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Abstract
Tunneling nanotubes (TNTs) are intercellular structures that allow for the passage of vesicles, organelles, genomic material,
pathogenic proteins and pathogens. The unconventional actin molecular motor proteinMyosin-X (Myo10) is a known inducer of
TNTs in neuronal cells, yet its role in other cell types has not been examined. The Nef HIV-1 accessory protein is critical for HIV-
1 pathogenesis and can self-disseminate in culture via TNTs. Understanding its intercellular spreading mechanism could reveal
ways to control its damaging effects during HIV-1 infection. Our goal in this study was to characterize the intercellular transport
mechanism of Nef from macrophages to T cells. We demonstrate that Nef increases TNTs in a Myo10-dependent manner in
macrophages and observed the transfer of Nef via TNTs from macrophages to T cells. To quantify this transfer mechanism, we
established an indirect flow cytometry assay. Since Nef expression in T cells down-regulates the surface receptor CD4, we
correlated the decrease in CD4 to the transfer of Nef between these cells. Thus, we co-cultured macrophages expressing varying
levels of Nef with a Tcell line expressing high levels of CD4 and quantified the changes in CD4 surface expression resulting from
Nef transfer. We demonstrate that Nef transfer occurs via a cell-to-cell dependent mechanism that directly correlates with the
presence of Myo10-dependent TNTs. Thus, we show that Nef can regulate Myo10 expression, thereby inducing TNT formation,
resulting in its own transfer from macrophages to T cells. In addition, we demonstrate that up-regulation of Myo10 induced by
Nef also occurs in human monocyte derived macrophages during HIV-1 infection.
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Introduction

A new form of long-range intercellular communication
consisting of different types of membrane bridges, usually re-
ferred to as tunneling nanotubes (TNTs), has been described in a
wide variety of cell types in in vitro cell culture systems (Gerdes
et al. 2007). Similar connections have also been observed in vivo
and in tissue explants (Wolpert and Gustafson 1961; Miller et al.
1995; Ramirez-Weber and Kornberg 1999; Demontis and
Dahmann 2007; Chinnery et al. 2008; Quinn et al. 2016).
These intercellular tubular structures established by different cell
types are highly heterogeneous in both structure and function.
TNTs were initially described by Rustom and colleagues as
long, thin, actin-containing bridges connecting PC12 cells in
culture, that do not contact the substratum, extending up to
100 μm in length with diameters ranging from 50 to 200 nm
(Rustom et al. 2004). These structures were observed to form de
novo and to facilitate the intercellular transfer of vesicles of
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endocytic origin as well as, on a limited scale, membrane com-
ponents and cytoplasmic molecules. Some molecular compo-
nents involved in TNT formation have been described in differ-
ent cell types, but an overall Buniversal^ TNT inducer has yet to
be discovered. For instance, in neuronal cells, Myosin-X
(Myo10) was shown to be a key inducer of TNTs (Gousset
et al. 2013), while in macrophages M-Sec and the Ral/exocyst
complex appeared to be required for a subset of TNTs (Hase
et al. 2009; Hashimoto et al. 2016). Similarly, in HeLa cells,
LST1 along with the Ral/exocyst complex induces TNT-like
structures (Schiller et al. 2013). While M-Sec appears to be
restricted to myeloid lineages (Hijikata et al. 2007; Gousset
et al. 2013), contrary to a recent report (Hashimoto et al.
2016), Myo10 is ubiquitously expressed, including in macro-
phages (Berg et al. 2000; Cox et al. 2002; Uhlén et al. 2015;
Horsthemke et al. 2017). Yet, the possible role of Myo10 as a
TNT inducer in macrophages has not been studied.

TNTs appear to play an important physiological role in the
proliferation and persistence of many diseases (Gerdes and
Carvalho 2008). Recent studies have linked TNTs to the
chemoresistance of cancer (Pasquier et al. 2013) and the
spreading of pathogens, pathogenic particles and proteins in-
cluding viruses (Sowinski et al. 2008; Eugenin et al. 2009;
Roberts et al. 2015; Guo et al. 2016; Jansens et al. 2017;
Kumar et al. 2017), Aβ and Tau proteins (Wang et al. 2011;
Tardivel et al. 2016), prions (Gousset et al. 2009) and alpha-
Synuclein (Abounit et al. 2016). Importantly, spreading
through TNTs has proven to be a highly efficient method of
transfer, since it avoids rate-limited diffusive transfer and
evades immune detection (Gerdes and Carvalho 2008).

The misnamed HIV-1 viral protein Negative Regulatory
Factor (Nef), an accessory protein expressed in all primate len-
tiviruses, is actually a positive viral factor shown to be critically
important to HIV pathogenesis and the development of AIDS
(Kestler et al. 1991). In fact, in some cases, long-term HIV
survivors harbor viruses containing defective Nef alleles
(Huang et al. 1995; Deacon et al. 1995; Kirchhoff et al. 1995;
Mariani et al. 1996; Rhodes et al. 2000). In addition, loss of Nef
impairs direct cell-to-cell transmission of HIV-1 (Malbec et al.
2013). Moreover, transgenic mice expressing Nef exhibit an
AIDS-like pathology, further hinting at the special role that
Nef plays as a determinant of HIV pathogenicity (Hanna et al.
1998). Intriguingly, high levels of Nef have been detected in
bystander peripheral blood mononuclear cells of HIV patients
both on and off antiretroviral therapy (ART) (Wang et al. 2015).
This phenomenon may contribute to the observation that HIV
patients on ART, which does not prevent Nef expression, are
still at risk for complications even when viral loads are unde-
tectable (Wang et al. 2015). Finally, one of the hallmarks of Nef
expression in Tcells is the down-modulation of the cell-surface
receptor CD4 (Garcia and Miller 1991; Chaudhuri et al. 2007).

Strikingly, recent work has uncovered an intriguing inter-
section between Nef and TNTs. HIV-1 infected lymphocytes

and macrophages were found to display long, thin,
filopodium-like protrusions and reduced membrane ruffling
(Eugenin et al. 2009; Nobile et al. 2010; Hashimoto et al.
2016). Interestingly, Nef-deleted HIV-1 infected cells display
a normal phenotype, while Nef expression alone induces the
filopodium-like phenotype of HIV-1 infected cells (Nobile
et al. 2010). In macrophages, a Nef-deficient mutant and an
M-Sec inhibitor also led to a decrease in TNTs and HIV spread
(Hashimoto et al. 2016). Additionally, Nef exhibits the unusu-
al behavior, especially for a protein, of transferring itself from
infected cells to bystander cells (Wang et al. 2015; Percario
et al. 2015). This self-dissemination mechanism has been ob-
served from both macrophages to B cells as well as between
lymphocytes using TNT-like structures (Xu et al. 2009;
Rudnicka et al. 2009; Rudnicka and Schwartz 2009; Nobile
et al. 2010), and is reminiscent of the spreading mechanism of
the cellular and misfolded prion proteins (Gousset et al. 2009).
Interestingly, while the Nef protein was shown to be trans-
ferred from HIV-1 infected macrophages to B cells via long-
range intercellular connections (Xu et al. 2009), the nature of
these TNT-like structures was not determined and how and
why Nef induces these protrusions has remained elusive.

The goals of this study were first to determine whether Nef
expression alone, independently of HIV-1 infection, is suffi-
cient to induce TNT-like structures in RAW 264.7 macro-
phages. Next, we set up an assay to determine whether these
structures were Btrue^ TNTs as determined by their ability to
transport material, in this case the Nef protein itself, from one
cell to another. Finally, we looked at the specific nature of
these TNTs and determined whether this mechanism is depen-
dent upon the expression of the TNT-inducerMyo10.We used
the parental macrophage cell line RAW 264.7 and N5 cells, a
previously described RAW 264.7 cell line derivative stably
transfected with pSC Nef 51 that can be induced to express
high levels of Nef (Cooke et al. 1997; Biggs et al. 1999).
Using these cells, we first analyzed the effect of Nef expres-
sion on TNT formation and on the levels of Myo10. Next, we
imaged the transfer of Nef via TNTs from donor macrophages
to an acceptor T cell line (CEM-T4) (Foley et al. 1965) by
microscopy.

To quantify the transfer of Nef between these two cell
types, we took advantage of the well-known Nef-mediated
down-modulation of CD4 in T cells, which has been shown
in both cell lines and primary cells. Use of this indirect method
is far more sensitive than direct detection of Nef since it has
been shown that CD4 down-modulation requires only mini-
mal amounts of active Nef (estimated to be in the pM to nM
range) (Walk et al. 2001). Furthermore, CD4 downregulation
has been demonstrated to prevent superinfection (Benson
et al. 1993; Little et al. 1994; Lundquist et al. 2002) and has
been suggested to promote viral budding by reducing Env-
CD4 interactions during viral assembly (Ross et al. 1999;
Cortes et al. 2002). Other reports have shown that Nef-
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mediated CD4 down-modulation also stimulates HIV-1 pro-
duction and infectivity (Lama et al. 1999). By analyzing CD4
down-modulation as a measure of Nef transfer to T cells, we
were able to set up a highly sensitive flow cytometry assay.

Having demonstrated that Nef alone is able to regulate
Myo10 expression levels and transfer from macrophages to
T cells via TNTs, we analyze the effect of Nef expression on
Myo10 levels in cell types from different origins as well as in
human monocyte derived macrophages (MDM) during HIV-1
infection.We demonstrate that the increase inMyo10 detected
upon HIV-1 infection is a Nef-dependent mechanism.

Overall, our results demonstrate that Nef induces TNT for-
mation via a Myo10-dependent mechanism and is transferred
from macrophages to T cells via TNTs, resulting in the down-
modulation of CD4 in T cells.

Materials and methods

Cell culture and reagents

The wild-type macrophage cell line RAW 264.7 was obtained
from ATCC (Cat # TIB-71) and the N5 Raw cells were ob-
tained through the Centre for AIDS Reagents in the UK (from
Dr. D. A. Mann). CEM-T4 cells were obtained through the
BNIH AIDS Reagent Program, Division of AIDS, NIAID,
NIH: CEM-T4 from Dr. J.P. Jacobs^ (Foley et al. 1965).
These cell lines were cultured in RPMI 1640 with L-
Glutamine, 25 mM HEPES (Fisher Scientific Cat #
10041CV) supplemented with 10% fetal bovine serum
(Biowest, Premium Select S1620). HeLa cells (cat #153) were
obtained through the BNIH AIDS Reagent Program, Division
of AIDS, NIAID, NIH: HeLa from Dr. Richard Axel^
(Maddon et al. 1986). Cath.A differentiated (CAD) cells, de-
rived from a catecholaminergic neuronal tumor, were obtained
from mouse (B6/D2 F1 hybrid; Sigma-Aldrich under the con-
trol of the European Collection of Authenticated Cell Cultures
(ECACC), which assures both the authentication of the cell
line and that it is mycoplasma free) and cultured with Opti-
MEM Reduced Serum Medium, GlutaMAX Supplement
(Gibco Life Technologies) and 10% fetal bovine serum
(FBS; Biowest). The cells were cultured at 37 °C with 5%
CO2. Cadmium chloride (Cat # C10–100) and Bovine
SerumAlbumin (BSA), Fraction V (Cat # BP 1600–100) were
purchased from ThermoFisher, wheat germ agglutinin
tetramethylrhodamine conjugate (WGA-rhod) (Cat # W849),
MitoTracker Red CMXRos (Cat # M7512) and Live/Dead
fixable green dead cell stain kit (Cat# L34969) were obtained
from ThermoFisher Scientific. Odyssey blocking buffer
(TBS) was purchased from Li-Cor (Cat # 927–50010).
Aqua-poly mount (Cat # 18606) was purchased from
PolySciences, Inc. Rabbit anti-Myo10 (Cat # HPA024223)
and rabbit anti-calnexin (Cat # C4731) were purchased from

Sigma; Guinea Pig anti-Nef (Cat # APP4963) and PerCP-Cy
5.5 mouse anti-human CD4 (Cat # BDB560650) were pur-
chased from Fisher Scientific; rabbit anti- Glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) (Sc-25778), goat anti-
rabbit IgG-HRP (sc-2004) and goat anti-guinea pig IgG-
HRP (sc-2438) were purchased from Santa Cruz
Biotechnology, Inc.; and Pacific blue anti-mouse/human
CD11b (Cat #101224) was purchased from Biolegends.

Transduction and selection of stable clones

Myosin-X shRNA (m) Lentiviral Particles (Cat # sc-43,242-
V), Control shRNA Lentiviral Particles-A (Cat # sc-108,080),
Polybrene (Cat # sc-134,220) and puromycin dihydrochloride
(Cat # sc-108,071) were purchased from Santa Cruz
Biotechnology, Inc., and were used according to the manufac-
turer’s instructions. Briefly, 100,000 N5 cells were plated in a
12-well plate for 24 h before transduction. On day 2, the cells
were transduced using 10 μg/μl polybrene and 15 μl of the
shRNA Lentiviral Particles to the culture. Stable clones ex-
pressing the shRNA were selected using 2.5 μg /ml of puro-
mycin dihydrochloride to eliminate non-transduced cells.
Stable clones were isolated and Western blotting was used to
evaluate downregulation of Myo10 gene expression and to
select for the best clones.

Virus stocks preparation and infection
of monocyte-derived macrophages (MDMs)

VSV-G pseudotyped virus stocks were prepared in 293 T
cells with the indicated plasmids using Lipofectamine
2000 (Invitrogen) according to the manufacturer’s recom-
mendations. Briefly, 293 T cells were co-transfected with
either full-length molecular clone pNL4–3 (Adachi et al.,
1986) or Nef-defective clone (pNL4–3delNef) (Smith et al.
1996) in the presence of VSV-G expression vector
pHCMV-G (Yee et al. 1994). The plasmid pHCMV-G
was generously provided by Dr. Jane Burns (University
of California, San Diego, La Jolla, CA). After overnight
transfection, the medium was replaced with fresh DMEM
containing 10% fetal bovine serum (FBS). Virus in the
supernatant was collected after 24 h, and reverse transcrip-
tase activity was measured.

MDMswere differentiated from PBMCs andmaintained in
RPMI-1640 medium containing 10% FBS. MDMs were in-
fected with reverse transcriptase-normalized VSV-G
pseudotyped virus stocks at 5, 10, and 20 cpm of reverse
transcriptase activity/cell. After overnight infection, virus-
containing supernatant was removed and cells were incubated
in 1 ml of RPMI-1640. Under these conditions, a majority of
MDMs were infected.
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Exosome purification

Using the conditions for our Flow cytometry Assay (see be-
low), exosomes could not be detected. In order to purify
enough exosomes to run on a gel, 7,000,000 cells (N5-
shRNA control or shRNA Myo10) were plated on 10 cm
dishes for 48 h. Exosomes were purified as described by
Thery and Colleagues (Thery et al. 2001). Briefly, after 48 h,
the supernatant was centrifuged at 2,000×g for 10 min and
passed through a 0.22 μm filter. The supernatant was then
centrifuged at 100,000×g for 1 h at 4 °C. The pellet was
washed with ice-cold PBS and centrifuged again at
100,000×g for 1 h at 4 °C. The final exosome pellet was
resuspended in 15 μl of RIPA lysis buffer. The entire exosome
lysates were processed and loaded on 8% Bis-Tris gels.

Gel electrophoresis and Western blotting

SDS-page Thirty micrograms of whole cell lysates, denatured
in Laemmli buffer and boiled for 5 min, were separated on
either 7% SDS-polyacrylamide gels to detect the high molec-
ular weight full length protein Myo10 (~250 KDa) or on 11%
SDS-polyacrylamide gels to detect Nef (~27 KDa). Calnexin
(~ 90 KDa) was used as a loading control on the 7% SDS-
polyacrylamide gels, while GAPDH (~37 KDa) was used as a
loading control on the 11% SDS-polyacrylamide gels.

Bis-Tris gels Thirty micrograms of whole cell lysates, dena-
tured in Laemmli buffer and boiled for 5 min, were separated
on an 8% Bis-Tris gel allowing for the separation of Myo10
and Nef to occur on the same gel. After transfer to a PVDF
membrane, the membranewas cut between the 75 and 50KDa
markers in order to probe for Myo10 with the top part of the
blot and Nef with the bottom part of the blot. The top part of
the blot was re-probed with anti-calnexin antibody and the
lower part of the blot with anti-GAPDH antibody as loading
controls for Myo10 and Nef, respectively.

For the shRNA experiments, 20μg of the shRNA scramble
control or shRNA Myo10 samples were run on 8% Bis-Tris
gels allowing for the separation ofMyo10 and Nef to occur on
the same gel. Calnexin was used as a loading control. Since no
bands were present around 90 KDa with the anti-Myo10 an-
tibody, the blot was probe with calnexin without stripping in
order to avoid the loss of proteins.

Western blotting After transfer onto PVDF membranes, the
membranes were blocked for 1 h in Odyssey blocking buffer.
The blots were incubated with anti-Myo10 (1:3500); anti-
Calnexin (1:4000); anti-GAPDH (1:500) or anti-Nef (1:800)
in Odyssey for 2 h at room temperature. HRP-conjugated
secondary antibodies and ECL reagents from Amersham
(GE Healthcare) were used for Western blot detection.

Images were acquired using a Chemidoc Touch imaging sys-
tem from Biorad and analyzed with Image Lab v 5.2.1.

For MDM infected samples, after culturing at 37 °C for
30 h, MDMs were lysed in buffer containing 50 mM Tris-
HCl (pH 7.4), 150 mM NaCl, 1 mM EDTA, 0.5% Triton
X-100, and protease inhibitor mixture (Roche Applied
Science). Proteins were denatured by boiling in SDS-PAGE
sample buffer and subjected to immunoblot analysis with the
indicated antibodies as described in the text. Membranes were
then incubated with horseradish peroxidase (HRP)-conjugated
secondary antibodies, and chemiluminescence signal was de-
tected by using West Pico or West Dura Chemiluminescence
Reagent (Thermo Fisher Scientific, Waltham,MA, USA). The
intensity of Myo10 and tubulin bands was quantified by using
Imagelab-Chemidoc (Bio-rad Laboratories, Marnes-la-
Coquette, France), and the expression of Myo10 in MDMs
was normalized to the amount of tubulin.

TNT imaging and quantification using fluorescence
microscopy

For all experiments, cells were plated on Ibidi dishes (Cat #
81156) and grown overnight at 37 °C, 5% CO2. When re-
quired, the cells were treated with 10 μM CdCl2 for 48 h.
For all imaging experiments, the cells were then fixed as pre-
viously described (Gousset et al. 2013). For imaging of TNT
formation and Nef-GFP transfer between N5 cells and CEM-
T4, N5 cells were transfected with Nef-GFP plasmid (Johnson
et al. 2016) by electroporation (Gene pulser Xcell, Biorad,
250 V; 950 μF). CEM-T4 were labeled with 100 nM
MitoTracker Red in RPMI without FBS for 30 min at 37 °C,
the cells were washed 3X with RPMI with 10% FBS and
incubated at 37 °C for an additional 30 min in RPMI with
10% FBS to ensure complete internalization. The cells were
washed and Nef-GFP transfected N5 cells (24 h post transfec-
tion) were mixed withMitoTracker labeled CEM-T4 at 37 °C,
5% CO2 for 24 h.

To identify TNTs by fluorescence microscopy, plasma
membranes were labeled with WGA-rhod (1:400 in PBS)
for 10 min, washed with PBS and mounted with Aqua-poly
mount. The number of TNT-connected cells (i.e. structures
connecting two cells that do not touch the substratum), were
manually counted. Both the acquisition and counting were
performed under Bblind conditions^ and each experiment
was carried out at least in triplicate.

For all the experiments Z-stacks of the entire cells from top
to bottom were obtained using a widefield inverted Leica mi-
croscope controlled by Metamorph acquisition software, a
63X/1.25 oil objective and a Leica DFC300 FX camera.
Image analyses of raw data, such as Z-projections were ob-
tained using ImageJ software (http://rsb.info.nih. gov/ij/) and
when necessary, image projections were obtained using the
ImajeJ Group ZProjector high intensity plugin.
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Flow cytometry assay

Cell labeling Raw 264.7 or N5 cells were treated with or with-
out CdCl2 for 24 h. Cells were mixed with CEM-T4 (3:1 ratio)
and plated together for an additional 24 h (± CdCl2). For super-
natant experiments: supernatants from raw 264.7 or N5 cells
treated with or without CdCl2 for 48 h were spun at 14,800 rpm
for 10 min to remove cell debris and incubated with CEM-T4
mixed with Raw 264.7 cells (1: 3 ratio) for 24 h.

For all experiments, washes, spins and labeling were per-
formed at 4 °C (on ice) as followed: the mixed cells were
washed with 0.1% BSA in PBS, spun at 1000 g/ 4 min and
blocked with 0.1% BSA for 15 min. The cells were spun at
1000 g/ 4 min and the mixed samples CEM-T4 mixed with
Raw 264.7 (± CdCl2), N5 (± CdCl2) were labeled with anti-
CD11 and anti-CD4 in the dark for 1 h. The following control
experimental conditions were acquired for each experiment:
unstained/ or anti-CD11 only/ or anti-CD4 only labeling of
CEM-T4, Raw 264.7 (± CdCl2) and N5 (± CdCl2). After an-
tibody labeling, the cells were washed with 0.1% BSA, spun
at 1000 g/ 4 min, washed with PBS, 1000 g/ 4 min and incu-
bated with Live/dead dye (1ul/ ml in PBS) for 30 min in the
dark. The cells were washed with 0.1% BSA, spun at 1000 g/
4 min and resuspended in 0.1% BSA.

Flow cytometry acquisition and analysis The cells were run on
an Attune acoustic focusing cytometer (Applied Biosystems
by Life Technologies). Samples were analyzed at low flow
rate (high sensitivity), and each independent experiment was
performed in triplicate (minimum of 50,000 cells for each
condition). Dead cells and debris were eliminated using for-
ward and side scatter gating. Doublet discrimination on the
basis of signal processing was achieved by using pulse geom-
etry gating. The mixed population of cells were analyzed by
flow cytometry for cell surface CD4 staining. CD11 was used
to identify donor cells and CD4 was used for acceptor cells
(Raw 264.7 and N5 cells do not express CD4). Finally, a
gating strategy to eliminate contamination of our CEM-T4
population from macrophages was implemented by gating
out anti-CD11 positive cells, as well as anti-CD4 negative
cells. Therefore, our data only looked at the change in mean
florescence intensity of CD4+ cells. Gating in this manner
most likely also gated out CEM-T4 cells which had an almost
complete loss of CD4. This could happen if multiple macro-
phages attached to one CEM-T4 cell and transferred large
amounts of the Nef protein. The data were analyzed using
FlowJo Analysis Software (FLOWJO, LLC.).

Statistical analyses

Student’s T test was used to analyze the significance between
the different experimental conditions. The differences were
considered significant at P < 0.05 (*),

Results

Increase in Nef expression correlates with an increase in en-
dogenous Myo10 levels and TNT formation As previously
described (Cooke et al. 1997; Biggs et al. 1999), N5 cells
produce low basal levels of Nef (Fig.1a). Nef transcription is
under the control of a modified metallothionein IIA promoter
and can be induced with low levels of cadmium chloride
(CdCl2) to express higher levels of Nef as observed by west-
ern blotting (Fig. 1a, lane 3 vs 4) and quantified by the densi-
tometry scanning from 4 independent experiments (Fig. 1b,
black vs gray).

We have previously demonstrated that Myo10 is critical for
the formation of functional TNTs in neuronal cells (Gousset
et al. 2013). The effect of Myo10 on TNT formation in other
cell types, such as macrophages, has not been assessed. Thus,
we first analyzed the expression levels of Myo10 in these cells.
As can be seen in Fig. 1c, Myo10 is expressed in wild-type
Raw 264.7 cells (lane 1) and N5 cells (lane 3). Interestingly,
induction of Nef with CdCl2 also resulted in an increase in
Myo10 levels (Fig. 1c, lane 4). This increase might be under-
estimated since the levels of Myo10 upon CdCl2 treatment in
wild type Raw 264.7 cells appear to slightly decrease (Fig. 1c,
lane 2), most likely due to toxicity induced by the heavy metal
(Coin and Stevens 1986). The densitometry analysis from 4
independent experiments is also presented (Fig. 1d).

Next, we evaluated the formation of TNTs in wild-type
Raw 264.7 and N5 cells treated with CdCl2 using fluorescence
microscopy (Fig. 1e, f). After fixation, the cells were labeled
with the plasma membrane dye WGA-Rhodamine. Z-stacks
spanning the entire Z- volume of the cells were obtained in
order to discriminate between filopodia, which are structures
attached to the substratum, and TNTs, which do not touch the
substratum (Rustom et al. 2004). The morphology of wild
type Raw 264.7 cells treated with CdCl2 (Fig. 1e) was com-
pared to that of N5 cells treated with CdCl2 (Fig. 1f).
Treatment of N5 cells with CdCl2 increases both the length
of filopodia and the number of TNTs (white arrows) observed.

To better characterize the effect of treatment with CdCl2 in
Raw 264.7 and N5 cells on TNT formation, the number of cells
connected via TNTs were quantified for each cell type (Fig. 1g,
h). In Raw 264.7 cells, treatment with CdCl2 resulted in a
significant decrease in the number of cells connected via
TNTs (Fig. 1g). In comparison, in N5 cells, treatment with
CdCl2 induced TNT formation, with ~ 40%more cells forming
TNTs (Fig. 1h). These results correlate with the levels of
Myo10 expression observed in each cell types (Fig. 1b and d).

Nef induces Myo10-dependent TNT formation To further de-
termine whether Nef-induced TNT formation is Myo10-de-
pendent, we quantified the effects of Myo10 shRNA in N5
cells. As shown in Fig. 2a-c, in these cells Myo10 expression
was reduced by 75%, but importantly, levels of Nef
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Fig. 1 Increase in Nef expression correlates with an increase in en-
dogenous Myo10 levels and TNT formation. Western blot analyses of
Nef (a) and Myo10 (c) expression levels in Raw 264.7 cells (1), Raw
264.7 treated with CdCl2 (2), N5 cells (3) and N5 treated with CdCl2 (4).
GAPDH and Calnexin were used as loading controls for Nef and Myo10
respectively. Treatment of N5 cells with CdCl2 increases both Nef and
Myo10 expression (lanes 3 vs 4). Blots are representative of 4
independent experiments. Densitometry representation of Nef
expression (b) or Myo10 expression (d) from 4 independent
experiments. Graphs show the means (± s.e.m), with a P value <0.01
(**) or < 0.02 (*). Representative fluorescence images of Raw 264.7
cells treated with CdCl2 (e) or N5 treated with CdCl2 (f). The plasma

membrane was labeled with WGA-Rhodamine. Z-stacks at the level of
the substratum identifying filopodia or above the substratum identifying
TNTs are shown. Treatment of N5 cells with CdCl2 increases both the
length of filopodia and the amount of TNTs (white arrows) observed.
Quantification of the number of TNTs in Raw 264.7 cells (± CdCl2) (g)
or N5 cells (± CdCl2) (h). We observed a decrease in the number of cells
with TNTs in Raw 264.7 cells treated with CdCl2 compared to the
untreated control cells (g) and a 40% increase in the number of cells
connected by TNTs in N5 treated with CdCl2 (h). Data are the average
of 4 independent experiments and the graphs show the means (± s.e.m),
with a P value <0.01 (**)
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express ion and/or the level of exosome release
(Supplementary Fig. 1) were not affected. Next, we quantified
the number of cells with TNTs upon treatment with Myo10
shRNA compared to our control scrambled shRNA (Fig. 2d).
Similar to what was previously shown in CAD cells (Gousset
et al. 2013), the down-regulation of endogenous Myo10 ex-
pression in N5 cells resulted in a decrease in the relative per-
cent of cells connected via TNTs (Fig. 2d).

Nef-GFP is transported via TNTs between N5 and CEM-T4 cells
To determine if TNTs observed between N5 and CEM-T4
cells are functional, we first co-cultured N5 cells transfected
with Nef-GFP (Johnson et al. 2016) (donor cells) with CEM-
T4 labeled with Mitotracker red (acceptor cells). Nef-GFP
puncta (white arrows) were observed in acceptor cells, only
when N5 and CEM-T4 were connected by TNTs (Fig. 3).
These experiments suggest that the TNTs formed between
these two cell types are functional and allow for the transfer
of Nef from the N5 cells to the CEM-T4 cells. While these
data suggest that Nef-GFP can transfer between the two cell
types via TNTs, the low transfection efficiency in N5 cells,
and the nature of CEM-T4 (i.e. these cells are non-adherent
and many cells were removed during the fixation and mount-
ing steps), made these data anecdotal since it impossible to get
significant quantitative data for the transfer of Nef-GFP by
microscopy.

Transfer of Nef to CEM-T4 reduces the levels of cell surface
CD4 To determine if Nef/Myo10-induced TNTs were func-
tional and allow for the self-spreading of Nef between macro-
phages and Tcells, we set-up a novel quantitative assay for the
transfer of Nef fromN5 to CEM-T4 cells. To this end, we took
advantage of the fact that the presence of Nef in T cells in-
duces the internalization of the cell-surface receptor CD4
(Garcia and Miller 1991). Thus, we set up a flow cytometry

experiment using co-cultures of N5 cells (that express Nef) as
donor cells and CEM-T4 (that express high levels of surface
CD4) as acceptor cells. If Nef is transferred to CEM-T4, CD4
will be internalized and we would expect to see a decrease in
cell-surface CD4 compared to control cells. The advantage of
using N5 cells is that they do not express CD4 and we can
induce Nef expression with CdCl2 treatment, which results in
an increase in TNT formation (Fig. 1). Thus, we set-up differ-
ent co-culture conditions and assessed their effects on the cell-
surface levels of CD4 in CEM-T4 (Fig. 4). As a control, we
mixed CEM-T4 with Raw 264.7 cells (± CdCl2), which do not
express Nef, to determine the basal levels of CD4 expression
in CEM-T4 and to make sure that treatment with CdCl2 does
not affect the cells and/or CD4 surface expression. Similar co-
cultures with N5 (± CdCl2) were obtained. Representative 2-D
scatter plots of the CD4 fluorescence intensity in CEM-T4 in
co-culture with either N5 (red) or Raw 264.7 (black) ± treat-
ment with CdCl2 show the difference in CD4 intensity due to
the transfer of Nef within these cells (Fig. 4a, b). When we
compared the CD4 fluorescence in CEM-T4 co-cultured with
Raw 264.7 cells (Fig. 4a, black) versus N5 cells (Fig. 3a, red),
a slight, but statistically significant downward shift in CD4
cell surface expression was observed. This shift became more
pronounced upon treatment with CdCl2 (Fig. 4b). To better
analyze this shift, representative cumulative distribution func-
tion (CDF) (Fig. 4c) and histogram (Fig. 4d) views are pre-
sented for all culture conditions. Three important controls are
plotted to demonstrate the principle behind our flow cytome-
try assay. The black line is a CD4-negative control using
CEM-T4 without CD4 antibody. As expected, these curves
are all left-shifted and represent the lower limit. The black
dotted line is a CD4-positive control of CEM-T4 labeled with
CD4 antibody that indicates the level of CD4 in the CEM-T4.
As expected, these curves are both right-shifted. To determine
the effect of Nef expression on CD4 cell-surface expression in

Fig. 2 Myo10 down-regulation in N5 doesn’t affect Nef expression
but reduces TNT formation. (a) Western blot analyses of Myo10 and
Nef levels in N5-shRNA control cells versus N5-shRNA Myo10 cells.
Calnexin was used as a loading control. Blot is a representative of 3
independent experiments. Densitometry representation of Myo10 (b) or
Nef expression (c) are plotted. Graphs show the means (± s.e.m), with a P

value <0.0001 (***). (d) Quantification of the number of cells with TNTs
in N5-shRNA control cells versus N5-shRNA Myo10 cells. Down-
regulation of Myo10 results in a decrease in TNT formation,
independently of Nef expression. The graph shows the means (± s.e.m),
with a P value <0.05 (*)
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CEM-T4, we plotted CEM-T4 transfected with Nef-GFP
(gray lines). As expected, Nef expression in CEM-T4 cells
results in a decrease in CD4 expression, as indicated by a
downward shift compared to the positive control (black dotted
lines). The other graphs represent the various CEM-T4 co-
cultures with untreated RAW 264.7 cells (yellow), CdCl2-
treated RAW 264.7 cells (green), untreated N5 cells (red) or
CdCl2-treated N5 cells (blue). In co-cultures with untreated
N5 cells (red), which correspond to cells expressing low levels
of Nef, we were able to detect a small downward left shift
compared to control co-cultures (red lines vs dotted black).
If the decrease in CD4 surface expression is the result of Nef
transfer from the donor cells to CEM-T4, a bigger shift should
be observed in co-cultures with N5 cells treated with CdCl2
(blue lines), which increases both Nef expression and TNT
formation (Fig. 1). This is what our flow cytometry assay
demonstrated with the blue lines being left shifted from the
black dotted lines, toward the gray lines (Fig. 4c, d). In Fig. 4e,
the percentage of CEM-T4 cells below the mean fluorescence
intensity (MFI) for all 4 co-culture conditions is plotted. The
percent of CEM-T4 cells below MFI directly correlates with
co-culture conditions that increase the transfer of Nef to CEM-
T4 (red and blue). The fact that these small but statistically
significant changes can clearly be quantified in these various

co-cultures suggest that Nef transfer from the donor cells to
CEM-T4 occurs via a very efficient mechanism.

The major mechanism of Nef transfer between N5 and CEM-
T4 is cell-to-cell dependent To further demonstrate that the
transfer of Nef from N5 to CEM-T4 cells observed in Fig. 4,
occurred via a cell-to-cell mechanism such as TNTs, we re-
peated these experiments using the cell supernatant to deter-
mine the effect of exosome transfer during this process. In
these experiments, CEM-T4 were mixed with Raw 264.7 con-
trol cells and incubated with the supernatant from Raw 264. 7
or N5 cells (± CdCl2). If Nef is secreted from the cells into the
supernatant or via exosomes, we would expect to see a similar
effect on the CD4 surface expression as observed in Fig. 4. As
can be seen in Fig. 5, incubation of CEM-T4 with supernatant
from N5 cells (± CdCl2) did not affect CD4 expression levels.
Thus, the effect on CD4 surface expression in Fig. 4, was the
results of cell-to-cell transfer of Nef from N5 to CEM-T4.

Nef is transferred via a Myo10-dependent TNT mechanism To
determine if Nef/Myo10-induced TNTs are functional and are
a major Nef transport mechanism, we used our flow cytometry
assay to quantify the effect of Nef transfer and CD4 internal-
ization using CEM-T4 cells co-cultured with Myo10 cells

Fig. 3 TNTs observed between
N5 and CEM-T4 are functional
and allow for the transfer of
Nef-GFP. Representative image
of the transfer of Nef-GFP
between N5 (green) and CEM-T4
(red). Bright-field image showing
short TNTs (yellow arrows)
formed between N5 and CEM-
T4, along with each individual
channels and merge fluorescence
images (z-projections) of N5
transfected with Nef-GFP mixed
with CEM-T4 labeled with
mitotracker red are shown. Nef-
GFP aggregates (white arrows)
are observed within the CEM-T4
acceptor cells (red) connected to
the Nef-GFP transfected N5 via
TNTs. Zoom-in of the merge
CEM-T4 cell, along with a Bside
view ,̂ shows that the Nef-GFP
aggregates are within the CEM-
T4 cells. A similar zoomed of the
green channel is shown to better
visualize the distinct Nef-GFP
punctates observed within the red
T cells. Transfer of Nef was only
detected when CEM-T4 were
connected to N5 via TNTs
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treated with N5 or control scramble shRNA (Fig. 6, a-d).
Interestingly, even a small decrease (~25%) inMyo-10 depen-
dent TNT formation (Fig. 2d) was enough to reduce Nef trans-
fer and be detected with our flow cytometry assay. As can be
seen in Fig. 5a, the representative 2-D scatter plots of the CD4
fluorescence intensity in CEM-T4 mixed with N5 shRNA
Myo10 cells (red) vs shRNA control cells (black) shows a
slight upward shift in CD4 fluorescence intensity in the
Myo10 down-regulated cells (red vs black). This is opposite

to what was observed in co-culture with N5 treated with
CdCl2 (Fig. 4). The downshift in CD4 fluorescence in co-
cultures with N5 Scramble RNA (ie. Myo10 is present and
able to form TNTs) can be visualized by both the CDF (Fig.
6b) and histogram (Fig. 6c) plots (blue vs red). Thus, the 25%
decrease in TNT formation (Fig. 2d) resulted in a small but
statistically significant increase in CD4 surface expression in
CEM-T4 mixed with Myo10 cells treated with N5 shRNA
(red) compared to CEM-T4 co-cultured with N5 scramble

Fig. 4 Nef transfer to CEM-T4 results in a decrease in the cell surface
receptor CD4. CEM-T4 were mixed in a 1 to 3 ratio with Raw 264.7
cells (± CdCl2) as controls and compared to mixes with CEM-T4 and N5
(± CdCl2). The mixed population of cells were analyzed by flow
cytometry for cell surface CD4 staining. Representative 2-D scatter
plots of the CD4 fluorescence intensity (log scale) in CEM-T4 mixed
with N5 (red) vs Raw 264.7 (black) not-treated (a) or treated with
CdCl2 for 24 h (b). A downward shift in CD4 fluorescence can be ob-
served between N5 vs Raw 264.7 treated with CdCl2. Representative
Cumulative Distribution Function (CDF) (c) and histogram (d) graphs
of fluorescence intensity of CD4 (log scale) in CEM-T4 in response to the
various co-cultures are plotted. Black line is CD4 negative control (CD4
unlabeled CEM-T4); black dotted line is CD4 positive control (CD4

labeled CEM-T4); gray is CEM-T4 transfected with Nef-GFP (control
to look at the effect of Nef expression on CD4 surface expression in
CEM-T4); blue is CEM-T4 cells co-cultured with CdCl2 treated N5 cells;
red is CEM-T4 cells co-cultured with untreated N5 cells; yellow is
CEMT4 cells co-cultured with untreated RAW 264.7 cells; green is
CEM-T4 cells co-cultured with CdCl2 treated RAW 264.7 cells. (e)
Graphical representation of (c-d) plotting the percent of CEM-T4 cells
with a Mean Fluorescence Intensity (MFI) below that of positive control
cells (CD4 labeled CEM-T4) from 7 independent flow cytometry
experiments for all 4 mixes conditions. Co-culture of CdCl2 treated N5
cells with CEM-T4 cells induces a statistically significant decrease of the
MFI of CEM-T4 cells (c, d and E- blue). The graph shows the means (±
s.e.m), with a P value <0.001 for all 4 conditions (***)

Myosin-X is essential to the intercellular spread of HIV-1 Nef through tunneling nanotubes 217



shRNA control cells (blue). These data suggest that N5
shRNA Myo10 cells, which express the same levels of Nef
as N5 shRNA control but cannot form as many Myo10-
dependent TNTs (Fig. 2), were not able to transfer as much
Nef to the CEM-T4 as the control cells. This significant
change in CD4 fluorescence can be further quantified by plot-
ting the percentage of CEM-T4 cells below the MFI for these
two co-culture conditions (Fig. 6d). Similar to the data obtain-
ed in Fig. 4c, the percent of CEM-T4 cells below MFI corre-
lates with co-culture conditions that increase the number of
TNTs and thus, the transfer of Nef to CEM-T4. In this case,

the control cells (blue), with higher Myo10 expression (Fig.
2b) are able to form more TNTs (Fig. 2d) and as a result have
more cells below MFI than the CEM-T4 co-cultured with the
N5 shRNA Myo10 (red). Overall, these data show that Nef
transfer is diminished under conditions where only TNTs are
reduced and Nef expression and/or exosome release are not
affected (Fig. 2 and Sup. Fig. 1). This directly demonstrates
that Myo10-dependent TNTs serve as an efficient mechanism
of transfer of Nef between N5 cells and CEM-T4. Overall, a
decrease in Myo10-dependent TNT formation leads to a de-
crease in Nef transfer, resulting in a decrease in CD4

Fig. 5 Nef transfer to CEM-T4 requires direct cell-to-cell contact
between donor and acceptor cells. CEM-T4 were mixed in a 1 to 3
ratio with Raw 264.7 cells and incubated for 24 h with the supernatant
fromRaw 264.7 (± CdCl2) or the supernatant of N5 (± CdCl2). The mixed
population of cells were analyzed by flow cytometry for cell surface CD4
staining. Representative 2-D scatter plots of the CD4 fluorescence
intensity (log scale) in CEM-T4 mixed with supernatant from N5 (red)
vs supernatant from Raw 264.7 (black) not-treated (a) or treated with
CdCl2 (b). Representative CDF (c) and histogram (d) views are plotted.
Black dashed line is CD4 negative control; black dotted line is CD4
positive control; gray is Nef expression in CEM-T4; blue is CEM-T4

cells co-cultured with the supernatant of CdCl2 treated N5 cells; red is
CEM-T4 cells co-cultured with the supernatant of untreated N5 cells;
yellow is CEMT4 cells co-cultured with the supernatant of untreated
RAW 264.7 cells; green is CEM-T4 cells co-cultured with the
supernatant of CdCl2 treated RAW 264.7 cells. (e) Graphical
representation of (c-d) plotting the percent of CEM-T4 cells with a
Mean Fluorescence Intensity (MFI) below that of positive control cells
(CD4 labeled CEM-T4) from 3 independent flow cytometry experiments
for all 4 culture conditions. No statistically significant changes of the MFI
of CEM-T4 cells were observed under any conditions
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internalization, independently of the level of Nef expression in
the donor cells.

Nef increases Myo10 expression independently of the cell
types used and also occurs during HIV-1 infection To demon-
strate that up-regulation of Myo10 by Nef is not restricted to
the RAW264.7 cell line, we transfected GFP-vector (control)
and Nef-GFP in the mouse neuronal cell line, CADs, and in
the human epithelial cell line, HeLa (Fig. 7a, b). In both cases,
expression of Nef-GFP resulted in an increase in Myo10 ex-
pression. Thus, we demonstrate thatMyo10 is up-regulated by
Nef independently of the cell type used. Indeed, Nef expres-
sion increased Myo10 levels in mouse and human cell lines,
from neuronal, epithelial and myeloid origins (Figs. 1 and 7a,
b).

Next, we used human MDM differentiated from PBMCs
and infected these cells with reverse transcriptase-normalized
VSV-G pseudotyped HIV-1 virus stocks. Wild-type HIV-1
viruses (pNL4–3 clone) or Nef-defective HIV-1 viruses
(pNL4–3delNef clone) over a range of viral inputs were used
to assess the effect of Nef on Myo10 expression levels during

HIV-1 infection (Fig. 7c). HIV-1 infection with wild-type
HIV-1 viruses in MDM resulted in a statistically significant
increase in Myo10 (Fig. 7c). Interestingly, this increase was
directly correlated with the levels of Nef expression observed
in WT HIV-1 infection, and was totally abrogated by removal
of Nef from the infecting virus. These experiments demon-
strate that Myo10 is up-regulated in human MDM during
HIV-1 infection and that its up-regulation is directly depen-
dent on Nef expression.

Discussion

A better understanding of Nef’s ability to self-disseminate and
evade an immune response, by inducing and then usurping
TNTs, could contribute to our understanding of why Nef is
essential to viral pathogenicity and disease progression.
Previous studies have shown that Nef induces TNT-like pro-
trusions in HIV-1 infected cells (Eugenin et al. 2009; Nobile
et al. 2010), but how Nef is able to control and induce these
protrusions has not been elucidated. This study is the first to

Fig. 6 Myo10 down-regulation in N5 doesn’t affect Nef expression
but reduces Nef transfer. (a) CEM-T4 were mixed in a 1 to 3 ratio with
N5 shRNA Ctl cells or with N5 shRNAMyo10 cells. Representative 2-D
scatter plots of the CD4 fluorescence intensity (log scale) in CEM-T4
mixed with N5 shRNAMyo10 cells (red) vs shRNA control cells (black).
A slight upward shift in CD4 fluorescence intensity can be observed.
Change in CD4+ mean fluorescence intensity (MFI) of CEM-T4 cells
co-cultured with N5-shRNA control cells versus N5-shRNA Myo10
cells. Representative CDF (b) and histogram (c) views are plotted.
Dashed, dotted, and gray lines are the same as in Figs. 4 and 5; red lines

are CEMT4 cells co-cultured with N5-shRNAMyo10 cells and blue lines
are CEMT4 cells co-cultured with N5-shRNA control cells (scramble
shRNA). (d) Graphical representation plotting the percent of CEM-T4
cells with aMean Fluorescence Intensity (MFI) below that of control cells
(CD4 labeled CEM-T4) from 3 independent flow cytometry experiments.
The increase of cells belowMFI of control cells observed in Fig. 4 can be
significantly reversed by knockdown of Myo10. Flow cytometry data
was the average of 5 independent experiments. The graph shows the
means (± s.e.m), with a P value <0.001 (***)
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directly connect Nef expression and levels of Myo10, a
known TNT inducer in neuronal cells (Gousset et al. 2013).
As we demonstrated in Fig. 2, reducing Myo10 expression
levels without affecting Nef expression led to both a decrease
in the number of cells with TNTs and a decrease in Nef trans-
fer from macrophages to T cells.

While the exact mechanism of formation of Nef/Myo10-
dependent TNTs needs to be uncovered, recent work has
pointed us in the right direction. Indeed, in 2015, it was re-
vealed that Nef can enhance pathogenicity by inhibiting the
activity of SERINC3 and SERINC5 (Usami et al. 2015; Rosa
et al. 2015; Aiken 2015). Interestingly, one of the main func-
tions of the SERINC family of proteins is to accelerate both
the synthesis of phosphatidylserine (PS), and its incorporation
into the plasma membrane (Inuzuka et al. 2005). PS, of
course, is maintained, asymmetrically, in the inner leaflet of
the plasma membrane, and this asymmetry is thought to play
an important role in cellular signaling. In fact, exofacially
exposed PS has been shown to play a role in TNT guidance
and the unidirectional nature of the exchange of cytoplasmic
material (Yasuda et al. 2011). Moreover, while a group in
2017 found, using quantitative lipid MS, that global PS levels
are not affected by either Nef or SERINC5 expression (Trautz
et al. 2017), those findings do not preclude the possibility that
Nef might induce a translocation of PS to the outer leaflet and/

or that Nef microdomains in the plasma membrane may cause
a localized loss of PS which then recruits TNT complex pro-
teins thereby enhancing the formation of TNTs. Remarkably,
cells stressed with low levels of staurosporine display long,
thin, Myo10-dependent protrusions (Kohno et al. 2015) that
exhibit a striking translocation of PS to their outer membrane
(Waehrens et al. 2009). Thus, the absence of PS in specific
microdomains on the inner leaflet might be a requirement for
Myo10-dependent TNT formation. Similarly, Nef’s ability to
inhibit the synthesis and incorporation of PS into specific mi-
crodomains on the inner leaflet of the plasma membrane,
along with its ability to increase Myo10 expression, may al-
low for the initiation of the Myo10 tip complex and, therefore,
induce TNT formation.

Using a flow cytometry assay to quantify Nef transfer from
macrophages to T cells we demonstrated that cell-to-cell con-
tact is required for intercellular transfer of Nef and that transfer
correlates with the presence or absence of Myo10-dependent
TNTs. This mechanism of transfer is very sensitive and could
be used as a BTNT functional assay^ to test the importance of
other molecular components involved in TNT formation and
function in macrophages. Indeed, while TNT-like structures
can easily be quantified by fluorescence microscopy, it does
not allow for the discrimination of the actual subset of cellular
protrusions that are Btrue^ TNTs and specifically function as

Fig. 7 Myo10 up-regulation uponNef expression is cell type indepen-
dent and happens in human MDM during HIV-1 infection. Western
blot analyses of Myo10 expression in (a) mouse neuronal CAD cells and
(b) human epithelial HeLa cells transfected with GFP-vector (control)
and Nef-GFP are shown. Calnexin was used as loading controls. Blots
are representative of 3 independent experiments, P value = 0.005 (*). In
both cell types, Myo10 expression increases upon Nef-GFP expression.
Human MDMwere infected with reverse transcriptase-normalized VSV-

G pseudotyped virus stocks (WT = pNL4–3 clone) or (DelNef = pNL4–
3delNef clone) at 5, 10, and 20 cpm of reverse transcriptase activity/cell.
(c) A representativeWestern blot of theWTor DelNef infected cells from
3 independent infections is shown along with (d) Densitometry represen-
tation of the relative expression levels of Myo10 normalized to the
amount of tubulin (loading control), with a P value <0.01 (**) or < 0.05
(*)
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an intercellular transport pathway. This physiological func-
tional assay will allow researchers to discriminate between
components explicitly required for these specialized structures
compared to other components involved in other subsets of
cellular protrusions not involved in intercellular transfer. For
example, we now know thatMyo10 induces TNTs in different
cell types such as neuronal cells (Gousset et al. 2013) and
macrophages. The fact that M-Sec and the Ral/exocyst com-
plex were previously shown to be required for the formation
of a subset of TNTs in macrophages (Hase et al. 2009) and
could play a role in the spreading of HIV-1withinmacrophage
cultures (Hashimoto et al. 2016), suggest that either Myo10
and M-Sec are part of the same induction mechanism or these
two mechanisms of formation are distinct. If these pathways
are non-redundant and multiple independent TNT formation
mechanisms exist, do they allow for different types of trans-
port or are they Bback-up^ for one another, in case one mech-
anism is unavailable? Is Nef expression alone able to induce
M-Sec-dependent TNTs and can it use these structures for
self-propagation, or does this spreading mechanism occur on-
ly through Myo10-dependent TNTs? Using our flow cytome-
try assay, we will be able to test in the future the effect of M-
Sec-dependent TNTs on Nef transfer and determine if these
tubular structures are different from Myo10-dependent TNTs
or if they are inducing the same subset of TNTs.

Similar to what was found in other cell types (Lenassi et al.
2010), we were able to detect Nef in exosomes after a 48-h
incubation (Sup. Fig. 1). However, under the short transfer
conditions used for our flow cytometry assay (ie. 24 h co-
incubation), no exosomes were detected (data not shown). In
addition, the fact that down-regulation of Myo10, which re-
duces the number of TNTs observed (Fig. 2) and not the level
of Nef expression and/or exosome release (Sup. Fig. 1), re-
sulted in a decrease in Nef transfer further demonstrates that
the transfer of Nef occurs via TNTs, and not through exosome
release and/or diffusion through the media, in agreement with
recent work (Luo et al. 2015). Overall, we show that TNTs
allow for the rapid and efficient transfer of Nef from macro-
phages to T cells, resulting in a relatively quick down-
modulation of CD4.

These results raise the question of why Nef is transferred
between cells. We believe that, much like cancer (Farmaki
et al. 2012; Wynford-Thomas and Blaydes 1998; Petitjean
et al. 2007), HIV uses Nef to select for mutant p53 T cells that
may then serve as viral factories for the replication and future
spread of HIV-1. p53 is a tumor suppressor protein known to
induce cell cycle arrest and apoptosis in compromised cells,
and mutation of this gene interferes with those functions. Such
a strategy is not new for viruses as many use it for survival and
to enhance replication including the human papillomavirus
through the E6 protein (Pei 1996; Lehoux et al. 2009) and
the retrovirus, bovine leukemia virus (Ishiguro et al. 1997;
Komori et al. 1996). Remarkably, Nef has been shown to

directly interact with WT p53, and its expression is sufficient
to cause an enhancement of p53 expression and apoptosis in
healthy cells (Rasola et al. 2001; Wang et al. 2014).
Furthermore, while WT p53 inhibits HIV replication, mutant
p53 promotes it (Chicas et al. 2000; Subler et al. 1994; Duan
et al. 1994; Mukerjee et al. 2010; Li et al. 1995). In fact, some
of our flow cytometry data pointed to this phenomenon of T
cell selection by Nef. Indeed, in our assay, in order to ensure
that macrophages were not taken into account as CD4 nega-
tive cells, we had to implement a stringent gating strategy to
eliminate all CD4 negative cells. This most likely included a
subset of CEM-T4 with very low levels of CD4 due to inten-
sive Nef transfer (data not shown). This suggests that when
macrophages and CEM-T4 are connected by TNTs, the trans-
fer of Nef is efficient and can result in an almost total removal
of cell surface CD4 and high levels of T cell death. While this
observation is out of the scope of this study and would require
a different flow cytometry set up, we will in the future attempt
to better characterize this selectionmechanism. For instance, it
will be interesting to determine whether T cells that die upon
Nef expression are cells that express WT p53, and whether the
cells that survive express mutant p53.

Finally, completing the circle, mutant p53 has also been
shown to enhance Myo10 expression (Arjonen et al. 2014).
This creates a vicious cycle whereby Nef primed, mutant p53
containing cells become viral factories, express more Myo10,
formmore TNTs, and spreadmore Nef and viral particles—all
without alerting the immune system. Thus, our study, in con-
junction with the studies mentioned above, may point to Nef’s
role as a Trojan horse to find a suitable environment for viral
replication as well as to eradicate those cells that could do it
harm. This theory could also explain why Nef is highly
expressed early in infection and is vital to successful infection.

While we show for the first time that during HIV-1 infec-
tion, Myo10 expression increase in a Nef-dependent mecha-
nism, this study confirms that Nef is able to hijack the cell’s
sensing and intercellular-communication machinery by in-
creasing Myo10-dependent TNTs, independently of HIV-1
infection. At this point, the mechanism by which Nef is able
to induce Myo10 expression is unclear. Full length Myo10 is
highly regulated in cells but its regulation is still unknown.We
know that oxidative stress can increase Full lengthMyo10 and
results in an increase in the number of TNTs observed
(Gousset et al. 2013). We also know that Myo10 might act
downstream of CDC42 (Bohil et al. 2006). On the other hand,
it has been suggested that Nef activates the Vav/Rac/p21-ac-
tivated kinase (PAK) signaling pathway (Vilhardt et al. 2002),
PAK is regulated by PI3K and CDC42 (Chan et al. 2008) and
that both PI3K and CDC42 might be involved in TNT forma-
tion (Rustom 2016). Thus, it is possible that Nef is controlling
Myo10 expression because of oxidative stress, but more stud-
ies are needed to identify the exact induction mechanism of
Nef-induced up-regulation of Myo10.
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Overall, our results demonstrate that 1) an increase in Nef
expression correlates with an increase in the expression of a
known TNT inducer, Myo10; 2) Nef expression increases the
number of TNTs, and the transfer of Nef frommacrophages to
T cells as analyzed by flow cytometry; and 3) the spreading of
Nef is directly dependent on Myo10 levels.
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