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Actin-based tunneling nanotubes are a means of intercellular communication between
remote cells. In the last decade, this type of nanotube was described in a wide variety of
cell types and it became widely accepted that communication through these nanotubes
is related to response to environmental changes. Few reports, however, are available
regarding the expression of similar nanotubes in vivo or in primary cells. Moreover, the
functional significance of this intercellular communication for health and disease is largely
unknown. In this context, and as a first step in unraveling these questions, we examined
the formation of similar nanotubes in primary peripheral human monocytes. To that
end, we combined the use of a live cell imaging system along with advanced methods
of fluorescent and scanning electron microscopy. This experimental approach reveals
for the first time that the bacterial lipopolysaccharide endotoxin induces a transient
expression of an unexpected abundance of actin-based tunneling nanotubes associated
with vesicles. In addition, it was found that a similar response can be achieved by treating
human monocytes with various bacterial and yeast membrane components, as well as
with a viral component analog. In all these cases, this response is mediated by distinct
complexes of toll-like receptors. Therefore, we suggest that the observed phenomena
are related to a broad type of monocyte pathogen response, and raise the possibility that
the phenomena described above may be involved in many clinical situations related to
inflammation as a new topic of study.

Keywords: monocyte, tunneling nanotubes, pathogen-associated molecular pattern, innate immunity, toll like
receptor

INTRODUCTION

Cell-to-cell communication is fundamental to the existence and survival of multicellular organisms
and occurs in different ways: indirect communication via intercellular messengers that travel
for short or long distances, or direct communication via contact between adjacent cells. In
a pioneering 2004 study, a new intercellular communication method between remote cells
using actin-based tunneling nanotubes (TNTs) was described in rat PC12, normal rat kidney,
and human embryonic kidney cells using three dimensional live-cell microscopy, scanning
electron microscopy (SEM), and transmission electron microscopy (TEM) (1). Same vyear,
TNT phenomenon was described in immune cells, including human peripheral blood NK
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cells, macrophages, and EBV-transformed B cells (2). Since then,
TNTs have been described in additional immune cells, such
as B cell line (3), T cells (4, 5), NK cells (6), human derived
monocytic cell line THP1 and monocyte-derived dendritic cells
(7) as well as murine macrophage cell lines (8, 9). TNTs
were also observed in wide variety of malignant tissue-derived
cell lines (10-16), in endothelial (17), epithelial lung (18) and
mesenchymal stem cell populations (19, 20). Similarly, TNTs
were found in primary cultures of mouse neuronal cells (21, 22)
and human brain pericytes (23). TNTs have several specific
characteristics and are highly heterogeneous in both structure
and function: they are ultrafine intercellular structures spanning
tens to hundreds of microns, a length of up to several cellular
diameters and a width ranging from 50 to 1,500 nm (24, 25). They
are membranous extensions from one cell to the other, supported
by cytoskeletal fibers including F-actin and/or microtubules
allowing unidirectional and/or bidirectional transmission of
cellular components, a phenomenon known as “cargo transport,”
for review, see (26-28). Recently, a comprehensive study led
by Zurzolo (29) described the structural characterization of
neuronal TNTs as a bundle of open-ended nanotubes bridged by
threads of the cell adhesion molecule N-cadherin. Furthermore,
high resolution analyses reveal that TNTs contain parallel actin
bundles on which different cargoes appear to transfer (29). It is
accepted that TNTs are stretched above the substratum between
interconnected cells and rarely display a branched appearance.
The involved mechanisms in TNT formation are complex, but
distinct from those occurring in the formation of filopodia and
cytonemes (24, 25, 30).

It seems that communication through TNTs is related to
response to environmental changes, as it has been shown that
TNTs are expressed transiently in a cell type-specific manner in
response to a variety of stressors, including various products of
pathogenic origin (30). Only a few reports are available regarding
TNT expression in monocyte-derived differentiated cells and in
the monocyte derived cell line THP1 and always in cell culture;
in most cases, these are in the context of propagation of viruses
as HIV (31-33), HSV (34), HTLV-1 (35), Porcine RSV (36) and
transmission of prion protein as well (37).

However, despite ubiquitous observation of TNTs in cell
cultures, only few studies described this phenomenon in vivo or
in situ: Weil et al. (38) used glioblastomas cell lines implanted
in chronic cranial windows in mice which developed TNTs
participating in the propagation of the tumor cells and in the
resistance to standard treatments; Parker et al. (39) studied TNTs
formation in a model of brain metastases from human breast
cancer cells injected in mice using lattice-light sheet microscopy
and Alarcon- Martinez et al. (40) showed, TNTs connecting
pericytes on separate blood vessels in living mouse retina which
serve as a conduit for intercellular Cat™ waves under both
physiological and pathological conditions.

Therefore, functional in vivo significance of these new
intercellular communication phenomena in health and disease
requires further evaluation. In this context, we examined
TNT formation in peripheral human monocytes (PHMs).
This immune cell type constitutes 4-10% of all peripheral
leukocytes, and is characterized by expression of CD14 antigen,

which is a co-receptor for toll-like receptor 4 (TLR4) which
mediates lipopolysaccharide (LPS) signaling. The known role of
monocytes and their derivatives is to defend against a variety
of pathogens by their ability to recognize “danger signals,’
among them pathogen-associated molecular pattern (PAMP)
molecules, via pattern recognition receptors, presentation of
antigens, secretion of chemokines, and proliferation in response
to infection and injury (41, 42).

In the present study, we combine the use of a live cell imaging
system, allowing us to continuously monitor TNTs formation
in response to LPS in PHMs, with advanced fluorescent
microscopy and SEM methods to further characterize the
unique TNT ultrastructure. The results of this experimental
approach demonstrate tremendous heterogeneity, complexity,
and an unexpected abundance of membranous TNTs associated
with vesicles. In addition, we find that the ability to induce
TNT formation in PHMs is common to bacterial and yeast
membrane components and a viral component analog as well,
suggesting that the observed phenomena are related to a broad
type of monocyte pathogen response mediated by distinct
TLR complexes.

MATERIALS AND METHODS

Reagents

LPS - Lipopolysaccharides from Escherichia coli O111:B4,
Calcium Chloride solution 1M in H,O and cytochalasin D
from Sigma-Aldrich; EM Grade Paraformaldehyde (PFA) 16%
and Gluteraldehyde 8% from Electron Microscopy Sciences;
colchicine and colcemide 1pg/mL in phosphate buffered
saline from Biological Industries; TLR agonists/antagonist (in
endotoxin-free water) from Invivogen: PAM3CSK4 - TLR2-
TLR1 ligand, synthetic bacterial lipopeptide; FSL-1 - TLR2/TLR6
ligand, synthetic mycoplasmal lipoprotein; CL097 - TLR7/8
ligand, imidazoquinoline compound; LPS-RS Ultrapure — TLR4
antagonist, Ultrapure lipopolysaccharide from Rhodobacter
sphaeroides; pHrodo™ Red Zymosan Bioparticles® Conjugate
for phagocytosis from ThermoFisher Scientific.

PHM lIsolation

All Primary Material Was Used With Informed
Consent in Accordance With the Declaration of
Helsinki (16/L0/2055)

PHMs were isolated from whole blood of healthy consented
volunteer donors using the EasySep™ Direct Human Monocyte
Isolation Kit (Stemcell Technologies), according to the
manufacturer’s protocol, by immunomagnetic negative selection
to achieve functional, untouched, highly purified CD14+4
monocytes. The purity of the isolated monocytes was quality-
controlled by the Cytoflex flow cytometer (Beckman Coulter)
using an Alexa Fluor® 488 anti-human CD14 monoclonal
antibody (clone HCD14) vs. Alexa Fluor® 488 Mouse IgGl
(clone MOPC-21), both from BioLegend. The purity of plastic-
adhered monocytes was validated by immunofluorescence
microscopy (IFM) using the same antibodies, showing CD14
presence in all cells.
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Cell and Tissue Culture

Freshly isolated cells were re-suspended in RPMI-1640 medium
with L-glutamine and sodium bicarbonate (Sigma-Aldrich)
adjusted to 1.2 mM final Ca®* concentration and supplemented
with 10% heat-inactivated fetal calf serum, 100 U/mL penicillin,
and 100 pg/mL streptomycin (Gibco-Invitrogen), and cultured
for up to 14 h in 5% CO; at 37°C, as described (43).

Microscopy Techniques

IncuCyte® S3 Live-Cell Analysis System

Twenty-five thousand PHMs per well were plated in Costar®
96-well flat bottom, tissue-culture (TC) treated, nonpyrogenic
polystyrene sterile plates (Corning), and imaged within 15-45
minutes (min) of plating using the phase contrast channel in
the IncuCyte® S3 (Essen BioScience, Inc.) platform, which was
housed inside a cell incubator at 37°C with 5% CO;. Nine image
sets from distinct regions per well were taken every hour using a
20x dry objective lens, and each condition was run in duplicate.
IncuCyte software was set to recognize TNTs and calculate
total nanotube length per area using the optimized NeuroTrack
software module (Essen BioScience, Inc.) using the following
analysis definition for phase neurites: “brightness” cell-body
cluster segmentation mode with segmentation adjustment 1.4,
minimal cell width 7 pm, “better” filtering for neurite parameters
with neurite sensitivity of 0.75 and minimal neurite width to
exclude objects above width of 1 pum. We could observe that peak
TNTs density ranged from 3 to 6 h after exposure to LPS on the
basis of live imaging by IncuCyte programmed to recognize TNTs
structures, evaluating density of TNTs calculated by length of
TNTs/area unit. Similar results were observed when density of
TNTs were calculated by length of TNTs/cell bodies area (data
not shown) to exclude the possibility that variations in TnTs were
due to changes in number of cells.

Fluorescence Microscopy

Fluorescence microscopy was performed as previously described
(44) with modifications. Freshly isolated PHMs were seeded
in culture medium in Cellview glass bottom, TC-treated, 8-
compartment dishes (Greiner Bio One International) at 50,000
cells per compartment, and fixed at the time of peak density of
TNT expression (3-6 h).

TNT membrane components were directly labeled in living
cells. Membrane-staining dyes were applied according to
manufacturer’s protocol. Briefly, 5 ug/mL wheat germ agglutinin
(WGA) Alexa Fluor® 647 conjugate (ThermoFisher Scientific)
was applied directly in culture medium at 4h for 10min at
37°C. After a brief wash with warm PBS, post-labeling fixation
was performed using 4% PFA for 15min at room temperature
(RT). Alternatively, freshly isolated cells were labeled with 1 pM
DiD (ThermoFisher Scientific) for 10 min at 37°C in serum-free
media. Labeled cells were centrifuged for 5min at 1,500 rpm,
resuspended, and seeded as described above. Fluorescent signal
was visualized using an Olympus IX71S8F inverted microscope
equipped with a Retiga SRV fast 1394 (QImaging) cooled CCD
camera and a 100x-1.4NA (Olympus) objective. Unlabeled TNTs
were used to determine autofluorescence.

Spinning Disk Confocal Microscopy

TNT structural components and cargo were analyzed using
indirect immunofluorescent (IF) labeling. Cells were fixed with
Karnovsky fixative (2% PFA, 2.5% glutaraldehyde in 0.1M
cacodylate buffer, Ph = 7.4) for 30 min at RT. Samples were
quenched with 50 mM NH,4Cl for 15 min and permeabilized with
0.25% TWEEN® 20 in PBS for 5min at RT. Blocking of non-
specific binding was performed with 2% BSA in PBS for 20 min
at RT. Specific antibodies were applied in 2% BSA/PBS overnight
at 4°C at the following concentrations: 1:200 for anti-alpha
smooth muscle actin antibody (a-SMA, ab5694, Abcam) and
anti-a tubulin (clone B-5-1-2, Sigma-Aldrich); 5 pg/mL for anti-
ATPIF1 antibody (5E2D7, ThermoFisher Scientific). Secondary
antibodies (Cy™3-conjugated AffiniPure F(ab’), Fragment Goat
anti-Mouse IgG (Jackson ImmunoResearch) or Goat anti-Mouse
IgG (H + L) Cross-Adsorbed Secondary Antibody, Alexa
Fluor® 647 (ThermoFisher Scientific)) were diluted 1:200 in 2%
BSA/PBS and added for 20 min at RT. For staining of nuclei
and stabilization of fluorescent signals the samples were covered
with Fluoroshield mounting medium containing DAPI (F6057,
Sigma). Cells were visualized by Nikon Ti2E confocal fluorescent
microscope with Yokogawa W1 Spinning Disk integrated with
50 wm pinhole, at 580 and 647 nm using a 60x-0.95NA CFA Plan-
Apochromat Lambda objective. For 3D analysis, 25-38 Z-stack
images of 0.5-0.7 pm width from the bottom to the top of the
cells were acquired and processed by volume view extension of
NIS Elements software package (Nikon). Unlabeled TNTs were
used to determine autofluorescence.

High Resolution SEM
At the peak time point of TNT expression (3-6 h), samples were
fixed with Karnovsky’s fixative for 4 h at RT then with 1:2 diluted
Karnovsky’s fixative overnight at 4°C, post-fixed in 1% OsOy4 in
0.1 M cacodylate buffer for 2h, dehydrated in a graded series of
alcohols, dried in a critical point dryer (Quorum technology), and
coated by Pd/Au (Quorum Technology) with coating thickness
~7nm. The samples were imaged in a Sirion (FEI) Schottky field
emission scanning electron microscope at an accelerating voltage
of 5 kV using the secondary electron signal. Measurements of
nanotube length and width were analyzed by XL Docu software.

Diameter of TnTs and vesicles was measured by normalizing
the scale bar from the images to the number of pixels.

The research was approved by our institutional review board
and all healthy volunteers who participated to the study signed
informed consent forms.

RESULTS

LPS-Stimulated PHMs Generate a Distinct

Intercellular Network of TNTs

The aim of the present study was to investigate the possible
expression of TNTs in PHMs. Since it is well known that a major
obstacle in monitoring the formation of TNTs is their fragility,
we chose to employ the IncuCyte live cell imaging system for
tracking TNT-like structure formation. Images were registered
every 1 h for 14 h. First, the ability of the stressor LPS, also known
as endotoxin, to induce the expression of TNTs was examined
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FIGURE 1 | LPS causes PHM to transiently express TNTs. Monocytes were
isolated, purified, and cultured as described in the Materials and Methods
sections describing PHM isolation and cell culture. Cells were exposed to
different concentrations of LPS and continuously monitored by IncuCyte® S3
Live-Cell Analysis System as described in Materials and Methods (Microscopy
Techniques: IncuCyte® system). (A) Representative images of TNT abundance
at peak time (3h) and at the end of the experiment (14 h) from PHMs treated
with 1 ng/mL LPS (+LPS) compared to untreated cells (-LPS). The images
were obtained using a phase channel. The scale bar is 50 um. (B)
Quantification of mean nanotube length/area vs. time was obtained as
described in Materials and Methods. The different LPS concentrations applied
indicated in the top-right inset. Error bars are + standard error of
measurement (SEm), n = 9.

(Figure 1). We observed that LPS induces the appearance of
intercellular TNTs in a dose-dependent manner. The lowest LPS
concentration that induced TNT appearance was 0.1 ng/mL. The
quantitative index for TNT appearance was determined by the
total length of these TNTs divided by an area unit. The kinetics
of TNT appearance showed a bell-like shape with a peak (109
mm/mm? at LPS 1 j1g/mL) measured at 3-6 h after adding LPS
to the cell culture medium (Figure 1B). TNT structures observed
without LPS were similar to those found after LPS treatment, but
differed significantly in their lower amount and slower kinetics
of formation (19.2 mm/mm?, 5.7-fold less at 3h than with LPS
1 ng/mL, Figure 1B).

Unexpected high density and amount of TNTs were observed
(Figure 1B). These novel results can be attributed to the use

B Actin/Tubulin/DAPI Actin Tubulin

FIGURE 2 | Molecular characterization of TNTs derived from monocytes.
Characterization of TNTs was performed using fluorescence microscopy as
described in Materials and Methods (Microscopy Techniques: Fluorescence
microscopy). (A) Representative images show PHM cells stained with WGA or
Did after 4 h of LPS treatment (1 wg/mL). Scale bar is 10 um. (B) Confocal
imaging of a-SMA (green), a-tubulin (red), and DNA (DAPI, blue) staining
performed as described in Materials and Methods (Microscopy Techniques:
Spinning disk confocal microscopy). Images were captured as Z-stacks (total
38 slices of 0.7 wm each) at 60x and are displayed as maximum intensity
projection. All images are representative of at least two independent
experiments performed in duplicate. Scale bar is 25 pm.

of a real-time autofocus system that automatically captures and
analyzes images of living cells while the cells remain undisturbed
inside a standard tissue culture incubator. Another possibility is
that the described phenomenon is monocyte-specific. Obviously,
such surprising results required further testing in an independent
optical system.

The Intercellular Network Contains

Heterogeneous TNTs

Initially, the identification of TNT-like structures in cell culture
was based on the morphological criteria defined for PC12 cells
(1). Subsequently, it has been found that a variety of TNTs exist,
especially in immune cells (2, 45). Present criteria for TNT-like
structures are: (a) they hover in the medium having no contact
with the substratum and are capable of forming cell-to-cell
connections; (b) they are long, thin membranous structures that
mediate membrane continuity between connected cells; (c) they
are 50-1,500 nm wide, spanning tens to hundreds of microns; (d)
based on the cytoskeleton proteins identified in various TNTs,
there are at least two types of TNTs, one characterized by the
presence of F-actin and the other by the presence of both F-
actin and tubulin; and (e) they allow both bi- and unidirectional
transfer of information.

In view of these criteria and in order to elucidate the
basic nature of PHM-derived TNTs, we used fluorescence and
scanning electron microscopy. First, live labeling procedures
with fluorescent wheat germ agglutinin (WGA) and DiD were
applied to stain and delineate the plasma membrane of the
newly observed TNTs. Results obtained after labeling with these
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FIGURE 3 | Effects of actin and tubulin polymerization inhibitors on
LPS-induced TNTs. Representative graphs of total nanotube length vs. time
with (red) or without (gray) pre-treatment with (A) actin polymerization inhibitor
cytochalasin D (1 and 2 uM) and (B) tubulin polymerization inhibitors colchicine
and colcemide (1 wg/mL both). TNT expression was live-monitored as in
Figure 1, and treatment with inhibitors was performed as described in
Materials and Methods (Microscopy Techniques: IncuCyte® system). The
graphs highlight that cytochalasin D causes a decrease in TNT formation,
whereas tubulin inhibitors (colchicine and colcemide) had no effects. Inset:
typical morphology of PHMs treated with 2 wM cytochalasin D for 3h. Scale
bar is 10 wm. Error bars are + SEm, n = 9, representative of 3 independent
experiments.

reagents are depicted in Figure 2A, demonstrating above-surface
cell-to-cell connections and membrane continuity between these
cells. It is worth noting that membrane labeling reveals bead-like
areas indicating possible cargo passing through the nanotube.
Subsequently, the expression of actin and tubulin, major
cytoskeleton components and typical features of TNTs, was
examined in the PHM-derived TNTs. Results of IF confocal

FIGURE 4 | Spatial organization of LPS-induced TNTs in PHM culture. TNT
heterogeneity and complexity was investigated using high resolution SEM in
magnifications ranging 1,250-20,000. Magnified image of boxed area in (A)
shown to the right (B). Arrows indicate (D) bulges/gondola in TNT, (E) a
trapped RBC, and (F) attached vesicles. Images were captured by scanning
electron microscope as detailed in Materials and Methods (Microscopy
Technigues: High resolution SEM). Scale bars are 10 um (A), 5 wm (B-E) and
0.5um (F).

microscopy with anti-tubulin and anti-actin specific antibodies
are shown in Figure 2B, demonstrating that in most of the TNTs,
there is co-expression of a-tubulin and a-smooth muscle actin.
It is important to note that staining with phalloidin (high-affinity
F-actin probe), widely used in TNTs studies, successfully stained
cell bodies and filopodia-like short extensions, but failed to stain
PHM TNTs (not shown).

At this point, it warranted to test the effect of cytoskeleton-
specific inhibitors on TNT expression. The effects of the actin
polymerization inhibitor cytochalasin D on the LPS-induced
expression of TNTs is shown in Figure 3A, whereas those of
the tubulin polymerization inhibitors colchicine and colcemide
are shown in Figure 3B. TNT expression was live-monitored
using the IncuCyte platform as described above (see, Materials
and Methods, Microscopy Techniques, IncuCyte® S3 live-cell
analysis system), and the inhibitory reagents were added to
the media together with the LPS (15min after seeding to
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allow attachment). The results demonstrate that inhibition of
tubulin polymerization into microtubules has no effect on
the expression of PHM-derived TNTs (Figure 3B), whereas
inhibition of actin polymerization into microfilaments inhibits
some 50% of TNT expression (Figure 3A). The upper inset of
Figure 3A demonstrates a typical PHM after 3 h of cytochalasin
D (1 and 2uM) treatment. These cells are characterized by
a broad, flat shape and short TNT like-structures that do
not form cell-to-cell connections and terminate in spherical-
like structures, as predicted by a simulation of TNTs without
actin cytoskeletons (46). To get better insight into the physical
dimensions, heterogeneity, and three-dimensional organization
of the LPS-induced TNTs, we turned to SEM. There are two main
advantages in using this microscope: SEM micrographs have a
large field depth, yielding a typical three-dimensional appearance
that improves the understanding of the surface structure of
a sample, and SEM enables a wide range of magnifications
with a very high resolution, which is useful for nanometric
structure sizing. Figure4 demonstrates representative SEM
micrographs of LPS-induced TNTs. The most prominent and
novel phenomena in these images are the high concentration and
complexity of the TNT arrangement in space (Figures 4A,B,E,F)
as well as vesicles of varying sizes up to 450 nm found attached
to the TNTs (Figures 4A,B,F). In addition, thin TNTs up to
50 nm wide and thick TNTs, up to 650 nm wide (Figures 4B,F)
can be clearly discerned with the majority being 50-150 nm. In
general, the very thin TNTs are concentrated adjacent to the cell
substrate, whereas the thicker TNTs are preferentially located
in the higher levels of the intercellular space away from the
cell culture substrate. Furthermore, in several examples, a thick
nanotube appears in a bundle-like structure (Figures 4C,F) that
splits at a certain point into several thinner TNTs in such a
way that their location in space cannot be always described as
a straight line and they curve along different planes. It is worth
mentioning two special features: first, the presence of a special
shape in the nanotube (Figure 4D, arrow), which was previously
suggested to be the result of cargo passage and was named a
gondola (46); second, a red blood cell (RBC) trapped within the
TNT web (Figure 4E, arrow), suggesting interaction with blood
components involved in general hematologic homeostasis.

To corroborate the findings presented in Figure4, we
probed the ultrastructure of LPS-induced TNTs using spinning
disk confocal microscopy. Tubulin immunostaining enabled
construction of a 3-dimensional, 15 micron-deep image
(Figure 5A), indicating that many of these TNTs are not in
contact with the underlying substratum. The volume view with
maximum intensity projection color-coded by depth produced
by the NIS Elements analysis software (Figure5A) reveals a
very complex and dense structure of straight and curved TNTs
spanning from bottom to top, interconnecting to bundles and
splitting again. This high level of complexity is well demonstrated
by low-magnification SEM (Figure 5B).

TNTs Contain Mitochondrial Cargo

A distinguishing feature of TNTs is their potential to transfer
cellular components from cell to cell. To ensure that the
structures observed here uphold this criterion, the presence

FIGURE 5 | Complexity and heterogeneity of LPS-induced TNTs in PHM
culture. Representative images obtained by (A) 3D confocal spinning disk IF
with anti-a-tubulin antibody demonstrate multilayered nature of PHM-derived
TNTs and (B) SEM at low magnification (500x) demonstrates large field depth
of the TNT web. (A) shows a volume view with maximum intensity projection
color-coded by depth, as produced by the NIS Elements software package.
Imaging microscopy performed as described in Materials and Methods
(Microscopy Techniques: spinning disk confocal microscopy and high
resolution SEM, respectively). Scale bar is 15 um (A) and 100 um (B).

of mitochondria was tested. To do so, cells were immuno-
stained using an antibody for ATP synthase subunit IF1
(ATPIF1), a mitochondrial marker, as described in the Methods
(Microscope Techniques: Spinning disk confocal microscopy).
Confocal images clearly demonstrate IF signals along many
TNTs (Figure 6), indicating the presence of mitochondria within
the TNTs.

Bacterial and Yeast Compounds Induce

Intercellular TNT Networks

The innate recognition of microorganism-derived compounds
or components is mediated by toll-like receptors (TLRs), which
are genomically encoded pattern recognition receptors. The
contribution of these receptors to TNT induction has not yet
been studied. The central role of TLR4 in the LPS-induced
PHM TNT induction mechanism was tested by applying a
specific TLR4 antagonist (LPS-RS Ultrapure). Indeed, TNT
formation was completely blocked (Figure 7A). The ability of
additional stressors to induce the expression of TNTs was
examined by applying agonists to TLRs known to be expressed
in human monocytes (Figure 7). We observed that CL097, a
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merge

ATPIF1 BF

FIGURE 6 | Mitochondrial transfer via TNTs. Confocal image of ATPIF1 staining performed as described in Materials and Methods (Microscope Techniques: Spinning
disk confocal microscopy). Images were captured as Z-stacks (total 21 slices of 0.7 um each) at 100x, and processed by AutoQuant Blind Deconvolution module.
Fluorescent signals at Z-step number 10 are shown. The images are representative of two independent experiments. Scale bar is 10 pm.

viral component analog known to be a TLR8 agonist, is a strong
inducer of TNTs (Figure 7B), but the agonists for TLR2/6 and
TLR 2/1 (synthetic bacterial lipopeptide PAM3CSK4 (PAM),
Figure 7B and synthetic mycoplasmal lipoprotein FSL-1 (not
shown)) are not. CL097 induced TNTs in a dose-dependent
manner (not shown), at a concentration range specific to TLR8
with similar kinetics and resulting TNT appearance as that
resulting from LPS.

Surprisingly, another TLR2 agonist, Zymosan, typically
applied for phagocytosis study, induced a similar TNT web,
as revealed by IncuCyte imaging (Figure 7A). These Zymosan-
induced TNTs were not affected by TLR4 blocking (Figure 7A),
therefore excluding the possibility of LPS contamination as a
TNT inducer in this case. Since other TLR2 agonists tested failed
to induce expression of TNTs, a possible mechanism involved
here is Dectin 1 mediated pathway (47).

DISCUSSION

Monocytes and neutrophils are central players in the innate
immune response, which is the first line of host defense found
in all multicellular organisms. As of today, a large body of
knowledge has been accumulated demonstrating how these
cells contribute to inflammation and host defense by pattern
recognition receptor-mediated recruitment and cytokine release,
phagocytosis, oxidative burst, and antigen presentation (42);
novel studies show that macrophages and neutrophils can
also release extracellular nucleic acids capable of entrapping
exogenous pathogens, a phenomenon currently defined as
METosis and NETosis, respectively (48, 49). Beyond the classic
known mechanisms of action of monocytes-macrophages and
the latter cited entrapment phenomenon, our study adds
another new type of capacity for peripheric human monocytes
and a new type of response: intercellular network of TNTs
formed by stimulated circulating monocytes mediated by
pattern recognition receptors. Intercellular network of TNTs
formed by stimulated circulating monocytes mediated by pattern
recognition receptors. This new characteristic needs to be
further explored to understand its exact role in the whole
inflammatory response of the mononuclear phagocyte system.
TNTs phenomenon maybe participate in different functions of
monocytes as tissue- repair and inflammation response. It also

FIGURE 7 | Involvement of defined TLRs in the formation of TNTs derived from
monocytes. PMHs were exposed to different TLR agonists (LPS-RS, Zymosan,
CL097, and PAM, as indicated), and continuously monitored as described in
the Figure 1. (A) 10 .g/mL LPS-RS, a TLR4 antagonist, was added to PHMs
15 min prior to exposure to 10ng/mL LPS. A similar procedure was followed
with 10 ng/mL LPS-RS and 3 g Zymosan, an insoluble preparation of cell
wall from Saccharomyces cerevisiae, recognized by TLR2 and also by
Dectin-1. (B) 1 wg/mL of the synthetic bacterial lipopeptide PAM3CSK4 (PAM),
a TLR2/1 ligand, and 3 pg/mL of the imidazoquinoline compound CL097, a
TLR7/8 ligand, were applied. Images show TNT abundance at peak density
time point (4-8h). All images are representative of at least two independent
experiments performed in duplicate. Scale bar is 50 um.

seems to offer the possibility of direct communication, maybe
leading to coordinated activity, between involved monocytes.

A combination of microscopy techniques (live imaging,
electron microscopy and immunofluorescence) allowed us to
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characterize the kinetics, molecular composition, and ultra-
structure of TNTs in PHMs. We show that these TNTs
correspond closely with previous descriptions, with some
particularities: branched TNTs forming nets of TNTs between
cells, cell bodies covered with a net-like structure, unique
cytoskeleton composition, thick bundles composed of several
TNTs, and two interconnected populations of TNTs formed
preferentially at higher cell density: thin, substratum-adjacent
TNTs, and TNTs hovering over the substratum of a wide
diameter range (<1pm). Findings obtained with selective
cytoskeleton inhibitors indicated that only actin cytoskeleton
integrity partially affected TNT formation, emphasized the
heterogeneity of the observed nanotubes. The three-dimensional
analysis by SEM and IFM further confirmed the complex
and heterogeneous nature of these TNT structures at different
depths (cell heights). Gondola-like structures and enclosed
mitochondria were observed along these TNTs, suggestive of
TNT function in intercellular communication. In addition, TNT-
attached vesicles were also observed. Finally, a mechanism
involving TLR4 and TLR8 was identified. Further molecular
studies are needed to decipher the involved mechanisms
evaluating the participation of concomitant pathways, such as the
inflammasome via NLRP3 or the role of Dectin 1.

In other studies, TNTs were described in various cell lines
including in vitro differentiated immune cells, among them
macrophages prepared either from peripheral blood monocytes
or bone-marrow derived mononuclear progenitor cells, by a 5-
12 day cultivation procedure with or without differentiation-
stimulating cytokines (2, 50, 51). The most studied in vitro role
of TNTs in macrophages is the transfer of pathogens, suggesting
a mechanism allowing pathogens spread without detection (33).
Numerous studies showed mitochondrial transfer via TNTs in
vitro (19, 20, 28, 51). However, until now, very few studies
examined TNT formation in primary immune system cells, or
in immune cells in vivo. To the best of our knowledge, there are
only few published studies reporting in vivo formation of TN'Ts in
mononuclear cells: in mouse cornea subjected to trauma and LPS,
demonstrating antigen transmission between widely separated
cornea dendritic cells via TNTs (52); in cystinotic mouse
kidney transplanted with hematopoietic stem cells differentiated
to macrophages, demonstrating lysosomal transfer between
macrophages and diseased renal cells via TNTs crossing the
tubular basement membrane (50). The difficulty to perform in
vivo studies to observe TNTs is related to the fragility of these
structures which necessitate strict environmental conditions and
advanced technologies to be successful (25). The findings of our
study provide the first evidence for the formation of membrane
TNTs in freshly isolated, circulating human monocytes upon
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