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ABSTRACT

During HIV-1 assembly, the Gag viral proteins are targeted and assemble at the inner leaflet of the cell plasma membrane. This
process could modulate the cortical actin cytoskeleton, located underneath the plasma membrane, since actin dynamics are able
to promote localized membrane reorganization. In addition, activated small Rho GTPases are known for regulating actin dy-
namics and membrane remodeling. Therefore, the modulation of such Rho GTPase activity and of F-actin by the Gag protein
during virus particle formation was considered. Here, we studied the implication of the main Rac1, Cdc42, and RhoA small
GTPases, and some of their effectors, in this process. The effect of small interfering RNA (siRNA)-mediated Rho GTPases and
silencing of their effectors on Gag localization, Gag membrane attachment, and virus-like particle production was analyzed by
immunofluorescence coupled to confocal microscopy, membrane flotation assays, and immunoblot assays, respectively. In par-
allel, the effect of Gag expression on the Rac1 activation level was monitored by G-LISA, and the intracellular F-actin content in
T cells was monitored by flow cytometry and fluorescence microscopy. Our results revealed the involvement of activated Rac1
and of the IRSp53-Wave2-Arp2/3 signaling pathway in HIV-1 Gag membrane localization and particle release in T cells as well as
a role for actin branching and polymerization, and this was solely dependent on the Gag viral protein. In conclusion, our results
highlight a new role for the Rac1-IRSp53-Wave2-Arp2/3 signaling pathway in the late steps of HIV-1 replication in CD4 T lym-
phocytes.

IMPORTANCE

During HIV-1 assembly, the Gag proteins are targeted and assembled at the inner leaflet of the host cell plasma membrane. Gag
interacts with specific membrane phospholipids that can also modulate the regulation of cortical actin cytoskeleton dynamics.
Actin dynamics can promote localized membrane reorganization and thus can be involved in facilitating Gag assembly and par-
ticle formation. Activated small Rho GTPases and effectors are regulators of actin dynamics and membrane remodeling. We thus
studied the effects of the Rac1, Cdc42, and RhoA GTPases and their specific effectors on HIV-1 Gag membrane localization and
viral particle release in T cells. Our results show that activated Rac1 and the IRSp53-Wave2-Arp2/3 signaling pathway are in-
volved in Gag plasma membrane localization and viral particle production. This work uncovers a role for cortical actin through
the activation of Rac1 and the IRSp53/Wave2 signaling pathway in HIV-1 particle formation in CD4 T lymphocytes.

The HIV-1 replication cycle leads to the formation of new viral
particles, which assemble in specific microdomains located at

the plasma membrane or in some intracellular compartments,
according to cell type (1–4). These particles are then released from
the host cell membrane by budding or from intracellular compart-
ments by exocytosis (5). When expressed in cells, the pr55Gag
precursor is both necessary and sufficient for the assembly and
production of virus-like particles (VLPs). This protein has an
NH2-terminal myristate and four major domains: matrix (MA),
capsid (CA), nucleocapsid (NC), and p6. After translation, Gag
recruits the dimeric positive-strand RNA viral genome to the cy-
toplasm and then assembles at the inner leaflet of the plasma
membrane (6). Gag multimerizes on the viral RNA via its NC and
CA domains (7) and assembles on a specific plasma membrane
phospholipid, phosphatidylinositol bisphosphate [PI(4,5)P2], via
its highly basic MA domain (8). The C-terminal p6 domain and a
part of the NC domain then allow the recruitment of the ESCRT
complex to induce particle budding (9, 10).

The MA domain of retroviral Gag proteins binds specifically to
acidic lipids located at the inner leaflet of the plasma membrane
and more specifically to PI(4,5)P2 (11–20). In cells, Gag can be

found in several types of membrane microdomains, named lipid
raft domains, which are enriched in cholesterol and sphingomy-
elin (21–24), or tetraspanin-enriched microdomains (TEMs)
when they contain some membrane-organizing proteins such as
CD81, CD63, and CD9, etc. (25–27). However, Gag can also be
found in liquid-disordered-phase membranes (17, 28). All these
plasma membrane microdomains are associated with the cortical
actin network (29), and it has been shown that plasma membrane
deformations require the remodeling of the cytoskeleton and the
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cooperation of signaling proteins such as Rho GTPases and effec-
tors. Therefore, it is possible that Gag assembly and particle release
require the modulation of actin cytoskeleton dynamics and mem-
brane curvature effectors.

In fact, several studies indicate a role for the actin network in
the HIV-1 assembly process. First, actin is found inside HIV-1
virions, which can contain up to a 15% equimolar level of actin in
comparison to Gag (30). Other related actin-binding proteins
(like cofilin, Moesin, or Ezrin) are also actively or passively incor-
porated into the particles (31). Moreover, it was shown previously
by immunoprecipitation and fractionation that actin interacts
with the NC domain of Gag (32, 33), and another study suggested
that actin-enriched structures could be localized underneath viral
assembly sites (34). However, these results are discussed in the
scientific community, because in another cell type, it was recently
observed by live-cell imaging microscopy that F-actin seems not
to be recruited at the HIV Gag assembly site (35). Nonetheless, the
actin cytoskeleton might play an important role in virus assembly
and production, since its drug-mediated inhibition changes the
intracellular localization of Gag and diminishes virus production
in T cells (36–38). In addition, small interfering RNA (siRNA)
depletion of Filamin A, a host cell protein that regulates actin
network dynamics, impairs viral particle assembly and release
(39). Other cell effectors that regulate actin turnover, such as
LIMK1 and ROCK1, were recently described to play a role in ret-
rovirus release (40). Altogether, these results tend to show, di-
rectly or indirectly, a role for the regulation of the cortical actin
cytoskeleton during HIV assembly and/or release, especially in
CD4 T cells. This effect has also been described for the related
retrovirus equine infectious anemia virus (EIAV), for which a role
for actin in virus release has been reported (41, 42). It has been
proposed that polymerization of actin-enriched structures at
HIV-1 assembly sites could also promote cell polarization, viro-
logical synapse formation, and HIV-1 cell-to-cell transmission
(36, 43). The influence of the Env glycoprotein on this mechanism
is important (36, 43), but other viral proteins could also be in-
volved. For example, the Nef regulatory viral protein acts on actin
cytoskeleton remodeling and the Pak2-cofilin signaling pathway
(44, 45) to inhibit infected-T-cell migration and promote cortical
actin polymerization (46).

The cortical actin cytoskeleton is composed of a network of
connected actin filaments, which are polymerized and depolymer-
ized very quickly depending on the cellular context. In T cells,
actin dynamics can be initiated by the signaling phospholipid
PI(4,5)P2 through the activation of Rho GTPase-mediated path-
ways (47–49). During HIV-1 assembly, Gag also interacts specifi-
cally with PI(4,5)P2 at the cell plasma membrane and thus could
modulate Rho GTPase-mediated actin reorganization signaling
pathways. In mammals, the Rho GTPases comprise a family of at
least 20 members, including the main Rac1, Cdc42, and RhoA
GTPases. Most of these proteins switch between an inactive GDP-
bound form and an active GTP-bound form. The cycling between
these two states is regulated by three sets of proteins, guanine
nucleotide exchange factors (GEFs), GTPase-activating proteins
(GAPs), and guanine nucleotide dissociation inhibitors (GDIs).
Activated Rho GTPases interact with downstream effector pro-
teins, thereby stimulating a variety of cell signaling pathways (50).
The RhoA-Dia1, Rac1-Pak1 (or Pak2), and Rac1-IRSp53-Wave2
pathways have been reported to be involved in the regulation of
actin cytoskeleton and membrane dynamics in T lymphocytes

(51–54). Interestingly, it has also been reported that inhibition of
Rac1, Cdc42, and RhoA GTPases is able to diminish virus produc-
tion, while the ability of Gag to oligomerize remains unaffected
(55, 56). Thus, at least one of these Rho GTPases and its signaling
pathway seem to be required for HIV-1 release. However, the
specific signaling pathway involved in the late phases of HIV rep-
lication remains to be identified.

In the present study, we first investigated which one of the
three main Rho GTPases, Rac1, Cdc42, or RhoA, was involved in
the regulation of viral particle production (50). For this purpose,
we used siRNA knockdown (KD) to deplete the endogenous Rho
GTPases of interest in CD4 T cells. The phenotype of virus-like
particle production was analyzed by immunoblotting, and Gag
intracellular localization was analyzed by immunofluorescence
coupled to confocal microscopy. Our results show the importance
of the Rac1-derived signaling pathway in Gag membrane attach-
ment and VLP release. Second, we focused on the Rac1 effectors
regulating actin cytoskeleton dynamics that could have an impact
on Gag VLP release. With this aim, a siRNA screen against selected
Rac1 effectors was performed, and the impact on VLP production
was evaluated in the context of the expression of Gag/Gag-Pol,
HIV-1�Env (Env-deleted HIV-1), and Gag alone. We targeted the
Pak2, IRSp53, Wave2, and Arp3 proteins because they are Rac1
downstream effectors that are able to modulate actin cytoskeleton
and membrane remodeling. Pak2 is also known to be activated by
HIV-1 Nef and consequently to interfere with actin reorganiza-
tion and T-cell migration (44, 45, 57). Wave2 can activate the
Arp2/3 complex through IRSp53 (53, 58), an adaptor protein that
also binds Rac1 and Wave2, inducing actin branching and lamel-
lipodium formation (58, 59). IRSp53 is also known to contain an
I-BAR domain, which is able to induce membrane curvature (58).
Interestingly, it has been reported that the Rac1-IRSp53-Wave2
signaling complex has an effect on HIV entry: it is activated by
HIV-1 Env to promote membrane fusion and HIV-1 entry into
host cells (60). Here, we studied the roles of these effectors in
HIV-1 Gag assembly and VLP release, in the absence of any viral
Env proteins, to focus on the late steps of HIV replication. We
found that Rac1 is activated upon Gag expression and that the
IRSp53-Wave2-Arp2/3 signaling pathway is involved in HIV-1
Gag VLP production in a Jurkat T-cell line and primary blood
lymphocytes (PBLs), along with an increase in the intracellular
F-actin content. To our knowledge, this is the first time that the
Wave2 complex, which promotes F-actin polymerization, is re-
ported to be involved in the late steps of the HIV-1 replication
cycle in T cells.

MATERIALS AND METHODS
Cell culture. Jurkat T cells (human T-cell leukemia cell line) were grown
in RPMI 1640 plus Glutamax (Gibco) supplemented with 10% fetal calf
serum (FCS) and antibiotics (penicillin-streptomycin). PBLs were puri-
fied from the blood of healthy donors (Etablissement Français du Sang,
Montpellier, with Institutional Review Board [IRB] approval for the use
of anonymized samples) on Ficoll gradients. PBLs were stimulated with
phytohemagglutinin (PHA) (1 �g/ml; Sigma) and interleukin 2 (IL-2)
(150 U/ml; AIDS Reagents and Reference Program, NIH) for 48 h prior to
transfection.

DNA plasmids. The plasmid expressing HIV-1 Gag alone (pCMVGag
[named pGag]), the plasmid expressing HIV-1 Gag, Gag-Pol, and acces-
sory proteins except Vpu (pCMV�8.2 [named p8.2]), and the plasmid
expressing Env-deleted HIV-1 (named pNL4.3�Env) were described pre-
viously (see references 61 and 62, respectively). Plasmids pCMV-LacZ and
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pCMV-GFP were used as control plasmids and were derived from a
pCMV tag plasmid (Stratagene, Agilent Technologies, Madrid, Spain)
that expresses green fluorescent protein (GFP) or LacZ under the control
of the cytomegalovirus (CMV) promoter.

DNA transfection, small interfering RNA knockdown, and cell via-
bility. Jurkat T cells (2 � 106) were microporated with 5 �g of p8.2 or
pNL4.3�Env or 4 �g of pGag, pCMV-LacZ, or pCMV-GFP (as control
plasmids), together with 150 pmol Stealth RNA interference (RNAi)
siRNA against Rho GTPases (Invitrogen); 360 pmol Stealth RNAi siRNA
against the Rho GTPase effector Wave2, Vav1, Dia1, or Pak2 (Invitrogen);
or 250 pmol siRNA against IRSp53 or Arp3 (Santa Cruz) or the corre-
sponding siRNA controls. The Neon transfection system, the Micropora-
tor MP-100 (Invitrogen), and the Amaxa system (Lonza) were used. After
microporation, T cells were plated in RMPI complete medium, washed 24
h later with 1� phosphate-buffered saline (PBS), and harvested at 48 h
posttransfection. Under each condition, the percent cell viability was
measured with a BD FACSCalibur flow cytometer and by trypan blue cell
counting. The efficiency of cell transfection was calculated by fluorescence
microscopy: the number of “green” fluorescent Gag-labeled cells divided
by the total number of cells was determined by using the ImageJ Analyzed
Particles plug-in. The siRNA transfection efficiency was evaluated as the
percentage of protein depletion relative to the siRNA control (adjusted to
the tubulin loading control) by immunoblot quantification analysis using
ImageJ software.

PBLs (3 � 106) were microporated with 15 �g of pCMV�8.2 or 15 �g
of pNL4.3�Env, together with 450 pmol Stealth RNAi siRNA against Rac1
(Invitrogen), 1,080 pmol Stealth RNAi siRNA against Wave2 (Invitro-
gen),750 pmol siRNA against IRSp53 or Arp3 (Santa Cruz Biotechnolo-
gies), or the corresponding amount of siRNA controls from Invitrogen or
Santa Cruz Biotechnologies. The Amaxa system (Lonza) was used for cell
microporation. PBLs were then plated in RPMI complete medium. Eight
hours later, they were washed once in 1� PBS and replated in RPMI
complete medium. Finally, PBLs were harvested 48 h after transfection.
Under each condition, the percent cell viability was measured with a BD
FACSCalibur flow cytometer and/or by trypan blue cell counting.

Antibodies. Immunoblottings were performed by using the following
antibodies: anti-MAp17 and anti-CAp24 (NIH AIDS Reagent Program);
HIV-1 p17 (VU47) rabbit and HIV-1 p24Gag monoclonal (24-4) mouse
antisera, mouse anti-RhoA (ARH03), mouse anti-Rac1 (ARC03), and
mouse anti-Cdc42 (ACD03) antisera (Cytoskeleton); rabbit anti-Wave2
(D2C8), goat anti-IRSp53 (W-20), goat anti-Dia1 (C-20), and mouse
anti-Arp3 (51) (Santa-Cruz); rabbit anti-Pak2 (2608) (Cell Signaling);
mouse anti-Vav1 (39-2050) (Invitrogen); mouse anti-Lamp2 (human lys-
osome-associated membrane protein 2) (H4B4) (Santa Cruz Biotechnol-
ogies); anti-mouse and anti-rabbit antibodies coupled to horseradish per-
oxidase (HRP) (Dako); and anti-�-tubulin antibody coupled to HRP
(ab21058) (Abcam).

For immunofluorescence staining, mouse anti-CAp24 (24-4) and rab-
bit anti-MAp17 (VU47) (NIH), mouse anti-PI(4,5)P2 (2C11) (Abcam)
(63), and fluorescent Alexa 488- or 546-conjugated secondary antibodies
(Molecular Probes, Invitrogen) were used.

Viral particle purification and immunoblotting. To monitor viral
particle production, culture medium containing virus-like particles was
harvested at 48 h posttransfection. After filtration (0.45-�m pore size),
the viral supernatant was purified by ultracentrifugation through a su-
crose cushion, i.e., 25% (wt/vol) in TNE buffer (10 mM Tris-HCl [pH
7.4], 100 mM NaCl, 1 mM EDTA), at 35,000 rpm for 1 h 30 min in a
Beckman SW60Ti rotor. The pellet was resuspended overnight at 4°C in
TNE buffer and stored at �80°C. To analyze the intracellular viral protein
content, cells were lysed in radioimmunoprecipitation assay (RIPA) buf-
fer (150 mM NaCl, 20 mM Tris-HCl [pH 8], 1% NP-40, 0.1% SDS, 0.2
mM EDTA) and sonicated. The cell lysate was then clarified for 10 min at
13,000 rpm, and the protein concentration in the cell lysate was deter-
mined by the Bradford assay (64). For Western blot analysis, proteins
from the viral pellet or the cell lysate (50 �g of total proteins) or from

membrane flotation assay fractions (20 �l) were loaded and separated on
a 10% SDS-PAGE gel and transferred onto a polyvinylidene difluoride
transfer membrane (Thermo Fischer), and immunoblotting was per-
formed by using the corresponding antibodies. Finally, HRP signals were
revealed by using the SuperSignal West Pico substrate (Thermo Scien-
tific).

Transfection efficiency and VLP release calculation. The efficiency of
plasmid transfection in T cells was evaluated by measuring the percentage
of fluorescent cells by immunofluorescence or flow cytometry analysis.
For the G-LISA, the pCMV-GFP plasmid was cotransfected with the plas-
mid encoding Gag, and prior to the G-LISA, the percentage of GFP-pos-
itive (GFP�) cells under each condition was monitored by fluorescence-
activated cell sorter (FACS) analysis in order to determine the efficacy of
microporation. This value was used to normalize the results of the G-LISA
as a function of the transfection efficiency.

For VLP release, the HRP signals from immunoblot membranes were
imaged by using the G:Box system (Syngene), and the viral Gag or CAp24
protein signals were quantified by using ImageJ software. The percentage
of VLP release (48 h after T-cell microporation with plasmids and siRNA)
relative to the tubulin loading sample was then estimated as (Vsv �
Vblanc)/[(Vsv � Vblanc)|(Vec � Vblanc)] � 100, where Vsv is the viral
supernatant, taking into account the quantification of the blot signals for
pr55Gag and CAp24; Vec is the quantification of blot signals for pr55Gag,
p49, p41, and CAp24 found in the cell extract; and Vblanc is the back-
ground of the immunoblot membrane. Tubulin served as a loading con-
trol.

Membrane flotation assay. Jurkat T cells were transfected (micropo-
rated) with the pGag or p8.2 plasmid together with the corresponding
siRNA by using Lonza Nucleoporator kit V. After 24 h, cells were washed
with 1� PBS, transferred to fresh RPMI medium, and then collected at 48
h posttransfection. For membrane flotation assays, cells were washed with
1� PBS and resuspended in cold 1� TE (10 mM Tris-HCl [pH 7.4], 1 mM
EDTA) with a Complete protease inhibitor cocktail (Roche). Cells were
disrupted by sonication with 2 pulses for 25 s in a Bioruptor instrument at
4°C. The cell lysates were then centrifuged at 370 � g for 3 min at 4°C to
pellet the nuclei and unlysed cells. The resulting postnuclear supernatant
(PNS) was adjusted to 150 mM NaCl, loaded under a discontinuous 10 to
75% sucrose gradient made in TNE buffer, and centrifuged to equilibrium
in a Beckmann SW60Ti rotor overnight at 125,000 � g at 4°C (as de-
scribed in reference 15). After ultracentrifugation, fractions were collected
from the top to the bottom of the density gradient. Equal volumes of
samples from each fraction were loaded onto an SDS-PAGE gel and im-
munoblotted as described above.

Immunofluorescence staining and confocal microscopy imaging
and analysis. Immunofluorescence experiments were performed on Jur-
kat T cells. Briefly, cells were transfected with pGag or p8.2, together with
the corresponding siRNA (see above). Twenty-four hours later, cells were
then seeded onto polylysine-coated coverslips and fixed in 3% parafor-
maldehyde (PFA)–PBS for 15 min. The fixative was then removed, and
free aldehydes were quenched with 50 mM NH4Cl. Cells were then per-
meabilized with 0.2% Triton X-100 for 5 min, blocked in 1% bovine
serum albumin (BSA)–PBS, and incubated with primary antibodies for 1
h at room temperature. The cells were then washed 3 times with 1%
BSA–PBS and further incubated for 1 h with the corresponding secondary
fluorescent antibodies. The slides were mounted with Fluoromount
(Sigma). Images were acquired on an Axioplan 2 Zeiss LSM510 (at
PLATIM ENS Lyon) or LSM780 (at MRI CNRS Montpellier) confocal
microscope with 488/458-nm argon and 543-nm HeNe lasers and a Plan
Apochromat 63� 1.4-numerical-aperture oil objective lens, supplied
with LSM510 or LSM780 software.

In order to assess the difference between the “punctate” and the “dif-
fuse” patterns of the Gag signal, confocal laser scanning microscopy
(CLSM) images (Fig. 1F to I) were analyzed by using ImageJ software
(NIH, Bethesda, MD, USA). In order to segment the images, simple nor-
malized threshold processing was used. These images were then converted
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FIG 1 Effect of Rho GTPase depletion on VLP production, Gag intracellular localization, and Gag membrane attachment in T cells. (A to E) Effect of Rac1, RhoA,
and Cdc42 depletion on VLP production. Jurkat T cells were transfected with p8.2 (expression of Gag, Gag-Pol, and accessory viral proteins) and with the siRNA
control or siRNA against Rac1, RhoA, or Cdc42. (A) Immunoblot analysis for detection of the HIV-1 proteins pr55Gag and CAp24 in cell lysates and in VLPs.
Tubulin was used as a loading control. (B) Extracellular virus production measured by quantification of immunoblot images, i.e., the ratio between extracellular
CAp24 and intracellular Pr55 Gag � CAp24. Bars show mean values and standard deviations resulting from three independent experiments. The statistical
significances of differences were calculated by an unpaired t test. **, P value of �0.01; *, P value of �0.05. (C) Cell viability measured by flow cytometry analysis.
(D) Quantification of Rho GTPase depletion after siRNA treatment. (E) Percent transfection measured by flow cytometry analysis. Bars show mean
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to binary images, followed by watershed processing, allowing a better
separation of poorly distinguishable peak and valley intensities. All the
obtained segmented dots were classified by their measured areas and
quantified (Fig. 1F to I).

Measurement of intracellular PI(4,5)P2 levels. Measurement of in-
tracellular PI(4,5)P2 levels was performed by immunofluorescence cou-
pled to confocal microcopy analysis. Briefly, Jurkat T cells were trans-
fected with p8.2 or the pCMV-LacZ, or the pCMV-Pleckstrin homology
(PH) domain of phospholipase C delta fused to GFP (pPH-PLCd-GFP),
washed once 48 h later with 1� PBS, and immobilized on polylysine-
coated coverslips. All subsequent stages were performed in a cold room.
Cells were washed with PBS-CaMg buffer (1 mM CaCl2, 1 mM MgCl2)
and fixed in 4% PFA–Dulbecco’s modified Eagle’s medium (DMEM) for
3 h at 4°C. The fixative was then removed, and free aldehydes were
quenched with 50 mM NH4Cl for 15 min at 4°C. Jurkat T cells were
blocked in REV buffer (1 mM MgCl2, 0.2% saponin, 50 mM glycin, 0.1%
BSA, 1% fetal bovine serum, 1 � PBS) for 20 min and incubated with
primary antibodies for 16 h at 4°C. The cells were then washed once with
REV buffer for 45 min and further incubated with the corresponding
secondary fluorescent antibodies for 2 h. After another wash in REV buf-
fer for 45 min, the slides were mounted with Fluoromount (Sigma). Im-
ages were acquired on an Axioplan 2 Zeiss LSM510 confocal microscope
with 488/458-nm argon and 543-nm HeNe lasers and a Plan Apochromat
63� 1.4-numerical-aperture oil objective lens, supplied with LSM510
software. The fluorescence intensity of the total intracellular PI(4,5)P2

signal was quantified for each cell (n 	 20 cells) by image analysis (ImageJ)
and divided by the cell area.

Rac1 and Rho inhibitor assay. Jurkat T cells (1 � 106) were micropo-
rated with 5 �g of pCMV�8.2 and treated 24 h later with different con-
centrations of the Rac1-specific inhibitor NSC23766 (65) or the Rho in-
hibitor CT04, which targets ROCK. After 10 h of Rac1 inhibitor treatment
or CT04 treatment, cell supernatants containing virus-like particles were
harvested, and virus production under each condition was analyzed by a
reverse transcription assay. Cell lysates in RIPA buffer were analyzed for
Gag content by immunoblot analysis. The percent cell viability under each
condition was also measured by trypan blue cell counting.

Reverse transcription assay. Ten microliters of the supernatant con-
taining virus-like particles was added to 50 �l of a reverse transcription
mix {60 mM Tris (pH 8.0), 180 mM KCl, 6 mM MgCl2, 0.6 mM EGTA
(pH 8.0), 0.12% Triton X-100, 6 mM dithiothreitol, 6 �g/ml oligo(dT), 12
�g/ml poly(rA), and 20 �Ci/ml [
-32P]dTTP (specific activity, 3,000 Ci/
mmol)}. After 1 h of incubation at 37°C, 5 �l was loaded onto DEAE paper
(DE-81; Whatman) and then rinsed with 2� SSC (0.3 M NaCl, 0.03 M
sodium citrate [pH 5]). The radioactivity (X rays) of the sample was re-
corded by using a storage phosphorscreen (Molecular Dynamics), mea-
sured with a phosphorimager (Fuji), and quantified by using MultiGauge
software (Fuji).

Rac1 and RhoA GTPase activation assay. Jurkat cells (107) were mi-
croporated with pCMV-LacZ (control), pGag, or pCMV�8.2, together
with the pCMV-GFP vector, by using the Neon transfection system and
the MP-100 microporator (Invitrogen). Cells were resuspended in RPMI
complete medium, and 10 h later, the microporation efficiency was esti-
mated by measuring the percentage of cells expressing GFP by flow cy-
tometry (Becton Dickinson).

Rac1 and RhoA GTPase activation was measured by using a G-LISA
Biochem Rac1 activation assay kit and a G-LISA Biochem RhoA activation

assay kit (Cytoskeleton), according to the manufacturer’s instructions.
Briefly, cells were serum starved for 2 h, washed with cold 1� PBS, and
lysed in 250 �l of lysis buffer containing protease inhibitors. The same
amount of protein was used under each condition. Extracts were incu-
bated in the Rac1 or RhoA affinity plate for 30 min at 4°C with agitation at
400 rpm. After washing and incubation with the antigen-presenting buf-
fer at room temperature, the primary and secondary antibodies were in-
cubated for 45 min at room temperature with agitation at 400 rpm. The
luminescence signal representing Rac1 or RhoA GTPase activation was
measured in a luminescence reader after 3 min of incubation with horse-
radish peroxidase detection reagent. Relative light units (RLUs) from
RhoA and Rac1 GTPase activation, obtained from Jurkat cells micropo-
rated with the pGag or pCMV�8.2 vector, were normalized by consider-
ing the efficiency factor for each microporation.

F-actin cell content measurement. F-actin measurement was per-
formed by flow cytometry and immunofluorescence coupled to confocal
microscopy image analysis, as previously described (66). The levels of
polymerized actin were measured in 106 microporated cells (see above), in
the absence of any stimuli. Briefly, T cells were microporated with pCMV-
LacZ (control), pGag, or p8.2, together with the pCMV-GFP plasmid. The
cells were then simultaneously fixed, permeabilized, and stained by incu-
bation for 15 min at 37°C with a mixture containing 2% PFA, 0.1% Triton
X-100, and phalloidin-Alexa 546 (2 U/ml) (Invitrogen). The percentage
of cells expressing F-actin was measured by flow cytometry and was cor-
rected with the transfection efficiency factor, regarding GFP expression
for each microporation (T cells were microporated with pGag or p8.2 and
the pCMV-GFP control vector expressing GFP).

Analysis by fluorescence microscopy coupled to confocal microscopy
was performed on Jurkat T cells that were transfected with pGag, p8.2, or
pCMV-LacZ; washed once 24 or 48 h later with 1� PBS; fixed with 3%
PFA; and immobilized on polylysine-coated coverslips. The immunoflu-
orescence protocol is similar to the one described above. HIV-1 Gag was
revealed by anti-MAp17 or anti-CAp24 antibodies (NIH) and Alexa 488-
labeled secondary antibodies. F-actin was revealed by staining with phal-
loidin-Alexa 546 (2 U/ml) (Invitrogen). Images of samples were acquired
on a Zeiss LSM780 confocal microscope with a 63�/1.4-numerical-aper-
ture oil differential interference contrast (DIC) Plan-Apo objective lens.
The total cell F-actin/phalloidin-Alexa 546 fluorescence intensity was
measured in whole cells by performing a z-projection of the cell z-stack,
normalized to the cell area, by using ImageJ Z project plug-in software.
The results are averages of data from 15 to 20 cells under each condition
(see Fig. 9G).

Gag and F-actin localization determined by confocal microscopy
and cell size measurement. The cells were prepared and imaged as de-
scribed above, and for evaluating F-actin and Gag localization at the cell
periphery, we performed sectioning through the cell center; the corre-
sponding plot profile of fluorescence intensities is shown (see Fig. 8A).
From the cell sections, performed on 9 to 21 cells under each condition,
the maximum Gag intensity signal and its distance from the cell edge (as
determined by the actin signal) were determined (see Fig. 8B). For cell size
measurements, the confocal section at the z-cell center was used to mea-
sure the cell diameter by using the ImageJ “measure and label” plug-in on
the F-actin images, and the average cell diameter was determined (n 	 60
to 100 cells) (the P value was measured with the Student test, with a
bilateral distribution of heteroscedastic samples) (see Fig. 8C).

values and standard deviations resulting from three independent experiments. (F to J) Effect of Rac1, RhoA, and Cdc42 depletion on Gag intracellular
localization. Jurkat T cells were transfected with p8.2 and with the siRNA control (F), siRNA against Rac1 (G), siRNA against RhoA (H), or siRNA against Cdc42
(I). Cells were fixed at 48 h posttransfection, permeabilized, stained for HIV-1 Gag, and analyzed by confocal microscopy. (J) Percentage of cells with each
phenotype, calculated for 50 cells. Bars show mean values and standard deviations resulting from three independent experiments. (K and L) Effect of Rac1 or
RhoA depletion on Gag cell membrane attachment. Jurkat T cells were microporated with p8.2 and with the siRNA control or siRNA against Rac1 or against
RhoA. Cells were then lysed, and the PNS was used for membrane flotation assays. Intracellular proteins of each gradient fraction were loaded onto an SDS-PAGE
gel. (K) The viral Gag and Lamp2 proteins were then revealed by immunoblotting, as indicated. (L) Rac1 and RhoA depletion by siRNA knockdown, in the PNS,
shown by anti-Rac1 and anti-RhoA immunoblots, respectively.
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RESULTS
Rac1 knockdown modulates HIV-1 Gag VLP release and Gag
intracellular localization and membrane attachment in Jurkat T
cells. A previous study has shown that drug inhibition of Rho
GTPases is able to reduce HIV-1 production (55). Thus, our initial
goal was to determine which one of the three main Rho GTPases,
Rac1, Cdc42, or RhoA, was required for virus production and
release. It is known that some Rac1 and RhoA signaling pathways
are activated by the viral envelope glycoprotein during the early
phases of infection (56, 67, 68). Therefore, to restrict our study
and focus on the late steps of the viral cycle, only HIV-1 Gag,
Gag-Pol, and the accessory proteins (Tat, Rev, Nef, Vpr, and Vif)
were expressed by plasmid DNA transfection in Jurkat T lympho-
cytes. Using these cells, we studied the effect of siRNA depletion of
Rac1, Cdc42, and RhoA proteins on VLP production and Gag
intracellular localization.

VLP production was monitored by ultracentrifugation of the
clarified cell supernatant followed by antiviral immunoblotting
and was normalized to the amount of intracellular Gag produced
(Fig. 1A and B). We first checked the siRNA treatment efficiency
and its effect on cell viability (Fig. 1C and D). We show that indi-
vidual Rho GTPase siRNA treatment of Jurkat T cells was able to
decrease endogenous Rac1 by 70%, RhoA by 80 to 90%, and
Cdc42 by 90% (Fig. 1A and D). The cell transfection efficiency was
evaluated to be 60 to 65% regarding the number of Gag(�) cells
over total cells by immunofluorescence (Fig. 1E to I). In addition,
Rho GTPase silencing did not induce strong cell mortality after
microporation (average of 80 to 85% living-cell recovery) (Fig.
1C). Second, we studied the effect of Rho GTPase depletion on
VLP assembly and release (as explained in Materials and Meth-
ods) (Fig. 1B), and for each condition, we checked Gag localiza-
tion by immunofluorescence microscopy (Fig. 1F to I). For each
image, the distributions of the object areas for each Gag signal
pattern (i.e., “punctate” versus “diffuse”) under each condition
were compared by using ImageJ (Fig. 1F to I): it can clearly be seen
that the punctate pattern of Gag exhibits a larger amount of small
objects than does the diffuse phenotype, under each of the condi-
tions, justifying the existence of two different phenotypes (Fig. 1F
to I). These two different phenotypes were then quantified for
several cells under each condition (Fig. 1J).

The depletion of endogenous Rac1 by siRNA decreased virus
production by 50%, as shown by immunoblotting (Fig. 1A and B),
for a 70% Rac1 knockdown (KD) efficiency (Fig. 1A and D). In
this case, we observed that the intracellular Gag localization was
modified (Fig. 1G). Indeed, while the wild-type Gag phenotype
was punctate in 96% of the cells in the presence of the siRNA
control (Fig. 1F), we observed that the Gag phenotype became
diffuse in 75% of the cells when Rac1 was depleted (Fig. 1G) and in
42% and 27% of the cells in the cases of RhoA and Cdc42 KDs,
respectively. The depletion of endogenous RhoA by siRNA, with
an 85% gene KD (Fig. 1D) and 80% cell viability (Fig. 1C), dimin-
ished virus production by only �20% (Fig. 1A and B). In this case,
Gag localization was slightly modified in comparison to that of the
control (Fig. 1B) but remained punctate in 58% of the cells (Fig.
1H and J). Similarly, the depletion of Cdc42 by siRNA, with a 90%
gene KD (Fig. 1D) and 70% cell viability (Fig. 1C), did not signif-
icantly change VLP release (Fig. 1A) and intracellular Gag local-
ization (Fig. 1I and J), suggesting that Cdc42 was not involved in
VLP release in these cells.

This first result suggested that the absence of Rac1 could impair
Gag trafficking, membrane localization, or membrane attach-
ment. In order to check this hypothesis, we performed a mem-
brane flotation assay on Jurkat T cells microporated with p8.2 and
the siRNA control or siRNA against Rac1 or RhoA (Fig. 1K). In
this case, we first checked, by anti-Rac1 or anti-RhoA immuno-
blotting, that Rac1 or RhoA was depleted (Fig. 1L). Second, with
the siRNA control, we were able to detect Gag in the membrane
fractions (Fig. 1K, p8.2 � siRNA Control, lanes 2 and 3). How-
ever, when Rac1 was depleted, all Gag proteins were detected in
the cytoplasmic fractions (Fig. 1K, p8.2 � siRNA Rac1, lanes 7 and
8), while the Lamp2 membrane protein was located in the upper
gradient fraction (as shown by Lamp2 immunoblotting) (Fig. 1K,
p8.2 � siRNA Rac1, lane 2). As a control, we performed the same
experiment with the siRNA against RhoA, and we observed that
under these conditions, RhoA was depleted (Fig. 1L), and Gag was
found in the cytosol (Fig. 1K, lanes 7 and 8) and in the gradient
membrane fraction (fractions 2 and 3), in which the membrane
protein Lamp2 was detected (Fig. 1K, p8.2 � siRNA RhoA). These
results indicated a role for Rac1 in Gag membrane attachment,
compared to RhoA. Note that in the membrane flotation assay
performed on Jurkat T cells expressing Gag, it was difficult to
detect a strong signal for Gag in the membrane fraction of the PNS
gradient, certainly due to the fact that it was difficult to collect
enough membrane in T cells, compared to other cell lines, or it was
due to the limit of detection of this assay.

Our results show that Rac1 plays a role in regulating VLP pro-
duction and Gag membrane localization in Jurkat T lymphocytes,
while RhoA and Cdc42 seem less involved or dispensable.

A Rac1-specific inhibitor is able to decrease VLP release. To
confirm the role of Rac1, we assayed the effects of two drugs tar-
geting Rho GTPases on VLP production in Jurkat T cells (Fig. 2).
The specific Rac1 inhibitor NSC23766 was able to decrease VLP
production in a dose-dependent manner (Fig. 2A), while CT04, a
Rho inhibitor targeting ROCK, was not (Fig. 2C), under condi-
tions which preserved cell viability (Fig. 2B and D). In only one
experiment was the cell viability decreased to 65% at the highest
NSC23766 concentration (i.e., 200 �M); otherwise, the cell viabil-
ity was 80%, as measured by trypan blue exclusion. In addition, at
50 and 100 �M NSC23766, the decrease in VLP release correlated
to a 2.5- � 0.6-fold increase in the intracellular Gag content (data
not shown). Thus, under these conditions, the decrease in VLP
release is dependent on a specific drug effect (Fig. 2A). In contrast,
with CT04 treatment, we did not observe any decrease in VLP
release (Fig. 2C), no increase in intracellular Gag content was ob-
served, and, if anything, there was a slight decrease (0.7- � 0.2-
fold compared to the control without drug) (data not shown).
These results confirm that Rac1 plays an important role in VLP
production in Jurkat T lymphocytes, contrary to Rho GTPases
regulated by ROCK.

An intact Rac1-Wave2-IRSp53-Arp2/3 pathway is required
for optimal virus production. Based on the data presented above,
it appears that a Rac1-derived signaling pathway is required for
virus assembly and release in CD4 T lymphocytes. However, Rac1
regulates many signaling pathways in T cells. Indeed, on one hand,
Rac1 can activate the phosphatidylinositol 4-phosphate-5-kinase,
which induces PI(4,5)P2 synthesis (69, 70). On the other hand,
Rac1 can also regulate actin cytoskeleton dynamics (49, 50)
through several signaling pathways, such as Rac1-Pak2-cofilin or
Rac1-IRSp53-Wave2-Arp3 (Fig. 3A). Therefore, using a siRNA
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approach, we analyzed which of these effectors might be required
for VLP assembly and release in T cells.

First, we analyzed whether the impact of Rac1 on virus produc-
tion was related to its regulating role in PI(4,5)P2 synthesis. In-
deed, during HIV-1 assembly, the MA domain of Gag binds spe-
cifically to the acidic phospholipids, especially PI(4,5)P2, located
at the inner leaflet of the cell plasma membrane, thus targeting
Gag to the plasma membrane for assembly into VLPs. It is there-
fore possible that Rac1 silencing might induce a decrease in the
intracellular PI(4,5)P2 level and consequently a decrease in Gag
membrane binding and virus production. To check this hypoth-
esis, we performed an analysis of the intracellular localization and
level of PI(4,5)P2 in Rac1-depleted cells by immunofluorescence
and confocal microscopy (Fig. 3B and C). We checked that the
PI(4,5)P2 antibody was able to recognize the Jurkat T-cell plasma
membrane and to colocalize with a GFP-tagged PH domain of
phospholipase C, which is known to specifically recognize
PI(4,5)P2-enriched membrane domains (Fig. 3B). We then ana-
lyzed the ratio of the PI(4,5)P2 fluorescence intensity signal to the
cell area in T cells expressing Gag, or not, in the presence of Rac1
siRNA or the siRNA control (Fig. 3C). Despite efficient Rac1 si-
lencing (Fig. 3D), no deleterious effect on the localization of
PI(4,5)P2 at the plasma membrane (Fig. 3B) or on its intracellular
level (Fig. 3C) was observed, while VLP production was decreased
(Fig. 3D). This result suggested that the effect of Rac1 on Gag
membrane localization and VLP release seemed not to be primar-
ily related to its role in the regulation of PI(4,5)P2 synthesis. This

may be explained by the fact that PI(4,5)P2 was present in large
amounts at the cell plasma membrane.

As it has been reported in several studies that the actin cyto-
skeleton might have a role in HIV-1 assembly and release (26, 38,
39), particularly in T cells, we next analyzed whether Rac1 was
modulating VLP release via the downstream effectors Pak2,
IRSp53, Wave2, and Arp2/3, which have a role in cortical actin
dynamics (Fig. 3A). Indeed, Pak2 regulates actin filament turn-
over, while the IRSp53-Wave2 complex activates the Arp2/3 pro-
teins and consequently actin filament branching in lamellipodia
(49, 59). Moreover, these proteins are known to be involved in the
regulation of HIV-1 replication. Pak2 is activated by HIV-1 Nef to
interfere with T-cell migration (44, 45, 57). With this aim, silenc-
ing of these Rac1 effectors was performed, and the impact on cell
viability and virus production was evaluated in Jurkat T cells and
primary T cells (PBLs) (see Fig. 5 and 6). As it was reported pre-
viously that the Rac1-Wave2-IRSp53 signaling complex is acti-
vated by HIV-1 Env to promote membrane fusion and HIV-1
entry into cells (60), the role of Rac1 effectors in VLP release in the
absence of HIV-1 Env was studied to focus on the late steps of the
viral replication cycle.

As a control, we checked that siRNA microporation in Jurkat T
cells and PBLs did not affect VLP production (Fig. 4). Indeed,
when Jurkat T cells (Fig. 4A and B) or PBLs (Fig. 4C and D) were
microporated with a plasmid expressing either p8.2 or Gag with-
out any siRNA, after 48 h, the cells were able to produce mature
and immature VLPs, respectively (Fig. 4A and C). The same ex-
periment was performed by microporation of Jurkat T cells, or
PBLs, with p8.2, or pGag, in the presence of the control siRNA: it
was observed that the presence of the siRNA slightly increased the
intracellular Gag content but also VLP release (Fig. 4A and C).
However, the calculations of VLP release (Fig. 4B and D) showed
no difference in VLP release from Jurkat T cells, or PBLs, micro-
porated with or without siRNA. Second, to check that Jurkat T
cells, upon microporation with pGag and siRNA, were indeed
producing VLPs and not cellular debris containing Gag resulting
from the experimental microporation procedure, we monitored
Gag VLP release versus MACA release (Fig. 4F). MACA is a Gag
protein that is deleted of its C-terminal NC-p1-p6 region and
deleterious in VLP release. Under our conditions, i.e., micropo-
rated Jurkat T cells with plasmids and siRNA, we could not detect
any MACA VLP released in the cell supernatant in the presence of
either Rac1 siRNA or control siRNA, as shown by anti-CA immu-
noblotting (Fig. 4F), compared to Gag VLPs. This was for 60% of
cells expressing MACA-mEOS2 (a monomeric variant of green-
to-red photoswitchable fluorescent protein) and 80% cell viabil-
ity, as measured by FACS analysis (data not shown), while the
protein was well expressed in cells, as seen by green fluorescence
microscopy (Fig. 4E).

In addition to the above-mentioned Rac1 effectors, the role of
a RhoA effector, Dia1, in VLP production in Jurkat T cells (Fig. 5A
and D) and in PBLs (Fig. 5E and H) was analyzed. Dia1 is an
effector of RhoA that activates the nucleation and elongation of
actin filaments (71). As RhoA had only a minor impact on virus
production (Fig. 1A and 2C), Dia1 silencing by siRNA should not
alter Gag VLP production in T cells, as shown in Fig. 5 and 6.
Indeed, in Jurkat T cells expressing Gag, in the presence of Gag-
Pol and accessory proteins (i.e., p8.2), siRNA depletion of Dia1
did not significantly modify VLP production (Fig. 5A and B),
whereas cell viability was preserved (Fig. 5C). Similarly, Pak2 si-

FIG 2 Effects of the Rac1 inhibitor NSC23766 and the Rho inhibitor CT04 on
VLP production. Jurkat T cells were transfected with p8.2 and treated 24 h later
with different concentrations of a Rac1-specific inhibitor or the Rho inhibitor
CT04. (A and B) Effect of the Rac1-specific inhibitor NSC23766 on VLP pro-
duction. (A) After 10 h of treatment, virus production was analyzed by a
reverse transcription assay. Bars show mean values and standard deviations
resulting from three independent experiments. The statistical significances of
differences were calculated by an unpaired t test. **, P value of �0.01; *, P value
of �0.05. (B) Cell viability measured by using trypan blue. (C and D) Effect of
the Rho inhibitor CT04 on VLP production. (C) After drug treatment, virus
production was analyzed by a reverse transcription assay. Bars show mean
values and standard deviations resulting from three independent experiments.
(D) Cell viability measured by using trypan blue.
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lencing had no effect (Fig. 5D). On the contrary, siRNA depletion
of IRSp53, Wave2, and Arp3 decreased virus production by 55% �
2%, 50% � 10%, and 25% � 6%, respectively (Fig. 5A and B), in
Jurkat T cells, under conditions where cell viability was preserved
(Fig. 5C), with a KD efficiency of 60 to 70% (Fig. 5D). The same
experiment was performed on PBLs (Fig. 5E to H) purified from
uninfected patient blood cells and activated with PHA/IL-2. Sim-
ilarly to what was observed for Jurkat T cells, siRNA depletion of
Wave2, IRSp53, and Arp3 in PBLs microporated with p8.2 was

able to decrease VLP production by 50% � 8%, 60% � 12%, and
50% � 10%, respectively (Fig. 5E and F), while cell viability was
maintained for 60 to 75% of the cells (Fig. 5G), for a KD efficiency
of 65 to 80% (Fig. 5H). These results demonstrated for the first
time the involvement of Rac1, IRSp53, Wave2, and Arp3 in HIV-1
particle production in primary T lymphocytes.

We then studied the role of Rac1 and its effectors in the context
of an HIV-1 provirus depleted of the Env gene to focus on the late
steps of virus replication and to prevent the activation of the Rac1

FIG 3 Effect of siRNA-mediated depletion of Rac1 on intracellular PI(4,5)P2 levels in Jurkat T cells. (A) Rac1-dependent cell signaling pathways having an effect
on actin filament dynamics. In T cells, Rac1 GTPase plays an important role in the regulation of actin cytoskeleton rearrangement. Indeed, on one hand, in
response to extracellular signals, Rac1 is activated and could stimulate actin filament turnover by the intermediate of the Pak1 (or Pak2)-LIMK-cofilin pathway.
On the other hand, activated Rac1 could also stimulate actin filament branching in lamellipodia. In the latter case, IRSp53 is recruited by Rac1 and binds the
proline-rich region of Wave2. As a result, Wave2 is activated and induces actin branching via Arp2/3 complex recruitment. In a third case, Rac1-GTP could also
activate the phosphatidylinositol-4-phosphate 5-kinase (PIP5K), which catalyzes the synthesis of PI(4,5)P2 at the cell plasma membrane. (B to D) Effect of
siRNA-mediated depletion of Rac1 on intracellular PI(4,5)P2 levels. (B) Cells were transfected with pCMV-LacZ, p8.2 (Gag, Gag-Pol, and viral accessory
proteins), or PH-phospholipase C delta (PLC
)-GFP, together with the siRNA control or siRNA against Rac1, as indicated. At 48 h posttransfection, cells were
fixed, permeabilized, and stained with anti-MAp17 and anti-PI(4,5)P2 antibodies. The colocalization of the GFP-tagged PH domain of phospholipase C delta and
the PI(4,5)P2 antibody is indicated as a control for PI(4,5)P2-enriched membrane domains (white arrows). (C) The ratio of the PI(4,5)P2 signal intensity to the
cell area was measured by image analysis (ImageJ) (n 	 20 cells). (D) Immunoblot analysis of Rac1 GTPase and HIV-1 Gag in cell lysates and/or in virus particles.
Tubulin was used as a loading control.
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FIG 4 Effect of siRNA microporation on production of mature and immature VLPs. Jurkat T cells or PBLs were microporated with p8.2 or pGag without any
siRNA (�) or with control siRNA (�). (A and C) Immunoblot analysis of pr55Gag and CAp24 in cell lysates and in VLPs of Jurkat T cells (A) or primary T
lymphocytes (C). Tubulin was using as a loading control. (B and D) Extracellular VLP production was measured by quantification of immunoblot images,
corresponding to the ratio of extracellular pr55Gag or CAp24 to intracellular pr55Gag. Bars show mean values and standard deviations resulting from three
independent experiments. p.d.u., protein detectable unit. (E and F) Control analysis of Gag and MACA VLP production. (E) Visualization of Jurkat T cells
expressing mEOS2-tagged Gag or MACA with the corresponding siRNA by fluorescence and transmission microscopy (bar 	 100 �m). (F) Immunoblots
(anti-CAp24) of VLPs of Jurkat T cells expressing mEOS2-tagged Gag (82 kDa) or mEOS2-tagged MACA (68 kDa) together with the siRNA control or siRNA
against Rac1, at 48 h postmicroporation.
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signaling pathway during virus entry. These experiments were
conducted with HIV-1�Env-expressing Jurkat T cells (Fig. 6A to
D) and PBLs (Fig. 6E to H). While the Dia1 siRNA control had no
significant effect on HIV-1�Env production, as expected, the KDs
of Rac1, Wave2, IRSp53, and Arp3 decreased HIV-1�Env particle
production by 38% � 20%, 48% � 13%, 85% � 7%, and 62% �
30%, respectively, in Jurkat T cells (Fig. 6A and B) and by 45% �
7%, 46% � 14%, 62% � 8%, and 70% � 5%, respectively, in PBLs
(Fig. 6E and F). Under these conditions, cell viability was pre-
served for at least 85% of the cells (Fig. 6C and G), and the KD gene
efficiency varied from 50 to 80% (Fig. 6D and H). It is worth
noting that IRSp53 gene silencing by siRNA had more of an effect
on VLP release (up to a 5-fold reduction in virus particle produc-
tion, for 70% protein depletion) than did silencing of other genes,
underlining the involvement of this cellular protein (Fig. 6A and
B). Importantly, the same results were observed with PBLs (Fig. 6E
and F). Overall, these data show the involvement of the cellular
proteins Rac1, Wave2, IRSp53, and Arp3 in optimal VLP release,
independently of the Env protein, in both a T-cell line and pri-
mary blood lymphocytes.

The involvement of the Rac1-Wave2-IRSp53-Arp3 pathway
in VLP production is dependent on Gag. The literature has re-
ported an effect of the HIV-1 Tat and Nef accessory proteins on
several Rac1-derived signaling pathways (44, 45, 66). We thus de-
cided to study if the effect of the Rac1-Wave2-IRSp53-Arp3 sig-
naling pathway on virus production observed here was mediated
by HIV-1 accessory proteins or solely by the Gag viral protein. For
this purpose, we performed siRNA screening targeting Rac1 effec-
tors on Jurkat T cells expressing immature HIV-1 Gag and pro-
ducing VLPs (Fig. 7). As shown in Fig. 7A, the depletion of Rac1,
Wave2, IRSp53, and Arp3 by siRNA decreased Gag VLP produc-
tion by 50% � 7%, 45% � 12%, 55% � 4%, and 34% � 2%,
respectively (Fig. 7B), while Pak2 depletion had no effect. Under
these conditions, cell viability was preserved (Fig. 7C), and the KD
efficiency was up to 80% (Fig. 7D). Altogether, these results suggested
that the effect of the Rac1-Wave2-IRSp53-Arp2/3 signaling pathway
on viral particle production was mediated mainly by the Gag viral
protein. It was interesting to notice that, as observed with the HIV-1
provirus, the most pronounced effects on Gag VLP release were ob-
served with IRSp53 and Wave2 siRNA treatments, even if these cel-
lular proteins were not completely depleted, strongly suggesting that
these two proteins might be important cofactors for HIV-1 Gag par-
ticle release. For the first time, here, we describe a role for two cellular
proteins, IRSp53 and Wave2, that are cofactors of cell membrane
curvature and cortical actin dynamics in HIV-1 Gag particle release,
due solely to the presence of Gag in T cells.

Double Wave2 and IRSp53 knockdowns, although partial,

modulate intracellular Gag localization and strongly decrease
VLP production. In order to check if IRSp53 and Wave2 acted in
synergy in the same signaling pathway, the effect of the double
knockdown of these two proteins was tested following treatment
of Gag-expressing Jurkat T cells with a double-siRNA mix against
Wave2 and IRSp53 proteins. Gag localization, compared to F-ac-
tin, as well as cell sizes were analyzed by confocal microscopy
imaging (Fig. 8A to C). Gag VLP release and cellular protein de-
pletion were monitored by immunoblotting (Fig. 8D). We found
that the transfection efficiency of the HIV-1 pGag plasmid in Ju-
rkat T cells was 72% � 7% (for a total number of cells of 140 �
n �187), as analyzed by Gag immunofluorescence (Gag-positive
“green” fluorescent cells over nonfluorescent cells). Strikingly, we
observed that the double-knockdown T cells could be identified
by cell size measurements (Fig. 8C). We then found that 55% �
9% of total cells were transfected with siRNA and that 48% � 3%
of total cells were transfected with both pGag and siRNA. Indeed,
the Wave2 or IRSp53 siRNA-treated cells presented a defect in
their cellular F-actin phenotype: instead of being regularly located
underneath the cell plasma membrane, cortical F-actin staining
became irregular, in patches in the cytosol (Fig. 8A), and a slight
increase in cell size was observed, i.e., �9 �m in diameter (IRSp53
or Wave2 siRNA), instead of �7 �m on average for the siRNA
control cells (Fig. 8C). For the double siRNA (IRSp53 and
Wave2), the cells exhibited a cellular volume that increased signif-
icantly (Fig. 8A), i.e., �12 �m in diameter, instead of �7 �m on
average for the siRNA control cells (Fig. 8C). The double-knock-
down cells were easily identified by their loss of F-actin shape
(more diffuse in the cytosol) (Fig. 8A), in comparison to wild-type
Jurkat T cells, in which the F-actin formed a uniform, well-defined
ring underneath the cell plasma membrane (Fig. 8A). In addition,
it is worth noting that the partial depletion of the IRSp53 and
Wave2 siRNA (Fig. 8A, panel a) seemed to prevent Gag localiza-
tion to the cell plasma membrane, as Gag appeared highly local-
ized in the cytosol compared to its localization in siRNA control
cells (Fig. 8A, panel d). Several images of double-knockdown
(IRSp53 and Wave2 siRNA) cells expressing Gag showed a loss of
Gag membrane labeling and mainly a cytosolic Gag localization
(Fig. 8Aa to c), in comparison to the control (Fig. 8Ad). As shown
in Fig. 8B, we were able to quantify the distance between the max-
imum intensity of the intracellular Gag fluorescent signal and the
cell border (determined by the F-actin fluorescent signal): one can
observe that this distance (for an average of 9 to 11 cells) was �833
nm when Gag was expressed in the double-KD (IRSp53 and
Wave2) cells and was �145 to 172 nm in Wave2 or IRSp53 sin-
gle-KD cells, compared to the control wild-type cells (Fig. 8B).
These results suggested that in the double-KD cells, Gag was un-

FIG 5 Effect of Rac1-dependent cell signaling and the Wave2 multicomplex on virus assembly and mature VLP production. (A to D) Effect of Dia1, Pak2, Wave2,
IRSp53, and Arp3 depletion on virus assembly and mature particle production. Jurkat T cells were transfected with p8.2 (Gag, Gag-Pol, and viral accessory
proteins) and with the siRNA control or siRNA against Dia1, Pak2, Wave2, IRSp53, or Arp3. (A) Immunoblot analysis of HIV-1 pr55Gag and CAp24 in cell
lysates and in virus particles. Tubulin was used as a loading control. (B) Extracellular virus production measured by quantification of immunoblot images,
corresponding to the ratio of extracellular CAp24 to intracellular pr55Gag and CAp24. Bars show mean values and standard deviations resulting from three
independent experiments. The statistical significances of differences were calculated by an unpaired t test. **, P value of �0.01; *, P value of �0.05. (C) Cell
viability measured by using trypan blue. (D) Quantification of protein depletion after siRNA treatment. Bars show mean values and standard deviations resulting
from three independent experiments. (E to H) Effect of the Rac1-Wave2-IRSp53-Arp3 cell signaling pathway on virus assembly and mature particle production
in primary T lymphocytes (PBLs). PBLs were transfected with p8.2 and with the siRNA control or siRNA against Rac1, IRSp53, Wave2, or Arp3. (E) Immunoblot
analysis of HIV-1 pr55Gag and CAp24 in cell lysates and in virus particles. Tubulin was used as a loading control. (F) Extracellular virus production measured
as described above for panel C. Bars show mean values and standard deviations resulting from two independent experiments. (G) Cell viability measured by using
trypan blue. (H) Quantification of protein depletion after siRNA treatment.
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able to reach or attach to the cell plasma membrane. Unfortu-
nately, we were unable to verify this observation by membrane
flotation assays with Jurkat T cells expressing Gag only, as the
latter was not detectable in the membrane fractions under these
conditions (in contrast to p8.2 in Fig. 1K) (data not shown). How-
ever, upon the partial depletion of both IRSp53 and Wave2 (38%
� 6% and 44% � 15% protein depletion, respectively), we ob-
served that Gag VLP release was strongly reduced (by 75% � 5%),
in comparison to the control double siRNA (Fig. 8D). Overall,
these results showed that a partial double depletion of Wave2 and
IRSp53 impaired Gag membrane localization, resulting in a
greater decrease in Gag VLP release than with individual knock-
downs. These data support a role for the Wave2 complex in intra-
cellular Gag localization and VLP production.

Rac1 is activated upon expression of HIV-1 Gag in Jurkat T
cells, and intracellular F-actin content is increased. In the liter-
ature, it has been reported that Wave2 is an essential regulator of
the actin cytoskeleton through its ability to stimulate Arp2/3-de-
pendent actin polymerization downstream of activated Rac1 (72).
The regulation of Wave2 by Rac1 is complicated because it can
require other signaling molecules, such as IRSp53 (58). As we
observed that the depletion of these proteins mediating the Rac1-
IRSp53-Wave2-Arp2/3 signaling pathway was able to modulate
HIV-1 Gag production in T cells, we thus studied whether HIV-1
Gag was able to activate Rac1 and F-actin polymerization. We
focused on these parameters because Rac1 activation is the signal
that initiates the signaling pathway, and F-actin polymerization is
the cellular response to this signal.

First, we measured the level of endogenous Rac1 activation
(Fig. 9A), or RhoA as a control (Fig. 9B), in Jurkat T cells by
G-LISA (see Materials and Methods). Rac1 and RhoA GTPases are
able to switch between an active GTP-bound state and an inactive
GDP-bound state. The G-LISAs allowed the detection and quan-
tification of the amount of the intracellular GTP-bound forms of
Rac1 and RhoA by specific antibody detection and luminescence
and thus allowed us to monitor the intracellular levels of activated
Rac1 and RhoA. In Jurkat T cells expressing Gag, in the presence of
Gag-Pol and accessory proteins, the activation level of Rac1 was
increased by 9- � 1.7-fold (Fig. 9A), in comparison to the negative
control (Fig. 9A). This effect might be due to the presence of the
viral accessory proteins Tat and/or Nef, as it was reported previ-
ously that they could modulate Rac1 activity during the late steps
of HIV-1 replication (66, 73, 74). Therefore, to determine the role
of HIV-1 Gag alone in Rac1 activation, the same experiment was
performed following pGag microporation in Jurkat T cells. In this
case, Rac1 activation was increased by 4.3- � 1.9-fold relative to
the control (Fig. 9A) and normalized to the amount of transfected

cells (GFP� cells), as measured by flow cytometry. These results
indicated that Rac1-GTP activation could be induced by the ex-
pression of only Gag in Jurkat T cells. In contrast, the effect of Gag
alone on the activation level of RhoA (1.2- � 0.4-fold) was equiv-
alent to that of the control (Fig. 9B) and thus was negligible com-
pared to that of Rac1 activation. The level of activation of RhoA
was slightly increased (by 2- � 1.4-fold) when Gag and accessory
proteins were expressed but not when Gag alone was expressed
(Fig. 9B). These data showed that the role of RhoA in the regula-
tion of the late steps of virus replication in Jurkat T cells seemed
minor compared to that of Rac1 and was dependent on HIV-1
accessory proteins. In these cells, an activated form of Rac1
seemed to be required for efficient particle formation and release,
and this activation could be mediated by Gag alone, although it
was enhanced by the presence of viral accessory proteins.

Second, we studied the effect of HIV-1 Gag expression in Jur-
kat T cells on the intracellular F-actin content. Here, we quantified
the intracellular F-actin content by flow cytometry analysis and by
fluorescence microscopy. The F-actin level was measured by flow
cytometry analysis of phalloidin-Alexa 546-stained Jurkat T cells
expressing Gag or not (Fig. 9C and D). The expression of Gag
alone and in the presence of Gag-Pol and accessory proteins re-
sulted in significant increases of the intracellular F-actin content,
by 6.3% � 2% and 8.4 � 3.3%, respectively (Fig. 9C). To confirm
these results, we also measured the F-actin level by fluorescent
phalloidin-Alexa 546 staining and semiquantitative fluorescence
microscopy analysis (Fig. 9F and G). In this case, we observed an
increase of the intracellular F-actin level when Gag was expressed
in Jurkat T cells (Fig. 9F). We measured the F-actin fluorescence
intensity in the total cell volume (as described in Materials and
Methods) for cells expressing Gag labeled by phalloidin-Alexa
546, and we observed a 2- to 3-fold increase in the F-actin content
in Jurkat T cells expressing Gag compared to the control (pCMV-
LacZ) (Fig. 9G). These data suggested that both Gag alone and Gag
with accessory proteins could activate F-actin polymerization in T
cells, as suggested in previous studies (44, 45, 66). Altogether, our
data showed that Gag expression in Jurkat T cells activated Rac1
and increased the intracellular F-actin content.

DISCUSSION

The aim of our study was to characterize which one of the main
small Rho GTPases Rho, Rac1, and Cdc42 and which associated
specific downstream effectors were involved in HIV-1 particle re-
lease in host CD4� T cells. Indeed, HIV assembly could occur
either at the plasma membrane of infected cells or in virus-con-
taining compartments, depending on the cell type (2, 3, 5, 75). It
has been reported that in CD4� T lymphocytes, viral particles are

FIG 6 Effect of Rac1-dependent cell signaling on production of Env-deleted HIV-1 particles. (A to D) Effect of Rac1, Dia1, Wave2, IRSp53, or Arp3 depletion
on production of mature particles. Jurkat T cells were transfected with pNL4.3�Env and with the siRNA control or siRNA against Rac1, Dia1, Wave2, IRSp53,
or Arp3. (A) Immunoblot analysis of pr55Gag and CAp24 in cell lysates and in virus particles. Tubulin was used as a loading control. (B) Extracellular virus
production measured by quantification of immunoblot images, corresponding to the ratio of extracellular CAp24 to intracellular pr55Gag and CAp24. Bars show
mean values and standard deviations resulting from two independent experiments. The statistical significances of differences were calculated by an unpaired t
test. **, P value of �0.01; *, P value of �0.05. (C) Cell viability measured by using trypan blue. (D) Quantification of protein depletion after siRNA treatment by
using ImageJ software, relative to the tubulin loading control. Bars show mean values and standard deviations resulting from three independent experiments. (E
to H) Effect of Rac1, Dia1, Wave2, IRSp53, or Arp3 depletion on production of mature particles in PBLs. PBLs were transfected with pNL4.3�Env and with the
siRNA control or siRNA against Rac1, Dia1, Wave2, IRSp53, or Arp3. (E) Immunoblot analysis of HIV-1 pr55Gag and CAp24 in cell lysates and in virus particles.
Tubulin was using as a loading control. (F) Extracellular virus production calculated as described above for panel B. Bars show mean values and standard
deviations resulting from two independent experiments. (G) Cell viability measured by dead cell counting using trypan blue. (H) Quantification of protein
depletion after siRNA treatment.
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released mainly by direct budding from the plasma membrane
(76). HIV-1 particle assembly is driven by the viral Gag protein,
which targets specifically the PI(4,5)P2 phosphoinositide, located
at the inner leaflet of the cell plasma membrane (18). In addition,
this phosphoinositide is a critical second messenger that regulates
a myriad of cellular activities, including actin remodeling and
branching. In the latter case, the PI(4,5)P2 phosphoinositides are
the sites where activated Rho GTPases are recruited to initiate cell
signaling pathways (47, 49). As small Rho GTPases and their ef-
fectors are key regulators of actin remodeling and membrane dy-
namics (77), their involvement at the HIV-1 assembly site was
considered.

Several studies have shown that activated Rac1 as well as down-
stream signaling pathways, including the Wave2 multicomplex
(78), are involved in the early steps of HIV-1 replication (56, 67,
68), such as virus entry and virus-cell fusion. However, the re-

quirement for activated Rac1 in the late steps of HIV replication
had not been assessed thoroughly. It was recently reported that the
hematopoietic cell-specific Rho GTPase inhibitor Arhgdib/d4gdi
limited HIV-1 replication, but the GTPase involved was not iden-
tified (56). In our study, we first checked the implications of the
main small Rho GTPases Rac1, RhoA, and Cdc42 in VLP release
and intracellular Gag localization and membrane attachment in
CD4 T cells. We then identified the downstream effectors involved
in the context of Gag, Gag/Gag-Pol, or HIV-1�Env VLP produc-
tion. Our work was performed by using a noninfectious system
devoid of the viral envelope glycoproteins in order to prevent
interference with the early steps of HIV-1 infection, as a role for
the Rac1-Wave2-IRSp53 pathway in HIV-1 entry was reported
previously (60). Using a siRNA strategy, we clearly showed the
involvement of the Rac1-Wave2-IRSp53-Arp2/3 signaling path-
way in the late phases of HIV-1 replication, both in a T-cell line

FIG 7 Effect of siRNA targeting the Wave2 multicomplex on Gag VLP production. Jurkat T cells were transfected with pGag and with the siRNA control or
siRNA against Rac1, Pak2, Wave2, IRSp53, or Arp3. (A) Immunoblot analysis of pr55Gag in cell lysates and in viral particles. Tubulin was using as a loading
control. (B) Extracellular virus production measured by quantification of immunoblot images, corresponding to the ratio of extracellular pr55Gag to intracel-
lular pr55Gag. Bars show mean values and standard deviations resulting from four independent experiments. The statistical significances of differences were
calculated by an unpaired t test. **, P value of �0.01. (C) Cell viability evaluated by dead cell counting using trypan blue. (D) Quantification of protein depletion
after siRNA treatment. Bars show mean values and standard deviations resulting from four independent experiments.
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FIG 8 Effect of a partial double knockdown of IRSp53/Wave2 by siRNA on HIV-1 Gag localization and VLP release in T cells. (A) Jurkat T cells were transfected
with the vector pGag (HIV-1 Gag expression) (a to d) or pCMV-LacZ (control) (e and f), together with a mix of siRNA (Wave2 and IRSp53) (a and f) or a mix
of control siRNAs (d). The cells were fixed and stained for F-actin (phalloidin-Alexa 546) (red) and Gag (anti-MAp17-Alexa 488) (green). Merge and transmis-
sion images are presented. The cell sections show Gag and F-actin fluorescent signals at the cell periphery. (B) Distance of the maximum Gag fluorescent signal
from the cell edge (determined by the actin signal) under each condition (n 	 9 to 21 cells). (C) Cell mean diameters (in micrometers) of the different cell
transfection conditions, as indicated. The effect of the depletion of IRSp53 and/or Wave2 on Jurkat T-cell sizes compared to those of siRNA control-treated cells,
in the presence of Gag, is shown. (D) Immunoblot analysis of pr55Gag in T-cell lysates and in VLPs. On the right are the average percentages of depletion of each
protein and of inhibition of VLP release from three independent experiments. Tubulin was used as a loading control.
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FIG 9 Effect of Gag on Rac1 and RhoA activation and on F-actin content in T cells. Jurkat T cells were microporated with a control plasmid or pGag (HIV-1 Gag
expression) or p8.2 (expression of Gag, Gag-Pol, and viral accessory proteins), together with the pCMV-GFP plasmid, which was used to normalize the
microporation efficiency. (A and B) Effect of Gag on Rac1 and RhoA activation. Data shown are representative of data from three independent experiments. Rac1
(A) and RhoA (B) activation was measured by G-LISA. Data shown indicate the fold increases of GTPase activation regarding activation in Jurkat T cells
expressing the control plasmid. * and ** indicate P values of �0.05 and 0.01, respectively. (C to E) Effect of Gag on F-actin content in Jurkat T cells as determined
by flow cytometry. F-actin expression was measured by flow cytometry analysis in cells simultaneously fixed and permeabilized and then stained with phalloidin-
Alexa 546. (C) Median percentages of cells expressing F-actin and standard deviations, which were calculated for Gag- or p8.2-microporated T cells compared
to the GFP expression levels in control cells (microporated with pCMV-GFP), from seven independent experiments. (D) Data from a representative flow
cytometry experiment. The continuous line represents F-actin fluorescence in T cells microporated with pGag or p8.2, and the discontinuous line is the control
(T cells microporated with pCMV-GFP). * and ** indicate P values of �0.05 and 0.01, respectively. (E) Transfection efficiency was monitored by the percentage
of GFP expression in each experiment. Values are averages of data from seven independent experiments. (F and G) Effect of Gag on F-actin content in Jurkat T
cells, as determined by immunofluorescence imaging. Cells were transfected with pCMV-LacZ (control), pGag (encoding HIV-1 Gag), or p8.2 (encoding Gag,
Gag-Pol, and accessory proteins). At 24 h posttransfection, Jurkat T cells were harvested, fixed, permeabilized, and stained with anti-MAp17 antibodies and
phalloidin-Alexa 546. The left panels show images from a representative experiment. (G)The phalloidin intensity in Jurkat T cells under each condition was
measured by image analysis (ImageJ) (n 	 20 cells). The histogram shows the results obtained. * and ** indicate P values of �0.05 and 0.01, respectively.
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and in PBLs. Our results revealed an essential role of activated
Rac1, and of RhoA to a lesser extent, in HIV-1 Gag VLP produc-
tion in Jurkat T cells. The minor effect of RhoA could be explained
by a potential role of Citron-K, an effector of RhoA, in enhancing
HIV-1 production by stimulating the endosomal compartments
and exocytosis, as observed previously for adherent cells (79).
Here, using nonadherent Jurkat T cells and PBLs, for which it has
been shown that HIV-1 buds mostly from the cell plasma mem-
brane (5, 75), we reported a major involvement of Rac1 (Fig. 1, 5
to 7, and 9).

As activated Rac1 is known to be located at the cell plasma
membrane and able to modulate several signaling pathways (Fig.
3A), our results strongly suggested the involvement of a Rac1-
dependent signaling pathway in HIV-1 assembly and particle re-
lease in T cells. These pathways are involved in the regulation of
actin cytoskeleton and membrane dynamics in T lymphocytes
(52, 53, 58, 80), including the Vav1-Rac1-Pak1 (or Pak2)-cofilin
and the Rac1-IRSp53-Wave2-Arp3 pathways, which were there-
fore explored. Interestingly, depletion of Pak2 did not decrease
Gag VLP production, i.e., in the absence of Nef (Fig. 5), while
depletion of Pak1 decreased Gag VLP production by �25% (data
not shown). Vav1 is an important Rac1 activator involved in the
formation of the immunological synapse by promoting F-actin
nucleation and accumulation at the cell edge (80). Furthermore,
during the last steps of viral replication, Vav1 can be activated by
the HIV-1 accessory protein Nef (74, 81) as well as by the cellular
Zap70 protein (82), which regulates cell-to-cell spread of HIV-1
(83). Thus, we tested the effect of siRNA depletion of Vav1 on
virus production, and we observed a 2-fold decrease of virus pro-
duction in Jurkat T cells expressing Gag, Gag-Pol, and accessory
proteins (including Nef) but no decrease of Gag VLP production
with Gag alone (data not shown). These results were in agreement
with data from previous studies showing that Pak1 (or Pak2),
Vav1, and HIV-1 Nef form a complex during the last steps of viral
replication, which modulates actin dynamics and induces cyto-
skeleton rearrangements (57, 74, 81) and which might regulate
particle production.

Here, our data showed, for the first time, that another Rac1-
mediated signaling pathway, the Wave2-IRSp53-Arp2/3 multi-
protein complex, is involved in HIV-1 particle release (Fig. 5 and
6). This effect was mediated mainly by HIV-1 Gag alone (Fig. 7).
In addition, IRSp53/Wave2 double-siRNA treatment of T cells
expressing Gag significantly increased the inhibitory effect on VLP
release in comparison to single knockdowns (Fig. 8D) and in-
duced the mislocalization of Gag in Jurkat T cells (Fig. 8A). This
finding strongly supports the involvement of this pathway in virus
production through the viral Gag protein. The fact that the ob-
served siRNA effect on Gag VLP release never exceeded 4-fold
might be due to the fact that the targeted proteins, i.e., IRSp53 and
Wave2, are required for cell survival and cell membrane and cy-
toskeleton integrities and therefore cannot be further silenced
without affecting cell viability. However, by adapting experimen-
tal conditions to maintain cell survival with a partial knockdown
of targeted genes, it was possible to monitor significant effects on
Gag membrane localization and on virus release, as shown by several
control experiments (Fig. 4). Therefore, our results suggest that the
Wave2 complex could be essential for HIV-1 Gag membrane local-
ization and virus production (Fig. 8).

Furthermore, the activation of Rac1 was induced by the sole
presence of Gag in Jurkat T cells (Fig. 9A). The hypothesis of a

recruitment of a Rac1-activated Wave2 multicomplex at the Gag
assembly sites was therefore possible. Indeed, we were able to ob-
serve a significant modulation of the intracellular F-actin content
in Jurkat T cells expressing Gag (Fig. 9C and G). These measure-
ments were used to quantify intracellular F-actin contents in an-
other study, and the results shown were of the same order of mag-
nitude (66). Activation of the Wave2 complex at the cell plasma
membrane requires the simultaneous presence of activated Rac1
(GTP-bound Rac1) together with PI(3,4,5)P3 or PI(4,5)P2 phos-
pholipids (72), the IRSp53 protein as a linker between Rac1 and
Wave2 (58), and the Arp2/3 branching factor. Thus, it is conceiv-
able that the Wave2/IRSp53 complex and Gag may recognize
these acidic phospholipids in the same membrane domains dur-
ing virus assembly to promote local F-actin branching. Actually,
the depletion of the Arp2/3 actin nucleator by siRNA impaired
HIV-1�Env and Gag VLP production (Fig. 5 to 7), and a signifi-
cant increase in the level of F-actin in T cells expressing Gag was
observed (Fig. 9C to G). In the literature, roles for the regulatory
HIV-1 Tat protein (66) and Nef (44, 45) in F-actin cytoskeleton
remodeling, during the early and the late steps of the viral cycle,
respectively, have already been described. Here, we showed that,
in addition to Tat and Nef, the structural Gag protein itself could
have an effect on F-actin cell content (Fig. 9C, F, and G).

To our knowledge, this work reports, for the first time, the
involvement of activated Rac1 and the IRSp53-Wave2-Arp2/3 sig-
naling pathway during the late steps of the HIV replication cycle
concomitant with an increase in the F-actin T-cell content depen-
dent solely on the Gag viral protein. Further investigations are
needed to determine whether Gag and Wave2 interact directly or
indirectly, whether they are located within the same membrane
domains or not, and if Gag could trigger its recruitment to the cell
plasma membrane.

In conclusion, a potential role of actin polymerization during
HIV-1 particle formation in T cells can be considered, involving
the activation of Rac1 and the IRSp53-Wave2-Arp2/3 signaling
pathway. We thus hypothesize that a temporary increase in the
F-actin level at the Gag assembly site could occur to maintain Gag
multimers in cell membrane domains by preventing their return
to the cytosol, therefore stabilizing the multi-Gag assembling bud.
An alternative hypothetical scenario could be that actin branching
may favor viral budding by creating a template in the vicinity of
the viral budding site, acting as a mechanical force for particle
release, as suggested by previous cryo-electron microscopy (cryo-
EM) studies (84). Actually, cryo-EM quantification of F-actin fil-
aments within or in the vicinity of viral buds (for adherent cells
expressing HIV-1 Gag/Gag-Pol) was recently reported, indicating
that almost half of the budding sites analyzed were associated with
F-acting branching in the viral bud in formation (85). This obser-
vation is in agreement with our results. A potential implication of
the NC domain of Gag was proposed (32, 33), but this has recently
been challenged, as that study reported no difference in virus re-
lease when the NC domain of Gag was replaced by a leucine zipper
domain (85). Those same authors concluded that the NC domain
of HIV-1 Gag was dispensable for actin incorporation into HIV-1
particles (85). Therefore, the domain(s) of Gag responsible for the
F-actin association with viral buds remains to be identified.

Finally, several studies indicated a role for actin or related ac-
tin-binding proteins in HIV-1 assembly or release, which could be
actively or passively incorporated into the particles (31), and an
atomic force microscopy study suggested that large actin-enriched
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structures could localize underneath virus assembly sites (34).
However, a recent study failed to detect F-actin at the HIV-1 Gag
assembly sites by live-cell imaging microscopy (35). Of note, F-ac-
tin was labeled through Life-actin-mCherry, with the uncertainty
of the incorporation of such a molecule in filamentous actin, and
this was done in adherent HeLa cells (35). Nonetheless, by using
Jurkat T cells or PBLs, this study, as well as others (36–38), clearly
showed that drug-mediated or siRNA-mediated inhibition of ac-
tin cytoskeleton dynamics changed the intracellular Gag mem-
brane localization and impaired virus production. This suggests
that short and dynamic F-actin oligomers can act temporally at
the HIV-1 assembly sites to favor Gag membrane localization and
particle release, at least in nonadherent T cells.
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