-Fortessa flow cytometer.

Cytotoxicity assay

Target P815 cells were stained for 30 min with Cell Tracker green CMFDA (ThermoFisher Scientific) and coated with 0 to 10 pg/mi
anti-CD3 Ab (OKT3, eBiosciences) for one hour at 37°C. They were also treated with 0.2 ug/ml aphidicolin to prevent proliferation
during assessment of killing. CD8" T cells were stained in parallel with CellTrace Violet (CTV, ThermoFisher Scientific). Stained
P815 and CD8" T cells were seeded at a 1 to 1 ratio in a 384-well plate precoated with 1 pg/ml fibronectin and incubated at
37°C, 5% CO0, for 24 hr. Cells were imaged on an automated spinning disk confocal HCS device (Opera Phenix, PerkinElmer) with
a 20x objective, necessitating 25 fields of view per well for full surface coverage. Residual alive target cells were counted automat-
ically with the Harmony software on the basis of their size and CMFDA staining. Percentage of killing was calculated as 100 - (100 x
residual alive target cells / unexposed target cells).
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Live microscopy

Eight-well chamber slides (IbiTreat, ibidi) were coated overnight with 4 ng/ml recombinant human ICAM-1-Fc chimera (R&D Systems)
and 10 pg/ml anti-CD3 Ab (OKT3, eBiosciences) at 4°C. Cells were stained with 2 uM SiR-actin (tebu-bio) and 1 uM LysoTracker Blue
(ThermoFisher Scientific) for 1 hr at 37°C before transfer to the pre-warmed coated slides. Cells were imaged on a Nikon inverted
spinning disk confocal microscope equipped with an oil immersion 40X objective (NA 1.3), a SCMOS camera (6.5 um/pixels) and
a temperature and CO, controlled chamber. Acquisition of SiR-actin, LysoTracker Blue and DIC were done over multiple wells at
1 image every 35 s for a total of 61 frames.

Phenotypic analysis

Expanded CD8" T cells from normal donors and ARPC1B-deficient patients were stained with fluorochrome-coupled Ab recognizing
the extracellular markers CD8 (BioLegend) and LFA-1 (BioLegend) for 30 min at 4°C. Intracellular staining was performed following
fixation and permeabilization, with Ab specific for perforin (BioLegend) and granzyme B (BD Pharmigen) for 45 min at 4°C. The data
were acquired on a MacsQuant Q10 (Miltenyi) and analyzed with FlowJo. Student’s t test was used to calculate significance.

Western blotting

Cell extracts were prepared from 10 x 10° expanded CD8" T cells. Briefly, T cells were washed in PBS and resuspended in RIPA lysis
buffer (Millipore), supplemented with protease and phosphatase inhibitor cocktail (ThermoFisher Scientific). After 20 min on ice,
lysates were cleared by centrifugation. Laemmli sample buffer (BioRad) was added to supernatants and, after boiling, samples
were subjected to SDS-PAGE. Proteins were transferred to nitrocellulose membranes (GE Healthcare). WASP and ARPC1B were
detected with, respectively, anti-WASP Ab (H-250, Santa Cruz Biotechnology) and anti-ARPC1B Ab (HPA004832, Sigma Aldrich),
followed by secondary HRP-conjugated anti-rabbit Ab (Cell Signaling). Control of protein loading was performed by hybridizing
the same membranes with anti-GAPDH or anti-HSP90 Abs (both from Santa Cruz Biotechnology). Detection was performed using
the Super Signal West Pico Chemiluminescence Substrate (ThermoFisher Scientific).

Staining for high-content imaging

CellCarrier-384 Ultra tissue culture treated plates (PerkinElmer) were coated with either 0.1 mg/ml poly-L-lysine (Merck) or a combina-
tion of 2 ng/ml recombinant human ICAM-1-Fc chimera (R&D Systems), 1 ng/mI NKp30 (MAB18491, R&D systems) and 1 pg/ml NKp46
(557487, BD Biosciences). NK-92 cells were cultured in IL-2 free medium overnight. NK-92 cells or primary NK cells were seeded at
15000 and 5000 cells per well, respectively and incubated for 30 min at 37°C. Cells were fixed with 3% paraformaldehyde (Thermo-
Fisher Scientific) and stained with anti-perforin Ab (dG9, Biolegend) and phalloidin-AF 488 (ThermoFisher Scientific). AF 555-conju-
gated goat anti-mouse IgG2b Ab (ThermoFisher Scientific) was used to reveal perforin staining. Nuclei were stained with DAPI (Thermo-
Fisher Scientific).

NK-92 cells were treated with 5, 10 and 50 uM Blebbistatin, 10, 25 and 50 uM CK-869, 0.1, 1 and 2.5 uM Jasplakinolide, 0.1, 0.25
and 0.5 uM Latrunculin B, 50, 100 and 250 uM SMIFH2, 10 50 and 100 uM Wiskostatin and 5, 10 and 25 uM Y-27632 (all drugs from
Merck) for 30 min at 37°C and washed twice in PBS before seeding onto the plates and letting them adhere for 30 min. The same
procedure was applied to primary NK cells treated with 5, 10, 25 and 50 uM CK-869 and 25 50, 100 and 250 uM SMIFH2.

CellCarrier-384 Ultra tissue culture treated plates were coated with either 0.1 mg/ml poly-L-lysine or a combination of 2 ug/ml re-
combinant human ICAM-1-Fc chimera (R&D Systems) and 10 ug/ml anti-CD3 Ab (OKT3, eBioscience). Jurkat cells or untransformed
CD8™" T cells were seeded at 10000 and 5000 cells per well, respectively and incubated for 15 min at 37°C. Cells were fixed with 3%
paraformaldehyde and stained with anti-LFA-1 Ab (clone HI-111, BioLegend) and phalloidin-AF 488 (ThermoFisher Scientific) in per-
meabilization buffer (eBioscience). AF 647-conjugated goat anti-mouse IgG1 Ab (ThermoFisher Scientific) was used to reveal LFA-1
staining. CD8" T cells were in addition stained with anti-perforin Ab and AF 555-conjugated goat anti-mouse Ab (ThermoFisher Sci-
entific) was used to reveal perforin staining. Where indicated, cells were stained with anti-CD8 Ab instead of anti-LFA-1 Ab. Nuclei
were stained with DAPI. Stained cells were kept in PBS at 4°C until imaging. Comparisons of samples or treatments were done within
the same staining/acquisition batches, as well as within the same plates to avoid possible bias due to staining intensity variability. To
account for possible well-to-well variability, each well was replicated at least 3 times.

Image acquisition and processing

Images were acquired on an automated spinning disk confocal HCS device (Opera Phenix, PerkinElmer) equipped with a 40x 1.1 NA
Plan Apochromat water immersion objective and 4 sCMOS cameras (16 bits, 2160 x 2160 pixels, 6.5 um pixel size), allowing simul-
taneous acquisition in 4 channels. For each well, 40 automatically selected fields and 8 Z-planes per field (0.5 um step, starting from
the cell-substrate contact plane) were acquired, making use of a spinning microlens disk. For the experiment on primary NK cells,
only 31 fields of view and 6 Z-planes were imaged, while 13 fields and 13 Z-planes were imaged in the experiment on WASP-
and ARPC1B-deficient patients. Where indicated, stacks of images were combined with maximum projection of 4 focal slices in prox-
imity of the cell-substrate contact plane (z from 2 to 5 with a 0.5 um step). Image datasets were processed with CellProfiler 3.0
(McQuin et al., 2018) (see Data and code availability). In brief, the image quality was assessed, the intensities for experiments
with high background noise were log-transformed, the illumination on each image was corrected based on background intensities,
and DNA precipitations were avoided by multiplying intensities on DAPI channel by phalloidin intensities before segmenting cell
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nuclei using global minimum cross entropy thresholding. A secondary segmentation of the cytoplasms was performed using the
watershed method (Vincent and Soille, 1991) and global minimum cross entropy thresholding on the phalloidin channel. Image
sets with low maximal DNA intensity or showing no nucleus were discarded. Cells having more than 30% of their cytoplasm surface
at less than 5 pixels of another cell were removed, in order to ignore clusters of cells and to focus on single cells displaying an IS. Small
actin speckles in the cytoplasm at more than 3 pixels from the membrane as well as speckles of perforin and secondary objects
spanned around the nuclei by LFA-1 staining were segmented. Additionally, primary NK and expanded CD8* T cells with low
CD8 intensities (if stained) or associated with less than two perforin granules were excluded from the analysis. Finally, measurements
were acquired for colocalization of these objects, intensities in the nuclei and cytoplasms, granularity on all channels, textural and
shape features, intensity distributions, distance and overlap between objects, number of speckles and neighbors less than 10 pixels
away. The average and the standard deviation per field of view of these features were kept. This led to 1898 and 2076 morphological
features in NK-92 and Jurkat cells respectively. For primary NK cells and expanded patient CD8" T cells, features related to actin
speckles were excluded, as they were not found to be informative, resulting in 2386 and 1780 features, respectively.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data processing and visualization

Analyses in R 3.5.1 with the data visualization package ggplot2 3.1.1 and Microsoft Excel (Version 1902) were subsequently conduct-
ed. A smaller set of informative morphological features was selected and the quality of processed images was checked by (i)
removing wells with low maximal DNA intensity and cell count, (i) removing features and images generating missing values and
(iii) removing constant features in the study dataset or the subset of negative controls used as reference. From these images passing
our quality checks, up to 16 raw summary variables were extracted, based on their interpretability and on their known relevance to
describe the IS. The fold changes compared to unstimulated or untreated controls were further reported and displayed in the form or
radar charts. On the other hand, for all features, per-image values X were transformed successively with the following functions f; and
fo, with Xcontro) the negative controls in X on which the dataset is normalized:

fi(X) =log(X +1 — (X))

X — median(Xcontror)
f,(X)=
2 ( ) mad (X Contro/)

To remove redundancy in the set of features used for downstream analyses, we ensured that the selected variables were not exces-
sively linearly correlated. To do so, all features were ordered from highest to lowest median absolute deviation (hence by variation in
the experiment compared to negative controls). Starting from the top of this list, all other features linearly correlated to the first feature
with a Pearson’s coefficient higher than 0.6 were excluded. We sequentially went on with the next remaining feature in the list and
iterated until the acquisition of a small and informative set of uncorrelated features. This led to 383 of such features for the drug screen
on NK-92 (Figure 3) and 306 for the experiment on ARPC1B- and WASP-deficient patients (Figure 5), coined comprehensive morpho-
logical descriptors. This set of features was used for visualization and quantification of the overall morphological changes induced by
perturbations. The dimensionality of the data was reduced using the UMAP algorithm (Mclnnes et al., 2018) to two dimensions for
visualizations and three dimensions for computation of the statistical significance of morphological effects in the drug screen on
NK-92. This pipeline succeeded in selecting a wide range of features that were not excessively biased by confounders (Figure S3B).

Robust morphological perturbation value

To quantify the significance of overall changes in morphology between a perturbed state and a reference state (healthy or untreated
cells), we defined the Robust Morphological Perturbation Value (RMPV). This extends the concept of Multidimensional Perturbation
Value (Hutz et al., 2013) which defines a single value summarizing the statistical significance of morphological changes in multidimen-
sional spaces, by using robust statistics and the minimum covariance determinant (Rousseeuw and Leroy, 1987) decreasing the
sensitivity to technical (unfiltered artifacts) and biological outliers (images displaying extreme morphologies or uncommon cell
states). In brief, the RMPV is obtained for X the set of all filtered and uncorrelated features and Xy the subset of the data correspond-
ing to images of the reference population in five steps. First, the minimum covariance determinant estimator M(Xyyr) is calculated to
describe the variation of morphologies observed in the reference set, using its implementation in the R package robustBase version
0.93. Second, this value is used to determine R, the robust Mahalanobis distance of each images of X to Xyt (Cabana et al., 2019).
Third, the median value R =medain(R) was obtained for each drug tested. Fourth, for 2000 iterations the labels of the condition and
the reference were randomly permuted to obtain an empirical distribution of R under the assumption that there was no difference
between the multivariate location and scatter of the morphological parameters of the perturbation and the reference. Finally, the
RMPV is defined as the empirical p value obtained from these distributions after FDR adjustment for testing changes in multiple con-
ditions and indicates the probability of observing at least half of the images displaying morphological changes of a similar intensity if
the perturbation was similar to the reference.
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Random forest models

We used the random forest algorithm (Breiman, 2001) with its implementation in the R package randomForest version 4.6 and built
classifier models to characterize the strength and types of the morphological changes observed and identify what was specific of
each cellular condition (chemical perturbation or disease state). In brief, the algorithm generates a set of decision trees. Each tree
is constructed to minimize the number of misclassified entries of a bootstrap sample of the training data by choosing between a fixed
number mtry of randomly selected input features at each split. The final prediction of the model is the most common one out of the
predictions of all individual trees. We trained the model on the comprehensive set of informative and uncorrelated morphological fea-
tures measured per image — previously used for dimensionality reduction. Each forest included 1000 decision trees. The dataset was
splitin 6 folds of equal size (459 feature vectors per fold for the treated NK cells and 126 for the ARPC1B- and WASP-deficient patient
cells), each containing all possible classification labels. To select the optimal number mtry of variables selected at each split, we in-
cremented the parameter value from 20 to 90 by steps of 10 and assessed the performance using the macro F; score as defined
below in a 5-fold cross-validation scheme. One extra fold was used as validation set to estimate the performance of the model after
selection of the optimal parameters and retraining on all of the 5 folds used for cross-validation. In the case of the drug screen on the
NK-92 cell line, we used a similar approach using the 13 features of known relevance in describing the IS as input, and testing mtry
values from 1 to 13 with steps of 3. Overall, the performance was evaluated using the macro F; score:

Foolg 2xTh
'"n &2 X TP +FP; +FN;

where n is the number of categories in the classification, and TP;, FP; and FN; are respectively the number of true positives, false
positives and false negatives for category i in the validation set. To interpret the feature importance in the prediction, the mean
decrease in accuracy obtained when including each feature was extracted, either for the prediction of a given class or overall using
micro averaging. The total and average importance of features split in distinct groups based on the type of measurements and bio-
logical object described were calculated as well. These feature groups were defined based on the corresponding CellProfiler mea-
surement types and biological objects. Features that did not describe the cytoplasm, nucleus, perforin granules or actin granules
were counted in the “Other” biological object category. Similarly, features that did not correspond to the “Texture,” “AreaShape,”
“RadialDistribution,” “Granularity” or “Intensity” measurements were grouped under the term “Other.”

Regression of morphological descriptors

For the single-cell morphological measurements of ARPC1B-deficient patients and normal donors (Figures 6A and 6B), we modeled
the average radial position of lytic granules per cell, defined as the minimum number of pixels between a perforin granule and the
edge of the segmented cell, in terms of eight other measurements based on the actin staining, using a multiple least-square regres-
sion with intercept. These covariates were describing the geometry of the cell (“AreaShape_Perimeter,” “AreaShape_FormFactor,”
“AreaShape_MeanRadius,” “AreaShape_MaximumRadius,” “AreaShape_MinorAxisLength”), the total average actin intensity
(“Intensity_Meanlntensity_CorrActin”) as well as the radial distribution of the actin at the synaptic plane (“RadialDistribution_
FracAtD_CorrActin1_10f3” and “RadialDistribution_FracAtD_CorrActin1_20f3"). To note, this corresponds to the intensity fraction
when separating the cell in three concentric regions centered on the nucleus and numbered from 1, for the space directly surrounding
the nucleus, to 3, for the edge of the cell. The third bin was not included in the model as it is purely redundant to the information
contained in bins 1 and 2. Three separate models were obtained across cells from all three normal donors, ARPC1B-Pt1 and
ARPC1B-Pt2, respectively (Table S3).
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Figure S1 | Individual channels and z planes of single cells isolated from representa-
tive fields of view. a. Maximum intensity projection (MIP) of a representative field of view
of NK-92 cells seeded on PLL (top) or ICAM-1, anti-NKp30 and NKp-46 (bottom), with
zoom on a single representative cell stained for F-actin (green), perforin granules (yellow)
and nuclei (DAPI) imaged at 4 z-planes with a step of 0.5 ym and its MIP. b. MIP of a repre-
sentative field of view of Jurkat cells seeded on PLL (top) ICAM-1, anti-CD3 (bottom), with
zoom on a single cell stained for F-actin (green), LFA-1 (red) and nuclei (DAPI) and imaged
at 4 z-planes with a step of 0.5 ym and its MIP. Scale bars: Field of view 50 ym and single
cell 10 ym. Related to Figure 1.
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Figure S2 | Actin-targeting drugs differentially affect lytic granule exocytosis in NK-92
cells. Percentage of LAMP-1* NK-92 cells upon stimulation with coated ICAM-1 and
anti-NKp30 Ab. DMSO or actin-targeting drugs were tested at the indicated concentra-
tions. Histograms correspond to mean + SD of triplicate measurements. Related to Figure 2.
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Figure S3 | Drug treatment leads to distinct immunological synapse phenotypes in
NK-92 cells. a. Confusion matrix and class-wise performance of a random forest model
trained to predict drug treatment based on 13 curated morphological descriptors of NK-92
seeded on ICAM-1, anti-NKp30 and anti-NKp46. b. Importance of the 13 morphological
descriptors for the classification described in panel (a). ¢. UMAP representing the cluster-
ing of all the drugs and the untreated conditions. d. UMAP representing the relations
between confounders and morphological descriptors, obtained by fitting the UMAP on the
transpose of the data underlying panel (c). e-f. Violin plots representing the effect size of
drug concentrations on morphological descriptors for (e) CK-869 and (f) SMIFH2. g.
FDR-corrected Robust Morphological Perturbation Value (RMPV) of the different drugs.
Related to Figure 3.
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Figure S4 | Individual morphology of patient CD8* T cells. a. Average characteristics of
the IS of CD8+ T cells from patients represented as fold change with respect to the average
of three normal donors (312-3091 cells per donor or patient). b-d. Representative images of
CD8+ T cells from (b) normal donors, (¢) ARPC1B-deficient or (d) WASP-deficient patients.
Scale bar: 10 um. Related to Figure 5.
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Figure S5 | Phenotypic and functional charaterization of CD8* T cells a-b. Western blot
analysis of WASP AND ARPC1B expression in the corresponding patients. ¢. Expression
levels of CD8, perforin, LFA-1 and granzyme B in the indicated T cells. d. Cytotoxic activity of
CD8* T cells against anti-CD3-coated P815 target cells. e. Representative images of
the interaction of CD8* T cells (purple) with P815 target cells (green). Arrows point to dead
target cells. Stars point to ARPC1B-deficient T cells with aberrant morphologies. Related to

figure 5 and 6.



Table S1 | Mean values and fold increase of immunological synapse parameters in
NK-92 cells. Mean values of individual parameters pertaining to the immunological synapse
in NK-92 cells seeded on PLL or ICAM-1, anti-NKp30 and anti-NKp46, and the fold change
of the ratio of each mean value on the stimulated condition with respect to PLL. Intensity is
measured in arbitrary units and area in um?. Related to Figure 1.



Table S2 | Mean values and fold increase of immunological synapse parameters in
Jurkat cells. Mean values of individual parameters pertaining to the immunological synapse
in Jurkat cells seeded on PLL or ICAM-1 and anti-CD3, and the fold change of the ratio of

each mean value on the stimulated condition with respect to PLL. Intensity is measured in
arbitrary units and area in um2. Related to Figure 1.



Normal donors Estimate Std. Error t value Pr(>Itl)
Intercept -0.205921 | 0.1595205 -1.291 0.196754
AreaShape_Perimeter -0.004858 | 0.0005022 -9.674 < 2e-16
AreaShape_MaximumRadius 0.4582657 | 0.0158259 28.957 < 2e-16
AreaShape_MinorAxisLength -0.0095155 | 0.0030981 -3.071 0.002132
AreaShape_MeanRadius 0.3306122 | 0.0440017 7514 5.86E-14
AreaShape_FormFactor -0.7657327 | 0.2011575 -3.807 0.000141
Intensity_MeanIntensity_CorrActin 7.0413384 | 0.585683 12.022 < 2e-16
RadialDistribution_FracAtD CorrActinl_10of3 -3.0109743 | 04111895 -7.323 247E-13
RadialDistribution_FracAtD_CorrActinl_20f3 3.8917133 | 0.2652633 14.671 < 2e-16
Adjusted R-squared: 0.2884
ARPCI1B-Pt1 Estimate Std. Error t value Pr(>Itl)
Intercept 0.8029111 | 0.2525619 3.179 0.00148
AreaShape_Perimeter -0.0049727 | 0.0009152 -5.433 5.61E-08
AreaShape_MaximumRadius 0.5992636 | 0.0273474 21.913 < 2e-16
AreaShape_MinorAxisLength -0.0060863 | 0.0072368 -0.841 0.400351
AreaShape_MeanR adius 0.0203988 | 0.0722717 0.282 0.777754
AreaShape_FormFactor -0.751234 | 0.2694728 -2.788 0.005313
Intensity_MeanIntensity_CorrActin 5.0379313 | 1.3418843 3.754 0.000174
RadialDistribution_FracAtD _CorrActinl_10of3 -0.7157633 | 0.4704314 -1.522 0.128152
RadialDistribution_FracAtD_CorrActinl_20f3 1.3439737 | 0.3781638 3.554 0.000381
Adjusted R-squared: 0.2878
ARPC1B-Pt2 Estimate Std. Error t value Pr(>Itl)
Intercept 0.0541722 | 0.180384 03 0.763939
AreaShape_Perimeter -0.004052 | 0.0004741 -8.546 < 2e-16
AreaShape_MaximumRadius 0.5642439 | 0.0207764 27.158 <2e-16
AreaShape_MinorAxisLength -0.0157821 | 0.0043454 -3.632 0.000282
AreaShape_MeanRadius 0.11303 | 0.0553829 2.041 0.041274
AreaShape_FormFactor -1.1368577 | 0.2379435 -4.778 1.78E-06
Intensity_MeanIntensity_CorrActin 6.7594643 | 1.1084589 6.098 1.09E-09
RadialDistribution_FracAtD_CorrActinl_1of3 2.5718437 | 0.5322001 4.832 1.36E-06
RadialDistribution_FracAtD CorrActinl_20f3 1.4839242 | 0.352878 4.205 2.62E-05
Adjusted R-squared: 0.324

Table S3 | Coefficient values in linear models of the distance between lytic granules
and cell edges based on morphological descriptors in single lymphocytes. Related to
Figure 6.



Mean

minimum Radial Radial
distance Cell Mean |distribution|distribution
granule- Cell maximum | Cell minor | Cell mean Cell intensity F-[ at z=1, bin | at z=1, bin

Donor Row [Column| Field X Y edge at z=1| perimeter radius  |axis length | radius | roundness actin 1/3 2/3
ND3 14 8 9 387.75 230.75 4.61511 193924 | 18.1108 | 39.2498 | 6.61522 [ 0.56706 | 0.068513 | 0.11376 | 0.300318
NDI 3 8 17 1734.60385602.26538 | 9.81357 | 198.888 | 19.0263 | 42.6223 | 6.79265 [ 0.567696 |0.0646902 [0.0723923 | 0.277189
ND2 4 15 32 172 406.5 133571 | 212409 | 174642 | 42.2882 | 6.60718 | 0.546465 [0.0654103 |0.0497074 | 0.271457
IARPCIB-Pt2 10 13 22 133470238 591.58333| 12.0592 | 228.859 18.6011 | 41.7853 [ 6.29407 | 0.394436 | 0.0539251| 0.146708 | 0.29765
IARPC1B-Pt2 9 14 27 [394.80949 |975.90586 | 8.93749 254.38 18.6815 | 41.0687 6.2795 [ 0.377715 |0.0587798 [0.0765422 | 0.280822
IARPCIB-Pt2 9 14 18  [671.72049 | 157.47093 | 7.95421 | 232.001 19 40.6662 | 6.31474 | 0.391061 |0.0525494 [0.0407361 | 0.276465

Table S4 | Morphological descriptors values of representative cells. The cells are
described in the same order as shown in Figure 6b. In the CellProfiler analysis, the corre-
sponding parameters in the table are respectively called ‘Mean_FilterNKPerfGranules1_Lo-
cation_Center_X’, ‘Mean_FilterNKPerfGranules1 Location_Center_Y’, ‘Mean_FilterNKPerf-
Granules1_Distance_Minimum_FilterNKCytoplasm’, ‘AreaShape_Perimeter’, ‘AreaShape_-
MaximumRadius’, ‘AreaShape_MinorAxisLength’, ‘AreaShape_MeanRadius’, ‘AreaShape_-
‘RadialDistribution_FracAtD CorrAc-

FormFactor’,

‘Intensity_Meanlntensity _CorrActin’,

tin1_10f3’ and ‘RadialDistribution_FracAtD_CorrActin1_20f3’. Related to Figure 6.
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