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Tunneling nanotubes (TNTs) are nanoscale, actin-rich, transient
intercellular tubes for cell-to-cell communication, which transport
various cargoes between distant cells. The structural complexity and
spatial organization of the involved components of TNTs remain
unknown. In this work, the STORM super-resolution imaging tech-
nique was applied to elucidate the structural organization of micro-
filaments and microtubules in intercellular TNTs at the nanometer
scale. Our results reveal different distributions of microfilaments and
intertwined structures of microtubules in TNTs, which promote the
knowledge of TNT communications.

Cell-cell communications are critical cellular activities which
occur through diverse mechanisms, such as synapses,' gap
junctions,” filopodial bridges® and tunneling nanotubes
(TNTs).* The TNT structure was first described in 2004 and
found to be an important pathway for cellular communication
by direct intercellular connection.®* TNTs are defined as
membrane protrusions and connect two or more cells. They are
usually enriched in actin and microtubules and hover over the
substrate, which can be used to transport organelles, small
molecules and other substances.® TNTs are generally divided in
two categories, “thin TNTs” and “thick TNTs”. Thin TNTs have
diameters in the range of 20-700 nm, while thick TNTs are
wider and can extend up to 250 pum in length.* Over the last
decade, scientific researchers have described the vital biological
functions of TNTs in numerous cell types.” Moreover, recent
studies have also highlighted the essential roles of TNTs in
some diseases, such as neurodegenerative diseases, cancer
diagnosis, immunology, and virology.*** Although TNTs are
found to be involved in critical biological and pathological
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processes, the structural complexity of TNTs remains largely
unknown. Revealing the spatial organization of the involved
components of TNTs could promote the knowledge of their
cellular functions and how they regulate disease.

Imaging techniques are pivotal for understanding the
distribution and organization of cellular structures. Several
imaging methods have been applied to visualize TNTs,
including electron microscopy (EM) and multiple types of
fluorescence microscopies (FM).*»** However, the vital infor-
mation from EM and FM is potentially limited due to compli-
cated operations in EM imaging and the restricted resolution in
FM imaging. Thus, the current uncertainty on these topics calls
for new methods capable of directly visualizing TNTs at the
nanometer scale in situ. Recently, super-resolution microscopy
techniques, which surpass the diffraction limit, have enabled
the visualization of cellular structures at unprecedented spatial
resolution.”*?* Among these techniques, single-molecule-
localization-based stochastic optical reconstruction micros-
copy (STORM) has wide applications in biological studies
because of its outstanding spatial resolution and simple oper-
ation.’™?*** STORM employs photoswitchable fluorescent dyes
that can be switched between fluorescent states and dark states,
and a super-resolution image is built through localizations from
thousands of frames of sparse fluorescent images.'****” Now,
the STORM technique has become an attractive tool to provide
insights into cellular structures and complex protein organiza-
tions at the molecular scale that were hitherto unattainable.?*~*°

Herein, we report the direct observation of TNTs by relying on
the STORM imaging technique at the nanometer scale. Super-
resolution imaging was employed for visualization of the
distinct structure and distribution of microfilaments in different
TNTs and to explore the spatial organization of microtubules in
TNTs with three-dimensional (3D) STORM imaging. Moreover,
the potential relationship between mitochondria distribution
and TNT morphology was further studied, which was helpful in
elucidating the delivery pattern of mitochondria in TNTs. This
general approach of the STORM technique opens a myriad of
possibilities for further investigation of TNTs.
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TNTs are regarded as thin-long membranous structures that
have diameters ranging from 20 to 700 nm in thin TNTSs or over
700 nm in thick TNTs, and lengths spanning up to hundreds of
microns.* The diffraction limitation of conventional microscopy
constrains its ability to provide high-resolution structural
information on internal components within TNTs. Thus, to
investigate the spatial structure and organization of TNTs
precisely, we here exploited STORM in our experiments to
image the detailed structure of TNTs at the nanometer scale.
The STORM technique employs photoswitchable dyes which
can be converted between a fluorescent state and a non-
fluorescent state at different wavelengths or under different
chemical conditions. The stochastic blinking of the probes
allows us to capture the signals of single fluorescent molecules
without overlap. After multiple cycles of excitation and detec-
tion, a super-resolution was generated by plotting the accu-
mulation of the localizations from a sequence of images. We
first evaluated the resolution of our home-built STORM system
through determining the width of microtubules. As shown in
Fig. S1A,t the wide-field image is blurred by diffraction. In
contrast, the reconstructed STORM image demonstrates
a notable clarity improvement in resolution. We then deter-
mined the resolution by measuring the full-width at half-
maximum (FWHM) of the Gaussian profile. The results indi-
cated that the resolution was 34 nm for our STORM imaging
system (Fig. S1Ct), which was almost ten times higher than that
of traditional imaging (Fig. S1Bf).
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As mentioned above, the TNT was one type of actin-
supported cellular protrusion, which has different types in
different size ranges.* To better understand the difference
between TNTs of different types, we then utilized the STORM
technique for imaging the microfilaments in TNTs of different
sizes in different fields of view in BS-C-1 cells, which is a kind of
common cell line for studying the structure and distribution of
microfilaments and microtubules in cells.*** The microfila-
ments were immunolabeled with phalloidin, a toxin that binds
to filamentous actin (F-actin), coupled with Alexa Fluor™ 647.
Given the special structure of TNTs, we first optimized the
permeabilization time as shown in Fig. S2.1 We could observe
thin TNTs in the confocal images with different permeabiliza-
tion times. Here, confocal images were captured with
a commercial Nikon A1 plus confocal microscope with a 60x/
1.4 NA oil objective. Then, to obtain a good labelling effect and
avoid excessive destruction of microfilaments, we chose the
permeabilization time to be 10 min and verified that intracel-
lular microfilaments could be labelled and imaged well with
STORM imaging as shown in Fig. S3.7 Thus, 10 min of per-
meabilization time was adopted in STORM imaging to record
the microfilaments in TNTSs.

We could observe the obvious TNT structure of BS-C-1 cells
both in the wide-field images and STORM images (Fig. 1), which
connects two adjacent cells and contains different numbers of
microfilaments in the vessels. The microfilaments in TNTSs
exhibited clear trumpet-shaped connections between -cells
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Fig. 1 Super-resolution imaging of microfilaments in TNTs between BS-C-1 cells in different fields of view. (A—-C) Representative full field-of-
view wide-field images (left) of microfilaments and the enlarged images (right) of the boxed regions. (D—F) Corresponding STORM images (left) of
the boxed regions. Enlarged images (middle) show the detailed distribution of microfilaments. The red lines show the Gaussian fits of cross-
sectional profiles (right) of the arrow pointing regions in the magnified pictures of STORM images.
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visualized by STORM imaging, which is consistent with what M.
Bénard et al. found in 2015,* with higher resolution. To further
confirm the imaged structures, we also used confocal micros-
copy to capture the z-sections of the labelled microfilaments in
the TNT-like structures that we have found, and ESI Movie 17
indicated that they are TNTs suspended between two cells and
are not attached to the glass bottom.

Next, we measured the width of TNTs from the bright-view
images and compared the results with the gaps between the
outermost microfilaments in confocal images (Fig. S4t). We
found that the widths of TNTs are usually slightly larger than
the corresponding microfilaments’ gaps. This result indicates
that the microfilaments tend to localize on both sides of the
TNT lumen. We then applied STORM imaging to visualize the
detailed distribution of microfilaments in TNTs. The STORM
super-resolution images in Fig. 1D-F showed clearer distribu-
tion of microfilaments in TNTs. Moreover, it is obvious that
with the gap of the outermost microfilaments enlarging (from
0.09 pum to 1.17 pum, Fig. 1D-F), there are more microfilaments
in TNTs and thinner and straighter microfilaments appear in
the hollow portion of TNTs. Dual-color confocal imaging indi-
cated that there are both actin and tubulin in thick TNTs
(Fig. S51), which is consistent with previous studies.”***® Taken
together, these results showed that, as the size of TNT becomes
larger, the number of microfilaments in it increases, suggesting
diverse membrane attachments between cell
communications.”*”

As another crucial cytoskeleton component, microtubules
exist in the cytosolic tunnel of the nanotube, and structured the
dense network of TNTs. We then employed STORM imaging to
observe the organization of microtubules in TNTs of BS-C-1 cells
in different fields of view (Fig. 2). The staining of microtubules
was realized through anti-a-tubulin monoclonal antibody and
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Alexa Fluor™ 647-coupled second antibody. Confocal micros-
copy was utilized to capture the z-sections of the labelled
microtubules in TNTs, and the different layers indicated that
the TNTs are suspended between two cells and are not attached
to the glass bottom (see ESI Movie 2}). We observed that the
tubulin in TNTs as shown in Fig. 2A-C also exhibited trumpet-
shaped connections between cells.>* Then we found that the
distribution of microtubules in TNTs was organized distinctly
as shown in Fig. 2A-C. The distribution width of microtubules
has a wide range from 0.29 pm to 4.58 pm. When the TNTs
become wider, more microtubules appear, and some of them
extend along the tube wall in a manner of intertwining, which is
similar to what Kreft's group® found in 2018.

Besides the BS-C-1 cells, we also imaged the intercellular
microtubules in various cancer cells including esophageal
cancer cells KYSE150, cervical cancer cells HeLa and human
osteosarcoma cells U20S, which are commonly used to study
the physiological and pathological processes in the labora-
tory.***® The full field-of-view wide-field images in Fig. 2D-F are
shown in Fig. S6.1 We could observe thin and long microtubules
in the TNTs of KYSE150 cells and U20S cells as depicted in
Fig. 2D and F, respectively. Their microtubules also presented
entangled shapes in TNTs. However, for HeLa cells (Fig. 2E),
most of the microtubules in TNTs are relatively short, and
besides TNTs, we could also visualize many filopodia having no
connections between cells in this type of cell. Overall, those
results above illustrated different organization patterns of
microtubules in TNTs in various cells. They also indicated that
our STORM labelling and imaging method for microtubules
within TNTs is effective for different types of cells.

For detailed investigation of microtubules’ organization
patterns, it is essential to observe them by 3D imaging. As dis-
cussed above, the microtubules tended to be intertwined in

‘1] Wide-field

STORM

Fig. 2 Different distributions of microtubules in different cells revealed by STORM super-resolution imaging. Representative wide-field images
and the corresponding STORM images next to wide-field images in each picture indicate various organization patterns of microtubules in TNTs
with different diameters. (A—C) Super-resolution imaging of TNT microtubules in BS-C-1 cells in different fields of view. Magnified images show
the detailed information. (D—F) Super-resolution imaging of TNT microtubules in three types of cancer cells: esophageal cancer cells KYSE150
(D), cervical cancer cells Hela (E) and human osteosarcoma cells U20S (F).
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Fig. 3 3D super-resolution imaging of microtubules in TNTs with
smaller (A) and larger (B) diameters, respectively. The pseudo color in
3D-STORM images represents the axial range from 400 nm below the
focal plane to 400 nm above the focal plane.

TNTs. To know how the microtubules twist in TNTs more
clearly, 3D-STORM imaging was further applied to analyse the
detailed organization of microtubules. By introducing a cylin-
drical lens into the STORM system, the detected PSF of a defo-
cused fluorescent molecule is deformed in different directions
and degrees because of astigmatism. By analysing the ellipticity
and orientation of the PSF, the axial position of the molecule
can be obtained to realize 3D imaging.”® We obtained the 3D
distribution of microtubules in TNTs with thin and wide
diameters as shown in Fig. 3A and B, respectively. The pseudo
color in Fig. 3 represents the axial range from 400 nm below the
focal plane to 400 nm above the focal plane. The super-
resolution image displayed at least three microtubules entan-
gled with each other in the smaller-diameter TNT (Fig. 3A), and
more microtubules also showed intertwined organization in the
TNT with a larger diameter (Fig. 3B), which along with the
higher resolution STORM images and intuitive 3D imaging
results, further confirmed what Kreft's group®® found using 3D-
SIM microscopy in 2018. More significantly, the super-
resolution images showed that these microtubules are
entwined in an orderly spiral winding manner.

Mitochondrial transfer plays crucial functions during
various biological and pathological processes, such as oxidative
metabolism, cell signalling and rescuing recipient cells from
bioenergetic deficit and tumorigenesis.** Several studies have
demonstrated that TNTs could conduct the transcellular
transfer of mitochondria between cells.*>** Therefore, to better
understand the mitochondria transfer through TNTs, we here
used STORM imaging to study the spatial distribution of
mitochondria within TNTs. We first visualized the distribution
of mitochondria between two neighboring cells and observed
the obvious tube structures between two cells in bright-view
images as shown in Fig. 4. Interestingly, the mitochondria
tended to distribute in areas which are close to both sides of the
cell, whereas there were no obvious mitochondria found in the
middle area of TNTs. We then applied dual-color imaging to
observe the microtubules and mitochondria in TNTs simulta-
neously using confocal microscopy. The colocalization image

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Wide-field

Fig. 4 Bright-view, wide-field and STORM images illustrating distri-
bution patterns of mitochondria in TNTs between two BS-C-1 cells.
The diverse structure of mitochondria is visible at higher magnification.

displayed that most of the mitochondria were concentrated on
the bud-shaped sides of the cells in TNTs (Fig. S77), which is
consistent with the STORM result shown in Fig. 4.

In summary, we applied the STORM super-resolution
imaging method to explore the structure and distribution of
TNT components at the nanometer scale. The various organi-
zation patterns of microfilaments and microtubules illustrated
diverse structural modes in TNT formations. In particular, the
3D-STORM imaging presented clear intertwined structures of
microtubules in TNTs from an intuitive aspect. Besides, an
obvious mitochondrial distribution was observed in TNTs,
indicating the transportation function of TNTs between cells.
Our data presented a novel framework for future studies on the
TNT morphology and architecture. With the rapid development
of super-resolution imaging techniques and labelling
approaches, we affirmed that the correlation between structures
and functions of TNTs will be verified quickly in the future.
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