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ABSTRACT As the initial barrier to viral entry, the plasma membrane along with the mem-
brane trafficking machinery and cytoskeleton are of fundamental importance in the viral cycle.
However, little is known about the contribution of plasma membrane dynamics during early
human immunodeficiency virus type 1 (HIV-1) infection. Considering that ADP ribosylation
factor 6 (Arf6) regulates cellular invasion via several microorganisms by coordinating mem-
brane trafficking, our aim was to study the function of Arf6-mediated membrane dynamics on
HIV-1 entry and infection of T lymphocytes. We observed that an alteration of the Arfé6-
guanosine 5-diphosphate/guanosine 5’-triphosphate (GTP/GDP) cycle, by GDP-bound or
GTP-bound inactive mutants or by specific Arfé silencing, inhibited HIV-1 envelope-induced
membrane fusion, entry, and infection of T lymphocytes and permissive cells, regardless of
viral tropism. Furthermore, cell-to-cell HIV-1 transmission of primary human CD4* T lympho-
cytes was inhibited by Arf6 knockdown. Total internal reflection fluorescence microscopy
showed that Arf6 mutants provoked the accumulation of phosphatidylinositol-(4,5)-biphos-
phate-associated structures on the plasma membrane of permissive cells, without affecting
CD4-viral attachment but impeding CD4-dependent HIV-1 entry. Arf6 silencing or its mutants
did not affect fusion, entry, and infection of vesicular stomatitis virus G-pseudotyped viruses
or ligand-induced CXCR4 or CCR5 endocytosis, both clathrin-dependent processes. Therefore
we propose that efficient early HIV-1 infection of CD4* T lymphocytes requires Arf6-coordi-
nated plasma membrane dynamics that promote viral fusion and entry.
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INTRODUCTION

There is increasing evidence suggesting that membrane dynamics,
like the traffic of vesicles and their spatial reorganization, is required
for several biological functions such as cytokinesis (Albertson et al.,
2005), cellular migration (Sabe, 2003; Schmoranzer et al., 2003;
Letinic et al., 2009), regulation of plasma membrane morphology
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and polarization (Mellman and Warren, 2000; Folsch et al., 2009),
and phagocytosis (Faurschou and Borregaard, 2003; Nordenfelt
etal., 2009). Furthermore, some bacteria and viruses regulate mem-
brane traffic in target cells to generate compartments to accomplish
their replication process, which in many cases is regulated by Rab
and ADP ribosylation factor (Arf) guanosine 5-triphosphatases
(GTPases) (Belov and Ehrenfeld, 2007; Pierini et al., 2009).

As the initial barrier to viral entry, the plasma membrane along
with membrane-trafficking machinery is also of fundamental impor-
tance in the first stages of the viral cycle (Marsh and Helenius, 2006;
Mudhakir and Harashima, 2009). It is thought that certain enveloped
viruses such as herpes simplex virus 1 (HSV-1), Sendai virus, human
immunodeficiency virus type 1 (HIV-1), and many retroviruses have
pH-independent viral fusion proteins that allow the virus to pene-
trate into cells by fusing directly with the plasma membrane (Stein
et al., 1987; Earp et al., 2005; Kielian and Rey, 2006; Marsh and
Helenius, 2006). HIV-1 interacts with target cells through cell-surface
CD4 and CXCR4 or CCR5 coreceptors, a process that is cooperative
and requires cell signaling such as actin polymerization, reorganiza-
tion (lyengar et al., 1998; Jimenez-Baranda et al., 2007; Yoder et al.,
2008; Barrero-Villar et al., 2009; Liu et al., 2009), and stabilization of
microtubules (Valenzuela-Fernandez et al., 2005; Malinowsky et al.,
2008) to achieve pore fusion formation. Although cytoskeleton reor-
ganization and dynamics have well-documented roles in HIV-1 fu-
sion and entry events, the contribution of plasma membrane dy-
namics is less clear during these early viral infection steps. It has
been reported that HIV-1 fusion and entry could occur in micropino-
somes and endosomes (Pauza and Price, 1988; Marechal et al,,
2001), a process described as being clathrin dependent (Daecke
et al., 2005), pH independent, and dynamin dependent (Miyauchi
et al., 2009). On the other hand, HIV-1 internalization and infection
in polarized trophoblasts appear to be pH-dependent processes
(Vidricaire and Tremblay, 2005) that are driven by a clathrin-, caveo-
lae-, and dynamin-independent endocytic pathway and require free
membrane cholesterol (Vidricaire and Tremblay, 2007). Therefore
HIV-1 entry and infection are orchestrated by viral and cellular mem-
brane interaction, which appears to occur through complexes and
associated membrane traffic events.

We have recently reported that the fluidity of plasma mem-
brane, regulated by phosphatidylinositol-4-phosphate 5-kinase lo.
(PI4P5-K lo)-mediated phosphatidylinositol-(4,5)-biphosphate (PIP,)
production, is crucial for HIV-1 entry and the early steps of infection
in permissive lymphocytes (Barrero-Villar et al., 2008). Interestingly,
plasma membrane morphology and dynamics are also regulated by
the traffic of PIPy-associated membranes from the cell surface to a
nonclathrin intracellular compartment, which in turn relies on the
membrane transport activity of ADP ribosylation factor é (Arfé)
(Radhakrishna and Donaldson, 1997; Franco et al., 1999; Donaldson,
2003; Naslavsky et al., 2003; Aikawa and Martin, 2005; Donaldson
and Honda, 2005). In fact, Arfé is the only member of the Ras-re-
lated Arf family of small GTPases that affects cell-surface dynamics,
thereby regulating plasma membrane/endosome trafficking and
cortical actin reorganization (D'Souza-Schorey et al, 1995;
Radhakrishna and Donaldson, 1997; Franco et al., 1999; Al-Awar
et al., 2000; Donaldson, 2003; Naslavsky et al., 2003; Donaldson
and Honda, 2005). Arfé appears to be associated with a tubular
endosomal compartment in its inactive GDP-bound form and with
the plasma membrane in its active GTP-bound form, thereby regu-
lating membrane movement between these two compartments
through its GTPase cycle (D'Souza-Schorey et al., 1995, 1998;
Radhakrishna and Donaldson, 1997). On the other hand, it seems
that the GDP/GTP cycle of Arf6 occurs mainly at the plasma mem-
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brane (Pasqualato et al., 2001), suggesting that Arfé coordinates
membrane dynamics on the cell surface (Macia et al., 2004). There-
fore Arfé6-dependent membrane movement is a complex process
that has still not been elucidated.

Considering that Arf6 is key to coordinating plasma membrane
dynamics and has functional implications for cellular invasion by sev-
eral microorganisms (Criss et al., 2001; Nishi and Saigo, 2007
Laakkonen et al., 2009; Marchant et al., 2009), we decided to study
the role of Arf6-mediated membrane dynamics during early HIV-1
entry and infection of T lymphocytes. In the present work, we ob-
served that perturbation of Arf6-driven PIP,-associated membrane
movement inhibits HIV-1 fusion, entry, and infection of permissive
cells, regardless of the viral tropism. Therefore it appears that effi-
cient early HIV-1 infection of CD4* T lymphocytes requires Arf6-
mediated plasma membrane dynamics.

RESULTS

Alteration of Arf6-dependent membrane trafficking impairs
HIV-1 infection in permissive lymphocytes

We used the Arfé wild-type construct (WT Arf6), which could cycle
between its GDP-bound inactive and GTP-bound active forms, and
the Arf6 mutants Q67L and T44N (Arf6-Q67L and Arf6-T44N), which
are respectively locked in their GTP- and GDP-bound conformations
(D'Souza-Schorey et al., 1995; Donaldson, 2003; Macia et al., 2004),
in order to explore the functional role of Arfé-mediated membrane
dynamics in HIV-1 entry and infection of permissive lymphocytes.
These Arf6 mutants, defective in GTP-bound (T44N) and GTP hy-
drolysis (Q67L), have been used to identify Arfé’s cellular locations
and to define its cellular functions (Radhakrishna et al., 1996; Al-Awar
et al., 2000; Donaldson, 2003).

We used C-terminal hemagglutinin (HA)- and enhanced green
fluorescent protein (EGFP)-tagged WT Arfé6 or mutant constructs to
explore the functional involvement of Arf6 in HIV-1 entry and infec-
tion. First, we analyzed the endogenous level of Arf6 expression and
the different C-terminal EGFP-tagged Arfé constructs by Western
blot (Figure 1A), transiently expressed in the permissive CEM-CCR5
cell line. Furthermore, we studied the cellular localization of these
EGFP-labeled Arf6 constructs in these permissive cells (Figure 1B).
We observed that WT Arf6-EGFP localized mainly at the plasma
membrane. The Arf6-Q67L-EGFP and Arf6-T44N-EGFP mutants
were localized at the plasma membrane and cytoplasm of permis-
sive T-cells (Figure 1B, EGFP images). These Arfé constructs colocal-
ized with PIPy-associated structures (Figure 1B, PH-ECFP and
merged images), as monitored by the pleckstrin homology-en-
hanced cyan fluorescent protein (PH-ECFP) probe, previously de-
scribed in Barrero-Villar et al. (2008). As a control, we transfected a
construct codifying the EGFP protein, which presented a clear-cut
cytoplasmic distribution pattern, excluded from plasma membrane
as monitored by cortical F-actin localization (Figure 1B, pEGFP-N1
images).

It is thought that Arfé localizes at the plasma membrane and in
endosome-associated membranes in many cells (Cavenagh et al.,
1996; D'Souza-Schorey et al., 1998; Donaldson, 2003), as it is in-
volved in membrane/vesicle trafficking from the plasma membrane
(D'Souza-Schorey et al., 1998; Donaldson, 2003; D'Souza-Schorey
and Chavrier, 2006). The Arf6-Q67L mutant has been reported to
impede recycling of the internalized vesicles, provoking the accu-
mulation of PIP,- and F-actin—coated membrane structures (Donald-
son, 2003; Naslavsky et al., 2003). Furthermore, the inactive GDP-
bound Arf6-T44N mutant distributed with F-actin in many cell-surface
structures, such as large membrane folds and small membrane ex-
tensions, where it codistributed with PIP,, as monitored by the PH
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FIGURE 1: Pattern of expression of endogenous Arfé and Arf6-EGFP constructs on
permissive lymphocytes. (A) Western blot analysis of endogenous Arf6, WT Arf6-,
Arf6-Q67L-, and Arfé6-T4A4N-EGFP expression in CEM-CCRS5 cells. o-Tubulin and pEGFP-N1
are the controls for total protein and EGFP expression, respectively. (B) Left, a series of
confocal images, x-y midsections, show the expression pattern for WT Arf6-, Arf6-Q67L~, and
Arf6-T44N-EGFP molecules in CEM-CCRS5 cells. PIP, (PH-ECFP probe), F-actin (Alexa
633-labeled phalloidin), free EGFP distribution, and merged and differential interference
contrast (DIC) images are shown. White arrowheads and arrows indicate Arfé6 mutants and
PH-ECFP plasma-membrane localization, respectively. Bar, 5 pm. Right, Arf6-EGFP constructs,
F-actin, and PH-ECFP distribution were quantified along lines drawn through the diameter of
the cells (1 and 2 indicate measurement points in merged pictures). (C) Codistribution
quantification for each Arf6-EGFP construct or EGFP with F-actin (left) or with the PH-ECFP
probe (right) in whole cells. Data are mean + standard error of the mean (SEM) (n = 15
different cells).
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domain of the phospholipase C &, (PLCS;)
(Macia et al., 2004). Similarly, we observed
that the Arf6-Q67L- and Arf6-T44N-EGFP
mutants provoked accumulation of PIPy-as-
sociated structures (Figure 1B, PH-ECFP and
merged images in Arf6-mutant-EGFP and
line scans at right), which did not occur with
control or WT Arfé—transfected cells (Figure
1B, pEGFP-N1 or WT Arf6—EGFP images
and line scans at right). Moreover we also
observed a plasma membrane ruffling effect
in permissive lymphocytes overexpressing
the Arf6-EGFP mutants, as is shown by the
cortical F-actin protrusive distribution (Fig-
ure 1B, F-actin images in Arf6-Q67L- and
Arf6-TAAN-EGFP conditions), when com-
pared with control-, WT Arf6—EGFP-, and
EGFP-transfected lymphocytes (Figure 1B,
F-actin images in pEGFP-N1 and WT Arfé—
EGFP conditions). Qualitative and quantita-
tive analyses revealed the specific codistri-
bution of WT and mutant Arfé6 molecules
with F-actin and the PH-ECFP probe. Codis-
tribution was absent for free EGFP and ap-
peared to be slightly higher for the Arf6 mu-
tants (Figure 1, B, line scans at right, and C).
These data indicate that Arf6 mutants
negatively affect PIP,-associated membrane
trafficking in permissive lymphocytes.

To further characterize these Arfé
constructs, we analyzed their distribution
with class | molecules of the major histo-
compatibility complex (MHC-I), which is
thought to traffic and recycle to plasma
membrane from an Arfé-tubulovesicular
network (Blagoveshchenskaya et al., 2002;
Caplan et al, 2002; Larsen et al., 2004;
Massol et al., 2005; Barral et al., 2008; Yi
et al., 2010). We first analyzed cell-surface
expression of human leukocyte antigen
(HLA)-A/B/C in nonpermeabilized CEM-
CCRS cells expressing Arf6-EGFP constructs.
We observed a dotted, cell-surface pattern
of expression for HLA-A/B/C molecules,
with some degree of codistribution with
Arf6-EGFP constructs (Figure 2A, left). Arfé-
Qé67L-and Arf6-T44N-associated structures
accumulated in cytoplasm, whereas WT
Arf6-EGFP localized mainly at the cell sur-
face, as we observed earlier. Flow cytometry
analysis indicated that Arf6-EGFP constructs
did not alter cell-surface expression of HLA-
A/B/C molecules, compared with free EGFP-
transfected cells (Figure 2A, right). In per-
meabilized CEM-CCRS cells, we observed
cell-surface and cytoplasmic codistribution
of endogenous HLA-A/B/C molecules with
overexpressed Arf6-EGFP constructs (Figure
2B). These results agree with reported data
indicating that Arfé constructs did not in-
duce per se down-regulation of cell-surface
MHC-I molecules (Blagoveshchenskaya
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FIGURE 2: Pattern of expression of Arf6-EGFP constructs and endogenous MHC-I molecules on
permissive lymphocytes. (A) Left, a series of confocal images, x-y midsections, show the
expression pattern for endogenous HLA-A/B/C molecules and overexpressed WT Arf6—,
Arf6-Q67L-, and Arf6-T44N-EGFP constructs in nonpermeabilized CEM-CCRS cells. Free EGFP
distribution and merged images are shown. White arrows indicate Arf6-EGFP constructs and
HLA-A/B/C codistribution at cell surface. Bar, 5 um. Right, flow cytometry analysis of HLA-A/B/C
cell-surface expression in Arf6-EGFP-transfected cells (control, 100% HLA-A/B/C expression in
pPEGFP-N1-transfected cells). Data are mean = SEM, n = 9. (B) A series of confocal images, x-y
midsections, show the expression pattern for endogenous HLA-A/B/C and overexpressed WT
Arf6-, Arf6-Q67L~, and Arf6-T4AN-EGFP constructs in permeabilized CEM-CCRS cells. Free
EGFP distribution and merged images are shown. Bar, 5 ym.

al., 2004; Massol et al., 2005; Barral et al.,
2008; Yi et al., 2010), the present work fo-
cuses on the role played by Arf6-mediated
membrane dynamics during early HIV-1 in-
fection and therefore in Nef-negative unin-
fected cells.

We conducted HIV-1 infection experi-
ments, under these experimental condi-
tions, with single-cycle viruses bearing the
Luc-reporter gene, which allows the moni-
toring and quantifying of HIV-1 entry and
infection (Barrero-Villar et al., 2008, 2009;
Barroso-Gonzalez et al., 2009a). We first
observed that overexpression of C-terminal
HA-tagged WT Arf6, Q67L, or T44N con-
structs (Figure 3A) did not affect the cell-
surface level of expression of CD4, CXCR4,
and CCR5 molecules, the receptors for
HIV-1 infection, in permissive lymphocytes
(Figure 3B). Nonreplicative X4- or R5-tropic
HIV-1 viral particles were then incubated
with CEM-CCRS permissive cells overex-
pressing either WT Arfé6—, Arf6-Q67L-, or
Arf6-T44N-HA mutant. HIV-1 entry and in-
fection were impaired in cells overexpress-
ing the Arf6-Qé67L or Arf6-T44N mutant
(Figure 3, C and D). Data obtained for these
events were similar when using either X4-
or R5-tropic HIV-1 viral strains (Figure 3, C
and D; 40% or 52% of inhibition by Arfé-
Q67L or Arf6-T44N, and 59% or 61% of in-
hibition by Arf6-Q67L or Arf6-T44N, re-
spectively), indicating that alteration of
Arf6-mediated membrane dynamics affects
HIV-1 entry and infection regardless of viral
tropism.

We also assayed the effect of Arf6-N48l/
Q67L- and Arf6-T27N-HA constructs, two
mutants for the Arf6-GTP/GDP cycling activ-
ity, on HIV-1 entry and infection (Figure 4, A
and B). There are two possible explanations
of why cytoplasmic Arf6-T27N is defective in
GTP loading acting as a cytoplasmic domi-
nant-negative protein: 1) It is thought to be
locked in the GDP-bound state, where it in-
terferes with the traffic through the intracel-
lular vesiculotubular Arf6 network (Rad-
hakrishna and Donaldson, 1997), or 2) it
does not mimic a GDP-bound form, thereby
affecting the binding of both GTP and GDP
nucleotides (Macia et al., 2004). The Arfé-
N481/Q67L double mutant persists in the
active GTP-bound state (Q67L mutation)
and fails to activate the Arf6-downstream
phospholipase D (PLD) (N48| mutation) (Vi-

et al., 2002; Larsen et al., 2004; Yi et al., 2010) and that MHC-| re-
cycles to plasma membrane from Arf6 intracellular compartments
(Blagoveshchenskaya et al., 2002; Caplan et al., 2002; Naslavsky et
al., 2003; Larsen et al., 2004; Massol et al., 2005; Barral et al., 2008;
Yi et al., 2010). Although the role of Arfé activity on Nef-mediated
MHC-I down-regulation and recycling has been extensively studied
in Nef-expressing cells (Blagoveshchenskaya et al., 2002; Larsen et
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tale et al., 2002). Overexpression of these two mutants (Figure 4A)
also inhibited X4- and R5-tropic HIV-1 entry and infection (Figure
4B). The results obtained with Arf6-Q67L, Arf6-T44N, and Arfé-
T27N mutants together with the fact that the Arf6-N48I/Qé67L con-
struct bears the Q67L mutation, acting as Arf6-Q67L, reinforce the
role of the Arf6 GTP/GDP cycle in early HIV-1 infection and suggest
that the Arfé-mediated PLD signal is not involved during the first
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FIGURE 3: Effect of the Arf6 constructs on HIV-1 entry and infection in permissive lymphocytes.
(A) Western blot analysis of endogenous Arfé6, WT Arf6—, Arf6-Q67L~, and Arf6-T44N-HA
expression in CEM-CCRS5 cells. a-Tubulin and pcDNA 3.1 are the controls for total protein and
transfected cells, respectively. A representative experiment of the three is shown. (B) Flow
cytometry analysis of CD4, CXCR4, and CCR5 cell-surface expression in Arf6-HA-transfected
cells. Data are mean £ SEM, n = 9. (C and D) Luciferase-based assay of viral entry and infection
by nonreplicative X4- and R5-tropic HIV-1 viral particles, respectively, in Arf6-HA-transfected
CEM-CCRS cells (control, 100% viral entry and infection in pcDNA3.1-transfected cells). Data are
mean + SEM of three independent experiments carried out in triplicate. Asterisk indicates

p <0.05, t test.

steps of viral infection. It is noteworthy that Arfé-induced PLD activ-
ity acts in exocytic events as reported with Arf6-N481/Qé67L and
Arf6-N48I mutants (Vitale et al., 2002; Begle et al., 2009). More work
needs to be performed to determine whether this downstream
Arfé-effector is involved in early HIV-1 infection.

Overexpression of WT Arfé did not enhance HIV-1 entry and in-
fection (Figure 3, C, 12% enhancement by WT Arf6 with respect to
the control, and D), even in the presence of the cotransfected gua-
nine nucleotide exchange factor EFA6 (Figure 4, C and D), described
as being specific for Arfé (Franco et al., 1999). Overexpression of
EFA6 alone (Figure 4C) did not significantly enhance viral entry and
infection, regardless of viral tropism (Figure 4D). In general, Arfé
functions have been determined by using their related Arf6 mu-
tants, owing to the lack of functional effect of WT Arfé overex-
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pression (Blagoveshchenskaya et al., 2002;
Donaldson, 2003; Larsen et al., 2004).
Although Arfé activates PLD and PI4P5-K
effectors (Brown et al., 2001; Vitale et al.,
2002; D'Souza-Schorey and Chavrier, 2006;
Gillingham and Munro, 2007), and overex-
pression of PI4P5-K lo. enhances HIV-1 viral
fusion and infection (Barrero-Villar et al.,
2008), the results we obtained with Arfé/
EFA6 (Figure 4, C and D), single Arf6-GTP/
GDP cycle mutants, and the Arf6-N48l/
Q67L mutant (Figures 3 and 4, A and B, Fig-
ures 8 and 10 later in this paper, and Supple-
mental Figure 3), which fails to activate PLD,
suggest that WT Arf6/EFA6 overexpression
does not activate PI4P5-K loe and that PLD
activity is not directly involved in the regula-
tion of viral fusion and entry. Therefore we
propose that HIV-1 takes advantage of Arf6-
coordinated plasma membrane movements,
a dynamic process inhibited by Arf6-GTPase
knockdown or Arfé6 mutants, to efficiently
fuse, enter, and infect CD4" lymphocytes.

Specific RNA interference (RNAI) of
endogenous Arf6 inhibits HIV-1
infection in permissive T-cells
To further confirm the functional involvement
of Arfé during early HIV-1 infection, we in-
fected permissive lymphocytes in which en-
dogenous Arf6 protein expression was previ-
ously silenced by specific small interfering
RNA (siRNA) (Figure 5A, siRNA-Arf6 band),
without affecting cell-surface expression of
HIV-1 receptors (Figure 5B). We observed
that endogenous Arfé6 knockdown negatively
affected luciferase-HIV-1 entry and infection,
as opposed to control scrambled-transfected
cells. The extent of this blockade was similar
to the level of Arfé6 silencing achieved (Figure
5, C and D; 50% and 56% of inhibition, re-
spectively). The inhibition of HIV-1 entry and
infection again appeared to be independent
of the viral tropism (Figure 5, C and D).
Therefore all these data suggest that ef-
ficient HIV-1 entry and infection require
functional Arfé.

Specific silencing of endogenous Arf6 inhibits HIV-1

spreading and the infection of primary CD4* T-cells

We also addressed the role of Arfé in HIV-1 infection of primary
cells. Preliminary work using stimulated primary lymphocytes
showed long-term toxicity with Arfé mutants or Arfé silencing that
hampered not only the maintenance of the siRNA silencing but
also the analysis of cell-free HIV-1 infections over 4 d (unpublished
data). Therefore to avoid long-term cultures of previously Arfé-
transfected or Arfé-silenced HIV-1-infected and stimulated CD4*
T-cells, we analyzed the effect of endogenous Arfé silencing on
target nonactivated primary CD4* T-cells during cell-mediated
HIV-1 transmission, which is a fast and highly efficient mechanism
of viral spread (Blanco et al., 2004; Jolly et al., 2004; Chen et al.,
2007; Puigdomenech et al., 2008) that accounts for more than
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Complete inhibition of viral transmission,
which yielded background HIV DNA lev-
els in MOLT/CCRS5 cells, was achieved in
C34 (anti-fusogenic peptide)-treated cul-
tures (Figure 6, C and D, dashed line).

Taken together these data suggest that
Arf6-mediated membrane dynamics are in-
volved in efficient cell-to-cell HIV-1 transmis-
sion to primary CD4* T lymphocytes.

Arf6-mediated membrane dynamics
regulate HIV-1 fusion, entry, and
infection in permissive cells
Arf6-mediated membrane trafficking and its
cellular characterization have been exten-
sively described in Hela cells (Radhakrishna
and Donaldson, 1997; Donaldson, 2003). It
appears that the Arf6-mediated membrane
recycling system is different from the trans-
ferrin receptor recycling pathway and from
its actin reorganization activity (Radhakrishna
and Donaldson, 1997; Al-Awar et al., 2000;
Donaldson, 2003). Permissive CXCR4*/
CCR5*/CD4*-Hela cells, such as Hela-P5
and TZMbl cells, have been used to study
and image HIV-1 infection, as envelope-
mediated membrane fusion, entry, and
viral egress events (Pleskoff et al., 1997;
Valenzuela-Fernandez et al., 2005; Jouvenet

FIGURE 4: Effect of different Arfé constructs and the EFA6 factor on HIV-1 entry and infection
in permissive lymphocytes. (A) Western blot analysis of endogenous Arfé, Arf6-N481/Q67L-, and
Arf6-T27N-HA expression in CEM-CCRS5 cells. a-Tubulin and pcDNA 3.1 are the controls for
total protein and transfected cells, respectively. A representative experiment of the three is
shown. (B) Luciferase-based assay of viral entry and infection by nonreplicative X4- and R5-tropic
HIV-1 viral particles, respectively, in Arf6-N481/Qé67L- and Arf6-T27N-HA-transfected CEM-
CCRS cells (control, 100% viral entry and infection in pcDNA3.1-transfected cells). Data are
mean + SEM of three independent experiments carried out in triplicate. Asterisk indicates p <
0.05, t test. (C) Western blot analysis of endogenous Arf6, WT Arf6-HA, and vsv-g-EFA6
expression in CEM-CCRS5 cells. a-Tubulin and pcDNA 3.1 are the controls for total protein and
transfected cells, respectively. A representative experiment of the three is shown. (D) Luciferase-
based assay of viral entry and infection by nonreplicative X4- and R5-tropic HIV-1 viral particles,
respectively, in WT Arf6-HA, vsv-g-EFA6, and double WT Arf6-HA/vsv-g-EFA6-transfected
CEM-CCRS cells (control, 100% viral entry and infection in pcDNA3.1-transfected cells). Data are
mean * SEM of three independent experiments carried out in triplicate.

et al., 2008; Barrero-Villar et al., 2009,
Barroso-Gonzalez et al., 200%9a; Ivanchenko
etal., 2009; Miyauchi et al., 2009). Therefore
we studied Arfé cellular location and the
functional consequences of Arf6 mutants
and Arf6 silencing on Arfé-mediated mem-
brane dynamics during early HIV-1 infection
in permissive Hela cells.

We further validated the data obtained
in CD4* T lymphocytes by first analyzing the
expression pattern of C-terminal EGFP- or
ECFP-tagged WT Arf6, Arf6 Q67L, and Arfé
T44N (mutants for the GTP/GDP cycle able
to localize at the cell surface) constructs,

90% of new CD4* T-cell infections in vivo (Dixit and Perelson,
2004).

To do this, MOLT/CCR5 cells chronically infected with X4 or
R5 viral isolates, MOLT4_3 or MOLTg,|, respectively, were used
as effector cells and cocultured with unstimulated primary CD4*
T-cells, which were previously nucleofected with scrambled or
specific siRNA for Arfé silencing (Figure 6A). In addition, in this
set of experiments, an siRNA directed against CD4 was used as
a control of inhibition of HIV-1 transmission. After silencing, a
reduction in the levels of Arf6 and CD4 expression was observed
by Western blot as compared with the scrambled control (Figure
6, A and B). Specific Arf6 silencing did not affect CD4, CXCR4,
and CCR5 cell-surface expression (unpublished data). Proviral
HIV-1 DNA was measured after 24 h of coculture by quantitative
PCR using primers to amplify the viral long terminal repeats
(LTRs). It is worth mentioning that both Arf6 and CD4 knock-
down partially but significantly inhibited cell-mediated HIV-1
transmission, irrespective of the viral tropism (Figure 6, C and D).
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transiently transfected in permissive TZMbl
cells (Figure 7 and Supplemental Figure 1), and compared them
with the distribution of cellular PIP,-associated structures and free or
HIV-1-bound CD4 viral receptor. Fluorescence confocal microscopy
showed that WT Arf6—EGFP was homogeneously localized on the
plasma membrane as well as on cytoplasm in permissive TZMbl cells
without promoting the accumulation of large PIPy-associated struc-
tures (Supplemental Figure 1, WT Arf6-EGFP and related PH-ECFP
and merged images). We observed accumulation of PIP,-associated
structures in cells overexpressing Arf6-Q67L— and Arf6-T44N-EGFP
(Supplemental Figure 1, see arrowheads in Arfé mutants and arrows
in related PH-ECFP and merged images). We also observed colocal-
ization of Arf6 constructs with F-actin (Supplemental Figure 1, see
F-actin in related Arfé images). The quantification of the codistribu-
tion pattern of each EGFP-labeled Arfé construct or the free EGFP
protein with the PH-ECFP probe or F-actin is shown in line scans
(Supplemental Figure 1).
Furthermore, we analyzed the distribution of the different Arfé-
EGFP constructs together with the PH-ECFP probe at the plasma

Arf6 regulates HIV-1 entry and infection | 1153



FIGURE 5: Effect of knockdown of the endogenous Arfé protein on HIV-1 entry and infection in
permissive lymphocytes. (A) Western blot analysis of endogenous Arfé knockdown in siRNA-
Arfé-treated CEM-CCRS cells, quantified as the band intensity ratios to o-tubulin. A
representative experiment of three is shown. (B) Flow cytometry analysis of CD4, CXCR4, and
CCRS cell-surface expression in scrambled- or siRNA-Arf6-treated CEM-CCRS cells. Data are the
mean + SEM of three independent experiments carried out in triplicate. (C and D) Luciferase-
based assay of viral entry and infection by nonreplicative X4- and R5-tropic HIV-1 viral strains,
respectively, in siRNA-Arf6-silenced CEM-CCRS5 cells (control, 100% viral entry in scrambled-
treated cells). Data are mean = SEM of three independent experiments carried out in triplicate.

Asterisks indicate p < 0.01, t test.

membrane of these permissive cells using TIRFM. We observed
that TZMbl cells expressing Arf6-Q67L- and Arf6-T44N-EGFP
(Figure 7, A and B) presented accumulation of PIP,-associated
structures on plasma membranes, as observed in the evanescent
field (EF) (Figure 7B, see arrows in PH-ECFP images), where these
mutants colocalized (Figure 7B, see arrowheads in Arf6-Q67L- and
Arf6-T44N-EGFP images). In general, we observed that the Arfé-
Q67L mutant induced a more extensive accumulation of PIP,-asso-
ciated structures either on cytoplasm or on plasma membrane,
compared with the effect exerted by the Arf6-T44N mutant (Figure
7, B and C, and Supplemental Figures 1 and 5; see related PH-
ECFP or merged images). In this regard, we even observed the
accumulation of PIP,-associated vacuole-like structures near the
plasma membrane in some cells overexpressing the Arf6-Q67L—
HA mutant (Supplemental Figure 2). This fact has also been previ-
ously reported in cells transfected with the GTP-bound Arf6-Q67L
mutant (Naslavsky et al., 2003; Aikawa and Martin, 2005; Cohen
etal., 2007). The quantification of the codistribution of each EGFP-
labeled Arfé6 construct or the free EGFP protein with the PH-ECFP
probe on plasma membrane observed by TIRFM indicated that all
Arf6 molecules similarly codistributed with PIPy-associated plasma
membrane domains (Figure 7C, top). The quantification of the
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codistribution of the PH-ECFP probe with
each EGFP-labeled Arfé construct or the
free EGFP protein on plasma membrane
clearly indicated that Arf6 mutants pro-
voked the accumulation of PIP,-associated
membrane domains on cell-surface regions
where the mutants are localized (Figure 7C,
bottom). Therefore inhibition of the Arfé-
GTP/GDP cycle seems to perturb the
movement of PIP,-associated structures,
provoking its accumulation on plasma
membrane of Arf6-Q67L— or Arf6-T44N-
treated cells.

TIRFM studies indicate that WT Arfé6—,
Arf6-Q67L~, and Arf6-T44N-ECFP con-
structs did not colocalize with cell-surface
CD4-DsRed (Figure 7D). HIV-1 binding to
CD4 did not promote codistribution of virus-
bound or free CD4 with Arfé6 constructs, and
Arf6 constructs did not affect the first CD4/
HIV-1 interaction (Figure 7D). We observed
that free or HIV-1-bound CD4-DsRed mol-
ecules did not distribute with Arfé structures
(Figure 7D, line scans). This fact suggests
that CD4 molecules do not internalize to or
recycle from Arfé compartments. Therefore
the results obtained with Arf6-EGFP and
Arf6-ECFP constructs point to the coordina-
tion of PIPy-associated membrane dynamics
exerted by Arf6 on plasma membrane,
which is perturbed by the Arf6-Q67L and
Arf6-T44N mutants, without affecting CD4
cell-surface expression and the first HIV-1/
CD4 interactions.

TIRFM studies indicate that functional
Arf6 is required for efficient HIV-1
entry

We studied the ability of the CD4-bound
HIV-1 virus to enter target cells with a per-
turbed Arf6-GTP/GDP cycle and, therefore, with accumulated
PIP,-associated structures at the cell surface. TIRFM can dynami-
cally study, at the plasma membrane, the fate of internalization
or export of different cargos or cell-surface molecules (Barroso-
Gonzalez et al., 2009a, 2009b). Furthermore, it has also been ap-
plied to the study of HIV-1 fusion and entry, viral assembly, and
release (Jouvenet et al., 2006; Ivanchenko et al., 2009). In this re-
gard, we performed TIRFM studies of the CD4-dependent HIV-1
uptake process by using nonreplicative, fluorescent HIV-1-Gag-
EGFP viral particles in nonlymphoid permissive TZMbl (CD4*/
CXCR4+*/CCR5") cells (see Materials and Methods) transiently ex-
pressing the fluorescent CD4-DsRed molecule together with one
of the different Arf6-HA constructs and the PH-ECFP probe. This
probe allowed us to monitor accumulated PIP,-associated struc-
tures at the EF of permissive cells and provided a clear-cut readout
for effective Arfé mutant-mediated inhibition of endogenous Arf6-
coordinated PIP,-membrane traffic (Figure 8, PH-ECFP images).
The study of CD4-dependent HIV-1 entry in cells presenting accu-
mulation of PIP,-associated structures, provoked by Arf6 mutants
that also codistributed with Arf6 mutants (Figures 1, 7, and 8 and
Supplemental Figures 1, 2, and 5), gives a better guaranty of se-
lecting cells where Arf6-dependent membrane dynamics have
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FIGURE 6: Effect of Arf6 silencing on cell-to-cell HIV-1 transmission and infection of primary
CD4* T-cells. (A and B) Western blot analysis of Arf6 and CD4 knockdown in specific siRNA- or
scrambled-nucleofected human primary CD4* T-cells, 24 h after nucleofection, quantified as the
band intensity ratios to o-tubulin. A representative experiment of three is shown. (C and D)
After 24 h, nucleofected unstimulated primary CD4* T-cells were cocultured with (C) MOLT 4.3
or (D) MOLTg,, cells. Cell-to-cell HIV-1 transmission was analyzed at 24 h postcoculture by
real-time PCR using a standard curve of a known number of HIV and CCR5 copies. Data
represented HIV-1 DNA copies per cell, as values were normalized to the copy number of CCR5.
Dashed lines represent the background levels of HIV-1 DNA in MOLT cells as determined in
control cocultures in the presence of the fusion inhibitor peptide C34. Data are mean + SD of

three independent experiments. Asterisks indicate p < 0.05, t test.

been altered, thereby avoiding a possible incorrect selection of
cells for analysis of viral uptake based on Arfé detection, which
could lead to the selection of cells expressing critical levels of Arfé-
fluorescent constructs without perturbing Arf6/PIP,-coordinated
membrane dynamics.

We first assayed luciferase-based HIV-1 entry and infection ex-
periments on Hela-P5 cells, transfected with the different Arf6-HA
constructs or siRNA-Arf6 oligonucleotides (Supplemental Figures
3A and 4A, respectively), in order to confirm that Arf6-HA mutants
and siRNA-Arf6é treatment affect early HIV-1 infection in Hela per-
missive cells. CD4, CXCR4, and CCR5 cell-surface expression was
not affected by the expression of any Arf6-HA construct used (Sup-
plemental Figure 3B). Furthermore, X4- and R5-tropic HIV-1 entry
and infection appeared to be impaired by Arf6-GTP/GDP cycling
mutants (Supplemental Figure 3, C and D, 40% and 42% inhibition
by Arf6-Q67L and Arf6-T44N and 50% and 43% inhibition by Arf6-
Q67L and Arf6-T44N, respectively). Similar inhibitory effects on viral
infection were observed by the anti-fusogenic T-20 peptide (Supple-
mental Figure 3, C and D, T-20 bars in cells transfected with
pcDNA3.1). However, Arf6 mutants did not affect cell infection by
HIV-1 vectors pseudotyped with the vesicular stomatitis virus G
(VSV-G) protein (Supplemental Figure 3E), an envelope protein that
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drives the entry and infection process in
a clathrin-dependent endocytic manner
(Matlin et al., 1982; Sun et al., 2005). Simi-
larly, nonfunctional Arf6 mutants impaired
HIV-1 envelope-mediated cell-to-cell fu-
sion, independently of envelope-viral tro-
pism (Supplemental Figure 3, F and G, 40%
and 48% inhibition by Arf6-Q67L and Arfé-
T44N and 39% and 42% inhibition by Arf6-
Q67L and Arf6-T44N, respectively), when
quantified by a B-galactosidase-based cel-
lular model for membrane fusion as previ-
ously described (Pleskoff et al., 1997;
Valenzuela-Fernandez et al., 2005; Barrero-
Villar et al., 2009; Barroso-Gonzalez et al.,
2009a). Furthermore, endogenous Arfé
knockdown (Supplemental Figure 4A), which
did not affect cell-surface expression of
CD4, CXCR4, or CCRS viral receptors (Sup-
plemental Figure 4B), negatively affected
X4- and R5-tropic luciferase-based HIV-1 in-
fection (Supplemental Figure 4, C and D,
~50% inhibition). However, Arfé6 knockdown
did not affect cell infection by HIV-1 vectors
pseudotyped with the VSV-G protein (Sup-
plemental Figure 4E). Altogether these data
lead us to suggest that Arf6-HA constructs
and specific Arfé silencing affect viral entry
and infection in Hela permissive cells, as
observed in CD4* lymphocytes, thus con-
firming the inhibitory effect of Arf6-HA mu-
tants on HIV-1 entry and infection used in
the following TIRFM studies.

Our results suggest that the Arf6-medi-
ated effect on HIV-1 entry is independent of
the viral tropism. Thus we present CD4-de-
pendent viral uptake experiments per-
formed by using X4-tropic HIV-1-Gag-EGFP
virions in this section. Cell-surface CD4-
DsRed molecules can monitor CD4-depen-
dent HIV-1 uptake, whereas the PH-ECFP probe serves as a readout
for the accumulation of PIP,-associated structures at the plasma
membrane of cells expressing the GTP/GDP cycling Arf6-HA mu-
tants (Figure 8, A-D). Of note, overexpression of each Arf6-HA con-
struct did not affect the initial CD4/HIV-1 interaction (Figure 8, A-D,
cell-surface CD4-DsRed/HIV-1-Gag-EGFP codistribution in merged
images). Interestingly, PIP, accumulation was clearly observed in the
EF of cells transfected with either Arf6-Q67L-HA or Arf6-T4A4N-HA
(Figure 8, C and D, PH-ECFP images), thereby representing an al-
teration of Arfé-coordinated plasma membrane dynamics. On the
contrary, overexpression of the WT Arf6-HA construct did not pro-
voke the accumulation of large PIP,-associated structures (Figure 8,
A and B, PH-ECFP images), which could be indicative of normal
membrane dynamics.

HIV-1 uptake was studied under each experimental condition as
described in Materials and Methods. CD4-dependent viral uptake
was clearly observed in control and WT Arfé—nucleofected cells (Fig-
ure 8A and quantified in E as 57% of CD4-dependent viral uptake),
as monitored by the coordinated dimming of the intensity of fluo-
rescence for the DsRed and EGFP fluorophores, respectively, associ-
ated with CD4 and viral particles (Figure 8A, fluorescence intensity
curves and time lapse images from zoom area for CD4-DsRed and
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FIGURE 7: TIRFM analysis for plasma membrane expression pattern of Arf6-EGFP or Arf6-ECFP
constructs, and free or HIV-1-bound CD4-DsRed molecules on permissive Hela cells. (A) Western
blot analysis of endogenous Arf6, WT Arf6-, Arf6-Q67L—, and Arf6-T44N-EGFP expression in
permissive TZMbl cells. o-Tubulin is the control for total protein. Free EGFP protein expression in
PEGFP-N1-transfected cells. A representative experiment of the three is shown. (B) TIRFM
analysis for the plasma membrane expression pattern of each Arf6-EGFP and the PH-ECFP probe.
Merged images are shown. A representative experiment of the three is shown. Bar, 5 pm. White
arrowheads or arrows indicate the distribution of Arf6 mutant or accumulation of PIP,-associated
structures, respectively. (C) Quantification of the codistribution of each Arf6-EGFP or free EGFP
molecule with PIP; (PH-ECFP)-associated plasma membrane structures (top) or PIP, (PH-ECFP)
with each Arf6-EGFP or free EGFP molecule (bottom) from TIRFM images, as shown in (B). A
representative experiment of three is shown. (D) A series of TIRFM images representing the
expression pattern of cell-surface CD4-DsRed, HIV-1-Gag-EGFP virions, CD4-attached HIV-
1-Gag-EGFP virions (merge), and WT Arfé—, Arf6-Q67L-, or Arf6-T44N-ECFP constructs,
respectively, at the EF of TZMbl cells. The quantification of the pattern of distribution of free or
HIV-1-Gag-EGFP-bound CD4-DsRed or Arf6-ECFP constructs is shown by line scan quantification,
after background remove, through regions 1-4 or 5 indicated in zoom areas. Bar, 5 pm.

bound HIV-1-Gag-EGFP, and Supplemental Video 1). We performed
CD4-dependent HIV-1-Gag-EGFP uptake experiments in cells over-
expressing WT Arf6-HA in the presence of the anti-fusogenic pep-
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tide T-20 to analyze CD4-dependent pro-
ductive viral entry. We observed animportant
inhibition of CD4-dependent viral uptake
(Figure 8, B and quantified in E as only
11.4% of CD4-dependent viral uptake).
Therefore the CD4-dependent viral uptake
observed in the presence of T-20 could cor-
respond to nonproductive viral entry, con-
sidering that CD4-dependent fusogenic
entry is blocked by T-20 (Figure 8B, fluores-
cence intensity curves and time lapse im-
ages from zoom area for CD4-DsRed and
bound HIV-1-Gag-EGFP, and Supplemental
Video 2).

Our results obtained in permissive cells
overexpressing Arf6-Q67L-HA or Arfé-
T44N-HA mutants indicated that alteration
of Arf6-mediated PIP,-membrane dynamics
prevented CD4-dependent HIV-1 uptake
(Figure 8, C or D and quantified in E as
12.5% and 15% of CD4-dependent viral up-
take, respectively). Given all the data pre-
sented concerning the inhibitory effect of
each Arf6 mutant on HIV-1 viral entry and
infection, and the blockade of CD4-depen-
dent viral uptake by T-20, it is conceivable
that Arf6 mutants inhibited CD4-dependent
productive viral entry as observed by TIRFM
(Figure 8, C and D, fluorescence intensity
curves and time lapse images from zoom
area for CD4-DsRed and bound HIV-1-Gag-
EGFP, and Supplemental Videos 3 and 4).

We performed similar experiments on
TZMbl cells, transiently expressing CD4-
DsRed, where endogenous Arf6 protein
expression was previously silenced to fur-
ther confirm the role of Arfé function dur-
ing HIV-1 entry (Figure 9). We used fluores-
cent siRNA-Arf6 oligonucleotides to select
cells to be studied by TIRFM for this pur-
pose. We first confirmed that fluorescent
siRNA-Arf6 oligonucleotides silenced the
expression of the endogenous Arfé protein
(Figure 9A), as did the nonfluorescent oli-
gonucleotides (Figures 5A, 6A, and 10A
and Supplemental Figure 4A). The pres-
ence of the fluorescent scrambled or
siRNA-Arf6  oligonucleotides inside the
cells was monitored by epifluorescence
(Figure 9, B and C, epifluorescence images)
during TIRFM-based CD4-dependent HIV-1
uptake experiments. Our results indicated
that endogenous Arf6 knockdown did not
affect the first CD4-DsRed/HIV-1-Gag-
EGFP interaction (Figure 9, B and C,
merged images) but prevented CD4-de-
pendent viral uptake, compared with con-
trol and scrambled-treated cells (Figure 9D,
63% and 10.7% of CD4-dependent viral

uptake for scrambled and siRNA-Arf6, respectively). Given the
observed inhibitory effect of Arfé6 knockdown on HIV-1 viral entry
and infection (Figures 5 and 6 and Supplemental Figure 4), it is
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FIGURE 8: Effects of the different Arf6-HA constructs on PIP,—plasma membrane distribution
and HIV-1 entry analyzed by TIRFM. (A-D) A series of TIRFM images representing the expression
pattern of cell-surface CD4-DsRed, HIV-1-Gag-EGFP virions, CD4-attached HIV-1-Gag-EGFP
virions (merge), and the PH-ECFP probe (readout for PIP,) at the EF of TZMbl cells, under any
experimental condition. T-20 treatment represents a control for the blockade of CD4-dependent
fusogenic viral entry. White squares in merged images show a representative area (zoom area)
where CD4-dependent HIV-1 uptake or blockade was observed, corresponding to Supplemental
Videos 1-4, and a time lapse series of images (105 s, zoom area), under any experimental
condition. White open circles, in a time lapse series of images, show representative events for
CD4-dependent viral uptake or inhibition analyzed by time for their fluorescence intensities
(right curves). Bar, 5 um. (E) Histograms show the percentage of bound HIV-1-Gag-EGFP
particles to CD4-DsRed that entered seven cells (ratio of CD4-dependent viral uptake events to
the total number of CD4/HIV-1 interactions analyzed appears above the histograms), under any
experimental condition.

conceivable that siRNA-Arf6 inhibited CD4-dependent productive
viral entry, as was observed by TIRFM (Figure 9, B and C, fluores-
cence intensity curves and time lapse images from zoom area for

Volume 22 April 15, 2011

Arf6 regulates HIV-1 entry and infection

CD4-DsRed and bound HIV-1-Gag-EGFP,
and Supplemental Videos 5 and 6).

Arfé regulates HIV-1 viral fusion and
entry steps of the viral cycle

We performed viral fusion and entry experi-
ments by using R5- and X4-tropic HIV-1 viral
particles containing the BlaM-Vpr chimera
in Arfé-silenced CD4* T lymphocytes (Fig-
ure 10A) to ascertain the mechanism in-
volved in Arfé6-dependent efficient early
HIV-1 infection. These chimera virions were
designed specifically to study the first steps
of viral infection (Cavrois et al., 2002) be-
cause B-lactamase activity directly correlates
with viral fusion and entry (Cavrois et al.,
2002; Barrero-Villar et al., 2008, 2009).
Control (scrambled)- or siRNA-Arf6-treated
CEM-CCRS cells were incubated (3 h) with
equivalent viral inputs of X4-tropic or
R5-tropic virions containing the BlaM-Vpr
fusion protein. Concurring with all the re-
sults presented earlier in this article and as
observed by TIRFM (Figure 9), specific Arfé
silencing significantly inhibited viral fusion
and entry, regardless of viral tropism, com-
pared with the more susceptible scrambled-
treated cells to viral fusion and entry (Fig-
ure 10B). Therefore it seems that Arfé
knockdown interfered with Arf6-mediated
plasma membrane dynamics during the
virus—cell fusion process.

It has been recently reported that HIV-1
enters cells in mainly a clathrin-dependent,
endocytic pathway (Miyauchi et al., 2009).
We used BlaM-Vpr virions pseudotyped
with the VSV-G envelope protein as a con-
trol of the specificity of Arfé knockdown
regulation of HIV-1-induced membrane fu-
sion to explore the Arf6 role on clathrin-de-
pendent viral fusion and entry process.
These pseudotyped viruses enter target
cells using the clathrin-endocytic lower pH
pathway due to the VSV-G envelope (Matlin
et al., 1982; Sun et al., 2005). As observed
above, VSV-G-mediated viral fusion and en-
try were independent of Arf6 activity (Figure
10B), thereby suggesting that Arfé activity
did not affect clathrin-mediated vesicle traf-
ficking from the cell surface.

We next analyzed the possibility that
Arfé silencing or Arf6-GTP/GDP cycle mu-
tants may affect the function of CXCR4 and
CCR5, the main HIV-1 coreceptors, which
may result in viral fusion, entry, and infection
inhibition. For this purpose, we first assayed
ligand-induced CXCR4 and CCRS internal-
ization in CD4* lymphocytes, transiently
transfected with control or siRNA-Arf6—
PEGFP-N2-RNAI plasmids. Cells transfected

with these vectors express both control and siRNA-Arfé oligonucle-
otides, for Arfé knockdown, and the EGFP protein (Figure 10C),
which allows us to identify control and Arfé-silenced cells by
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FIGURE 9: Effect of endogenous Arf6 knockdown on HIV-1 entry in TZMbl cells analyzed by
TIRFM. (A) Left, Western blot analysis of endogenous Arfé6 knockdown, 24 h after
fluorescent-siRNA nucleofection of TZMbl cells, quantified as the band intensity ratios to
o-tubulin. Fluorescent scrambled oligonucleotides represent the negative control for RNAI.
A representative experiment of three is shown. Right, a series of x-y midsection images
showing the specific silencing of endogenous Arfé (green) by fluorescent siRNA-Arfé
oligonucleotides (red). Asterisks indicate cells where Arf6 was not silenced. Merge and
merge/DIC images are shown from a representative experiment. (B and C) A series of TIRFM
images indicating cell-surface CD4-DsRed, HIV-1-Gag-EGFP virions, and CD4-attached
HIV-1-Gag-EGFP virions (merge) at the EF of TZMbl, both in scrambled- or siRNA-Arfé-
transfected cells. Fluorescent scrambled or siRNA-Arfé oligonucleotides are monitored by
epifluorescence. White squares in the merged images show a representative area (zoom
area) where CD4-dependent HIV-1 uptake or blockade was observed, corresponding to
Supplemental Videos 5 and 6, and a time lapse series of images (105 s, zoom area). Bar

5 pm. White open circles, in a time lapse series of images, show representative events for
CD4-dependent viral uptake or inhibition, analyzed by time for their fluorescence intensities
(right curves). (D) Histograms show the percentage of bound HIV-1-Gag-EGFP particles to
CD4-DsRed that entered seven cells (ratio of CD4-dependent viral uptake events to the total
number of CD4/HIV-1 interactions analyzed appears above the histograms), under any
experimental condition.
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EGFP-associated fluorescence. Ligand-in-
duced endocytosis of viral coreceptors was
then performed and analyzed by flow cy-
tometry in EGFP-positive cells under any
experimental condition. Arfé knockdown by
this plasmid did not affect CXCR4 or CCR5
cell-surface expression (Figure 10D), as pre-
sented for Arfé-silenced cells (Figure 5B and
Supplemental Figure 4B). It is noteworthy
that Arfé silencing did not affect SDF-1a.
(CXCL12)- or RANTES (regulated on activa-
tion, normal T expressed and secreted)
(CCL5)-mediated CXCR4 or CCRS5 internal-
ization, respectively, compared with control
cells (Figure 10D). Similarly, overexpression
of Arf6-Q67L- or Arf6-T44N-EGFP mutants
(Figure 10E) neither affected cell-surface ex-
pression of CXCR4 and CCR5 nor prevented
its ligand-induced internalization, compared
with WT Arf6-EGFP-transfected cells (Fig-
ure 10F). These data were obtained by flow
cytometry analysis of EGFP-positive cells ex-
pressing Arf6-EGFP constructs. Therefore li-
gand-induced CXCR4 and CCRS internaliza-
tion, a clathrin-dependent endocytic process
(Borroni et al., 2010), does not seem to be
affected by Arfé activity (Figure 10, C-F).
CXCR4 and CCRS viral coreceptors appear
to be functional under our experimental
conditions.

Taken together these results prompted
us to suggest that Arfé6-coordianted PIP,-
associated plasma membrane dynamics are
required for efficient HIV-1 fusion and entry
events, regardless of the viral tropism and
without affecting CD4 expression and traf-
ficking, HIV-1/CD4 interaction, and CXCR4
or CCR5 function. Arfé activity does not
seem to be involved in VSV-G-mediated fu-
sion, entry, and infection or ligand-mediated
viral coreceptor endocytosis; both are clath-
rin-dependent processes.

Arf6-dependent and clathrin/transferrin-
dependent endocytic pathways have been
reported to coexist as two separately traffick-
ing routes from plasma membrane in Hela
cells and other cell types (Radhakrishna and
Donaldson, 1997; Nichols and Lippincott-
Schwartz, 2001; Donaldson, 2003; Naslavsky
et al., 2003; Donaldson et al., 2009). We ob-
served, using TIRFM, the distribution of
clathrin-coated structures (CCS; i.e., clathrin-
coated pits [CCP] and vesicles [CCV]) at the
plasma membrane, under any experimental
condition and as described in Barroso-
Gonzalez et al. (2009b). It appears that nei-
ther CCP nor CCV formation at the plasma
membrane was affected by an alteration of
Arf6 activity, after overexpressing each Arf6é
mutant, when compared with control condi-
tions (Supplemental Figure 5, CCS-mLCa-
DsRed images). In addition, we observed
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FIGURE 10: Arfé regulates HIV-1 viral fusion with CD4* lymphocytes, without affecting CCR5
and CXCR4 internalization. (A) Western blot analysis of endogenous Arfé6 knockdown 24 h after
siRNA nucleofection of CEM-CCRS cells, quantified as the band intensity ratios to a-tubulin.
Scrambled oligonucleotides represent the negative control for RNAI. A representative
experiment of three is shown. (B) Specific silencing of endogenous Arfé specifically affects the
early steps of viral infection. Control (scrambled)- or siRNA-Arf6-treated CEM-CCRS5 cells were
incubated for 3 h with equivalent viral inputs (determined by standard p24-ELISA) of X4-tropic
or R5-tropic pNL4-3.Luc.R-E- virions containing the BlaM-Vpr fusion protein. After adsorption for
3 h, cells were treated with CCF2-AM and analyzed by fluorescence spectrophotometry after
16 h. VSV-G virions containing the BlaM-Vpr fusion protein were used to control the specificity
of Arfé6-mediated effects on HIV-1 viral fusion. The percentages of HIV-1-fused cells were
determined by measuring the ratio of blue (447 nm; cleaved CCF2) to green (520 nm; intact
CCF2) fluorescence signals in target cells. Each assay was done in triplicate, and results are
representative of three independent experiments. (C) Western blot analysis of endogenous Arfé
knockdown, 24 h after control- or siRNA-Arf6-pEGFP-N2-RNAi nucleofection of CEM-CCR5
cells, quantified as the band intensity ratios to a-tubulin. Control and siRNA oligonucleotides
were transfected using the pEGFP-N2-RNAi plasmid; therefore treated cells expressed the
EGFP protein, which serves as a control of cell treatment. A representative experiment of three
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that each Arf6 mutant colocalized with and
provoked the accumulation of PIP,-associ-
ated structures at the plasma membrane
in nonclathrin plasma membrane regions
(Supplemental Figure 5, EGFP, PH-ECFP, and
merged images). Therefore it seems that
Arf6 did not alter CCS at the plasma mem-
brane; VSV-G-mediated virus fusion, entry,
and infection; and ligand-induced endocyto-
sis of HIV-1 main coreceptors.

Taking all the presented results together,
we propose that efficient HIV-1 fusion, entry,
and infection require Arf6-coordinated PIP,-
associated membrane dynamics. This pro-
cess depends on Arf6-GTP/GDP activity to
promote viral fusion (i.e., pore fusion forma-
tion) at the cell surface of target cells and
appears to be clathrin independent.

DISCUSSION

We have shown here that early HIV-1 infec-
tion of permissive CD4* T lymphocytes was
impaired by the modification of Arf6-depen-
dent membrane dynamics, either by specific
RNAi or by overexpressing GTP-bound or
GDP-bound inactive mutants of Arfé6. Arfé-
Q67L and Arf6-T44N mutants induced the
accumulation of PIP,-associated structures
at the plasma membrane of permissive cells,

is shown. (D) Effect of Arfé6 knockdown on
ligand-induced CXCR4 (SDF-10) and CCR5
(RANTES) endocytosis in CEM-CCRS cells.
Control or siRNA-Arf6-pEGFP-N2-RNAi-
treated cells were exposed to SDF-1o.

(200 nM) or RANTES (200 nM) for 1 h at
37°C. Then CXCR4 or CCR5 expression was
analyzed by flow cytometry in control/EGFP*
and siRNA-Arf6/EGFP* cells using PE-
conjugated specific mAbs against cell-surface
CXCR4 or CCRS5. Data are mean + SEM of
three independent experiments carried out in
triplicate and refer to CXCR4 or CCR5
expression in the absence of SDF-1a or
RANTES, respectively, taken as 100%.
Asterisk indicates p < 0.05, t test. (E) Western
blot analysis of endogenous Arfé6, WT Arf6-,
Arf6-Q67L-, and Arf6-T44N-EGFP
expression in CEM-CCRS5 cells. o-Tubulin and
pPEGFP-N1 are the controls for total protein
and intact Arf6-EGFP expression,
respectively. (F). Effect of different Arf6-EGFP
constructs on ligand-induced CXCR4
(SDF-10)) and CCR5 (RANTES) endocytosis in
CEM-CCRS5 cells. The experiments were
carried out as indicated in (D) but in cells
overexpressing each Arf6-EGFP construct.
Data are mean + SEM of three independent
experiments carried out in triplicate and refer
to cell-surface CXCR4 or CCR5 expression in
WT Arf6-EGFP-transfected cells in the
absence of SDF-10. or RANTES, respectively,
taken as 100%. Asterisk indicates p < 0.05, t
test.
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as monitored by the PH-ECFP probe. This fact is indicative of a per-
turbed PIP,-associated membrane trafficking from the cell surface.
Arf6-Q67L, Arf6-T44N, Arf6-T27N, and Arf6-N481/Qé67L mutants in-
hibited early viral infection, indicating that the Arf6-GTP/GDP cycle
regulates efficient HIV-1 entry and infection.

Alteration of the GTPase cycle of Arf6 had no effect on the cell-
surface level of expression and function of CD4, CCR5, and CXCR4
receptors for HIV-1. TIRFM studies for CD4-dependent HIV-1 up-
take, in nonlymphoid permissive Hela-derived cells expressing
CD4, CCR5, and CXCR4 viral receptors, showed that the first virus/
CD4 interactions are not affected by the inhibition of Arfé-coordi-
nated plasma membrane dynamics. Arfé mutants or specific Arfé6
silencing inhibits viral entry and infection independently of viral tro-
pism, suggesting that viral receptors are not affected or negatively
involved in this process. Free or virus-bound CD4 does not distrib-
ute or localize with Arfé constructs, suggesting that CD4 neither
traffics from nor recycles to plasma membrane Arf6 dependently.
Arf6 mutants or silencing do not appear to affect ligand-induced
CXCR4 or CCR5 endocytosis, a clathrin-dependent process (Borroni
etal., 2010).

Regulation of early HIV-1 infection by Arfé activity seems to be
related to fusion and entry steps of the viral cycle. We observed that
either Arf6 mutants or specific Arfé silencing inhibited HIV-1 Env—
mediated membrane fusion, viral entry, and infection regardless of
viral tropism. We observed, by TIRFM, that CD4-DsRed-preattached
HIV-1-Gag-EGFP viral input internalized together with the associ-
ated cell-surface CD4 receptor in cells transfected by WT Arfé—HA.
In fact, their respective intensity of fluorescence dimmed in the EF,
representing CD4-dependent viral uptake. On the contrary, PIP,-
associated plasma membrane structures accumulated in cells over-
expressing each Arf6-HA mutant, rendering them refractory to CD4-
dependent HIV-1 uptake. Comparable inhibition was observed in
cells transfected by WT Arf6-HA pretreated by T-20, which prevents
CD4-dependent HIV-1 fusion and productive entry. Transiently ex-
pressed CD4-DsRed attached HIV-1-Gag-EGFP virions under any
experimental condition. This fact indicates that Arfé-mediated
plasma membrane trafficking is required for efficient CD4-depen-
dent HIV-1 entry, without affecting CD4/virus interaction. Blockade
of Arf6-GTP/GDP activity by siRNA silencing inhibits efficient X4- or
R5-tropic HIV-1 fusion and entry (i.e., pore fusion formation) of vi-
ruses containing the BlaM-Vpr chimera in CD4" lymphocytes, with-
out affecting ligand-induced CXCR4 or CCR5 endocytosis, and VSV-
G-mediated fusion, entry, and infection, both clathrin-dependent
processes. Therefore Arfé knockdown appears to interfere with
Arf6-mediated plasma membrane dynamics.

In general, viruses, including HIV, can disseminate within an in-
fected host by cell-free viruses and via direct cell-to-cell transmis-
sion (Phillips, 1994; Johnson and Huber, 2002; McDonald et al.,
2003; Gousset et al., 2008). The relative contribution of these
modes of HIV-1 dissemination in vivo is not well established, but
cell-to-cell spread probably occurs mainly in tissues densely popu-
lated with target cells, such as CD4* T-cells in lymph nodes (Haase,
1999; McDonald et al., 2003). Our results indicate that efficient
cell-HIV-1 transmission and infection of human primary CD4* T-
cells requires Arf6 activity in target lymphocytes because it is inhib-
ited by Arf6-GTPase silencing independently of viral tropism. These
data agree with Arf6é silencing-mediated inhibition of HIV-1 fusion,
entry, and infection with luciferase- and BlaM-Vpr—bearing virions.
BlaM-Vpr-based experiments are sensitive and specific to the de-
tection of viral entry due to the quantitative measurement of the
incorporated BlaM-Vpr chimeric virions present at cytoplasm after
viral fusion (Cavrois et al., 2002), avoiding interference with viruses
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captured in vesicular compartments, which may account for 60-90%
of total viral uptake (Marechal et al., 1998, 2001). Cellular signaling
in target CD4* T-cells, such as cell-surface receptors and actin
cytoskeleton reorganization, occurred equally during early HIV-1
infection, both in cell-to-cell transmission (i.e., the virological syn-
apse) and free HIV-1 particle models (Jolly et al., 2004; Jolly and
Sattentau, 2004; Jimenez-Baranda et al., 2007; Yoder et al., 2008;
Barrero-Villar et al., 2009; Liu et al., 2009). This finding is consistent
with the fact that, at the virological synapse, HIV first buds from the
infected donor cell and then binds to and fuses with the recipient
cell, as in a free virus system (Blanco et al., 2004; Puigdomenech
et al., 2009). Our results, obtained by using these two working
models, indicate that Arf6-mediated membrane dynamics are re-
quired for efficient cell-viral transmission, HIV-1 fusion, entry, and
infection of CD4* T lymphocytes.

There are divergent data regarding the functional implication of
Arf6 activity in different aspects of HIV-1 cell biology. Thus HIV-1 in-
fection in polarized trophoblasts, which are thought to play a deter-
minant role in HIV-1 transmission in utero, seems to rely on Rab5
and Rab7 without the contribution of Arf6 or Rab11. This process is
an unusual clathrin/caveolae-independent endocytic pathway, inde-
pendent of the HIV-1 envelope complex (Vidricaire and Tremblay,
2005, 2007). HIV-1 eludes its specific immune recognition by down-
regulating the expression of MHC-I at the cell surface of infected
cells (Schwartz et al., 1996). Arfé-activity, using the Arf6-Q67L mu-
tant, is involved in this Nef-induced MHC-I internalization process
(Blagoveshchenskaya et al., 2002). However, other authors indicate
that Arfé activity is not involved in Nef-mediated down-modulation
of MHC-I (Larsen et al., 2004). Overexpression of WT Arf6 did not
enhance or substitute the effects of Nef on MHC-I internalization
(Blagoveshchenskaya et al., 2002; Larsen et al., 2004). We have not
observed any functional effect for WT Arf6, EFA6, or WT Arfé6/EFA6
overexpression on HIV-1 fusion, entry, and infection in permissive
cells, indicating that Arf6-dependent signaling is not involved in this
process. This lack of activity for full-length Arfé6 has been described
in several cellular processes, in which Arf6 implication was deter-
mined by using its different mutants (Blagoveshchenskaya et al.,
2002; Donaldson, 2003; Larsen et al., 2004). Although Arfé activates
PLD and PI4P5-K effectors (Brown et al., 2001; Vitale et al., 2002;
D’Souza-Schorey and Chavrier, 2006; Gillingham and Munro, 2007),
and considering that overexpression of PI4P5-K lo. enhances HIV-1
viral fusion and infection (Barrero-Villar et al., 2008), our results with
Arf6/EFA6, single Arf6-GTP/GDP cycle mutants, and the Arf6-N48I/
Q67L mutant, which bears the Q67L mutation and fails to activate
PLD, suggest that WT Arf6/EFA6 overexpression does not activate
PI4P5-K loe and that PLD activity is not directly involved in the regula-
tion of viral fusion and entry.

It has been reported that HIV-1 fuses with and enters cells via
endocytosis in a dynamin- and clathrin-dependent manner in Hela
permissive cells (Miyauchi et al., 2009). Arfé6- and clathrin/transferrin-
dependent endocytic pathways have been reported to coexist as
two separately trafficking routes from plasma membrane in Hela and
other cell types (Radhakrishna and Donaldson, 1997; Nichols and
Lippincott-Schwartz, 2001; Donaldson, 2003, Naslavsky et al., 2003;
Donaldson et al., 2009). Our TIRFM studies indicate that Arfé inhibi-
tion did not affect CCS formation at plasma membrane. Moreover,
Arfé6 mutants or specific Arf6 silencing did not inhibit cell infection by
HIV-1 vectors pseudotyped with the VSV-G protein. Considering all
the exposed data and discussion, we propose that Arf6-GTP/GDP
activity has synergy with the key first HIV-1/receptors interactions by
maintaining PIP,-associated membrane dynamics to promote effi-
cient viral fusion and entry in a clathrin-independent manner.
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Therefore efficient early HIV-1 infection of permissive CD4* T lym-
phocytes requires Arfé6-coordinated plasma membrane dynamics.

MATERIALS AND METHODS

Antibodies and reagents

The monoclonal antibody (mAb) RPA-T4 (clone) is directed against
CD4, and the CD184 (clone 12G5) and CD195 (clone 2D7/CCR5),
used as phycoerythrin (PE) conjugates (BD Bioscience/BD PharMin-
gen, San Jose, CA), are directed against the second extracellular
loop of CXCR4 or CCR5, respectively. The mAb L3T4 is a neutraliz-
ing antibody against CD4 (eBioscience, San Diego, CA). The anti-
CD4 mAb Leu3a was from Becton Dickinson (Franklin Lakes, NJ).
C34 is a fusion inhibitor covering the 628-661 amino-acid sequence
of gp41 viral protein, similar to T-1249 (residues 628-663) and to
T-20 (residues 638-673). Mouse mAb (8A6-4) against Arfé6 (Londono
et al., 1999) was kindly provided by Sylvain Bourgoin (Center de
Recherche du CHUQ, pavillon CHUL, Rheumatologie et Immunolo-
gie, Ste-Foy, QC, Canada). The mAb recognizing Arfé (ARF6 [3A-1]:
sc-7971), anti-EGFP rabbit polyclonal antibody (pAb) (sc-8334), anti-
HA mAb (sc-7392), anti-HLA-A/B/C mAb (3F10; sc-65288), and
PE-conjugated goat anti-mouse immunoglobulin (Ig) G (sc-3738)
came from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-VSV-G
tag (ab3861) goat pAb to detect vsv-g-EFA6 was from Abcam
(Cambridge, UK). Anti—a-tubulin mAb was from Sigma-Aldrich
(St. Louis, MO). Secondary horseradish peroxidase—conjugated
anti-mAb was from ImmunoTools (Friesoythe, Germany), and sec-
ondary horseradish peroxidase-conjugated anti-rabbit and anti—
goat antibody were from Dako (Glostrup, Denmark). Alexa Fluor
633 phalloidin and Alexa Fluor 568-goat anti-mouse were from
Molecular Probes (Eugene, OR). Stromal cell-derived factor (SDF)
Ta. (CXCL12) was kindly synthesized and provided by Frangoise
Baleux (Institut Pasteur, Paris, France) (Valenzuela-Fernandez
et al, 2001, 2002). RANTES (CCL5) was from R&D Systems
(Minneapolis, MN).

Cells

The human CEM.NKR-CCR5 (CEM-CCR5) permissive cell line (cata-
logue no. 4376, NIH AIDS Research and Reference Reagent Pro-
gram, Division of AIDS, National Institute of Allergy and Infectious
Diseases [NIAID], National Institutes of Health [NIH]) was grown at
37°C in a humidified atmosphere with 5% CO, in RPMI 1640 me-
dium (Lonza, Verviers, Belgium) supplemented with 10% fetal calf
serum (FCS) (Lonza), 1% L-glutamine, and 1% penicillin-streptomycin
antibiotics. Cells were regularly passaged every 3 d. The 293T cell
line was similarly cultured in supplemented DMEM (Lonza) and was
regularly passaged every 2-3 d. Cells were harvested and resus-
pended at a density of 50-70% in fresh supplemented DMEM 24 h
before cell transfection with viral DNA constructs. HeLa-P5 cells, sta-
bly transfected with human CD4 and C-terminal EGFP-tagged CCR5
cDNAs and with an HIV-LTR-driven B-galactosidase (B-Gal) reporter
gene, were provided by M. Alizon (Hépital Cochin, Paris, France)
(Valenzuela-Fernandez et al., 2005; Barrero-Villar et al., 2009;
Barroso-Gonzalez et al., 2009a). TZMbl (Hela) cells are similar to
HeLa-P5 cells but express nonfluorescent human CCR5 and contain
integrated HIV-LTR—driven B-Gal and firefly luciferase reporter genes
(TZMb, catalogue no. 8129, NIH AIDS Research and Reference Re-
agent Program). Hela 243 and Hela ADA cells coexpressing the Tat
and HIV-1 Env proteins were also provided by M. Alizon (Pleskoff
et al., 1997; Valenzuela-Fernandez et al., 2005; Barrero-Villar et al.,
2009; Barroso-Gonzalez et al., 2009a). Peripheral blood mononu-
clear cells were obtained by Ficoll density gradient of blood cells
provided by the local blood bank and immediately used to purify
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CD4 T-cells (>95%) by immunomagnetic negative selection (Miltenyi
Biotec, Bergisch Gladbach, Germany). MOLT-4/CCR5 (MOLT/CCR5)
cells, which are highly permissive for R5-tropic HIV-1 infection either
uninfected or chronically infected with the HIV-1y4-3 and HIV-1g,
isolates (>90% producing HIV-1 particles) have been previously de-
scribed (Blanco et al., 2004; Puigdomenech et al., 2008). Cells were
maintained in RPMI 1640 (Life Technologies-BRL, Grand Island, NY)
supplemented with 10% FCS (Life Technologies) and used without
stimulation.

Human DNA constructs

Human cDNAs of the C-terminal HA-tagged WT Arfé—, Arf6-Q67L-,
and Arf6-T27N-HA were kindly provided by Julie Donaldson (Labo-
ratory of Cell Biology, National Heart, Lung, and Blood Institute,
Bethesda, MD). Arf6-T44N-HA mutant and vsv-g-tagged EFA6 fac-
tor were gifts from Michel Franco (Institut de Pharmacologie Molécu-
laire et Cellulaire, Centre National de la Recherche Scientifique
[CNRS] Unité Mixte de Recherche 6097, Valbonne Sophia-Antipolis,
France). Arf6-N481/Q67L-HA, control- and siRNA-Arf6—pEGFP-N2-
RNAi plasmids were gifts from Nicolas Vitale (Institut des Neurosci-
ences Cellulaires et Intégratives, CNRS, Strasbourg, France) (Vitale
et al., 2002; Begle et al., 2009). Arf6-EGFP or Arf6-ECFP constructs
were generated by PCR using each Arf6-HA construct as template
and CGCTCGAGGCCACCATGGGGAAGGTGCTATC (sense) and
CGGAATTCCAGATTTGTAGTTAGAGG (antisense) as 5" and 3’ prim-
ers, respectively. The amplified products were respectively subcloned
into pEGFP-N1 or pECFP-N1 (Clontech, Palo Alto, CA) after restric-
tion with Xhol and EcoRI. For CD4-DsRed expression, total RNA
from CEM.NKR-CCR5 T-cells was extracted, and first-strand cDNA
was made using reverse transcriptase and random hexamers as
primers. Thus the CD4 construct lacking the stop codon was gener-
ated by Expand High Fidelity PCR using cDNA as template and CT-
TCGAATTCGCCACCATGAACCGGGGAGTCCCTTTTAGGC (sense)
and GCGGGGTACCACAATGGGGCTACATGTCTTCTGAAACC (an-
tisense) as 5 and 3’ primers, respectively. The amplified product was
subcloned into pDsRed-NI (Clontech) after restriction with EcoRl and
Kpnl restriction enzymes.

The C-terminal ECFP-tagged PH domain of the PLC3; (PH-ECFP)
was provided by Senena Corbalén-Garcia (Universidad de Murcia,
Spain) and was used as a PIP, biosensor in the plasma membrane as
described (Marin-Vicente et al., 2005; Barrero-Villar et al., 2008;
Barroso-Gonzalez et al., 2009b). mLCa-DsRed was provided by
Wolfhard Almers (Vollum Institute, Oregon Health and Science
University, Portland, OR) and was used as described (Barroso-
Gonzalez et al., 2009b). All constructs were verified by digestion
with restriction enzymes.

Messenger RNA silencing

We have designed the following specific short interference oligo-
nucleotides against the following mRNA (siRNA) sequence of Arfé:
siRNA-Arf6 1 (position 699-622; sense: 5’-gacaacaauccuguacaag-3'-
dTdT; antisense: 5’-guuguacaggauuguuguc-3'dTdT) and siRNA-Arfé
2 (position 930-622; sense: 5’-gcaccgcauuaucaaugaccg-3’-dTdT;
antisense: 5’-cggugauugauaaugcggugc-3’-dTdT). We used a mix of
these two oligonucleotides to induce specific siRNA-mediated si-
lencing of the endogenous expression of the Arfé protein, which is
called siRNA-Arf6 in the present work. We have also designed the
following siRNA oligonucleotides against human CD4 mRNA: siRNA-
CD4 (position 769-787: sense: 5"-gaacaaggaagugucugua-3’-dTdT;
antisense: 5’-uacagacacuuccuuguuc-3’-dTdT). Alexa 546-conju-
gated or nonfluorescence siRNA oligonucleotides, irrelevant scram-
bled siRNA (control), or siRNA-Arf6 oligonucleotides were from
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Sigma-Aldrich. cDNA fragments, kindly provided by Nicolas Vitale
(Strasbourg, France), encoding 19-nucleotide siRNA sequence
(GCTGCACCGCATTATCAAT) derived from the target transcript and
separated from its reverse 19-nucleotide complement by a short
spacer, were annealed and cloned in the Bglll and Hindlll sites in
front of the H1 promoter of the pEGFP-N2-RNAi plasmid, as previ-
ously described (Begle et al., 2009) for siRNA targeting of human
Arf6 by plasmids. Cells treated with control or siRNA-Arf6—pEGFP-
N2-RNAi plasmid express free EGFP. The siRNAs for Arf6 and CD4
sustained specific interference of protein expression for at least 72 h,
as monitored by Western blot (unpublished data).

Cellular transfection

All human permissive Hela cell lines were grown at 37°C in a hu-
midified atmosphere with 5% CO, in DMEM (Lonza) supplemented
with 10% FCS (Lonza), 1% L-glutamine, and 1% penicillin-streptomy-
cin antibiotics. Cells were harvested and resuspended at a density of
50-70% in fresh supplemented DMEM 24 h before cell transfection
with siRNA and/or DNA constructs. Specific Amaxa kits (Amaxa,
Kéln, Germany) were used for delivery of DNA constructs and/or
siRNA into Hela cells. Similarly, permissive T lymphocytes and hu-
man primary CD4* T-cells were nucleofected according to the man-
ufacturer’s instructions (Amaxa), as previously described (Barrero-
Villar et al., 2008, 2009; Barroso-Gonzalez et al., 2009a), with 1 uM
siRNA and/or 1 pg of each DNA construct used and assayed no
more than 24 or 48 h later.

Western blotting

The extent of protein expression or gene silencing was assessed
by Western blot of cell lysates. Cells nucleofected with scrambled
or specific siRNA oligonucleotides against Arfé or CD4, or with the
different DNA constructs, were lysed 24 h later for 30 min at 4°C
in 1% Triton X-100, 50 mM Tris HCI, and 150 mM NaCl with a pro-
tease and phosphatase inhibitor mixture (Roche Diagnostics,
Mannheim, Germany) and centrifuged at 4°C, 13,000 rpm, for
15 min. Equivalent amounts of proteins, measured using the bicin-
choninic acid method (BCA protein assay kit from Pierce, Rock-
ford, IL), were separated by SDS-PAGE using 12% gradient gels
and electroblotted onto 0.45 pm polyvinylidene difluoride mem-
branes (Millipore Corporation, Billerica, MA). Cell lysates were im-
munoblotted with specific antibodies, protein bands were de-
tected by luminescence using an ECL System (Pierce), and protein
bands were analyzed using a VersaDoc device and Quantity One
4.6.7 software (Bio-Rad, Hercules, CA).

Viral DNA constructs

The pNL4-3.Luc.R-E- provirus (catalogue no. 6070013), HXB2-env
(catalogue no. 5040154), and pCAGGSSF162-gp160-env (cata-
logue no. 3041817) glycoprotein vectors for X4- and R5-tropic
viral envelopes, and the pGag-EGFP (catalogue no. 11468; from
Marilyn Resh) vector, allowing imaging of intracellular Gag traf-
ficking and localization in live cells, which directs Rev-indepen-
dent expression of an HIV-1-Gag-EGFP fusion protein (Schwartz
et al., 1992), were obtained through the NIH AIDS Research and
Reference Reagent Program. The pCMV-BlaM-Vpr vector was
kindly provided by Warner C. Greene (University of California, San
Francisco).

Production of viral particles

Replication-deficient luciferase-HIV-1 viral particles were obtained
as previously described (Barrero-Villar et al., 2008, 2009; Barroso-
Gonzalez et al., 2009a). Briefly, replication-deficient viral particles
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were derived by the luciferase-expressing reporter virus HIV/Anef/
Aenv/luc* (which bears the luciferase gene inserted into the nef
ORF and does not express envelope glycoprotein) with an X4-tropic
(Lai) or R5-tropic (SF162) envelope glycoprotein. X4- or R5-tropic
HIV-1 viral particles were produced by cotransfecting 293T cells
(70% of confluence) in 10-cm? dishes with pNL4-3.Luc.R-E- (10 pg)
and X4-tropic (HXB2-env) or R5-tropic (pCAGGS SF162 gp160) en-
velope glycoprotein (10 pg) vector, as previously described
(Barrero-Villar et al., 2008, 2009; Barroso-Gonzalez et al., 2009a).
Viral plasmids were transduced in 293T cells by using linear polyeth-
ylenimine, with an average molecular mass of 25 kDa (PEI25k)
(Polyscience, Warrington, PA). Viral plasmids were first dissolved
in 1/20th of the final tissue culture volume of DMEM in 150 mM
NaCl. The PEI25k was prepared as a 1T mg/ml solution in water and
adjusted to neutral pH. After the addition of PEI25k, previously dis-
solved in 150 mM NaCl, to the viral plasmids (at a plasmids:PEI25k
ratio of 1:3 [wt/wt]), the solution was mixed by vortexing, incubated
for 20-30 min at room temperature, and then added to 293T cells
in culture. After 6 h the medium was changed to RPMI 1640 and
supplemented with 10% FCS and antibiotics, and the cells were
cultivated for 48 h to allow viral production. Viruses were harvested
48 h posttransfection. The supernatant was clarified by centrifuga-
tion at 3000 x g for 30 min, filtered by 0.45 pm, and concentered by
Amicon Ultra-4 Centrifugal filter devices (Millipore). Virions were
then stored at —80°C. Viral stocks were normalized by p24-Gag
content measured with an enzyme-linked immunosorbent assay
test (Innogenetics, Gent, Belgium). HIV-1-Gag-EGFP virions were
similarly obtained after cotransduction of the pGag-EGFP vector
(5 pg) with Env vectors (10 pg). Therefore we used this pGag-EGFP
vector to produce fluorescent viruslike particles with an efficiency
equivalent to that of Gag (Schwartz et al., 1992), which allowed
us to image HIV-1 entry by TIRFM. Nonreplicative viral particles,
containing the BlaM-Vpr chimera, were similarly produced after
cotransduction of the pCMV-BlaM-Vpr vector (5 pg) with pNL4-3.
Luc.R-E- (10 pg) and Env vectors (10 pg), as described (Barrero-Villar
et al., 2008, 2009).

Luciferase viral entry and infection assay

Untreated or nucleofected CEM-CCRS cells (100,000 cells in 96-well
plates) and untreated or nucleofected Hela-P5 cells (20,000 cells in
96-well plates) were infected with a synchronous dose of luciferase-
based X4- or R5-tropic HIV-1 viral inputs (500 ng of p24), in 200 pl
RPMI 1640 medium for 2 h, as described (Barrero-Villar et al., 2008,
2009; Barroso-Gonzalez et al., 2009a). Virus was removed by wash-
ing infected cells. After 48 h of infection, luciferase activity was de-
termined by using a luciferase assay kit (Biotium, Hayward, CA) with
a microplate reader (VictorTM X5, PerkinElmer, Waltham, MA).
When indicated T-20 (5 pM) was used as a control for the blockage
of viral-cell fusion, preincubated in cells for 30 min at 37°C before
infection. Data were analyzed using GraphPad Prism 5.0 software
(GraphPad Software, San Diego, CA).

Virion-based fusion assay

The 0.5 x 10 CEM-CCR5 permissive cells (scrambled or siRNA-
Arfé treated) were incubated for 3 h with equivalent viral inputs of
BlaM-Vpr—containing virions (500 ng p24) in 500 pl RPMI-1640
medium. Cells were then extensively washed to remove free viri-
ons and incubated (1 h, room temperature) with CCF2-AM load-
ing mix, as recommended by the manufacturer (GeneBLAzer
detection kit; Invitrogen, Carlsbad, CA), as previously described
(Barrero-Villar et al., 2008, 2009). Next excess dye was washed
off and cells were incubated for 16 h at room temperature before
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fixation with 1.2% paraformaldehyde. The percentages of CCF2-
loaded target-infected cells, fused with BlaM-Vpr-containing viri-
ons, were determined by measuring the fluorescence intensities
of the intact and cleaved CCF2 probe in a fluorescence spectro-
photometer (Cary Eclipse, Varian, Melbourne, Australia), as de-
scribed (Barrero-Villar et al., 2009). Thus the percentage of 100%
of infection was determined by measuring the fluorescence inten-
sities of the intact and cleaved CCF2 probe in control infected
cells (scrambled treated cells) and subtracting the background
blue and green fluorescence ratio determined in noninfected
cells (without B-lactamase activity), as proposed by the manufac-
turer (GeneBLAzer detection kit, Invitrogen). In siRNA-Arf6—
treated cells, a decrease in the ratio of blue (447 nm; cleaved
CCF2) to green (520 nm,; intact CCF2) fluorescence signals com-
pared with control (scrambled) cells indicates fewer virions fused
to target cells. The background blue and green fluorescence was
determinedinnoninfected CCF2-loaded cells (without B-lactamase
activity), under any experimental condition.

HIV-1 Env-mediated cell-to-cell fusion assay

A B-Gal cell fusion assay was performed as previously described
(Barrero-Villar et al., 2008, 2009; Barroso-Gonzalez et al., 2009a).
Briefly, HelLa-243 or HeLa-ADA cells were mixed with Hela-P5 cells
or control, or previously transfected with Arfé constructs, in 96-well
plates in a 1:1 ratio (20,000 total cells). These cocultures were kept
at fusion for 16 h at 37°C. The fused cells were washed with Hanks'
balanced salt solution and lysed, and the enzymatic activity was
evaluated by chemiluminescence (B-Gal reporter gene assay, Roche
Diagnostics). Anti-CD4 neutralizing mAb L3T4 was used as a con-
trol for the blockage of cell fusion (5 pg/ml was preincubated in
Hela-P5 cells for 30 min at 37°C before coculture with Env*-Hela
cells).

Cocultures of HIV-1-infected MOLT/CCRS5 cells with primary
CD4* Tcells

Chronically infected MOLT/CCRS cells (500,000 cells/well) were pre-
incubated in 96-well plates, either alone (control) or with the fusion
inhibitor peptide C34 (5 pg/ml) for 1 h at 37°C, before adding
500,000 primary nonactivated, scrambled-, or siRNA-Arfé-treated
CD4* T-cells. C34 inhibitor concentrations were selected on the ba-
sis of complete inhibition of cell-to-cell HIV-1 transmission and infec-
tion. DNA was extracted after 24 h using the QlAmp DNA Blood
Mini Kit (Qiagen, Hilden, Germany) and amplified in duplicate using
a TagMan universal PCR Master Mix, primers and probes for HIV-1
LTR, and human CCR5 genes (Applied Biosystems, Foster City, CA).
Reactions (40 cycles of 15 s at 95°C for melting and 1 min at 60°C for
annealing/extending) were conducted in an ABI 7000 Sequence De-
tection System (Applied Biosystems). HIV-1 infection was quantified
by gPCR in which the relative proviral DNA synthesis was calculated
using a standard curve generated with a plasmid that harbors the
sequence of the HIV-1 LTR and the CCR5 gene. Copy numbers ob-
tained for each sample were extrapolated to the standard equation
as described (Buzon et al., 2010). The concentrations obtained for
LTR amplifications were then normalized to the CCR5 gene copy
number as a measure of the number of cells present in each sample.
The level of HIV-1 DNA into MOLT-infected cells was calculated from
C34-containing cocultures.

Flow cytometry analysis

Permissive cells (CEM.NKR-CCR5 cells, primary CD4* lympho-
cytes, or phosphate-buffered saline [PBS)/EDTA-detached per-
missive Hela cells) were incubated with PE-labeled specific anti-
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bodies against HLA-A/B/C (previously incubated with a specific
primary mAb) and CD4, CXCR4, or CCR5 in control cells or cells
transfected with Arfé constructs or siRNA oligonucleotides. Cells
were then washed by ice-cold PBS, fixed in PBS with 1% paraform-
aldehyde, and analyzed by flow cytometry (XL-MCL system;
Beckman-Coulter, CA), as described (Valenzuela-Fernandez et al.,
2005; Barrero-Villar et al., 2008, 2009; Barroso-Gonzalez et al.,
2009a).

Ligand-induced CXCR4 and CCR5 endocytosis

CEM-CCRS cells (0.5 x 10¢ cells/ml) were incubated with 200 nM of
SDF-1o. or RANTES for 1 h at 37°C in free-serum RPMI 1640 me-
dium, as described (Valenzuela-Fernandez et al., 2002; Barroso-
Gonzalez et al., 2009a). Cells were then incubated for 3 min at 4°C
in an acidic buffer (50 mM glycine, pH 3) that stops receptor endo-
cytosis and removes CXCR4-bound SDF-1a or CCR5-bound
RANTES molecules that would mask cell-surface receptors recogni-
tion by specific mAbs. Cells were washed twice with ice-cold PBS
and 0.1% bovine serum albumin (BSA), before incubation with spe-
cific anti-receptor PE-conjugated mAbs (1:50) for 1 h at 4°C, and
then fixed in 1% paraformaldehyde in PBS. Samples were analyzed
on a flow cytometer (XL-MCL system) by measuring cell-surface re-
ceptor labeling on EGFP* cells, which express either Arf6-EGFP
constructs or control- or siRNA-Arf6-pEGFP-N2-RNAi plasmids.
Basal cell fluorescence intensity for cell-surface CXCR4 and CCR5
was determined using cells stained with a PE-conjugated IgG2a iso-
type control alone.

Immunofluorescence

Immunofluorescent lymphocytes or permissive Hela cells (grown on
glass coverslips, ~50% confluent) were washed three times with PBS
and fixed for 20 min in 2% paraformaldehyde with 1% sucrose in
PBS. Cells were washed three times with PBS after fixation and,
when indicated, permeabilized with 0.1% Triton X-100 in PBS. The
cells were then washed with PBS after permeabilization and immu-
nostained for 1 h at room temperature by Alexa 633-labeled phal-
loidin or Alexa 568-labeled goat anti-mouse against HLA-A/B/C
previously incubated with a specific mAb and diluted in PBS with
0.1% BSA. For Arf6 silencing, cells were nucleofected with fluores-
cent siRNA-Arfé oligonucleotides and analyzed for endogenous
Arf6 knockdown by using specific primary antibody against Arfé be-
fore incubation with Alexa 488 secondary antibody species specific,
at 24 h posttransfection in permeabilized cells, as described earlier
in this article. Coverslips were mounted in Mowiol-antifade (Dako)
and imaged in x-y midsections in a FluoView FV1000 confocal
microscope through a 1.35 numerical aperture (NA) objective
(60x) (Olympus, Center Valley, PA) for high-resolution imaging of
fixed cells. The final images and molecule codistributions were ana-
lyzed and quantified with MetaMorph software (Universal Imaging,
Downington, PA).

Total internal reflection fluorescence microscopy

and analysis of HIV-1 entry

We performed total internal reflection fluorescence microscopy
(TIRFM) experiments in adherent, nonlymphoid permissive Hela-
derived cells stably expressing CD4, CCR5, and CXCR4 viral recep-
tors, owing to the intrinsic difficulties of the EF microscopy ap-
proach in lymphoid cells. Permissive TZMbl cells, transiently
expressing the different Arf6-HA or Arf6-EGFP constructs or fluo-
rescent siRNA oligonucleotides (Agy, 680 nm) together with PH-
ECFP and CD4-DsRed molecules, or Arf6-ECFP constructs with
CD4-DsRed, were imaged with an inverted microscope Zeiss 200M
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(Zeiss, Jena, Germany) through a 1.45 NA objective (cFluar, 100x,
Zeiss), as described (Barroso-Gonzalez et al., 2009a, 2009b). Exper-
iments were performed and imaged with cells in a Krebs-HEPES
buffer containing 2 mM Ca?* at 37°C. After transfection, TZMbl
cells (1 x 105 cells/well) were grown overnight on coverslips placed
on 12-well plates. Synchronous doses (multiplicity of infection 1.0)
of nonreplicative HIV-1-Gag-EGFP virions were preincubated with
permissive cells for 30 min at 4°C to allow virus/CD4 binding and to
prevent viral uptake. Cells were then washed with cold Krebs-
HEPES buffer to remove unbound viral particles, and CD4-depen-
dent HIV-1 uptake was studied at 37°C by TIRFM. When T-20 (5 uM)
was used, the anti-fusogenic peptide was added to all buffers and
steps during all processes. The objective was coupled to the cover-
slip using an immersion fluid (n488 = 1.518, Zeiss). The expanded
beam of an argon ion laser (LASOS Lasertechnik, Jena, Germany)
was band-pass filtered and used to selectively excite different fluo-
rescent proteins. The excitation light (around 488 nm) was directed
to the objective by a dichroic mirror (500 nm) for EF illumination,
and this was used to excite both the green fluorescent HIV-1-
Gag-EGFP virions and the CD4-DsRed molecules at the plasma
membrane. Green and red fluorescence was viewed through a DV2
image system (Photometrics, Tucson, AZ) that split red and green
components of the image with a 565-nm dichroic mirror (565DCRX)
and filtered them through D630/50-nm and D520/30 band-pass
filters, respectively. The images were then projected side by side
onto an EM-CCD digital camera (C9100-13, Hamamatsu Photonics,
Hamamatsu City, Japan). The beam was focused on an off-axis po-
sition in the back focal plane of the objective. Light, after entering
the coverslip, underwent total internal reflection as it struck the in-
terface between the glass and the solution or cell at a glancing an-
gle. Total internal reflection generates an EF that declines exponen-
tially with increasing distance from the interface, depending on the
angle at which light strikes the interface. The angle was measured
using a hemicylinder, as described previously (Barroso-Gonzalez
et al., 2009a, 2009b). Each cell was imaged using HC Image acqui-
sition software (Hamamatsu Photonics) for up to 3 min with 0.25-s
exposures at 1 Hz when illuminated under the EF. At the beginning
of each cell acquisition, we took epifluorescence images using a Hg
lamp that were projected onto a back-illuminated CCD camera
(AxioCam MRm, Zeiss) through a dichroic and specific band-pass
filter for fluorescent siRNA oligonucleotides. The splitter DV2 sys-
tem was aligned in each recording session, and to do this we took
an alignment image showing densely scattered 0.2-um fluorescein
isothiocyanate—conjugated beads (Molecular Probes). They were
visible in both the green and red channels and thus provided mark-
ers in the x-y plane.

To determinate the overlap between HIV-1-Gag-EGFP and
CD4-DsRed, EF images were taken. The EF images were back-
ground subtracted using MetaMorph. We plotted a small circle
of 0.9-um diameter and a big circle of 1.8-pm diameter around
each structure expressing HIV-1-Gag-EGFP. The big circle was
used to calculate the local background. The circles in the green
image were transferred to the red image. Colocalization was
scored positive when the fluorescence in the green channel was
at least 10% of the local background. To study the entry of HIV-
1-Gag-EGFP, we used only the ones that overlapped with CD4-
DsRed and seemed likely to represent a single structure. Those
structures that were >0.5 um or showed extensive lateral move-
ment were excluded from the analysis. To analyze entry events,
EF stacks were searched for candidate HIV-1-Gag-EGFP spots
that disappeared and seemed likely to represent single CD4-
DsRed in that they were circular and of diffraction-limited size, as
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described (Merrifield et al., 2002; Barroso-Gonzalez et al.,
2009b). A circle of 0.9-um diameter was drawn around the center
of each region, both in the red and green channels, and the aver-
age fluorescence intensity therein was calculated. The local
background was the average fluorescence outside the region af-
ter excluding small regions where the intensity exceeded a
threshold set by the user, one each for red and green channels.
Time lapses showing CD4-DsRed-dependent HIV-1-Gag-EGFP
entry or blockade were recorded under these technical condi-
tions. Representative videos, shown in Supplemental Videos
1-6, were rated to 7 s, containing 15 frames/s. Total elapsed
time is 105 s from the original stack.

Statistics
Data were compared using Student’s t test. One and two asterisks
indicate p < 0.05 and p < 0.01, respectively.
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