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Influence of forces on T cell protrusions

Abstract

Background Information

We have previously observed that in response to antigenic activation T cells produce actin-rich pro-
trusions that generate forces involved in T cell activation. These forces are influenced by the me-
chanical properties of antigen presenting cells (APCs). However, how external forces, which can be
produced by APCs, influence the dynamic of the actin-protrusion remains unknown. In this study, we
guantitatively characterized the effects of external forces in the dynamic of the protrusion grown by
activated T cells.

Results

Using a micropipette force probe, we applied controlled compressive or pulling forces on primary T
lymphocytes activated by an antibody-covered microbead, and measured the effects of these forces
on the protrusion generated by T lymphocytes. We found that the application of compressive forces
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slightly decreased the length, the time at which the protrusion stops growing and retracts and the
velocity of the protrusion formation, whereas pulling forces strongly increased these parameters. In
both cases, the applied forces did not alter the time required for the T cells to start growing the pro-
trusion (delay). Exploring the molecular events controlling the dynamic of the protrusion, we
showed that inhibition of the Arp2/3 complex impaired the dynamic of the protrusion by reducing
both its maximum length and its growth speed and increasing the delay to start growing. Finally, T
cells developed similar protrusions in more physiological conditions, i.e. when activated by an anti-
gen presenting cell (APC) instead of an activating microbead.

Conclusions

Our results suggest that the formation of the force-generating protrusion by T cells is set by an intra-
cellular constant time and that its dynamic is sensitive to external forces. They also show that actin
assembly mediated by actin-related protein Arp2/3 complex is involved in the formation and dynam-
ic of the protrusion.

Significance

Actin-rich protrusions developed by T cells are sensory organelles that serve as actuators of immune
surveillance. Our study shows that forces experienced by this organelle modify their dynamic sug-
gesting that they might modify immune responses. Moreover, the quantitative aspects of our analy-
sis should help to get insight into the molecular mechanisms involved in the formation of the protru-
sion.

Introduction

T-cell activation is key in establishing an adaptive immune response and it requires a direct contact
between T-cells and antigen presenting cells (APC) where the T-Cell Receptor recognizes the antigen-
ic peptide presented by the major histocompatibility complex MHC. This contact region between
both cells forms the immune synapse (IS) and controls several aspects of T cell functions (Dustin and
Choudhuri, 2016). We have previously reported that during the IS formation by activation with an
antibody-covered microbead mimicking an antigen presenting cell, the T cell produces an actin-rich
protrusion. This protrusion generates forces and adapts its growth to the stiffness of the activating
surface (Basu et al., 2016; Husson et al., 2011; Sawicka et al., 2017). Seemingly similar protrusions
have been observed in T cells contacting another cell, an artificial activating surface, or during
transmigration (Cai et al., 2017; Carman et al., 2007; Jung et al., 2016; Sage et al., 2012; Tamzalit et
al., 2019; Ueda et al., 2011; Yan et al., 2019). Many questions remain regarding the characteristics of
this protrusion. One of them is if and how these force-developing protrusions are modified by forces
that are produced by antigen presenting cells such as dendritic cells (Choraghe et al., 2020; Heuzé et
al., 2013; Ricart et al., 2011) but also what is the molecular machinery controlling the dynamic of
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these protrusions. In this report, we further dissect the dynamics of T cell protrusion by exploring
the effect of well-defined forces exerted by the cell environment. We also show that the dynamic of
the protrusion depends on the ARP2/3 complex. Finally, we observe and characterize the formation
of the actin-protrusion in T-cells interacting with an artificial presenting cell model instead of a mi-
crobead.
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Results

Description of the setting and characteristic of the activated induced protrusion

We have previously automatized the Micropipette Force Probe (MFP) to apply controlled forcesto T
lymphocytes (Sawicka et al., 2017; Zak et al., 2019). The MFP uses a flexible micropipette as a canti-
lever that aspirates an activating microbead. This bead is brought into contact with a leukocyte held
by another micropipette. In the present study, we used human primary CD4+ T lymphocytes purified
from donor blood and commercial microbeads coated with anti-CD3 + anti-CD28 mAbs known to
induce a signaling cascade in T cells and the generation of a protrusion inducing pushing and pulling
forces on the activating bead (Husson et al., 2011; Sawicka et al., 2017). The cell-bead contact is
ensured by compressing the bead against the cell until a desired force level F,m, is reached (Fig. 1A,
Suppl. Video 1). It takes few seconds to reach F,n,, after which the setup automatically shifts the
position of the base of the flexible micropipette to exert a defined force F,. on the cell during the
rest of the experiments (lasting typically 200 s). F,.; can be a compressive (F,. >0 by convention) or
pulling force (F,. <0). On top of the level of force F,, the setup superimposes a small oscillatory
force of amplitude 0.025-0.050 nN and frequency f = 1 Hz. This force modulation is used to extract
the mechanical properties of the cell over time, which evolve during activation, i.e. the lymphocyte
becoming stiffer and more viscous during activation (Zak et al., 2019). Here we do not focus on these
mechanical changes, but having used the force modulation during our measurements, we checked
that the force modulation did not influence the result when F,.;was comparable to the amplitude of
the modulation (Suppl. Mat. 1). Furthermore, experiments were performed at room temperature to
limit the thermal drift of the micropipettes. We have shown that at 37°C, T cells react faster than at
room temperature, but in a qualitatively comparable manner (Zak et al., 2019). During T cell activa-
tion, we measured the cell length, which remained constant for some time after F,.; was applied.
This period is herein called delay (Fig. 1B). This delay ended when the cell started growing a protru-
sion that was detected by a change in bead position. The growth was first slow, then entered a rela-
tively constant velocity v;;,,, then slowed down and stopped before switching to a shrinkage phase.
We measured vj;, the duration of the growth At,,u:, and the maximal length reached by the protru-
sion AL ey, from which we deduced the average growth speed <v>= AL qy / Atgrowen (Fig. 1B). vji, was
correlated with <v> (v;;, ~ 1.4 <v>, see Suppl. Mat. 2), but less variable than <v> among cells, so we
refer to vy, in this report.

Influence of force on protrusion’s delay, length and speed

Because physiologically, T lymphocytes interact with antigen presenting cells (APCs) that might exert
some forces on their side, we wondered if the protrusion would be influenced by an external force
during activation. To answer this question, we applied the same initial compressive force F,n, but
varied F,.. The influence of F,.; on the maximum length AL,,., was clear: the higher the compression
(Fae: >0), the shorter the protrusion, and the larger the absolute value of the pulling force (F, <0),
the longer the protrusion (Fig. 2A). We further asked if the growing speed v;;,, was influenced. We
observed that compressive forces (F,. >0) did not affect vj;,. In contrast, v, significantly increased
under pulling force (F,.<0) (Fig. 2B). Neither compressive nor pulling forces altered the delay. The
average delay for all the F, applied was 38+/-20 s (N=151 cells, n=9 experiments, Fig. 2C). Finally,
Atgroun Was not influenced by compressive forces but increased under pulling forces (Figure 2D).
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Link between protrusion’s diameter and maximal length

Qualitative observations on our data suggested that the diameter of the protrusion depended on its
length (Fig. 3A). We thus first quantified the diameter (D,,) of the protrusion at the contact place
with the bead at the moment where the protrusion reached its maximal length (AL,,,) for several
values of F, (Fig. 3B). We then plotted the maximal length of the protrusion vs. its diameter, for all
values of F,, and data collapsed on a master curve (Figure 3C), showing that AL, and D, are inti-
mately linked: the longest protrusions were also the thinnest, whatever the level of applied force.

Non-limiting role of membrane stores

We reasoned that this relationship between maximal length and diameter of the protrusion could
reflect a physical constraint: the growth of the protrusion could be limited by a maximal amount of
membrane stores, which would imply that longer protrusions would be thinner due to limited maxi-
mal area. To test this hypothesis, we quantified cell surface area (see methods) at the beginning of
the experiments and when the protrusion was the longest. The difference was significant (initial area
of 181425 pum? vs. largest area of 203+30 pm?, n=8 experiments, N=76 cells, Fig. 3D) but small: cell
surface area was only 12% larger than its initial value. We have shown previously that CD4 T-cells
have more than 20% of surface reservoirs in a resting state, and that they can mobilize much larger
membrane stores (up to 100% of surface area) during active processes such as transendothelial mi-
gration and spreading on an activating surface (Guillou et al., 2016a). Hence, there are large reser-
voirs available to the T cell beyond 12% area expansion, and limited surface area cannot explain the
end of the protrusion’s growth. We also considered volume as a physical constraint, but the maxi-
mum cell volume was the same as the initial one (maximal volume: 190+58 um3; initial volume:
188+72 um?, N=44 and 76 cells, respectively, across n=8 experiments, Fig. 3D). Note that the volume
of the protrusion starts from zero and increases linearly with time, but represents a small fraction of
cell volume. Indeed, when modelled as a cylinder, the volume of the cylindrical protrusion equals its
section multiplied by its length. By taking an approximate length of 5 um and a diameter of about 2
pm, one gets a volume of the protrusion of roughly 16 um?, which is only 9 percent of the initial cell
volume.

Role of initial compressive force and contact area on protrusion’s diameter and maxi-

mal length

The master curve in Figure 3C shows that whatever F,, the maximal length AL, is determined by
Dyrot, SO understanding what sets D, can provide an insight on what set the maximal protrusion
length AL,,.x. We considered the influence of the initial compressive force on D,,,, reasoning that
this protrusion’s diameter, measured just at the moment at which the protrusion stops growing (a
moment we call the switch), could be determined by the initial cell-bead contact area. This initial
contact area is determined by the level of the initial compression on the cell, Fcomp: the larger Feomp,
the larger the initial cell-bead contact. It is difficult to determine this initial contact area from the
movies acquired during experiments, but it can be quantified using the Hertz model (Johnson, 1985;
Rosenbluth et al., 2006) (see methods and Suppl. Mat. 3) knowing the applied force and the stiffness
of the cell. We ran experiments in the simplest case, where F, was set equal to Fpmp, thus keeping
the compression constant during the whole experiment. We expected the protrusion diameter to be
equal to the initial contact diameter, and indeed measurement showed an excellent agreement be-
tween D, and the diameter Dy.,, predicted by the Hertz model (Fig. 3E). We then asked if the di-
ameter would change if the compression F,; was not equal but lower than F,,,,. The resulting pro-
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trusion diameter Dy, was still in excellent agreement with D, set by the initial compressive force.
This showed that when the protrusion is kept under compression (F,.>0), the protrusion diameter is
determined at the stage of the initial cell-bead contact by the level of the initial compressive force
Feomp- When the protrusion was submitted to a pulling force during its growth (F.<0), two cases
could be possible. In a first case, the protrusion diameter could be again determined by the initial
compressive force and then remain the same even under pulling force. In the second case, one could
expect that the pulling force detaches some bonds at the cell-bead interface, making the protru-
sion’s diameter thinner. To determine which case occurred, we measured the diameter of the pro-
trusion when the initial compression was followed by a small traction force F,.; = -0.06 nN. This led
to the second case mentioned above: the protrusion diameter was smaller than the initial one pre-
dicted by the Hertz model (Fig. 3E). This means that the traction forces modulate the protrusion
diameter by making it thinner. We hypothesize that this thinning is due to pulling forces ripping off
part of the contacts at the cell-bead interface during protrusion’s growth. These results strongly
suggest that compressive and traction forces exerted by the APCs on the T cells modulate the for-
mation and the dynamic of the protrusion generated by T lymphocytes.

Maximal amount of mobilizable actin in the protrusion

Even though we excluded conservation of cell’s total volume as setting the maximal length of the
protrusion, the clear trend appearing in the master curve in figure 3C (the longer the protrusion, the
thinner), suggested testing if there could be a limitation imposed by a maximal amount of actin
available. We reasoned that if available actin in the cell was limiting, each protrusion could stop
when all this actin would be stored in the walls of the protrusion. We estimate the volume of actin in
the protrusion walls, V4., by multiplying the lateral surface area of the cylindrical protrusion,

Siat = TDprot AL ay, With the average thickness of the wall, e ~ 0.3 um. This leads to a prediction
that, if the maximal amount of actin is the same in each protrusion when it reaches its maximal
length, then AL, 4, should be proportional to the inverse of D)4, and proportional to the maximal

Vm ax

actin volume, Vingy: Alpnax = —==—.
prot

The remaining free parameter, the maximal actin volume V},,,,, could be adjusted by fitting the mas-
ter curve in figure 3C, leading to V,,,,=7 um>. The resulting fit is superimposed to the data in figure
3C. In the discussion, we argue that this can represent a significant part of available actin and that
data shown in figure 3C are consistent with a limiting availability of free actin in the cell.

Protrusion length, delay and speed are Arp2/3-dependent, growth duration is not

As shown herein and before, the protrusion is a very dynamic structure. We have previously shown
that inhibition of actin polymerization with Latrunculin A treatment abolishes the formation of pro-
trusions by T lymphocytes (Husson et al., 2011). To get more insights into the molecular mechanism
supporting the generation by T cells of these protrusions, we asked whether the Arp2/3 complex,
which controls nucleation of actin polymerization and branching of filaments, was involved. To do
so, we treated cells with the Arp2/3 inhibitor CK666. As opposed to the above-mentioned treatment
with Latrunculin A, Arp2/3 inhibition did not abolish the growth of the protrusion. Yet, the effect of
CK666 was strong: protrusions reached a lower maximum length (Fig. 4A), started growing later (Fig
4B), with a reduced speed (Fig 4C). In contrast, protrusions growth duration was not significantly
altered (Fig. 4D). It is worth mentioning that CK666 treatment did not significantly change cell initial
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stiffness (Suppl. Mat. 4), which might not be intuitive, but is consistent with measurements by oth-
ers (Fritzsche et al., 2017).

F-actin is enriched in the protrusion, including in a cell-cell system

We have shown before that the protrusion growth is actin-dependent, and that qualitatively, the
protrusion appears as an actin cylinder devoid of microtubules (Husson et al., 2011). To further un-
derstand how actin is reorganized during the protrusion formation, we focused on the F-actin distri-
bution inside the protrusion. We performed confocal imaging of cells fixed at different timepoints (2,
5, and 10 minutes after introducing cells and beads on a coverslip, see methods). F-actin was deplet-
ed in the center of the protrusion (Fig. 5A), recapitulating our observation that the protrusion is a
hollow tube formed by F-actin. The protrusion walls were enriched in F-actin when compared to the
rest of the cell cortex (Fig. 5C). The enrichment was progressive, starting from the base of the pro-
trusion (see example in Fig. 5A), and the fluorescence intensity reaching a maximal level in the re-
gion of the wall in contact with the bead (Fig. 5B), thus forming a thick actin ring reminiscent of what
has been observed in 2D studies of the immunological synapse (Cannon and Burkhardt, 2002). Final-
ly, we studied the formation of the actin protrusions in a more physiological model of conjugates
formed between T lymphocytes and APC. As model APCs, we used K562 cells expressing the Fc re-
ceptor CD64 (named K64, see material and methods) and loaded them with anti-CD3/CD28 activat-
ing antibodies like the coated beads used previously. APCs were attached to coverslips. Human CD4+
Jurkat T-cells were then added, and conjugates were fixed after 5 min. The confocal images obtained
were very similar to the ones obtained with beads coated with activating mAbs: they showed the
formation of protrusion by T cells interacting with activating APC. Moreover, these protrusions
showed similar features: a hollow tube enriched in F-actin as compared with the T cell cortex (Fig.
5D-E). These results confirm that when activated by APCs, T cells develop force-generating protru-
sions that look similar to the protrusions generated when T cells are activated by beads in the MFP
setting.

Discussion

Previous works have shown that during the immune synapse formation, T cells produce an actin
protrusion that generates forces and adapts its growth to the stiffness of the activating surface (Basu
et al.,, 2016; Husson et al., 2011; Sawicka et al., 2017). The physiological role and the biophysical
characteristics of this protrusion remain unknown. In this report, we have applied controlled forces
to leukocytes using a Micropipette Force Probe (MFP) to study in detail the behavior of protrusions
emitted by T cells following TCR engagement. This method allows getting precise parameters such as
the delay required to grow the protrusion, length and diameter of the protrusion, speed of growth
and the time at which the protrusion stops growing and retracts (the switch time). Quantifying these
parameters can provide valuable information on the molecular mechanisms behind the generation
of this protrusion. Our results suggest that the formation of the protrusion is set by an intracellular
constant time and that its dynamic is sensitive to external forces. The application of compressive
forces slightly decreased the length, duration and velocity of the protrusion formation, whereas pull-
ing forces strongly increase these parameters. We also show that actin assembly mediated by actin-
related protein Arp2/3 complex is involved in the formation and dynamic of the protrusion. We ad-



Accepted Article

dressed the relevance of our study in physiological conditions by showing with confocal microscopy
that the protrusion is also emitted by T-cells interacting with an artificial antigen presenting cell,
suggesting that the protrusion formation is not an artefact due to the bead size or stiffness. Finally,
we observed an enrichment of F-actin in the protrusion forming a thick actin ring at the contact with
the activating surface, reminiscent of what has been observed in 2D studies of the immunological
synapse (Cannon and Burkhardt, 2002).

Similarities exist between the protrusions that we observed and other protrusive structures:
T cells were already shown to form protrusive structures that can “invade” the membrane of antigen
presenting cells (APC) (Cai et al., 2017; Sage et al., 2012; Ueda et al., 2011). Such protrusions were
first described in T lymphocytes during transcellular diapedesis through endothelial cells (Carman et
al., 2007) and called invadosome-like protrusions (ILPs). More recently the group of M. Huse also
described protrusive structures developed at the immune synapse by cytotoxic T cells that present
similarities with ILPs (Tamzalit et al., 2019), i.e. they are enriched in LFA1 and require WASP and
Arp2/3 for their formation (Carman et al., 2007). These protrusions are very similar to the protru-
sions analyzed herein. All these protrusive structures also present similarities with podosomes (and
differences, see below), which are dynamic F-actin rich cone-shaped structures (Labernadie et al.,
2010), mostly described in myeloid cells. Indeed, podosomes like the protrusions described by oth-
ers and us are WASP and Arp2/3 dependent for their formation (Kaverina, 2003; Linder et al., 2000).
Moreover, podosomes also exert protrusive forces that depend on actin polymerization and increase
with the substrate stiffness (Labernadie et al., 2014). Thus, analyses like the one reported herein can
provide valuable information on the molecular mechanisms behind the generation of these protru-
sions.

Concerning the potential role of these structures in T lymphocyte biology, the ILPs by tip toe-
ing on the endothelial cells can help to find the least resistant path for diapedesis (Sage et al., 2012).
Protrusive structures, by invading the APC, can also increase the surface of contact between both
cells facilitating the binding between ligands and receptors (Ueda et al., 2011). In the case of cyto-
toxic T cells, protrusions were shown to induce forces responsible for physical deformation and effi-
cient killing of the targets (Basu et al., 2016). Finally, because the protrusions described herein are
mechanosensitive, they can sense the stiffness of the APC they interact with (Husson et al., 2011;
Sawicka et al., 2017). Since APC stiffness is one of the parameters modulated in inflammatory condi-
tions (Bufi et al., 2015), these protrusive structures may also act as sensory organs to test this pa-
rameter and induce an adequate immune response (Saitakis et al., 2017).

The effect of the forces in the dynamic of the protrusion can be compared with the effect of
forces on the dynamic of other biological structures. Yet, quantitative data combining both speed
and force measurements are scarce in general, including for T cells. For instance, to our knowledge,
there are no quantifications of the protrusive force generated by the lamellipodium at the leading
edge of migrating T cells. Such lamellipodium, which presents similarities with the protrusions de-
scribed in this study as it is enriched in branched actin, and its growth is Arp2/3 and WASP depend-
ent, is seen in T cells that migrate at a speed of 0.2-0.5 um/s (Aoun et al., 2020), quite faster than
the ~0.1 um/s that we measured for T cell protrusions. In macrophage, Labernardie et al.
(Labernadie et al., 2014) observed periodic protrusions of podosomes of 20 nm with a typical period
of 40 s, hence a typical growth speed of 0.5 nm/s, two orders of magnitude slower than T cell pro-
trusions. However, these observations were done for macrophages adhering on a substrate. Even

This article is protected by copyright. All rights reserved.



Accepted Article

considering that, without a resisting substrate, podosome could grow up to ~600nm in height as
observed previously by Labernadie et al. (Labernadie et al., 2010) with a comparable timescale
would lead to a growth typically ten times slower than T cell protrusions, suggesting that podosomes
are not similar to T cell protrusions. Considering further quantitative data of both force and velocity
in cell structures, Prass et al. (Prass et al., 2006) have quantified the force generated by the lamel-
lipodium of a fish keratocyte migrating against an atomic force microscope (AFM) cantilever. They
measured a growth velocity under no force of ~0.02 um/s, which is much lower than the growing
speed of about 0.11 um/s that we measured for T cell protrusions. We can also compare the influ-
ence of force on growth speed. To perform this comparison, the surface over which the compressive
force is applied has to be taken into account, to compare stresses (force per surface area) instead of
forces. For a T cell protrusion, we assume that the surface of the actin cortex supporting the stress is
the section of a cylinder of diameter D, thickness e ~ 0.3 pm (Chugh et al., 2017), and surface area
nD,0ce. The resulting stress is 6 = Fue/(MD,0c€), and numerically, for a compressive force F,:= 0.36
nN, we get a compressive stress of ~390 Pa. In the setup used by Prass et al. (Prass et al., 2006), the
cantilever contacts the lamellipodium over a surface of about 3um x 0.2pum = 0.6 pum?>. Interestingly,
the authors see barely any reduction of the growth speed at a force of up to about 0.6 nN, translat-
ing into a stress of about 1 kPa. This is consistent with our measurements, as we measured almost
no reduction in speed up to an applied stress of 390 Pa. This means that T cells protrusion are much
faster than a lamellipodium, but display the same insensitivity to compressive stresses as the lamel-
lipodium of a keratocyte.

The dynamics of the T cell protrusions can also be compared to that of reconstituted actin
gels, for which a wide range of growth velocity has been measured. When growing against an AFM
cantilever, Bieling et al. measured a velocity of about 0.12 um/s under no force, very close to our
observations on protrusions (Bieling et al., 2016). However, in a previous study with a similar setup
but different molecular components, Parekh et al. measured a much lower speed in the range of
0.001-0.01 um/s (Parekh et al., 2005). The latter velocity range matches the one obtained by Bater
et al. in actin gels growing against magnetic colloids (Bauér et al., 2017), while Marcy et al. found an
intermediate value of ~0.03 um/s for actin comets growing against a microfiber (Marcy et al., 2004).
Next, to compare the influence of forces to the growing speed of actin comets (Marcy et al., 2004),
we assume the latter to be actin-filled cylinders of diameter D ,me:=2 UM, hence a section of surface
area D% omer/ 4, leading to stress ¢ = F/(MD’ .omer/4) under a force F. Under a tensile stress of 130 Pa,
Marcy et al. find an increase in the comet velocity of only 10% compared to free growth, while we
found an increase of about 50% in protrusions under the same tensile stress. Moreover, under a
compressive stress of ~390 Pa, as stated above, we see a weak effect of the force on the growing
speed, while Marcy et al. see a 30-40% decrease in growth velocity. In the case of gels grown against
a cantilever, the decrease due to compressive force is much larger, gels are up to four folds slower
than free growth under a ~390-Pa compressive stress (Bauér et al., 2017; Bieling et al., 2016). Thus, T
cell protrusions are as fast as the faster growing gels, when compared to actin comets, protrusions
are more sensitive to tensile stress and less sensitive to compressive stress. Gels grown against a
cantilever are even more sensitive to compressive force. We conclude — maybe unsurprisingly — that
the cell protrusions have different mechanical dynamics than reconstituted systems. Consistent with
this, Bieling et al. showed that the presence of the Arp2/3 complex has a large influence on gel me-
chanical behavior as opposed to random, isotropic crosslinked actin networks. In cells, where in ad-
dition to the Arp2/3 complex, many molecules, including filamin-A (Flanagan et al., 2001), a-actinin,
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filamin (Esue et al., 2009), and other capping and branching factors (Pujol et al., 2012) are present to
regulate the cortex assembly, we expect even more “exotic” behavior of the cellular actin cortex. To
further our understanding at the cell level, we plan to implement simultaneous force and fluores-
cence measurements to study how 3D actin flows are structured within the protrusion, possibly simi-
lar to flows during T cell migration and swimming (Aoun et al., 2020; Reversat et al., 2020). Further-
more, as in vitro studies have shown that actin dynamics depend on the level of external compres-
sive forces (Bieling et al., 2016) and that actin waves can be triggered in cells under external forces
(Kapustina et al., 2013), it might also be interesting in the future to study actin dynamics under dif-
ferent levels of compressive forces in T cells during their activation.

Our results also show that external forces differentially affect the duration of the protrusion
growth (switch time). This switch seems to be set by an intracellular “clock” and its origin is yet not
clear since we identified its existence in a previous study (Husson et al., 2011). Here we observed
that when a compressive force is applied, the duration of the growth and the delay barely depend
on the amplitude of the compressive force. In our previous study using a different micropipette-
based technique (a biomembrane force probe) (Husson et al., 2011), we measured a delay time of
45+/-7 s remarkably close to the one measured in this study. We measured a growth duration that
was 140+/-15 s, vs. 50-90 s in this study (Husson et al., 2011). Although the setup we used previously
presented several differences, an important one is that the setup was not automated to apply a con-
trolled force to the growing protrusion, and pulling forces applied to the growing protrusion were
possibly relatively large. As we showed that the larger the amplitude of the pulling force, the longer
the growth duration, this can explain why we found a longer growth duration in our previous study.
When pulling force is exerted, the stronger the force, the longer the growth duration. Pulling forces
are expected to help to unfold the surface membrane stores, hence allowing the protrusion to grow
longer. We hypothesize that the switch time could depend on a limitation of these membrane stores
unfolded by pulling forces. However, we excluded that the switch time was defined by limited mem-
brane store by showing that the surface area expansion of the cell during activation is much lower
than membrane reservoirs of CD4 T cells. We have previously quantified the membrane stores that
these cells can mobilize during different active processes such as transendothelial migration or
spreading on an activating surface (Guillou et al. 2016).

Finally, we asked if the switch could be explained by the exhaustion of mobilizable stocks of
actin to grow the protrusion. Inhibiting the Arp2/3 complex did not change the switch time, but in-
creased the delay before growth. This showed that branched actin is necessary to build the protru-
sion, but that the switch does not depend on actin branching. This seems not easy to reconcile with
a limiting amount of available actin setting the maximal length of the protrusion, except if the short-
er protrusions observed in the presence of CK666 are much wider so that they contain as much actin
as in untreated cells. Unfortunately, measuring the protrusion diameter of such a small protrusion is
very difficult on the videos and we could not assess that. We estimated that the geometry of the
protrusion when it reached its maximal length was consistent with a conserved maximal amount of
actin contained in the protrusion of about 7 um?. This volume can be compared to the total amount
of actin in the cell. We estimate a cortex thickness of 0.2 um in a resting primary T cell with an aver-
age diameter of 6.7 um (Guillou et al., 2016a). We obtain a volume of actin contained in the cortex
of about 30 um>. Considering that the enrichment in actin in the protrusion relative to the cortex
outside the protrusion leads to an increase in density of a factor of about three (as deduced from the
increase in fluorescence intensity that we measured, Fig. 5), the protrusion could represent up to

This article is protected by copyright. All rights reserved.



two thirds of the initial amount of actin present in the cortex of the resting cell. The fact that there
seems to be a maximal amount of actin in the protrusion, and that it represents a significant per-
centage of the total amount of available actin suggests that the amount of available actin can be a
factor that defines the switch. We will consider testing in the future the limited actin hypothesis, one
possibility being to use recently developed photo-activable actin-associated inhibitors (Borowiak et
al., 2020).

In conclusion, our study suggests that the switch and the delay are set by an intracellular
constant time and that the maximal length of the protrusion is set by a constant growth speed. Our
study provides key insights that help to better understand the mechanism involved in the formation
of the actin protrusion emitted by the T-cell, a process at the core of T cell activation.

Materials and Methods

Micropipette Force Probe

The Micropipette Force Probe is a micropipette-based assay using a flexible micropipette as a canti-
lever (Sawicka et al., 2017). The flexible micropipette aspirates a bead covered with antibodies at its
tip. In this study beads were Dynabeads® Human T-Activator CD3/CD28 for T Cell Expansion and
Activation from Gibco, purchased from Thermo Fisher Scientific (ref. 11131D, Carlsbad, CA). Mi-
cropipettes were prepared as described elsewhere (Basu et al., 2016; Guillou et al., 2016b, 2016a;
Sawicka et al., 2017) using borosilicate glass capillaries (Harvard Apparatus, Holliston, MA, USA) with
a micropipette puller (P-97, Sutter Instruments, Novato, CA, USA), cutting them with a microforge
(MF-200, World Precision Instruments, Sarasota, FL, USA) and bending them at a 45° angle with an-
other microforge (MF-900, Narishige, Tokyo, Japan). Micropipettes were held by micropipette hold-
ers (IM-H1, Narishige) placed at a 45° angle relative to the plane of the microscope stage, so that
micropipette tips were in the focal plane of an inverted microscope under brightfield or DIC illumina-
tion (Ti2, Nikon Instruments, Tokyo, Japan) equipped with a 100x oil immersion, 1.3 NA objective
(Nikon Instruments) and placed on an air suspension table (Newport). The flexible micropipette was
linked to a micropositioner (Thorlabs, Newton, NJ, USA) placed on top of a single-axis stage con-
trolled with a closed loop piezo actuator (TPZ001; Thorlabs). The bending stiffness k of the flexible
micropipette (about 0.1-0.3 nN/um) was measured against a standard microindenter calibrated with
a commercial force probe (model 406A; Aurora Scientific, Aurora, ON, Canada). Experiments were
performed in glass-bottom Petri dishes (Fluorodish, WPI, Sarasota, FL, USA). Once an activating mi-
crobead was aspirated by the flexible micropipette, a T cell was picked up at the bottom of the Petri
dish, held by a stiff micropipette with an aspiration pressure of 30-60 Pa (imposed by lowering the
water level in a reservoir connected to the micropipette), and brought in adequate position using a
motorized micromanipulator (MP-285; Sutter Instruments). This aspiration pressure is necessary to
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hold the cell to prepare and during experiments. In a previous study we showed that below and ex-
pansion of the cell membrane area of a resting T cell of about 20%, the mechanical properties of cell
is not affected. Below this threshold, cell surface area expansion leads to an increase in cell effective
stiffness that could potentially affect cell response (Guillou et al., 2016a), but we did not exceed this
20% threshold Images were acquired using a Flash 4.0 or ORCA-spark CMOS camera (Hamamatsu
Photonics, Hamamatsu City, Japan). The setup automatically detects the position of the bead at the
tip of the force probe at a rate of about 400 and imposes the position of the base of the flexible mi-
cropipette by controlling the position of the piezo stage. The deflection of the force probe is the
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difference between the position of the bead and the position of the piezo stage. Thus, the force ap-

plied to the cell is the product of this deflection by the bending stiffness k. A retroaction implement-
ed in Matlab (Mathworks) controlling both the camera via the Micromanager software (Edelstein et

al., 2014) and the piezo stage moves the latter in reaction to the measurement of the bead position

in order to keep a desired deflection of the cantilever, so that a defined force is applied to the cell at
any given time. Experiments were performed at room temperature to avoid thermal drift.

Cells

Mononuclear cells were isolated from peripheral blood of healthy donors on a ficoll density gradient.
Buffy coats from healthy donors (both male and female donors) were obtained from Etablissement
Francais du Sang (Paris, France) in accordance with INSERM ethical guidelines. Human total CD4+
isolation kit (Miltenyi Biotech, 130-096-533) was used for the purification of T cells. Arp2/3 inhibition
(Fig. 4) was performed with a 30-min preincubation with CK666 (25uM), which was left in the extra-
cellular medium during experiments. DMSO content in control was 0.1% V/V.

K562 CCL-243 ATCC transduced with lentiviral particles encoding for CD64 (named K64 cells) were
cultured at 37 °C 5% CO2 in RPMI 1640 Glutamax (Gibco, 61870-010) supplemented with 10% fetal
calf serum (FCS, Corning, 35-079-CV, lot no. 35079011) and were passed every 2—3 days at ~0.5 x 10°
cells/mL.

Production of lentiviruses and infection of K562 cells.

Non-replicative VSV-g pseudotyped lentiviral particles were produced by transfecting HEK-293T cells
with Gag, Pol, rev, encoding plasmid (pPAX2), envelop encoding plasmid (pMD2.G) and the CD64
construct (Provided by Philipe Bernaroch) encoded in a pWXLD vector. Lentivirus were recovered in
supernatant after 2 days and concentrated. 5 x 10° K562 cells were infected for 24 h, and used 3-5
days post infection.

Coverslips and dishes preparation for immunofluorescence assay

12mm ¢ coverslips (VWR, 631-0666) for fixed cells were pre-coated with 0.02% of poly-L-Lysine
(Sigma Aldrich P8920) for 20 min at room temperature and were washed three times in water before
being dried and kept for maximum of 2 days.

Preparation of CD4+ and CD3/CD28 Beads conjugates

CD4+ T cells cells were resuspended at 2 x 10° in 1 mL of RPMI medium. An equal volume of magnet-
ic beads (2 x 10°) coated with anti-CD3 and anti-CD28 (Gibco, 11132D) was added. The Cells-Beads
mix was incubated on a coverslip for the appropriate time (2, 5 and 10 min) at 37 °C. Coverslips were
then washed once with cold PBS before fixation.

Preparation of primary CD4-T cells and K64 cells conjugates

K64 cells were washed, resuspended at a concentration of 1 x 10° cells/mL, then loaded with anti
CD3 (OKT3 clone, eBioscience, 16-0037-85, 10 pug/mL final concentration) and anti-CD28 (LEAF Puri-
fied anti-human CD28 from CD28.2 clone, Biolegend, BLE302923 at 10 pg/mL final concentration) for
30 min at 37 °C before being washed once and resuspended at a concentration of 1 x 10° cells/mL.
150,000 K64 cells were incubated on coverslips for 30 min, washed once with warmed PBS and
250,000 CD4 T cells resuspended in RPMI 10% FCS were added for 5 min. Coverslips were washed
once with cold PBS before fixation.
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Fixation

Cells were fixed with 4% paraformaldehyde (Life technologies, FB002) for 15 min at room tempera-
ture, washed once in PBS and excess of paraformaldehyde was quenched for 10 min with PBS 10
mM Glycine (Thermo Fisher Scientific, G8898). Coverslips were kept at 4 °C in PBS until permeabiliza-
tion and staining.

Staining and mounting

Cells were permeabilized for 30 min at room temperature with PBS 0.2% Bovine Serum Albumin
(BSA, Euromedex, 04-100-812) 0.05% Saponin (Sigma-Aldrich, S4521). Cells were then incubated at
room temperature for 30 min in the same buffer with Alexa Fluor 647 phalloidin (Invitrogen
A22287). After washing once with PBS BSA Saponin, and once with PBS, coverslips were soaked
three times in PBS, three times in water, and mounted with 4—6 pL of Fluoromount G (SouthernBi-
otech, 0100-01) on slides (KNITTEL Starfrost) and dried overnight protected from light before micro-
scope acquisition.

Confocal microscopy and image analysis

Images were acquired with a Leica DmI8 inverted microscope equipped with an SP8 confocal unit
using either a 40X (1.35NA) or 63X (1.4NA) objective. Single plane images or Z-stack of images were
acquired. Images were analyzed on Fiji and ImageJ software using scripts generated for automated
or semi-automated analysis.

Hertz model

The Hertz model (Johnson, 1985; Rosenbluth et al., 2006) applies to the deformation of an elastic
medium when indented by a sphere. The model can be extended in the case of the indentation of an
elastic sphere (representing the cell) by an infinitely stiff spherical indenter (representing the mi-
crobead), which leads to the following relationship between the compressive force F applied by the

. . . . 4Ey 3 .
indenter on the elastic sphere and indentation J of the latter: F = - 1?:;9 Ref 62, where Eyoung is
the effective Young’s modulus of the cell, R. s is an effective radius given by 1/R.¢r = 1/Rceyy +
1/Rpeqaq, With R,y the cells radius and Rp.,4 the bead radius, v is the Poisson ratio of the cell taken

as 0.5 (i.e. the cell is considered incompressible (Moeendarbary et al., 2013; Wu et al., 2018).

We first used this model during the initial indentation of T cells by the activating microbead. During
an experiment, the base of the flexible pipette holding the bead is translated at a constant velocity
towards the cell. Upon contact, the bead starts applying an increasing compressible force to the cell,
until it reaches the force level F,,,. During this initial compressive phase, we measured both applied
force and cell indentation. We fitted the experimental F-J curve using the above F-J relationship
(Suppl. Mat. 3).
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Furthermore, the Hertz model predicts that the radius a of the cell-bead contact area is such that

E 3
a® = R,¢¢8. By substituting a in the F-d relationship above, we get: F = 2 voung a
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Volume and surface area calculation

The surface and volume of the cells were calculated assuming an axisymmetrical geometry of the
cell around the axis defined by the cell center and bead center (horizontal axis in Suppl. Video 1).
The contour of cells was hand-traced using image j software (Schneider et al., 2012) using a seg-
mented line, thus defining small cylinders of diameter equal to the local cell diameter and of small
(submicron) thickness. Once sliced in elementary cylinders, the lateral area or volume of these cylin-
ders is readily computed. The sum leads to the desired cell surface area and volume.
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Figure 1. A. Micropipette Force Probe (MFP). A stiff micropipette holds a T cell. A flexible micropipette of bending stiff-
ness k aspirates firmly an activating microbead. The deflexion d of the micropipette (not to scale) is controlled to apply
the desired force level during cell activation, F,.; = k x d. B. Representative curve of the bead position (measuring cell
length) vs time. The maximal protrusion length is 4 L,,,. The initial cell-bead contact is ensured by applying an initial
compressive force F.,,,, after which an average force F, is applied during the rest of the experiment (with an added
small force modulation to perform other mechanical measurements, see text).

Accepted Article

This article is protected by copyright. All rights reserved.



Accepted Article

>

Y
N

*k*

o0

ALmax (Hm)
=

0.2 0.0 0.2 04
Fact (nN)

0 Ll L} L} 1
02 0.0 0.2 04

Fact (nN)

0.0 -0.2 00 0.2 04
Fact (nN)

150
0
= 100+

3
S
<1 50

0 1 T 1

02 00 02 04
Fact (nN)

Figure 2. Influence of the applied force during activation F,.; on several parameters (all cells were

submitted to Fmp=0.36 nN). A. Maximal protrusion length A L. B. Growth speed vj;,. C. Delay. D.

Growth duration A t,,,. Data in A-D represent 8 experiments, each dot is an average over 7 to 20

cells, except in B where the average is over 3 to 17 cells. Gray area represents SDs. Statistical tests:
two-tailed t-test with Welch’s correction (* p<0.05; ** p<0.01; *** p<0.001).
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Figure 3. A. Images of the Micropipette Force Probe (images denoised, contrasted, and the back-
ground was removed, bar: 5 um). Cells were submitted to increasing level of force (F,.; = -0.24 nN, -
0.05 nN, +0.12 nN, and +0.36 nN, top to bottom). B. D, as a function of F, (cells were all initially
submitted to F.,m,= 0.36 nN). Gray area represents SDs. Each dot represents an average over 7 to 20
cells across 8 experiments. C. Maximal protrusion length A L., as a function of its tip diameter Do,
for various applied forces F,. Cells were all submitted to an initial compression F.,,= 0.36 nN. Er-
rors bars are SDs. Each dot represents an average over 2 to 12 cells across 8 experiments, except a
dot representing a single cell for F,.; = 0.03 nN. The dashed line is a fit assuming a maximal volume of
actin of ~7 um? in the protrusion when reaching its maximal length. D. Volume and surface area of T
cells at initial time and when the protrusion was the longest. ****: p<0.0001 for a two-tailed t-test.
E. Dy for different values of Fpmp and Foq, and diameter Dyer, Of the initial cell-bead contact diame-
ter based on the Hertz model (see methods).
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Figure 4. Inhibition of Arp2/3 by CK666 leads to shorter (a), delayed (b), and slower growing (c) T cell
protrusions, but does not change growth duration (d). DMSO control: n=2 experiments, N=16 cells;
CK666: n=3 experiments, N=20 cells. Statistical tests: 2-tailed unpaired t-tests with Welch correction.
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Figure 5. F-actin organization. A. Top: maximum intensity confocal stack projection (F-actin in red, nucleus in blue, and
brightfield in gray). Bottom: only the F-actin image from top is shown using false colors to visualize the enrichment in F-
actin in the protrusion walls. A line is drawn on half of the cortical part of the activated cell, the corresponding intensity
profile is shown in B. The arrow indicates the base of the protrusion. Scale bar is 5 um. B. Fluorescence intensity along
the line drawn in A. The distance is counted starting from the bead towards the back of the cell. The arrow corresponds
to the base of the protrusion. C. Fluorescence intensity of F-actin in the cortex of primary T cells activated by a bead. For
each cell, the average intensity in the protrusion was compared to the average intensity in the cortex located outside
the protrusion. Each dot represents a single cell (N=83 cells, n=2 experiments, Wilcoxon matched-pairs signed rank test).
D. Two examples of protrusions between a primary T-lymphocyte and a K64 cell. F-actin is shown in red for both cells
and the K64 cells are shown in blue. E. Fluorescence intensity analyzed as in C, the average intensity in the protrusion
was compared to the average intensity in the cortex located outside the protrusion in T cells in contact with K-64 cells
(each dot represents a T cell, N=50 cells across n=2 experiments, two-tailed t-test).

Graphical Abstract

During Immunological Synapse formation, T cells emit an actin-rich protrusion that experiences forc-
es. Here, we quantitavely characterized the effects of external forces in the dynamic of the protru-
sion. We found that the formation of the protrusion is set by an intracellular constant time and is
mediated by the Arp2/3 complex and that its dynamic is sensitive to external forces. Our study pro-
vides key insights that help to better understand the mechanism involved in the formation of the
actin protrusion emited by the T-cell.
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