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Human immunodeficiency virus type 1 (HIV-1)-infected cells transmit viral products to uninfected CD4�

cells very rapidly. However, the natures of the transmitted viral products and the mechanism of transmission,
as well as the relative virological consequences, have not yet been fully clarified. We studied the virological
events occurring a few hours after contact between HIV-1-infected and uninfected CD4� cells using a coculture
cell system in which the virus expression in target cells could be monitored through the induction of a green
fluorescent protein reporter gene driven by HIV-1 long terminal repeats. Within 16 h of coculture, we observed
two phenomena not related to the cell-free virus infection, i.e., the formation of donor-target cell fusions and
a fusion-independent internalization of viral particles likely occurring at least in part through intercellular
connections. Both events depended on the expression of Env and CD4 in donor and target cells, respectively,
whereas the HIV-1 internalization required clathrin activity in target cells. Importantly, both phenomena were
also observed in cocultures of primary CD4� lymphocytes, while primary macrophages supported only HIV-1
endocytosis. By investigating the virological consequences of these events, we noticed that while fused cells
released infectious HIV-1 particles, albeit with reduced efficiency compared with donor cells, no virus expres-
sion was detectable upon HIV-1 endocytosis in target cells. In sum, the HIV-1 transmission following contact
between an HIV-1-infected and an uninfected CD4� cell can occur through different mechanisms, leading to
distinguishable virological outcomes.

Human immunodeficiency virus type 1 (HIV-1) propagates
through both cell-free virus and cell-cell intercellular connec-
tions. The mechanisms underlying the entry of cell-free HIV-1
have been thoroughly investigated (for a recent review, see
reference 24). In addition to the typical pH-independent cell
entry mediated by the interaction between HIV Env receptors
and CD4 and CXCR4 or CCR5 cell membrane receptors,
HIV-1 can enter target cells through either CD4-independent
(34) or -dependent (35) endocytosis. In both lymphocytes and
macrophages, endocytic HIV-1 entry leads to poor viral repli-
cation due to the degradation of viral particles in the low-pH
endosome/lysosome intracellular compartments, as proven by
the increase in the endocytosis-mediated HIV-1 infection ef-
ficiency induced by drugs that raise the endosomal pH (14).
Alternatively, HIV-1 can enter dendritic cells (DCs) upon Env/
DC-SIGN interaction, thereby accumulating in intracellular
vacuolar structures before transmission to lymphocytes (40).
HIV-1 virions bound to the DC cell membrane also contribute
to this process, known as trans-infection (5).

On the other hand, when an infected cell contacts a suscep-
tible target cell, the virus can be transmitted through intercel-
lular connections protected from the extracellular milieu.
Within retroviruses, this has been described for both human
T-lymphotropic virus type 1 (19) and HIV-1 (4, 8, 10, 20, 29,
33). The cell-to-cell virus transmission relies on the formation

of virological synapses, i.e., zones of tight cell-cell contact sta-
bilized by the interaction among the receptors of juxtaposed
cells, including, in the case of HIV-1, Env, CD4, inflammatory
cell adhesion molecule 1, and lymphocyte function-associated
antigen 1. This process leads to the clustering of HIV-1 core-
ceptors in target cells and accumulation of viral products in the
zones of cell-cell contact. The formation of virological synapses
has been described in both the trans-infection process (25) and
cell-to-cell HIV-1 transmission between lymphocytes (21).

Cell-to-cell virus transmission, as expected, plays a relevant
role in HIV primary infection (17), as well as in the spread of
virus in regions like lymph nodes, where cells are densely
packed. However, this mechanism has been proposed to be the
predominant mode of HIV-1 transmission within lymphocytes.
In this case, it was reported that the efficiency of cell-to-cell
virus spread overcomes that of the cell-free viral particles by
several orders of magnitude (6). However, several aspects of
the events occurring early after the contact between HIV-1-
infected and uninfected CD4� target cells deserve further in-
vestigation. In this regard, cell-free virus infection, authentic
cell-to-cell virus transmission, cell fusion, virion endocytosis,
and internalization of shed viral proteins could each potentially
contribute to the transmission of HIV-1 products to target
cells. Thus, it would be of interest to evaluate the relative
involvement of these events in the effects observed in target
cells. Also, it is still unclear whether and through which mech-
anisms the viral products transmitted to target cells can induce
active virus replication. Using lymphocytic target cells express-
ing either fluorescent or selectable marker genes regulated by
HIV-1 Tat transactivation, we found that the contact between
HIV-1-infected and CD4� cells basically leads to donor-to-
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target cell fusion coupling with viral release dictated by the
donor cells, and to a CD4-dependent, fusion-independent
HIV-1 internalization partly occurring through cell-to-cell con-
nections but unable to induce detectable virus expression.

MATERIALS AND METHODS

Cell lines, cell purification, and cocultivations. U937HIV-1, U937puror
HIV-1,

and H9HIV-1 are cell lines derived from the U937, U937puror (27), and H9 cell
lines, respectively, upon chronic infection with the human T-lymphotropic virus
(IIIB) HIV-1 isolate. These cells, as well as the CEMGFP (15), 8E5 (12), CEMHN

(26), and C8166 cell lines, were grown in RPMI medium supplemented with 10%
decomplemented fetal calf serum (dFCS). Human embryonic kidney epithelial
293T cells were grown in Dulbecco’s modified Eagle’s medium plus 10% dFCS.
Human primary CD4 lymphocytes were negatively selected from peripheral
blood mononuclear cells (PBMCs) using the appropriate immunomagnetism-
based selection kit from Miltenyi Biotec (Auburn, CA), activated with 5 �g/ml of
phytohemagglutinin, and cultivated in RPMI containing 20% dFCS and 100
units/ml of recombinant interleukin 2. Human primary monocytes were isolated
by an immunomagnetism-based procedure as previously described (11). Briefly,
PBMCs were recovered from the buffy coat obtained from 20- to 40-year-old
healthy male donors. Monocytes were isolated by 1 h of adherence of PBMCs,
followed by immunodepletion carried out using an immunomagnetic monocyte
selection kit (Miltenyi Biotec). The purity of recovered cell populations was
assayed by fluorescence-activated cell sorter (FACS) analysis by means of phy-
coerythrin (PE)- conjugated anti-CD14 monoclonal antibody (MAb) (Becton
Dickinson, Mountain View, CA), and cell preparations staining below 95%
positive for CD14 were discarded. Monocytes were cultured in 48-well plates in
RPMI 1640 supplemented with 20% dFCS.

Cocultivations were typically set up in 0.5 ml of RPMI-10% dFCS in 48-well
plates by seeding 4 � 105 donor cells with 2 � 105 target cells. Infected CEMHN

cells were separated from HIV-1-infected donor cells upon incubation with the
anti-human nerve growth factor receptor (NGFr) 20.2 MAb, followed by incu-
bation with anti-mouse immunoglobulin G (IgG)-coupled microbeads (Miltenyi
Biotec). The trans-well cocultures were carried out in six-well plates (Becton
Dickinson) with Cell Culture Insert Falcon membranes (25-mm diameter;
0.4-�m pore size). Soluble CD4, anti-HIV-1 Env gp120 b12 MAbs, zidovudine
(AZT), T-20, ritonavir, and AMD3001 were obtained from the NIH AIDS
Research and Reference Reagent Program. Amiloride, chlorampromazine, cy-
tochalasin D, filipin complex, and bafilomycin A1 were obtained from Sigma-
Aldrich (St. Louis, MO).

HIV-1 preparations, infections, and titration. The recovery of both �env
NL4-3 and NL4-3/NefF12 HIV-1 molecular clones has already been described
(11). The (AD8env) NL4-3 R5 HIV-1 molecular clone was a generous gift from
O. Schwartz (Institut Pasteur, Paris, France). Preparations of HIV-1 strains
pseudotyped with glycoprotein G of vesicular stomatitis virus (VSV-G) were
obtained from the supernatants of 293T cells cotransfected by the Lipofectamine
2000 (Invitrogen, Carlsbad, CA)-based method with the respective HIV-1 mo-
lecular clone and an immediate-early cytomegalovirus promoter-regulated VSV-
G-expressing vector in a 5:1 molar ratio. Supernatants recovered 48 and 72 h
later were clarified and concentrated by ultracentrifugation on a 20% sucrose
cushion. Virus preparations were titrated by measuring the CAp24 contents by
quantitative enzyme-linked immunosorbent assay (Innogenetics, Gent, Belgium)
and by the reverse transcriptase assay. The cell infections were carried out by
spinoculation at 400 � g for 30 min at room temperature using 50 to 500 ng/105

cells of wild-type (wt) or VSV-G-pseudotyped HIV-1. Then, the virus adsorption
was prolonged for an additional 2 h at 37°C, and finally, the cells were washed
and refed with the complete medium.

The infectivities of supernatants were evaluated by scoring the syncytium
number of C8166 cells 5 days after infection. For shaken cocultures, the plates

were placed on a rocker and gently shaken at 40 movements per minute as
previously described (37).

FACS analysis. For the detection of intracellular HIV-1 Gag-related products,
cocultures were incubated with trypsin for 15 min at 37°C and then permeabil-
ized with Cytoperm-Cytofix reagents (Pharmingen, San Diego, CA). Afterwards,
the cells were labeled for 30 min at 4°C with 1:100-diluted PE-conjugated anti-
HIV-1 CAp24 KC57-RD1 MAb (Coulter Corp., Hialeah, FL). For the detection
of intracellular HIV-1 Env gp120, the cells were incubated with trypsin, perme-
abilized, and labeled with 1:100-diluted 4G10 anti-gp120 MAb for 30 min at 4°C.
Finally, the cells were incubated with PE-conjugated goat-anti mouse IgG for
one additional hour at 4°C. Cell membrane CD4 receptors were detected by
incubating the cells at 4°C with a 1:100 dilution of a PE-conjugated anti-CD4
MAb from EuroBioSciences (Friesoythe, Germany) or, as a control, with iso-
type-matched PE-conjugated IgG. The expression of cell membrane �NGFr was
revealed through indirect FACS labeling using the anti-human NGFr 20.4 MAb.

HIV-1 35S metabolic labeling and radioimmunoprecipitation assay. CEMHN

cells were cocultivated with U937puror
HIV-1 cells for 16 h, separated as described

above, and labeled for 6 h with 1.85 MBq of both [35S]methionine and [35S]cys-
teine in methionine/cysteine-free medium in the presence of 10% dialyzed dFCS
and 2.5 �g/ml of puromycin. The supernatants were then clarified and ultracen-
trifuged on a 20% sucrose cushion. Finally, the viral pellets were lysed in 10 mM
Tris-HCl (pH 7.4), 100 mM NaCl, 1 mM EDTA (TNE)–0.1% Triton X-100, and
equal volumes of the lysates were immunoprecipitated with a pool of strongly
reactive anti-HIV-1 antibodies. Immunoprecipitations were carried out by incu-
bating protein A-G agarose beads (Pierce, Rockford, IL) for 2 h at room tem-
perature with either anti-HIV-1 or control sera. Afterwards, the labeled virions
were added in the presence of antiproteolytic agents. After an overnight incu-
bation, immunocomplexed proteins were resolved in 10% sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis and finally revealed by autoradiography.

RESULTS

Different mechanisms of HIV-1 transfer upon cell-cell con-
tact. The HIV-1 transmission in target cells following contact
with HIV-1-infected cells has been documented by antibody-
mediated detection of viral products (37), direct visualization
of fluorescent HIV-1 Gag products (6), and electron micro-
scope analysis (20, 29). However, some aspects of the mecha-
nisms of virus transfer deserve further clarification. Moreover,
the intrinsic infectivity of the viral material transferred to tar-
get cells remains undetermined. We sought to shed light on
these points by setting up a coculture assay in which both the
transfer efficiencies of the HIV-1 products and viral expression
in target cells could be simultaneously monitored. This was
carried out using CEMGFP cells (15) as target cells, i.e., a
CD4� human cell line expressing the green fluorescent protein
(gfp) gene under the control of the HIV-1 long terminal repeat
(LTR) promoter. Meanwhile, the presence of HIV-1 Gag-
related products was detected through intracellular FACs
analysis. We preventively monitored these cells in terms of the
timing of detection of both GFP and HIV-1 Gag-related prod-
ucts by FACS. This was done by infecting the cells with 200
ng/105 cells of cell-free HIV-1. The cells were then cultivated
in the presence of 1 �M of ritonavir to guarantee a single-cycle
infection, harvested at different times, treated with trypsin to

FIG. 1. Analysis of the expression of both GFP and HIV-1 products in CEMGFP cells upon HIV-1 infection or cocultivation with U937HIV-1
cells. (A) FACS analyses for the detection of both GFP and HIV-1 Gag products in CEMGFP cells at different times after infection with the NL4-3
HIV-1 strain. The percentages of cells positive for either fluorescence are indicated at the late time points. (B) FACS analyses for the detection
of both GFP and HIV-1 Gag products in U937HIV-1/CEMGFP cocultures carried out for 4, 8, and 16 h. In the top row, the analyses of the single-cell
populations are shown, together with the percentages of HIV-1 Gag-positive U937HIV-1 cells. In the bottom row, the coculture analyses, including
the percentages of events scored in the CEMGFP-related quadrants, are shown. (C) FACS analyses for the presence of GFP and HIV-1 Gag (left)
or Env gp120 (right) in CEMGFP cells cocultured for 16 h with U937HIV-1 cells. The percentages of events scored in the CEMGFP-related quadrants
are reported. The results are representative of two (A), four (B), and two (C) independent experiments.
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remove virion nonspecifically bound to the cell membrane, and
FACS analyzed for the expression of both GFP- and HIV-1
Gag-related products (Fig. 1A). Very few positive cells were
detectable until 16 h postinfection, whereas an easily distin-
guishable double-positive subpopulation appeared starting at
the 48-h time point. Of note, no significant percentages of
Gag�/GFP� cells were found at any time point, indicating that
the GFP induction was not sensitive to soluble cellular or viral
factors released in the supernatants.

Next, we cocultivated HIV-1-infected donor cells (i.e.,
U937HIV-1) with CEMGFP cells in a 2:1 donor/target cell ratio,
and the cocultures were FACs analyzed 4, 8, and 16 h later
after treatment with trypsin. Within the resulting HIV-1 Gag-
positive CEMGFP cell population, we distinguished a Gag�/
GFP� and a Gagbright/GFP� subpopulation, with the former
the most represented and appearing most rapidly (Fig. 1B).
Similar results were obtained by monitoring the transfer of
HIV-1 Env gp120 (Fig. 1C), as well as using H9HIV-1 cells as
donor cells (data not shown).

To interpret the biologic significance of these results, we first
evaluated the contribution of de novo viral synthesis to the
appearance of HIV-1 products in target cells. This was done by
repeating the cocultivation experiment, but in the presence of
the reverse transcriptase inhibitor AZT. To this end, CEMGFP

target cells were pretreated for 6 h with 10 �M of AZT, and
the cocultures were then set up in the presence of the AZT
concentration that efficiently blocked CEMGFP cell infection
with a high dose of cell-free HIV-1 (Fig. 2A). The cocultures
were sampled starting at the 16-h time point and FACS ana-
lyzed for both GFP and HIV-1 Gag contents. We noticed that
AZT did not significantly affect the formation of the two dis-
tinct HIV-1 Gag-positive CEMGFP subpopulations until the
24-h time point (Fig. 2A), strongly indicating that de novo viral
synthesis was not significantly involved in the early events we
detected. Conversely, the AZT treatment correlated with a
significant reduction in the percentages of GFP� target cells
48 h after the coculture setup (Fig. 2A), most likely as a
consequence of the inhibition of the de novo infection of target
cells. Similar results were obtained by monitoring the transfer
of HIV-1 Env gp120 (data not shown).

The lack of AZT effects we observed 16 h after the coculture
setup appeared consistent with what we observed upon infec-
tion with cell-free virus and implied that both the GFP induc-
tion and the HIV-1 Gag products detected in target cells relied
on the HIV-1 expression in donor cells. Importantly, we ex-
clude the possibility that gfp was transactivated through a para-
crine mechanism, since (i) no significant percentages of Gag�/
GFP� CEMGFP cells were detectable in FACS analyses (Fig. 1
and 2) and (ii) no induction of GFP was observed by setting the
cocultures in trans-well plates (data not shown).

Since the possible contribution of de novo-synthesized viral
products was a critical point, we also addressed it using a
human lymphoblastoid cell line chronically infected with a
reverse transcriptase-defective HIV-1 variant (8E5 cells) as
donor cells. The fact that by FACs analysis we noticed a fluo-
rescence pattern similar to that detected in cocultures with
donor cells infected with wt HIV-1 (Fig. 2B) reinforced the
idea that de novo viral expression in target cells did not play a
major role in the phenomena we observed after 16 h of cocul-
ture.

We conclude that the contact between CD4� and HIV-1-
infected cells results in at least two apparently different mo-
dalities of virus transmission, both independent of de novo
viral synthesis in target cells.

Cell fusion partly accounts for the passage of HIV-1 prod-
ucts in target cells. To characterize the mechanisms of the ob-
served HIV-1 transmission, we first tried to establish the con-
tribution of cell fusion. To this end, we reproduced the
coculture experiments, but in the presence of both AZT and
T-20; the latter is a potent inhibitor of the fusion mediated by
the HIV-1 Env receptors (22). It is especially interesting that
we noticed that the block in cell fusion correlated with the
disappearance of the Gagbright/GFP� subpopulation (Fig. 3A)
while only a few Gag�/GFP� cells disappeared, most likely
including fused cells that accumulated insufficient amounts of
GFP to be detected by FACs. The evidence that the GFP
induction in target cells was the consequence of cell fusion was
also confirmed by the forward-scatter FACs analysis of cocul-
tures, where the GFP� target cells appeared significantly en-
larged compared with the GFP-negative ones (Fig. 3B). Nota-
bly, the presence of an enlarged but GFP-negative cell
subpopulation that disappeared upon T-20 treatment further
supports the idea that, within the 16-h time frame considered,
some of the fused cells did not accumulate amounts of GFP
sufficient to be detected by FACS.

These data highlight cell fusion as a mechanism of transfer
of HIV-1 products upon cell-cell contact.

Fusion-independent, Env-CD4-dependent HIV-1 cell-to-cell
transmission. We were next interested in characterizing the
mechanism underlying the fusion-independent onset of the
HIV-1 Gag�/GFP� subpopulation. For this, we first sought to
establish whether the detection of HIV-1 Gag products re-
flected the internalization of viral particles or, alternatively, of
viral products shed from donor cells. To this end, we exploited
the unique property of the NL4-3–NefF12 HIV-1 strain, which
expresses levels of viral proteins similar to those of the wt
counterpart but in the absence of viral-particle release (28).
Importantly, the amounts of shed viral proteins were also sim-
ilar to those measured in the virus-free supernatants of cells
infected with wt HIV-1 (not shown). Thus, U937 cells previ-

FIG. 2. Analysis of both HIV-1 Gag and GFP accumulation in CEMGFP cells cocultivated for 16 to 48 h with HIV-1-infected cells in the
presence of reverse transcriptase inhibition. (A) FACS analyses for the detection of both GFP and HIV-1 Gag products in CEMGFP cells
cocultured with U937HIV-1 cells in the presence of 10 �M AZT. At the top, the antiviral efficiency of AZT was tested by FACS analysis of GFP�

expression within the CEMGFP cell population infected 2 days before with 500 ng of CAp24/105 cells of the NL4-3 HIV-1 strain. The percentage
of infected cells in the absence of AZT is indicated. Ctrl, noninfected cells. Below, the mean values plus standard deviations of the percentages
of both Gag�/GFP� and Gag�/GFP� CEMGFP cells as calculated from the data for four independent experiments are shown. (B) FACS analysis
for the detection of both GFP and HIV-1 Gag products in CEMGFP cells after 16 h of cocultivation with either H9HIV-1 or 8E5 cells. The
percentages of events scored in the CEMGFP-related quadrants are reported. The results are representative of two independent experiments.
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ously infected with (VSV-G) wt HIV-1 or with the (VSV-G)
NL4-3–NefF12 HIV-1 variant were cocultivated with CEMGFP

cells in the presence of AZT and FACS analyzed 16 h later.
The strong decrease in the Gag�/GFP� cells in NL4-3–NefF12

compared with wt HIV-1 cocultures (Fig. 4A) clearly indicated
that the formation of this CEMGFP subpopulation primarily
relied on the release of intact viral particles from donor cells.

On the other hand, we gained evidence that the cell-cell
contact strongly improves HIV-1 endocytosis activity. In fact,
no HIV-1 Gag-positive target cells were detectable by FACS
upon trans-well cocultures carried out for 16 h with HIV-1-
expressing donor cells, although in the target cell chamber, we
detected numbers of HIV-1 particles largely comparable to
those measurable in donor cell supernatants (data not shown).

HIV-1 can be internalized through either CD4-independent
(34) or -dependent (35) endocytosis. To establish the role of
the Env/CD4 interaction in the HIV-1 endocytosis we ob-
served, U937 cells infected with either a (VSV-G) HIV-1 vari-
ant with the env gene deleted or with the wt counterpart were
cocultivated with CEMGFP target cells in the presence of AZT
and FACS analyzed after 16 h. Clearly, the absence of Env
expression in donor cells led to the lack of both HIV-1 endo-
cytosis and, as expected, cell fusion (Fig. 4B). This was not due
to a defect in virus release, since �env HIV-1-infected cells
produced numbers of viral particles comparable to those re-
leased by the wt counterpart (not shown). Thus, we conclude
that the Env expression in donor cells is critically involved in
HIV-1 internalization. Notably, these results also confirm that
trypsin treatment adequately removes the virions nonspecifi-
cally adsorbed on the cell membranes of target cells.

Next, to confirm the critical role of the Env/CD4 interaction
in the HIV-1 endocytosis detectable in target cells, we evalu-
ated the effects of either soluble CD4 or MAbs recognizing the
binding site of either HIV-1 Env gp120 (anti-CD4 Leu3A) or
CD4 (anti-HIV-1 Env gp120 b12) (2). To this end, U937HIV-1

cells were pretreated for 2 h at 4°C with anti-Env reagents and,
under parallel conditions, CEMGFP cells were incubated with
anti-CD4 MAbs. Thereafter, cocultures were carried out for
8 h in the presence of the respective Env or CD4 ligands.
Under all conditions, we noticed a strong inhibition of HIV-1
endocytosis in target cells (Fig. 4C) coupled with a block in cell
fusion (not shown). The inhibitory effect gradually regressed
unless the anti-Env or -CD4 reagents were readded (not
shown).

Next, to establish whether the HIV-1 coreceptors in target
cells are involved in HIV-1 endocytosis, CEMGFP target cells
(which express the CXCR4 but not the CCR5 HIV coreceptor)
were cocultivated for 16 h in the presence of AZT with donor
cells previously infected with (VSV-G) HIV-1 strains express-

ing either X4- or R5-Env receptors. The comparable percent-
ages of Gag�/GFP� cells we detected (Fig. 4D) strongly sup-
ported the idea that HIV-1 coreceptors are not involved in the
observed HIV-1 endocytosis. This conclusion was further re-
inforced by the inhibition of cell fusion we observed by adding
the AMD3001 CXCR4 ligand in cocultures including X4 HIV-
1-infected donor cells (Fig. 4E).

Taken together, these results indicate that neither the inter-
nalization of viral proteins shed from infected cells nor the
CD4-independent endocytosis of extracellular viral particles
contributes to the overall HIV-1 endocytosis in target cells.
This, conversely, strictly depends on the Env-CD4 interaction
that likely primes both the cell-cell contact and the CD4-
dependent endocytosis of HIV-1 particles.

HIV-1 endocytosis in cocultures depends on clathrin activity
in target cells. Next, to identify the mechanism involved in the
CD4-dependent endocytosis in target cells, cocultures were
treated for 16 h with T-20, together with inhibitors targeting
different mechanisms of endocytosis. In particular, either
amiloride, chlorpromazine (CPZ), cytochalasin D, or filipin
complex was used to inhibit macropinocytosis, receptor-medi-
ated endocytosis, phagocytosis, or caveola-mediated endocyto-
sis, respectively. We used the highest nontoxic concentration of
each drug, whose functionality was tested in advance by
monitoring the inhibition of the uptake of either fluorescein
isothiocyanate-bovine serum albumin or fluorescein isothio-
cyanate-dextran (not shown). We noticed that the HIV-1 en-
docytosis barely decreased upon cytochalasin D treatment,
while, conversely, it was efficiently inhibited by CPZ (Fig. 5A)
up to a concentration of 5 �g/ml (Fig. 5B). The effect seemed
specific, since CPZ did not affect the expression of Env gp120
and CD4 on the cell membranes of donor and target cells,
respectively (Fig. 5C), and, similarly, did not influence HIV-1
production from donor cells (Fig. 5D).

CPZ is a well-known inhibitor of clathrin-mediated endocy-
tosis and acts by relocating clathrin molecules and the adaptor
protein AP-2 from the cell surface (41). Hence, our data sug-
gest that cell-cell contact efficiently induces strong CD4-depen-
dent, clathrin-mediated HIV-1 endocytosis.

Extracellular versus cell-to-cell HIV-1 internalization in
cocultures. Here, we provide evidence that cell-cell contact
induces a massive transfer of virions to target cells by endocy-
tosis. However, HIV-1 would be transferred either through a
bona fide cell-to-cell mechanism, i.e., without exposure to the
extracellular milieu, or by the endocytosis of extracellular viri-
ons whose efficiency can be increased by donor-target cell
contiguity. To evaluate the relative contribution of each mech-
anism, we set up an assay in which cell-to-cell HIV-1 endocy-
tosis was monitored under conditions in which the cell-cell

FIG. 3. The inhibition of cell fusion leads to the disappearance of GFP� cells within the CEMGFP target cell population. (A) FACS analyses
for the detection of both GFP and HIV-1 Gag products in CEMGFP cells cocultured for 16 h with U937HIV-1 cells in the presence of 1 �g/ml T-20.
At the top, the antiviral efficiency of T-20 was tested by FACS analysis of the GFP� expression within the CEMGFP population infected 2 days
before with 500 ng of CAp24/105 cells of the NL4-3 HIV-1 strain. The percentage of infected cells in the absence of T-20 is indicated. Ctrl,
noninfected cells. In the middle row, the results from a representative coculture experiment are shown. The percentages of events scored in the
CEMGFP-related quadrants are indicated. In the bottom row, the mean values plus standard deviations of the percentages of both Gag�/GFP�

and Gag�/GFP� CEMGFP cells as calculated from the data from seven independent experiments are shown. (B) Forward-scatter (FSC) and GFP
FACS analysis of CEMGFP/U937HIV-1 cocultures carried out for 16 h. The single-cell populations are indicated. The quadrants are set on the basis
of uninfected CEMGFP cells. The results are representative of at least 11 independent experiments.
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FIG. 4. Consequences of the release of viral particles from donor cells and of the Env/CD4 interaction in the transfer of HIV-1 products to CEMGFP
target cells. (A) The release of viral particles from donor cells is largely correlated with the appearance of a Gag�/GFP� subpopulation in CEMGFP target
cells. Shown are FACS analyses for the detection of both GFP and HIV-1 Gag products in CEMGFP cells cocultured for 16 h with U937 cells acutely
infected 2 days before with 100 ng of CAp24/105 cells of (VSV-G) NL4-3 or (VSV-G) NL4-3/NefF12 HIV-1 strains. At the top, data from a representative
experiment are shown. The percentages of events scored in the CEMGFP-related quadrants are indicated. The percentages of HIV-1 Gag-positive cells
were 81% and 82.5% for U937 cells infected with wt or NL4-3/NefF12 HIV-1 strains, respectively. At the bottom, the mean values plus standard deviations
of the percentages of both Gag�/GFP� and Gag�/GFP� CEMGFP cells as calculated from the data from four independent experiments are shown.
(B) The Env/CD4 interaction is required for the internalization of HIV-1 products. Shown are FACS analyses for the detection of both GFP and HIV-1
Gag products in CEMGFP cells cocultured for 16 h with U937 cells acutely infected 2 days before with 100 ng of CAp24/105 cells of (VSV-G) NL4-3 or
(VSV-G) �env NL4-3 HIV-1 strains. The percentages of HIV-1 Gag-positive cells were 74% and 89% for U937 cells infected with the wt or �env NL4-3
HIV-1 strain, respectively. The quadrants are set on the basis of uninfected CEMGFP cells. The data are representative of three independent experiments.
(C) Mean values plus standard deviations of the percentages of Gag� CEMGFP cells after coculture for 16 h with U937HIV-1 cells upon treatment with either
50 �g/ml of soluble CD4, 0.5 �g/ml of anti-CD4 Leu3A MAb, or 5 �g/ml of anti-HIV-1 Env gp120 b12 MAb, as calculated from the data from three independent
experiments. (D) HIV-1 coreceptors are not involved in HIV-1 endocytosis. Shown are FACS analyses for the detection of both GFP and HIV-1 Gag products
in CEMGFP cells cocultured for 16 h in the presence of AZT with U937 cells acutely infected 2 days before with 100 ng of CAp24/105 cells of a (VSV-G) NL4-3
or (VSV-G) AD8 NL4-3 HIV-1 strain. (E) Effects of the AMD3100 CXCR4 inhibitor. Shown are FACS analyses for the detection of both GFP and HIV-1
Gag products in CEMGFP cells cocultured for 16 h with U937HIV-1 cells in the presence of AZT alone (Ctrl) or together with 10 �g/ml of AMD3100. For panels
D and E, data representative of two experiments are shown. The percentages of events scored in the CEMGFP-related quadrants are indicated.
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contact occurred in the presence of a block in both cell fusion
and HIV-1 endocytosis. This was achieved by pelleting
CEMGFP cells, together with U937HIV-1, in the same well and
incubating the coculture at 4°C for 3 h to allow cell-cell con-
tact, and in the presence of T-20 to block escaping cell fusion.
Afterwards, at the time of the shift to 37°C, the cocultures were
treated with anti-CD4 Leu3A MAbs to block both further
CD4-mediated cell-cell adhesion and the endocytosis of extra-
cellular particles. Under these conditions, the resulting HIV-1
endocytosis activity was expected to be the exclusive conse-

quence of the cell-cell contact that occurred during the 3-h
incubation at 4°C. As a control, CEMGFP cells were also pre-
treated with anti-CD4 Leu3A MAbs or left untreated over
time. The FACS analyses carried out 6 and 16 h later (Fig. 6)
showed an HIV-1 endocytosis activity that, even if clearly re-
duced compared with control cocultures, appeared signifi-
cantly higher than in the cocultures where the cell-cell contact
was totally hindered by treatment with anti-CD4 MAbs over
time. Importantly, the HIV-1 Gag-specific signal we detected
was not the consequence of escaping HIV-1 endocytosis that

FIG. 4—Continued.
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occurred during the 3 h of incubation at 4°C, which was in fact
undetectable under any conditions (not shown). In addition, it
should be noted that anti-CD4 MAb treatment at 37°C basi-
cally blocked an increase in the Gag� cell percentage over
time, most likely as a consequence of the inhibition of CD4-
dependent cell-cell contact, as well as of further endocytosis of
extracellular HIV-1.

Taken together, these results suggest that cell-cell contact
induces a massive HIV-1 endocytosis that is the result of the
internalization of extracellular viral particles, together with the

influx of virions through a structure impermeable to antibod-
ies, likely virological synapses.

HIV-1 cell-to-cell transmission in ex vivo cell cocultures. To
add relevance to our data, we reproduced the cocultivation
experiments, but using primary CD4� lymphocytes or mac-
rophages. To this end, activated CD4� lymphocytes were
labeled with carboxyfluorescein succinimidyl ester (CFSE)
and used as target cells in cocultures with autologous CD4�

lymphocytes acutely infected 2 days before with (VSV-G)
HIV-1. After 16 h of coculture in the presence of AZT,

FIG. 5. CPZ inhibits HIV-1 endocytosis in CEMGFP target cells. (A) Effects of a panel of endocytosis inhibitors on the internalization of HIV-1
particles in CEMGFP cells cocultivated for 16 h with U937HIV-1 cells. CEMGFP target cells were pretreated for 2 h with the indicated inhibitors,
which were thereafter maintained in the cocultures in the presence of 1 �g/ml of T-20. The concentrations of the inhibitors used are indicated.
Finally, the percentages of Gag� CEMGFP target cells were scored by FACS. The mean values from three independent experiments plus standard
deviations are reported. (B) Dose-response effects of CPZ on HIV-1 endocytosis. Cocultures carried out as described for panel A were treated
with different CPZ concentrations. The results are given as mean values plus standard deviations of the percentages of Gag� CEMGFP target cells
from three independent experiments. (C) Anti-Env gp120 (left) and anti-CD4 (right) FACS analyses of U937HIV-1 and CEMGFP cells, respectively,
treated with 10 �g/ml of CPZ for 16 h or left untreated (Ctrl). The histograms of cells labeled with the IgG isotype controls are also reported (IgG).
(D) Reverse transcriptase activities in the supernatants of U937HIV-1 cells treated for 16 h with different doses of CPZ or left untreated (Ctrl). Cells
(106) were seeded in 1 ml in the presence or absence of the inhibitor, and after 16 h, the supernatants were collected, ultracentrifuged at 150,000 �
g for 15 min, lysed in 100 �l of TNE–Triton X-100 0.1% buffer, and assayed for reverse transcriptase activity. The viability of all cell cultures at
the time of supernatant collection was �90%. The results are given as mean values plus standard deviations for 106 cells calculated from three
independent experiments.

FIG. 6. HIV-1 endocytosis in CEMGFP target cells can occur independently of the internalization of cell-free viral particles. Shown are FACS
analyses for the detection of both GFP and HIV-1 Gag products in CEMGFP cells cocultured for 6 and 16 h with U937HIV-1 cells after incubation
for 3 h at 4°C in the presence of 0.5 �g/ml of Leu3A anti-CD4 MAbs. CEMGFP cells (5 � 104) were pelleted with 105 U937HIV-1 in a U-bottom
96-well plate and suspended in 20 �l of complete medium in the presence of both 1 �g/ml of T-20 and the anti-CD4 MAbs. After 3 h at 4°C, 80
�l of complete medium complemented with the anti-CD4 MAbs was added, and the plate was immediately incubated at 37°C. As controls, parallel
cocultures were run in the absence of anti-CD4 MAbs or upon pretreatment of CEMGFP cells for 30 min at 4°C with the anti-CD4 MAbs, which
were afterwards maintained over time. The cells were then harvested at the indicated times and analyzed by FACS. The quadrants are set on the
basis of uninfected CEMGFP cells. The percentages of Gag� cells are indicated. The results are representative of two independent experiments.
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T-20, and/or CPZ, we observed significantly reduced per-
centages of CFSE�/Gag� lymphocytes in both T-20- and
CPZ-treated cocultures, and the inhibitory effects were ad-
ditive (Fig. 7A). This strongly suggests that both cell fusion

and HIV-1 endocytosis also occur in primary CD4� lympho-
cyte cocultures. The lymphocyte fusion was further docu-
mented by the Gag/forward-scatter analysis of the CFSE�

subpopulation (Fig. 7A), showing that, consistent with what

FIG. 7. Analysis of cell fusion and HIV-1 endocytosis in cocultures of primary cells. (A) FACS analysis of CD4� primary lymphocytes infected
2 days before with 200 ng of CAp24/105 cells of (VSV-G) wt HIV-1 and cocultivated for 16 h with CFSE-labeled autologous CD4� lymphocytes.
The cocultures were carried out in the presence of 10 �� �	
 plus 1 �g/ml of T-20 and/or 5 �g/ml of CPZ. At the top are shown the HIV-1
CFSE/Gag FACS results, representative of three independent experiments. The percentages of Gag�/CFSE� cells out of the total CFSE�

lymphocytes are reported. The quadrants are set on the basis of uninfected cocultures. At the bottom are shown the forward-scatter (FSC) and
HIV-1 Gag FACS analyses of the CFSE� subpopulation. The quadrants are set on the basis of the size and background fluorescence of uninfected
cells labeled with the anti-HIV-1 CAp24 MAbs. The percentages of Gag� cells showing a size increase compared with uninfected cells are
indicated. (B) CFSE/HIV-1 Gag FACS analysis of MDMs infected 2 days before with 50 ng of CAp24/105 cells of (VSV-G) AD8 HIV-1 and
cocultivated for 16 h with CFSE-labeled autologous MDMs. The cocultures were carried out in the presence of 10 �� �	
 and of either 1 �g/ml
of T-20 or 5 �g/ml of CPZ. The percentages of Gag�/CFSE� cells out of the whole CFSE� subpopulation are reported. The quadrants are set
on the basis of uninfected cocultures. The results shown in both panels are representative of two independent experiments.
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was already noticed in cell line cocultures, the T-20 treat-
ment specifically affected the most enlarged Gag-positive
cells.

In addition to CD4� lymphocytes, macrophages also are key
cells for in vivo HIV-1 replication and AIDS pathogenesis (38).
To establish how efficiently macrophages act as HIV-1 donor/
target cells, monocyte-derived macrophages (MDMs) were in-
fected with (VSV-G) AD8 Env HIV-1 and, 2 days later, cocul-
tivated with CFSE-labeled autologous MDMs in the presence
of AZT and T-20 or CPZ. As shown in Fig. 7B, the T-20
treatment had no effect, while CPZ significantly reduced the
percentages of Gag� MDMs, indicating that macrophages sup-
port HIV-1 endocytosis, but not cell fusion.

We conclude that the mechanisms described in cell lines
accurately reflect the events occurring in cocultures of primary
cells.

Virological consequences of cell fusion. Next, we were in-
terested in establishing the virological consequences of the
mechanisms of HIV-1 transfer described above. To evaluate
the virological impact of the donor-target cell fusion, a CEM
cell line (CEMHN) expressing NGFr truncated in its cyto-
plasmic domain (�NGFr) under the control of HIV-1 LTRs
(26) was used as a target. This allowed a simple and reliable
selection of target cells switching the �NGFr expression in
response to Tat. In addition, puromycin-resistant U937HIV-1

cells (U937puror
HIV-1) were used as donor cells to evaluate the

correlation between cell fusion and virus production. In fact, in
the presence of the antibiotic, target cells were expected to
express the virus only upon fusion with donor cells. Thus,
CEMHN cells were cocultivated for 16 h with U937puror

HIV-1

cells in the presence of AZT. Afterwards, the strongly �NGFr-
positive CEMHN subpopulation (Fig. 8A) was selected and
metabolically labeled for 6 h in the presence or absence of
puromycin. Thereafter, the 35S-labeled virions were harvested,
purified on a 20% sucrose cushion, and analyzed by an immu-
noprecipitation assay. We observed that in the presence of
puromycin, the �NGFr-positive cells also released viral parti-
cles showing an unmodified protein pattern compared with
donor cells (Fig. 8B). It is noteworthy that the puromycin
resistance clearly showed that the vast majority of selected
�NGFr-positive cells originated from cell fusion events.

Next, we were interested in determining how efficiently
fused cells produced HIV-1 infectious particles. To this end,
�NGFr� CEMHN cells purified from the cocultures with
U937puror

HIV-1 cells were cultivated for 6 h, and the superna-
tants were harvested and titrated in terms of HIV-1 infectious
units. As shown in Fig. 8C, �NGFr� CEMHN cells released
numbers of infectious HIV-1 particles only about twofold re-
duced compared with donor cells. Of note, the HIV-1 release
decreased over time, consistently with the decrease in cell
viability, which dropped below 10% within 24 h of culture (not
shown).

FIG. 8. Fused cells express HIV-1 and release infectious HIV-1
particles. (A) FACS analysis for the expression of both HIV-1 Gag and
�NGFr in 16-h cocultures of U937puror

HIV-1 and CEMHN cells. The
single-cell populations are indicated, as well as the percentage of the
Gag�/�NGFr� subpopulation within the CEMHN cell population.
(B) RIPA assay of viral particles purified from the supernatants of
2 � 105 CEMHN cells 6 h after separation from U937puror

HIV-1 donor
cells. These cells or, as controls, equal numbers of U937HIV-1 or
U937puror

HIV-1 cells were metabolically labeled with both [35S]cysteine
and [35S] methionine in 1 ml of both cysteine- and methionine-free
medium plus 10% dialyzed FCS and in the presence or absence of 2.5
�g/ml of puromycin. After 6 h of incubation, the supernatants were
concentrated by ultracentrifugation on a 20% sucrose cushion and
lysed in 100 �l of TNE–Triton X-100 1% buffer. Thereafter, 50 �l of
each sample was immunoprecipitated with 5 �l of a pool of strongly
positive anti-HIV-1 human sera (�) or with the same volume of a
HIV-1-negative human serum (�), and the resulting products were
resolved in a 10% polyacrylamide gel electrophoresis. Abs, antibodies.
(C) Infectious units measured in the supernatants from either

U937puror
HIV-1 cells or CEMHN cells isolated from the coculture as

described for panel B. The titrations were carried out on C8166 cells by
the end dilution method. For all panels, the results are representative
of three independent experiments. In panel C, the mean values plus
standard deviations were also calculated.
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FIG. 9. Endocytosis in CEMGFP target cells does not lead to the expression of infectious HIV-1. (A) Shown are FACS analyses for the detection
of both GFP and HIV-1 Gag products in CEMGFP/U937HIV-1 cocultures carried out for 24, 48, and 72 h in the presence or absence of 1 �g/ml
of T-20. The quadrants are set on the basis of uninfected CEMGFP cells. The results are representative of three independent experiments.
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Taken together, these findings further support the idea that
cell fusion is indeed an effective method of virus spread, even
in the absence of viral neo synthesis in target cells.

Virological consequences of HIV-1 endocytosis. To evaluate
the virological effects of HIV-1 endocytosis, the analysis of
U937HIV-1/CEMGFP cocultures in the presence of T-20 was
extended to 3 days after the coculture setup. As shown in Fig.
9A, no GFP signal over the background was detectable at any
time point analyzed in the presence of constant percentages of
HIV-1 Gag-positive target cells. To further increase the sensi-
tivity of the assay, and by exploiting the resistance to the G418
antibiotic of CEMGFP cells (15), the cocultures were carried
out for an additional 7 days in the presence of high concen-
trations of G418 (i.e., 2 mg/ml) to rapidly kill the donor cells.
Again, no increase in the percentages of GFP� cells over the
control conditions was detected (not shown). The lack of GFP
activation in target cells in the presence of T-20 strongly sug-
gests that the internalized HIV-1 virions undergo efficient in-
tracellular degradation.

Finally, we tested the infectivity of endocytosed HIV-1 par-
ticles by treating cocultures with bafilomycin A1, an inhibitor
of the endosomal ATPase, whose ultimate effect is to increase
the endosomal pH. This treatment is expected to allow the
endocytosed HIV-1 to fuse with the endosomal membranes,
leading to viral expression and replication (14). To this end,
cocultures were carried out in the presence of T-20 for 16 h. At
this time, as expected, the appearance of an easily recognizable
Gag� subpopulation (Fig. 9B) mirrored the HIV-1 endocytosis
that occurred in target cells. To test whether at least some of
the endocytosed HIV-1 particles retained their infectivity, the
block in fusion imposed by T-20 was removed to allow intra-
cellular virion fusion. Meanwhile, the cocultures were treated
with the Leu3A anti-CD4 MAbs to inhibit both further virion
endocytosis and cell fusion without, however, interfering with
intracellular virion fusion, since antibodies are expected to
access the endosomal compartment with very low efficiency.
Thus, cocultures were washed and treated for 30 min at 4°C
with anti-CD4 MAbs, which were readded when the cocultures
were shifted to 37°C in the presence or absence of 100 nM
bafilomycin A1. The FACS analysis carried out after an addi-
tional 24 h clearly showed the appearance of a Gagbright/GFP�

subpopulation in the presence of bafilomycin A1 (Fig. 9B),
strongly suggesting that the neutralization of the acidic com-
partment at least partly rescued the infectivity of the endocy-
tosed virions. A bafilomycin A1-dependent increase in the
Gagbright/GFP� subpopulation was also detectable under con-
ditions lacking treatment with anti-CD4 MAbs, but in this case,
overcoming cell fusion events might interfere with the overall
outcome. More significantly, these conditions proved that
treatment with bafilomycin A1 did not grossly influence cell
fusion and HIV-1 endocytosis. On the other hand, we also
noticed that treatment of uninfected CEMGFP cells with bafilo-

mycin A1 did not increase GFP expression (not shown), indi-
cating that the drug has no effects on LTR-regulated gene
expression, as reported previously (14).

Taken together, these results indicate that the endocytosis of
infectious HIV-1 particles occurring upon cell-cell contact
does not generate detectable virus replication.

DISCUSSION

Here, we provide evidence that the overall HIV-1 transfer in
target cells soon after cell-cell contact essentially consists of
both cell fusion and clathrin-dependent HIV-1 endocytosis. Of
note, the early time points we primarily considered, as well as
the use of antivirals, such as AZT and T-20, precluded analysis
of the consequences of the fusion-mediated entry of HIV-1,
either cell free or occurring through virological synapses.

We noticed that both cell fusion and virion endocytosis de-
pend on Env-CD4 interaction, but not on de novo viral expres-
sion, in target cells. This was observed in cocultures of either
cell lines or primary cells, as well as using either AZT or the
118-D-24 HIV-1 integrase inhibitor (reference 39 and data not
shown), and also by testing the reverse transcriptase-defective
8E5 cell line as donor cells. These results are in full agreement
with those reported in a seminal paper on HIV-1 cell-to-cell
transmission (16), but also with the more recent observations
of virus passage from HIV-1-infected MOLT-4 cells to either
CD4� primary lymphocytes or CD4� HeLa cells (1). Con-
versely, it was also reported that the HIV-1 transfer from
infected to uninfected Jurkat cells is at least partly sensitive to
nevirapine, an alternative inhibitor of viral retrotranscription,
as detected starting 16 h after the coculture setup (36, 37).
Considering that, conversely, no effects of nevirapine were
detected in this coculture system for 6 h, we explain this ap-
parent discrepancy essentially as the consequence of the faster
kinetics of the events induced by cell-cell contact within Jurkat
cells compared to those occurring in CEMGFP or primary lym-
phocyte-based cocultures.

Inconsistent results can also be found in the literature re-
garding the relevance of cell fusion events in overall cell-to-cell
HIV-1 transmission. In fact, while on the one hand Jurkat cells
infected with an HIV-1 variant expressing a nonfusogenic Env
receptor were found to be unable to transmit HIV-1 to target
cells (37), on the other hand, the inhibition of cell fusion was
shown to be unable to inhibit HIV-1 passage from either
MOLT-4 (1) or Jurkat (6) lymphocyte lines to CD4� lympho-
cytes. For the first time, we found that the block in cell fusion
reduces but does not abolish HIV-1 transmission to target
cells.

The remarkable levels of cell fusion we detected are not
surprising, since, for instance, relevant cell fusion activity (i.e.,
7 to 10% of the total HIV-1 Gag-positive target cells) was also
observed in Jurkat cocultures (37). The same authors reported

(B) Target cells endocytose infectious HIV-1 particles. CEMGFP/U937HIV-1 cocultures were carried out for 16 h in the presence of 1 �g/ml of T-20
and then washed and incubated for 30 min at 4°C with either the Leu3A anti-CD4 MAb or a nonspecific isotype. Afterwards, cocultures were
replated in the presence of the respective antibodies, either alone or with 100 nM bafilomycin A1. After an additional 24 h, the cocultures were
analyzed by FACS. The results are representative of two independent experiments. For both panels, the percentages of both Gag�/GFP� and
Gag�/GFP� subpopulations are reported in the respective quadrants of each plot.
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that infection by either cell-free virus or HIV-1-infected cells
was severely impaired by gently shaking the cultures or cocul-
tures (37). In an effort to establish whether the early events we
detected after the coculture setup were sensitive to culture
shaking, we ran parallel cocultures of U937HIV-1 with CEMGFP

cells in the presence or absence of continuous, gentle shaking.
The results we obtained showed that culture shaking was cor-
related with a decrease in Gag�/GFP� cells from 45.9 � 4.1 to
41 � 5.9 and in Gagbright/GFP� cells from 18 � 3.4 to 15 � 4.1,
representing statistically nonsignificant variations. This indi-
cates that the mechanisms underlying both HIV-1 endocytosis
and cell fusion are scarcely influenced by cell movement.

We found that primary CD4� lymphocytes also undergo cell
fusion, while conversely, this process was not detectable within
primary macrophages. In addition to the pathogenetic signifi-
cance correlated with the events occurring in AIDS patients’
lymph nodes, where viral spread can be strongly enhanced by
cell-cell contact, the productive infection resulting from cell
fusion may be seen as a privileged mechanism of HIV-1 trans-
mission in primary infection (for a review, see reference 23). In
this case, the elusion of the antiviral activities of factors present
in extracellular fluids surrounding the mucosae, like proteases,
complement, antibodies, and soluble CD4, can significantly
favor HIV-1 transmission.

Interestingly, we noticed a relevant increase in Gag�/GFP�

target cells upon T-20 treatment of cocultures, suggesting that
no HIV-1 endocytosis occurs in cells where the block in cell
fusion is operative. Since the endocytosis we detected in co-
cultures depends on Env/CD4 interaction, we hypothesize that
the CD4 clustering occurring in target cells upon contact with
the Env molecules of donor cells (20) reduces the CD4 density
to under the threshold required to initiate HIV-1 endocytosis
upon interaction with either another donor cell or extracellular
virions.

The nonproductiveness of the NL4-3–NefF12 variant served
to establish that the Gag�/GFP� CEMGFP subpopulation we
detected in cocultures primarily originated from HIV-1 endo-
cytosis. This phenomenon could be part of the previously de-
scribed coreceptor-independent HIV-1 transfer (1), as well as
of the recently reported Env-dependent HIV-1 transmission
resistant to HIV-1-neutralizing antibodies (6). For the first
time, we have evidence that the overall HIV-1 endocytosis in
target cells is strongly affected by the inhibition of clathrin
functions. In this regard, considering that the physiologic CD4
cell internalization occurs through the formation of clathrin-
coated vesicles (13), it would be of interest to investigate
whether in cocultures HIV-1 can usurp the CD4 internaliza-
tion machinery to enter target cells.

The authentic cell-to-cell HIV-1 transfer we found to be part
of the overall HIV-1 endocytosis activity could rely on the
passage of intact virions through the extracellular space gen-
erated within two or more points of cell junction, as already
observed by electron microscope analysis (20, 30). Alterna-
tively, and similarly to the mechanism of vesicle trafficking
through cell membrane gap junctions recently described (31),
it is also conceivable that the viral budding occurs directly into
the target cells at the virological synapse. Interestingly, this
form of endocytosis was also found to be strictly dependent on
clathrin activity in target cells (31).

Importantly, we also detected massive HIV-1 endocytosis in

cocultures of both primary lymphocytes and macrophages. In
this regard, extending the investigations of DCs contacting
HIV-1 infected cells will be of pathogenetic relevance, since
high levels of HIV-1 endocytosis in DCs may contribute sig-
nificantly to virus spread in the infected host through the trans-
infection mechanism. On the other hand, strong HIV-1 endo-
cytosis in professional antigen-presenting cells would also have
important immunologic consequences, as it could generate a
strong presentation in major histocompatibility complex class
II of virus degradation products, thereby inducing a potent
activation of HIV-1-specific CD4� lymphocytes. This, in turn,
may have beneficial effects on virus spread, considering that
HIV-1 replicates best in HIV-1-specific CD4� lymphocytes (7,
9, 18).

Virological synapses are defined as stable contact zones be-
tween donor and target cells, ultimately favoring cell-to-cell
virus transmission (32), and were first described in cocultures
between DCs and lymphocytes (3). We believe that in the
process of cell fusion, the cell-cell contact zones cannot be
considered virological synapses, since they rapidly evolve to-
ward complete fusion between two or more cells. On the con-
trary, at least part of the HIV-1 endocytosis occurring in co-
cultures likely takes place through the formation of stable
cell-cell contacts, likely virological synapses, which are ex-
pected to also be privileged platforms for the virus-cell fusion
process initiating the productive viral life cycle. The identifi-
cation of the discriminatory molecular events moving cell-cell
contact toward cell fusion rather than the formation of stable
virological synapses awaits clarification and represents a rele-
vant field of future investigation.

In HIV-infected patients, both the frequency of infected
cells and the HIV-1 cell expression levels may be significantly
lower than those reproduced in our experimental setting.
Therefore, while our results can be helpful for defining some
mechanistic aspects of the events following cell-cell contact,
how much the phenomena described here can contribute to
HIV spread in infected hosts remains to be clarified. Hence,
further advances in the description of the mechanisms of cell-
to-cell HIV-1 transmission and of its role in virus spread in
infected individuals will be of utmost importance for the iden-
tification of innovative therapeutics against AIDS.
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