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The organization of the mitochondrial network is relevant for the metabolic fate
of T cells and their ability to respond to TCR stimulation. This arrangement
depends on cytoskeleton dynamics in response to TCR and CD28 activation,
which allows the polarization of the mitochondria through their change in shape,
and their movement along the microtubules towards the immune synapse. This
work focus on the role of End-binding protein 1 (EB1), a protein that regulates
tubulin polymerization and has been previously identified as a regulator of
intracellular transport of CD3-enriched vesicles. EBl-interferred cells showed
defective intracellular organization and metabolic strength in activated T cells,
pointing to a relevant connection of the cytoskeleton and metabolism in
response to TCR stimulation, which leads to increased AICD. By unifying the
organization of the tubulin cytoskeleton and mitochondria during CD4" T cell
activation, this work highlights the importance of this connection for critical cell
asymmetry together with metabolic functions such as glycolysis, mitochondria
respiration, and cell viability.
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Introduction

End binding protein 1 (EB1) is a microtubule (MT) plus-end
tracking protein (+TIP) which associates with MTs and regulates
their dynamics, promoting their growth and preventing
catastrophes. It was initially found to interact with the COOH of
the tumour suppressor adenomatous polyposis coli (APC),
although this interaction is not required for MT polymerization
(1). As a +TIP, it recruits and nucleates a network with other
proteins of the same family, such as CLASP2 (2) and CLIP-170 (3),
amplifying their effects in the stabilization or rescue of MT
depolymerization. EB1 binds to molecular motors, such as KIF4
(4) or to the p150*? subunit of the adaptor dynactin complex (3),
enabling the movement of cargoes throughout the cytoplasm.

EBI1 is instrumental in guiding the spindle-kinetochore-
associated 1-3 (Skal-3) on MTs in vertebrate cells during cell
division (5, 6). Its function as a guiding molecule was first
observed during nicotinic synapse signalling, being involved in
the transport and localization of the a3 Nicotinic Acetylcholine
receptors (at3*nAChRs) in postsynaptic sites of neurons (7).

In lymphocytes, the immune synapse (IS) occurs upon cognate
interaction of the T cell receptor (TCR) and the peptide-major
histocompatibility complex (pMHC) of an antigen presenting cell
(APC). This event requires the presence of CD3 molecules in close
proximity to the TCR (TCR/CD3 complexes) (8). The
phosphorylation of tyrosines in immunotyrosine based activating
motifs (ITAMs) by Lck and Fyn kinases will eventually lead to the
recruitment of other kinases and intermediates (9). These initial
reactions will occur in a plasmatic membrane-underlying signalling
platform, referred to as the central supramolecular activation
clusters (c-SMAC) (10). The ¢-SMAC will ensure the correct
propagation of the activating signal by regulating F-actin and
MTs dynamics and organization. EB1 was shown to direct the
encounter between CD3{-enriched vesicles with the linker of
activated T cells (LAT) through its interaction with CD3(,
contributing to the sustained activation of the latter and PLCy1 (11).

During the IS, microtubules (MTs) that grow from the
translocated centrosome or MT-organizing center (MTOC) act as
tracks for the transport of organelles and vesicles, such as
mitochondria, which supply energy for the activated cell (12).
Localised diacylglycerol (DAG) at the IS was initially discovered
as the driving force for centrosome reorientation (13). There are
other described mechanisms, involving phosphorylated stathmin
(an ERK substrate) (14) and EBI interaction with the centrosomal
casein kinase I delta (CKIS) (15). Regarding MT and centrosome
polarization, the role of kinesin KIF21B has been shown as a key
regulator of MT length for proper centrosome relocation (16).

Upon TCR stimulation, it was demonstrated that an intact MT
cytoskeleton is required for mitochondrial network reorganization
in CD4" T lymphocytes with silenced chaperonin-containing TRiC
(CCT) complex (17). In addition, dynamin-related protein 1
(Drpl), a mitochondrial fission factor was found to participate in
the localization and activity of the mitochondria at the peripheral
supramolecular activation cluster (p-SMAC) and c-SMAC (18). The
proper positioning of mitochondria at the IS fuels ATP production
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and regulates Ca?" influx, required for T cell activation, through
their co-localization with ORAI channels (19-22). Indeed, the
asymmetric redistribution at the IS of plasma membrane Ca**
ATPases (PMCAs), which regulate local and cytoskeletal Ca**
levels, has been described (12). With respect to EB1, it was shown
to bind STIM1 and play a role in the prevention of Ca*" overload,
which is associated with apoptosis (23, 24).

All these findings regarding the role of EBI1 role in the IS
prompted us to investigate its potential metabolic impact during T
cell activation. In this study, an impaired organization of the
microtubular network, which impacts in the polarization of
mitochondria at the IS, is observed in EB1 silenced Jurkat T cells
and CD4" T lymphoblasts. Those defects correlate with altered
cellular respiration and glycolytic function of mitochondria, which
underscore the link between MT dynamics and metabolic processes
in T cell activation.

Results

EB1-enriched plus TIPs of microtubules
localize with mitochondria in
polarized lymphoblasts

The study of EB1 localization in primary human CD4" T
lymphoblasts through immunofluorescence showed that CD3"
cells were polarized (CD3{/CD247 is showed in red in the
maximal projection in Figure 1A), with a prominent uropod at
the rear of the cell that normally contains the centrosome. CD4 and
CD3 expression of these cells were analysed by flow cytometry
(Supplementary Figure 1). This organelle appears to be associated
with a great concentration of EBI (green, Figure 1A). EBI is also
detected as tips localized at the end of the MTs (Figure 1A), as
described (11). In these cells the mitochondria were labelled with
the specific probe Mitotracker Orange, and were found mainly
polarized around the centrosome, with few organelles located near
the leading edge of the cell (magenta, Figure 1A). A more detailed
examination of the mitochondria revealed that they tend to localize
in close proximity to EB1-enriched tips, as observed in the profiles
of fluorescence from the insets from single focus planes of the cells
(Figure 1B). The 3D reconstruction of two CD4" T lymphoblasts
from (Figure 1A) showed the relative localization of mitochondria
and EB1-enriched tips (Figure 1C, left). Also, most of mitochondria
in cells have nearby EB1-enriched tips (yellow spots in Figure 1C,
right), with a probabilistic frequency of 0.8824 (88.24%; n=10) for
finding a mitochondria showing with an EB1-enriched tip close (i.e.:
most mitochondria are near of EB1-enriched tips in cells).

EB1 is required to sustain mitochondrial
membrane potential

To address the potential role of this proximity of EB1 and

mitochondria, EB1 was silenced through transfection of shRNA-
encoding plasmids in SEE-specific human primary CD4" T
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FIGURE 1

EB1is in close proximity to the mitochondria at the +TIPs of microtubules. (A) Images are confocal maximal projections showing EB1 (green),

mitochondria (magenta) and CD3( (red) localization in huCD4* T lymphoblasts. A brightfield (BF) image is shown. (B) Images are single focus planes

from stack in (A), corresponding to mitochondria in insets 1-4. Magnifications of insets are shown. Graphs, profiles of mean fluorescence intensity
long the white lines. (C) 3D reconstructions of the cells with Imaris, including (left image) the cell volume (CD3 {), mitochondria (Mitotracker

(MFI) a
Orange) and EB1 (green) volumes. Right, 3D reconstruction including a map of distances between the centre of mass of EB1 volumes and the
mitochondria. Calculation of corresponding volumes are based on MFI. Yellow, close spots; cyan, far spots; threshold is 0.5 um from the centre of

the spot. See also Supplementary Figure 1.

lymphoblasts (Figure 2A). Cells were labelled with Mitotracker
orange 48 h post-transfection (red in Figure 2A). CD4" T cells
were then conjugated to unloaded Raji B cells (antigen-presenting
cells; APCs) (Figure 2B) or SEE-preloaded APCs to induce synapse
formation (Figure 2C). Imaging through confocal microscopy
showed that EB1 expression decreased in shEB1 KD cells (EB1
KD cells thereafter, Figures 2B, C, lower panels), as observed with
Western blot (Figure 2A). The mitochondrial membrane potential
was decreased in EB1 KD cells, as shown by lower Mitotracker
Orange staining (red; Figure 2C). Also, CD3( showed decreased
polarization at the contact area with the APC (magenta; Figure 2C),
as previously described (11).
In resting cells, CD3{ showed an unspecific distribution in the
plasma membrane in control and EB1 KD cells. However, EB1 KD
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T lymphoblasts showed decreased mitochondrial membrane
potential compared to shCtrl cells. Upon activation with SEE,
EB1 KD T lymphoblasts showed lower polarization of CD3( at
the IS, with decreased mitochondrial polarization to the IS and
decreased mitochondrial membrane potential in contrast with
shCtrl T lymphoblasts. The reconstruction of the IS at the T-APC
interface (Figure 2C, right panels) demonstrates that the
organization of EB1 KD cells is affected, with CD3( distributed
outside the more central area (the so called c-SMAC in mature T-B
contacts) (10), compared to shCtrl cells. Also, mitochondria, that
appear localized at the p-SMAC in shCtrl cells as described (18), are
de-localized in EB1 KD cells. The centrosome is not properly
polarized in these cells; there is also a decrease in EBI
accumulation in this organelle. These data corroborate that the
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EB1 is required to organize the immune synapse. (A) Immunoblot showing KD of EB1 expression in huCD4* T lymphoblasts. Loading controls, a-

mitochondria; green, EB1; magenta, CD3C. APC is marked with an asterisk (*). Maximal projections are shown. Bar, 10 um. (C) Control (shCtrl) and
shEB1 huCD4" T lymphoblasts forming synapses (IS) with SEE-preloaded APCs. APC is marked with an asterisk (*). Images are as in (A). ZX re-slices

of the synaptic area (IS interface) are shown. Bar, 10 pm

silencing of EB1 protein affects the positioning of the TCR/CD3
complex at the contact site between T lymphoblasts and APCs (25),
but also that there is a defective organization of the MT cytoskeleton
in these cells. This is achieved by means of faulty centrosome
polarization, which impairs the reorganization of the
mitochondrial network. Indeed, mitochondria decreases their
membrane potential, important for T cell activation (17).

EB1 organizes the immune synapse in
T cells

Next, a-tubulin (green), F-actin (purple) and mitochondria
(red) were assessed in resting and SEE-activated CD4" T
lymphoblasts (Figure 3A) and Jurkat E6-1 T cells (Figure 3B and
Supplementary Figure 2). Clones of Jurkat E6-1 T cells stably
expressing control (shCtrl) or EBI-specific (sShEB1) shRNAs were
assessed in parallel to primary T lymphoblasts. shCtrl and shEB1
cells showed similar expression of activators and adhesion receptors
CD3, CD4 and integrins such as LFA-1 and VLA-4 (Supplementary
Figures 2A, B). These cells showed consistent reduction in EB1
expression (Supplementary Figure 2C). Resting cells did not show
apparent differences regarding o-tubulin although the MFI (Mean
fluorescence intensity) for mitochondria and F-actin showed a
slight decrease in EB1 KD cells (Supplementary Figures 3A, B).
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EB1 KD cells did not relocate the centrosome when labelled with o-
tubulin (Figure 3A), corroborating the observed effect with EB1
label (Figure 2), and showing increased centrosome-IS distance
than shCtrl cells upon activation (Figures 3A, B). Mitochondria and
F-actin polarity ratio also decreased in these cells (Figures 3A, B).
Altogether, these results point to the importance of EB1 for proper
asymmetry organization in human primary T lymphoblasts,
showing defective polarization of the mitochondria and
microtubule networks to the IS.

AKT-mTOR-S6 signalling pathway is
affected in EB1- KD T cells

Based on the previous findings related to mitochondrial
polarization, the metabolic regulatory and signalling pathways
involving the activation of AKT, mTOR and S6 in Jurkat E6-1
lymphoblastoid T cells were explored. For this purpose, Jurkat
E6-1 stably expressing shEB1 or shCtrl were activated with .-
CD3/0i-CD28 tetramers or with SEE-preloaded APCs at a 10:1
ratio. The phosphorylation of 473 in AKT, 52448 in mTOR and
§235/236 in S6 was analysed at the indicated times (Figures 4A,
B). These phosphorylations indicate activity for these proteins
(26). Their phosphorylation kinetics suggest that EB1 KD cells
induce defective activation of these pathways, which indicates a

frontiersin.org
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FIGURE 3

EB1 is necessary for proper synaptic polarization of the cytoskeleton and mitochondria. (A, B) Confocal images of synapses formed between shCtrl

and shEB1 (A) huCD4" T lymphoblasts or (B) Jurkat E6-1 T cells with SEE-preloaded Raji cell

s (APCs). Red, mitochondria; green, o-tubulin; magenta,

F-actin; blue, CMAC (Raji cell). Maximal projections are shown. Bar, 10 um. Graphs, quantification of centrosome distance to the APC, and ratios of

IS polarization of mitochondria and F-actin (data are mean + SD; (A) shCtrl

,n =45 and shEB1, n = 55, two independent experiments; (B) shCtrl,

n=

52 and shEB1, n = 65, three independent experiments. Mann-Whitney test. ns, non-significant, ****, p<0.0001. See also Supplementary Figure 2.

lower metabolic strength for these cells in response to
TCR activation.

The activation of mTOR, S6 and AKT was also defective in EB1
KD primary T lymphocytes, which showed decreased
phosphorylation (Figure 4C). mTOR complex 1 (mTORCI1)
activates the pathways leading to activation of S6, which is required
to initiate translation early upon TCR and CD28 activation in human
CD4" T cells (25). Protein translation is probably one of the most
demanding metabolic processes, with high ATP requirements.
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Therefore, the stimulation of the oxidative phosphorylation
(OXPHOS) in mitochondria, also regulated by mTORCI, is
relevant for T cell metabolic fate. Indeed, Akt is a regulator of
mTORCI activity, therefore favouring T cell activation (27).

The requirement of EB1 for T cell activation was also assessed in
the Jurkat cell model by silencing EB1 through siRNA transfection
(siEBI, Figure 5). The activation of mTOR pathway was defective in
these cells that showed decreased mTOR, AKT and Sé6
phosphorylation, pointing to decreased protein translation upon
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FIGURE 4

mTOR regulation requires EB1 in T cells. (A—C) Phosphorylation of Akt (S473), mTOR (S2448) and S6 (5235/5236) in (A) shCtrl and shEB1 Jurkat E6-1
T cells stimulated with aCD3/aCD28 tetramers, (B) shCtrl and shEB1 Jurkat E6-1 T cells conjugated with SEE-pulsed Raji B cells, and (C) shCtrl and
shEBL1 huCD4" T lymphoblasts stimulated with aCD3/aCD28 tetramers. B-actin or a.-tubulin were used as loading controls. Graphs, quantification of
densitometries of bands; data are normalized to non-stimulated control. Data are mean + SD; (A, B), n = 3; (C) n=4; Two-way ANOVA *, p<0.05;

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

TCR activation and CD28 co-stimulation (Figure 5A). Indeed, EB1
transient knock-down also prevented centrosome repositioning at
the IS, together with F-actin and mitochondria polarization
(Figure 5B), therefore supporting the role of EB1 in maintaining
the asymmetry at the IS.

EB1 regulates oxygen consumption in
the mitochondria

To address the possible consequences of EB1 KD in the
regulation of metabolic fate of T cells, cellular respiration was
assessed in terms of oxygen consumption rate (OCR) and the
extracellular acidification rate (ECAR) during glucose feeding
(Figures 6, 7). These experiments inform about the ability of T
cells to fuel the cell processes stimulated by TCR activation and co-
stimulation through CD28 (17). OCR response was measured in
resting conditions or after stimulation with a-CD3/a-CD28
tetramers in shCtrl and shEB1 Jurkat E6-1 T cells (Figure 6A) or
in huCD4™ T lymphoblasts (Figure 6B). EB1 KD Jurkat E6-1 T cells
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showed lower OCR at baseline and did not respond to activation
(Figure 6A). Also, their maximal respiration did not increase with
stimulation, while shCtrl Jurkat E6-1 T cells showed increased basal
and maximal respiration in response to stimulation. These results
were also observed in CD4" T lymphoblasts from three healthy
donors, which were similarly affected by EB1 KD (Figure 6B).

Based on these findings, the mitochondrial mass was measured
with Nonyl Acridine Orange by flow cytometry to address whether
a decreased mitochondrial mass was responsible of this lack of
response, but no significant differences were found for EB1 KD cells
(Figure 6C and Supplementary Figure 4).

EB1 is required for correct glycolytic
response in T cells

The glycolytic function of cells KD for EB1 was examined to
address whether this lack of energy generation at the mitochondria
by using glucose to fuel the process was compensated by lactic acid
production from pyruvate. As for OCR experiments, T
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FIGURE 5

EB1 transient silencing produces similar effects than stable knock-down in Jurkat T cells. (A) Phosphorylation of Akt (5473), mTOR (S2448) and S6
(S235/S236) in siCtrl and siEB1 Jurkat E6-1 T cells stimulated with aCD3/aCD28 tetramers. Graphs, quantification of densitometries of bands; data
are normalized to non-stimulated control. Data are mean + SD; n = 3; Two-way ANOVA.*, p<0.05; **, p<0.01; *** p<0.001; **** p<0.0001.

(B) Confocal images of synapses formed by siCtrl or siEB1 Jurkat E6-1 T cells and SEE-preloaded Raji cells (APCs). Red, mitochondria; green, o.-
tubulin; magenta, F-actin; blue, CMAC (Raji cell). Maximal projections are shown. Bar, 10 um. Graphs, quantification of centrosome distance to the
APC, and ratios of IS polarization of mitochondria and F-actin. Data are mean + SD shCtrl, n = 48 and shEB1, n = 56, two independent experiments
Mann-Whitney test. ns, non-significant; ****, p<0.0001. See also Supplementary Figure 2D

lymphoblasts and Jurkat E6-1 cells were probed to measure the
extracellular acidification rate (ECAR) in glycolysis stress tests
(Figures 7A, B). Resting and activated cells with o-CD3/a-CD28
tetramers were monitored; acute injection of glucose allowed to
observe that EB1 KD cells show lower glycolysis, together with
decreased glycolytic reserve and capacity than shCtrl cells, either in
the case of Jurkat E6-1 T cells (Figure 7A) or primary human CD4"
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T lymphoblasts (Figure 7B). Stimulation increased glycolysis in EB1
KD JK E6-1 cells but not in EB1 KD CD4" T lymphoblasts, which
indicates that EB1 KD Jurkat E6-1 cells can respond to TCR
stimulation and CD28 co-stimulation but EB1 KD CD4" T
lymphoblasts do not. On the other hand, decreased response to
stimulation in glycolytic capacity is observed in either EB1 KD
Jurkat E6-1 cells or CD4" T lymphoblasts.
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FIGURE 6

EB1 regulates oxygen consumption rate in mitochondria. (A, B) Mitochondria oxygen consumption rate (OCR) in resting and stimulated shCtrl and
shEBL (A) Jurkat E6-1 T cells and (B) huCD4* T lymphoblasts. Stimulation was with aCD3/aCD28 tetramers. Oligomycin, CCCP and rotenone plus
antimycin A were injected as indicated. Right graphs show maximal respiration and ATP production, respectively. Data are mean + SEM from 5

(A) and 4 (B) technical replicates from 3 healthy donors. (A), shows a representative experiment out of 4. Linear mixed model was used to analyse
differences in OCR and two-way ANOVA test for maximal respiration and ATP production. *, p<0.05; **, p<0.01; *** p<0.001; **** p<0.0001; ns,
non-significant. (C) Mitochondrial mass in shCtrl and shEB1 Jurkat E6-1 T cells. The graph shows the geometric mean of Nonyl acridine orange
(NAO) fluorescence. Data normalized to shCtrl. Graph, mean + SD; n=3. Unpaired t-test; ns: nonsignificant. See also Supplementary Figure 4 for

gating strategy.

EB1 protein influences cell viability upon
activation in T cells

To analyze the effect of mitochondria network deregulation by EB1
KD, cell apoptosis was studied upon TCR activation and co-
stimulation in Jurkat E6-1 cells transfected with control siRNA or
EBI siRNA (Figure 7C and Supplementary Figure 5). This activation-
induced cell death (AICD) is mediated by TCR-controlled de novo Fas
ligand expression and subsequent autocrine FasL binding to Fas (28).
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At baseline, the percentage of live cells (Annexin Ghost Dye’) was equal
between control and EBI silenced cells (92%). After activation with
0CD3 and aiCD28, there was a statistically significant difference in the
percentage of EBI-silenced live cells, when compared to control live
cells (67% vs. 81%; p<0.001), and this difference was maintained after
the addition of the anti-CD95 (anti-Fas) apoptotic inducer CH-11
monoclonal antibody (35% vs. 47%; p<0.01; Supplementary Figure 6).
This reduction in the percentage of EB1 silenced live cells was also
accompanied by a statistically significant increase in the percentage of
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FIGURE 7

EB1 is required for correct glycolytic response in T cells. (A, B) Glycolytic response through extracellular acidification rate (ECAR) in resting or
stimulated shCtrl and shEB1 (A) Jurkat E6-1 T cells and (B) huCD4"* T lymphoblasts. Stimulation was with «CD3/aCD28 tetramers. Glucose,
oligomycin and 2-deoxyglucose (2-DG) were injected as indicated. Graphs show the rate of glycolysis and the glycolytic capacity. Data are mean +
SEM from 5 (A) and 4 (B) technical replicates from 3 healthy donors. (A). shows a representative experiment out of 4. Linear mixed model was used
to analyse differences in ECAR and two-way ANOVA test for Glycolysis and Glycolytic capacity. *, p<0.05; **, p<0.01; *** p<0.001; **** p<0.0001;
ns, non-significant. (C) Cell viability after TCR stimulation and CD28 co-stimulation by flow cytometry. Percentage of live (orange), early apoptotic
(red), late apoptotic (green) and necrotic (blue) cells are shown for control and EB1-silenced Jurkat E6-1 T cells. Graph, mean from n=3. See
Supplementary Figure 4 for gating strategy in flow cytometry and representative examples and Supplementary Figure 5 for statistical analysis.

cells undergoing early (Annexin"Ghost Dye") or late (Annexin‘Ghost
Dye") apoptosis after aCD3/aCD28 activation. Besides, the
apoptotic inducer CH-11 reinforced this difference in the augmented
percentage of early apoptotic EBI silenced cells with respect to control
cells (42 vs. 31%; p<0.001). Pre-incubation with the anti-Fas
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antagonistic antibody DX2 (28)inhibited both TCR/CD28 -controlled
AICD and agonistic anti-Fas CH11-induced cell death, demonstrating
the contribution of FasL/Fas system to the observed AICD. These
results suggest that EBl KD increases activation-induced cell
death (AICD).
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Discussion

This work has addressed the role of EBI in T cell metabolic fate
during immune synapse activation through TCR activation and
CD28 co-stimulation. It has been proposed that the T cell
metabolism and the adoption of asymmetric fate at the IS are
connected (25). Part of the T cell asymmetry at the IS consists on
the induced intracellular reorganization by TCR activation. Human
EB1 was originally cloned using as a bait the COOH terminus of
adenomatous polyposis coli (APC), a tumour suppressor (29). The
binding site of EB1 in APC was required to allow wound-edge cells
to reorient their centrosomes and correctly polarize the cells to
divide and migrate (30). Indeed, APC is required to interact with
Dlgl, another polarity regulator involved in the reorganization of T
cells during synaptic contacts. They are both required for MT
network organization at the IS, and for T cell receptor-triggered
activation through the NFAT transcription factor (31, 32). EBI
protein regulates the translocation of the centrosome to the IS, the
organization of the MT network, and the regulation of the vesicular
traffic to allow T cell activation, which depended on the ability of
EBI to interact with the CD3 complex (11). Previous results showed
that regulation by casein kinase 18 (CKIJ) is relevant for this
process, through the recruitment of p1505““? and heterodimers of
EB1 and EB3. These heterodimers are then phosphorylated by CKI$
allowing efficient polarization of the centrosome to the IS (15).
p150¢™“? is a subunit of the motor adaptor dynactin, that helps
dynein to polarize the centrosome and its associated Golgi
apparatus and vesicular system to the IS in the T cell (33), and
also mitochondria (18). Mitochondria orchestrate diverse
fundamental cellular functions, including respiration, calcium
homeostasis, reactive oxygen species generation, and programmed
cell death (34, 35). Therefore, determining the mitochondrial
regulatory mechanisms in order to understand bioenergetics and
the role of mitochondria is important for T cell biology.
Components of the cytoskeleton play a vital role in the structural
and functional organization of the mitochondria, including
mitochondrial morphology, dynamics, motility, and intracellular
arrangement. Long-range transport has been mainly studied in
neurons (36, 37). To this end, the coupling of motor proteins such
as kinesins and dyneins to MT forming a complex together with the
mitochondria outer membrane GTPase Miro and the adaptor
protein Milton/TRAK is required (38, 39). Mitochondrial traffic is
closely regulated by intracellular calcium levels, whose increase
inhibits kinesin-dependent anterograde and dynein-dependent
retrograde movements (40) both involved in mitochondria
reorganization. In this regard, Miro reorganize mitochondria
during T cell transmigration and this is dependent on dynein
function (41). Although extensively studied in other scenarios, the
role of EBI in T lymphocyte metabolism is poorly known. The
present study shows that EB1 is necessary for proper metabolic
response to glucose upon T cell activation, and that this is related to
the correct localization of mitochondria at the IS.

The cytoskeleton reorganization is required for proper
positioning of organelles fuelling T cell activation such as
mitochondria and lysosomes, and this is directly related to
metabolic constraints during adoption of asymmetric fates due to
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early translation after TCR activation (17, 25). Translation of pre-
existing mRNA upon TCR activation in naive CD4" T cells has been
observed for longer times of activation (42, 43). Activation changes
the proteomes of CD4" and CD8" T cells in a manner dependent on
mTOR (mammalian target of rapamycin) complexes, mainly
mTOR complex 1: mTORCI1. Metabolic regulation was
dependent on this complex in naive and effector T cells, although
cell cycle progression was independent of mTORCI in naive cells
(43). T cell activation triggers protein synthesis in an asymmetric
manner because the centrosome, accompanied by the cell synthesis
machinery, relocates toward the IS as early as 3-5 min after
activation in human CD4" T cells, although extended times are
also possible (17). Moreover, protein synthesis is promoted by TCR
pathways and depends on mTOR, which induces ribosome
translational activity and also activates the folding activity of
relevant chaperones such as CCT (25). CCT regulates the
cytoskeleton organization through the folding of actin and
tubulin (44) and its knock-down prevents correct mitochondrial
localization at the IS, as well as proper mTOR activation (17). CCT
is also responsible for the folding of several mTORCI subunits such
as mLS8 (45). Indeed, mTORCI is also present in the mitochondrial
fraction of Jurkat T cells and correlates with mitochondrial activity,
i.e. high consumption of oxygen, mitochondrial membrane
potential and ATP production. Disruption of the mTOR-
RAPTOR complexes with rapamycin or iRNA decreased
mitochondrial metabolism (46).

In this regard, the diminished expression of EB1 protein implies
changes in this cytoskeletal organization, as well as in activation of
T cells (11). Although CKIJ deficiency did not change very early T
cell signalling (15) nor EB1 knock-down did for early CD3-
dependent signalling, it reduced sustained downstream signalling
due to defective interaction of CD3" and LAT" vesicles at the IS
(11). Mitochondria, which are recruited to the IS (18, 19), localize
near the EB1-enriched plus-TIPs of MTs in resting, polarized T cells
such as human T lymphoblasts. Thus, whether EB1 KD affected the
polarization of mitochondria to the IS in activated T lymphoblasts
and in Jurkat E6-1 T cells was relevant. Mitochondria relocated
poorly at the IS in these cells and this finding was accompanied by
defects in the relocation of the centrosome, as previously described
(11, 15). Also, defective F-actin polarization at the IS in EB1 KD
cells was observed. The latter effect on actin cytoskeleton can be due
to defective EBI-APC interaction, which also regulates the role of
ezrin protein and deregulates actin dynamics, linking them to MT
dynamics (31, 32). In addition, this can be due to the defective
organization of the mitochondria at the IS, which not only depends
on the cytoskeleton, but can in turn regulate the activity of the
myosin II motor by helping the phosphorylation and activation of
the regulatory light chain (18). Therefore, EB1 function is required
to allow proper organelle positioning at the IS, such as vesicles (11),
and also mitochondria.

Based on these findings, activation-kinetics experiments
showed that the metabolic pathway regulating mTORCI activity
through AKT was affected by EB1 KD. AKT activates mTORCI,
which activates ribosome activity through phosphorylation of
different factors such as S6 ribosomal protein (26, 47). The
activation through phosphorylation of all these proteins was
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decreased in EB1 KD cells, pointing to defects in the correct
activation of T cells. This prompted the study of the ability of T
cells to use glucose as an energy fuel, since this is one of the main
substrates used by these cells (47). OXPHOS is required for
activation of naive T cells instead of aerobic glycolysis; they are
interchangeable to fuel T cell proliferation and survival, but only
aerobic glycolysis can facilitate full effector status (48). The use of
glucose through glycolysis and subsequent OXPHOS at the
mitochondria was defective in EB1 KD cells in resting conditions.
These cells were unable to respond to TCR and CD28 activation in
terms of OXPHOS increase. This effect can be due to decreased
mitochondrial mass, since EB1-deficient clones harboured slight
decreased mitochondria, as assessed by flow cytometry, although it
was not significant. Therefore, the defect in OCR in EB1 deficient
cells seems to be dependent on the mitochondria ability to increase
their membrane potential, since they exhibit lower maximal
respiration, even upon activation. Also, EB1 depletion has been
previously associated with apoptosis of tumour cells via
mitochondrial dysfunction and reactive oxygen species (ROS)
production (49). Furthermore, EBl-association with MTs was
characterized to depend on specific EB1 phosphorylation, which
was under the control of ROS and depend on AKT/GSK3p (50).
Therefore, the defect in AKT activation and the subsequently defect
in mTOR activation and in TCR-induced protein translation can be
a more relevant cause for this effect, which merits future
investigation. Although the axis PI3K/PTEN could regulate this
AKT defect, it is probably not the main cause, since Jurkat E6-1 T
cell line is defective in PTEN expression (47). In addition, there
were more cells in early and late apoptosis upon activation in EB1
KD Jurkat E6-1 T cells. Hence, the observed changes in apoptosis
and mitochondrial functions in EBI-KD T cells might mirror these
previous findings and deserve further research. In addition, the
observed defect in the activation of the pro-survival kinase AKT can
be linked to the observed increment of apoptosis. Also, EB1
deficient cells do not use anaerobic glycolysis to overcome the
observed defect in OXPHOS; this effect may be caused by lower
mTORCI activation and subsequent decreased glycolysis activation
(47). This is relevant since EB1 knocked-down T lymphoblasts do
not increase their anaerobic glycolysis or glycolytic capacity in
response to early TCR and CD28 stimulation, which corresponds
to mTOR-decreased phosphorylation. These results suggest that
these cells could use alternative substrates to glucose to respond to T
cell activation. The fact that the blockade of FasL/Fas interaction
with an anti-Fas antagonistic antibody clone DX2 inhibited TCR/
CD28-controlled AICD but also the pro-apoptotic effect of
decreased EB1 expression and the agonistic anti-Fas CHI1-
induced cell death, demonstrates the contribution of EB1 to FasL/
Fas system and the observed AICD. A limitation of this study is that
it remains unclear whether the effect of EBI interference on AICD
involves the up-regulation of FasL expression or the enhancement
of anti-Fas signalling. Also, both processes can be altered in these
cells. Further research is required to establish this point. Altogether,
these data support the role of EB1 in the organization of the T cell
asymmetry but also T cell apoptosis, connecting the reorganization
of the tubulin cytoskeleton and the intracellular organelles with the
metabolic regulation of the T cell and warrants future research.
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Materials and methods
Antibodies and reagents

Antibodies used included pS2448 mTOR, mTOR, pS235-S236
S6, S6 ribosomal subunit, pS473 Akt (Cell Signaling Technology).
The rabbit anti-CD3{ 448 antibody was produced in the laboratory
of Dr. B. Alarcon (Centro de Biologia Molecular “Severo Ochoa”
(CBMSO), Madrid, Spain). Anti-a-Tubulin (clone DMI1A,
AB_477593), anti-o-Tubulin FITC-conjugated (clone DMI1A,
AB_476968) and anti-B-Actin (clone AC-15, AB_476692) from
Sigma Aldrich; anti-CD3e (clone HIT3a) from BioLegend; olCD3/
aCD28 tetramers (Immunocult activator) were from StemCell
Technologies; anti-CD28 (clone CD28.2), anti-P150-Glued (1/
p150Glued (RUO), AB_397846), anti-CD3e-APC and anti-CD4-
APC from BD Biosciences. Isotype control-FITC and isotype
control-APC were from Immunostep. Reagents and probes are as
follows: MitoTracker Orange CMTMRos, CellTracker " Blue
CMAC Dye and Phalloidin Alexa Fluor " 647 from
LifeTechnologies (Invitrogen). Nonyl-acridine-orange was
from SigmaAldrich.

Cells and plasmids

For isolation of CD4" T lymphoblast cultures, human
peripheral blood mononuclear cells (PBMCs) were isolated from
buffy coats from healthy donors provided by “Centro de
Transfusiones de la Comunidad de Madrid” under an agreement
with the Hospital Princesa (Madrid) and approved by the CEIm of
Hospital Princesa, according to government ethical consent. Upon
separation on a Biocoll gradient (Biochrom, L6115), nonadherent
cells were collected after plating PBMCs at 37°C and purified using
Stem Cell Technologies EasySep kit for CD4" T cells. Cells were
then cultured for 48 h in the presence of SEE (0.01 pg/ml; Toxin
Technology) and PHA (0.2 ug/ml phytohaemagglutinin, Sigma
Aldrich) to induce lymphocyte proliferation, and IL-2 (50 U/ml)
was added to the culture medium every 2 days. HuCD4" T
lymphoblasts were transfected 7 days after isolation. Experiments
were performed 48 h post-transfection.

Jurkat E6-1 cell line (Val.2 VB8" TCR) was obtained through
the NIH AIDS Reagent Program, Division of AIDS, NIAID, NIH
from Dr. A. Weiss. Jurkat E6-1 and Raji lymphoblastoid B cell line
were grown in RPMI 1640 medium (Gibco-invitrogen)
supplemented with 10% fetal bovine serum (FBS, Invitrogen).
Cells were cultured at 37 °C, in 5% CO, atmosphere. Jurkat E6-1
T cell clones were cultivated with 0.5 mg/mL™" G418.

Transfection

Prior to electroporation, Jurkat E6-1 cells or primary CD4" T
lymphoblasts were washed first with HBSS and secondly with Opti-
MEM I (Gibco, Invitrogen), resuspended in Optimem and 15x10°
cells were electroporated with Gene Pulser- II (Bio-Rad) at 240 mV
and 975 mA in 4 mm cuvettes containing 400 pL (Bio-Rad). Cells
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were transfected with a sShRNA plasmid encoding a specific 21 bp
sequence against EB1 (GACATGACATGCTGGCCTGCG) or with
the corresponding control plasmid encoding a negative sequence
(TGGCATTGTCTTACCGCCTAT) (Genescript, Piscataway, NJ,
USA), or instead with a double-stranded control siRNA or a
specific sequence against EB1 (CAGACAAGGUCAAGAAACU
and CGUACGCGGAAUACUUCGA, respectively; Eurogentec,
San Diego, CA, USA) at a final concentration of 2.5 UM per
sample. Dead cells were discarded using Biocoll Separating
Solution 24 h post-transfection. Silencing was effective 48 h
post-transfection.

Cell conjugate formation

JK E6-1 cells or CD4" T lymphoblast were activated with SEE-
loaded Raji B cells (0.5 ug/mL for 30 min at 37°C; Toxin
Technologies, PE404) for the indicated times. For microscopy and
Western blot, a 1:1 or 10:1 T:B cell ratio were used, respectively.
Cells were centrifuged at low speed to favour earlier proximity
between cells and incubated at 37°C for corresponding times. Co-
cultures without SEE were prepared in parallel as controls.

Western blot

For T cell activation, ¢CD30:CD28 (20 uL/mL ImmunoCult'
Human CD3/CD28 T Cell Activator; StemCell Technologies) or
SEE-preloaded Raji cells were used for the times indicated. For SDS-
PAGE, 10° cells were lysed in 50 UL 20 mM Tris-HCI (pH 7.5)
containing 1% NP40, 0.2% Triton X-100, 150 mM NaCl, 2 mM
EDTA, 1.5 mM MgCl, with phosphatase and protease inhibitors.
Samples were processed for electrophoresis, transferred to
nitrocellulose membranes and subjected to western blot. Primary
antibodies were incubated overnight and with peroxidase-labelled
secondary antibodies for 1 h. Signal detection was performed using
a chemiluminescence imaging system Amersham 880 (51, 52).

Microscopy

Samples were processed as described (17, 51-53). In brief, Raji
cells were stained with the CMAC cell tracker (10 uM; Molecular
Probes, C2110) and pulsed with SEE (0.5pug/mL; Toxin
Technologies, PE404) for 30 min at 37°C. T cells were stained
when indicated with Mitotracker Orange probe (100 nM Molecular
Probes) for 30 min at 37°C. T cells. Cell conjugates were adhered to
poly-L-Lys-coated coverslips, fixed with 2% paraformaldehyde in
PHEM (PIPES 30 mM, Hepes 20 mM, EDTA 2 mM, MgCl, 1 mM,
pH: 6.9) containing 0.12 M sucrose for 10 min (R/T), permeabilized
with TX-100 (0.2%) for 5 min at R/T and blocked with PHEM
containing 100 pg/mL y-globulin, 3% BSA, 0.2% azide in PHEM for
30 min at R/T. Cells were sequentially stained with the indicated
primary antibodies (0.1-5 pug/ml™) followed by Alexa Fluor 488-,
568- or 647-labelled secondary antibodies or Alexa-conjugated
phalloidin (5 ug/ml'l) or fluorescein isothiocyanate (FITC)-
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conjugated anti-o-tubulin (0.1 pg/ml™). Samples were mounted
on Prolong gold (Invitrogen). A series of fluorescence and
brightfield frames were captured using a TCS SP5 confocal laser
scanning unit (Leica Microsystems) attached to an inverted
epifluorescence microscope (DMI6000) fitted with an HCX PL
APO 63x/1.40-0.6 oil objective. Images were acquired and
processed with the accompanying confocal software (LCS; Leica)
and assembled using Image ] software (http://rsbweb.nih.gov/ij/).
Polarization of F-actin and mitochondria to the IS was calculated
using the the Fiji plugin “Synapse measure” (http://rsbweb.nih.gov/
ij/). The distance of the centrosome to the IS was calculated using
IMARIS 8.4 software (https://imaris.oxinst.com) as described (51).
Imaris software was used to perform 3D reconstruction and volume
rendering in Figure 1C thanks to its volume tool. The calculations of
distances from EBI plus tips to mitochondria was performed by
establishing the centre of mass of each EB1 volume and establishing
a threshold of 0.5 um from the centre of the spot representing it to
the mitochondria surface. Probabilistical frequency was calculated
from 10 cells.

Densitometry analysis and quantification of
Western blot

Bands from Western blots were analyzed with accompanying
software Image Gauge (Fujifilm Inc). Background was subtracted,
and arbitrary unit per pixel was normalized to control samples, not
stimulated. Values were analyzed with GraphPad for significance.

Flow cytometry

Approximately, 10 cells of each cellular type were employed in
each flow cytometry staining. The primary and secondary antibody
staining was maintained for 30 minutes on ice and then washed
with FACS buffer (HBSS, human y-globulin (50 pg/mL), 2% BSA, 1
mM EDTA). Finally, cells were resuspended in 200 pl of FACS
buffer for flow cytometry acquisition. Gating strategies are showed
in Supplementary Figures 1, 2, 4 and 5. Data were acquired in a
FACSCanto II Analyser Cytometer (405 nm violet laser, 488 nm
solid state blue laser and 633 nm He-Ne) (BD

Activation-induced cell death assay

To assess cell viability 10° cells were incubated with Fas/FasL
interaction blocker anti-human Fas mAb (DX2) at 1ug/ml for 1 h,
followed by activation in a plate coated with aCD3 (clone HIT3a)
(BioLegend) at 10 pg/ml and oCD28 (clone CD28.2) (BD
Biosciences) at 3.33 pg/ml (28). One hour after activation, the
apoptosis inducer anti-Fas (clone CH-11) monoclonal Ab (mAb)
(Sigma Aldrich) was added at 20 ng/ml. After overnight incubation
cells were stained with 0,1 pl Ghost dye Red 780 Viability Dye
(Tonbo biosciences) in 100 ul PBS during 30 min at 4°C and with 2
ul APC-conjugated annexin V (No. 640920 Biolegend) in 100 ul
Annexin V Binding Buffer (No. 422201, Biolegend) for 15 min at
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RT, following the manufacturer’s instructions. Data were acquired
in a FACSCanto II Analyser Cytometer (405 nm violet laser, 488
nm solid state blue laser and 633 nm He-Ne) (BD Biosciences) and
analysed with Flow]Jo software v10.8.1 (BD Biosciences). The gating
strategy is included in Supplementary Figure 5.

Seahorse

Experiments were performed as in (17). In brief, XF96
extracellular flux analyser (Seahorse Bioscience; XF96 FluxPak
Agilent Technologies) was used for OCR and ECAR
measurements. Glucose-based mitostress test was measured in
human primary T lymphoblasts or Jurkat E6-1 cells cultured with
DMEM medium (D5030, Sigma Aldrich) supplemented with 2 mM
sodium pyruvate, 2 mM L-glutamine and 25 mM glucose and drugs
injected as follows: oligomycin (2 pM), CCCP (2.5 uM), rotenone
plus antimycin A (1.5 uM each). For glycolysis stress test, cells were
cultured with DMEM medium supplemented with 3.5 mM L-
glutamine. Glucose (10 mM) was injected, followed by oligomycin
(1.5 pM) and 2-deoxyglucose (2-DG, 50 mM). A linear mixed
model performed in R v4.2.1 (https://cran.r-project.org) was used
for statistical analysis (17).

Statistical analysis

Statistical analyses were performed with PRISM8 (GraphPad
software, USA). Normality tests were performed and when
comparing two samples, Student T test or Mann-Whitney test
were performed, according to normality or not. When comparing
three or more samples, two-way ANOVA was used. Specific details
of each analysis are detailed in the figure legends. Significant
differences were considered when p<0.05 (*). ** indicates p<0.01,
% p<0.001 and *** p<0.0001.
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SUPPLEMENTARY FIGURE 1
Gating strategy used to assess purity of CD4+ T lymphoblasts in terms of CD3
and CD4 expression. Corresponds to Figures 1-7.

SUPPLEMENTARY FIGURE 2

Expression of receptors in shCtrl and shEB1 Jurkat E6-1 T cell clones. (A)
Gating strategy. (B) Graph, geometric mean of the fluorescence intensity
(GeoMFI) of indicated surface markers of shCtrl and shEB1 Jurkat T cells. (C)
Western blot showing EB1 silencing in shEB1 Jurkat E6-1 T cells. o-tubulin
and p150%"“*® were used as loading controls. (D) Western blot showing EB1
silencing in siEB1 Jurkat E6-1 T cells. a-tubulin and plSOGlued were used as
loading controls. Corresponds to Figure 3.

SUPPLEMENTARY FIGURE 3
Confocal images of cell conjugates formed between shCtrl and shEB1 (A)
huCD4" T lymphoblasts and (B) Jurkat E6-1 T cells with unloaded Raiji cells
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