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Abstract Tunneling nanotubes (TNTs) are long inter-

cellular connecting structures providing a special transport

route between two neighboring cells. To date TNTs have

been reported in different cell types including immune cells

such as T-, NK, dendritic cells, or macrophages. Here we

report that mature, but not immature, B cells spontaneously

form extensive TNT networks under conditions resembling

the physiological environment. Live-cell fluorescence,

structured illumination, and atomic force microscopic

imaging provide new insights into the structure and

dynamics of B cell TNTs. Importantly, the selective

interaction of cell surface integrins with fibronectin or

laminin extracellular matrix proteins proved to be essential

for initiating TNT growth in B cells. These TNTs display

diversity in length and thickness and contain not only

F-actin, but their majority also contain microtubules, which

were found, however, not essential for TNT formation.

Furthermore, we demonstrate that Ca2?-dependent cortical

actin dynamics exert a fundamental control over TNT

growth-retraction equilibrium, suggesting that actin fila-

ments form the TNT skeleton. Non-muscle myosin 2 motor

activity was shown to provide a negative control limiting

the uncontrolled outgrowth of membranous protrusions.

Moreover, we also show that spontaneous growth of TNTs

is either reduced or increased by B cell receptor- or LPS-

mediated activation signals, respectively, thus supporting

the critical role of cytoplasmic Ca2? in regulation of TNT

formation. Finally, we observed transport of various GM1/

GM3
? vesicles, lysosomes, and mitochondria inside TNTs,

as well as intercellular exchange of MHC-II and B7-2

(CD86) molecules which may represent novel pathways of

intercellular communication and immunoregulation.
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Introduction

Membrane nanotubes or tunneling nanotubes (TNTs), first

described a decade ago, are thin, long cellular protrusions

interconnecting cells [1, 2]. Since then many interesting

functional features were reported and proposed for them,

such as intercellular signal transfer and transport of mem-

brane or viral proteins, prions, vesicles, nucleic acids, or

even organelles [3–5]. Surfing of bacteria or prions along

TNTs [6–8], long distance intercellular transport of ions
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[9], quantum dots [10], and electrical coupling through

TNTs between developing neurons were also reported [11,

12]. These nanotubular connections gained most attention

so far in cells of the nervous and immune systems,

including neurons, astrocytes, activated microglia, T-, B-,

and NK cells, macrophages, and their targets. As recently

reviewed, TNTs can also grow between many other cell

types, such as human (HEK) or rat (NRK) kidney cells and

mesothelial cells [13–15], and show a high diversity in

their morphology and structure [15].

Interestingly, cellular infection by vaccinia or herpes

virus may by itself induce formation of long membrane

protrusions connecting adjacent cells, which can be assis-

ted by p21-activated kinase (PAK) activity [16]. HIV-1

virus was also reported to exploit membrane nanotubes

between T cells for spreading, but growing TNTs between

T cells was not influenced by the virus infection itself [3].

Due to technical (primarily optical) limitations, only a few

,,quasi in vivo-imaging’’ data are available that demon-

strate long, nonlinear TNTs between antigen-presenting

dendritic cells (DCs) in rat corneal membranes [17, 18].

TNT-like structures were also observed in chick [19],

quail, zebrafish [20], and mouse embryos [21], suggesting

that TNTs may also play a role in coordination of cell

migration and differentiation. However, explicit demon-

stration of functional TNTs within the tissue environment

would be essential for understanding their physiological

functions.

TNTs have been investigated in simplified experimental

model systems such as liposomes and proteoliposomes and

also by theoretical approaches that set the foundation for

biological studies [22–27]. Similarly to other membranous

nanostructures such as extracellular vesicles or exosomes

[28–30], TNTs gained special attention in immunology and

neuroscience because they can also mediate the intercel-

lular exchange of matter (protein, lipid, DNA and miRNA

molecules or even organelles) via ‘trogocytosis’. Thus, it is

anticipated that TNTs may open novel regulatory pathways

for some critical immune cell effector functions such as T

cell activation, cytokine or antibody production, phagocy-

tosis or cell killing [15, 31, 32]. Moreover, as quantum dots

or other molecules could be transported through nan-

otubular connections between cardiac myoblast cells [10],

TNTs may be a therapeutic target for nanobead-conjugated

drug delivery.

Despite the continuously accumulating knowledge about

membrane nanotubes, several fundamental questions about

the molecular and genetic mechanisms controlling their

growth as well as their in vivo functional significance

remained open. In the immune system, antibody-producing

B lymphocytes are key cellular components of the adaptive

humoral immune response where TNTs may play impor-

tant roles. However, in contrast to T lymphocytes and

macrophages [31, 32], TNTs between B cells are still lar-

gely unexplored and poorly characterized [2, 33, 34].

In the present work, we explored several basic control

mechanisms of nanotube growth, such as the key extra- or

intracellular factors determining the growth-retraction

equilibrium of B cells TNTs. These processes as well as the

transport properties of TNTs were monitored using Live

Cell Confocal Laser Scanning Microscopy (LC-CLSM),

Total Internal Reflection Microscopy (TIRF), and Struc-

tured Illumination Microscopy (SIM) at superresolution.

Our results show that mature primary murine and human B

cells, or B cell lines, but not immature ones, can sponta-

neously form extended nanotubular connection networks

under physiological conditions and that their growth can be

differentially modulated by various cellular stimuli (by

antigen, LPS, etc.).

Our observations highlight the importance of the inte-

grin-fibronectin/laminin interaction and of cell spreading in

initiating TNT growth. By investigating the role of actin or

microtubular networks in TNT growth, we demonstrate

here that Ca2?-dependent actin-filament dynamics exert a

fundamental control on growth-retraction equilibrium of

nanotubes. The data also provide new insight into TNT

growth control by non-muscle myosin 2 motor proteins.

Finally, with respect to the intercellular transport mecha-

nisms along TNTs, time lapse supperresolution microscopy

revealed a bidirectional transport of membranous vesicular

structures between interconnected B cells. In addition,

antigen-presenting MHC molecules or immune costimula-

tory B7 family proteins can also travel between two

adjacent B cells in the membrane of the long nanotubes.

Such intercellular exchange may be a novel pathway for

the regulation of antigen presentation or T cell activation in

lymphoid organs.

Materials and methods

Cells, cell staining, cell-treatments

A20 mature (ATCC TIB208), mCherry-actin expressing

A20 [35], X16C immature marginal zone (ATCC TIB-

209), 38C13 immature [36] murine B cells, and JY human

B lymphoblastoid (ATCC 7744) cell lines were cultured in

RPMI-1640 medium (Sigma-Aldrich, St. Louis, MO,

USA). 2PK3 mature murine B cells (ATCC TIB-203) was

cultured in Dulbecco’s modified Eagle’s medium (Sigma

Aldrich). All cell lines were supplemented with L-glu-

tamine, Na-pyruvate, 2-mercaptoethanol (except in the

case of JY human cell line), NaHCO3, penicillin,

nonessential amino acids, vitamins, and 10 % FCS, at

37 �C, and 5 % CO2. Mouse splenic lymphocytes and

human tonsillar B lymphocytes were used promptly
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following isolation and purification. All the treatments of

animals (mice) in this research followed the guidelines of

the Institutional Animal Care and Ethics Committee at

Eötvös Loránd University that operated in accordance with

permissions 22.1/828/003/2007 issued by the Central

Agricultural Office, Hungary. Human B cells from tonsils

of children aged 2–8 were used with ethical permission of

ethical committee of S. Laszlo-S. Istvan Hospital Budapest

(25/EB/2013). Informed consent was obtained according to

the Declaration of Helsinki.

For imaging nanotube growth, cells were labeled with

Alexa647- or Alexa488-conjugated cholera toxin B subunit

(CTX-B) GM1/3-ganglioside-specific probes (40 lg/ml)

(Life Technologies, Carlsbad, USA) on ice for 10 min or

alternatively with DiO (5 lM), DiI (5 lM) or DiD (5 lM)

(Life Technologies) dyes for 5 min at 37 �C. Anti-a5
(10 lg/ml), anti- a6 (5 lg/ml) (eBioscience, San Diego,

USA), anti-b1 (5 lg/ml) (BioLegend, San Diego, USA) or

anti- b4 (AbD Serotec, Langford Lane, Kidlington, UK)

monoclonal antibodies were used to label the two integrin

chains on B cells (20 min, ice).

MHC-II and B7 molecules were labeled with anti-MHC-

II (ATCC TIB-120TM M5/114) or anti-CD86 [37] anti-

bodies for 10 min, 37 �C. To colocalize MHC-II and GM1

gangliosides in nanotubes, cells were incubated after

MHC-II labeling and with Alexa647-CTX-B for further

10 min. Lysosomes and mitochondria were labeled with

MitoTracker (50 nM) and LysoTracker (75 nM) (Thermo

Fisher Scientific, Waltham, MA USA) for 30 min, 37 �C,
then cells were washed once.

B cells were stimulated with LPS polyclonal activator

(10 lg/ml) (Sigma-Aldrich) for 18 h at 37 �C in CO2

incubator or with anti-IgG F(ab’)2 (10 lg/ml) (Jackson

ImmunoResearch, Suffolk, UK) for 20 min, at identical

conditions. The cytoplasmic Ca2? level of the cells was

adjusted with ionomycin ionophore (Sigma-Aldrich) or

thapsigargin, an inhibitor of the endoplasmic reticulum

Ca2?-ATPase (Sigma-Aldrich), prior to or following a 1-h

TNT-growth period. EGTA (Sigma-Aldrich) (4 mM) was

added to the culture medium before ionomycin addition to

test for the specificity of its effects. To inspect the viability

of the cells after treatment with ionomycin, cells were

incubated in Annexin-binding buffer with 5 ll FITC-An-
nexin V (BioLegend) (for detection of phosphatidylserine

translocation, an early apoptosis marker) for 10 min at RT,

and 10 lg/ml PI (Sigma-Aldrich) (for detection of mem-

brane permeabilization as late apoptosis marker) for 5 min.

These samples were then measured by Becton–Dickinson

FACS Aria III flow cytometer.

To stain actin, cells were fixed with 4 %

paraformaldehyde (PFA) for 10 min, then permeabilized

with 0.1 % Triton X-100 ? 1 % BSA (Sigma-Aldrich) for

20 min, and incubated with Alexa 488-phalloidin (Life

Technologies) for 45 min. All of these steps were carried

out at room temperature (RT). Microtubules were stained,

in identical steps, with anti-tubulin antibody (Abcam,

Cambridge, UK) for 1 h at RT, then washed, and labeled

with secondary antibody (goat anti-rat Northern light493;

R&D Sytems, Minneapolis, MN, USA). Actin polymer-

ization was inhibited by incubating the cells with

latrunculin B (5–50 lM) (Sigma-Aldrich) for 20 min or

with cytochalasin D (20–100 lM) (Sigma-Aldrich) for 2 h

at 37 �C, 5 % CO2.

To inhibit microtubule assembly/disassembly cells were

incubated with P3456 paclitaxel (Taxol) (1–10 lM) (Life

Technologies) and nocodazole (1–30 lM) (kind gift from

Dr. Judit Ovádi, Institute of Enzymology, Hungarian

Academy of Science, Hungary) for 20 min at 37 �C, 5 %

CO2. To investigate myosin 2A, cells were fixed and per-

meabilized as described above and labeled with anti-

myosin 2A (BioLegend) primary Ab ? FITC-conjugated

secondary Ab. In functional assays of non-muscle myosin

2A for nanotube growth, para-nitro-blebbistatin

(10–50 lM) (kind gift from Dr. András Málnási-Csizma-

dia, Department of Biochemistry, Eötvös University,

Hungary), a specific inhibitor of myosin 2 activity and

Y-27632 (10–40 lM) (Sigma-Aldrich), a specific inhibitor

of Rho kinase activity were used.

Methods

Analysis of TNT growth

To investigate the effect of substrate surface on TNT

growth, cells were cultured either on untreated borosilicate

surface, or on a borosilicate surface pre-coated with

0.1 mg/ml poly-L-Lysine coat (Sigma-Aldrich), or 0.3 mg/

ml collagen (Sigma-Aldrich, Type I solution from rat tail)

or 10 lg/ml fibronectin (RT, overnight, Sigma Aldrich) or

10 lg/ml laminin proteins (RT, 2 h, Sigma-Aldrich) in

microplate wells (Ibidi Planegg/Martinsried) at physiolog-

ical conditions (37 ± 0.1 �C; CO2: 5 %). Typically a cell

density of 3 9 105 cells/cm2 and an incubation time of 1 h

were used for imaging. Images were taken with IX81

inverted Laser Scanning Confocal Microscope (Olympus,

Hamburg, Germany), using 609 oil immersion objective

(N.A.: 1.1).

High-resolution imaging

For superresolution imaging of B cells and their nanotubes,

Structured Illumination Microscope (SIM), set up on a

Zeiss Elyra S1 (639; N.A.: 1.4 objective) microscope was

used. Images were acquired with five grid rotations.

Atomic force microscopic (AFM) images were collected
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with an MFP3D instrument (Asylum Research, Santa

Barbara, CA, USA) with B cells incubated on fibronectin

coats for 2 h at 37 �C in 5 % CO2 atmosphere and fixed

with 4 % PFA (15 min, RT). Samples were subsequently

washed with distilled water and dehydrated with 20, 40, 60,

96 % and absolute ethanol. Non-contact-mode images

were recorded in air with a 0.8–1 Hz line-scanning rate

using a silicon cantilever (OMCL AC 160TS, Olympus,

Japan) oscillated at its resonance frequency (300–320 kHz,

typically).

For scanning electron microscopic (SEM) imaging

(ZEISS EVO 40XVP) B cells were incubated on fibro-

nectin coats for 2 h, then fixed, and dehydrated [38].

TIRF microscopic images of TNTs were collected using

a YAG laser (532 nm, 50 mW CW, JDS Uniphase, Mil-

pitas, CA, USA) for excitation, and a TIRF objective

(1009, 1.49 NA, Olympus, Japan) and an EMCCD camera

(iXonEM ? 885, Andor Technology, UK) for image

acquisition. TIRF images were acquired using the Andor

Solis program and post-processed with ImageJ [39].

Statistical analysis

Frequency of TNT forming cells was calculated from at

least 500 cells/sample and given as mean percentage ± SD.

It is defined as the ratio of cells growing at least one

nanotube to the total cell number in the field. Branching

frequency was defined as the ratio of nanotube branching

sites to the total number of nanotube-forming cells in the

field. Cell spreading evaluation [35] and the analysis were

made using ImageJ software (Wayne Rasband, NIH,

Bethesda, MD, USA, using plugins available at website:

Wright Cell Imaging Facility, Toronto, ON, Canada) and

SigmaPlot 10.0 statistics software.

Flow cytometric measurements were carried out on a

BD FACSAria III cytometer (Becton–Dickinson, Franklin

Lakes, NJ, USA) using DIVA software (BD Biosciences,

San Jose, CA, USA).

Results

Formation of membrane nanotube network

between B cells is highly controlled by their

microenvironment

First we explored what conditions are optimal for B cells to

form extensive nanotubular connections. Mature murine

A20 B cell line and human tonsil primary B cells (Fig. 1a–

c) as well as murine splenic or other mature murine and

human B cell lines (2PK3, JY; not shown) were found to

spontaneously grow various types of membrane nanotubes

and even complex networks after 1 h on fibronectin coats

at 37 �C, in a 5 % CO2 atmosphere. These representative

images were recorded by live cell (LC-CLSM) imaging of

a 1:1 mixture of B cells stained with DiD (green) and DiI

(red) cell tracking dyes. B cells of mature phenotype

spontaneously form uni- or bidirectionally growing TNTs

(Fig. 1a, middle and right, respectively), while immature

(38C13) B cells show neither significant spreading nor

TNT growth (Fig. 1a, left). Similarly to T cells [40], B

cells are often interconnected by TNTs following a cell

division as marked by the presence of a midbody; more-

over, they can also be connected by multiple (thin and

thick) TNTs or can form even three way junctions

(Fig. 1b).

Representative high-resolution AFM and SEM images

of B cell nanotubes (Fig. 1c) show a typical TNT mor-

phology [3] in most cases. Interestingly, extremely long

(occasionally[150 lm) and thin TNTs were also observed

between B cells from human tonsils (Fig. 1c) under iden-

tical conditions.

Formation of nanotubes between B lymphocytes were

observed only under live-cell imaging conditions (37 �C;
5 % CO2 atmosphere) and on fibronectin (or laminin)

coats, but not on other coating materials, such as poly-L-

lysine or collagen, or in the absence of coating materials

(Fig. 1d). TNT formation reaches saturation in 1–2 h under

the above conditions at an optimal initial cell density of

3 9 105 cells/cm2. At a lower density such as 0.5–2 9 105

cells/cm2 the frequency of TNT-forming cells decreased to

1–3 %, while at higher density such as 0.9–1.5 9 106 cells/

cm2 TNT formation was still detectable although the

number of cells was too high to be accurately counted. The

length and width of B cell TNTs proved to be heteroge-

neous with means of 22 lm and 650 nm, respectively, as

assessed by SIM superresolution imaging (Fig. 1e). Their

average length is comparable with that of T cell TNTs

while their average thickness is markedly larger [40].

Together, the above findings indicate that nanotube growth

strongly depends on membrane fluidity, as shown by the

temperature dependence, the density of cultured cells, and

the properties of the substrate surface.

Because the substrate surface appeared to be a key

factor in TNT growth, we further analyzed it in greater

detail. Cell surface integrins are known to selectively

interact with fibronectin through the flexible FBN III

domain or with other matrix proteins [41]. Thus, we first

investigated whether the expression level of the a5/b1
integrin, dominant in A20 B cells, correlates with the

observation that these cells frequently form TNTs while

immature 38C13 cells do not (Fig. 1a). While 38C13 cell

line expresses neither a5, nor b1 integrin chains at

detectable levels (Fig. 2a), mature A20 cells show high

expression of both chains (Fig. 2b). Similarly, a low a5/b1
integrin expression was accompanied by a lack of TNT
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formation in X16C marginal zone B cells (data not shown).

Simultaneous addition to the A20 B cell culture of mono-

clonal antibodies against both the a5 and b1 polypeptide

chains of the integrins significantly blocked both the extent

of cell spreading and TNT-formation while the addition of

either antibody alone did not (Fig. 2c). In addition to
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Fig. 1 Mature, but not

immature, mouse and human B

cells spontaneously form

nanotubular connections under

physiological conditions.

a Representative live cell

confocal images of immature

38C13 (left; monochrome DiO

fluorescence) or mature A20

(middle and right) murine B

cells stained with 1:1 mixtures

of DiO (green) and DiI (red)

dyes and incubated for 1 h.

Tunneling nanotubes (TNTs)

can grow unidirectionally (a,
middle) or bidirectionally (a,
right: dual color; see white

arrow). b A20 B cells are often

connected with multiple (thin

and thick) TNTs (left), can form

TNTs following cell division

(middle; see midbody, white

arrow), or can form even three

way junction (right; see white

arrow). c High-resolution AFM

(left) and SEM (middle) images

of A20 B cells show TNT

morphology. Extremely long

(C100 lm) and thin TNTs can

be detected in the culture of

freshly isolated human tonsil B

cells (right; see white arrows).

d B cell TNTs form optimally at

37 �C (left) and on fibronectin

or laminin coats (right). e B cell

nanotubes are largely diverse in

both their length (left) and width

(right) with means (±SD) of

22 ± 10 lm and

650 ± 250 nm, respectively.

Mean and SD values for TNT

forming cell % were derived

from at least five independent

experiments, from ca. 500 cells/

sample
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fibronectin, we also investigated whether laminin could

also be a key adhesion factor in TNT formation. However,

instead of the a5/b1 integrin receptor for fibronectin, as

potential receptors for laminin, a6/b4 and a6/b1 integrins

were proposed [42]. Therefore, we investigated and found

that the A20 B cells also express a6, but not b4 integrin

chain, while positive for b1chain. Furthermore, we also

found that A20 B cells failed to adhere to the laminin

surface, and, therefore, did not form TNTs, when we

simultaneously applied blocking antibodies against both a6
and b1 integrin chains. Antibodies against the a6 and b1
integrin chains, applied alone, blocked or strongly

decreased the TNT formation (Supplementary Fig. 1).

Together, these findings suggest that a direct contact of the

cell surface with its microenvironment via selective inte-

grin–ligand interactions [43, 44] is a critical factor in its

commitment towards TNT formation and may also explain

the differences in the TNT-forming capacity of immature

and mature B cells.

B cell nanotubes are capable of intercellular

transport of immunoregulatory molecules in their

membrane and vesicles inside the tube

In cholera toxin-labeled B cells cultured for 1 h we dis-

covered, using SIM, large vesicles within the cell body and

the nanotubes (Fig. 3a). Considering that cholera toxin is a

good marker of exosomes and other extracellular vesicles

[45] they may be multivesicular bodies which are known to

be involved in formation and secretion of exosomes and

other microvesicles. Following the labeling of B cell

plasma membranes with Alexa488-CTX-B, appearance in

high-resolution fluorescence images of membrane-covered

fluorescent vesicles within the cytoplasm and TNTs of B

cells suggests that these structures originate from plasma

membrane lipid bilayers. Note that no significant difference

was found in the TNT frequency if the cells were labeled

with indocarbocyanine derivatives (DiO, DiD or DiI) or

with fluorescent cholera toxin B subunit (data not shown).

Time-lapse SIM video-imaging showed a bidirectional

intercellullar traffic of these vesicular structures between

adjacent B cells (Supplementary Movie S1, S2), indicating

that most of the thick TNTs were open-ended. The tracks

show a very slow motion of vesicles between the adjacent

B cells, compared to that reported, e.g. for quantum dots in

cardiac myoblasts [10]; therefore, further detailed analysis

is required to reveal the mechanism including the possible

motor proteins responsible for this transport.

The membrane of the TNTs is also abundant in MHC-II

proteins (Fig. 3b, d, e) and CD86 immune costimulatory

molecules (Fig. 3c, f, g), as shown by staining with fluo-

rescent antibodies of the nanotubes bridging A20 murine B

cells (and also 2PK3 cells; data not shown). These TNT

membrane regions are also enriched in gangliosides

(Fig. 3b) as revealed by staining with fluorescent CTX-B.

The possibility that MHC-II or immune costimulatory

proteins can be exchanged between B cells through nan-

otubes, via membrane- or vesicular transport, is suggested

by the presence of the labeled MHC-II or CD86 molecules

in the cell membrane at the opposite side of the TNT, close

to the TNT connection point as well as in other membrane

regions of the neighbor cell (Fig. 3d, e, f, g). Furthermore,

we found both lysosomes (Fig. 3h) and mitochondria

(Fig. 3i) inside the TNTs; therefore, the B cell TNTs may

also mediate intercellular transport of these organelles.

Furthermore, we examined the frequency of these elements

in the TNTs and found that 52 % of the TNTs contain

MHC-II protein, 50 % contained CD86 molecules, while

11 % showed lysosomes, and 32 % showed mitochondria.
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(Data from three independent experiments with C100

TNTs). In addition, movement of mitochondria within

TNTs from one cell to the neighbor was also observed as

shown in Supplementary Movie S3.

Nanotube growth of B cells is differentially

modulated by various activation stimuli

Spontaneous emergence of nanotubes is a property of

resting B cells (Fig. 1a). Therefore, we investigated how

various activation stimuli can affect nanotube growth in

B cells. Activation of B cells with anti-BCR antibody,

leading to antigen receptor-specific stimulation and a

rise in cytoplasmic Ca2?, results in a slight, but sig-

nificant decrease in TNT-growth frequency (Fig. 4c).

Interestingly, stimulation of B cells through a Ca2?-in-

dependent pathway with LPS (polyclonal activator)

causes an opposite effect; the frequency and branching

of TNTs increases significantly (Fig. 4b, c). Thus, vari-

ous stimuli may differentially modulate nanotubular

b

c

h i

a

d

10μm

f

10μm

ge

Fig. 3 B cell nanotubes may mediate bidirectional transport of

membrane vesicles inside the tubes and also transport of molecules

essential for T cell activation in the membrane of TNTs. a Represen-

tative superresolution (SIM; lateral resolution: 80–90 nm) image of

TNTs connecting adjacent A20 B cells. The fluorescence on these

images originates from extracellular labeling of cell membrane

gangliosides with Alexa488-cholera toxin B (CTX-B) before a 1 h

incubation for TNT formation at live cell imaging conditions (37 �C,
5 % CO2). The image clearly shows existence of large and small

vesicles in the cell bodies and the latter ones along the TNTs. (The

average diameter of vesicles is 1.6 lm) (The intercellular transport of

vesicles across TNTs and its bidirectional feature is also demonstrated

by Supplementary Movies S1, S2.) b Representative confocal image

of TNT-connected A20 B cells shows abundance of MHC-II/peptide

complexes (green) along the TNTs (left), in a highly colocalized

fashion with GM1/3 gangliosides (red), markers of lipid rafts (zoom:

right). c B7-family costimulatory proteins (CD86) are also enriched

along the TNTs (left), in a clustered fashion (zoom: right). CLSM

images also demonstrate that both MHC-II/peptide (green) (d, e,
white arrow) and B7-2/CD86 molecules (green) (f, g, white arrow)

were able to reach the connected cell through the TNT membrane.

Analysis of fluorescence intensity of the ‘acceptor’ cells shows that

both molecules appear in their cell membrane close to the TNT, or

even farther from the TNT connection (see white arrow). h, i In

addition, lysosomes (Lysotracker, violet; h) and mitochondria (Mi-

toTracker, violet; i) were also detected in B cell TNTs, suggesting the

possibility of intercellular transport. (Movement of mitochondria

within nanotubes is shown on Supplementary Movie S3.) Each

representative image was derived from three independent experiments

(C100 TNT) (**p B 0.01)
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connections of B cells, in a Ca2?-dependent or inde-

pendent fashion.

Dynamics of cytoplasmic free Ca21 and actin

filaments exert a key control over the growth-

retraction equilibrium of B-cell nanotubes

Recently, we have shown an inverse relationship between

the cytoplasmic free Ca2? level and the actin polymeriza-

tion-depolymerization equilibrium in B cells [35]. A

similar, coordinated control of Ca2?-mobilization and

cytoskeletal remodeling was reported for T cell activation/

synapses as well [46]. Here we also show that ionomycin-

induced Ca2?-influx results in a rapid retraction (in 11 s) of

a previously connective (ca. 25 lm long) nanotube in a

demonstrative time lapse image series (Fig. 4d) (Supple-

mentary Movie S4). Ionomycin effectively reduces the

number of TNTs in B cell cultures in a concentration-de-

pendent manner when applied after the TNT numbers

reached saturation (Fig. 4e). Thapsigargin, an inhibitor of

endoplasmic reticulum Ca2?-ATPase also causes a similar

rapid decline of TNT number (Fig. 4f). Notably, in addi-

tion to reducing the number of existing TNTs, ionomycin

can also prevent the formation of new TNTs in a concen-

tration-dependent manner if applied for 5 min to the cells

(and then washed out) before the 1 h culture (Fig. 4g).
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Fig. 4 TNT-growth of B cells is modulated by cellular activation and

the cytoplasmic free Ca2? level. a, b Representative DIC images

show increased TNT number (white arrows) in LPS-treated (b) vs.
untreated (a) A20 B cells. c Monoclonal (BCR-mediated) activation

of B cells by anti-Ig antibody (10 lg/ml) slightly decreased, while

polyclonal activation with LPS lipopolysaccharide (10 lg/ml) signif-

icantly enhanced TNT-formation. d Time lapse images (from left to

right) show that Ca2? influx induced by 1 lg/ml ionomycin Ca2?-

ionophore resulted in rapid withdrawal (typically in 10–20 s) of TNT

connecting two cells (position of the free end of the NT is shown by

white arrow). (See also Supplementary Movie S4.) e–g Ionomycin or

thapsigargin (an inhibitor of SER Ca2?-ATPase) both inhibited TNT-

growth in a concentration-dependent fashion, if applied after TNT-

growth reached saturation in the culture (e, f). Notably, ionomycin

could also prevent TNT-growth if applied for 5 min, (and then

washed out from the samples) before culturing for 1 h for TNT-

growth (g). h EGTA (4 mM) applied extracellularly almost com-

pletely reversed the ionomycin-induced effect. The mean and SD

values depicted on the panels were determined from more than three

independent experiments (C500 cells/sample)
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Excess of extracellular EGTA (4 mM), which sequesters

the available extracellular Ca2?, can almost completely

reverse this effect (Fig. 4h). Moreover, ionomycin did not

in itself have a cytotoxic effect on the cells as proved by

verifying their viability with flow cytometry using Annexin

V as a marker of early apoptosis and propidium iodide (PI)

as a marker of late apoptosis and necrosis. Compared to the

percentage of early and late apoptotic cells in the control

ionomycin-free sample, the ratio of early and late apoptotic

cells did not show a significant increase in cells treated

with ionomycin (Supplementary Fig. 2). These data alto-

gether suggest that Ca2?-dependent remodeling either by

recovery or degradation of the cortical actin filament net-

work in B cells is a fundamental mechanism involved in

the growth and retraction of nanotubes. Furthermore,

treatment with actin polymerization blockers cytochalasin

D and latrunculin B induced a concentration-dependent

suppressive effect of TNT-growth confirming the essential

role of F-actin in nanotube formation (Fig. 5d). Addition of

the actin stabilizer jasplakinolide, an inhibitor of dynamic

elongation and depolymerization alike, also significantly

inhibits TNT-growth further supporting the essential role of

F-actin dynamics in nanotube formation (Fig. 5d). As

expected from the above evidence, TIRF and SIM images

confirmed that most B cell nanotubes contain F-actin

(Fig. 5a, b). However, unlike T cells [31, 40], the majority

of B cell TNTs also contain microtubules (Fig. 5c).

In contrast to the inhibition of actin filament dynamics,

inhibition of microtubule polymerization with nocodazole

or of their stabilization with paclitaxel does not affect

nanotube formation (Fig. 5e). Moreover, the actin poly-

merization blocker latrunculin B is still able to induce

retraction/collapse of nanotubes even in the presence of the

microtubule stabilizer paclitaxel (Fig. 5e). These data

suggest that microtubules are not directly involved in the

growth-retraction equilibrium of B cell nanotubes. How-

ever, they may contribute to other TNT functions such as

mediating vesicular transport.

Non-muscle myosin 2 controls TNT growth in B cells

Myosin motor proteins have been implicated in many

aspects of nanotubular networks. Among others, they have

been reported to mechanically pull nanotubes from lipo-

some models on actin cable supports [23] or to generate

force in the filopodia of Dorsal Root Ganglion neurons

[47]. In lymphocytes, non-muscle myosin 2A (NM2A) has

been implicated in various in vivo or in vitro functions,

such as the formation and stability of immunological

synapses [48, 49] or transendothelial migration [50]. We

found that NM2A is also expressed in all B cells (Fig. 6a).

Moreover, it is abundantly localized in the spontaneously

formed nanotubes interconnecting the cells (Fig. 6b).

Interestingly, efficient blockers of myosin 2 activity, such

as p-nitro-blebbistatin [51], largely enhance both the

growth and the degree of branching of TNTs (Fig. 6d, e),

similarly to Y-27632, an inhibitor of Rho-associated pro-

tein kinase (ROCK) that is involved in activating non-

muscle myosin 2 (Fig. 6c). The small decline in TNT

number at higher ([30 lM) p-nitro-blebbistatin concen-

trations is presumably due to a cytotoxic effect which is

confirmed by the altered morphology of the cells (data not

shown). In conclusion, our data clearly show that NM2A

has a role in the regulation of nanotube generation and

dynamics. Although its exact function is not yet known, it

is generally assumed that force generation by NM2A is

responsible for the proper regulation of membrane protru-

sions [52]. Thus it is reasonable to assume that NM2A is

directly involved in the regulation/limitation of nanotube

growth.

Discussion

The aim of this study was to explore the basic morpho-

logical and structural features of nanotubular networks

interconnecting B cells. The possible functional relevance

of such membrane tethers was another important subject of

this study, as well as the major factors and mechanisms

controlling growth or retraction of TNTs. We found that

under physiological conditions both mouse and human B

cell lines or primary B cells of mature phenotype, but not

the immature ones, could spontaneously form membrane

nanotubes with a characteristic tunneling TNT morphology

and structure in 10–15 % of the cells.

The interaction between the cell surface integrins and

extracellular matrix components such as fibronectin and

laminin was found to be the most important condition in

the initiation of nanotube outgrowth. Obermajer et al. [53]

have previously reported that cathepsin-X mediated b2-
integrin activation in T cells leads to cell polarization and

promotes outgrowth of TNTs. Fibronectin and laminin

were reported to highly influence cell adhesion and sig-

naling either alone or in concerted action, via interacting

with various integrin receptors [54, 55]; moreover, the

ECM composition was shown to determine even the

complex transcriptional response of human embryonic

kidney cells to stimulation of other receptors [56]. In

addition, laminins were also shown to modulate develop-

ment or effector function of B cells through mostly a6-
integrins [42, 57]. Thus, it is possible that their selective

promoting effect vs. collagen on nanotube growth is also

due to their yet unexplored signaling events in

lymphocytes.

Others have also reported on the importance of integrin–

ligand interactions in cell adhesion, migration, and in
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general the rearrangement of cortical cytoskeleton [41, 43,

44]. These data together with our findings highlight the

importance of integrin–extracellular matrix interaction and

cell adhesion/spreading as key factors in initiating out-

growth of membrane nanotubes connecting lymphocytes.

Furthermore, immature B cells that do not express the

dominant fibronectin-receptors, a5b1 integrins, showed no

sign of adherence, spreading, and TNT outgrowth also

supporting the importance of integrin–extracellular matrix

interactions in TNT formation.

TNT-growth likely also depends on the actual lipid

composition of the plasma membrane, which determines

the fluidity, elasticity, bending rigidity, and the local cur-

vature of the membrane which are all important factors in

the process [22, 25, 26]. Another key membrane determi-

nant of the stability/growth of nanotubes [27, 58] may be

the level of raft gangliosides (GM1/GM3), which we have

found to be much lower in immature than mature B cells

(Tóth EA, 2016, unpublished data), suggesting a role of

these raft lipids in the initiation and dynamics of TNT-

growth.

Once the TNTs are formed between adjacent B cells,

naturally, the next question is how they may participate in

the communication between these cells. Transfer of H-Ras

signaling protein, or CD86 immune costimulator from B

cell to T cell via membrane nanotubes was reported

recently [33]. Here we demonstrate that MHC-II com-

plexes or B7 family costimulatory proteins (e.g. CD86) can

be found along the membrane of the nanotube and also in

the membrane of the recipient cells, suggesting their

exchange between B cells via membrane nanotubes. Our

imaging data provide solid evidence of their presence on
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Fig. 5 a Representative TIRF image of m-Cherry-actin transfected

and b SIM image of Alexa488-phalloidin stained A20 B cells

demonstrating (by white arrows) that the nanotubes always contain

actin filaments. c Majority of the TNTs also contain microtubules as

assessed by SIM images of Alexa488-anti-tubulin stained cells (white

arrows). d Cytochalasin D (left) and latrunculin B (middle) as

inhibitors of F-, and G-actin polymerization, respectively, efficiently

blocked nanotube growth such as jasplakinolide (right) did, in a

concentration dependent manner. e In contrast, nocodazole, inhibitor

of microtubule polymerization (left) or paclitaxel (taxol) a stabilizer

of microtubule structure (middle) left TNT growth unchanged.

Latrunculin B (5 lM) could initiate a ca. fourfold reduction in

nanotube number even in the presence of paclitaxel (10 lM)

stabilizing microtubules (right). The mean TNT-frequencies and the

SD values displayed on the panels were calculated from three

independent experiments (C300 cells in each) (**p B 0.01)
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the other side of the connecting nanotubes. However, in

this study the potential transfer was homo-cellular, such

that it may significantly alter the abundance of certain

MHC-II complexes or costimulatory proteins at a single-

cell level. MHC-II and CD86 molecules have also been

reported to be present in extracellular vesicles released by

various immune cells [28, 29] and proposed to induce in

this manner a positive immunregulatory role in induction

of T cell-mediated immune response [28]. B cells can also

function as antigen-presenting cells and thus the intercel-

lular transport of MHC-II enriched lipid rafts [59] through

nanotubes could serve to spread antigens and consequently

improve the efficiency of antigen-dependent T cell acti-

vation [60].

Here we also demonstrate that B cells may also

exchange intact organelles, such as lysosomes or mito-

chondria. Acto-myosin-dependent exchange of endocytic

organelles via TNTs has been reported by Gurke et al. [61]

between normal rat kidney cells. Nanotubular intercellular

transfer of mitochondria was also found to rescue apoptotic

PC12 cells in culture [62]. Thus, the transport of any

lysosomal degradation product or a rescuing mechanism

from cell death may be available for B cells through these

nanotubular connections, as well. An exchange of BCR

between bystander and activated B cells through sponta-

neous membrane transfer was also reported and speculated

to be the consequence of nanotubular communication [63,

64].

Another important aim of our study was to investigate

the regulation of the outgrowth-retraction equilibrium of

nanotubes in B cells since the mechanistic details of nan-

otube dynamics in different cell types are still poorly

understood. To date there are data showing that F-actin is

an essential element of TNT growth in many cell types,

including primary B-cell precursor leukemia cells [34]. Our

data clearly demonstrate that F-actin bundles may serve as

a scaffold for the growing NTs which also proved to be

essential for formation of B cell nanotube networks. In

accordance with findings in many other cell types, such as

macrophages, T cells or kidney cells [3, 4, 6, 7, 31, 34, 65],

our study also shows that inhibition of actin polymerization

results in an almost complete disappearance of TNTs.

In addition to the presence of F-actin we also show that

microtubules are frequent constituents of B cell nanotubes

(in[85 %), similarly to earlier reports of TNTs between

phagocytes or dendritic cells [2, 3, 15]. However, our

results indicate that in B cells the function of microtubules

are not structural but instead may be restricted to transport

of various vesicles or organelles along the tubes possibly

by the assistance of dynein or kinesin motor proteins, as the

inhibition of their polymerization did not affect nanotube

dynamics. The possibility of microtubule-assisted trans-

port, however, awaits further exploration.

We also found that the remodeling of the cortical actin

cytoskeleton in B cells was Ca2?-dependent in accordance

with earlier studies [1, 66], proposing that actin polymer-

ization is important for active protrusions including TNT

growth. This finding is also in accordance with earlier data

showing close inverse relationship between the local

cytoplasmic Ca2?-level and the degree of actin polymer-

ization/depolymerization in lymphocytes [35, 46]. Direct

stimulation of the B cell receptor results in a transient rise

in cytoplasmic Ca2? [67, 68]. Consistent with this, our data

show less TNTs in B cells stimulated via BCR. By contrast,

LPS binding to B cells utilizes different receptors and
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Fig. 6 Non-muscle myosin 2 also controls B cell nanotube forma-

tion. a Flow cytometric histograms (white isotype control antibody;

grey NM2A antibody; both detected with an Alexa488-secondary

antibody) show high level of NM2A in A20 B cells. b Representative

SIM image of anti-NM2A stained A20 B cells: the motor protein

localized in both the cell bodies and in the nanotubes. c Suppressing

myosin 2 activity through Rho-kinase inhibition with Y-27632,

enhanced (ca. threefold) the TNT formation in a concentration-

dependent manner. d, e Para-nitro-blebbistatin, an efficient inhibitor

of myosin 2 also caused a more than twofold increase in TNT number

(d) or branching degree (e) in the concentration range leaving cell

viability unchanged. Ionomycin (1 lg/ml) could fully impair the

effect of 25 lM para-nitro-blebbistatin (d, e). (The mean ± SD data

were derived from at least three independent measurements with ca.

300 cells/sample)
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signaling pathway(s) [69] without the dominance of Ca2?-

dependent actin remodeling. This was in agreement with

the elevated TNT frequency upon LPS-treatment, similarly

to earlier data reporting increased formation of TNT-like

structures in rat cornea membranes [17].

Conceivably, the dynamic assembly and disassembly of

actin filaments provide essential forces for controlling the

growth-retraction equilibrium of nanotubes. Further com-

ponents of this actin machinery are yet to be described, but

probably a set of actin-binding proteins (e.g. profilin,

cofilin or gelsolin) [35, 70] similar to those involved in

filopodial growth could be implicated with nanotube

elongation or retraction as well.

In regards to TNTs, the regulatory effect of non-muscle

myosin 2 motor proteins may be explained by assuming

two antagonistic complex molecular machineries regulat-

ing the shape and locomotion of cells. Based on the

direction and nature of forces, these proteins may drive a

cytoskeletal network responsible for contraction or another

one for protrusion. These two machineries are balanced in

cells with their temporal and spatial regulation determining

when and where either of these processes will occur in the

cells. Induction or inhibition of the activity of these protein

systems can sensitively influence the equilibrium resulting

in the dominance of one of the machineries [52]. In our

experiments, p-nitro-blebbistatin blocked the force gener-

ation by NM2 motors and thus inhibited the inward force

on the actin filaments, while the protrusion system powered

by actin polymerization was not affected. As a result, the

activity of the protrusion system was more pronounced,

and hence more nanotubes grew from the plasma mem-

brane. Moreover, ROCK inhibition had a similar effect by

not allowing myosin light chain phosphorylation to turn on

the motor activity. Similar effects of myosin inhibition on

TNT growth in Jurkat T cells [53] and normal rat kidney

cells [61] also support this explanation. While all three

non-muscle myosin 2 isoforms are indiscriminately inhib-

ited by p-nitro-blebbistatin, NM2A is the major isoform

found at the leading edge of polarized cells and was shown

here to be present in and around B cell nanotubes. Cur-

rently, we cannot exclude that NM2A may have an effect

on TNT dynamics besides driving the retrograde actin flow,

for instance by regulating integrin-dependent cell adhesion

[52] which is shown above to be another important factor

involved in nanotube formation. However, our data clearly

show that NM2A has an important negative regulatory role

in nanotube generation. Although its exact mechanism is

not yet known, force or tension generation by NM2 is

apparently responsible for the proper maintenance of the

balance between growth and retraction of nanotubular

network.

Last, in previous experiments on nanotubes that were

pulled out of liposomes it has been demonstrated that

branching can occur when the roots of two neighboring

nanotubes merge and the nanotubes coalesce [24]. Coa-

lescence continues until the angles between the arms of the

Y-shaped branching point become 120�. To note, in this

study we have observed a correlation between the degree of

branching and the frequency of nanotubes, which is con-

sistent with the hypothesis that the branching of TNT-s is

also the result of nanotube coalescence.

Conclusion

Here we report that murine and human B cells can spon-

taneously grow membrane nanotubes. Several key

components and mechanisms controlling the formation-

retraction equilibrium of nanotubular connections between

B cells were identified. These included the interaction of

cell surface integrins with extracellular matrix components,

specifically a5b1 integrins with fibronectin and a6b1 with

laminin, the subsequent cell spreading and Ca2?-dependent

actin remodeling. Microtubules were shown to be present

in most B cell nanotubes, but in contrast to F-actin, they

were not essential for their formation. Their possible

functional contribution might be mediation of vesicular

transport inside the nanotubes. Finally, here we provide the

first evidence that non-muscle myosin 2A may act as a

negative regulator of nanotube formation, but its relation-

ship with the Ca2?-dependent actin reorganization still

remains unclear and requires further investigations.

As an important result, our in vitro live cell imaging data

convincingly demonstrate intercellular transfer of

2–300 nm size vesicles inside the nanotubes and the pos-

sible transport of two key molecules, MHC-II and B7

costimulatory proteins involved in activation of the T-cell

dependent immune defense, in the membrane of nanotubes.

The transport of these molecules either in vesicles or inside

the membrane of TNTs may provide a novel alternative

pathway of antigen-transfer/spreading between B cells in

different immune organs, such as the spleen or lymph

nodes. Obviously, the important aspect of how these

intercellular communication channels may form and

function in vivo in the immune organs remains to be elu-

cidated. Although results from TNT formation in 3D ECM

models [3] and in vivo data [17, 18] are currently available

and support their existence, verification of the many

in vitro findings and models awaits further in vivo studies.
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