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Membrane nanotubes physically connect t cells over 
long distances presenting a novel route for HIV-1 
transmission
Stefanie Sowinski1, Clare Jolly2, Otto Berninghausen1, Marco A. Purbhoo1, Anne Chauveau1, Karsten Köhler1, 
Stephane Oddos1, Philipp Eissmann1, Frances M. Brodsky3, Colin Hopkins1, Björn Önfelt4, Quentin Sattentau2 
and Daniel M. Davis1,5

Transmission of HIV-1 via intercellular connections has been 
estimated as 100–1000 times more efficient than a cell-free 
process, perhaps in part explaining persistent viral spread 
in the presence of neutralizing antibodies1,2. Such effective 
intercellular transfer of HIV-1 could occur through virological 
synapses3–5 or target-cell filopodia connected to infected 
cells6. Here we report that membrane nanotubes, formed 
when T cells make contact and subsequently part, provide a 
new route for HIV-1 transmission. Membrane nanotubes are 
known to connect various cell types, including neuronal and 
immune cells7–13, and allow calcium-mediated signals to spread 
between connected myeloid cells9. However, T-cell nanotubes 
are distinct from open-ended membranous tethers between 
other cell types7,12, as a dynamic junction persists within T-cell 
nanotubes or at their contact with cell bodies. We also report 
that an extracellular matrix scaffold allows T-cell nanotubes to 
adopt variably shaped contours. HIV-1 transfers to uninfected 
T cells through nanotubes in a receptor-dependent manner. 
These data lead us to propose that HIV-1 can spread using 
nanotubular connections formed by short-term intercellular 
unions in which T cells specialize.

To test for the presence of membranous connections, populations of  
T cells were labelled with the membrane dyes DiO (green) or DiD (red), 
mixed on fibronectin-coated coverslips and live cells were imaged by 
laser scanning confocal microscopy (LSCM). Differentially labelled  
T cells were readily observed connected by membranous tethers, con-
firming that cells were connected independently from tethers derived 
from cell division (Fig. 1a). Specifically, 16% of Jurkat T cells (n >500) 
were connected after 16 h co-incubation. A small bias for cells with the 
same label being connected revealed that 3% were connected as a result 

of cell division. Thus, 13% of Jurkat T cells were connected by tethers 
formed independently of cell division, and were therefore considered 
to be connected by membrane nanotubes.

T-cell nanotubes had an average length of 22 ± 3 µm, 5–10 times 
longer than filopodial bridges6, and could sometimes extend for over 
100 µm (see Supplementary Information, Fig. S1). Reconstruction of 
three-dimensional fluorescence images confirmed that T-cell nanotubes 
were not tethered to the substratum and thus were distinct from filopo-
dia14 (Fig. 1a and see Supplementary Information, Movie 1). Activated 
primary human or primary mouse T cells were similarly connected by 
nanotubes (see Supplementary Information, Fig. S1). Cells were gen-
erally connected by a single nanotube, although multiple (Fig. 1b) or 
branched nanotubes (see Supplementary Information, Fig. S1) could 
connect several T cells together.

T-cell nanotubes stained with fluorophore-conjugated phalloidin, 
indicating that they contained F-actin (Fig. 1c), consistent with the 
presence of F-actin within membrane nanotubes between other cell 
types7,11. However, microtubules were not detected in T-cell nano-
tubes, which is in contrast with membrane nanotubes observed 
between macrophages, of which a subset of connections contain 
microtubules11. Microtubules, and the characteristic midbody, were 
clearly observed within membranous tethers formed by cell division 
(Fig. 1d), further demonstrating that nanotubes are novel physical 
connections between T cells.

Time-lapse LSCM revealed that nanotubes between Jurkat T cells 
or activated primary T cells were formed by cells coming into contact 
and then moving apart (Fig. 1e and see Supplementary Information, 
Movies 2 and 3; n >120). Importantly, transient contact between T 
cells does not inevitably lead to formation of a nanotube when cells 
part. Intercellular contacts that lasted less than approximately 2–3 min 
very rarely led to nanotube formation, whereas intercellular contacts 
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sustained for > 4 min led to a significantly increased (P <0.01) fre-
quency of nanotube formation for both Jurkat (Fig. 1f) and primary 
human T cells (Fig. 1g). This indicates that a time-dependent process 

is required for the formation of T-cell nanotubes. Once formed, both 
Jurkat (Fig. 1h) and primary human T cells (Fig. 1i) remained con-
nected by nanotubes for prolonged periods of time, dependent on the 
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Figure 1 Membrane nanotubes connect human T cells. (a) Long 
membrane tethers, or membrane nanotubes, readily form between Jurkat 
T cells labelled with DiO (green) and DiD (red), n >500. (b) Membrane 
nanotubes could occasionally network multiple cells, n >50. (c) Jurkat 
T-cell cultures were fixed and stained for F-actin (red) and α-tubulin 
(green) revealing that membrane nanotubes contained F-actin but 
not microtubules, n = 41. Boxed regions are shown enlarged to better 
visualize the nanotube. (d) For comparison, cells connected by tethers 
derived from cytokinesis, containing a midbody (arrow), contained both 
F-actin and microtubules, n = 21. (e) Time-lapse microscopy reveals that 
membrane nanotubes form following intercellular contact (n = 135).  
(f, g) Time-lapse microscopy of Jurkat T cells (f, n = 31) and primary 
human T cells (g, n = 32) was analysed to record the length of time of 
contact between cells and then whether or not membrane nanotubes 
formed as cells departed. Contact between T cells led to nanotubes 

generally only after cells had been in contact for > 4 min (P < 0.01, 
Mann-Whitney U). (h, i) Cell motility controls the lifetime of membrane 
nanotubes between Jurkat T cells (h, n = 23) and primary human T cells 
(i, n = 14). The combined speed of the two connected cells is plotted 
against the lifetime of the nanotube. (j) Time lapse microscopy of primary 
T cells labelled with DiO (green) and DiD (red) within a three-dimensional 
matrix reveals that nanotubes form after intercellar contact (n = 5), as 
observed in a two-dimensional culture. (k) Membrane nanotubes form 
between primary T cells in a three-dimensional extracellular matrix with 
any-shaped contour (n = 114; scale unit = 35 µm). (l) Distribution of 
nanotube curvatures (n = 114) were calculated as the inverse of the 
radius of a fitted circle. A curvature of zero represents a straight nanotube. 
Repeated measurements on the same nanotube indicated that the error in 
each datapoint was 0.01 µm–1. Scale bars represent 10 µm in a–e and j. 
The scale bar in the inset of e represents 3 µm.
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Figure 2 T-cell nanotubes are not open-ended tunnels and contain a 
junction. (a, b) Jurkat T cell (a) and primary human T-cell (b) nanotubes 
contain a junction revealed by a distinct border between DiO (green) and DiD 
(red) membrane dyes (n = 151). (c) Time-lapse imaging of two differently 
labelled cells connected by a nanotube demonstrates dynamic movement 
of the junction (n = 15). (d) Position of the junction within the nanotube 
(red dots) and length of the nanotube (black dots) are plotted against time. 
(e, f) Proteins anchored to the outer or inner leaflet of the cell surface can 
access T-cell nanotubes. DiD-labelled (red) cells mixed with cells expressing 
GPI–GFP (e, n = 25; red channel is also shown separately to clearly show 
junction) or palmitoylated YFP (f, both green; n = 23) are shown.  
(g) Movement of GPI-anchored GFP along Jurkat T-cell nanotubes was 
assessed by FRAP. Micrographs show GPI–GFP fluorescence (green) 

bleached along 3 µm of nanotube on one side of the junction, as determined 
by one of the cells being stained with membrane dye DiD (red). GFP 
fluorescence of nanotube is shown pre-bleaching, immediately after 
bleaching and then 5 s later. The graph includes datapoints from four 
different nanotubes (representative of 10), showing fluorescence of the 
bleached region on one side of the nanotube junction (black dots) and the 
fluorescence of a ‘control’ unbleached 3 µm section on the other side of the 
nanotube junction (red dots). (h, i) Transmembrane protein ICAM-1 (h) or 
class I MHC protein HLA-Cw7 (i), each tagged with intracellular GFP, can 
access T-cell nanotubes (n = 28 and 15 respectively). (j–l) Cytoplasmic 
proteins and dyes can access T-cell nanotubes. Fluorescence micrographs of 
cytoplasmic GFP (j, n = 19; white), cytoplasmic CFDA (k, n = 12; white) and 
calcein (l, n = 12; green). The scale bars represent 10 µm.
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motility of the connected cells. Lymph-node cells readily sustain inter-
cellular contacts for several minutes and move with an average speed 
of approximately 2–10 μm min–1 depending on the stage of immune 
response15,16, which are suitable conditions for membrane nanotubes 
to form and persist in vivo.

A major difference between cell migration in tissue and on 
fibronectin-coated coverslips is that the former provides for three-
dimensional cell migration, which is known to significantly alter the 
dynamics of intercellular contacts17. Thus, we next examined whether 
nanotubes between primary human T cells could form within a three-
dimensional mimic of extracellular matrix. T-cell nanotubes readily 
formed after intercellular contact (Fig. 1j). Nanotubes in this envi-
ronment had an average length of 38.4 ± 7.6 µm (but could extend > 
200 µm) and could readily persist for > 30 min, similar to the proper-
ties of T-cell nanotubes in a two-dimensional environment. However, 
one dramatic distinction was that the three-dimensional matrix sup-
ported nanotubes to adopt curved morphologies (Fig. 1k, l), allowing 
nanotubes to connect T cells over long distances even when a direct 
path is obstructed.

Previous studies indicated that membrane between PC12 cells was 
seamlessly connected through nanotubes7. In striking contrast, mem-
brane marked with different fluorophores from each connected T cell 
defined a specific junction (Fig. 2a, b). Thus, although it remains possible 
that small amounts of membrane dye could transfer between T cells 
through nanotubes, it is clear that membrane does not seamlessly mix 
along the length of a T-cell nanotube. The junction was highly motile 
and able to move bidirectionally along the length of the nanotube with 
an average speed of 0.05 ± 0.01 μm s–1 (Fig. 2c and see Supplementary 
Information, Movie 4). Analysis confirmed that the junction within a 
nanotube generally moves independently from stretching or contraction 
of the nanotube itself (Fig. 2d).

Both glycosylphosphatidylinositol (GPI)-anchored and palmi-
toylated fluorescent proteins were observed along T-cell nanotubes, 
indicating that proteins anchored to either the outer or inner leaflet of 
the lipid bilayer have access (Fig. 2e, f). Rates of fluorescence recovery 
after photobleaching (FRAP) were the same order of magnitude for a 
membrane-anchored protein in T-cell nanotubes (t1/2 = 4.0 ± 0.9 s for 
a bleached region of 3 µm diameter, n = 10; Fig. 2g) as for at the cell 
surface (t1/2 = 5.4 ± 0.5 s, n = 7; data not shown). Geometrical consid-
erations predict slightly faster diffusion of proteins within nanotubes 
compared with the cell surface, but these effects are likely to be beyond 
the limit of detection here18. Large transmembrane proteins, such as 
GFP-tagged ICAM-1 (Fig. 2h) or GFP-tagged HLA-Cw7, a class I 
MHC protein endogenously expressed by Jurkat T cells (Fig. 2i), could 
also readily access T-cell nanotubes. Importantly, these proteins did 
not seamlessly traffic between connected cells and a junction within 
the nanotube was commonly observed (for examples, see Fig. 2e, f, h, 
i). Cytosolic GFP (Fig. 2j), or the small cytoplasmic dyes CFDA and 
calcein (Fig. 2k, l), could also enter T-cell nanotubes, but similarly did 
not flow seamlessly between connected cells. Thus, T-cell nanotubes 
are not open-ended tunnels and do not allow simple exchange of mem-
brane or cytosol between cells by diffusion.

To probe their structure at higher resolution, nanotubes were identi-
fied between T cells labelled with membrane dyes using LSCM, and the 
same cells were then resin embedded and cut into a series of 60 nm slices 
for transmission electron microscopy (TEM). Two nanotubes are shown 

in Fig. 3 with a diameter of 180–380 nm, considerably thicker than non-
biological membrane tethers pulled from vesicles19 or dynamin-coated 
membrane tubules20. Intriguingly, multiple membrane-delimited com-
partments lie within nanotubes (Fig. 3b´ and d´´).

Where a junction was visible in the nanotube by light microscopy 
(Fig. 3a), electron micrographs revealed a discrete connection, where the 
ends of two membranous extensions meet, partly in parallel (Fig. 3b´´ 
and see Supplementary Information, Movie 5). As T cells have a signifi-
cant excess of cell membrane stored in ruffles (as revealed by osmotically 
induced swelling, for example), it seems feasible that such membrane 
extensions could be readily pulled out from each cell when cells move 
apart from each other. In other cases, where the nanotube membrane 
seemed to be derived solely from one of the connected cells (for example 
see Fig. 1a), TEM revealed that the tip of the nanotube protruded into the 
surface membrane of the other connected cell interacting with a coated 
pit (Fig. 3c, d and see Supplementary Information, Movie 6). Thus, these 
high resolution images further demonstrate that T-cell nanotubes are not 
open-ended tunnels. Also, they confirm that the ultrastructure of T-cell 
nanotubes is entirely distinct from membranous tethers derived from 
T-cell division, which contain a characteristic midbody (Fig. 3e).

As some electron micrographs indicated that nanotubes can inter-
act with coated pits (Fig. 3d), we examined whether clathrin-mediated 
processes were involved in nanotube formation. Small interference RNA 
(siRNA)-mediated knockdown of clathrin heavy chain in Jurkat T cells 
was dramatic and caused a functional impairment in that cells were far 
less efficient at internalizing fluorescent transferrin. However, there was 
no discernible effect of clathrin knockdown on the frequency or length 
of nanotubes, or on the time of cell contact needed to form nanotubes 
(see Supplementary Information, Fig. S2).

At present, the clearest indication of a role for membrane nanotubes in 
immune-cell communication is transmission of calcium-mediated signals 
between distant myeloid cells9. Thus, we examined whether calcium-
mediated signals could traffic through T-cell nanotubes. Two populations 
of Jurkat cells, one transfected to express GPI–GFP, were co-cultured 
for 1 h to allow nanotube formation before being loaded with a calcium 
indicator. For cells connected by a tether derived from cell division, con-
taining the characteristic midbody, a calcium flux induced in one cell by 
mechanical stimulation could transfer to the connected cell in approxi-
mately 50% of tests (Fig. 3f). However, a calcium flux never transferred 
between T cells connected by a membrane nanotube (Fig. 3g). This is in 
striking contrast to the functional properties of membrane nanotubes 
between myeloid cells9 and demonstrates that membrane nanotubes have 
distinct structures and/or functions in different cell types. Thus, other 
functional consequences of T-cell nanotubes were examined.

Membrane nanotubes readily formed after intercellular contact 
between cells infected with the LAI strain of HIV-1 (JurkatLAI) and unin-
fected Jurkat T cells (Fig. 4a) and HIV-1 infection did not alter the fre-
quency of nanotube formation (Fig. 4b). We next stained for the presence 
of HIV-1 Env and capsid protein Gag in nanotubes connecting uninfected 
and infected cells. JurkatLAI were co-incubated with uninfected Jurkat 
labelled with a cytoplasmic dye (Fig. 4c) or uninfected primary CD4+ 
T cells labelled with a non-blocking CD4 monoclonal antibody (mAb; 
Fig. 4d). After 1 h of coculture, colocalized Gag and Env labelling was 
frequently detected on membrane nanotubes connecting HIV-1-infected 
to uninfected T cells (Fig. 4c, d). The observation of colocalized Env and 
Gag proteins at the plasma membrane is consistent with the presence of 
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Figure 3 The ultrastructure of T-cell nanotubes reveals a novel class of 
membranous connection between cells. (a–d) T-cell nanotubes were identified 
by light microscopy and then visualized by TEM. High resolution images  
(b, d) of the full length of the nanotubes shown in a and c were reconstructed 
from images of 13 individual 60 nm epon sections. Individual sections 
can be seen in Supplementary Information, Movies 5 and 6, respectively. 
The junction between membrane dyes within a nanotube corresponded to 
a discrete connection formed between individual cellular protrusions, as 
visualized by TEM (a, b). Inserts show higher magnifications of the nanotube 
and the junction. Where light microscopy indicated that the nanotube was 
derived solely from membrane of one connected cell, TEM revealed that the 
nanotube protruded into an invagination of the other connected cell (c, d). 
(e) For comparison, TEM of an intercellular membrane connection derived 
from cytokinesis revealed the characteristic dense microtubule bundles 
of the midbody. (f, g) Membrane nanotubes do not facilitate intercellular 

calcium signalling amongst T cells. Intercellular calcium signalling was 
compared in T cells connected via (f) tethers derived from cell division or 
(g) membrane nanotubes. Tethers derived from cell division were identified 
as connections between cells of the same type (that is, both untransfected 
Jurkat T cells or both Jurkat T cells expressing GPI–GFP) and containing the 
characteristic midbody (arrow) (f). Membrane nanotubes (g) were identified 
as connections between Jurkat T cells and GPI–GFP-expressing Jurkat T cells. 
An intracellular calcium flux was induced within one cell of each pair (red 
square) by mechanical stimulation using a microinjector needle. Graphs show 
the extent of calcium flux within the stimulated (red squares) and connected 
cells (black squares). Intercellular calcium fluxes amongst T cells connected 
by tethers derived from cell division were detected in 19 of 37 cases, whereas 
intercellular calcium signalling was never detected between nanotube 
connected T cells (n = 35). The scale bars represent 10 µm in a, c, f and g, 
500 nm in b, d and e, and 200 nm in b´, b´´, d´ and d´´.
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late-stage virus21,22. Where HIV-1 antigens were associated with nano-
tubes, viral proteins were readily detected in the previously uninfected 
target cell. In contrast, neither Gag nor Env were detected in uninfected 
CD4+ T cells that were not physically connected to infected cells. These 
data imply that 1 h of co-incubation is not enough time to allow signifi-
cant spread of HIV-1 by cell-free virions, and that intercellular transmis-
sion of HIV-1 through nanotubes is considerably more efficient.

To directly determine whether HIV-1 can move between T cells 
through nanotubes, LSCM of live HIV-1 in T cell cultures was performed 
using Jurkat T cells infected with a recombinant HIV-1 in which GFP 
had been fused with the Gag open reading frame to express Gag–GFP23. 
Puncta of Gag–GFP moved along nanotubes from infected towards unin-
fected cells (Fig. 5a, b and see Supplementary Information, Movie 7). 
Micrographs suggest that Gag–GFP entered the target cell contacted by 
the nanotube (Fig. 5b and see Supplementary Information, Movie 8).

Gag–GFP moved along T-cell nanotubes with an average speed of 
0.08 ± 0.03 μm s–1 (Fig. 5c). This is of the same order of magnitude 
as actin-driven movement of ‘nodules’ along retractile fibres24,25 and 
approximately 2–5 times faster than the movement of murine leukae-
mia virus along filopodial connections between cells6,26. Thus, T-cell 
nanotubes could mediate a novel mechanism for rapid, long-distance 
intercellular transmission of HIV-1. This mode of viral spread might, 
for example, have particular relevance to the fast and massive infection 

of CD4+ T cells observed in secondary lymphoid tissue during acute 
HIV-1 and SIV infection27,28. To determine how important intercellular 
connections are for HIV-1 transmission, transfer of Gag from JurkatLAI 
to uninfected Jurkat cells was compared in conditions that do or do not 
allow intercellular connections. Transfer of Gag was almost completely 
abrogated when cells were shaken to break intercellular connections 
(Fig. 5d) or when cells were separated by a Transwell membrane (Fig. 5e). 
These data are in close agreement with previous studies2 and imply that 
contact-dependent mechanisms are central to HIV-1 dissemination.

To determine whether entry of HIV-1 into cells through nanotubes is 
receptor-dependent, JurkatLAI and uninfected Jurkat cells were co-incu-
bated in the presence of blocking mAb against CD4 or the gp120 subunit of 
Env. Blocking CD4 or Env did not alter the frequency of nanotube forma-
tion (see Supplementary Information, Fig. S3), consistent with membrane 
nanotubes being distinct from filopodial bridges that are stabilized by Env6. 
Blocking CD4 or Env did not alter the high frequency of Gag observed 
in nanotubes, but almost completely prevented Gag reaching the unin-
fected target cells (Fig. 5f, P < 0.05 or 0.01, respectively). Next, transfer of 
Gag from JurkatLAI to the human CD4-deficient T-cell line A2.01 and its 
parental CD4-positive line A3.01 was examined. The frequency of Gag 
associated with nanotubes connecting JurkatLAI to either A2.01 or A3.01 
was not statistically different (P > 0.05). However, there was a dramatic 
difference in Gag transfer to A3.01 or A2.01 (P < 0.001). Indeed, Gag did 
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Figure 4 Membrane nanotubes present a novel route for HIV-1 to spread 
between T cells. (a) Membrane nanotubes were formed after intercellular 
contact between JurkatLAI T cells (labelled with DiD; red) and uninfected 
Jurkat T cells (labelled with DiO; green; n = 8). Boxed regions are shown 
enlarged to better visualize the nanotube. (b) The frequency of membrane 
nanotubes formed between uninfected Jurkat T cells and JurkatLAI T 
cells or between two populations of uninfected Jurkat T cells is shown 
after 1.5–2 h co-incubation (n, number of cells counted over three 

independent experiments; difference between infected and uninfected 
cells n.s.). (c, d) JurkatLAI T cells were cocultured with uninfected Jurkat 
T cells, stained with CellTracker (c, blue, n = 62) or uninfected CD4+ 
primary cells, stained for CD4 (d, blue, n = 6). HIV-1 Env (green) and Gag 
(red), colocalized (yellow), in nanotubes connecting JurkatLAI T cells to 
previously uninfected T cells. Boxed regions are enlarged to show HIV-1 
Env and Gag associated with the previously uninfected T cell. Scale bars 
represent 10 µm. Scale bars in enlarged regions represent 3 µm.
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not transfer to A2.01 cells to any significant level (Fig. 5g). Similarly, the 
peptide inhibitor T20 abrogated transmission of Gag to uninfected cells 
(Fig. 5h; P < 0.01). These data confirm that intercellular spread of HIV-1 
through T-cell nanotubes is receptor dependent, consistent with the struc-
ture of T-cell nanotubes preventing a seamless connection of membrane 
or cytoplasm (Figs 2, 3).

It is an emerging theme that mammalian viruses commonly exploit 
cell membrane protrusions for intercellular dispersal. Pseudo-rabies 
virus capsids are transferred from cellular projections into uninfected 
cells29, vesicular clusters containing a structural protein of herpes sim-
plex virus are transported within long membrane protrusions towards 
adjacent cells30, and murine leukaemia virus moves along the surface of 
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indicating that the Gag-GFP reaches the initially uninfected T cell. Enlarged 
images in b are shown with a particularly high contrast, compensating for 
significant bleaching that occurred in all time-lapse imaging of Gag–GFP. The 
arrow indicates Gag–GFP within the cytoplasm of the initially uninfected T 
cell. (c) The position of Gag–GFP is plotted against time showing generally 
directed movement from uninfected to infected cells. (d, e) The efficiency of 
Gag transfer from JurkatLAI T cells to uninfected Jurkat T cells was compared 

when cells were co-incubated for 5 h, and kept static or continuously shaken 
to disturb any intercellular connections (d), or were separated by a Transwell 
membrane (e). (f–h) Nanotubes connecting infected as well as the uninfected 
T cells and the uninfected target cells (white and black bars, respectively), 
were scored as to whether or not Gag could be detected (f). JurkatLAI T cells 
were cocultured with uninfected Jurkat T cells in the presence of blocking 
mAb against CD4 or the gp120 subunit of Env (n, total number of nanotubes 
scored = 81; (g). JurkatLAI T cells were cocultured with the human CD4-
deficient T cell line A2.01 or its parental CD4-positive line A3.01 (n, total 
number of nanotubes scored = 36). (h) JurkatLAI T cells were cocultured 
with uninfected Jurkat T cells with or without the fusion inhibitor T20 (n, 
total number of nanotubes scored = 44). Data are representative of two 
independent experiments in d–h. The scale bars represent 10 µm in a and b.
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filopodia before viral entry at the cell body of fibroblasts6,26. Transmission 
of viruses in this manner can circumvent the rate-limiting step of diffu-
sion between cells, and may minimize exposure of the virus to extracel-
lular antibodies or complement.

In summary, our data show that T-cell nanotubes are novel physi-
cal connections between T cells that can have important consequences 
for allowing rapid spread of HIV-1. As the ability of HIV-1 to spread 
between cells is a major determinant of its virulence, this mechanism 
of HIV-1 transmission could be important to its pathogenicity and may 
open new avenues for drug targets. 

METHODS
Cells. The CD4+–CXCR4+ T cell line Jurkat CE6.1 (from the American Type 
Culture Collection; ATCC) was cultured in RPMI 1640 supplemented with 
10% FCS, 2 mM l-glutamine, 1 mM sodium pyruvate, 1× non-essential amino 
acids, 50 U ml–1 penicillin and 50 µg ml–1 streptomycin (Invitrogen). Jurkat T 
cells were nucleofected or electroporated (Amaxa or Microporator, Digital Bio) 
with pcDNA3.1–GPI–GFP, pcDNA3.1–ICAM-1–EGFP (gift from J. Millan and 
F. Sanchez-Madrid, Universidad Autonoma di Madrid, Spain), pcDNA3.1–HLA–
Cw7–GFP, pEGFP–C2 (Clontech) or pEYFP–Mem (Clontech). CD4– A2.01and 
its CD4+ parental line A3.01 (Center for AIDS Research, CFAR, New York, NY) 
were cultured as for Jurkat cells.

Jurkat cells were infected with the CXCR4-tropic HIV-1 strain (referred to as 
JurkatLAI), infection being monitored by flow cytometry, as previously described3.

Primary CD4+ T cells were purifed from human peripheral blood by density gra-
dient centrifugation (Ficoll-Paque Plus; Amersham Biosciences) followed by negative 
immunomagnetic selection (StemCell). Flow cytometry revealed 98% of cells were 
CD4+CD3+. Where indicated, CD4+ T cells cultured in DMEM supplemented with 
10% human serum (type AB; Sigma-Aldrich), 30% nutrient mixture F-12 (Ham), 
2 mM l-glutamine, 1 mM sodium pyruvate, 1× non-essential amino acids, 50 U 
ml–1 penicillin, 50 µg ml–1 streptomycin, 50 µM 2-mercaptoethanol (all purchased 
from Invitrogen) were activated with 500 ng ml–1 ionomycin (Sigma) and 50 ng 
ml–1 phorbol 12-myristate 13-actetate (PMA; Sigma) for 2 days before imaging. For 
longer-term culture, T cells were first activated with ionomycin and PMA and then 
cultured in DMEM-based medium containing 20 U ml–1 rhIL-2 (Roche).

To test the efficiency of Gag transfer, 1 × 106 CFSE-labelled Jurkat and JurkatLAI 
cells were coincubated on fibronectin-coated surfaces for 5 h at 37 °C, and kept 
either static or with gentle shaking2. Alternatively, 2 × 105 CFSE-labelled Jurkat 
cells and JurkatLAI cells were coincubated together or separately across a Transwell 
membrane (3 µm-pore; Nunc). Cells were harvested, fixed, permeabilized, stained 
for Gag and analysed by flow cytometry.

Cytoplasmic and membrane dyes. T cells were labelled with 25 µM car-
boxyfluorescein diacetate succinimidyl esther (CFDA), 1–2.5 µM 1,1´-
dioctadecyl-3,3,3´,3´-tetramethylindodicarbocyanine perchlorate (DiD) or 
3,3´-dioctadecyloxacarbocyanine perchlorate (DiO),10 µM CellTracker Green, 
or 8 µM calcein AM in 0.02% Pluronic F-127 (all purchased from Molecular 
Probes).

Live-cell imaging. Cells were imaged in eight-well chambered coverglasses (Lab-
Tek Chambered Borosilicate Coverglass) pre-coated with 10 µg ml–1 fibronectin 
(Sigma). Cells were imaged at 37 °C, 5% CO2 by resonance scanning LSCM (TCS 
SP5 RS; Leica) using excitation wavelengths of 488 and 568 or 633 nm and a 
63× water immersion objective (NA = 1.2). Image analysis was performed using 
Volocity (Improvision) or Image J (NIH, Bethesda, MA). Brightness and con-
trast were changed in some images and some brightfield images were ‘embossed’ 
(Adobe Photoshop), only to increase visibility of nanotubes.

For FRAP measurements, GPI–GFP was bleached in 3 µm regions of nano-
tubes or plasma membrane. The recovery half-life was determined by an exponen-
tial fit of the bleach region fluorescence, corrected for imaging-related bleaching 
(Originlab).

For imaging calcium fluxes, 1 × 105 Jurkat were mixed with 1 × 105 Jurkat trans-
fectants expressing GPI–GFP and plated onto coverslip-bottomed 50 mm dishes 
(MatTek) pre-coated with 10 µg ml–1 fibronectin (Sigma). Cells were incubated 
for 1 h at 37 °C, 5% CO2, to allow formation of membrane nanotubes, loaded for 

30 min at room temperature with 5 µg ml–1 fluo-4 AM (Invitrogen), washed and 
imaged by LSCM. Intracellular calcium fluxes were induced by physical stimula-
tion with a 4 µm-tipped micromanipulator (Eppendorf).

For imaging in a three-dimensional matrix, 1 × 105 primary T cells labelled 
with DiO were mixed with 1 × 105 primary T cells labelled with DiD in Matrigel 
basement-membrane matrix (BD Bioscience, Bedford, MA) diluted 1:4 with cell 
culture media and imaged at 37 °C, 5% CO2 by resonance scanning LSCM using a 
20× dry objective (NA = 0.5). The radius of a circle fitted to each T-cell nanotube 
was determined using MatLab (The MathWorks).

Infectious HIV-1–GFP was prepared by cotransfecting 293T cells with 1 µg 
pNLC4-3EGFP (gift from H.-G. Kräusslich, University of Heidelberg, Heidelber, 
Germany) and 1 µg pNL4-3 (ref. 23) . Supernatants were collected 48 h post-trans-
fection, filtered, and HIV-1–GFP was stored at –150 °C. Jurkat cells (2.5–5 x 106) 
were infected with undiluted HIV-1–GFP and confirmed to express Gag–GFP23. 
Four days post-infection, infected Jurkat  cells were washed, resuspended in RPMI 
1640 with 10% FCS, and mixed with an equal number of uninfected DiD-labelled 
Jurkat cells. Cells were incubated for at least 1 h on fibronectin-coated chambered 
coverglass (LabTek) and imaged at 37 °C, 5% C02 (LSM 5 Pascal; Zeiss).

Fixation and immunostaining of Jurkat cells. Jurkat T cells were fixed with 0.1% 
glutaraldehyde, 2% formaldehyde in PBS for 1 min at room temperature followed 
by Cytofix–Cytoperm (BD Bioscience) for 5 min at 37 °C and quenched using 
50 mM NH4Cl, 20 mM glycine. Cells were stained at 4 °C for 45 min with anti-
α-tubulin mAb (Clone DM 1A, Sigma) followed byAlexa-488 goat anti-mouse 
antibody (Molecular Probes). F-actin was labelled with Alexa-633 phalloidin 
(Molecular Probes).

JurkatLAI T cells were washed, mixed with an equal number of dye-labelled 
uninfected Jurkat T cells or primary CD4+ T cells and incubated for 1 h at 37 °C 
in the presence of the non-blocking gp41-specific mAb 50-69 (CFAR)3 and the 
non-blocking anti-CD4 mAb L120 (CFAR)3. Cells were fixed in 4% formaldehyde, 
1% BSA in PBS for 15 min, permeabilized and stained with rabbit antisera against 
HIV Gagp17 and Gagp24 (CFAR)3.

For blocking experiments, 2.5 × 105 JurkatLAI cells were mixed with an equal 
number of uninfected Jurkat cells and incubated on fibronectin coated coverslips 
for 1.5 h at 37 °C either untreated or in the presence of the following mAbs that 
inhibit CD4–gp120 binding; CD4-specific mAbs Q4120 (CFAR) and 13B8 (CFAR), 
or the HIV-1 gp120-specific mAbs b12 and 2G12 (CFAR and Polymun Scientific, 
respectively). Alternatively, 1.25 × 105 JurkatLAI were mixed with uninfected Jurkat 
cells in the presence or absence of 10 µg ml–1 of the HIV-1 fusion inhibitor T20 
(NIH). Additionally, 1.25 × 105 JurkatLAI were incubated with A3.01 (CD4+) or A2.01 
(CD4–) T cells as described above. Cells were then fixed, stained for HIV-1 Gag and 
imaged by LSCM (TCS SP2/5 RS, Leica or Radiance 2000 MP, Bio-Rad).

Electron microscopy. Jurkat cells, seeded on Cellocate glass-gridded coverslips 
(Eppendorf), were fixed in formaldehyde–glutaraldehyde and treated with 1% 
reduced osmium followed by 1% tannic acid. Samples were processed for en-face 
embedding in epon and only grid areas containing cells with nanotubes were cut. 
Serial ultrathin 60-nm sections were stained with lead citrate and observed with 
a transmission electron microscope (Philips CM12; FEI UK). Cells connected 
with nanotubes were identified by aligning electron micrographs with brightfield 
images of the same area.

Clathrin knockdown. Jurkat cell (1.6 × 106) were transfected with 8 µg siRNA 
against clathrin heavy chain ((AA)GCAATGAGCTGTTTGAAGA, as used pre-
viously31) or a control siRNA ((AA)TTCTCCGAACGTGTCACGT; Qiagen) by 
electroporation (Microporator; Digital Bio). After 3 days, the extent of knock-
down was assayed by western blotting with anti-clathrin heavy chain mAb TD.1 
(Covance) and by the extent of uptake of Alexa-488 transferrin (Molecular Probes) 
while, in parallel, cells were assayed for membrane nanotube formation.

Statistical analysis. ANOVA or Mann-Whitney U was used as a statistical test for 
all data and error bars are shown as s.e.m., unless stated otherwise.

Note: Supplementary Information is available on the Nature Cell Biology website.
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Figure S1 (a) Jurkat (n >500), (b) Primary human T cells (n>200) or 
(c) primary mouse lymphocytes (n=19) were similarly connected by 

membrane nanotubes. Cells could be connected via (d, e) several (n=47) or 
occasionally (f) branched membrane nanotubes (n=3).
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Figure S2 Efficient knockdown of clathrin heavy chain did not inhibit 
formation of T cell nanotubes. (a) Western blotting for clathrin heavy chain 
in lysates of Jurkat transfected with siRNA against clathrin heavy chain 
(CHC) or control siRNA (CTRL). Data are representative of four experiments. 
Jurkat cells transfected with (b) control siRNA or (c) siRNA against clathrin 
heavy chain were incubated with Alexa-488 transferrin and imaged by 
confocal micrsocopy. Clear surface staining of cells with clathrin knocked-
down indicates a deficiency in their ability to efficiently internalize the 
fluorescent transferrin. Jurkat transfected with control siRNA or siRNA 
against clathrin heavy chain were incubated for 3 h on fibronectin-coated 

slides and (d) the frequency of cells connected by nanotubes (n, number 
of cells counted over four independent experiments) or (e) the length 
of nanotubes (n=31), were measured. Differences between control and 
clathrin siRNA samples were not significant (P>0.4). Time-lapse microscopy 
of (f) Jurkat T cells transfected with control siRNA (n=17) or (g) Jurkat 
T cells transfected with siRNA against clathrin heavy chain (n=16) was 
analyzed to record the length of time of contact between cells and then 
whether or not membrane nanotubes formed as cells departed. Contact 
between T cells led to nanotubes generally only after cells had been in 
contact for >4 min (P < 0.01, Mann-Whitney U).
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Figure S3: The frequency and formation of nanotubes between JurkatLAI is not 
influenced by the addition of mAb against CD4 or Env or the peptide inhibitor 
T20. (a) JurkatLAI were incubated with mAb or T20 and the frequency of cells 
being connected by nanotubes was scored. Differences were n.s. (b) In the 

presence of T20, or mAb against CD4 or Env (data not shown), nanotubes 
were still seen to form after intercellular contact (n=8). Micrographs show 
uninfected Jurkat (labeled with DiO; green) and JurkatLAI (labeled with DiD; 
red). Data shown is representative of two independent experiments.
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Supplementary movie legends

Movie S1 Rotation of a reconstructed 3D fluorescent image of a membrane nanotube connecting two Jurkat cells labeled with different membrane dyes. The 
movie shows that the nanotube does not lie on the substratum.

Movie S2 Time-lapse microscopy reveals the formation of membrane nanotubes between Jurkat T cells.

Movie S3 Unlabeled activated primary human T cells readily form membrane nanotubes after intercellular contact. Red dots indicate cells that become 
connected by a membrane nanotube.

Movie S4 Dynamic junctions in T cell nanotubes.

Movie S5 Serial sections through the membrane nanotube shown in Figures 4a and 4b

Movie S6 Serial sections through the membrane nanotube shown in Figures 4c and 4d.

Movie S7 Puncta of Gag-GFP (green) are clearly seen moving along a membrane nanotube that contains a junction highlighted by the uninfected cell being 
stained with a membrane dye DiD (red). Stills from this movie are shown in Fig. 5a.

Movie S8 A 3D reconstruction of 'optical slices' show that Gag-GFP (green) reaches the uninfected cell (red). One puncta of GFP remains close to the 
nanotube while another puncta of GFP has migrated away.
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