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Cathepsin X-mediated b2 integrin activation results in nanotube
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Abstract. Membrane nanotubes were recently descri-
bed as a new principle of cell–cell communication
enabling complex and specific messaging to distant
cells. Calcium fluxes, vesicles, and cell-surface com-
ponents can all traffic between cells connected by
nanotubes. Here we report for the first time the
mechanism of membrane nanotube formation in T
cells through LFA-1 (CD11a/CD18; aLb2) integrin
activation by the cysteine protease cathepsin X.
Cathepsin X is shown to induce persistent LFA-1
activation. Cathepsin X-upregulated T cells exhibit

increased homotypic aggregation and polarized, mi-
gration-associated morphology in 2D and 3D models,
respectively. In these cells, extended uropods are
frequently formed, which subsequently elongate to
nanotubes connecting T lymphocytes. Our results
demonstrate that LFA-1 activation with subsequent
cytoskeletal reorganization induces signal transmis-
sion through a physically connected network of T
lymphocytes for better coordination of their action at
various stages of the immune response.
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Introduction

Membrane nanotubes comprise thin membranous
channels mediating continuity between the plasma
membranes of connected cells [1, 2]. They were first
named tunneling nanotubes for the cellular intercon-
nections formed by PC12 cells, with a diameter of 50 –
200 nm [1]. They exhibit diverse structural properties
(thin nanotubes exhibit diameters of <0.7 mm; thick
nanotubes exhibit diameters of >0.7 mm) [2] and the
peculiar morphology raises the question of how they

are generated. Actin reorganization has been consis-
tently demonstrated to be essential for active protru-
sion and the importance of actin polymerization for
nanotube formation has been reported by different
groups [1, 3].
The local remodeling of actin is ultimately achieved by
integrin recruitment. Integrins are membrane recep-
tors binding either to counter-receptors on other cells
or mediating interactions with components of the
extracellular matrix [4]. The integrin lymphocyte
function-associated antigen-1 (LFA-1; CD11a/CD18;
aLb2) is expressed on most leukocytes and plays a
major role in regulating leukocyte polarization. Pre-
cise regulation of integrin activation occurs during
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leukocyte adhesion and their directional migration
[5].
We have shown that cysteine protease cathepsin X
induces polarized migration-associated morphology
in Jurkat T cells [6]. Cathepsin X is an important
regulator of LFA-1 activity [7]. Cathepsin X-upregu-
lated T lymphocytes exhibit increased LFA-1 activa-
tion, associated with increased homotypic cell-cell
contact and cell cluster formation, and profound
spontaneous development of cell polarization and
uropod formation [6]. Although cathepsin X is a
lysosomal protease, its localization and trafficking is
dependent on the state of cell activation and, like
some other lysosomal proteases [8], it is translocated
towards the plasma membrane upon leukocyte acti-
vation [9, 10]. The mechanism of its translocation to
the vicinity of integrin receptor is yet unclear; how-
ever its interaction with b2 integrin subunit and LFA-1
integrin receptor activation was confirmed by immu-
noprecipitation and fluorescence resonance energy
transfer (FRET) [7, 9].
In this study, the role of cathepsin X in nanotubes
outgrowth was investigated. We show that cathepsin
X-upregulated Jurkat T cells, exhibiting persistent
LFA-1 integrin activation, are able to form cell
contact-dependent and -independent membrane
nanotubes. These nanotubes may transfer intracellu-
lar vesicles, such as lysosomes and mitochondria
between distant Jurkat T cells and enable additional
mechanism of cell-to-cell communication in the
immune system.

Materials and methods

Cells. The CD4+ T cell line Jurkat (from the American
Type Culture Collection; ATCC; TIB-152) was cul-
tured in RPMI 1640 (Sigma) supplemented with 5 %
FCS (HyClone), 2 mM L-glutamine (Sigma), 50 U/ml
penicillin and 50 mg/ml streptomycin. Preparation of
cathepsin X-upregulated Jurkat T cells is described in
detail elsewhere [6]. Jurkat T lymphocytes were
transfected with pcDNA3/cathepsin X vector using
Lipofectamine 2000 (Invitrogen) and stable lines were
selected in 400 mg/ml Geneticin (Gibco). Single cell
clones were isolated by limiting dilution assay and
analyzed for cathepsin X expression with quantitative
real time PCR analysis, quantitative ELISA and
active site labeling of cathepsin X.

Cytoplasmic and organelle dyes. T cells were labeled
with 2.5 mM carboxyfluorescein succinimidyl ester
(CFSE), 5 mg/ml Hoechst, 200 nM Mitotracker,
100 nM LysoTracker (all purchased from Molecular
Probes) according to the manufacturer�s protocol.

Specific cathepsin X inhibitors. Neutralizing mouse
monoclonal antibody (mAb) against cathepsin X
(2F12) was prepared from mouse hybridoma cell
line as described [11], and used at a concentration of
1 mM. Cathepsin X-specific epoxysuccinyl-based in-
hibitor AMS36 [12] was used at a concentration of
3 mM.

Live-cell imaging. Eight-well chambered coverglasses
(LabTek Chambered Borosilicate Coverglass, Nalge
Nunc International) were precoated with 50 mL 100 %
Matrigel (BD Biosciences, USA) and allowed to
solidify for 20 min at 378C. Jurkat T lymphocytes
were seeded onto Matrigel as a single-cell suspension
(5�104 cell/ml) in complete medium containing 2 %
Matrigel. Cells were allowed to settle for 24 h at 378C
with 5 % CO2. They were tracked at 1.5– 2.5-min
intervals for 4 – 16 h at 378C, 5% CO2. Phorbol 12-
myristate 13-acetate (PMA, 50 nM; Sigma) was used
for Jurkat T cell activation. To investigate the effect of
ROCK inhibitor and the highly specific inhibitor of
class II myosin ATPase activity, Jurkat T cells were
incubated with 20 mM Y-27632 (Sigma) and 50 mM
blebbistatin (Sigma), respectively, in the presence of
20 mM Mg2+ for 24 h. To induce F-actin depolymeri-
zation in inhibition studies, 10 mM cytochalasin D was
added. Images were taken using an Olympus IX 81
motorized inverted microscope and CellR software.
Brightness and contrast were changed in some images
only to increase visibility of nanotubes.
For imaging GFP-conjugated proteins, pcDNA3-a-
actinin-GFP (Addgene) or pcDNA3-cathepsin X-
GFP was transiently transfected in Jurkat cells.
pcDNA3-cathepsin X-GFP was prepared using the
CT-GFP fusion expression kit (Invitrogen). Images
were taken using an Olympus IX 81 motorized
inverted microscope and CellR software.
For FRET measurements, pcDNA3-aL-CFP and
pcDNA3-b2-mYFP provided by Dr. Tim Springer
(Addgene) were transiently transfected in Jurkat cells.
A Zeiss LSM 510 META spectral imaging system was
used to image cells expressing the two vectors. CFP or
YFP were laser excited at 458 or 514 nm for determin-
ing the FRET effect or transfection efficiency, respec-
tively.

Fixing and immunostaining Jurkat cells. Jurkat T cells
were stained as described previously [6]. Actin was
labeled with phalloidin-tetramethylrhodamine B iso-
thiocyanate conjugate (Fluka) (500 ng/ml). Cathepsin
X was labeled with Alexa Fluor 488 (Molecular
Probes) labeled mouse 2F12 mAb (10 mg/ml), which
recognizes the mature form. For labeling integrin,
talin or tubulin, the primary antibodies were goat anti-
human integrin LFA-1 N-18, goat anti-human talin or
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anti-b tubulin H-235-AF488 (5 mg/ml) from Santa
Cruz Biotechnology. Primary antibody mAb 24,
provided by Dr. Nancy Hogg (Macrophage Labora-
tory, Imperial Cancer Research Fund, Lincoln�s Inn
Fields, London, UK) was used to label active LFA-1.
Fluorescence microscopy was performed using a Carl
Zeiss LSM 510 confocal microscope. Alexa Fluor 488
and Alexa 633 were excited with an argon (488 nm) or
He/Ne (543 nm) laser, and emission was filtered using
a narrow band LP 505 – 530 nm (green fluorescence)
or 560 nm (red fluorescence) filter, respectively.
Images were analyzed using Carl Zeiss LSM image
software 3.0.

Flow cytometric analysis. Comparative analysis of
transfer of mitochondria or CFSE dye in cells after
24 h of co-cultivation in Matrigel was performed on a
FACSCalibur (Becton Dickinson). For labeling of
mitochondria, cathepsin X-upregulated Jurkat cells
were cultured with 200 nM Mitotracker for 40 min.
Cells were then washed twice with PBS, pH 7.4. For
labeling with CFSE, cells were cultured with 2.5 mM
CFSE in PBS. Fresh medium was then added, and cells
were placed on ice for 10 min and then washed twice
with PBS, pH 7.4. Unlabeled and labeled cells were
seeded onto Matrigel in 1:1 ratio and co-cultured for
24 h at 378C with 5 % CO2. Excitation laser (488 nm)
was used to detect Mitotracker and CFSE. The
detector/amplifier setup was as follows: FSC: E-1,
5.71, Lin; SSC 332, Lin; FL1: 450, Log, FL2: 450, Log.

Statistical analysis

SPSS PC software (Release 13.0) was used for
statistical analysis for all data. The difference between
the groups was evaluated using the non-parametric
Mann-Whitney test. p values of <0.05 were consid-
ered to be statistically significant. Error bars are
shown as SD, unless stated otherwise.

Results and discussion

Nanotube formation in cathepsin X-upregulated Ju-
rkat T cells. Cathepsin X-upregulated Jurkat T cells
were compared to wild type Jurkat T cells by
characterizing phenotypic changes in cells cultured
on either Matrigel (Fig. 1A) or intercellular adhesion
molecule 1 (ICAM-1)-coated surfaces (Fig. 1B) and
imaging by live microscopy. After 24 h, of cathepsin
X-upregulated Jurkat T cells (n=350), 28 % under-
went spontaneous shape polarization and developed
uropods (Fig. 1C), in contrast to wild-type Jurkat cells
(n=455), of which only 2 % spontaneously formed

polarized morphology (Fig. 1D). The uropod is a
distinctive morphological and functional region pro-
jecting at the trailing edge of the cell, formed by polar
redistribution of cell surface receptors and cytoskele-
tal elements [13]. It serves as a force-driven protrusion
in T lymphocyte migration [13]. The uropods of
cathepsin X-upregulated Jurkat T cells finally elon-
gated to nanotubes and formed cell-to-cell connec-
tions (Fig. 1E and F, and Videos 1 –3). Typically, a
bulbous tip (Fig. 1G) was present at the end of the
nanotube arising from extended uropod. This repre-
sents a remnant of the uropod and functions as a
refined sensory mechanism (Video 4) capable of
binding tightly to the connected cell. Of the cathepsin
X-upregulated Jurkat T cells (n>350), after 24-h
incubation, 20 % were connected by nanotubes
(Fig. 1C and H), representing 67 % of uropod-forming
cells (Fig. 1H). Once formed, the nanotube-intercon-
nection arising from extended uropods persisted for
several hours (Videos 2 and 5), whereas intercellular
contact-provoked nanotubes, formed by Jurkat T cells
coming into contact and then moving apart, decayed
much more rapidly (within 1 h) (Fig. 1I and J, and
Video 6). Intercellular contact-provoked nanotubes
were substratum independent and hovered in 2 %
Matrigel, providing an effective support. Nanotubes
arising from the extended uropod were, at least in the
uropod-emanating phase, substratum dependent;
however, once formed, the tip of the uropods and
the nanotubes extending from the uropods exhibited
contact independence and were able to move around
and connect with other cells (Fig. 1B and Video 3).
Albeit rarely, nanotubes could be interconnected
(Fig. 1K) or branched, such that one cell formed
multiple nanotubes simultaneously (Fig. 1L). PMA
induced similar uropods and nanotube connections in
T lymphocytes (23 %, n=470) (Fig. S1A). In cathepsin
X-upregulated Jurkat cells, the effect of PMA was
apparently additive (Fig. S1B and 1H); the percentage
of connected T cells reached 36 % (n=550), repre-
senting 89% of uropod-forming cells. The specific
inhibitor AMS36 (Fig. S1C) and the neutralizing mAb
2F12 (Fig. 1M) against cathepsin X both prevented
uropod elongation and nanotube outgrowth [5 %
(n=430) and 3 % (n=360) of nanotube connected
cells, respectively].
The uropod extension and nanotube formation in-
duced by cathepsin X resemble that caused by other
factors that activate LFA-1. Activation of LFA-1
integrin receptor triggers intracellular signaling,
thereby activating RhoA-ROCK signaling pathway
and myosin heavy chain IIA recruitment, resulting
finally in de-adhesion of the trailing edge, in contrast
to the role of LFA-1 activation at the leading edge.
This is consistent with the proteolytic function of
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Figure 1. Cathepsin X-upregulated Jurkat T cells in a three-dimensional environment exhibit an extreme uropod extension and nanotube
outgrowth. (A, B) Three-dimensional reconstruction of cathepsin X (A) or active LFA-1 detected with mAb 24 (B) in cathepsin X-
upregulated Jurkat T cells cultured on Matrigel (A) or ICAM-1 (B). The figure shows that the uropod-extended nanotube does not lie on
the substratum. (B1) Two confocal images along the Z-direction demonstrate the connection between the two cells. (C) In transfected cells
(n=350) cathepsin X induced the formation of a polarized phenotype with extreme uropod elongation, finally leading to cell contact
formation. (D) Wild-type Jurkat T cells (n=455) remained in a spherical shape after 24 h of incubation in Matrigel. (E, F, I, J) LFA-1
activation is responsible for two distinct pathways of nanotube formation in Jurkat T cells. (E) Time-lapse microscopy of cathepsin X-
upregulated Jurkat T cells cultured in Matrigel (three-dimensional matrix) reveals that nanotubes formed upon uropod elongation in the
absence of prior intercellular contact. The extended uropod develops highly motile lamellipodia-like cell protrusions at its end and is
subsequently elongated towards a neighboring cell until it makes contact with it. The connection persists for several minutes up to hours
(Video 3). (F) The proposed mechanism of uropod extension and nanotube outgrowth via cathepsin X-mediated persistent LFA-1
activation. Whereas the ICAM-1 counter-molecule binds to the extracellular domain, talin binds to the cytoplasmic tail of LFA-1, enabling
inside-out driven actin reorganization, uropod formation and its extreme elongation. This results in intercellular nanotubular contact
formation. (G) Cathepsin X-upregulated Jurkat cells were labeled with Mitotracker and Hoechst. Although occasionally very similar in
morphology, the bulbous tip of the uropod can be distinguished from the cell body as it does not contain nucleus labeled with Hoechst. (H)
Uropod extension and nanotube outgrowth were estimated in wild-type and cathepsin X-upregulated Jurkat T cells, activated or not with
phorbol myristate acetate (PMA) or treated with cathepsin X inhibitors. Inhibition of cathepsin X with either AMS36 (3.8-fold; p<0.001)
or 2F12 mAb (3.4-fold; p<0.001) decreased uropod extension. PMA increased uropod extension in wild-type and cathepsin X-upregulated
Jurkat T cells (5.3-fold and 3.7-fold, respectively; p<0.001). (I) Consecutive video sequences of cathepsin X-upregulated Jurkat T cells
showing nanotube formation following intercellular contact (Video 6). The nanotube is not an open-ended tunnel but is separated by a
distinct junction between two cells. This is evident since only one of the cells expresses a-actinin tagged with GFP. (J) Proposed mechanism
of nanotube formation following homotypic T cell contact formation. LFA-1/ICAM-1 interactions arising in T cell aggregation are
increasingly formed in cathepsin X-upregulated Jurkat cells. Homotypic T cell aggregation results from or precedes LFA-1 receptor
activation. Prolonged LFA-1 activation enables cytoskeletal reorganization, similar to that associated with uropod outgrowth, with talin
binding to cytoplasmic tail of the b2 subunit and subsequent membrane nanotube formation as cells depart. (K) Nanotubes are occasionally
seen to interconnect more than two cells. (L) Cathepsin X-upregulated-Jurkat T cells expressing GFP-tagged actinin demonstrate the
branched morphology of nanotubes formed in Matrigel. (M) Cathepsin X-neutralizing mAb 2F12 (n=430) significantly inhibited Jurkat T
cell polarization and nanotube formation.
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lysosomes in this region [14]. However, constant
activation of LFA-1 integrin receptor results in
insufficient retraction force, uropod extension and
nanotube outgrowth. Blebbistatin, a noncompetitive
myosin II inhibitor, prevents non-muscle myosin
heavy chain IIA recruitment to LFA-1, resulting in
its activation at the uropod, with consequent extreme
uropod elongation (17.38%, n=280) (Fig. 2A and B,
[5]) and nanotube outgrowth (41.3 % of uropod-
forming cells). Gurke et al. [15] also demonstrated a
strong induction of the number of nanotubes and
organelle transfer by blebbistatin. Inhibition of Rho
kinase/ROCK in human T lymphocytes resulted in
similar uropod elongation (15.23%, n=413) (Fig. 2A
and C, [16]) and nanotube outgrowth (42.71 % of
uropod-forming cells). Further, the RhoA-ROCK
pathway may impinge on myosin heavy chain IIA to
regulate LFA-1 adhesion [16]. Thus, persistent LFA-1
activation (due to cathepsin X overexpression or
inhibition of RhoA-ROCK pathway or myosin heavy
chain IIA recruitment) results in extreme uropod
elongation.

Mechanism of LFA-1 integrin activation by cathepsin
X. Cathepsin X similarly induces persistent LFA-1
activation in Jurkat T cells, which we propose is a
mechanism of uropod elongation and nanotube out-
growth. Although cathepsin X belongs to a class of
cysteine cathepsins, it localizes in the perimembrane
region. The exact mechanism of cathepsin X trans-
location, in particular whether cathepsin X trans-
location takes place after lysosomal translocation to
the plasma membrane, is being intensively studied.
Lysosomes have been shown to translocate to the
plasma membrane upon different activation stimuli,
and recently Sloane et al. [17] have shown that
cathepsin B participates in podosome-mediated ex-
tracellular matrix degradation. In our previous study
[10], we have shown that cathepsin X affects the
biogenesis of podosomes by regulating integrin activ-
ity.
LFA-1 binds to cytoskeletal and regulatory proteins,
controlling integrin signaling to the cytoskeleton. In
uropod-extending Jurkat T cells, cathepsin X was
localized on the membrane in the uropod outgrowing

Figure 2. LFA-1 receptor activation in nanotube formation. (A–D) Effect of inhibiting ROCK and class II myosin ATPase activity on
uropod extension and nanotube outgrowth in wild-type Jurkat T cells upon incubation in Matrigel. (A) Uropod extension and nanotube
outgrowth were estimated in wild type Jurkat T cells, activated or not with Mg2+ and treated with ROCK inhibitor Y-27632 or highly specific
inhibitor of class II myosin ATPase activity, blebbistatin. Y-27632 and blebbistatin, respectively, increased uropod extension in wild-type
Jurkat T cells (15.23% and 17.38%, respectively; p<0.001) resulting in nanotubular intercellular connection [42.71% (Y27632) and
41.30% (blebbistatin) of uropod extending cells, respectively; p<0.001]. (B–D) Phase images of Mg2+-stimulated Jurkat T cells after 24-h
incubation in the presence of blebbistatin (B), 20 mM Y-27632 (C) or in the absence of inhibitors (D). (E) Time-lapse microscopy of wild-
type Jurkat T cells transiently transfected with cathepsin X tagged with GFP reveals transport of cathepsin X-containing vesicles
(lysosomes) along nanotubes (arrows). After 20 min, cathepsin X-GFP could be traced in the nanotube-connected cell not transfected with
cathepsin X-GFP. (G) Localization of active LFA-1 (mAb 24) is shown with range indicator profile and is particularly evident in the uropod
bulge at the cell contact region of cathepsin X-upregulated Jurkat T cells (G1). (F, H) In co-localization experiments fluorescent dyes
(cathepsin X, Alexa 488: green fluorescence; LFA-1 (F) and talin (H), Alexa 633: red fluorescence) were imaged sequentially in a line-
interlace mode to eliminate cross-talk between the channels. Threshold value was determined arbitrarily and set to 30% of the maximal
brightness level. The mask of the pixels above the threshold in both channels (blue color) and the contour plot are shown for images
demonstrating high co-localization of cathepsin X and LFA-1 (F) or talin (H). Co-localization of talin or LFA-1 with cathepsin X as well as
cathepsin X localization (E) is particularly evident on the membrane of the cell in the uropod outgrowing area and in the bulbous tip of the
uropod.
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zone as well as on the membrane of the bulbous tip
formed by the uropod (Figs. 1A and 2E). The strong
co-localization of cathepsin X with LFA-1 at the tip of
extended uropods (Fig. 2F) in Jurkat T cells supports
its role in LFA-1 regulation at the growing end of the
uropod. LFA-1 is normally present in uropods in its
inactive form [18]; however, in cathepsin X-upregu-
lated Jurkat T cells, LFA-1 is shown to be active by
detection with mAb 24. This mAb recognizes the
open, high-affinity form of the integrin [19] in the
bulbous tip of the uropod, especially at its point of
contact with the connected cell (Fig. 2G and G1).
LFA-1 acts as a true signaling receptor, causing
cytoskeletal reorganization. Talin, a major cytoskele-
tal actin-binding protein, binds to the integrin b2 tail
and plays a critical role in integrin activation [20].
Talin strongly co-localized with cathepsin X (Fig. 2H).
In agreement with these observations, uropod elon-
gation and subsequent nanotube formation on cath-
epsin X-upregulated Jurkat cells is mediated by
permanently activated LFA-1 [7], which binds talin
in this activated conformation. Similarly, ligation of
cell surface receptors, such as T cell receptor, or
chemokine receptors, as well as treatment with
phorbol esters also promotes LFA-1 activation [21],
explaining the resulting morphological changes sim-
ilar to those in cathepsin X-upregulated Jurkat T cells
(Fig. S1A).
One striking feature that has been reported for
nanotubes formed by immune cells (T cells [22] and
NK cells [23, 24]) is that nanotube formation is cell
contact dependent, whereas in other cell types (neuro-
nal cells [1], fibroblast and epithelial cells [25, 26])
their formation is driven by actin protrusion. The
reasonable explanation for this is that non-activated
primary T lymphocytes, specifically, are devoid of cell
extensions (filopodia, lamellipodia, uropods, etc.) and
require stimulus from a chemoattractant such as
chemokine to attach to integrin ligands. However,
for preactivated T lymphoblasts, LFA-1-mediated
binding to an ICAM-1-expressing surface is sufficient
to cause cell polarization and migration without the
involvement of chemokines [5, 27]. A FRET study of
non-activated and PMA-activated Jurkat cells cul-
tured on Matrigel and transfected with aL-CFP and b2-
YFP demonstrated this difference in LFA-1 activity
(Fig. 3A). Whereas, in the control/aL-CFP+b2-YFP
Jurkat T cells, LFA-1 is not constitutively active
(Fig. 3B), LFA-1 of the PMA/aL-CFP+b2-YFP Jurkat
cells is active on the cell surface in the nanotubes
formed from the extended uropods (Fig. 3C) as well as
in cell contact-triggered nanotubes (Fig. 3D). LFA-1-
mediated signaling cascades induce actin reorganiza-
tion, enabling T cell polarization. The actin-depoly-
merizing drug cytochalasin D significantly reduced

uropod elongation and nanotube formation in cathe-
psin X-upregulated Jurkat cells (Fig. 3E). Similarly,
lactrunculin B abolished nanotube formation in PC12
pheocromocytoma cells [1]. Thus, our results show
that actin reorganization, mediated by LFA-1 activa-
tion, is critical for effective uropod formation and
nanotube outgrowth. Live microscopy of cathepsin X-
upregulated Jurkat cells in a three-dimensional envi-
ronment confirms that the uropod extension and
nanotube outgrowth are not cell contact dependent,
but are driven by cytoskeletal reorganization (Vid-
eos 1 –3); a three-dimensional environment provides
support for nanotubes to grow very long, with a curved
morphology (Figs. 1L and 2H). On the other hand,
nanotube formation provoked by intercellular contact
(Fig. 1I and J and Video 6) may also depend on LFA-1
activation, triggered by cell contact ICAM-1/LFA-1
interaction, explaining the time dependence for T cell
nanotube formation after cell separation [22]. Name-
ly, T cell homotypic intercellular connections formed
via LFA-1/ICAM-1 connections are also increasingly
formed in cathepsin X-upregulated Jurkat T cells [6].
In this way, LFA-1 activation is responsible for two
distinct pathways of nanotube formation in Jurkat T
cells (Fig. 1F and J).

Structure of nanotubes formed by cathepsin X-
upregulated Jurkat T cells. The nanotubes formed
by cathepsin X-upregulated Jurkat cells in a three-
dimensional environment contain tubulin as well as
actin (Fig. 3F and G). Since nanotubes arise from
extended uropods, this observation is not surprising.
As the uropod buds out, the microtubules retract into
the uropod lumen, thereby increasing T cell deform-
ability and facilitating migration [28]. However, nano-
tubes formed after intercellular contact are devoid of
microtubules, as they do not originate from a micro-
tubule-containing cell extension [22]. In a striking
analogy, two distinct types of nanotube connect
human macrophages [23], one containing only F-
actin, and the other containing microtubules as well.
Macrophage microtubule-containing nanotubes are
thicker, with a bulbous tip at one end, and closely
resemble cathepsin X-upregulated Jurkat nanotubes
formed in a three-dimensional environment, in con-
trast to the thin, actin-containing nanotubes formed
after intercellular contact. We propose that in mono-
cytes and macrophages, nanotubes containing actin
and microtubules derive from microtubule-containing
cell protrusions, such as RhoA-ROCK-regulated
lamellipodia [29], whereas nanotubes containing
actin but lacking microtubules derive from filopodia
or after intercellular contact. In cathepsin X-upregu-
lated Jurkat T cells thick nanotubes were prevalent
and formed after uropod elongation and the intercel-
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lular contact-provoked nanotubes were thin. Whereas
the thick nanotubes connecting cathepsin X-upregu-
lated Jurkat cells are seen to form a typical bulge at the
end of the nanotube, thin nanotubes from each T cell
define a specific junction [22], demonstrating that the
membrane between Jurkat cells is not seamlessly
connected between nanotubes. The latter is clearly
shown for cathepsin X-upregulated Jurkat T cells
transfected with a-actinin conjugated to GFP, which
are connected to non-transfected Jurkat cells that are
separated by a specific junction through which a-
actinin could not protrude (Fig. 1I).

Nanotubular vesicular transfer in cathepsin X-upre-
gulated Jurkat T cells. Nevertheless, nanotubes of
cathepsin X-upregulated Jurkat cells can readily
transfer cellular organelles. Larger organelles, such
as mitochondria, labeled with Mitotracker (Fig. 4A),
and lysosomes, labeled with Lysotracker (Fig. 4B and

Video 7), were observed trafficking inside nanotubes,
ending up within the cytoplasm of the nanotube-
forming cell. Individual vesicles moved in each
direction in a stepwise manner inside the nanotubes
(Fig. 4C). Also, fluorescence microscopy revealed
that lysosomal cathepsin X conjugated to GFP con-
stitutively expressed in Jurkat T cells could be trans-
ferred to a connected cell via nanotubes (Fig. 2E). In
addition, mitochondria originating from one cathe-
psin X-upregulated Jurkat cell can be transferred into
another Jurkat cell (Fig. 4D). Mitochondria were
abundant in the bulbous tip of uropods and could
continuously transfer into the cytoplasm of the con-
nected cell (Fig. 4E). This enabled efficient transfer of
mitochondria between cathepsin X-upregulated Ju-
rkat T cells in Matrigel (Fig. 4F and Video S8). On the
other hand, the small cytoplasmic dye CFSE was not
transferred between cells (Fig. 4G and H), although it
entered the nanotubes (Fig. 4G). Clearly, cell-to-cell

Figure 3. Cytoskeletal organization and integrin LFA-1 (aLb2) activation. (B–D) A Zeiss LSM 510 META spectral imaging system was
used to image FRET effect in non-activated (B) and PMA-activated (C, D) Jurkat T cells transfected with pcDNA3/aL-mCFP and b2-
mYFP and cultured in medium (B) or in Matrigel (C, D). The emission spectrum of aL-mCFP and b2-mYFP in non-stimulated Jurkat T cells
(B1) shows peak emission at 525 nm, indicating the fluorescence transfer from CFP to YFP characteristic of non-activated LFA-1 (A).
PMA-activated Jurkat T cells forming extended uropod- (C1) or intercellular contact-driven nanotubes (D1) demonstrate CFP emission
spectrum, indicating absence of FRETand increase in LFA-1 activation (A). The statistical analysis of fluorescence transfer was also done.
The mean ratio of YFP (483 nm) to CFP (526 nm) emission [determined in 20 randomly selected circular regions of interest (diameter 15
pixels)] is 20.57�8.97 in non-activated Jurkat T cells, which differs significantly from 2.40�0.80 in PMA activated Jurkat T cells (p<0.001).
(E) After treatment of cathepsin X-upregulated Jurkat cells with cytochalasin D, an F-actin depolymerizing substance, no nanotubes were
detected. (F, G) Differential interference contrast and phalloidin (F1) or anti-b tubulin (G1) staining of nanotubes formed after extreme
uropod elongation in cathepsin X-upregulated Jurkat T cells demonstrate the presence of actin and tubulin inside the nanotubes.
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transfer of vesicles is preferred by nanotubes. The
process may be mediated by clathrin since electron
micrographs reveal the tip of a nanotube interacting
with clathrin-coated pits of the other connected Jurkat
cell [22]. In accordance with this hypothesis, Rho/
ROCK and myosin II, which regulate LFA-1 activity,
also induce polarized distribution of clathrin struc-
tures at the uropod and their endocytic ability [30].
Nevertheless, the precise mechanism of cell organelle
transfer by nanotubes remains to be elucidated.
In conclusion, activation of LFA-1 integrin receptor
by cathepsin X has been identified as a mechanism of
membrane nanotube formation in T lymphocytes.
Cathepsin X activates LFA-1 and promotes massive
uropod elongation and subsequent nanotube forma-
tion. This formation of nanotubes triggered by LFA-1
activation enables transfer of subcellular vesicles at
the moment of cell activation, either in conjunction
with T cell receptor activation or following homotypic
cell interaction. This opens up the importance of
nanotube-mediated transfer in T lymphocyte activa-
tion, without the need for direct contact with the
antigen-presenting cell.
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