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B cell mechanotransduction via ATAT1 coordinates
actin and lysosomal dynamics at the immune

synapse

Pablo Aceit6n'*@®, Isidora Riobd'*@®, Felipe Del Valle Batalla™*®, Jheimmy Diaz-Mufioz!®, Romina Ulloa'®, Fernanda Cabrera Reyes'®,
Teemly Contreras'®, Sara Hernandez-Pérez2>4@®, Pieta K. Mattila>>*@®, and Marfa Isabel Yusef'@®

B cells extract immobilized antigens via immune synapse formation, a process influenced by the physical properties of the
antigen-presenting surface. However, the mechanisms linking mechanotransduction to antigen extraction and processing
remain poorly understood. Here, we show that B cells activated on stiff substrates initiate mechanotransduction responses
that drive the translocation of the microtubule acetylase ATAT1 from the nucleus to the cytoplasm, leading to increased
a-tubulin acetylation. This modification releases GEF-H1 at the immune synapse, where it promotes the formation of actin foci
essential for antigen extraction. Acetylated microtubules also enable B cells to stabilize and position lysosomes at the
synapse center, thereby coupling actin-dependent extraction to antigen processing and presentation. Accordingly, ATAT1-
silenced B cells fail to concentrate actin foci and lysosomes at the synaptic interface, resulting in impaired antigen extraction
and presentation to T cells. Overall, these findings underscore how BCR-dependent mechanotransduction induces
microtubule modifications to orchestrate lysosome positioning and actin remodeling at the immune synapse.

Introduction

Mechanosensing is a fundamental cellular process that enables
cells to perceive and respond to physical environmental cues
(Shaheen et al., 2019). This ability allows cells to adapt to tissue
geometry and stiffness (also referred to as rigidity, measured in
kPa), which in turn can influence genetic reprogramming, cell
adhesion, migration, and organelle function (Chen et al., 2017;
Lachowski et al., 2022; Phuyal et al., 2022). How mechanical
cues associated with antigen recognition by B cells dictate their
activation remains unresolved.

B cells interact with antigens that display diverse mechanical
properties, ranging from less stiff immune complexes to highly
rigid viral capsids (~100 MPa) (Shaheen et al., 2019). Addi-
tionally, B cells can recognize antigens in a soluble form, con-
sidered to be in an environment with extremely low stiffness
(0.01 kPa), or interact with antigens associated to the ex-
tracellular matrix, which displays rigidities within 20 kPa
(Ciechomska et al., 2014). In vivo, B cells mainly interact
with antigens tethered to the plasma membrane of antigen-
presenting cells, exhibiting diverse rigidities (0.1-0.5 kPa)
that are modified by inflammatory conditions (Bufi et al.,
2015; Kim et al., 2019).

B cells display a membrane-bound immunoglobulin receptor,
the B cell receptor (BCR), which possesses the ability to sense the
mechanical properties of their ligands (Zhu et al., 2019b; Zhu
et al., 2019a). Accordingly, B cells activated on stiff surfaces
exhibit augmented BCR clustering and downstream signaling,
leading to enhanced spreading responses and actin cytoskel-
etal rearrangements (Wan et al., 2013). Consequently, external
physical cues provide an additional layer of information that
B cells can detect and integrate into their responses. However,
how B cells couple mechanotransduction pathways with mem-
brane trafficking to regulate antigen extraction and presentation
under varying conditions at the immune synapse (IS) remains
incompletely understood.

The mode of antigen extraction used by B cells depends on
the physical properties of the substrate in which antigens are
presented: antigens on flexible, softer surfaces are internal-
ized into clathrin-coated pits by myosin IIA-mediated pulling
forces that trigger invagination of antigen-containing membranes
(Hoogeboom and Tolar, 2016). During this process, the com-
plexes formed by the BCR and the antigen are internalized at
regions enriched in actin foci (Roper et al., 2019). On the other
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hand, antigens presented on more rigid surfaces require the local
fusion of lysosomes at the synaptic membrane that release pro-
teases and acidify the synaptic cleft, facilitating antigen extrac-
tion (Yuseff et al., 2011). This proteolytic mode of antigen
extraction relies on the precise positioning, tethering, and se-
cretion of lysosomal content at the IS. Various factors regulate
this process, including local actin cytoskeleton remodeling by
proteasome activity (Ibafiez-Vega et al., 2019a), assembly of the
exocyst complex (Sdez et al., 2019), and VAMP7-dependent fu-
sion at the synaptic membrane (Obino et al., 2017). However, the
mechanisms that link mechanotransduction to lysosome posi-
tioning remain largely unknown, and B cells emerge as a valu-
able model to study this process.

Vesicles move along microtubules (MTs) by their association
to motor proteins, which can be regulated by posttranslational
modifications (PTMs) of the MT network (Pu et al., 2016). In
neurons, acetylation of MTs fine-tunes the trafficking of lyso-
somes by modifying their affinity with kinesins (Morelli et al.,
2018). In T cells, upregulation of tubulin acetylation by inhibi-
tion of the deacetylase HDAC6 leads to impaired transport of
lytic granules to the synaptic membrane, highlighting how MT
acetylation impacts polarized vesicle transport (Ntfiez-Andrade
etal., 2016). Moreover, PTMs of the MT network are also coupled
to mechanoresponses, resulting in differential trafficking of
vesicles to sites where membrane exchange or exocytosis is re-
quired (Wang et al., 2018). For instance, acetylation of tubulin is
enhanced at the leading edge of migrating fibroblasts where
traction forces occur, promoting the release of GEF-H1 and ac-
tomyosin contractibility to modulate focal adhesion dynamics at
the cell front (Seetharaman et al., 2022). Similarly, the localized
release and activation of GEF-H1 by MTs at the synaptic mem-
brane of B cells restricts F-actin polymerization, thereby en-
suring the formation and stability of a single IS (Pineau et al.,
2022). This underscores the coordinated interplay between actin
and MTs in maintaining cellular polarity across diverse cellular
contexts.

In this work, we show that the activation of B cells on stiffer
substrates enhances the concentration of lysosomes at the center
of the IS, ultimately improving their capacity to extract and
present immobilized antigens. This process relies on a B cell
response that triggers the translocation of the acetylase a-tubulin
(a-Tub) acetyltransferase 1 (ATAT1) from the nucleus to the
cytoplasm, thereby increasing tubulin acetylation levels.
Concomitantly, increased levels of acetylated MTs also trig-
ger the release of GEF-H1, which accumulates at the synaptic
membrane to stabilize the formation of actin foci, where antigen
extraction occurs. Altogether, our findings reveal how physical
properties of antigen-presenting surfaces can regulate the for-
mation of a functional IS and thereby tune B cell effector
responses.

Results

The stiffness of antigen-presenting surfaces regulates actin
remodeling and mechanotransduction pathways in B cells
Upon interaction with surface-tethered antigens, B cells trigger
a spreading response to maximize antigen encounter and uptake
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(Fleire et al., 2006; Yuseff et al., 2013). In this study, we aimed to
characterize cytoskeletal and vesicular responses coupled to
mechanical cues sensed through the BCR. For this purpose, we
developed polyacrylamide (PAA) gels of 0.3 and 13 kPa, hereafter
referred to as “soft” and “stiff” gels, respectively, which mim-
icked physical cues associated to physiological and pathological
conditions (Wan et al., 2013) (Fig. S1 A). The stiffness of these
gels was measured by atomic force microscopy (AFM) (Fig. S1B)
to confirm soft and stiff values. Next, BCR* ligands (F(ab’)2 anti-
IgG) were coupled to both soft and stiff gels, which exhibited
similar binding densities and formed a continuous and homo-
geneous layer under all conditions (Fig. S1 C). B cells were seeded
on gels containing BCR* ligands for various time points, then
fixed and stained for actin and YES-associated protein (YAP), a
well-established mechanotransduction marker that translocated
to the nucleus in response to mechanical cues (Cheng et al.,
2023). Our results confirmed that B cells exhibit key mechano-
transduction responses, as YAP translocated to the nucleus in
cells activated on stiffer substrates, but not on softer ones (Fig. 1,
A and B). This translocation occurred in a time-dependent
manner, consistent with observations in other cell types
(Panciera et al., 2017). We also evaluated the active form of pFAK,
a well-established hallmark of mechanotransduction in B cells
(Shaheen et al., 2017) and in other cell types where it is associ-
ated with focal adhesion assembly and membrane protrusion
during cell spreading and migration (Li et al., 2023). For this
purpose, we activated B cells on surfaces with different stiff-
nesses for increasing time points and evaluated the levels of
pFAK by immunoblot. Our results show that cell lysates from
B cells activated on stiff surfaces display increased levels of pFAK
(Fig. 1 C). Accordingly, B cells seeded over stiff substrates con-
taining BCR* ligands exhibited higher spreading responses after
15 and 30 min in comparison with those activated on softer
substrates (Fig. 1 D). Mean areas of B cells activated under stiff
conditions were in the range of 300-400 um? compared with an
average of 100 um? for B cells activated under soft conditions
(Fig. 1 E). Notably, B cells seeded onto gels of different stiffness
without BCR* ligands showed no significant changes in spread-
ing after 5 and 30 min (Fig. S1, D and E). These observations
suggest that B cells possess a BCR-dependent mechano-
transduction pathway that controls cell spreading in response
to substrate rigidity when coupled to BCR* ligands.

When examining actin cytoskeleton organization, we ob-
served an increase in lamellipodia size and the number of actin
foci (Fig. 1 F & right inset, Fig. 1, F and G) in B cells activated on
stiffer substrates, compared with those on soft substrates, which
did not display well-defined lamellipodia. Actin foci are dynamic
actin-rich structures that are considered a hallmark of B cell
mechanoresponses as they generate inward forces that facilitate
antigen concentration and internalization (Roper et al., 2019).
We also verified that B cells induce stronger BCR signaling re-
sponses when activated on stiffer versus soft substrates (Fig. S2
A). Immunoblot analysis revealed that B cells displayed higher
levels of phospho-AKT and phospho-ERK when activated on
stiffer substrates in comparison to softer conditions, as pre-
viously described (Shaheen et al., 2019). These observations
show that BCR-mediated mechanotransduction in response to

Journal of Cell Biology
https://doi.org/10.1083/jcb.202407181

9z0z |14dv ST uo 1senb Aq Jpd ‘T8TL0¥20Z a0 [/6GY.¥6T /T8TL0¥202® /8 /¥2g /ypd -8 |2 11Je/qo [/ 1o "ssaudni//:d 1y wo iy papeo jumog

20f18



A Nucleus/YAP B
Stiff Soft
1.0m ns ********| ns ns IEI
=2 4
L__——| = @© g &
g 2 0.6 BB E T
g5 o ke gF g1
<8 | .
> £ 0.24 | :
0.0 L UL UL UL L L
NC NC NC NC NC NC
5 15 30 5 15 30
Time (min)
Lamellipodia
s quantification ) )
" = Actin foci
{X quantification
A ~—
. 53 ® o
8 °
° [ T s I s T |
8 -
S 08 \ bS] G
K] | @
2 0.6
$5 \ G H
204 200 ns 200- . :
. | E _ bk ok k | kokkk | kokkok
< 02 ‘ € . l ‘
° 600 2150+ E 150 ’ % | =
0.0: ] o Y
5 15 30 5 15 30 < £ &) | | =
Time (min) 3 .© 100 'g 100+ =
= ] el 3 :
8 409 g = i | |
© 3 4. . S ] 5 %
2 e E =211 % \
3 200 - o % | 7 ;
£ 0
& 5 5
Time (min) Time (min)

L] L] L] T T
5 15 30 5 15 30
Time (min)

@ Soft @ Stiff

Figure 1. The stiffness of the antigen-presenting surfaces regulates actin remodeling and mechanotransduction pathways in B cells. (A) Repre-
sentative images of fixed B cells seeded over stiff or soft substrates containing BCR* ligands at different activation times. YAP is shown in green, the nucleus in
red (Hoechst). (B) Quantification of nuclear or cytoplasmic accumulation of YAP from cells in A. The distribution index (y axis) indicates the fraction of YAP
fluorescence in the nucleus (N) or the cytoplasm (C), excluding the nucleus, with respect to the total area of the cell. (C) Western blot analysis of phosphorylated
FAK (pFAK) in B cells activated on soft or stiff substrates for different time points. Bottom: Quantification of pFAK shows significantly higher levels in B cells
activated on stiff substrates. (D) Representative images of B cells seeded over stiff or soft substrates containing BCR* ligands at different activation times. Actin
(phalloidin) is shown on a gray scale. (E) Quantification of cell spreading areas. (F) Representative selection of lamellipodia and actin foci used for quantification.
(G and H) Results are shown in G and H. For every experiment, shown data consider n > 20 cells pooled from N = 3 independent experiments. Scale bars are 10
pm. Two-way ANOVA with Sidak’s multiple comparison test. P values illustrated with asterisks are ** <0.01, *** <0.001, and **** <0.0001. Error bars are mean

+ SEM. Source data are available for this figure: SourceData F1.

substrate stiffness activates FAK and BCR downstream signaling
molecules that regulate spreading and signaling pathways as-
sociated with enhanced states of B cell activation. Collectively,
these findings support the notion that mechanical cues modulate
actin cytoskeleton remodeling initiated by BCR engagement,
prompting us to investigate how B cells integrate physical sig-
nals to regulate antigen extraction and presentation.

Mechanostransduction regulates lysosome positioning and
dynamics at the IS

B cells strategically position lysosomes at the IS to promote the
uptake and processing of antigens; therefore, we asked whether
physical cues sensed by B cells have an impact on lysosome
positioning and dynamics. For this, we seeded B cells on soft or

Aceitén et al.
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stiff substrates containing BCR* ligands at increasing time
points. Cells were stained for F-actin and the lysosomal marker
LAMP1 and imaged using confocal microscopy (Fig. 2 A). The
distribution of LAMP1* vesicles within the intracellular space
defined by cortical actin cytoskeleton was analyzed as follows:
the total cell area was divided into 3 concentric sections, defining
the center and periphery as previously described (Corrales
Vazquez et al., 2025) (Fig. 2 B) and raw intensity fluorescence
values of LAMPI* vesicles, referred to as lysosomes, at the cen-
tral and peripheral regions were normalized with respect to the
spreading area of each cell. Our analysis revealed that after
15 min of activation, B cells stimulated on stiff surfaces pro-
gressively accumulated more lysosomes at the center of the IS
compared with cells activated on softer substrates. The number
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Figure 2. Mechanotransduction associated to lysosome localization and dynamics during B cell activation. (A) Representative images of fixed B cells
interacting with soft or stiff substrates containing BCR* ligands at different time points. LAMP1is shown in green, and the cell border (white dashed outline) was
defined by F-actin phalloidin staining. Scale bar: 10 um. (B) Top: Schematics depicting central and peripheral areas of the IS where LAMP1* lysosomes were
quantified. (see Materials and methods). Bottom: Represents the MFI percentage of LAMP1* lysosomes in each region. (C) Number of lysosomes at the IS from
cells shown in A. (D) Representative images of MR signal in B cells seeded on soft or stiff substrates containing BCR* ligands. (E) MR fluorescence intensity
through Z stacks for cells displayed in D. (F) Representative time-lapse images of B cells expressing cathepsin-RFP activated on stiff or soft conditions. (G and
H) Displacement and mean speed of lysosome tracks from cells detailed in F. Data shown consider n > 30 cells pooled from N = 3 independent experiments.
Scale bars are 10 um. (B and C): Two-way ANOVA with Sidak’s multiple comparison test. (G and H): t test. P values illustrated with asterisks are ** <0.01, ***
<0.001, and **** <0.0001. Error bars are mean + SEM.

of lysosomes at the center of the IS was comparable in both  activated on surfaces with higher stiffness (Fig. 2 B). No differ-
conditions after 30 min of activation. However, the number of ences were observed in total LAMP mean fluorescence in B cells
lysosomes at the periphery was significantly lower in B cells activated in either condition (Fig. S3 C); however, quantification
interacting with stiffer substrates, suggesting that the lysosomes  of LAMPI* vesicles at the z-plane adjacent to the antigen-coated
are retained more efficiently at the center of the synapse in cells  surface revealed higher number of lysosomes at the synaptic
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plane of B cells activated on stiffer substrates after 15 min of
activation (Fig. 2, A and C), suggesting that lysosomes were re-
cruited more efficiently.

We next monitored the lysosome hydrolase activity in B cells
activated on stiff and soft substrates. To this end, we incubated
B cells on activating surfaces for 30 min and added the cathepsin
B-sensitive probe, Magic Red (MR), which penetrates cells and
fluoresces upon cleavage within catalytically active lysosomes
(Barral et al., 2022). Imaging analysis revealed that B cells ac-
cumulate higher MR fluorescence at the synaptic plane when
activated on stiff substrates (Fig. 2 D). Additionally, these cells
display more MR puncta at the center of the synapse compared
with cells activated on soft substrates, where puncta were more
peripherally located (Fig. 2 E), similarly to our observations with
LAMPI1* vesicles. These results suggest that lysosomes with
higher degrative activity are recruited to the center of the IS
upon activation with antigens associated to stiff substrates.

We next evaluated how substrate stiffness sensed by B cells
regulates lysosome dynamics upon formation of an IS. To this
end, B cells expressing cathepsin D-RFP were seeded on soft or
stiff substrates coupled to BCR* ligands for 15 min and live
imaging was performed for 5 min (Fig. 2 F and video 1), a time
frame suitable to evaluate lysosome dynamics during the IS
formation (Sdez et al., 2019). Consistent with the results ob-
tained in fixed cells, lysosomes preferentially accumulated to
the cell center upon activation under stiff conditions, whereas
on softer substrates, lysosomes were evenly dispersed. Quan-
titative analysis of lysosomal dynamics at the IS revealed that
both mean speed and displacement were reduced in B cells
seeded on stiffer substrates compared with softer ones (Fig. 2,
G and H). These results suggest that increased responses to
substrate stiffness promote lysosome stabilization at the IS,
which could potentially impact the capacity of B cells to extract
and present immobilized antigens. Thus, we next investigated
the mechanisms linking lysosome dynamics to mechano-
transduction in B cells.

B cell mechanotransduction promotes tubulin acetylation
during activation

Intracellular trafficking relies on the organization of the MT
network, where PTMs of tubulin tune MT dynamics and reg-
ulate vesicle transport (Janke and Magiera, 2020). Whether
physical cues impact lysosome transport at the IS through MT
PTMs remained to be determined. One such modification is the
acetylation of a-Tub at lysine 40, which stabilizes the tubulin
lattice and ensures the binding of KIF proteins that promote
synaptic vesicle transport in neurons (Bhuwania et al., 2014).
Thus, we evaluated whether physical cues sensed by B cells
through their BCR can change the level of MT acetylation. To this
end, B cells were seeded over soft or stiff BCR*-coupled PAA gels
for 5, 15, and 30 min and stained for a-Tub and acetylated tu-
bulin (Ac-Tub). Noticeably, B cells activated on stiff surfaces
displayed higherlevels of Ac-Tub compared with cells activated
on soft substrates (Fig. 3 A), which was measured as the total
amount of Ac-Tub and as a ratio to total tubulin levels (Fig. 3, B
and C). This result was confirmed by western blot analysis of
cell lysates from B cells activated on stiff and soft substrates,
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showing that levels of Ac-Tub were upregulated in a time- and
stiffness-dependent manner (Fig. S2 B).

To investigate the functional impact of MT acetylation on
lysosome dynamics, we first evaluated the colocalization of Ac-
Tub and LAMPI in B cells activated on soft and stiff substrates.
Our results show that in B cells seeded on stiff substrates, ly-
sosomes progressively increased their association with Ac-Tub
(Fig. 3, D and E), whereas this parameter remained constant in
B cells activated on soft substrates. These results suggest that
there is a functional link between MT acetylation during B cell
mechanoresponses and the positioning of lysosomes at the IS
during B cell activation.

To precisely determine the effect of tubulin acetylation on
lysosome dynamics in B cells, we evaluated the effect of sub-
eranilohydroxamic acid (SAHA), which enhances tubulin acet-
ylation by inhibiting the deacetylase enzyme HDAC6 (S4ez et al.,
2019). Treatment with 1 uM SAHA for 30 min effectively led to
enhanced MT acetylation in B cells (Fig. S2 C). Next, B cells ex-
pressing cathepsin D-RFP treated or not with SAHA, were acti-
vated on stiff and soft surfaces for 15 min and imaged during
5 min at 8 s per frame. Lysosome trajectories from each cell
under different conditions were acquired and analyzed. Our
results show that lysosomes from SAHA-treated B cells activated
on soft substrates exhibited lower mean speed and were more
confined compared with lysosomes from non-treated cells, dis-
playing readouts similar to lysosomes from B cells activated on
stiff substrates (Fig. 3, F and H; and video 2). Interestingly,
treatment with SAHA had no significant effect on lysosome
dynamics in B cells activated on stiff substrates, indicating that
the level or threshold of tubulin acetylation to control lysosome
mobility and positioning in B cells activated on stiff substrates
cannot be further increased by inhibiting deacetylation of MTs.
Overall, this result suggests that tubulin acetylation can adjust
lysosome dynamics in B cells as a response to extracellular
stiffness.

ATAT1-mediated tubulin acetylation controls lysosome
positioning in B cells
Having shown that tubulin acetylation levels modulate lysosome
dynamics, we sought to elucidate the regulatory mechanisms
involved. Tubulin acetylation is mediated by the acetyltrans-
ferase ATATI, which dynamically shuttles between the nucleus
and cytoplasm (Deb Roy et al., 2022). Since tubulin acetylation
increases in response to substrate stiffness during B cell acti-
vation, we investigated whether this process is driven by the
cytoplasmic accumulation of ATATI. To this end, we seeded
B cells on soft and stiff substrates and evaluated the localization
of ATAT1 by confocal microscopy after different time points
of activation. With increasing activation times and substrate
stiffness, ATATI translocated from the nucleus to the cytoplasm,
which was not observed in B cells activated on soft substrates
(Fig. 4, A and B). These results suggest that BCR-mediated me-
chanotransduction may enhance tubulin acetylation by pro-
moting the cytoplasmic localization of ATATI.

To formally show that ATAT1-dependent MT acetylation
regulates lysosome dynamics in B cells, we silenced ATAT1 ex-
pression using siRNA and evaluated its effect over tubulin
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Figure 4. Mechanotransduction regulates the localization of ATAT1 and controls lysosome positioning at the IS. (A) Representative images of fixed
B cells seeded on stiff or soft substrates containing BCR* ligands for different time points. ATAT1 is shown in green, the nucleus in red (Hoechst), and the cell
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border (white dashed outline) was defined by F-actin phalloidin staining. Scale bar: 10 um. (B) Quantification of nuclear and cytoplasmic ATAT1 accumulation
from the cells in A. The distribution index (y axis) represents the fraction of ATAT1 fluorescence in the nucleus (N, blue) or the cytoplasm (C, excluding the
nucleus, gold) relative to the total cell area. (C) Representative images of control (siCTL) or ATATI-silenced (SiATAT1) B cells seeded on glass coverslips
containing BCR* ligands for different time points. F-actin is shown in red, Ac-Tub is shown in green, and Ac-Tub density was calculated based on MFI at the IS for
the images in C. (D) Western blot showing Ac-Tub and GAPDH from control or siATAT1 cells under activated (30 min) and resting conditions. Quantification is
shown in the graph below. (E and F) Representative images of control (siCTL) or ATATL-silenced (SiIATATL) activated as in C. LAMPLis shown in green, F- actin in
red (phalloidin), and pericentrin (F) in cyan. Insets highlight the central pool of lysosomes, shown in grayscale. Graphs below show the quantification of cell
spreading areas and LAMP1* lysosome accumulation at the IS center of B cells activated during 30 min, from cells represented in E. Z-scan profiles are shown
from cells analyzed in F. (G and H) Representative images of B cells preincubated with vehicle (EtOH) or LMB and activated for 30 min on glass slides. In G
ATATLis shown in green, the nucleus in red (Hoechst), and the cell border (white dashed outline), defined by actin staining. Graph shows ATAT1 density in the
cytoplasm and nucleus, calculated based on MFI. (H) Cells were stained for LAMP1 and actin. Graph shows LAMP1* lysosome accumulation at the IS center of
B cells activated during 30 min. Data consider n > 30 cells pooled from N = 3 independent experiments. Scale bars are 10 pm. Inset scale bars are 2 um. (B, C, and
E) (Right), G: Two-way ANOVA with Sidak’s multiple comparison test. (E) (Left), H: t test. P values illustrated with asterisks are * <0.05, ** <0.01, *** <0.001,

and **** <0.0001. Error bars are mean + SEM. Source data are available for this figure: SourceData F4.

acetylation and lysosome distribution. We first validated ATATI
silencing by assessing expression levels using immunofluores-
cence, as the ATATI1 antibody did not yield reliable results in
western blot analysis. Immunofluorescence analysis showed
that we were able to silence ATAT levels up to 50% of control
cells (Fig. S4, A and B) independently of activating conditions.

Next, we evaluated the effect of ATAT1 silencing on tubulin
acetylation. Considering that B cells activated on soft substrates
display low levels of tubulin acetylation, we quantified MT
acetylation in B cells activated on stiff substrates. To this end,
control and siATAT1 B cells were activated on glass coverslips
coated with BCR* ligands and stained for Ac-Tub. Indeed,
ATAT1-silenced cells displayed lower levels of Ac-Tub compared
with control cells during all times of activation (Fig. 4. C). Im-
portantly, tubulin acetylation levels were rescued when ex-
pressing ATATI-venus in siRNA ATATI-silenced cells, excluding
off-target effects (Fig. S4, C and D). We also performed western
blot analysis of cell extracts from B cells seeded over stiff plastic
plates coupled to BCR* or BCR" ligands (nonactivated) for
30 min. As expected, levels of Ac-Tub were dramatically reduced
upon silencing of ATATI compared with control conditions
(Fig. 4 D). Interestingly, cells activated over stiff substrates ex-
hibited greater tubulin acetylation when in contact with BCR*
ligands than in nonactivating conditions. These findings further
support the role of the BCR in mechanotransduction, linking it to
tubulin acetylation upon stimulation.

We next investigated the impact of ATATI silencing on ly-
sosome positioning in B cells forming an IS. To this end, ATATI1-
silenced and control B cells were seeded on glass coverslips and
stained for LAMPI and F-actin (Fig. 4 E). We analyzed both the
cell spreading area and the distribution of lysosomes at the
center of the IS. As anticipated, ATATI-silenced B cells activated
on stiff substrates failed to accumulate lysosomes preferentially
at the IS center after 30 min, in contrast to control cells (Fig. 4 E).
These cells also exhibited reduced spreading upon activation;
however, centrosome repositioning to the synaptic membrane
was unaffected (Fig. 4 F).

To further validate our findings, we determined whether
perturbation of the nuclear export of ATAT1 affected MT
acetylation in B cells. For this purpose, B cells were pre-
treated with 100 nM leptomycin B (LMB), an inhibitor of
exportin-1-mediated nuclear export (Kudo et al., 1998), prior to

Aceiton et al.
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activation on glass slides. Consistent with previous findings (Deb
Roy et al., 2022), our results reveal that LMB treatment led to
increased nuclear retention of ATATI compared with the vehicle
control (Fig. 4 G), which was accompanied by a significant re-
duction in MT acetylation levels (Fig. S4 E). In agreement with
these results, we observed that LMB-treated B cells activated
on glass slides exhibited reduced lysosome recruitment to the
center of the IS (Fig. 4 H), suggesting that impaired ATATI ex-
port from the nucleus hindered MT acetylation and lysosome
recruitment to the synaptic membrane.

ATAT1 regulates the formation of actin foci at the IS of B cells
We next investigated the functional link between MT acetyla-
tion and actin foci formation in B cells during their response to
mechanical cues. In other cell types undergoing adhesion and
migration, both of which involve mechanotransduction, tubulin
acetylation is enhanced, leading to the release of GEF-HI1 from
MTs into the cytoplasm. This process promotes Rho activity and
increases cell contractility (Seetharaman et al., 2022). In B cells,
GEF-H1 was identified as a key regulator in promoting the po-
larized polymerization of F-actin at the B cell synapse (Pineau
et al., 2022). Our results show that both GEF-H1 and F-actin
levels were significantly higher in B cells activated on stiff sur-
faces (Fig. S3,A and B). We therefore hypothesized that forma-
tion of actin foci, which relies on mechanotransduction, could be
altered in ATATI-silenced cells due to impaired MT acetylation
and release of GEF-HI to the IS. To this end, we first analyzed the
levels of actin foci in control and ATAT1-silenced cells, stimu-
lated on BCR* ligand-coated coverslips. Our results show that
silencing ATAT!I reduces actin foci levels, preventing their ac-
cumulation at the center of the IS (Fig. 5 A). Notably, these cells
also exhibited lower levels of GEF-H1 at the synaptic membrane,
which failed to localize at the center of the synapse alongside
actin foci, as observed in control cells (Fig. 5 B). Altogether, these
findings suggest that B cell mechanotransduction depends on
ATAT]I, which enhances tubulin acetylation, thereby facilitating
the accumulation of GEF-H1 at the synaptic membrane, where it
regulates local actin polymerization.

Interestingly, we also observed that ATATI-silenced B cells
exhibited decreased pFAK levels at later time points of acti-
vation on stiff substrates (Fig. 5 C), supporting the interplay
described between the formation of actin foci and tubulin
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Figure 5. ATAT1 regulates the formation of actin foci and organization of the BCR at the IS. Representative images of control (siCTL) or ATAT1-silenced
(SIATATL) B cells seeded on glass coverslips containing BCR* ligands for different time points and stained for actin (grayscale). Quantification of actin foci at
each time point shows a significant reduction in siATAT1 cells at 30 min (bottom panel). (B) Top: Representative images of control and ATAT1-silenced B cells
seeded on glass coverslips containing BCR* ligands activated for 30 min, stained for actin (red) and GEF-H1 (green). Lower panels: Z-scan fluorescence profile of
GEF-H1 (left) and quantification of actin-GEF-H1 overlap revealing a significant reduction upon ATAT1 silencing (right). (C) Top: Western blot analysis of
phosphorylated FAK (pFAK) at 5 and 30 min in siCTL and siATAT1 B cells. Bottom: Quantification shows a significant reduction in pFAK levels at 30 min in
ATAT1-silenced cell. (D) Representative images of B cells stained for actin (red), lysosomes (LAMP1, blue), and the BCR ( green) in siCTL and siATAT1 B cells
activated for 30 min on glass coverslips containing BCR* ligands. Graphs show quantification of BCR-actin and BCR-LAMP1 colocalization of images from D.
Data consider n > 30 cells pooled from N = 3 independent experiments. Scale bars are 10 um. Inset scale bars are 2 um. (A and C): Two-way ANOVA with Sidak’s
multiple comparison test. (B and D): t test. P values illustrated with asterisks are * <0.05, ** <0.01, *** <0.001, and **** <0.0001. Error bars are mean + SEM.

Source data are available for this figure: SourceData F5.

acetylation. Such interactions could be a mechanism used by
B cells to couple lysosome positioning to sites of antigen cap-
ture. Therefore, we next analyzed the localization of lyso-
somes and BCR at the IS in control and ATATI1-silenced cells.
For this purpose, B cells were seeded on antigen-coated
glass slides for 30 min and stained for LAMPI, actin, and
the BCR. Notably, ATAT1-silenced cells displayed impaired
synapse organization, where lysosomes, the BCR, and actin
did not efficiently colocalize at the synaptic center compared
with control cells (Fig. 5 D). Collectively, these results suggest
that the MT acetylase, ATATI, plays a critical role in the func-
tional organization of the IS by positioning lysosomes and pro-
moting the formation of actin foci where BCR-dependent antigen
uptake occurs (Roper et al., 2019).

Aceiton et al.
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Mechanotransduction through ATAT1 regulates antigen
extraction and presentation by B cells

Given that B cells rely on ATAT1 for actin foci formation and
lysosome positioning at the IS, we next investigated whether
this affects the extraction of immobilized antigens. To this end,
we seeded control or ATATI-silenced B cells expressing ca-
thepsin-D-RFP on glass cover slips coupled with BCR* ligand and
the fluorogenic substrate DQ-OVA (DQ-ovalbumin) for 30 min.
This substrate fluoresces upon cleavage by proteases, such as
those present in lysosomes (Tang et al., 2023). After performing
live-cell imaging using confocal microscopy (Fig. 6 A), we com-
pared fluorescence intensities and radial distribution of the
signal between both conditions. Our results show that control
cells display higher fluorescence intensity associated with the
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Figure 6. ATAT1 is required for efficient antigen extraction and presentation by B cells. (A) Time-lapse images of control (siCTL) or ATAT1-silenced
(SIATAT1) B cells expressing cathepsin D-RFP, activated on slides containing BCR* ligand plus DQ-OVA (green) during 30 min. Images show time points from 15
to 30 min. (B and C) siCTL and siATAT1 B cells activated for 30 min on BCR* ligand-DQ-OVA-coated slides. Representative images show MR and DQ-OVA
staining at the synaptic interface, with corresponding fluorescence intensity maps. (B) Top graph: Quantification of MR fluorescence distribution in z-scan. (B
and C) Radial distribution of fluorescence intensities according to their accumulation from the center to the periphery of the synapse plane. (D-F) Antigen
presentation assays of B cells activated on substrates with different stiffness (D) and with control or ATAT1-silenced B cells (F). (E and G) Lack peptide control
assays for the conditions shown. Mean amounts of IL-2 are shown for a representative of three independent experiments performed in triplicate. (H) Top:
Representative immunofluorescence images of siCTL and siATAT1 cells stained for F-actin (red) and MHC-II (green). Bottom: Quantification of MHC-Il at the cell
surface by flow cytometry. Left: Representative histogram of MHC-II fluorescence intensity. Right: Quantification of MHC-II surface expression as a percentage
relative to siCtl. Scale bars are 10 pm. Data consider n > 30 cells pooled from N = 3 independent experiments. (D-G) Two-way ANOVA with Sidak’s multiple
comparison test. (H): t test. P values illustrated with asterisks are * <0.05, ** <0.01, *** <0.001, and **** <0.0001. Error bars are mean + SEM.

Aceiton et al. Journal of Cell Biology
B cell mechanoresponses tune antigen presentation https://doi.org/10.1083/jcb.202407181

| 1idy T uo 3senb Aq 4pd ‘T8TLO0¥20Z 99 /6G¥.¥6T /T8TL0¥20Z8 /8 /¥zZ /4pd -8 121318 /qo [/Bio ssaidnu//:d1iy woly papeo juwoq

920¢

10 of 18



degradation of surface-bound DQ-OVA concomitantly with an
enhanced localization of the signal at the center of the IS (Fig. 6
A). Conversely, ATATI- silenced cells degraded less antigen at
the synaptic interface, as revealed by lower fluorescence levels of
DQ-OVA across the cell, which did not accumulate at the center
of the IS. Interestingly, these cells also exhibited a slightly re-
duced rate of soluble antigen uptake, most likely due to impaired
actin organization (Fig. S5 B).

Next, we analyzed the localization of catalytically active ly-
sosomes with the MR probe in B cells silenced or not for ATATI.
Here, each cell type was activated for 30 min on stiff glass
substrates coupled with BCR* ligands, stained with MR, and
imaged at the synaptic plane (Fig. 6 B). Our results show that
ATATI-silenced cells show a slight reduction in the accumula-
tion of MR puncta at the synapse center within the inner center
of the synapse compared with control cells (Fig. 6 C). Notably,
ATAT1-silenced B cells displayed lower antigen extraction ca-
pacity as measured by the amount of fluorescent OVA at the
synaptic interface (Fig. 6 C). Altogether, these results suggest
that ATATI is required for the central positioning of catalytically
active lysosomes at the synaptic membrane and is critical to
promote the efficient extraction of immobilized antigens and
could have an impact on their subsequent prestation on MHC
class I (MHCII) molecules.

We next directly evaluated whether physical cues regulate
the capacity of B cells to extract and present antigens, a funda-
mental step required for their complete activation. Our results
show that B cells activated on stiff substrates displayed enhanced
capacity to extract antigen from the synaptic interface (Fig. S5
A). We next decided to formally demonstrate if physical cues
from the activating surface had an impact on the antigen pre-
sentation capacity of B cells. For this purpose, cells were acti-
vated over substrates of different stiffnesses containing specific
BCR* ligands plus the LACK Ag from Leishmania major. Their
ability to present LACK-derived MHCII-peptide complexes to a
specific T cell hybridoma was then measured by monitoring
interleukin-2 (IL-2) secretion. Importantly, we included a posi-
tive control for extreme stiffness (glass) coupled to BCR* or BCR™
ligands. As shown in Fig. 6 D, cells seeded on immobilized an-
tigens associated to stiffer substrates, triggered higher IL-2 pro-
duction from T cells in comparison with B cells activated on soft
substrates. This suggests a positive correlation between sub-
strate stiffness and the capacity of B cells to extract, process, and
present antigens to T cells. Increasing levels of stiffness had no
effect on the presentation of the LACK;s¢_173 peptide, showing
that varying substrate rigidity does not significantly influence
T cell responses or B-T cell interactions (Fig. 6 E).

Having shown that physical cues from the environment
regulate the capacity of B cells to extract and present immo-
bilized antigens, we next evaluated whether this relied on
ATATI1-dependent MT acetylation. For this purpose, B cells were
silenced for ATATI, and their capacity to extract and present
antigens was assessed using the previously described experi-
mental setup. As shown in Fig. 6 F, the capacity to present Lack
antigen associated to stiff substrates was lower in ATAT1-silenced
B cells compared with controls cells. However, no significant
differences between control and ATATI-silenced cells were
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observed when activated on soft substrates. This result is con-
sistent with our observations showing that B cells activated on soft
substrates display low levels ATATI translocation to the cyto-
plasm and MT acetylation, and therefore silencing of this en-
zyme should not have a major effect on antigen presentation.
Additionally, the capacity of ATATI-silenced B cells to present
processed LACK;s6_173 peptide was lower compared with control
cells (Fig. 6 G), suggesting that B-T cell interactions or that traf-
ficking of MHCII molecules to the cell surface could be affected.
To evaluate this, surface levels of MHCII were measured by im-
munofluorescence staining and flow cytometry in control and
ATATI-silenced B cells and (Fig. 6 H). Our results reveal that,
indeed, B cells silenced for ATAT1 display lower levels of MHCII on
the surface compared with control counterparts, indicating that
MHCII trafficking to the cell surface relies on ATATI. Collectively,
these results suggest that silencing ATATI1 compromises the ca-
pacity of B cells to enhance antigen extraction and presentation.
Such defects likely result from defective mechanotransduction
pathways, impairing the formation of actin foci and MT acetyla-
tion, which lead to disrupted cytoskeletal dynamics, thereby
compromising the transport of MHCII-containing vesicles to the
plasma membrane.

Discussion

Immune cells both sense and exert mechanical forces at cell-cell
interfaces, shaping signal transduction and intercellular com-
munication at the IS (Basu et al., 2016; Basu and Huse, 2017,
Friedman et al., 2021). Consequently, lymphocyte activation is a
mechanically regulated process, in which cytoskeletal forces
modulate immune receptor clustering and downstream signal-
ing cascades (Pathni et al., 2024; Rogers et al., 2024). This study
uncovers a mechanotransduction pathway in B lymphocytes
that coordinates lysosome trafficking and cytoskeletal remod-
eling as interconnected processes, enabling B cells to integrate
physical cues and fine-tune their ability to extract and present
antigens.

Our study shows that B cells activated on stiffer surfaces
exhibit canonical mechanotransduction responses, including
nuclear translocation of YAP, actin foci formation, and activa-
tion of FAK, indicating that they respond to mechanical stimuli
and are efficiently activated under these conditions. Actin foci
are highly dynamic actin structures that play a central role in
antigen recognition and BCR signaling regulation. Their for-
mation and function are N-WASP and Arp2/3 dependent and
provide anchor points for myosin II, helping form contractile
actomyosin arcs, which regulate the movement of BCR clusters
and control receptor organization (Roper et al., 2019). Impor-
tantly, actin foci have been shown to serve as sites where antigen
is concentrated and acquired and could explain why B cells ac-
tivated on stiff surfaces exhibit enhanced capacity to capture
antigens (Roper et al., 2019).

Our data reveal that B cells activated on stiffer substrates
display increased levels of acetylated MTs, which progressively
accumulate over time. Whether B cell activation in response
to stiffness also induces other PTMs of tubulin—such as ty-
rosination, glutamylation, or phosphorylation—remains to be
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explored. Notably, we observed increased accumulation of GEF-
H1 at the IS in B cells activated on stiffer substrates, a process
dependent on the acetylase, ATATL. In this context, recent
studies in B lymphocytes have shown that the release and acti-
vation of GEF-H1 by MTs at the IS helps to focus F-actin po-
lymerization, thereby promoting proteolytic extraction of
antigens at one unique site (Pineau et al., 2022). In agreement
with this notion, B cells silenced for ATAT1 also display fewer
actin foci, which remain dispersed at synaptic interface, simi-
larly to observations made in GEF-Hl-silenced cells (Pineau
et al., 2022). ATATI-silenced B cells also have decreased levels
of activated FAK (phospho-FAK), suggesting that acetylation of
MTs helps stabilize actin foci, analogously to observations made
in focal adhesions, where MT acetylation is crucial for focal
adhesion stability and turnover at the leading edge of migrating
cells (Bance et al., 2019). However, other studies have shown
that physical cues perceived by CD8* T cells trigger the activa-
tion of WASP, which drives actin foci formation and enhances
their activation and cytotoxic capacity (Mandal et al., 2023).
Thus, we cannot exclude that in B cells, actin foci formation
coupled to mechanotransduction might also result from the ac-
tivation of WASP and occur independently of MT acetylation and
GEF-H1.

We previously showed that GEF-HI is critical for the cor-
rect assembly of the exocyst complex, which enables lysosome
tethering at the center of the IS to promote the efficient ex-
traction and processing of immobilized antigens (Séez et al.,
2019). Lysosome clustering at the center of the IS, previously
described as a secretory domain in other lymphocytes (Wang
et al., 2022), could also facilitate antigen extraction in addi-
tion to the processing of incoming antigens. Thus, mechano-
transduction pathways leading to enhanced MT acetylation are
coupled to lysosome trafficking as well as actin cytoskeletal re-
modeling at the synaptic interface, which could reinforce this
specialized domain dedicated to antigen extraction and pro-
cessing. Other studies in neutrophils have shown that GEF-H1
deficiency results in impaired migration and recruitment to in-
flamed tissues, along with defects in actin dynamics (Fine et al.,
2016). Similarly, in B cells, mechanical cues could also influence
cellular functions, such as directed migration, which is essential
for recruiting T cell help and establishing a robust immune re-
sponse (Carrasco and Batista, 2007; Maiuri et al., 2015).

The association of lysosomes with acetylated MTs was ob-
served in other polarized cell types but not previously demon-
strated in B cells. Kinesin motor proteins, such as KIF1 and KIF5,
likely mediate this association by promoting selective lysosome
binding to acetylated MTs (Bhuwania et al., 2014; Serra-Marques
etal., 2020; Dunn et al., 2008). However, the direct involvement
of these motor proteins in B cells remains to be determined.
Interestingly, inhibiting HDAC6, which enhances tubulin acet-
ylation, did not affect lysosome dynamics in B cells activated on
stiff substrates. This suggests the existence of an “acetylation
threshold” that fine-tunes lysosome positioning at the IS. Con-
versely, ATAT1-silenced B cells exhibited fewer lysosomes with
high proteolytic activity at the IS center, even under stiff con-
ditions. This finding supports our model in which tubulin acet-
ylation functions as a regulatory node, ensuring that lysosomes
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are properly positioned at the secretory domain of the IS to op-
timize antigen extraction and processing. However, the molec-
ular machinery linking antigen-processing compartments to
acetylated MTs remains to be elucidated.

ATAT1 is the only known enzyme responsible for catalyzing
tubulin acetylation and has recently been shown to shuttle be-
tween the nucleus and cytoplasm, modifying tubulin lattices
(Deb Roy et al., 2022; Even et al., 2019). Our results show that
with increasing activation time and substrate stiffness, ATAT1
progressively relocates from the nucleus to the cytoplasm in
B cells. The mechanism by which mechanical cues regulate this
trafficking remains unclear. One possibility is that the LINC
complex, which connects integrin signaling with nuclear ar-
chitecture, mediates nuclear pore opening in response to me-
chanical stimuli (Takata and Matsumura, 2022; Bouzid et al.,
2019). Importantly, the LINC complex plays a crucial role in
B cells by promoting nuclear and MT-organizing center reor-
ientation at the IS (Ulloa et al., 2022). We propose that me-
chanical cues from stiff substrates induce nuclear pore opening,
allowing ATAT1 to translocate to the cytoplasm, where it facili-
tates tubulin acetylation in response to BCR stimulation.

A critical step in B cell activation is the presentation of anti-
gens as peptide fragments on MHCII molecules to T cells, en-
abling B-T cell cooperation and supporting B cell maturation into
plasma cells (Akkaya et al., 2020). Our experiments demonstrate
that B cells exposed to antigens immobilized on stiff substrates
elicit increased IL-2 secretion from T cells, highlighting the role
of BCR-mediated mechanotransduction in upregulating the ca-
pacity to extract and present immobilized antigens. However,
substrate stiffness did not significantly affect the presentation of
the LACK peptide, suggesting minimal impact on overall B-T cell
interactions. As highlighted by Trappmann et al. (2012), the
mechanical properties of the substrate can influence ligand
tethering and availability. Thus, we cannot rule out that co-
stimulation resulting from serum-derived adhesion molecules
on stiff versus soft hydrogels could also account for the defective
spreading of B cells observed in the latter. In this sense, future
experiments, including adhesion molecules on soft gels, could
be used to compensate for this spreading defect, enabling to
discriminate between mechanoresponses and biochemical-
dependent adhesion. Interestingly, ICAM-1 has been shown to
facilitate the formation of actomyosin contractile arcs at the
B cell synapse, thereby enhancing adhesion and mechanical
stability (Wang et al., 2022). Future studies should focus on
elucidating the role of integrin-mediated co-stimulation, par-
ticularly via ICAM-1, in B cell mechanotransduction. Un-
derstanding its mechanistic contribution could provide deeper
insights into the biomechanical regulation of B cell activation.

Notably, B cells lacking ATATI exhibited slightly reduced
uptake of soluble BCR ligands, potentially due to impaired actin
remodeling, which is known to play a key role in BCR endocy-
tosis (Liu et al., 2013; Cabrera-Reyes et al., 2024). Interestingly,
ATATI has been shown to interact with AP2, suggesting that
clathrin-coated pits may regulate tubulin acetylation—an in-
terplay that could, in turn, influence BCR internalization rates
(Montagnac et al., 2013). Furthermore, B cells silenced for ATATI
displayed a reduced capacity to extract and present immobilized
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Figure 7. Schematic representation of the mechanotransduction pathway that enables B cells to extract and present immobilized antigens. B cells
sense substrate stiffness by the BCR, leading to the nuclear translocation of YAP 1 and the export of the ATAT1 to the cytoplasm. This results in increased MT
acetylation, facilitating the release of GEF-H1 at the IS, which in turn promotes actin foci formation. Simultaneously, acetylated MTs serve as stabilized tracks
for lysosome positioning at the IS, thereby enhancing antigen extraction and presentation.

antigens to T cells compared with controls. However, no signifi-
cant differences in IL-2 production were observed in antigen
presentation assays using B cells activated on softer substrates. It
is possible that soft environments do not sufficiently promote
ATAT] translocation to the cytoplasm, which could explain why
functional outcomes remained similar regardless of ATATI ex-
pression under these conditions. Our assay also revealed that
B cells silenced for ATATI displayed reduced presentation capacity
of LACK peptides, suggesting that B-T cell interactions were af-
fected. Supporting this, surface levels of MHCII were significantly
lower in ATATI-silenced cells compared with controls, indicating
that ATAT1 may regulate MHCII trafficking, most likely through
its role in maintaining MT stability (Rocha and Neefjes, 2008).
Interestingly, mechanical cues were recently shown to influence
the remodeling and redistribution of the ER toward the IS (Riobé
and Yuseff, 2024). How this is coupled to antigen processing and
presentation, however, remains to be elucidated.

In summary, our findings highlight how B cells integrate
mechanical cues to regulate lysosome dynamics and optimize
antigen extraction through the formation of actin foci (Fig. 7).
Elucidating this pathway could advance strategies for vaccine
development, targeted drug delivery, and therapeutic inter-
ventions for autoimmune diseases.

Materials and methods

Cell lines, culture, and treatments

In this study, we used the murine A20 B lymphoma cell line,
which exhibits a phenotype consistent with quiescent mature
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B cells, and the LMR7.5 T cell hybridoma, a CD4* T cell line that
specifically recognizes I-A*d-LACK peptide-MHCII complexes.
Both cell lines were maintained at 37°C in a humidified incubator
with 5% CO, and CLICK medium, consisting of RPMI 1640 with
GlutaMAX (Gibco) supplemented with 10% heat-inactivated FBS
(Gibco), 0.1% 2-mercaptoethanol (Gibco), 100 U/ml penicillin,
100 pg/ml streptomycin (Gibco), and 1 mM sodium pyruvate
(Gibco).

To induce tubulin acetylation, cells were treated for 30 min
with 1 uM of SAHA, a histone deacetylase inhibitor (#149647-78-
9; Tocris Bioscience), prior to activation or downstream exper-
imental procedures. For inhibition of nuclear export, cells were
incubated for 3 h with 20 nM Leptomycin B (#L2913; Sigma-
Aldrich).

Preparation of tunable-stiffness PAA gels
For preparing the tunable-stiffness PAA gels, two sets of cov-
erslips are used: a silanized-bottom coverslip, where the PAA gel
is immobilized, and a smaller impermeabilized coverslip on top
to create a “sandwich” to allow for the polymerization of the PAA
gel (Charrier et al., 2020). Bottom coverslips are activated with
a 2% 3-Aminopropyltrimethoxysilane (13822-56-5; Sigma-Al-
drich) in 96% ethanol solution for 5 min and washed with 70%
ethanol. The top coverslips are siliconized or waterproofed with
Rain-X. The coverslips are then washed with ultrapure water,
dried well, and moved to the next stage.

The following reagents were used to prepare 0.3 and 13-kPa
PAA gels: 2% bis solution (#1610142; Bio-Rad), 40% acrylamide
(#1610140; Bio-Rad), 10% APS in 10 mM HEPES solution, and
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TEMED. To prepare a 0.3-kPa gel, the following components
were mixed to achieve a total volume of 1,011 pl: 75 ul of 40%
acrylamide (constituting ~7.42% of the total volume), 30 pl of 2%
bis-acrylamide (~2.97%), 10 pl of 10% APS (~0.99%), 1 ul of
TEMED (~0.10%), and 895 pl of 1X PBS (~88.52%). The pro-
portions of the components are as follows: acrylamide to bis-
acrylamide at a ratio of 2.5:1, acrylamide to APS at a ratio of
7.5:1, acrylamide to TEMED at a ratio of 75:1, and acrylamide to
PBS at a ratio of ~1:12.

For the 13-kPa gel, the components were combined to a final
volume of 1,249 pl as follows: 233.75 pl of 40% acrylamide
(~18.71%), 125 pl of 2% bis-acrylamide (~10.01%), 6.25 pl of 10%
APS (~0.50%), 1.8 pl of TEMED (~0.14%), and 883 ul of 1X PBS
(~70.64%). The proportions of the components are as follows:
acrylamide to bis-acrylamide at a ratio of ~1.87:1, acrylamide to
APS at a ratio of ~37:1, acrylamide to TEMED at a ratio of ~130:1,
and acrylamide to PBS at a ratio of ~1:4.

To prepare the gel, 9 pl of the gel solution was pipetted onto
the center of the bottom coverslip. Then, it was covered with the
smaller cover and pressed gently until the mix spread outward.
After 30 min of polymerization, PBS was added to carefully re-
move the top cover. The gel was stored in fresh PBS at 4°C
overnight and used within 48 h.

For conjugation with ligands, a solution of 0.5 mg/ml sulfo-
SANPAH (#A35395; Pierce; Thermo Fisher Scientific) in HEPES
buffer 10 mM was prepared. PBS was removed from the gels and
immediately coated with sulfo-SANPAH at RT. Gels were ex-
posed to 365-nm UV light (Maestrogen UV illuminator MLB-16)
for 10 min and washed with 1X PBS thrice. Finally, a BCR* ligand
(F(ab’)2 goat anti-mouse IgG) (115-006-146; Jackson ImmunoR-
esearch) was added to coat the gels at a concentration of 0.13 mg/
ml and incubated overnight. This was followed by three washes
with 1X PBS and immediately used for experiments or stored at
4°C protected from light for no more than 48 h.

Activation and immunofluorescence of B cells on PAA gels
80 pl of B cells (1.0 x 10° cells/ml in CLICK medium with 5% FBS)
were seeded onto an antigen (BCR ligand*)-coated gel for dif-
ferent time points in a cell incubator at 37°C/5% CO,. After each
time point, the media was carefully aspirated off each PAA gel,
and 100 pl of cold 1X PBS was added to stop the activation. PBS
was removed, and each PAA gel was fixed with 50 ul of 3% PFA
for 10 min at RT. PAA gels were washed three times with 1X PBS.
The 1X PBS was removed, and 50 pl of blocking buffer (2% BSA
and 0.3 M glycine in 1X PBS) was added to each coverslip.
Primary antibodies were diluted in permeabilization buffer
(0.2% BSA and 0.05% saponin in PBS) and incubated by adding
40 pl over the gels in a humid chamber at 4°C overnight. The
plate was sealed to avoid evaporation of the antigen solution.
Gels were washed three times with permeabilization buffer.
Secondary antibodies or dyes were diluted in permeabilization
buffer, using 40 pl per PAA gel, and incubated for 1 h at RT in
dark and humid chambers. The PAA gels were washed twice
with permeabilization buffer and once with 1X PBS. The PBS
solution was removed from the coverslips. 8 ul of mounting
reagent was added to a microscope slide. The PAA gels were
mounted onto the slide with the cell side facing down. The slides

Aceiton et al.

B cell mechanoresponses tune antigen presentation

QO

[¢

2JCB

were allowed to dry for 30 min at 37°C or RT overnight protected
from light.
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Immunoblot

Cells were lysed with 40 pl of RIPA buffer, then supernatants
of samples were collected and loaded onto gels and transferred
onto polyvinylidene fluoride membrane (Trans-Blot Semi-
Dry Transfer Cell; Bio-Rad). Membranes were blocked in 2%
BSA/TBS + 0.05% Tween-20 and incubated overnight at 4°C
with primary antibodies, followed by 60-min incubation with
secondary antibodies. Western blots were developed with
Westar Supernova substrate (Cat. No. XLS3,0100; Cyana-
gen), and chemiluminescence was detected using the iBright
imager (Thermo Fisher Scientific).

AFM

The elastic modulus of the PAA gels (Young’s modulus, E) was
assessed using a JPK NanoWizard with a CellHesion module
mounted on a Carl Zeiss confocal microscope, Zeiss LSM510
(AFM; JPK instruments), and silicon nitride cantilevers (spring
constant: 1 Nm™, spherical 10-pm diameter tip; Novascan
Technologies).

Force measurements were conducted at different locations
(0.5-mm apart in x and y coordinates) within the region of in-
terest. In each location, nine indentations distributedina 3 x 3
point grid (30 x 30 pm) were performed. The elastic modulus for
each force curve was calculated using JPK data processing soft-
ware (JPK DP version 4.2), assuming a Hertz impact model.

Antibodies and dyes

The following primary antibodies were used for immuno-
fluorescence: rat monoclonal anti-mouse LAMP1 (clone 1D4B;
#553792; RRID: AB_2134499; 1:200; BD Biosciences), rabbit
monoclonal anti-acetylated a-tubulin (Lys40, clone D20G3;
#5335; RRID: AB_10544694; 1:200; Cell Signaling Technol-
ogy), rabbit polyclonal anti-mouse a-tubulin (#ab6160; RRID:
AB_305328; 1:500; Abcam), goat polyclonal anti-mouse IgM
F(ab’), (#115-006-075; RRID: not available; Jackson Immuno-
Research), rabbit polyclonal anti-mouse GEF-H1 (#abl55785;
RRID: AB_10679354; 1:200; Abcam), rat monoclonal anti-mouse
MHC class II (clone NIMR-4; #ab25333; RRID: AB_778167; 1:200;
Abcam), rabbit polyclonal anti-mouse ATAT1 (#PA5-114922;
RRID: not available; 1:200; Thermo Fisher Scientific), and rabbit
monoclonal anti-mouse YAP (clone D8HIX XP; #14074; RRID:
AB_2650491; 1:200; Cell Signaling Technology).

Secondary antibodies included donkey F(ab’), anti-rabbit IgG
conjugated to Alexa Fluor 488, 546, or 647 (#711-546-152; RRID:
AB_2340619; 1:200; Jackson ImmunoResearch), and donkey
F(ab’), anti-rat IgG conjugated to Alexa Fluor 488, 546, or 647
(#712-166-153; RRID: AB_2340669; 1:200; Jackson Immuno-
Research). F-actin was visualized using rhodamine-conjugated
phalloidin (R415; RRID: AB_2572408; 1:200; Thermo Fisher Sci-
entific). Lysosomes were labeled with LysoTracker Red DND-99
(#L7528; 50-100 nM; Thermo Fisher Scientific). Nuclei were
counterstained with Hoechst 33342 (ab228551; 1 pg/ml; Abcam).

For functional assays, DQ-OVA (#D12053; Thermo Fisher
Scientific) was used to monitor antigen degradation, and Magic
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Red (#ICT937; ImmunoChemistry Technologies) was used to
detect lysosomal cathepsin B activity in live cells, following the
manufacturers’ instructions.

Cell transfection and plasmids

Electroporation was performed using the Nucleofector R T16
device (Lonza). A total of 4 x 108 A20 B cells were electroporated
with 3 pg of plasmid DNA using the LC-013 pulse program, ac-
cording to the manufacturer’s instructions. After transfection,
cells were cultured in CLICK medium at 37°C with 5% CO, for
18 h prior to functional analysis.

For gene silencing of ATATI, cells were electroporated with
100 nM of either a mouse-specific siRNA-targeting ATATI (#sc-
108799-SH; Santa Cruz Biotechnology) or a non-targeting con-
trol siRNA (#sc-37007; Santa Cruz Biotechnology). All siRNA
reagents were delivered under the same electroporation con-
ditions described above.

The mVenus-ATATI1 expression plasmid used for ectopic
expression experiments was kindly provided by Dr. A. Deb Roy
(Johns Hopkins Medical Institute, Baltimore, MD, USA). This
construct encodes a fusion protein consisting of the mouse
ATATI1 gene tagged at the N terminus with the fluorescent
protein mVenus.

Antigen extraction and lysosome activity using DQ-OVA

and MR

For antigen extraction assays, cells were incubated with DQ-
OVA (D12053; Thermo Fisher Scientific) at a concentration of
0.13 mg/ml. This probe was coupled to glass coverslips or PAA
gels in combination with BCR ligands for 1 h at room tempera-
ture. Lysosomal activity was assessed using Magic Red (ICT937;
ImmunoChemistry Technologies), following the manufacturer’s
protocol. Cells were incubated with the probe for 20 min, then
seeded onto antigen-coated substrates. After 15 min of incuba-
tion at 37°C, cells were imaged by confocal microscopy for an
additional 15 min. Images were acquired using a Zeiss LSM 880
confocal microscope with Airyscan detection (Carl Zeiss Mi-
croscopy GmbH), equipped with a Plan-Apochromat 63x/1.4 NA
oil-immersion objective. Cells were maintained at 37°C in a
temperature-controlled chamber during live imaging. The imag-
ing medium consisted of phenol red-free RPMI supplemented
with 10% FBS. Fluorophores used in these assays included DQ-
OVA (green fluorescence) and MR (red fluorescence).

Images were captured using a GaAsP 32-channel Airyscan
detector and the ZEN Black software (version 2.3; Zeiss). Air-
yscan processing and joint deconvolution were performed
within ZEN. Postprocessing steps, such as brightness and con-
trast adjustment, were applied linearly using Fiji/Image].

Antigen presentation assay

Antigen presentation assays were performed as described by
Yuseff et al. (2011) with modifications. Briefly, B cells were
seeded on PAA gels coated with either Lack protein plus BCR-
ligand or BCR ligand alone in the presence of different concen-
trations of soluble Lack peptide (156-173; Lack) for 2 h. Then,
cells were washed with PBS and fixed with ice-cold 0.01% glu-
taraldehyde for 30 s. After fixation, cells were washed and
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incubated with Lack-specific LMR 24 7.5 T cells in a 1:2 ratio for
overnight at 37°C and 5% CO,. Supernatants were collected, and
IL-2 cytokine production was measured using BD optiEA Mouse
IL-2 ELISA set following the manufacturer’s instructions (cat no.
555148; BD Biosciences).
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Measurement of antigen-BCR internalization and MHCII
surface levels by flow cytometry

Antigen internalization

Control and ATAT1-silenced B cells (5 x 105) were washed once
with PBS and then resuspended in internalization buffer (RPMI
1640, 5% FCS, 10 mM glutamine, 5 mM sodium pyruvate, 50 mM
2-ME, and 10 mM HEPES, pH 7.4) at a density of 5 x 10° cells/ml.
Next, cells were incubated with 10 pg/ml F(ab’), goat anti-
mouse IgG premixed to 20 pg/ml donkey anti-goat IgG for
30 min on ice. Cells were then washed with ice-cold PBS/2%
serum to remove the excess ligand and incubated at 37°C for 0O-
30 min. Internalization was stopped by incubating the cells on
ice and adding ice-cold PBS/2% serum. To detect BCR remaining
on the cell surface, cells were stained on ice with anti-mouse
BCR-Alexa 488, washed twice with PBS plus 3% BSA, and fixed
with 1% PFA. Flow cytometry was performed using a FACS Canto
II cytometer, and mean fluorescence intensity was analyzed
with FlowJo software (BD Biosciences). The percent of BCR on
the cell surface was calculated as (MFI at 37°C)/(MFI at 4°C)
x 100.

Cell surface MHCII levels

Control and ATAT-silenced B cells (5 x 105) cells were incubated
on ice for 20 min and stained with anti-mouse MHCII-Alexa 647,
washed with ice-cold PBS/2% serum, and fixed with 1% PFA.
Cells were washed, and flow cytometry was performed using a
FACS Canto II cytometer. Data were analyzed for mean fluo-
rescence intensity with FlowJo software (BD Biosciences).

Cell imaging and analysis

For widefield imaging, Z-stacks were acquired with 0.3-um axial
spacing using a Nikon Eclipse Ti inverted epifluorescence mi-
croscope equipped with a Plan Fluor 60x/1.25 NA oil-immersion
objective and an iXon Ultra EMCCD camera (Andor Technology).
Image acquisition was performed using NIS-Elements Advanced
Research software (Nikon Instruments). For confocal micros-
copy, images were acquired using a Zeiss LSM 880 microscope
with Airyscan detection (Carl Zeiss Microscopy GmbH), equip-
ped with a Plan-Apochromat 63x/1.4 NA oil-immersion objec-
tive. Z-stacks were collected using an axial step size of 0.2 pum.
All image acquisition across experimental replicates was con-
ducted under identical illumination conditions, maintaining
constant laser power (mW/cm?) or exposure times. Airyscan
images were processed using ZEN Black software (Zeiss) with
standard Airyscan deconvolution settings. Postprocessing and
quantification were performed in Fiji/Image] (Schindelin et al.,
2012).

To analyze cell spreading, maximum intensity projections of
F-actin staining were first thresholded using the Otsu algorithm to
generate binary masks. When automatic segmentation failed to
accurately capture the boundaries of spreading cells—particularly
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in images with heterogeneous actin intensity—manual cor-
rection was performed using the freehand selection tool in
Fiji (Image]). Only well-defined spreading cells with a con-
tinuous actin ring and central F-actin clearance were in-
cluded in the analysis. Actin foci were quantified by applying
a secondary threshold within the previously segmented spreading
area. A band-pass filter (using the “Subtract Background” and
“Gaussian Blur” tools) was applied to enhance discrete punctate
structures. Particle analysis was then performed using Fiji’s
“Analyze Particles” function, with a size threshold of 0.1-1.5 pum?
and circularity range of 0.3-1.0 to exclude noise and elongated
structures. Lysosome dynamics were analyzed using the Track-
Mate plugin in Fiji, employing the LAP tracker with default un-
supervised settings, and validating tracks based on quality scores.
Colocalization and fluorescence intensity ratios were determined
by quantifying the mean fluorescence intensity of segmented
structures in single z-planes corresponding to the IS plane,
defined as the optical section closest to the PAA gel surface.
Colocalization analysis was performed on single planes and
individual regions of interest using the JaCoP plugin in Fiji
according to its documentation.

To assess lysosome positioning within activated B cells, a
localization index was calculated by quantifying the distri-
bution of lysosomal fluorescence between central and pe-
ripheral regions of the cell. The total cell area was first
segmented manually based on F-actin staining, and the cen-
troid of the nucleus—identified via Hoechst 33342 staining—
was used as a reference point to define a central region en-
compassing 50% of the cell radius. Fluorescence intensity
from lysosomal markers, such as LAMPI1 or LysoTracker, was
measured within this central region and across the entire cell.
The localization index was then defined as the ratio of central
fluorescence to total fluorescence intensity, where values
close to one indicate a perinuclear accumulation of lysosomes,
while lower values reflect a peripheral redistribution (Ibafiez-
Vega et al., 2019b).

To quantify nuclear versus cytoplasmic distribution of fluo-
rescent signals, the Cyt/Nuc plugin in Fiji (Image]) was used
(Grune et al., 2018). Nuclei were segmented using Hoechst
staining, and cytoplasmic regions were defined by subtracting
the nuclear mask from the total cell area previously segmented
based on F-actin boundaries. Mean fluorescence intensities for
each marker of interest, such as ATAT1 or YAP, were measured
separately within the nuclear and cytoplasmic compartments. A
cytoplasmic-to-nuclear ratio was calculated for each individual
cell to determine the relative distribution of the protein or signal
between these compartments. For fluorescence distribution
across the z-stack, a custom macro in Fiji and an R script were
used to measure the raw fluorescence in each z-slice, and values
were expressed as a percentage of the total cell fluorescence.
Scripts and macros are publicly available at https://github.com/
YuseffLab/Z-stack-multimeasure.

Finally, radial distribution analysis of DQ-OVA and MR was
performed using a custom macro in Fiji that implements the
eroded volume fraction method to normalize fluorescence in-
tensity relative to distance from the cell center toward the
periphery.
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Statistical analysis

All data presented were tested for normality and homoscedas-
ticity; accordingly, appropriate statistical tests were applied
considering those factors. Data in plots and graphs are expressed
as fold change of mean or mean + SEM. If corresponding, ex-
periments were analyzed by Student’s t test or Mann-Whitney
test following Gaussian and non-Gaussian distribution, respec-
tively, after performing d’Agostino and Pearson omnibus nor-
mality test. In cases where two conditions are shown, two-way
ANOVA with Sidak’s multiple comparison test was performed if
data followed normal distribution. When datasets followed non-
Gaussian distributions, Kruskal-Wallis tests were applied with
Dunn’s a posteriori multi-comparison examination. Experi-
ments were carried out with a sum of n = 30 cells pooled from N =
3 biological replicates. Error bars shown are mean + SEM. Sta-
tistical analysis was performed with Prism (GraphPad Software)
and RStudio. For significance, P values were calculated using
different tests mentioned above and are illustrated in each
figure.

Online supplemental material

Fig. S1 shows the basic workflow used to activate B cells on PAA
gels and AFM measurements in kPA of gel stiffness. Fig. S2
shows the western blot analysis of downstream BCR signaling
molecules or levels of Ac-Tub in B cells activated on soft and stiff
surfaces for different time points. Fig. S3 contains the immu-
nofluorescent staining for GEF-H1, actin, Lampl, or a-Tub in
B cells activated on soft or stiff substrates and corresponding
quantifications. Fig. S4 shows the levels of ATAT1 in control or
ATAT1-silenced B cells and Ac-Tub levels in ATAT1-silenced
B cells expressing ATAT1-venus or empty vector or upon treat-
ment with LMB. Fig. S5 shows the time-lapse images of control
or ATATI-silenced B cells expressing cathepsin D-RFP, activated
on soft or stiff substrates coated with BCR* ligands plus DQ-OVA
(green) to monitor antigen extraction and BCR endocytosis rates
in siCtl and siATAT1 B cells measured by flow cytometry. Video
1 shows the cathepsin D-RFP-expressing B cells activated on soft
or stiff substrates. Video 2 shows the B cells expressing cathepsin
D-RFP, activated on soft or stiff substrates treated or not with the
histone deacetylase inhibitor (SAHA).

Data availability

All data supporting the findings of this study are available within
the article and its supplementary information files. Uncropped
western blots are included in the Source Data. Custom analysis
scripts are available at our GitHub repository: https://github.
com/YusefflLab. Additional materials are available from the
corresponding author upon reasonable request.
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Figure S1. B cell spreading in response to substrate stiffness depends on BCR activation and is unaffected by stiffness alone. (A) Illustration of basic
workflow used to activate B cells on PAA gels. Cells are seeded for different time points and then fixed, used for live imaging, or lysed for protein extraction.
(B) AFM measurements in kPA of gel stiffness. Soft gels have values of 0.3 kPa, and stiff, 13 kPa. (C) Top: Representative confocal image for the Z cross section
of a PAA gel coupled to a fluorescently labeled BCR* ligand. Scale bar: 2 um. Bottom: Analysis for antigen distribution (BCR* ligand) based on MFI values
acquired in confocal microscopy. (D) Representative images of B cells seeded on soft and stiff gels coupled to a BCR~ ligand (nonactivating). Cells were labeled
with phalloidin (red) and do not display spreading responses. Scale bar: 5 um. (E) Quantification of the spreading area from experiments depicted in D. Shown
data consider n = 30 cells pooled from N = 3, independent experiments. (E): Two-way ANOVA with Sidak’s multiple comparison test. (B and C): t test. P values
illustrated with asterisks are * <0.05 and *** <0.001.
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Figure S2. B cells activated on stiff substrates display enhanced BCR signaling and microtubule acetylation. (A and B) Top: Western blot of B cells
activated on soft and stiff surfaces for different time points to measure pAKT, pERK, and GAPDH (A), or Ac-Tub (B). Bottom: Quantifications of the relative
abundance of pAKT and pERK with respect to GAPDH (A) or Ac-Tub with respect to total tubulin (B). (C) Western blot analysis of Ac-Tub levels in B cells treated
with SAHA. Representative immunoblots showing the expression of Ac-Tub, total a-Tub, and GAPDH as a loading control in vehicle (DMSO) and SAHA-treated
B cells. The quantification (right) represents the ratio of Ac-Tub to total a-Tub, normalized to the DMSO condition. t test. P values illustrated with asterisks are *
<0.05. Source data are available for this figure: SourceData FS2.
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Figure S3. Activation of B cells on stiff substrates enhances GEF-H1 recruitment and actin accumulation at the immune synapse, while MTOC
polarization remains unaltered. (A) Representative images of fixed cells activated on soft or stiff substrates at different time points and stained for GEF-H1. A
fluorescence intensity of GEF-H1 is shown in a gradient of magenta. Right panel shows quantification of GEFH1 intensity at the IS for the experiments rep-
resented in A. (B) Quantification of actin fluorescence at the IS in B cells activated on soft or stiff substrates for 5, 15, or 30 min. (C) Quantification of LAMP1
fluorescence intensity in whole cells interacting with substrates of different stiffness for 5 and 30 min. (D) Representative confocal images of B cells on soft and
stiff substrates, stained for actin (red) and a-Tub (green), including orthogonal x-z projections. Right panel shows a z-scan of a-Tub fluorescence intensity. Scale
bars, 10 um. Two-way ANOVA with Sidak’s multiple comparison test. P values illustrated with asterisks are * <0.05, * <0.01, and ** <0.001.
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Figure S4. Efficient silencing of ATAT1 in B cells, followed by rescue of its expression, restores tubulin acetylation, whereas leptomycin-treated
B cells display reduced tubulin acetylation. (A) Left: Representative confocal images of control (siCtl) or ATAT1-silenced (siATAT1) B cells transfected,
activated on stiff or soft substrates, and stained for ATAT1 (green). White outlines indicate cell contours, obtained by F-actin staining. Right: Line-scan profiles
of ATAT1 fluorescence intensity across the cell diameter. (B) Quantification of ATAT1 fluorescence intensity from cells shown in A. (C) Representative confocal
images of siATAT1 B cells expressing ATAT1-venus, empty vector, or non-transfected cells, activated on glass slides coated with BCR* ligands for 5 and 10 min.
(D) Quantification of Ac-Tub fluorescence intensity from cells shown in C. (E) Western blot of Ac-Tub and a-Tub (loading control) in B cells activated for 0, 5, 15,
or 30 min in the presence of vehicle (EtOH) or LMB. Shown data consider n = 30 cells pooled from N = 3 independent experiments. Scale bars are 10 um. Two-
way ANOVA with Sidak’s multiple comparison test. P values illustrated with asterisks are ** <0.01 and *** <0.001. Source data are available for this figure:
SourceData FS4.
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Figure S5. B cells activated on stiff substrates show increased central lysosome clustering and activity, whereas ATAT1-silenced cells exhibit
impaired BCR internalization at early time points. (A) Representative time-lapse images of (siCtl) or (SIATAT1) B cells expressing cathepsin D-RFP, activated
on soft or stiff substrates coated with BCR* ligands plus DQ-OVA (green) to monitor antigen extraction. Scale bar: 10 um. (B) Quantification of surface BCR
levels over time in siCtl and siATAT1 B cells by flow cytometry, measured as the percentage of remaining surface BCR upon activation. Two-way ANOVA with
Sidak’s multiple comparison test. P values illustrated with asterisks are **** <0.0001.

Video 1. Lysosomal dynamics in B cells activated on soft or stiff substrates. Time-lapse video of B cells expressing cathepsin D-RFP seeded on soft and
stiff substrates containing BCR* ligands. Imaging was performed 15 min after seeding and acquired every 8 s over a 5-min period.

Video 2. Lysosome dynamics in B cells activated on soft or stiff substrates in the presence or absence of the histone deacetylase inhibitor (SAHA).
Time-lapse video showing B cells expressing cathepsin-D-RFP (grayscale) seeded on soft or stiff substrates containing BCR* ligands. Cells were either left
untreated (NT) or pretreated with 1 pM SAHA for 30 min. Imaging was initiated 15 min after seeding and acquired every 8 s over a 5-min period.
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