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Memory CD4+ T cells are preferentially infected by HIV-1 compared to naive cells. HIV-1 fusion and entry is a dynamic
process in which the cytoskeleton plays an important role by allowing virion internalization and uncoating. Here, we
evaluate the role of the cortical actin in cell-to-cell transfer of virus antigens and infection of target CD4+ T cells. Using
different actin remodeling compounds we demonstrate that efficiency of HIV-internalization was proportional to the actin
polymerization of the target cell. Naive (CD45RA+) and memory (CD45RA—) CD4+ T cells could be phenotypically
differentiated by the degree of cortical actin density and their capacity to capture virus. Thus, the higher cortical actin
density of memory CD4+ T cells was associated to increased efficiency of HIV-antigen internalization and the establishment
of a productive infection. Conversely, the lower cortical actin density in naive CD4+ T cells restricted viral antigen transfer
and consequently HIV-1 infection. In conclusion, the cortical actin density differentially affects the susceptibility to HIV-1
infection in naive and memory CD4+ T cells by modulating the efficiency of HIV antigen internalization.
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Introduction

The HIV entry process is a validated target for antiretroviral
therapy [1,2]. However, different routes and mechanisms of
infection of CD4+ T cells may contribute to the establishment of
HIV reservoirs and increased HIV pathogenesis [3,4]. Resting
CD4" T cells are the major reservoir of latent human immuno-
deficiency virus (HIV) infection and are a significant barrier to
eradicating HIV because, upon stimulation, they are a source of
viremia when antiretroviral therapy is interrupted [5]. Resting
CD4+ T cells can be subdivided phenotypically into naive and
memory cell subsets as defined by the expression of multiple
surface markers, including CD45RA, and depending on whether
they have been previously exposed to a specific antigen. CD4+
memory T cells support higher levels of HIV replication than
naive CD4+ T cells, but the mechanism underlying the different
susceptibility to HIV-1 infection remains unclear [6-8]. Memory
resting CD4" T cells differ from naive resting CD4" T cells in that
they have a lower threshold for activation [9] and a subset of
memory resting CD4" T cells express higher levels of the HIV-1
coreceptor CCR5 than do naive resting CD4" T cells, while naive
cells express slightly higher levels of CXCR4 than memory cells
[9]. However, the causes for the inherent resistance of naive CD4+
T cells to HIV-1 infection cannot be explained by the different
expression of viral coreceptors or the degree of activation of cells
[8,10]. Furthermore, although integrated proviral infection is
found in both memory and naive resting CD4+ T cells without the
need of cell activation, integration in naive cells was lower than
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that in memory cells, suggesting that restriction of infection occurs
at the first steps of virus life cycle [10].

Several studies have shown that the viral dependence on the
actin cytoskeleton during both early processes of infection, such as
fusion and entry, but also at post entry steps, are required for the
establishment of infection into CD4+ T cells [11-16] with a
number of actin associated proteins regulating the role of
cytoskeleton in viral entry [17-20]. Interestingly, a recent study
found that the higher HIV-induced cortical actin dynamics in
memory CD4+ T cells may promote efficient viral entry and viral
DNA synthesis suggesting that phenotypic differences in the
cortical actin between naive and memory resting CD4+ T cells
could account for the different cell susceptibility to HIV infection
[8]. Additionally, cortical actin dynamics is also required during
cell-to-cell HIV transmission by promoting the concentration of
HIV antigens and its cellular receptors at the cell-cell contact zone
[21]. Moreover, the uptake of HIV antigens into endocytic
compartments after cell-to-cell transfer [22-25] could be prevent-
ed by pharmacological disruption of the cortical actin of effector
cells [24,26,27], suggesting that active cytoskeleton dynamics is
required for the internalization process. However, the role of the
cytoskeleton during cell-to-cell HIV transmission into distinct T
cells subsets has not been well characterized.

Here, we show that cell-to-cell transfer of HIV-1 antigens into
primary resting CD4+ T cells is dependent on the polymerization
of the cortical actin. Moreover, we show that phenotypic
differences in the cortical actin in naive and memory CD4+ T
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Figure 1. The cortical actin density modulates the transfer of HIV antigens during cell-to-cell contacts. Non-stimulated CD4+ T
lymphocytes were pretreated with serial dilutions of latrunculin-A (max. conc.=1 pM), PMA (max. conc.=15 nM) or staurosporine (max. conc.=1 uM)

PLOS ONE | www.plosone.org 2 November 2013 | Volume 8 | Issue 11 | e79221



HIV-1 Transfer and Cortical Actin

for 2 h. (a) Staining of F-actin with FITC-conjugated phalloidin was performed to assess the actin polymerization in treated cells. One representative
experiment is shown. (b) The change in the percentage of actin polymerization normalized to the untreated condition. (c) Quantification of CAp24
HIV antigen transfer from infected to uninfected CD4+ T cells assessed by intracellular CAp24-antigen staining and analysed by flow cytometry.
Control coculture condition were performed in the presence of IgGb12 (10 pg/ml) and AZT (1 pug/ml). The percentage of intracellular CAp24+ target
cells was normalized to the untreated condition. Results are the mean = SD of three independent experiments (*p<<0.05).

doi:10.1371/journal.pone.0079221.g001

cells subsets determine the degree of viral antigen transfer inducing
distinct susceptibilities to HIV-1 infection.

Materials and Methods

Ethics Statement

The work was approved by the scientific committee of Fundacié
IrsiCaixa. Human peripheral blood mononuclear cells were
isolated from ‘bufly coats’ of healthy blood donors. Buffy coats
were purchased anonymously from the Catalan Banc de Sang i
Teixits  (http://www.bancsang.net/en/index.html). The buffy
coats received were totally anonymous and untraceable and the
only information given was whether or not they have been tested
for disease.

Cells

Peripheral blood mononuclear cells (PBMC) from healthy
donors were purified by Ficoll-Hypaque sedimentation. CD4+ T
lymphocytes were immediately purified (>95%) from PBMCs by
negative selection using the CD4+ T cell enrichment kit (Stem Cell
Technologies, Vancouver, Canada) and grown in RPMI 1640 L-
Glutamine medium (Gibco, Madrid, Spain) supplemented with
10% (R10) heat inactivated fetal calf serum (FCS, Invitrogen,
Madrid, Spain), 100 U/ml penicillin, and 100 pg/ml streptomy-
cin. When needed, CD4+ T cells were stimulated with phytohe-
magglutinin (PHA, Sigma, Madrid, Spain) at 4 pg/ml and 6 U/
ml interleukin 2 (IL-2, Roche). MOLT-4 lymphoid cell line (AIDS
Reagent Program, National Institutes of Health, Bethesda, MD)
was cultured in R10. Chronically HIV-1-infected MOLT-4/
CCRD) cells were generated after the infection of MOLT-4 cells,
with the NL4-3 X4 HIV-1(MOLTny4.5) [28,29]. After the
infection peak, the persistently infected culture was grown and
characterized for Env expression and virus production. HEK293-
T cells (AIDS Reagent Program, National Institutes of Health,
Bethesda, MD) were cultured in Dulbecco’s modified Eagle’s
medium (DMEM; Gibco, Madrid, Spain) supplemented with 10%
heat inactivated FCS, 100 U/ml penicillin, and 100 pg/ml
streptomycin.

Cocultures of Infected and Uninfected Cells
Non-stimulated primary CD4+ T cells were cocultured with
uninfected or HIV-1 persistently infected MOLTy4-5 cells as
previously described [22,30,31]. 2x10° of both infected and target
cells (1:1 ratio) were cocultured in the absence or presence of
10 pg/ml anti-gp120 monoclonal antibody (mAb) IgGb12 (Poly-
mun Scientific, Wien, Austria); 1 pg/ml reverse transcriptase (RT)
inhibitor 3’-azido-3'-deoxythymidine (AZT) or 10 ug/ml CXCR4
coreceptor antagonist AMD3100 (both from Sigma-Aldrich).
Clocultures were incubated overnight at 37°C in a 96-well culture
plate in a final volume of 200 pl. Primary CD4+ T cells were
pretreated with serial dilutions of Latrunculin-A (max.
conc. =1 pM), Phorbol 12-myristae 13-acetate (PMA, max.
conc. = 15 nM) or Staurosporine (max. conc.=1 pM) (all from
Sigma-Aldrich) for 2 hours before coculturing for 4 hours with
effector cells. Quantification of HIV-1 transfer was assessed by the
percentage of CAp24-positive CD4+ T cells, using the coculture
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between primary T CD4+ lymphocytes and MOLT-4 uninfected
cells as a control.

The use of cell lines as virus presenting cells has been extensively
used by our group and others and is recognized as a useful cell
culture model for cell-to-cell transmission [22,24,26,31-36].

Flow Cytometry

Cells were stained with CD4, CXCR4 (12G5) or CD45RA
antibodies (BD Biosciences). Intracellular staining of HIV-1 p24
antigen (CAp24) was performed as previously described [22,31—
33]. Briefly, cells were fixed, permeabilized (Fix & Perm, Caltag,
Burlingame, CA) and stained with the anti-HIV-CAp24 antigen
mAb KC57 (Coulter, Barcelona, Spain). For F-actin staining, cells
were fixed and permeabilized (Fix & Perm, Caltag, Burlingame,
CA) and stained with 1 pg/ml of FITC-phalloidin (Sigma) for
30 min at RT in the dark. When needed, cells were first stained
with surface CD45RA for 20 min before co-staining with
intracellular CAp24, phalloidin or CCF2 for fusion assays (see
below). Cells were analyzed in a LSRII flow cytometer (BD,
Madrid, Spain) and identified by morphological parameters.

Quantification of Cell-to-cell Transmission

2x10° HEK293-T cells were cotransfected with 0,5 ug of HIV-
Int4-3 GFP (NIH AIDS Reagents Program). 48 h postransfection,
HEK?293-T cells were cocultured overnight with primary activated
CD4+ T Ilymphocytes. HIV-antigen transfer into naive
(CD45RA+) and memory (CD45RA—) target cells was assessed
by co-staining of surface CD45RA and intracellular staining of
viral capsid p24 (CAp24). After overnight coculture cells were
gently shaken to break cell-cell contacts and target CD4+ T cells
were carefully harvested. 4 days after target cell purification
productive infection was evaluated by GIP expression and
assessed using flow cytometry.

Virus-cell Fusion Assay

The quantification of the virus-cell membrane fusion was
quantified as described before [23,37]. Briefly, 2x10° HEK293-T
cells were cotransfected with 0,4 pg of both, the NL4-3 HIV
provirus plasmid and a plasmid carrying the Vpr gene fused with
beta-lactamase (Vpr-BlaM) (NIH AIDS Reagents Program). 48 h
postransfection, HEK293-T cells were cocultured overnight with
primary CD4+ T lymphocytes. Cells were loaded with the CCF2-
AM loading kit (Invitrogen) following the protocol provided by the
manufacturer. Cells were incubated 1 h at room temperature then
washed and immediately fixed. The change in emission of the
cleaved CCF?2 generated by the BlaM-Vpr chimera was measured
by flow cytometry.

Results

The Degree of Actin Polymerization Affects Cell-to-cell
Transfer of HIV-1 Antigens

Contacts formed between HIV-1 infected and uninfected
primary CD4+ T cells induce the transfer of HIV antigens into
endocytic compartments in the absence of fusion or infection [22—
25,31]. To evaluate the role of the cortical actin cytoskeleton of
target cells during cell-to-cell HIV-1 antigen transfer, previously
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Figure 2. Distinct degree of cortical actin polymerization in naive and memory CD4+ T cells. Resting CD4+ T cells were purified from
peripheral blood by negative depletion. Surface expression of CD45RA differentiated between naive (CD45RA+) and memory (CD45RA-) CD4+ T cells.
(a) The F-actin in memory and naive CD4+ T cells from 3 representative donors were evaluated by co-staining of CD45RA and FITC-labelled phalloidin
and assessed by flow cytometry. (b) The MFI of F-actin of naive and memory CD4+ T cells is plotted. Values are normalized to the memory T cell
subset. Mean and SD of 3 different donors is shown (**p<<0.005). (c) CD4 and CXCR4 receptor expression in naive and memory CD4+ T cells from one

representative donor is shown.
doi:10.1371/journal.pone.0079221.g002

purified primary non-stimulated CD4+ T lymphocytes were
pretreated for 2 hours with different actin remodelling com-
pounds. After drug treatment, the degree of actin polymerization
was assessed by intracellular F-actin staining (Fig. la and 1b).
Transient treatment of resting CD4+ T cells with latrunculin-A
triggered actin depolymerisation (45% reduction in the percentage
of polymerization at 1 M compared to the untreated condition).
Conversely, treatment with PMA triggered actin polymerization
(roughly 30% increase in the percentage of polymerization at
15 nM compared to the untreated condition), consistent with a
previous report [38]. Furthermore, another approach to induce
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actin remodelling is modulating the cofilin activity by affecting the
upstream signalling using different compounds such as stauros-
porine [16]. However, unlike a previous report [16], we observed a
slight increase of actin polymerization in staurosporine-treated
cells (17% increase in the percentage of polymerization compared
to the untreated condition). Drug treatment did not cause a
significant change in the expression of the cellular CD4 receptor or
CXCR4 coreceptor (data not shown).

To evaluate the effect of the cortical actin remodelling in the
transfer of viral antigens, drug pretreated primary CD4+ T cells
were cocultured with HIV-1xy 4.5 persistently infected MOLT N 4-3.
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Figure 3. Different HIV-antigen internalization into naive and memory CD4+ T cells. (a-c) Uninfected or infected MOLTy 4.5 cells were
cocultured overnight with non-stimulated primary CD4+ T lymphocytes in the presence or the absence of the anti-HIV-1 gp120 mAb IgGb12 (10 nug/
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ml) or the RT inhibitor AZT (1 pg/ml). Quantification of CAp24 HIV antigen transfer from infected to naive and memory CD4+ T cells was assessed by
co-staining of CD45RA and intracellular CAp24-antigen staining and analysed by flow cytometry. (a) One representative experiment is shown. (b)
Percentage of intracellular CAp24+ into total target CD4+ T cells. (c) Percentage of intracellular CAp24+ into naive (CD45RA+) and memory
(CD45RA—) CD4+ T cells. (d-e) HEK293-T cells cotransfected with HIV-1y 4.3 GFP plasmid were cocultured with primary activated CD4+ T cells in the
presence or the absence of the anti-HIV-1 gp120 mAb IgGb12 (10 ug/ml) and the RT inhibitor AZT (1 pg/ml). After overnight coculture target cells
were carefully harvested after gently shaken and cultured for 4 days in the same inhibitors. (d) Percentage of intracellular CAp24+ into naive
(CD45RA+) and memory (CD45RA—) CD4+ T cells after overnight cocultures. (e) Percentage of naive (CD45RA+) and memory (CD45RA—) GFP+ cells 4
days after purification of target cells. Mean and SD of three independent experiments is shown (**p<0.005, *p<0.05).
doi:10.1371/journal.pone.0079221.g003
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Figure 4. Similar levels of viral fusion into naive and memory CD4+ T cells. HEK293-T cells cotransfected with pNL4-3 and BlaM-Vpr
plasmids were cocultured with primary resting CD4+ T cells in the presence or the absence of the anti-HIV-1 gp120 mAb IgGb12 (10 ug/ml) and the
RT inhibitor AZT (1 ug/ml). Viral fusion was assessed by flow cytometry by measuring the percentage of CCF2-cleaved naive (CD45RA+) and memory
(CD45RA—) target CD4 T cells. (a) Dot plots of CCF2-loaded cells (FITC-labelled) versus CCF2-cleaved cells (Pacific blue-labelled) of a representative
experiment are shown. (b) Percentage of CCF2-cleaved target cells normalized to memory CD4+ T cells in untreated condition. Mean and SD of two
independent experiments is shown.

doi:10.1371/journal.pone.0079221.9g004
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After 4 hours of coculture, HIV antigen transfer to target cells was
assessed by intracellular staining of CAp24 (Fig. 1¢). Compared to
the untreated condition, the transfer of viral antigens to uninfected
cells was clearly blocked by the neutralizing anti-gp120 mAb
IgGb12 (>95% inhibition), but was not inhibited by the RT
inhibitor AZT indicating a CD4-dependent transmission of high
amounts of HIV-1 particles in the absence of productive infection.
Furthermore, compared to the untreated condition, the transfer of
viral antigens into target CD4+ T cells decreased in latrunculin A
pretreated cells (40% of inhibition of CAp24+ cells at 1 uM of
latrunculin A) but increased in PMA or staurosporine pretreated
cells (186% and 150% increase of CAp24+ cells, respectively at the
highest concentrations tested). The lack of a more potent impact
probably reflects the loss of effect over time due to the absence of the
drug during the coculture. Taken together, these results demon-
strate that the transmission of HIV antigens into target primary
CD4+ T cells during cell-to-cell transfer is modulated by their
degree of actin polymerization.

Naive and Memory CD4+ T cells Display Distinct Degree
of Actin Polymerization

Several post-entry cellular mechanisms may explain the
different susceptibility to HIV infection between naive and
memory CD4+ T cell subtypes [6-8,39]. Because the cortical
actin polymerization modulates the internalization of viral
antigens during cell-to-cell contacts, we asked whether differences
in cortical actin polymerization in distinct CD4+ T cell subtypes
may determine different susceptibilities to infection by regulating
the efficiency of viral antigen internalization. Naive and memory
CD4+ T cell subpopulations can be identified by the expression of
surface CD45RA and CD45RO isoforms respectively. Thus, we
performed co-staining of F-actin and surface CD45RA in primary
non-stimulated CD4+ T cells to study the cortical actin
polymerization of these two T cell subsets. In all donors evaluated,
the intensity of the F-actin staining was higher in memory CD4+ T
cells (Fig. 2a and 2b), indicating that memory CD4+ T cells display
a more polymerized actin cytoskeleton than naive CD4+ T cells.
To discard that the different susceptibility to HIV-infection in both
T cell subtypes could be determined by differences in the
coreceptor expression, we evaluated the expression levels of
CD4 and CXCR4 receptors in naive and memory resting CD4+ T
cells (Fig. 2c). As expected, we did not observe significant
differences in both receptors, consistent with previous reports

[6,10].

Higher Efficiency of HIV-1 Antigen Internalization into
Memory CD4+ T cells during Cell-to-cell Transfer

Given that the internalization of HIV antigens by target cells
is sensitive to the degree of cortical actin polymerization, we
hypothesized that the different cortical actin density in naive
and memory CD4+ T cells may induce differences in the
uptake of HIV antigens during cell-to-cell transfer. To evaluate
the degree of HIV antigen internalization into naive and
memory CD4+ T cell subsets, cocultures of MOLTxy4.5 cells
and primary resting CD4+ T cells were evaluated by flow
cytometry. The transfer of viral antigens to total target CD4+ T
cells (Fig. 3a and 3b) was clearly blocked by the neutralizing
anti-gpl20 mAb IgGbl2 (>95% of inhibition compared with
the untreated condition), but was not inhibited by the RT
inhibitor AZT (23% of p24+ cells). As previously described
[22,23,25], these results indicated a CD4-dependent transmis-
sion of high amounts of HIV-1 particles from infected to
uninfected cells in the absence of fusion or infection. On the
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other hand, in all conditions the uptake of HIV particles by
memory CD4+ T cells was significantly increased in untreated
(p<<0,005) or AZT-treated (p<<0,05) target CD4+ T cells (10%
and 35% of p24+ cells respectively), compared to naive target
CD4+ T cells (Fig. 3a and 3c), consistent with a previous report
[36]. These results indicate that phenotypic differences between
naive and memory CD4+ T cells establish different affinities for
HIV antigens during cell-to-cell viral antigen internalization,
suggesting that the susceptibility to HIV infection may be
determined during early internalization processes that may be
related to cortical acting polymerization.

Higher Efficiency of Cell-to-cell Transmission of HIV-1 into
Memory CD4+ T cells

The susceptibility to HIV infection of naive and memory
CD4+ T cells has not been previously evaluated in the context
of cell-to-cell transmission which is considered to propagate
HIV infection more efficiently than cell-free virus spread [40,41]
through endocytic internalization of viral antigens in the
absence of virus-cell fusion or infection [22-25,31]. To assess
the cell-associated transmission of HIV antigens into naive and
memory CD4+ T cells, activated primary CD4+ T cells were
cocultured with HEK293T cells previously transfected with
HIV-1x14-5 GFP. This system allowed us to evaluate in parallel
the non-productive transfer of viral antigens and the subsequent
establishment of a productive infection. HIV-antigen transfer
into naive (CD45RA+) and memory (CD45RA-) target cells was
assessed by intracellular staining of viral capsid p24 (CAp24)
after overnight coculture (Fig. 3d) and productive infection was
evaluated by GFP expression 4 days after target cell purification
(Fig. 3e). As shown before, the transfer of viral antigens to
uninfected cells was clearly blocked by the neutralizing anti-
gpl120 mAb IgGb12 (90% and 95% inhibition compared to the
untreated condition in memory and naive CD4+ cells respec-
tively), but was not inhibited by the RT inhibitor AZT. After
target cell purification, cells were left in culture in the presence
of the same compounds. 4 days after culturing, infection of
memory CD4+ T cells increased roughly 3-fold compared to
naive CD4+ T cells (6% and 2% of GIP+ cells in memory and
naive CD4+ T cells respectively) (Fig. 3e) consistent with
previous results [6,7,42]. As expected, IgGbl2 and AZT
effectively block virus replication after cell-to-cell transmission
[43]. Altogether, these results indicate that when cells are
permissive to infection, virus replication is in concordance to the
amount of virus transferred during the coculture phase
suggesting that the susceptibility to HIV infection may be
determined during early internalization processes even before
viral entry.

Viral Entry is not Restricted in any of both T cell Subsets

Discrepant results have been reported regarding viral fusion of
HIV-1 into naive and memory T cell subsets [8,10]. One previous
report showed that naive T cells were restricted at viral fusion [10],
while the other study found only slightly diminished viral fusion in
naive T cells in one of two assays [8]. To find out whether HIV
antigens are prevented from entering a subset of CD4+ target cells
after cell-to-cell transfer, we evaluated the efficiency of viral entry
in both T cell subtypes using the Vpr-B-lactamase-based entry
assay [37]. HIVnp4.3 transfected Vpr-BlaM+ HEK293-T cells were
cocultured with primary resting CD4+ T cells and fusion was
measured in naive (CD45RA+) and memory (CD45RA—) T cell
subtypes by detection of the enzymatic cleavage of CCF2 dye
using flow cytometry (Fig. 4a). We found that viral entry into naive
CD4+ T cells was reduced roughly 25% compared to memory
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CD4+ T cells but the difference was not statistically significant
(Fig. 4b). Viral fusion into naive CD4+ T cells was significantly
inhibited by IgGb12 (95% reduction). Surprisingly, IgGb12 did
not block viral fusion into memory CD4+ T cells as efficiently as
into naive CD4+ T cells (70% of inhibition compared to the
untreated condition) (Fig. 4b). As expected, cleavage of CCF2 was
not prevented by AZT. Taken together, these results indicate that
after cell-to-cell transfer, viral entry is not restricted in any of the
CD4+ T cells subtypes.

Discussion

Actin polymerization but also other factors have been proposed
to contribute to the different HIV susceptibility of naive and
memory T cells, especially expression of cell surface proteins, such
as viral coreceptors, or the degree of activation of cells [8,10,44].
Here, we show that cortical actin density plays a prominent role in
determining susceptibility to HIV-antigen capture and infection,
mapping the restriction at early steps of viral life cycle after virus-
cell fusion.

Our results are consistent with previous reports showing that the
differential susceptibility in naive and memory CD4+ T cells can
already be detected during the initial stages of viral infection such
as viral entry or DNA synthesis [8,10,39,42]. Interestingly,
differences in the cortical actin between naive and memory
CD4+ T cells affecting viral DNA synthesis have been recently
reported in cell-free virus infections [10]. Unlike cell-free virus
infection, our short-term coculture model between HIV-infected
and non-stimulated primary CD4+ T cells maximise the cell-to-
cell endocytic antigen transfer, which might determine differences
in the infection outcome. There exist several evidences of the
importance of viral entry route in relation to cytoskeleton
remodelling and establishment of HIV infection. Viral entry via
endocytosis may allow viruses to overcome the restriction of a
static cortical actin or to evade antibody neutralization [43].
Moreover, it has been shown that cell-free and cell-to-cell HIV-1
infections were not equally sensitive to the actin inhibitor
cytochalasin D [24] and, neither resting nor activated T cells are
equally susceptible to infection by VSV-G-mediated endocytosis
[46]. We have previously demonstrate that transferred HIV
particles resurface to the outer cell membrane of resting CD4+ T
cells, suggesting that endocytic uptake may serve as an itinerant
virus reservoir capable of inducing trans-infection of cells after the
release of HIV particles to the extracellular environment, but
being unable to establish productive infection [3,22,25]. Thus, the
infection system, the cell type or the activation state of the target
cell may also condition the entry route 3], which simultaneously
may impose different cytoskeleton requirements.

Reduced levels of virus-cell fusion in naive CD4+ T cells were
suggested to be responsible for the restriction in this subset of T
cells [10], an observation that is in clear contrast with our results
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showing no significant differences in virus-cell fusion between
memory and naive T cells. Probably, the discrepancy between this
report and our observations may arise from the different infection
systems used. The higher efficiency of cell-to-cell HIV transmis-
sion compared to cell-free virus infection [4,40,41] may allow to
overcome restrictions observed during cell-free virus infection and
thus may minimise the qualitative differences between both T cell
subtypes. Taken together, our results are in accordance to the
findings reported in by Wang et al., [8]. Both conclude that
cortical actin polymerization determines the susceptibility to
infection during the steps prior to viral entry, through modulating
the uptake of HIV-antigens during cell-to-cell transfer. It cannot
be discarded that cytoskeleton remodelling may have an effect
over other cellular processes involved in the viral infection cycle
such as reverse transcription or budding as suggested by others
[8,27]. Similarly to cell-free virus infection [11-14], during cell-to-
cell transfer there is an Env-induced actin-dependent HIV-receptor
clustering at the cell-cell interface [21]. Thus, the different degree
of actin polymerization in naive and memory CD4+ T cells may
induce distinct cellular receptor recruitment in both T cell
subtypes, which in turn, may affect the efficiency of HIV-antigen
internalization [47], in both cell-free and cell-to-cell virus
infection.

Eradication of HIV-1 with antiretroviral therapy is not possible
due to the persistence of long-lived, latently infected resting
memory CD4+ T cells. The demonstration of a role of the cortical
actin in HIV cell-to-cell transfer and infection of memory and
naive CD4+ T cells may provide a mechanistic understanding of
viral infection and pathogenesis. The higher HIV antigen capture
and the broader pattern of migration of memory CD4+ T cells [9]
may contribute to a more efficient dissemination of infection that
in turn are coupled with additional changes in the cortical actin
during the migration to of these HIV-antigen loaded primary
CD4+ T cells would also favour infection [48]. Thus, defining the
restriction imposed by the cortical actin during HIV infection in
different T cell subtypes and how the virus overcomes this
constraint specifically in naturally resistant resting CD4+ T cells
may be relevant for understanding the pathogenesis of HIV and
for the development of new drug therapies.

Acknowledgments

We thank the National Institutes of Health (AIDS Research and Reference
Reagent Program) and the EU Programme EVA Centralised Facility for
AIDS Reagents, NIBSC, UK for reagents.

Author Contributions

Conceived and designed the experiments: EB JAE. Performed the
experiments: MP EP RB EB. Analyzed the data: MP EP RB JAE EB.
Wrote the paper: MP EB.

7. Spina CA, Prince HE, Richman DD (1997) Preferential replication of HIV-1 in
the CD45RO memory cell subset of primary CD4 lymphocytes in vitro. J Clin
Invest 99: 1774-1785.

8. Wang W, Guo J, Yu D, Vorster PJ, Chen W, et al. (2012) A dichotomy in
cortical actin and chemotactic actin activity between human memory and naive
T cells contributes to their differential susceptibility to HIV-1 infection. J Biol
Chem 287: 35455-35469.

9. Berard M, Tough DF (2002) Qualitative differences between naive and memory
T cells. Immunology 106: 127-138.

10. Dai J, Agosto LM, Baytop C, Yu JJ, Pace MJ, et al. (2009) Human
immunodeficiency virus integrates directly into naive resting CD4+ T cells but
enters naive cells less efficiently than memory cells. J Virol 83: 4528-4537.

November 2013 | Volume 8 | Issue 11 | e79221



20.

21.

22.

23.

24.

27.

28.

29.

30.

. Ugolini S, Moulard M, Mondor I, Barois N, Demandolx D, et al. (1997) HIV-1

gpl20 induces an association between CD4 and the chemokine receptor
CXCR4. J Immunol 159: 3000-3008.

. Iyengar S, Hildreth JE, Schwartz DH (1998) Actin-dependent receptor

colocalization required for human immunodeficiency virus entry into host cells.
J Virol 72: 5251-5255.

. Jimenez-Baranda S, Gomez-Mouton C, Rojas A, Martinez-Prats L, Mira E, et

al. (2007) Filamin-A regulates actin-dependent clustering of HIV receptors. Nat
Cell Biol 9: 838-846.

. Barrero-Villar M, Cabrero JR, Gordon-Alonso M, Barroso-Gonzalez J, Alvarez-

Losada S, et al. (2009) Moesin is required for HIV-1-induced CD4-CXCR4
interaction, F-actin redistribution, membrane fusion and viral infection in
lymphocytes. J Cell Science 122: 103-113.

. Xu X, Guo J, Vorster P, Wu Y (2012) Involvement of LIM kinase 1 in actin

polarization in human CD4 T cells. Commun Integr Biol 5: 381-383.

. Yoder A, Yu D, Dong L, Iyer SR, Xu X, et al. (2008) HIV envelope-CXCR4

signaling activates cofilin to overcome cortical actin restriction in resting CD4 T
cells. Cell 134: 782-792.

. Gordon-Alonso M, Rocha-Perugini V, Alvarez S, Ursa A, Izquierdo-Useros N,

et al. (2013) Actin-binding protein drebrin regulates HIV-1-triggered actin
polymerization and viral infection. J Biol Chem 10.1074/jbc.M113.494906.
Gordon-Alonso M, Rocha-Perugini V, Alvarez S, Moreno-Gonzalo O, Ursa A,
et al. (2012) The PDZ-adaptor protein syntenin-1 regulates HIV-1 entry. Mol
Biol Cell 23: 2253-2263.

. Gordon-Alonso M, Sala-Valdes M, Rocha-Perugini V, Perez-Hernandez D,

Lopez-Martin S, et al. (2012) EWI-2 association with alpha-actinin regulates T
cell immune synapses and HIV viral infection. J Immunol 189: 689-700.
Garcia-Exposito L, Ziglio S, Barroso-Gonzalez J, de Armas-Rillo L, Valera MS,
et al. (2013) Gelsolin activity controls efficient early HIV-1 infection.
Retrovirology 10: 39.

Jolly C, Kashefi K, Hollinshead M, Sattentau QJ (2004) HIV-1 cell to cell
transfer across an Env-induced, actin-dependent synapse. J Exp Med 199: 283
293.

Blanco J, Bosch B, Fernandez-Figueras MT, Barretina J, Clotet B, et al. (2004)
High level of coreceptor-independent HIV transfer induced by contacts between
primary CD4 T cells. J Biol Chem 279: 51305-51314.

Bosch B, Grigorov B, Senserrich J, Clotet B, Darlix JL, et al. (2008) A clathrin-
dynamin-dependent endocytic pathway for the uptake of HIV-1 by direct T cell-
T cell transmission. Antiviral Res 80 185-193.

Hubner W, McNerney GP, Chen P, Dale BM, Gordon RE, et al. (2009)
Quantitative 3D video microscopy of HIV transfer across T cell virological
synapses. Science 323: 1743-1747.

. Permanyer M, Ballana E, Badia R, Pauls E, Clotet B, et al. (2012) Trans-

infection but not infection from within endosomal compartments after cell-to-cell
HIV-1 transfer to CD4+ T cells. J Biol Chem 287: 32017-32026.

. Chen P, Hubner W, Spinelli MA, Chen BK (2007) Predominant mode of

human immunodeficiency virus transfer between T cells is mediated by
sustained Env-dependent neutralization-resistant virological synapses. J Virol
81: 12582-12595.

Jolly C, Mitar I, Sattentau QJ (2007) Requirement for an intact T-cell actin and
tubulin cytoskeleton for efficient assembly and spread of human immunodefi-
ciency virus type 1. J Virol 81: 5547-5560.

Blanco J, Barretina ], Clotet B, Este JA (2004) R5 HIV gp120-mediated cellular
contacts induce the death of single CCR5-expressing CD4 T cells by a gp41-
dependent mechanism. J Leukoc Biol 76: 804-811.

Moncunill G, Armand-Ugon M, Clotet-Codina I, Pauls E, Ballana E, et al.
(2008) Anti-HIV activity and resistance profile of the CXC chemokine receptor
4 antagonist POL3026. Mol Pharmacol 73: 1264-1273.

Bosch B, Blanco J, Pauls E, Clotet-Codina I, Armand-Ugon M, et al. (2005)
Inhibition of coreceptor-independent cell-to-cell human immunodeficiency virus

PLOS ONE | www.plosone.org

31.

32.

34.

36.

37.

38.

39.

40.

41.

42,

43.

44,

46.

47.

48.

HIV-1 Transfer and Cortical Actin

type 1 transmission by a CD4-immunoglobulin G2 fusion protein. Antimicrob
Agents Chemother 49: 4296-4304.

Clotet-Coodina I, Bosch B, Senserrich J, Fernandez-Figueras M T, Pena R, et al.
(2009) HIV endocytosis after dendritic cell to T cell viral transfer leads to
productive virus infection. Antiviral Res 83: 94-98.

Bosch B, Grigorov B, Senserrich J, Clotet B, Darlix JL, et al. (2008) A clathrin-
dynamin-dependent endocytic pathway for the uptake of HIV-1 by direct T cell-
T cell transmission. Antiviral Res 80 185-193.

. Permanyer M, Ballana E, Badia R, Pauls E, Clotet B, et al. (2012) Trans-

infection but not infection from within endosomal compartments after cell-to-cell
HIV-1 transfer to CD4+ T cells. J Biol Chem 287: 32017-32026.

Permanyer M, Ballana E, Ruiz A, Badia R, Riveira-Munoz E, et al. (2012)
Antiretroviral agents effectively block HIV replication after cell to cell transfer.
J Virol 86: 8773-8780.

. Bosch B, Blanco J, Clotet-Codina I, Pauls E, Armand-Ugon M, et al. (2005)

Inhibition of coreceptor independent cell-to-cell HIV-1 transmission by a CD4-
1gG2 fusion protein. Antimicrob Agents Chemother 49: 4296-4304.
Puigdomenech I, Massanella M, Izquierdo-Useros N, Ruiz-Hernandez R,
Curriu M, et al. (2008) HIV transfer between CD4 T cells does not require LFA-
1 binding to ICAM-1 and is governed by the interaction of HIV envelope
glycoprotein with CD4. Retrovirology 5: 32.

Cavrois M, De Noronha C, Greene WC (2002) A sensitive and specific enzyme-
based assay detecting HIV-1 virion fusion in primary T lymphocytes. Nat
Biotechnol 20: 1151-1154.

Downey GP, Chan CK, Lea P, Takai A, Grinstein S (1992) Phorbol ester-
induced actin assembly in neutrophils: role of protein kinase C. J Cell Biol 116:
695-706.

Schnittman SM, Lane HC, Greenhouse J, Justement JS, Baseler M, et al. (1990)
Preferential infection of CD4+ memory T cells by human immunodeficiency
virus type 1: evidence for a role in the selective T-cell functional defects observed
in infected individuals. Proc Natl Acad Sci U S A 87: 6058-6062.

Martin N, Welsch S, Jolly C, Briggs JAG, Vaux D, et al. (2010) Virological
Synapse-Mediated Spread of Human Immunodeficiency Virus Type 1 between
T Cells Is Sensitive to Entry Inhibition. J Virol 84: 3516-3527.

Sourisseau M, Sol-Foulon N, Porrot F, Blanchet F, Schwartz O (2007) Inefficient
human immunodeficiency virus replication in mobile lymphocytes. J Virol 81:
1000-1012.

Helbert MR, Walter J, L’Age J, Beverley PC (1997) HIV infection of CD45RA+
and CD45RO+ CD4+ T cells. Clin Exp Immunol 107: 300-305.

Permanyer M, Ballana E, Ruiz A, Badia R, Riveira-Munoz E, et al. (2012)
Antiretroviral agents effectively block HIV replication after cell-to-cell transfer.
J Virol 86: 8773-8780.

Tardif MR, Tremblay MJ (2005) LFA-1 is a key determinant for preferential
infection of memory CD4+ T cells by human immunodeficiency virus type 1.

J Virol 79: 13714-13724.

. Dale BM, McNerney GP, Thompson DL, Hubner W, de Los Reyes K, et al.

(2011) Cell-to-Cell Transfer of HIV-1 via Virological Synapses Leads to
Endosomal Virion Maturation that Activates Viral Membrane Fusion. Cell Host
Microbe 10: 551-562.

Yu D, Wang W, Yoder A, Spear M, Wu Y (2009) The HIV envelope but not
VSV glycoprotein is capable of mediating HIV latent infection of resting CD4 T
cells. PLoS Pathog 5: ¢1000633.

Vorster PJ, Guo J, Yoder A, Wang W, Zheng Y, et al. (2011) LIM kinase 1
modulates cortical actin and CXCR#4 cycling and is activated by HIV-1 to
initiate viral infection. J Biol Chem 286: 12554-12564.

Cameron PU, Saleh S, Sallmann G, Solomon A, Wightman F, et al. (2010)
Establishment of HIV-1 latency in resting CD4+ T cells depends on chemokine-
induced changes in the actin cytoskeleton. Proc Natl Acad Sci U S A 107:
16934-16939.

November 2013 | Volume 8 | Issue 11 | e79221



