N
N

N

HAL

open science

Shigella impairs human T lymphocyte responsiveness by
hijacking actin cytoskeleton dynamics and T cell
receptor vesicular trafficking

Fatoumata Samassa, Mariana Ferrari, Julien Husson, Anastassia Mikhailova,

Ziv Porat, Florence Sidaner, Katja Brunner, Teck-Hui Teo, Elisabetta

Frigimelica, Jean-Yves Tinevez, et al.

» To cite this version:

Fatoumata Samassa, Mariana Ferrari, Julien Husson, Anastassia Mikhailova, Ziv Porat, et al.. Shigella
impairs human T lymphocyte responsiveness by hijacking actin cytoskeleton dynamics and T cell
receptor vesicular trafficking. Cellular Microbiology, 2020, 22 (5), pp.e13166.

pasteur-02616451

HAL 1Id: pasteur-02616451
https://pasteur.hal.science/pasteur-02616451

Submitted on 24 May 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

10.1111/cmi. 13166 .


https://pasteur.hal.science/pasteur-02616451
https://hal.archives-ouvertes.fr

Received: 7 August 2019 Revised: 18 December 2019 Accepted: 18 December 2019

Check for

DOI: 10.1111/cmi.13166 updates
RESEARCH ARTICLE WILEY

o o o o
Shigella impairs human T lymphocyte responsiveness

[ X ] L] (] [ ]
by hijacking actin cytoskeleton dynamics and T cell receptor
[ ] [ ] L]
vesicular trafficking
1 . el . 2
Fatoumata Samassa™ | Mariana L. Ferrari- | Julien Husson® |
. . . 3 . 4 . 5 . 1
Anastassia Mikhailova® | Ziv Porat®™ | Florence Sidaner® | Katja Brunner
. 1 . . . . 1 . 6
Teck-Hui Teo~ | Elisabetta Frigimelica~ | Jean-Yves Tinevez® |
ope 1,7 . 3 . 1
Philippe J. Sansonetti | Maria-Isabel Thoulouze® | Armelle Phalipon
Molecular Microbial Pathogenesis Unit, Institut Pasteur, INSERM U1202, Paris, France
2| aboratoire d'Hydrodynamique (LadHyX), Ecole polytechnique, CNRS, Institut Polytechnique de Paris, Palaiseau, France
3Structural Virology Unit, Institut Pasteur, Paris, France
“Flow Cytometry Unit, Life Sciences Core Facility, Weizmann Institute of Sciences, Rehovot, Israel
5Proteigene, Saint Marcel, France
Image Analysis Hub, Institut Pasteur, Paris, France
7Chaire de Microbiologie et Maladies Infectieuses, Collége de France, Paris, France
Correspondence
Armelle Phalipon, Molecular Microbial Abstract
Pathogenesis Unit, Institut Pasteur, 75724 Strategies employed by pathogenic enteric bacteria, such as Shigella, to subvert the
Paris, France.
Email: armelle.phalipon@pasteur.fr host adaptive immunity are not well defined. Impairment of T lymphocyte chemotaxis
by blockage of polarised edge formation has been reported upon Shigella infection.

Present address i X . .
Elisabetta Frigimelica, GSK Vaccines, 53100 However, the functional impact of Shigella on T lymphocytes remains to be deter-
Siena, Italy. mined. Here, we show that Shigella modulates CD4+ T cell F-actin dynamics and
Maria-Isabel Thoulouze, UMR 1225 increases cell cortical stiffness. The scanning ability of T lymphocytes when encoun-
Interactions Hotes-Agents Pathogenes, Ecole tering antigen-presenting cells (APC) is subsequently impaired resulting in decreased
Nationale Vétérinaire de Toulouse, 23 chemin . X
des Capelles, BP 87614, 31076 Toulouse cell-cell contacts (or conjugates) between the two cell types, as compared with non-
Cedex 3, Paris, France. infected T cells. In addition, the few conjugates established between the invaded T
Funding information cells and APCs display no polarised delivery and accumulation of the T cell receptor
Agency of Science, Technology and Research to the contact zone characterising canonical immunological synapses. This is most
(A«STAR), Singapore; Ecole polytechnique; X i . X L. i
INSIS-CNRS Ingénierie translationnelle 2017 likely due to the targeting of intracellular vesicular trafficking by the bacterial type IlI
LabeX LaSIPS (ANR-10-LABX-0040-LaSIPS), secretion system (T3SS) effectors IpaJ and VirA. The collective impact of these cellu-
Grant/Award Number: ANR-10-LABX- X . . X X .
0040-LaSIPS: Ministére de I'Education lar reshapings by Shigella eventually results in T cell activation dampening. Altogether,
Nationale, de 'Enseignement Superieur et de la these results highlight the combined action of T3SS effectors leading to T cell defects
Recherche; the European Research Council, . . .
Grant/Award Numbers: 232798, 339579; the upon Shigella infection.
French Government's Investissement d'Avenir
Program, Laboratoire d'Excellence “Integrative
Biology of Emerging Infectious Diseases”,
Grant/Award Number: ANR-10-LABX-
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2020 The Authors. Cellular Microbiology published by John Wiley & Sons Ltd
Cellular Microbiology. 2020;22:€13166. wileyonlinelibrary.com/journal/cmi 1of 15

https://doi.org/10.1111/cmi. 13166


https://orcid.org/0000-0002-5769-1274
mailto:armelle.phalipon@pasteur.fr
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://wileyonlinelibrary.com/journal/cmi
https://doi.org/10.1111/cmi.13166
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fcmi.13166&domain=pdf&date_stamp=2020-03-01

2015 | WILEY.

SAMASSA ET AL.

62-IBEID; the French Medical Research
Foundation, Grant/Award Numbers:
FDT20170437005, SPF20121226366; the
French National Research Agency under the
“Investissements d'avenir” program (ANR-
11-IDEX-0003-02)

KEYWORDS

IMPORTANCE

Considering the burden of diarrhoeal diseases in low- to middle-
income countries, understanding how the most prevalent pathogens,
such as the Gram-negative enteroinvasive bacterium Shigella causing
bacillary dysentery, impact on the host immunity appears to be of
importance. Although natural infection induces a poorly efficient
short-lasting protection, interactions of Shigella virulence effectors
with host targets to subvert adaptive immunity are poorly docu-
mented. Our study provides new insights into the outcome of the
direct targeting of T lymphocytes by Shigella. We indeed report that
human T lymphocytes invaded by Shigella have a defect in both actin
cytoskeleton dynamics and vesicular trafficking, resulting in the
impairment of the immunological synapse formation. This is likely to
impact on the priming of the specific immunity, which could represent
an advantage for this bacterium with no animal reservoir to permit

reinfection of its human host.

1 | INTRODUCTION

The study of host-pathogen crosstalk has highlighted an immense
number of strategies applied by microbes to subvert the host immune
response. In the case of pathogenic enteric bacteria, such as Shigella,
interactions of bacterial virulence effectors with host targets to sub-
vert innate immunity have been extensively studied. Surprisingly,
interference with the host adaptive immunity is far less documented,
including the impact of bacterial pathogens in its priming (Pinaud,
Sansonetti, & Phalipon, 2018). However, as reported for other patho-
gens, the establishment of a protective immunity to Shigella upon nat-
ural infection has been noted to arise only after multiple rounds of
infection, is often short-lived, and poorly effective in preventing rein-
fection, particularly in young children (Ragib et al., 2000; Raqib et al.,
2002). Shigella is a facultative intracellular pathogen and the causative
agent of shigellosis or bacillary dysentery. This acute rectocolitis is
characterised by a large destruction of the colonic tissue due to the
massive inflammation elicited upon infection. The invasive and pro-
inflammatory phenotype of Shigella relies on the presence of a type Il
secretion system (T3SS), leading to the rapid injection of several effec-
tor proteins into the host cell cytoplasm with dramatic impact on cel-
lular functions (Killackey, Sorbara, & Girardin, 2016; Mattock &
Blocker, 2017; Parsot, 2009). Some reports indicate that the charac-
teristic acute inflammation induced upon Shigella infection may influ-
ence the outcome of adaptive immunity. Indeed, massive death of
adaptive immune cells including lamina propria dendritic cells (DCs)

and B and T lymphocytes has been observed in rectal biopsies of

actin, cell polarisation, Golgi, immunological synapse, Rab proteins, Shigella, T cell activation,
T3SS effectors, TCR, vesicular trafficking

Shigella-infected individuals, alongside with high levels of immunosup-
pressive cytokines (Islam, Azad, Bardhan, Raqib, & Islam, 1994; Mat-
han & Mathan, 1991). In a model of human intestinal xenograft,
Shigella has been shown to downregulate the production of the che-
mokine CCL20 by infected enterocytes, resulting in a weak recruit-
ment of DCs to the site of infection (Sperandio, Regnault, Guo,
et al., 2008).

More recently, the direct targeting of host adaptive immune cells
including DCs and B and T lymphocytes has been highlighted
(Brunner, Samassa, Sansonetti, & Phalipon, 2019). Such interactions
may take place in isolated lymphoid follicles associated to the colonic
mucosa, in the lamina propria and also possibly within mesenteric
lymph nodes. Several reports demonstrated that Shigella infection of
human B and T lymphocytes results in critical dampening of immune
cell function. Indeed, Shigella induces cell death in B lymphocytes, by
various invasion dependent and independent mechanisms (Nothelfer
et al,, 2014). Shigella targeting of T lymphocytes on the other hand
impairs their chemotaxis in vitro (Konradt et al., 2011), along with the
alteration of their migration pattern in vivo (Salgado-Pabon et al.,
2013). Shigella-induced impairment of T cell chemotaxis is due to the
action of the T3SS effector IpgD, a phosphoinositide-4-phosphatase
mediating the hydrolysis of phosphatidylinositol 4,5 biphosphate (Pl
[4,5]P,). The reduction of the PI(4,5)P, pool at the plasma membrane
consequently prevents the formation of the polarised edge that is
necessary for the initiation of T cell migration (Konradt et al., 2011).

CD4+ T cell activation promoted upon infection leads to the
induction of a pathogen-specific T cell response, which is usually key
for the efficiency of the protective immunity towards the pathogenic
agent. This activation is achieved due to the remarkable capacity of
these cells to deform and polarise upon recognition of an activating
antigen-presenting cell (APC), shifting from a migratory asymmetrical
phenotype to a more symmetrical polarised phenotype, characterising
the immunological synapse (IS). The IS is a complex macromolecular
structure at the T cell-APC interface involving the T cell receptor
(TCR) recognition of the cognate peptide ligand associated to the
major histocompatibility complex on APCs, which results in the coor-
dinated polarisation of receptors, adhesion molecules, kinases, signal-
ling molecules, cytoskeletal elements, and organelles towards the
contact area between the two cells (Alcover, Alarcén, & Di Bartolo,
2018; Brown et al., 2003; Dustin & Choudhuri, 2016; Hivroz &
Saitakis, 2016). The IS is a highly dynamic platform, which requires
two critical cellular processes to ensure its appropriate formation:
actin cytoskeleton remodelling and polarised vesicular trafficking.
Both are mandatory to bring all the necessary molecules, including
TCR, to the contact zone between the two cells to coordinate the

complex activation cascade in a timely manner. Noticeably, both have
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been shown to be the targets of Shigella T3SS effectors in intestinal
epithelial cells (Burnaevskiy et al., 2013; Dong et al., 2012; Ferrari
et al., 2019; Mounier et al., 2012). We thus hypothesised that Shigella
could impact T cell activation by interfering with processes regulating
cellular motility and IS formation. As a follow-up with our previous
studies (Konradt et al., 2011; Salgado-Pabon et al., 2013), the analysis
has been centred on Shigella-invaded CD4+ T cells upon in vitro infec-
tion. Additionally, a classical in vitro assay for IS formation using
human Jurkat T cells or primary lymphoblasts co-cultured with
superantigen-pulsed Raji B cells as APCs has been performed for a
step-by-step analysis of IS formation upon Shigella infection. Here, we
report that Shigella, via its T3SS, acts at different stages of the molec-
ular activation process to dampen efficient T cell activation.

2 | RESULTS
2.1 | Shigella induces cortical stiffness associated
with increased F-actin in human T lymphocytes

Actin cytoskeleton remodelling is an essential component of T cell
motility (Roy & Burkhardt, 2018). The impact of Shigella on T cell cor-
tical actin structure and dynamics remains unknown. We first investi-
gated the T lymphocyte actin dynamics upon Shigella infection by
quantifying F-actin at the cell membrane by flow cytometry
(Figure 1a) and confocal microscopy (Figure 1-figure supplement 1).
As compared to the non-infected cells, wild-type (WT) Shigella-
invaded cells displayed a twofold increase in their F-actin content
(Figure 1a, Figure 1-figure supplement 1). In addition, the mxiD strain,
which is T3SS defective and thus, non-invasive, was used as a control
to assess the contribution of effective T3SS effectors secretion in the
phenotype observed with the invasive T3SS effective WT strain.
Notably, infection of Jurkat cells with the mxiD mutant did not result
in increased F-actin content, indicating the involvement of a T3SS
effector-dependent mechanism (Figure 1a).

Because the actomyosin cytoskeleton is a major regulator of cor-
tical stiffness (Thauland, Hu, Bruce, & Butte, 2017), we next sought to
investigate cellular stiffness upon bacterial invasion. For this, we
utilised microindentation, which served as a physical measurement
reflecting cell cortical stiffness. In brief, individual Jurkat cells were
subjected to a continuously increasing, compressive force applied by a
glass bead, which is attached to a flexible glass microfibre (Figure 1b).
This force promotes the glass bead to progressively touch—inde-
nted—the cell surface resulting in a local deformation of the cell,
which can be quantified. The degree of deformation is inversely corre-
lated with the cellular stiffness. WT Shigella-invaded Jurkat cells dis-
played a characteristic round morphology with undetectable
membrane protrusions, as opposed to non-infected cells (Figure 1c).
Microindentation showed that stiffness of WT Shigella-invaded cells
was sixfold higher than that of non-invaded ones, whereas that of the
mxiD-infected Jurkat cells was similar to that of non-infected cells
(Figure 1d). Of note, one single intracellular bacterium was sufficient

to account for the drastic increase in cell stiffness, whereas no

significant further increase was observed in cells harbouring two to
five intracellular bacteria (Figure 1e), showing that stiffness is inde-
pendent from the number of intracellular bacteria. In contrast, T cells
infected with the Shigella mutant strain ipgD displayed the same F-
actin content (Figure 1a) and stiffness (Figure 1a) as WT Shigella-
invaded cells.

Altogether, these results show that Shigella, via its T3SS effectors,
but independently of IpgD, increases T cell F-actin content associated

with an increase of T cell cortical stiffness.

2.2 | Shigella alters TCR endocytosis and recycling
in human T lymphocytes

Along with actin cytoskeleton dynamics, intracellular vesicular traffick-
ing is a central player of IS assembly and maintenance and is required
for T cell activation. In particular, Golgi and recycling endosome reor-
ientation towards the interface is one of the hallmarks of IS formation,
enabling the polarised delivery of TCR and signalling molecules (such
as Lck and LAT) at the contact site (Alcover & Thoulouze, 2010; Depoil
et al., 2005; Kupfer & Dennert, 1984; Pais-Correia, Thoulouze, &
Alcover, 2007). Shigella invasion of epithelial cells is known to induce
Golgi fragmentation, vesicular trafficking arrest, and reorganisation of
the endocytic recycling compartment (Burnaevskiy et al., 2013; Dong
et al., 2012; Ferrari et al, 2019; Mounier et al., 2012). We thus
analysed these subcellular structures in WT Shigella-invaded Jurkat
T cells using anti-GM130 and an antibody recognising the small
GTPase Rab11, which associates primarily with recycling endosomes
and regulates the recycling of endocytosed proteins (Takahashi et al.,
2012). We observed the disassembly of the Golgi compartment in the
invaded cells in contrast to non-infected ones (Figure 2a). In addition,
in the invaded cells, the perinuclear pool of the small GTPase Rab11
was dispersed throughout the cell (Figure 2a).

Previous studies showed that the T3SS Shigella effectors, VirA
and Ipal, block global host cell secretion, recycling, and receptor-
mediated endocytosis in intestinal epithelial cells (Burnaevskiy et al.,
2013; Dong et al., 2012; Ferrari et al., 2019). VirA acts as a GAP of
Rab1 GTPase, which regulates endoplasmic reticulum-to-Golgi trans-
port, and has a GAP activity towards other RabGTPases in vitro (Dong
et al., 2012). IpaJ is a cysteine protease that cleaves the myristoylated
glycine of Arfl GTPase, a key player in intra-Golgi and retrograde
endoplasmic reticulum-to-Golgi transport and in the maintenance of
Golgi structure (Burnaevskiy et al., 2013). Thus, we tested a Shigella
ipalJvirA-deficient mutant in our settings. We observed that Jurkat
cells invaded with the ipaJvirA mutant strain displayed an intact Golgi
structure and an intact Rab11 compartment (as observed in 92.2% of
cells), similar to that of non-infected cells (99.6%; Figure 2a). This
observation stands in striking contrast to WT Shigella-invaded cells, as
10.6% of cells only showed intact GM130+ and Rab11+ compart-
ments (Figure 2a and details in material and methods).

TCR trafficking between the plasma membrane and the endocytic
compartment is dependent on Rab11 (Finetti et al, 2015; Kumar,
Ferez, & Swamy, 2011; Liu, Rhodes, Wiest, & Vignali, 2000). Because
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FIGURE 1 |Increased stiffness associated with increased filamentous actin in Shigella-invaded Jurkat cells. (a) F-actin content measurement.
Cells were either non-infected (NI) or infected with WT-Shigella or the mxiD or ipgD mutants. Cells were fixed and permeabilised prior to staining
with fluorescent phalloidin whose intensity was analysed by flow cytometry. Representative of three independent experiments. (b) Principle of
the profile microindentation setup. A stiff micropipette holds a cell. A flexible micropipette has a glass sphere at its tip and is used as a
microindenter, with its base translated towards the cell at a constant velocity (v). Upon contact with the cell, the glass bead induces a deformation
of the cell (refers as the indentation §) allowing calculation of the cell stiffness. (c) Representative snapshots to illustrate the microindentation
experiment at three randomly chosen time points (referred as t1, t2, and t3). Representative NI cell (upper panel) and wild-type (WT) Shigella-
invaded cell (bottom panel) are represented. (d) Stiffness measurements in NI, mxiD-infected cells, WT- or ipgD-invaded cells (three independent
experiments, except for the mxiD strain, two independent experiments). (e) Impact of the number of intracellular WT Shigella on cell stiffness from
six independent experiments. (a,d,e) M + SD, ***p < 001, ****p < 0001 (Kruskal-Wallis and Tukey's multiple comparisons test)
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WT Shigella-invaded T cells displayed an atypical Rab11 staining, we per-
formed time course analyses to follow TCR recycling by using an anti-
CD3e antibody in Jurkat infected with WT Shigella or the mxiD mutant
strain. TCR recycling was measured as percentage of endocytosed TCR
that recycled back to the plasma membrane. TCR recycling was signifi-
cantly reduced in WT Shigella-invaded Jurkat cells, but not in the mxiD
mutant-infected cells (Figure 2b). By performing a kinetic of TCR

ipaJvirA

407 - NI ]
- WT

30 , ]
- mxiD *

20 ipaJvirA

% recycled CD3

0 I I I

10 20
Time (min)

30 40

% endocytosed CD3

internalisation (TCR endocytosis rate), we observed that after 20 min of
incubation, almost 60% of the TCR was endocytosed in non-infected
cells and mxiD mutant strain-infected cells, in contrast to only 15% in
WT Shigella-invaded Jurkat cells (Figure 2c). The defect in TCR recycling
was fully reverted in ipaJvirA-invaded Jurkat cells (Figure 2b), whereas
the decrease of its endocytosis rate was only partially restored

(Figure 2c). In parallel, the recycling and endocytosis of transferrin (Tf), a

—
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FIGURE 2 Vesicular trafficking is modulated by T3SS effectors in Shigella-invaded Jurkat cells. (a) Jurkat cells were infected with GFP wild-
type (WT) Shigella or the ipaJvirA mutant for 30 min followed by 1 h30 incubation with gentamicin to kill extracellular bacteria. Cells were fixed,
permeabilised, and then labelled with anti-GM130 and anti-Rab11 mAbs. Images are representative of three independent experiments. The cells
are delineated by a dotted line. The arrows indicate the invaded cells. (b-c) Flow cytometry analysis on 20,000 cells per time point of T cell
receptor (TCR; CD3) recycling (b) or TCR (CD3) endocytosis (c) in Jurkat cells non-infected or infected with WT Shigella, or the mutant strains
mxiD or ipalvirA. Data are presented as the percentage of internalised receptors that have recycled to the cell surface (b) or as the percentage of
internalised TCR (c) and are from five independent experiments. (b-c) M + SD, *p < .05, **p < .005, ***p < 0005, ****p < 0001 (Tukey's multiple

comparisons test). NI, non-infected
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classical marker of endocytic trafficking whose intracellular pool is also
polarised towards the contact site during IS formation, were also
affected in WT Shigella-invaded Jurkat cells due to the concerted action
of VirA and Ipa) effectors (Figure 2-figure supplements 1A,B), as previ-
ously reported in epithelial cells (Ferrari et al., 2019).

Altogether, these results show that similar to epithelial cells, Shigella
disrupts the Golgi apparatus via Ipa) and VirA effectors in T lympho-
cytes. In addition, a novel key role for these two effectors is revealed
with the disruption of the Rab11 compartment and TCR recycling, along
with their contribution to the decreased TCR endocytosis rate.
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Shigella prevents human Jurkat T cells to form canonical synapses. Jurkat cells were infected with wild-type (WT) Shigella or the

mxiD mutant for 30 min at a multiplicity of infection of 20 followed by 1 h30 incubation with gentamicin to kill extracellular bacteria. Infected and
non-infected (NI) Jurkat cells were incubated with Raji cells pulsed with SAg (SAg-Raji). (a) ¢-GFP Jurkat cells were infected with DsRed
fluorescent bacteria and incubated with fluorescently labelled SAg-Raji. Cells were placed on an imaging chamber coated with matrigel matrix and
time lapses were acquired with 20-s frame duration. Ten videos were analysed per condition with about 10-20 cells analysed per movie.

*p = 0336. (b) Quantification of the percentage of conjugates (CD3"CD19") by flow cytometry from six independent experiments. **p = 0022
(c) Quantification of the percentage of canonical synapses (T cell receptor [TCR] and F-actin accumulation at the interface) following ImageStream
acquisition from three independent experiments (strategy detailed in Figure 3-figure supplement 1). For (b) and (c), 20,000 cells were acquired.

(d) Conjugates formed between non-infected (upper panel) or wild-type (WT) Shigella-invaded (bottom panel) Jurkat cells and SAg-Raji cells,
analysed by confocal microscopy. Images show a medial optical section of a representative conjugate. Cells were fixed and stained with
fluorescent phalloidin and anti-CD3 mAb (TCR labeling) without cell permeabilization to detect only surface TCRs. M + SD; (a) *p < .05 (Mann-

Whitney); (b-c) *p < .05, **p < .005, ***p < 005 (Kruskal-Wallis)
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2.3 | Shigella impairs the scanning capacity of CD4
+ T lymphocytes and prevents the formation of
canonical IS

As previously stated, IS formation is dependent on actin cytoskele-
ton dynamics in two ways: first, by promoting T cell mobility neces-
sary for APC scanning and second, by mediating the spatiotemporal
organisation of IS components at the contact site, which conditions
subsequent signalling cascade (Roy & Burkhardt, 2018). In addition,
intracellular vesicular trafficking is a central player of IS assembly
and maintenance and is required for T cell activation (Alcover &
Alarcon, 2000; Onnis, Finetti, & Baldari, 2016). Considering the
impact of Shigella on these two critical pathways presented above,
we thus investigated the formation of ISs upon T cell infection. First,
we analysed the dynamics of T cell scanning by performing time-
lapse video microscopy of TCR-CD3¢-GFP expressing Jurkat cells
infected with DsRed-expressing Shigella co-cultured with fluores-
cently labelled SAg-Raji cells. As already shown in Figure 1c, WT

(a)

Shigella-invaded Jurkat cells displayed a round phenotype with
undetectable membrane protrusions, appeared less motile, as previ-
ously reported (Konradt et al., 2011), and less efficient in scanning
SAg-Raji cells when compared with non-infected cells (Figure 3-video
supplement 1). As a consequence, the percentage of conjugates
formed by WT Shigella-invaded T cells was significantly lower than
that measured in the absence of infection (Figure 3A). Furthermore,
the few cell-cell contacts formed between SAg-Raji cells and WT
Shigella-invaded Jurkat cells failed to induce the polarised delivery
and accumulation of TCR-CD3{ complexes at the contact zone
characterising canonical IS formation (Alcover, Alarcon, & Di Bartolo,
2017; Blanchard, Di Bartolo, & Hivroz, 2002; Krummel, Sjaastad,
Waulfing, & Davis, 2000), in striking contrast to non-infected T cells
(Figure 3-video supplement 1).

To further confirm these results, we performed flow cytometric
quantification of Jurkat-SAg-Raji cell conjugates forming in a similar
co-culture set-up. The percentage of CD3"CD19* Jurkat-SAg-Raji
cell conjugates was shown to decrease by 30% with Jurkat cells
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FIGURE 4 Shigella prevents human Jurkat T cells activation. Jurkat cells were infected with wild-type (WT) Shigella or the mxiD mutant for

30 min at a multiplicity of infection of 20 followed by 1 h30 gentamicin to kill extracellular bacteria. (a) Following sorting of Shigella-invaded
Jurkat cells, these cells were then incubated with Raji or SAg-Raji cells for 20 min and lysed. Supernatants were analysed by immunoblotting using
individually specific antibodies against Lck, ZAP70, and LAT and their phosphorylated forms. -Actin immunoblotting used as a loading control for
each blot is shown. The arrows indicate the bands used for quantification in Figure 4b. (b) Ratio of phosphorylated protein over total for Zap70,
Lck, and LAT when Jurkat cells were incubated with SAg-Raji cells. One representative experiment is shown. (c) Jurkat cells were stimulated with
Raji cells pulsed (SAg-Raji) or not for 2h30 min. Cells were fixed and stained with anti-CD69 mAb. Surface expression of CD69 on live cells from

one representative experiment out of three is shown. NI, non-infected
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infected with WT Shigella as compared with non-infected ones
(Figure 3b). This process was dependent on Shigella invasion as the
non-invasive Shigella mutant strain mxiD with defective T3SS dis-
played similar degree of conjugates formation as non-infected con-
trols (Figure 3b).

We then quantified the formation of canonical ISs, that is, cell-
cell contacts characterised by an accumulation of TCR-CD3 and F-
actin at the contact site, using ImageStream technology that combines
flow cytometry and epifluorescence microscopy (Figure 3-figure sup-
plement 1). We observed that canonical ISs formation was reduced by
50% with WT Shigella-infected T cells, as compared with non-infected
cells (Figure 3c). Similarly, WT Shigella-infected T cells displayed signif-
icantly reduced capacity to form ISs formation as compared with mxiD
mutant-infected Jurkat cells (Figure 3c). Subsequent confocal micros-
copy analysis focusing on WT Shigella-invaded Jurkat cells confirmed
the decreased TCR-CD3 complexes recruitment to the area of cell
contact and a lack of F-actin enrichment (Figure 3d). In comparison,
canonical IS formation was observed in the absence of infection
(Figure 3d).

Of note, WT Shigella-invaded human primary lymphoblasts also
failed to form canonical ISs (Figure 3-figure supplement 2).

Altogether, these results demonstrate that Shigella reduces the
scanning ability of T cells towards APCs and, upon cell contact, dis-
rupts the formation of canonical ISs.

2.4 | Shigella prevents human T cell activation

One of the main outcome of IS formation is the induction of T cell
activation (Fooksman et al., 2010). Following TCR triggering, the
early activation events are characterised by a cascade of tyrosine
phosphorylation following TCR triggering, eventually leading to
cytokines secretion. We thus assessed the consequences of altered
IS formation induced by Shigella on the TCR downstream signalling
pathways. The first actors of the tyrosine-phosphorylation cascade,
namely Lck, Zap70, and LAT, were analysed by immunoblotting on
cell lysates using specific antibodies (Figure 4a,b). As expected, in
the non-infected condition, the increase of specific tyrosine phos-
phorylation of Lck, Zap70, and LAT was observed upon incubation
of Jurkat cells with SAg-Raji cells, as compared with the incubation
with non-pulsed Raji cells (Figure 4a). Similarly, this phosphorylation
was observed in Jurkat cells infected with the non-invasive mxiD
mutant strain but not in WT Shigella-invaded cells (Figure 4a).
Quantification of the ratio of activated phosphorylated proteins
P-Lck, P-Zap70, and P-LAT out of the total amount of each respec-
tive protein suggests that WT Shigella invasion almost completely
abolishes cell activation (Figure 4b).

In line with this, WT Shigella-invaded Jurkat cells also failed to
induce the surface expression of CD69, a classical marker of T cell
activation, as compared with both non-infected and mxiD-infected
Jurkat cells (Figure 4c).

Altogether, these results demonstrate that Shigella drastically
impairs T cell activation.

3 | DISCUSSION

Our study provides new insights into the outcome of the direct
targeting of T lymphocytes by Shigella. We have previously reported
that Shigella impairs the migratory competence of T lymphocytes by
suppressing cell polarisation and, more globally, disrupts T cell dynam-
ics in vivo (Konradt et al., 2011; Salgado-Pabon et al., 2013). Here, we
show that Shigella further impairs T cell functionality by preventing T
cell activation via perturbation of canonical IS formation.

Among others, the canonical IS is dependent on two important
cellular events, which are the rearrangement of F-actin and intracellu-
lar trafficking, resulting in the polarisation of key molecules, including
the TCR, to the contact zone of T lymphocyte and APC.

We report that Shigella promotes an increase in the F-actin content
in the invaded T cells, which coincides with a significant increase in cellu-
lar stiffness. Because cellular stiffness is related to a densely polymerised
array of actin filaments and associated crosslinking proteins just beneath
the plasma membrane (Gilden & Krummel, 2010), we propose that the
increased cellular stiffness is related to the higher F-actin content. Inter-
estingly, Shigella mediates this process with such efficiency that a single
intracellular bacterium is sufficient to promote the maximal level of stiff-
ness measured. This suggests that this phenomenon relies on a bacterial-
induced mechanism rather than a passive consequence of multiple intra-
cellular bacteria overwhelming the T cell limited cytoplasm space. Inter-
estingly, cytoskeletal stiffness was recently shown to be correlated with
IS formation and TCR stimulation (Thauland et al., 2017). Particularly,
naive T cells have a stiffer cortical actin cytoskeleton and form smaller IS
as compared with effector T cells, evoking that, prior to the encounter
with the APC, T cell stiffness can predict the morphology of the IS to be
formed. Our results suggest that Shigella induces a sort of naive T cell-
like cortical actin cytoskeleton stiffness that eventually renders T cells
less responsive towards APCs. In regard to the T3SS effectors account-
ing for the increase in both F-actin content and stiffness, we showed
that IpgD (Figure 1d), IpaJ, and VirA (Figure 1-figure supplement 2B) are
not involved. For IpgD, this is consistent with the inactivation of the
ezrin, radixin, and moesin proteins (that are key in linking the cortical
actin cytoskeleton and the plasma membrane; Barret, Roy, Montcurrier,
Mangeat, & Niggli, 2000; Kikuchi et al., 2002) it mediates, which is
expected to induce relaxation of the cell membrane. Other T3SS effec-
tors, which are key in modulating actin cytoskeleton in epithelial cells,
such as lcsB, IpgB1, and IpgB2 (Liu et al., 2018; Mattock & Blocker,
2017; Valencia-Gallardo, Carayol, & Tran Van Nhieu, 2015) were tested
for modulation of F-actin content, and none were found to be implicated
in the F-actin increase observed with WT Shigella (data not shown).
These findings suggest the existence of additional mechanism(s) involved
in actin dynamics remodelling and cell stiffness, triggered by a yet to be
identified T3SS effector, or a combination of effectors.

Besides cellular stiffness, we show that Shigella targets the second
core cellular component required for canonical IS formation. Indeed,
Shigella induces fragmentation of the Golgi apparatus and the disrup-
tion of the Rab11 compartment in invaded T cells by the combined
action of the T3SS effectors IpaJ and VirA. In link with the Rab11
compartment, these effectors are shown to disrupt TCR trafficking.
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Whereas the role of these effectors in the disruption of the Golgi in
epithelial cells was known (Burnaevskiy et al., 2013), their role on the
Rab11 compartment was not reported as yet. As initially reported
in vitro, VirA binds the Rab protein Rab1, but it was further shown to
target additional Rabs including Rab11, as well as Rab22 and Rab35,
which are involved in endosomal trafficking (Dong et al., 2012). This is
consistent with the recently proposed role of VirA and Ipa) to be
involved in global alteration of vesicular trafficking leading to a pro-
found defect in the effective subcellular localisation of many proteins
(Ferrari et al., 2019). In epithelial cells, T3SS-mediated targeting of the
Golgi apparatus is one of the reported strategies utilised by several
enteric pathogens to counteract host cell functions. For instance, in
the case of Salmonella, the intracellular multiplication of bacteria
implies their close association with the Golgi network via the effector
SseG (Ramsden, Holden, & Mota, 2007; Salcedo & Holden, 2003). On
the opposite, the EPEC and EHEC effector EspG induces Golgi frag-
mentation, therefore disrupting the secretory pathway, similar to what
is observed with Shigella (Clements et al., 2011).

The consequences of Shigella-mediated increase in F-actin content
and cellular stiffness along with impairment of vesicular trafficking in
invaded T cells are likely responsible for the limitation in the formation
of canonical IS while encountering with APCs and for the subsequent
blockage of T cell activation we observed. Of note, besides the invaded
T lymphocytes, it is likely that T lymphocytes targeting via the injection
of T3SS effectors not resulting in bacterial invasion (Pinaud et al., 2017)
further does its part in the prevention of T cell activation. The role in
conjugates formation of some T3SS effectors known to mediate actin
cytoskeleton rearrangements, such as IpgD (Konradt et al., 2011) tested
for T cell stiffness, IpgB1B2, IcsB, and IcsA (Liu et al., 2018; Mattock &
Blocker, 2017; Valencia-Gallardo et al., 2015) was assessed by using Shi-
gella strains defective for their expression. None of them had a detect-
able impact on the number of conjugates formed as compared with WT
Shigella (data not shown). For T3SS effectors responsible for alteration of
vesicular trafficking, ipaJvirA-invaded Jurkat T cells, despite proficient
TCR recycling, did not form more conjugates than WT Shigella-invaded
cells (Figure 3 figure supplement 3). Together, these findings indicate for
additional effectors to be involved in Shigella-induced impairment of IS
formation—probably via a combined action of several effectors—
highlighting the multiple levels of targeting mechanisms applied by Shi-
gella to coordinate the shutdown of this complex cell activation system.
Our findings are in accordance with the modulation of host innate
immune responses exerted by Shigella and more generally by
enteroinvasive bacteria such as Yersinia, Salmonella, EPEC/EHEC, which
has been shown to occur with multiple host proteins being targeted by
several T3SS effectors in a given cellular pathway (Pinaud et al., 2018).

So far, only a few T cell invading bacterial pathogens have been
reported to impair IS architecture and subsequent T cell activation.
Particularly, in Bordetella pertussis infection, the effector CyA interacts
with the integrin LFA-1 in its active conformation and induces its mis-
localisation from the IS in a cAMP- and protein kinase A-dependent
manner to prevent T cell activation (Paccani et al., 2008; Paccani,
Finetti, & Davi, 2011). Alternatively, in Yersinia infection, the bacterial
phosphatase YopH targets SLP76 and LAT to block T cell activation

(Gerke, Falkow, & Chien, 2005; Yao, Mecsas, Healy, Falkow & Chien
1999). Targeting of DCs as APCs to suppress T cell activation has also
been reported (Adkins, Schulz, Borgmann, Autenrieth, & Grébner, 2008;
Autenrieth et al., 2007; Lindner et al., 2007). Noteworthy, T cell ability
to capture bacterial antigens directly from an infected DC has been
highlighted (Cruz-Adalia et al., 2017). The ability of these so-called trans-
infected T cells to subsequently form IS was shown to be maintained,
ensuring cell activation and proliferation (Cruz-Adalia et al., 2017).

To our knowledge, this study is the first to report the dual targeting
of actin dynamics and intracellular trafficking during IS formation by a
pathogenic bacterium. A similar action was previously reported only for
the human immunodeficiency virus (HIV)-1 retrovirus, suggesting that
intracellular lymphotropic pathogens, viruses, and bacteria have
evolved common strategies to impair CD4+ T cell functions. In the case
of HIV-1, two distinct mechanisms regulated by two distinct viral effec-
tors were shown to impact IS formation and to shape a virally induced
T cell activation state independent of antigen recognition. First, the Nef
accessory viral protein, which interferes with endosomal vesicular traf-
ficking and interacts with regulators of actin polymerisation, induces
Lck and TCR accumulation in an endosomal compartment, and alters
TCR vesicular trafficking, resulting in the decrease of early signalling
events (Thoulouze et al., 2006) Second, the HIV envelope protein
gp120, which alters the kinetics of TCR recruitment to the IS and pro-
longs TCR-induced activation, leads to increased CDé69 upregulation
and increased IL-2 secretion. Thereby, HIV-1 likely promotes T cell sur-
vival to ensure HIV intracellular replication (Deng et al., 2016).

Considering that there is no animal reservoir for Shigella, infection of
humans is key for the survival of this bacterium. Its ability to prevent the
priming of proper immune response might be critical to permit re-
infection of the same host multiple times and to drive appearance of
asymptomatic carriers excreting bacteria that are still infectious. Estab-
lishment of long-term carriers probably reflects a particular balance
between Shigella-mediated impairment of host immune responses and
control of infection by the host to counteract pathogenicity without kill-
ing the bacteria (Ghosh, Pazhani, Niyogi, Nataro, & Ramamurthy, 2014;
Haider, Hug, Samadi, & Ahmad, 1985; Levine, Dupont, Khodabandelou, &
Hornick, 1973). By providing a better understanding of the crosstalk
between Shigella and host cells that are key in the priming of specific
immunity, these findings give hints for the development of an efficient
vaccine that might contribute to the battle against antimicrobial resis-
tance (Jansen, Knirsch, & Anderson, 2018; Lipsitch & Siber, 2016).

4 | EXPERIMENTAL PROCEDURES

4.1 | Bacterial strains and culture

The Shigella flexneri serotype 5a strains and their derivative mutants
used in this study are the following: WT (M90T), mxiD, ipgD, and ipaJvirA
transformed or not with plasmids coding for DsRed (Sérensen et al.,
2003) or GFP (pFPV 25.1) (Jaumouillé, Francetic, Sansonetti, & Tran Van
Nhieu, 2008; Valdivia, Hromockyj, Monack, Ramakrishnan, & Falkow,
1996). Bacteria were grown at 37°C on tryptic soy broth (TSB; Becton,
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Dickinson) agar plates supplemented or not with 100-ug/ml ampicillin,
30-pg/ml kanamycin, and congo red (0.1%). Congo red-positive colonies
corresponding to T3SS-active bacteria were selected to be grown over-
night in TSB supplemented or not with 30 pg/ml of ampicillin at 30°C.
Subcultures (1:50) were performed in antibiotic-free TSB until early
exponential phase was reached (OD 1.2).

4.2 | Superantigens

Toxin shock syndrome toxin 1 (TSST-1) and staphylococcal
enterotoxins A, C1, C3, and E (SEA, SEC-1, SEC-3, and SEE, respectively;
Toxin Biotechnology, FL, USA) were used according to the manufacturer's
instructions. For binding and activation assays of human TCR subsets, the
following superantigens were used: TSST-1 to recognise the Vp2.1 sub-
set; SEA for Vp1.1/5.3/6.3/6.4/6.9/7.3/7.4/9.1/23.1; and SEC-1, SEC-3,
and SEE for VB3.2/6.46.9.12/15.1, Vp5.1/12, and VB 5.1/6.1/6.3/8 sub-
sets, respectively (Fraser & Proft, 2008; Toxin Technology).

4.3 | Celllines and primary T lymphoblasts

The human Jurkat T (clone E6.1, ATCC TIB-152) and the Raji cell lines
(Burkit lymphoma B cell line, major histocompatibility complex class Il
positive, ATCC clone CCL-86) were used. The Jurkat cell line expressing
a GFP-tagged TCR¢ (¢-GFP) was kindly provided by Claire Hivroz. Cells
were maintained at a concentration of 5 x 10° cells/ml in RPMI1640
Glutamax (Gibco) supplemented with 10% heat-inactivated fetal bovine
serum (FBS; Biowest) and cultured at 37°C in a 5% CO, incubator. Pas-
sages were performed three times a week, by a threefold dilution in a
fresh medium. SAg-specific lymphoblasts from human peripheral blood
mononuclear cells (PBMC) were obtained as previously described (Das
et al., 2004). Briefly, human PBMCs were isolated from healthy donors
using a Ficoll Paque Plus gradient separation (GE Healthcare) following
centrifugation at 800 g without brake at room temperature (RT) for
30 min. SAg-specific T cells were then expanded by culturing PBMCs
(10° cells/ml) in RPMI1640 with Glutamax (Invitrogen) supplemented
with 10% FBS, non-essential AA (Gibco), sodium pyruvate (Gibco), Peni-
cillin/Streptomycin (Gibco), and IL-7 (5 ng/ml; Biolegend) in the pres-
ence of 1 pg/ml of each superantigen SEA, SEC-1, SEC-3, SEE, and
TSST-1 (Toxin Technology, FL, USA) at 37°C in 5% CO2 incubator.
After 3 days, cells were adjusted to a concentration of 5 x 10° cells/ml
in the same medium, without superantigens, supplemented with human
recombinant IL-2 at 50 IU/ml, and cultured for 8-10 days before exper-

iments were performed.

44 | T cellinfection

Jurkat T cells or T cell blasts were cultured in 96 round-bottom well
plates (Corning) at a concentration of 1.5 x 10° cells per well in
RPMI1640 with Glutamax (Invitrogen). Bacterial subcultures were

diluted in this culture medium to a multiplicity of infection of 20 and

centrifuged onto the cells at 300 g for 5 min at 37°C. Infected T cells
were incubated at 37°C in a 5% CO,, incubator for 30 min, followed
by a 60- or 90-min incubation with gentamicin at a final concentration
of 50 pg/ml to kill extracellular bacteria, prior to performing different

assays as described below.

4.5 | Conjugate formation assay

For IS formation, the protocol is based on a classical assay previously
reported for IS formation in vitro (Roumier et al., 2001). In brief, Raji
cells used as APC were preincubated at 37°C for 30 min with either
10 pg/ml of SEE (Toxin Technology, FL, USA) for conjugate formation
with Jurkat cells, or with a mix of SAgs composed of SEA, SEC1,
SEC3, SEE, and TSST-1 (10 pg/ml each) for conjugate formation with
T lymphoblasts. Conjugates were formed in suspension by incubating
SAg-pulsed Raji cells with Jurkat cells or T blasts, previously infected
as described above at 37°C for 20 min, prior to fixation for flow cyto-
metry analysis and immunofluorescence microscopy or lysis for west-
ern blotting. Non-infected cells were used as control. For confocal
microscopy experiments, Raji cells were preincubated either with
CellTrace Far Red DDAO-SE or CellTracker Blue CDMC dyes
(ThermoFisher) according to the manufacturer's instructions. For flow
cytometry experiments, conjugates were stained with anti-human-
CD3-FITC (Clone OKT3, ThermoFisher) and anti-human-CD19-APC
(Clone HIB19, Invitrogen). Acquisition was performed on a
FACSCantoll flow cytometer (BD Bioscience) equipped with 405-,
488-, and 633-nm lasers, or an AttuneNxT flow Cytometer
(ThermoFisher) equipped with 405-, 488-, 561-, and 638-nm lasers.
The software Flowjo version 10.4.2 was used for subsequent analysis.

4.6 | T cell activation assays

Jurkat cells were left non-infected or infected, as already described.
Then, 3 x 10° cells were left untreated or stimulated with phorbol-
12-myristate-13-acetate (25 ng/ml; PMA) and calcium ionophore
A23187 (1 pg/ml; PMA/iono) or with 3 x 10° Raiji cells prepulsed with
SEE (10 pg/ml) at 37°C in a 5% CO, incubator for 2.5 hr. Following
fixation with 4% PFA, cells were stained with anti-human
CD3-PEeF610 anti-CD69  PerCP-eFluor710
(eBioscience). Viability was assessed by using LiveDead fixable violet
(ThermoFisher) or 4,6-diamidino-2-phenylindole (DAPI).

(eBioscience) and

47 |
analysis

Imaging flow cytometry acquisition and data

Conjugates were acquired on the ImageStream X Mk | (Amnis, Merck-
Millipore) equipped with dual camera and 405-, 488-, 561-, and
633-nm excitation lasers. Acquisition was performed at 40x magnifi-
cation (0.75 NA). The following channels were used: channels 1 and
9 for brightfield, channel 2 for CD19-AF488, channel 4 for
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CD3-PEeF610, channel 7 for 4,6-diamidino-2-phenylindole, and chan-
nel 11 for Phalloidin AF647. Analysis was performed using the IDEAS
software (version 6.2, Amnis). Masks (areas of interest) and features
(calculations made from masks) were generated to quantify the per-
centage of canonical synapses formed. The detailed gating strategy is
described in Figure 3-figure supplement 1.

48 | Confocal microscopy acquisition

T cells (Jurkat or SAg-T blasts) alone or in conjugates with Raji cells
were seeded onto coverslips precoated with poly-L-lysine (Sigma)
prior to fixation with 4% PFA for 10 min at RT. After three wash-
ings with PBS, the coverslips were then incubated with NH4CI for
10 min to remove residual PFA. TCR and F-actin were stained with
anti-CD3 Ab (clone UCHT1, Biolegend) and Phalloidin AF647
(ThermoFisher, A22287), respectively, followed by staining with sec-
ondary antibodies for 45 min at RT. Depending on the Abs, several
protocols were used for intracellular staining. For mouse anti-human
Lck, permeabilisation with PBS supplemented with 0.05% saponin
was performed for 15 min at RT, followed by incubation with the
Ab diluted in the same buffer for 1 hr. For rabbit-anti human-
GM130 (Abcam, ab52649) and mouse-anti-Rab11 (BD Bioscience,
610,657), permeabilisation was done with PBS supplemented with
0.1% Triton. Confocal microscopy was performed on a SP5 (Leica)
or on an Opterra (Bruker) using either a 63x objective or a 100x
objective (NA 1.4). Z-stack acquisitions of optical sections were per-
formed at 0.3 increments for analysis. Images were analysed using

Fiji analysis software (Schindelin et al., 2012).

49 | Object detection and cell segmentation
Automated image analysis was performed with Fiji (Schindelin et al.,
2012) via a Jython script, available upon reasonable request. First, the
Golgi was detected using the LoG detector of TrackMate (Tinevez,
Perry, & Schindelin, 2017). The Golgi channel was first projected along
the Z axis using maximum intensity projection and then filtered with a
median or radius 8. This gives a processed image where the Golgi
appears as clean blobs, amenable to detection with the LoG detector,
tuned for a radius of 2 pm and a quality threshold of 14. The Rab11
pool was detected the same way, changing the quality threshold to a
value of 40. Bacteria were also detected the same way, changing the
quality threshold to a value of 2.

Cells were segmented on the maximum intensity projection
image filtered by a Gaussian of sigma = 2 pm. Segmentation was
done using intensity thresholding, with the Triangle algorithm
for automatic threshold determination, followed by a watershed
transformation on the resulting binary image, to separate touching
cells.

Each cell region of interest is then inspected one by one and clas-
sified as follows: non-infected cells or infected cells (with or without

Golgi, and with or without Rab11 pool). The total count of each class

was then exported to a CSV file, aggregating results from several

images, later used for subsequent analysis.

410 | Live imaging and cell-to-cell contact analysis
Jurkat cells expressing TCR fused to GFP were infected, as described
in the T cell infection section above, washed, and re-suspended at a
concentration of 1 x 10° cells/ml in RPMI1640 without phenol red
containing 10% FBS. Cells were then mixed (ratio 1:1) with Raji cells
previously stained with Cell Tracker Blue CMHC Dye (ThermoFisher)
and pulsed with SEE SAg, as described in the conjugates formation
section above. Cells were immediately placed in a 35-mm imaging
u-dish (ibidi, Germany) coated with Matrigel matrix (Corning). The dish
and image acquisition chamber were preheated and kept at 37°C and
5% CO, during the duration of the acquisition. Time-lapse images
were acquired on Zeiss Definite Focus microscope using a 20x objec-
tive (LD Achroplan) with 20-s frame duration. TL Halogen lamp was
used as a light source. The following excitation/emission filters were
used: Zeiss FSO1, modified emission (Blue), Zeiss FS38 HE (GFP),
Semrock HcRed (Texas Red), and TL Brightfield. The resulting movies
were then analysed with a custom image analysis tools, implemented
as a Fiji (Schindelin et al., 2012) plugin and a MATLAB (v2018a, The
MathWorks, Natick, USA) script, described briefly here. The cell-to-
cell contact analyser is a TrackMate (Tinevez et al., 2017) extension
that produces tracks following cell-to-cell contacts over time, from
their appearance to their disappearance. Contacts are detected on a
contact image produced as follows. The user specifies a threshold
value for each channel T1 and T2 that separates the background from
the cell image. The contact image is then produced from the following
expression: C = (11-T1) x (12-T2); where |11 and 12 are respectively the
image in channel for T-cells and AP cells, filtered by a Gaussian of
¢ = 1.0 pixels and dilated using the grayscale morphology dilation
operation with a radius of 3 pixels. C is clipped to O for negative
values. On the image C, contacts between T cells and AP cells appear
as bright and smooth blobs over O background. They are segmented
in distinct objects by simple thresholding above 0. The resulting
objects are tracked using TrackMate, with the LAP tracker using a
maximal linking distance of 5 pm, a gap closing of maximum 2 frames
and a maximal gap closing distance of 5 um. T cells and AP cells are
tracked separately with TrackMate, using the LoG detector configured
with a radius of 7.5 pm and a threshold depending of the movie image
quality for detection, and the LAP tracker using a maximal linking dis-
tance of 11 um, a gap closing of maximum 2 frames, and a maximal
gap closing distance of 11 pm. The resulting tracks were inspected
and curated manually again using TrackMate.

In a second step performed in MATLAB, the contact tracks are
matched to a T cell track and an AP cell track, by searching the cell
track with the minimal distance from contact to cell, averaged over all
the common time points of the track. T cells infected by Shigella are
identified by measuring the mean intensity in the DsRed channel
within the cell radius. The resulting track trio are used to measure the

number of tracks with or without T cell infected Shigella and the
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contact duration. The cell-to-cell contact analyser is an open source,
and the code and binaries are available on GitHub (https://github.

com/imagopole/CellContactAnalyzer).

411 | Measurement of T cell stiffness

Cells were put into a Petri dish (Fluorodish, WPI, Sarasota, FL, USA) in
a 4-ml medium and placed on the stage of an inverted microscope
(TE300, Nikon Instruments, Tokyo, Japan) equipped with a 100x oil
immersion, 1.3 NA objective (Nikon Instruments) on an air suspension
Table (CVI Melles Griot, Netherlands). Images were acquired using a
Flash 4.0 CMOS camera (Hamamatsu Photonics, Hamamatsu City,
Japan) controlled by a code implemented in MATLAB (Mathworks,
Natick, MA, USA) and the MicroManager software (Edelstein et al.,
2014). A custom-made heating plate was used to keep cells at 37°C.
The experiments were performed under brightfield illumination with
brief use of standard fluorescence illumination between acquisitions
to monitor the number of bacteria in the analysed Jurkat cells. Micro-
pipettes used to hold Jurkat cells were prepared as described previ-
ously by others (Basu & Huse, 2017; Guillou et al., 2016; Guillou,
Dahl, J-MG, et al., 2016; Sawicka et al., 2017). Microindenters were
prepared from the bead micropipettes, as described previously
(Guillou, Babataheri, et al., 2016). Profile microindentation and quanti-
fication of cell stiffness were previously described (Guillou,
Babataheri, et al., 2016).

412 | TCR recycling and endocytosis and vesicular
compartment trafficking assay

The protocols used were adapted from Mounier et al. (Mounier et al.,
2012), Finetti et al. (Finetti et al., 2014), and Patrussi and Baldari
(Patrussi & Baldari, 2017). Briefly, Jurkat cells were infected with Shi-
gella at a multiplicity of infection of 20 for 30 min at 37°C followed by
1-hr incubation with gentamicin at 50 pg/ml for 1 hr in RPMI1640, 1%
BSA. For analysis of TCR recycling, Shigella-infected Jurkat cells were
incubated on ice for 30 min with saturated concentration of anti-CD3
Ab (clone UCHT1, Biolegend) corresponding to the binding step,
followed by washing with cold PBS, and transferred at 37°C for 40 min
for internalisation of TCR-Ab complexes. For Tf recycling experiments,
infection of cells was performed in the presence of human Tf coupled
to Alexaé47 (TfAF647) at a concentration of 0.5 pg/ml. For both Tf and
TCR recycling analysis, cells were then treated with a stripping solution
(100-mM NaCl, 100-mM Glycine, pH 2.5) for 1-3 min at 4°C for TfR
and at RT for TCR to remove residual membrane-associated TfAF647
or anti-CD3 Ab. After washing with PBS, cells were incubated at 37°C
and a time course was performed to assess recycling of anti-CD3 Ab-
TCR- or TfAF647-TfR complexes. For TCR recycling, TCR-Ab com-
plexes that had recycled back to the cell surface were quantified by
flow cytometry upon incubation with non-permeabilised cells with a
fluorescently labelled secondary antibody. Data were presented as the

percentage of internalised receptors that have recycled back to the

plasma membrane, as previously described (Margadant, Kreft, de Groot,
Norman, & Sonnenberg, 2012). Tf recycling time course was performed
in the presence of 50 pg/ml of holotrasferrin and represented as the
percentage of the remaining intracellular TFAF647 fluorescence at each
time point (100% being the amount at the first time point of the
kinetics).

For endocytosis assays, cells were infected as described before,
incubated on ice for 30 min with saturating concentration of anti-
CD3-PeCys5 (clone UCHT1, eBioscience) or TfAF647 to allow for sur-
face binding. After washing with ice-cold PBS, a time course was per-
formed by incubating cells at 37°C for different time points to allow
endocytosis of anti-CD3-receptor or TfAF647-TfR complexes,
followed by a wash step with the stripping solution in order to remove
residual membrane associated TfAF647 or anti-CD3. The total inter-
nalised fluorescent CD3 or TfAF647 was quantified by flow cyto-
metry. Results are presented as the percentage of internalised anti-
CDa3 receptor or as the total internal TfAF647.

4.13 | Western blotting

Following conjugate formation, cells were centrifuged (300 g, RT) and
lysed, and whole cell lysates were analysed with anti-Lck (3A5, Santa
Cruz), anti-phospho-Src (for phospho-Lck, Y416, 2101S, Cell Signal-
ling), anti-LAT (05-561, Merck Millipore), anti-phospho-LAT (Y191,
3,584 T, Cell Signalling),anti-Zap70 (Y319, Syk [Y352], 2701S, Cell
Signalling), and anti-phospho-Zap70 (2701S, Cell signalling). These
antibodies were used separately. Each blot was then stained with an
anti-B-actin (ab8227, Abcam), following stripping for the anti-LAT and
anti-phospho-LAT, with a molecular weight (37 kDa) similar to the
one of B-actin (42 kDa).

4.14 | Data presentation and statistical analysis

Prism 6.0 (GraphPad Software) was used for graphs and statistical
analyses. Means and standard deviations are represented. Mann-
Whitney test was used to compare two groups. Kruskal-Wallis or
Tukey's multiple comparisons tests were used to compare more than
two groups. The lllustrator CS5 software (Adobe) was used to assem-

ble figures.
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