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HIV-1 can be transmitted as cell-free virus or via cell-to-cell contacts. Cell-to-cell transmission between CD4� T cells is the more
efficient mode of transmission and is predominant in lymphoid tissue, where the majority of virus resides. Yet the cellular mech-
anisms underlying productive cell-to-cell transmission in uninfected target cells are unclear. Although it has been demonstrated
that target cells can take up virus via endocytosis, definitive links between this process and productive infection remain unde-
fined, and this route of transmission has been proposed to be nonproductive. Here, we report that productive cell-to-cell trans-
mission can occur via endocytosis in a dynamin-dependent manner and is sensitive to clathrin-associated antagonists. These
data were obtained in a number of CD4� T-cell lines and in primary CD4� T cells, using both CXCR4- and CCR5-tropic virus.
However, we also found that HIV-1 demonstrated flexibility in its use of such endocytic pathways as certain allogeneic transmis-
sions were seen to occur in a dynamin-dependent manner but were insensitive to clathrin-associated antagonists. Also, depleting
cells of the clathrin accessory protein AP180 led to a viral uptake defect associated with enhanced infection. Collectively, these
data demonstrate that endosomal uptake of HIV-1 during cell-to-cell transmission leads to productive infection, but they are
also indicative of a flexible model of viral entry during cell-to-cell transmission, in which the virus can alter its entry route ac-
cording to the pressures that it encounters.

HIV-1 can be transmitted as free virus or directly between cells
via cell-cell contacts. Cell-to-cell transmission is a more effi-

cient and rapid means of viral spread and is the predominant
mode of HIV-1 transmission in lymphoid tissue (1, 2). Given that
the vast majority of virus within an infected individual is found in
lymphoid tissue and in CD4� T cells, cell-to-cell transmission
between CD4� T cells likely represents the most common mode of
HIV-1 spread.

Improved understanding of the direct and coordinated inter-
actions between T cells and antigen-presenting cells, termed im-
munological synapses (3), ultimately led to the first description of
coordinated retroviral transmission between T cells. Human T-
lymphotropic virus type I (HTLV-I) is transmitted via a polarized
T-cell structure termed the virological synapse that is analogous to
the immunological synapse (4). Subsequent studies revealed that
HIV-1 could also be transmitted via virological synapses between
CD4� T cells (5) and that infected cells could even form polysyn-
apses, thereby allowing simultaneous cell-to-cell transmissions
from a single infected cell to multiple uninfected target cells (6).
Cell-to-cell transmission between infected macrophages and un-
infected CD4� T cells has also been described (7). Further, a less
common mode of transmission between CD4� T cells was shown
to exist in which HIV-1 can be transmitted by long membrane
nanotubes that are formed after cell division (8). A visually similar
but mechanistically distinct process involving murine leukemia
virus (MLV) was described in which virus can be transmitted in an
actin-dependent manner along filopodial bridges that link cells (9,
10). Further, in striking intravital imaging experiments of HIV-1
infections in humanized mice, it was shown that infected lympho-
cytes were highly motile, leading to extensive viral spread, while
infected lymphocytes formed cytoskeletal and membranous inter-
actions with uninfected target cells (2). Finally, viral spread from
virus-bearing, but not productively infected, dendritic cells to un-

infected CD4� T cells can also occur via direct cell-cell contacts
and is an important contributor to viral spread and pathogenesis
(11).

Of these processes, transmission via T-cell–T-cell virological
synapses is one of the most studied (reviewed in references 12 and
13), yet many of the underlying cellular events are not well char-
acterized. Early definition of the HIV-1 virological synapse re-
vealed that transmission is dependent on extensive cytoskeletal
rearrangements in both the donor and target cell (5, 14). Such
transmission also requires lipid raft integrity (15), cell surface ad-
hesion molecules (LFA-1, Talin, and ICAM-1) (16) and tetraspa-
nins (CD63 and CD81) (17), tyrosine kinase signaling (ZAP-70)
(18), and interactions between viral envelope glycoprotein gp120
and cellular CD4 (5). More recently, it has been shown that HIV-1
harnesses the regulated secretory pathways in CD4� T cells to
achieve cell-to-cell transmission (19). Ultimately, transmission
leads to virus egress into a synaptic cleft between the infected
donor and the uninfected target cell, subsequently resulting in
productive infection. This process is distinct from virus transmis-
sion mediated by cytoplasmic contacts between cells (13, 20).

Other mechanistic details are less clear, especially in regard to
the endocytosis of viral particles by target cells involved in viro-
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logical synapses. Live-microscopy analysis of virological synapses
showed that green fluorescent protein (GFP)-fused HIV-1 Gag
can traffic from the site of cell-cell contact to intracellular endo-
some-like structures in the target cell during transmission, with
electron microscopy confirming the presence of viral buttons in
the target cell (21). Notably, these structures were morphologi-
cally distinct from typical ligand-bearing clathrin-coated vesicles.
Another study showed that disrupting endocytosis in target cells
engaged in virological synapses inhibited uptake of viral p24 into
cellular compartments bearing the early endosomal marker EEA1,
but the relationship between this observation and productive in-
fection remains unclear (22). This point is relevant since cell-free
HIV-1 virions can commonly enter cells via nonproductive endo-
cytic pathways (23). Equally, earlier studies of the virological syn-
apse found no colocalization between HIV-1 Gag and EEA1 (5).
More recently, virus-cell membrane fusion was described to occur
in target cell endosomes during cell-to-cell transmission, a process
that was dependent on protease-driven virion maturation (24).

The hypothesis of productive endocytic entry of HIV-1 during
cell-to-cell transmission is consistent with prior observations of
cell-free virus. Data from a variety of T-cell lines and primary
CD4� T cells have shown that cell-free HIV-1 can productively
enter cells in a dynamin-dependent manner via clathrin-mediated
endocytosis (25–28). Indeed, a specific small-molecule antagonist
of the clathrin terminal domain was found to antagonize HIV-1
entry into HeLa cells (29). However, in the stages leading to mem-
brane fusion, cell-to-cell transmission appears to be mechanisti-
cally distinct from cell-free infection, so these findings may not be
universally relevant. Additionally, some studies used transmission
electron microscopy (TEM) to analyze cell-to-cell transmission
via virological synapses and found no evidence of HIV-1 within
target cell endosomes, instead showing virus exclusively in the
synaptic cleft between donor and target cell (20). At present, the
reasons for such major discrepancies between these studies are
unclear. Yet given that HIV-1 can usurp CD4� T-cell specific se-
cretion pathways (19) and that immunological synapses are char-
acterized by high rates of endocytic and exocytic turnover (30), it
is reasonable to hypothesize that HIV-1 may have evolved to use
endocytic processes as a means of attaining productive cell-to-cell
infection in some circumstances. Given these discrepancies, we
wanted to better characterize the role of target cell endocytic path-
ways in productive cell-to-cell HIV-1 transmission. Therefore, we
have asked whether the visually apparent endosomal viral uptake
routes that are found during cell-to-cell transmission can genu-
inely lead to productive infection of the target cell.

To achieve this, we probed the viral entry cascade during cell-
to-cell transmission with antiviral drugs to establish that events
downstream of CD4 binding can occur from within target cell
compartments, consistent with an endosomal entry mode. Using
both small-molecule inhibition and RNA interference (RNAi), we
now demonstrate the pivotal role of the membrane-bound
GTPase dynamin-2 in productive infection. Further, we show the
involvement of the endocytic uptake in productive cell-to-cell
transmission. Interestingly, we also observed that the use of endo-
cytic entry routes by virus is not always apparent as transmission
of virus via a clathrin-associated antagonist-sensitive route was
rendered dysfunctional during some allogeneic CD4� T-cell
transmissions. Our findings suggest a model of cell-to-cell trans-
mission via virological synapses that is inherently flexible between
both endocytic and other transmission modes, allowing HIV-1 to

alter its entry route according to infection conditions and the
pressures it encounters during transmission.

MATERIALS AND METHODS
Cells. The CD4� T-cell lines PM1, SupT1, and Jurkat (clone E6-1) were
obtained via the NIH AIDS Research and Reference Reagent Program.
These lines were maintained in RPMI 1640 medium (Invitrogen). 293T
cells were maintained in Dulbecco modified Eagle medium (DMEM) (In-
vitrogen). All cell lines were maintained with 10% fetal bovine serum
(FBS), 1% L-glutamine, and 1% penicillin-streptomycin.

Peripheral blood mononuclear cells (PBMCs) were isolated from
whole blood using the Ficoll-Hypaque method. CD4� T cells were puri-
fied from PBMCs by negative selection using the CD3� CD4� Untouched
kit (Invitrogen) commonly giving �90% purity. CD4� T cells were cul-
tured in RPMI 1640 medium supplemented with 20 U/ml human inter-
leukin-2 (IL-2). CD4� T cells were activated with either 10 �g/ml phyto-
hemagglutinin A (PHA) for 72 h or with anti-CD3/anti-CD28 Dynabeads
(Invitrogen) for 48 h. Cells were then either pooled or were maintained
separately for autologous transmissions.

Viruses. The NL4-3-derived viral clone pBR-NL43-IRES-eGFP or its
derivatives were used to produce virus for infections (31). This clone
expresses green fluorescent protein (GFP) from an internal ribosomal
entry site (IRES) downstream of Nef. The V3 loop from the envelope of
the primary R5-tropic molecular clone YU2 was cloned into pBR-NL43-
IRES-eGFP. Virus was produced by plasmid lipofection (Invitrogen) into
293T cells, harvested 72 h later, clarified by low-speed centrifugation, and
passed through a 0.45-�m-pore-size filter. Viral p24 levels were quanti-
fied by a Vironostika HIV-1 antigen (Ag) enzyme-linked immunosorbent
assay (ELISA) kit (bioMérieux).

Antiviral drugs and endocytosis inhibitors. The antivirals maraviroc,
AMD3100, and T-20 as well as the anti-CD4 monoclonal antibody B4 and
soluble CD4 were all obtained via the NIH AIDS Research and Reference
Reagent Program. BMS-599793 was provided by the International Part-
nership for Microbicides (IPM). Chlorpromazine, dynasore, bafilomycin
A1, and latrunculin A1 were obtained from Sigma. MiTMAB (tetradecyl-
trimethylammonium bromide) was obtained from Tocris.

RNA interference. The isopropyl �-D-1-thiogalactopyranoside
(IPTG)-inducible vector pLKO-IPTG-3xLacO (Sigma) was used to ex-
press short hairpin RNAs (shRNAs) targeted against human dynamin-2
and human AP180 (Sigma Mission TRCN0000006649 for dynamin-2 and
TRCN0000119072 for AP180). Additionally, a nontarget (scramble) con-
trol was also prepared. Viral particles for cell line transductions were pre-
pared by cotransfecting 293T cells with pLKO-IPTG-3xLacO, the Gag/Pol
expression vector PsPAX, a Rev expression vector, and the vesicular sto-
matitis virus G protein (VSV-G) expression vector pVPack-VSV-G (Strat-
agene). After 48 h, virus was clarified by low-speed centrifugation and
passed through a 0.45-�m-pore-size filter. Viral p24 levels were quanti-
fied by a Vironostika HIV-1 Ag ELISA kit (bioMérieux).

PM1 and Jurkat cells were transduced by culturing viral particles in the
presence of 8 �g/ml Polybrene for 72 h, after which resistant colonies were
selected with 2 �g/ml puromycin. Transduced wells were maintained in
0.5 �g/ml puromycin except during coculture experiments, during which
transduced cells were cultured without puromycin for 24 h prior to co-
culture. Culturing cells in the presence of 1 mM IPTG for 72 h induced
expression of shRNAs.

Intracellular protein staining. Dynamin-2 and AP180 levels in PM1
cells and Jurkat cells were assayed by flow cytometry. Cells were fixed in
1% paraformaldehyde–phosphate-buffered saline (PBS) and then perme-
abilized using a saponin-containing Wash/Perm solution (BD Biosci-
ence). Cells were stained in PBS containing 3% bovine serum albumen
(BSA) and 0.05% sodium azide with rabbit anti-dynamin-2 polyclonal
Cy5-conjugated antibodies (Bioss) or goat polyclonal anti-AP180 (Ab-
cam). Thereafter, anti-AP180-treated cells were stained with rabbit anti-
goat IgG peridinin chlorophyll protein (PerCP)-conjugated polyclonal
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antibodies (Santa Cruz Biotechnology). Samples were then read on a
FACSCalibur flow cytometer (BD) collecting 10,000 live events.

Cell-to-cell transmission assays. We used a previously established
flow cytometry-based assay to determine rates of viral p24 transfer and
GFP expression in target cells during cell-to-cell transmission (32). A total
of 1 � 106 PM1 cells or Jurkat cells were infected with 93.75 ng and 187.5
ng of viral p24, respectively, via spinoculation at 1,500 � g for 2 h at 37°C,
followed by 1 h of incubation at 37°C. Primary CD4� T cells were infected
by spinoculation also, using 100 ng per 106 cells in the presence of 8 �g/ml
Polybrene. At 72 h after infection (or 48 h for primary cells), cells were
washed and stained with either 10 �M Cell Tracker Blue (CMAC; 7-
amino-4-chloromethylcoumarin) (Molecular Probes) or 2.5 �M Cell
Tracker Violet [BMQC; 2,3,6,7-tetrahydro-9-bromomethyl-1H,5H-
quinolizino(9,1-gh)coumarin] (Molecular Probes) for 30 min. Target
cells that were pretreated with antivirals (either 5 �M maraviroc, 5 �M
AMD3100, 5 �M T-20, or 5 �M BMS-599793) were pretreated for 1 h
prior to coculture with infected cells, and drug concentrations were main-
tained throughout the coculture period. In experiments to study endo-
cytic pathways, target cells were pretreated with endocytosis inhibitors for
45 min (either 80 �M dynasore, 0.45 M sucrose, 100 nM bafilomycin A1,
or 10 or 2 �g/ml chlorpromazine) before being washed out, except for 80
�M MiTMAB which was used for 30 min. Treated cells were then used in
coculture. For RNAi experiments, shRNAs were induced in Jurkat and
PM1 cells for 72 h prior to coculture using 1 mM IPTG that was main-
tained throughout coculture experiments to maintain shRNA expression.
For infection, washed donor cells were mixed with stained target cells at a
2:1 ratio. For autologous transmissions using primary CD4� cells, cells
were infected and mixed with uninfected stained target cells from the
same blood donor in a 3:1 ratio. In all experiments transwell inserts (3-�m
pore size; Nunc) were used to control for cell free infection.

Transfer of virus from infected donor cells to uninfected target cells
was shown by intracellular staining for viral p24 in the target cell popula-
tion. In experiments with antivirals this was at 6 h after coculture. In
experiments with endocytosis inhibitors or RNAi, this was at 3 h after
coculture. Cells were fixed in 4% paraformaldehyde-PBS, permeabilized
using a saponin-containing Wash/Perm solution (BD Bioscience), and
then stained with anti-p24-conjugated phycoerythrin (PE) (Beckman
Coulter) in PBS containing 3% BSA and 0.05% sodium azide. In some
instances, cells were pretreated with 0.25% trypsin for 8 min at 37°C
before being quenched in cold FBS, prior to staining. Infection of target
cells was detected by GFP expression at 24 h postcoculture, at which time
cells were fixed in 4% paraformaldehyde-PBS.

Samples stained with Cell Tracker blue (CMAC) were analyzed using
an LSRII instrument (Becton, Dickinson) or a fluorescence-activated cell
sorter (FACS) Vantage instrument (Becton, Dickinson) while samples
stained with Cell Tracker violet (BMQC) were analyzed on an LSR
Fortessa (Becton, Dickinson). Single cells only were assayed by gating on
both forward scatter width and side scatter width parameters. Equally, p24
and GFP levels were assayed only in cells with high cell tracker expression.
Therefore, cell populations in which cell tracker strength had been diluted
either by cell-cell fusion or cell division could be excluded (5). A mini-
mum of 20,000 to 50,000 live cell events were collected. Experiments were
analyzed with FlowJo software (Tree Star). A minimum of three indepen-
dent experiments with duplicate infections were performed.

Cell surface receptor staining. PM1 and Jurkat cells that had been
treated to inhibit endocytosis were stained for cell surface CD4 and
CXCR4 2 h afterwards. Cells were stained in 3% fetal bovine serum and
0.05% sodium azide for 30 min at 4°C with mouse monoclonal allophy-
cocyanin (APC)-conjugated anti-human CD4 (clone RPA-T4; BD
PharMingen) and mouse monoclonal PE-conjugated anti-human
CXCR4 (clone 12G5; BD PharMingen). Cells were then fixed in a final
concentration of 1% paraformaldehyde and then resuspended in PBS
containing 3% fetal bovine serum and 0.05% sodium azide. A total of
10,000 live cell events were assayed on a FACSCalibur (Becton, Dickin-
son) instrument. Levels of receptors were quantified relative to those

found for dimethyl sulfoxide (DMSO)-treated cells. Experiments were
analyzed with FlowJo software (Tree Star).

Cellular viability staining. PM1, Jurkat, and SupT1 cells or pooled
anti-CD3/anti-CD28-activated primary CD4� T cells were pretreated
with drugs to inhibit endocytosis. Cells were then stained with a Green
Live/Dead cell viability stain (Invitrogen) according to the manufacturer’s
instructions. As a control, heat-killed cells (65°C for 7 min) were assayed.
Cells were fixed in 4% paraformaldehyde, and 10,000 events were ana-
lyzed on a FACSCalibur (Becton, Dickinson) flow cytometer.

Statistical analysis. The results presented are derived from a mini-
mum of three independent experiments performed in duplicate at mini-
mum. Data were analyzed using GraphPad Prism, version 5, software.
Differences between two treatments were tested for statistical significance
using unpaired two-tailed t tests. Differences between treatment groups
were tested using one-way analysis of variance (ANOVA) using Dunnett’s
posttest to compare treatment groups with control data. The results pre-
sented are expressed as means � standard errors of the means (SEM).

RESULTS
Virus coreceptor binding and virus-cell membrane fusion occur
from within target cells during cell-to-cell transmission. We
first wished to determine the fate of virus during cell-to-cell trans-
mission when the viral entry cascade was inhibited at discrete
points through the use of specific antiviral agents targeting various
steps in the viral life cycle. We used a previously developed flow
cytometry cell-to-cell transmission assay using an HIV-1 NL4-3-
based GFP reporter virus that coexpresses nef and the fluorescence
protein from a bicistronic RNA (31, 32). Infected washed donor
cells were mixed with cell tracker-labeled target cells (either
BMQC-violet or CMAC-blue), and viral transfer into target cells
was assayed at 6 h after coculture by measuring intracellular p24.
This time point was chosen to exclude de novo synthesis of viral
p24 in the target cells, such that all p24 present would have oc-
curred from the transfer of virus from donor into target cells. This
was confirmed by treating cocultured cells with a 5 �M concen-
tration of the integrase inhibitor raltegravir prior to and during
coculture (data not shown). Cells were also treated with trypsin in
some instances, allowing cell surface-associated p24 to be re-
moved in order to assay only cellular uptake of p24 into trypsin-
resistant compartments, which may be considered to be either
endosomal vesicles or the cytosol (1, 33).

This dual format allowed us to distinguish between the transfer
of viral proteins into target cells (p24) and viral transmission, in
which integrated virus would lead to expression of virus-borne
genes (GFP). In this study, as with others, we have taken virus-
borne GFP expression to be a measure of infection (34, 35). Alter-
native methods to study cell-to-cell transmission are possible and
rely on the use of reverse transcriptase (RT) inhibitors to inhibit de
novo DNA or p24 synthesis, thereby providing control data for
DNA or p24 accumulation in the coculture. Viral DNA accumu-
lation or p24 accumulation is then used as a proxy for successful
cell-to-cell transmission. We chose not to perform such an anal-
ysis as we have previously shown this approach to be less precise
than our assay (32).

As a control for cell-free virus infections, transwell inserts with
a 3-�m pore size were used to prevent cell-cell contacts yet allow
free movement of virus between donor and target cell popula-
tions. Under these circumstances, neither p24 nor GFP was de-
tected at 6 h or 24 h, respectively (data not shown). This confirms
that our coculture model assayed only cell-to-cell transmission as
the viruses found in supernatants arising from washed donor cells
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were unable to yield productive infection in target cells during this
time frame.

To exclude transmission of virus via cell-cell fusion events (i.e.,
syncytium formation) rather than via virological synapses, our
flow cytometry analyses excluded all particles detected as doublets
or larger by gating based on both forward scatter and side scatter
pulse width, which restricted our analysis only to particles of sin-
gle-cell size. Additionally, as fusion between cell tracker-stained
target cells and unstained target cells might result in a particle with
diluted cell tracker content (5), we excluded such cells from our
analysis. This therefore also excluded transmission events via
membrane nanotubes as this mode of transmission, though less
common, occurs when membrane filaments extend between re-
cently divided cells (8). As cell tracker-stained cells that have di-
vided would also have reduced cell tracker content, transmission
via membrane nanotubes would not be measured in our assay.
Equally, non-cell tracker-stained cells that have divided and are
engaged in transmission via membrane nanotubes would not be
measured as our analysis was based on cell tracker-stained cells
only. Thus, while measuring bulk cell-to-cell transmission in co-
culture infections, our gating strategy allowed analysis only of
transmission via virological synapses, the predominant mode of
cell-to-cell transmission (1).

Previous analyses have suggested that coreceptor binding and
membrane fusion may not occur at the cell surface during cell-to-

cell transmission (24, 36). However, these findings remain con-
tentious, and so we wished to explore this dichotomy in our own
analysis. We first investigated transmission between PM1 cells,
in which donor PM1 cells that had been infected for 72 h (the
infection was 10 to 25% positive by GFP) were used to infect cell
tracker-stained target PM1 cells at a 2:1 ratio. We sought to inhibit
viral gp120 binding to cellular CD4 using a small molecular inhib-
itor of gp120, BMS-599793. Cells were pretreated for 1 h with a
fully inhibitory 5 �M concentration of BMS-599793 (37), which
was maintained throughout the coculture period. That no detect-
able GFP expression was found in the target cell population after
24 h confirmed that inhibition had occurred (Fig. 1A). Equally,
the vast majority (86%) of target cells treated with BMS-599793
had no detectable p24 after 6 h of coculture (Fig. 1A). Therefore,
although very effective, even high concentrations of BMS-599793
may not be able to completely inhibit all viral transfer to target
cells. These data confirm previous observations that cell-to-cell
viral transmission and initiation of HIV-1 infection are dependent
on gp120-CD4 interactions (5, 36).

We next asked whether antagonizing the viral entry cascade
downstream of CD4 binding would yield similar results. We per-
formed coculture experiments using a 5 �M concentration of the
CXCR4 antagonist AMD3100, which could fully inhibit infection
by a CXCR4-tropic reporter virus (Fig. 1B). Some infection mod-
els have suggested that such inhibition might fail to prevent trans-

FIG 1 Antagonizing HIV-1 entry downstream of CD4 binding during cell-to-cell transmission fails to prevent viral transfer to target cells. (A) Relative p24
content or reporter virus GFP expression of target cells during cell-to-cell transmission between PM1 cells using X4-tropic NL4-3-derived virus. gp120-CD4
binding was antagonized with the small-molecule gp120 inhibitor BMS-599793. Representative flow cytometry data are shown. (B) Relative p24 content or
reporter virus GFP expression of target cells during cell-to-cell transmission. Coreceptor binding was antagonized with the CXCR4 antagonist AMD3100. In
some instances cells were treated with trypsin prior to analysis. Representative flow cytometry data are shown. (C) Relative p24 content or reporter virus GFP
expression of target cells during cell-to-cell transmission. Virus-cell membrane fusion was antagonized by the fusion inhibitor T-20, and cells were treated with
trypsin prior to analysis. Representative flow cytometry data are shown. All data are means � SEM (n � 3); statistically significant results are indicated with
asterisks; not significant (ns), P � 0.05, *, P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001. FSC, forward scatter.
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fer of viral protein into target cells (36). Our data show that block-
age of CXCR4 binding had no significant effect on the total p24
content of target cells even though 5 �M AMD3100 completely
prevented GFP expression in target cells (Fig. 1B). As some target
cell p24 content may derive from surface-bound virus (1), we also
performed additional experiments in which cells were treated with
trypsin prior to p24 staining and showed that 40% of AMD3100-
treated target cells possessed detectable p24 levels relative to no-
drug controls and that 56% possessed p24 relative to trypsin-
treated drug controls. Thus, blockage of HIV-1 entry at the point
of coreceptor binding during cell-to-cell transmission was not
able to completely prevent viral transfer into trypsin-resistant
compartments in target cells. Our data also suggest that a degree of
coreceptor binding (44%) can occur at the cell surface in our PM1
cell-to-cell transmission model.

We next investigated whether antagonizing the viral entry cas-
cade downstream of coreceptor binding, at the point of virus-cell
membrane fusion, would yield similar results. Target cells were
incubated with the fusion antagonist T-20 (5 �M) both before and
during coculture infections. As with the blockage of coreceptor
binding, T-20 was not able to prevent viral transfer to target cells
despite fully inhibiting infection (Fig. 1C). When cells were
treated with trypsin, there was still no significant difference be-
tween control cells and T-20-treated cells (Fig. 1C). If the site of
action for T-20 is the cell surface, this would decrease p24 uptake
into the cytosol, a phenomenon that would be manifest in our
results as reduced uptake into trypsin resistant compartments.
The fact that no such inhibition was observable suggests that no
virus-cell membrane fusion events occurred at the cell surface and
that all virus-cell membrane fusion events likely occurred from
within trypsin-resistant compartments in target cells during cell-
to-cell transmission. This finding confirms our PM1-based anal-
ysis with studies of Jurkat cells and primary cells (24).

Dynamin-dependent cell-to-cell transmission of HIV-1. Our
initial analysis suggested that just over half of coreceptor bind-
ing and all membrane fusion during cell-to-cell transmission
can occur from within trypsin-resistant compartments in tar-
get cells. We hypothesized that virus enters into endocytic ves-
icles within target cells, in which the events of the entry cascade
downstream of CD4 binding might unfold. Given parallels be-
tween this hypothesis and prior descriptions of entry of cell-
free HIV-1 via endocytosis (25, 28), we also investigated the
role of the host cell GTPase dynamin-2 in cell-to-cell transmis-
sion. Dynamin mediates endocytic vesicle scission, allowing
vesicles to pinch off from the cell surface and modulate mem-
brane fusion. Therefore, dynamin is an important component
of clathrin-mediated endocytosis, caveolar endocytosis, and
other noncanonical endocytic processes (38).

Utilizing our flow cytometry assay of cell-to-cell transmission
between PM1 cells, we determined the role of dynamin through
pretreatment of target cells by the small-molecule dynamin antag-
onists (dynasore and MiTMAB) or by using an shRNA directed
against dynamin. We then measured p24 uptake and GFP expres-
sion in target cells at 3 h and 24 h postcoculture, respectively.

Antagonism of dynamin by a 45-min pretreatment of target
cells with 80 �M dynasore led to a modest but significant and
reproducible 21% reduction of uptake of viral p24 by target cells
(Fig. 2A). Furthermore, viral GFP expression in target cells was
found to be reduced by 30% at 24 h after drug washout (Fig. 2B).
When trypsin treatment of cocultured cells was performed, a

more potent effect of dynasore was noted, leading to 44% less p24
in target cells than in controls (Fig. 2A). It should also be noted
that studies on antagonism of dynamin using dynasore have gen-
erally not revealed any decrease in cell surface levels of CD4,
CXCR4, and CCR5 (22, 25, 28, 39, 40), and this was confirmed for
CD4 and CXCR4 in our assays on both PM1 and Jurkat cells (Fig.
2C; see also Fig. 6D). Although some studies have described apop-
tosis in HeLa cells during extended exposure to some dynamin
inhibitors (41), cellular viability staining indicated that the dyna-
sore concentrations and conditions used were not cytotoxic in
PM1 or any other cells studied, nor were other endocytosis inhib-
itors that were studied (Fig. 2F; see also Fig. 6H and 7C).

Other investigators have noted an increased potency of dyna-
sore when cells are preincubated with this drug in the absence of
fetal bovine serum (FBS) (39, 40). In our system, such pretreat-
ment yielded an 82% inhibition (�5-fold) of viral p24 uptake into
trypsin-resistant compartments and a 31% reduction in GFP ex-
pression compared to untreated controls (Fig. 2A and B). How-
ever, we did find that a portion of this antagonism was associated
with the absence of FBS (Fig. 2A).

MiTMAB is a dynamin antagonist that is chemically distinct
from dynasore (42), giving us the opportunity to investigate cell-
to-cell transmission while minimizing potential artifactual results
due to off-target effects associated with dynasore only. We found
that pretreatment of PM1 cells with 80 �M MiTMAB prior to
coculture yielded a 32% reduction of viral p24 uptake in target
cells and a 38% reduction of viral GFP expression in target cells
after coculture transmission (Fig. 2). Strikingly, when MiTMAB-
treated target cells were also trypsin treated to exclude cell surface
staining, we again found a �5-fold reduction in target cell p24
uptake. These results, combined with those on dynasore treat-
ment in the absence of FBS, imply that almost all target cell uptake
of virus is due to dynamin-dependent processes, and this was
linked in all instances to a reduction of productive infection as
measured by GFP (Fig. 2).

To confirm the above data by genetic analysis, PM1 cells were
transduced with inducible lentiviral vectors that expressed either
scrambled control shRNAs or an shRNA targeting human dy-
namin-2. After 72 h of induction, the shRNA was found to yield a
�40% reduction of intracellular dynamin-2 levels in both groups
of PM1 cells (Fig. 2E). This allowed us to perform flow cytometry-
based cell-to-cell transmission assays using PM1 cells that ex-
pressed an anti-dynamin shRNA as target cells, yielding a �2-fold
reduction in both target cell p24 uptake and target cell reporter
virus GFP expression (Fig. 2D), a level that is similar to the degree
of dynamin knockdown achieved. Dynamin depletion by shRNA
gave results in which the p24 uptake and infection (i.e., GFP ex-
pression) were generally similar, unlike the use of dynasore and
MiTMAB, which produced a 5-fold inhibition of p24 uptake but a
more modest inhibition of infection (31% and 38%, respectively).
This pattern was expected and was likely due to the drugs being
washed out prior to analysis, producing a potent phenotype at the
2-h time point when p24 is assayed, versus the 24-h time point
when GFP is assayed and drug levels are much diminished. In
contrast, anti-dynamin-2 shRNAs were induced throughout the
experiment, giving more similar p24 and GFP data. Overall, the
shRNA data confirm our results with the small-molecule inhibi-
tors dynasore and MiTMAB and demonstrate that dynamin-de-
pendent uptake of HIV-1 is involved in cell-to-cell transmission
and productive infection.
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Productive cell-to-cell transmission of HIV-1 is sensitive to
clathrin-associated antagonists. Dynamin-dependent endocytic
vesicle scission is predominantly associated with the uptake of
endocytic vesicles via clathrin-mediated endocytosis or via cave-
olae. Since human lymphocytes, including CD4� T cells, do not
express the protein caveolin-1 (cav-1) or bear caveolae (39, 43–
47), we next wanted to investigate whether the dynamin depen-
dence of target cell virus transfer and productive infection that we

observed was due to clathrin-mediated, dynamin-dependent en-
docytosis (38, 48). We employed a mix of small-molecule inhibi-
tors of this process and shRNAs directed to the clathrin accessory
protein AP180.

We pretreated cell tracker-stained target PM1 cells with chlor-
promazine, a small-molecule inhibitor of clathrin-mediated en-
docytosis that is thought to function by causing the heterotetra-
meric coat assembly complex AP2 to dissipate away from the cell

FIG 2 Association between dynamin function, virus transfer into target cells, and productive infection during cell-to-cell transmission. (A) Relative p24 content
of target cells during cell-to-cell transmission between PM1 cells using X4-tropic NL4-3-derived virus and antagonism of dynamin function by pretreatment of
target cells with the small-molecule antagonist dynasore (with or without FBS) or the dynamin antagonist MiTMAB. In some instances cells were treated with
trypsin prior to analysis. Representative flow cytometry data are shown. (B) Relative reporter virus GFP expression of target cells during cell-to-cell transmission.
Dynamin function was antagonized by pretreatment of target cells with the small-molecule antagonist dynasore (with or without FBS) or the dynamin antagonist
MiTMAB. Representative flow cytometry results are shown. (C) Expression of cell surface CD4 or CXCR4 on PM1 cells 2 h following dynasore or hypertonic
sucrose treatment. Representative histograms are shown. (D) Relative p24 content or reporter virus GFP expression of target cells during cell-to-cell transmis-
sion. Dynamin-2 levels were depleted in target cells via the expression of an shRNA directed against it. Representative flow cytometry results are shown. (E)
Confirmation of dynamin-2 knockdown in PM1 cells via shRNA expression. shRNAs were expressed via transduction and IPTG induction. Intracellular staining
by flow cytometry confirmed knockdown; a representative histogram and mean data are shown. (F) Cellular viability of PM1 cells following treatment with
endocytosis inhibitors relative to heat-killed cells. All data are means � SEM (n � 3); statistically significant results relative to controls (black columns) are
indicated.
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surface and the site of clathrin-coated pit formation (49). Chlor-
promazine-treated cells were incubated with HIV-infected donor
cells. We found that 10 �g/ml and 2 �g/ml of chlorpromazine
produced a 93% and 46% reduction, respectively, in target cell p24
content (Fig. 3A). Trypsin treatment of these cultures prior to p24
staining yielded a similar reduction in target cell p24 content com-
pared to that in trypsin-treated controls. This reduction in p24
uptake in target cells was also related to productive infection,
yielding a 93% or 19% reduction in target cell GFP expression,
detectable at 24 h after 10 �g/ml or 2 �g/ml chlorpromazine pre-
treatment and washout, respectively (Fig. 3B), in the absence of
toxic effects (Fig. 2F).

Treatment of cells with hypertonic sucrose medium (0.45 M) is
thought to reduce clathrin-coated pit formation and subsequently
inhibit endocytosis (50), and so we pretreated labeled PM1 target
cells with sucrose for 45 min prior to washout and coculture with
infected cells. This reduced the transfer of virus from infected
donor cells, resulting in an almost 2-fold reduction in target cell
p24 content, both following and in the absence of trypsin treat-
ment (Fig. 3A), as well as a 39% reduced rate of infection as mea-
sured by virus GFP expression in target cells (Fig. 3B).

Though chlorpromazine and sucrose are historically consid-
ered useful inhibitors of clathrin-mediated endocytosis, certain
analyses suggest that they may exert a more global effect on endo-
somal uptake of ligands (48, 51) while some investigators argue
chlorpromazine may still be a useful indicator of this process (28,
49). However, further attempts to disrupt clathrin-mediated en-
docytosis in a more specific manner using the small-molecule in-
hibitor Pitstop 2 were unsuccessful (29) as we were unable to
antagonize transferrin uptake in either PM1 or Jurkat cells across
a range of concentrations (data not shown).

Therefore, to better define the role of clathrin-mediated endo-
cytosis, we transduced PM1 cells with a lentivirus that expresses
either control or anti-AP180 shRNAs upon induction as AP180 is
an important accessory protein in clathrin-mediated endocytosis
that binds both membrane lipids and clathrin (48). We observed a
60% reduction in total cellular AP180 content (Fig. 3D), and we
therefore induced shRNA expression for 72 h prior to and during
infected cell coculture. This led to a modest but significant 20%
reduction in PM1 cell p24 uptake during cell-to-cell transmission
(Fig. 3C), implying some role for clathrin-mediated endocytosis
in viral uptake. Yet, surprisingly, expression of this shRNA ulti-

FIG 3 Association between endocytosis, virus transfer into target cells, and productive infection during cell-to-cell transmission. (A) Relative p24 content of
target cells during cell-to-cell transmission between PM1 cells using X4-tropic NL4-3-derived virus. Endocytosis was antagonized by pretreatment of target cells
with chlorpromazine (CPZ) or hypertonic sucrose. In some instances cells were treated with trypsin prior to analysis. Representative flow cytometry data are
shown. (B) Relative reporter virus GFP expression of target cells during cell-to-cell transmission. Endocytosis was antagonized by pretreatment of target cells with
chlorpromazine (CPZ) or hypertonic sucrose. Representative flow cytometry results are shown. (C) Relative p24 content or reporter virus GFP expression of
target cells during cell-to-cell transmission in studies in which levels of the clathrin accessory protein AP180 were depleted in target cells via the expression of an
shRNA directed against it. Representative flow cytometry results are shown. (D) Confirmation of AP180 knockdown in PM1 cells via shRNA expression. shRNAs
were expressed via transduction and IPTG induction. Intracellular staining by flow cytometry confirmed knockdown; a representative histogram and mean data
are shown. All data are means � SEM (n � 3); statistically significant results relative to controls (black columns) are indicated.
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mately led to an �2-fold increase in the number of infected target
cells as measured by GFP expression (Fig. 3C). Taken together,
these data demonstrate that endosomal uptake of HIV-1 contrib-
utes to productive infection, adding to our antiviral and dynamin
analysis, but they cannot definitively implicate clathrin-mediated
endocytosis in this role.

Disrupting endosomal acidification in target cells dimin-
ishes HIV-1 uptake during cell-to-cell transmission. The treat-
ment of PM1 cells with shRNA targeted to the clathrin accessory
protein AP180 ultimately led to an enhanced rate of infection but
in a manner that could not be linked to increased uptake. We
therefore wished to investigate if the use of endosomal acidifica-
tion inhibitors might also augment rates of productive infection,
as had been noted in prior studies. Such data have been inter-
preted in two ways: (i) delaying the steady-state turnover of endo-
cytic vesicles allows HIV-1 that has entered them to achieve pro-
ductive entry before lysosomal degradation of virus from within a
typically nonproductive pathway has occurred (52, 53), or (ii)
inhibiting endosomal acidification diverts virus out of a nonpro-
ductive endocytic pathway toward a productive cell-surface entry
pathway (23).

To determine if parallels could exist with our own AP180 RNAi
data, we performed cell-to-cell transmissions using PM1 cells that
had been pretreated for 45 min with bafilomycin A1, an endo-
somal acidification inhibitor. Unlike the situation for cell-free in-
fection, we noted that preventing endosomal acidification led to
an �2-fold reduction in the uptake of viral p24 into target cells
and that this translated into an �2-fold reduction in the infection
rate of these cells (Fig. 4). Thus, the antiviral effect associated with
inhibition of endosomal acidification with bafilomycin A1 was
linked to a virus uptake defect associated with the drug. This is also
consistent with other studies that showed that inhibiting endo-

somal acidification leads to a decrease in the steady state of endo-
cytic vesicle turnover (53, 54). Thus, these findings place HIV-1
within a productive entry route associated with target cell endo-
cytic vesicle uptake, yet these data are not consistent with results
from cell-free infections showing that disrupting endosomal acid-
ification can enhance infection (23, 52, 53), suggesting a funda-
mental difference between endosomal uptake of HIV-1 during
cell-free and cell-associated infection.

Productive entry of CCR5-tropic virus via target cell endocy-
tosis. Previous experiments were carried out with an X4-tropic
virus. Since CCR5 is the major coreceptor for HIV-1 on both
CD4� T cells and macrophages, we sought to confirm our findings
using R5-tropic virus in the PM1 cell line which expresses CCR5 in
addition to CXCR4 (55). We infected PM1 donor cells to a max-
imal rate of 5 to 10% GFP positivity with an R5-tropic reporter
virus, and cocultured them with PM1 target cells treated with the
CCR5 antagonist maraviroc both before and during coculture
transmissions. This treatment partially reduced the rate of p24
detectable in trypsin-resistant compartments in target cells (60%)
yet completely blocked GFP expression in target cells (Fig. 5A and
B), implying that a significant proportion of coreceptor binding
occurs inside target cells for R5-tropic virus, as seen with X4-
tropic virus (Fig. 1B).

We next used R5-tropic virus in PM1 cell-to-cell transmission
experiments in which we antagonized cellular dynamin function
by pretreating cells with dynasore. As with X4-tropic virus, this led
to a modest but reproducible reduction in the rate of target cell
infection (30%) at 24 h after pretreatment and drug washout
(Fig. 5B). Equally, when endocytosis was inhibited in target cells
via hypertonic sucrose pretreatment, productive infection of R5-

FIG 4 Endosomal acidification in target cells during cell-to-cell transmission.
(A) Relative p24 content of target cells during cell-to-cell transmission be-
tween PM1 cells using X4-tropic NL4-3-derived virus. Endosomal acidifica-
tion and turnover were antagonized by the pretreatment of target cells with
bafilomycin A. Representative flow cytometry data are shown. (B) Relative
reporter virus GFP expression of target cells during cell-to-cell transmission.
Endosomal acidification and turnover were antagonized by pretreatment of
target cells with bafilomycin A. Representative flow cytometry results are
shown. All data are means � SEM (n � 3); statistically significant results
relative to controls (black columns) are indicated.

FIG 5 Productive infection via dynamin-dependent endocytosis using CCR5-
tropic HIV-1. (A) Relative p24 content of target cells during cell-to-cell trans-
mission between PM1 cells using R5-tropic NL4-3-derived virus. Coreceptor
binding was antagonized by treatment of cells with the CCR5 antagonist mara-
viroc or the CXCR4 antagonist AMD3100. Some cells were treated with trypsin
prior to analysis. Representative flow cytometry data are shown. (B) Relative
reporter virus GFP expression of target cells in which coreceptor binding was
antagonized by treatment of cells with the CCR5 antagonist maraviroc or the
CXCR4 antagonist AMD3100. Representative flow cytometry results are
shown. All data are means � SEM (n � 3); statistically significant results
relative to controls (black columns) are indicated.
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tropic virus was again inhibited, yielding a 38% reduction in the
rate of infected target cells (Fig. 5B).

Notably, we never observed syncytia during infection of PM1
target cells with R5-tropic virus, even at 72 h postinfection. Given
that the same patterns of results were seen with X4-tropic and
R5-tropic virus, this further confirms that the previous results
with X4-tropic virus did not arise from cell-cell fusions.

Collectively, these data show that dynamin-dependent and
clathrin-mediated endocytosis is a viable and productive entry
route for R5-tropic as well as X4-tropic virus and that coreceptor
binding during this process may occur from within trypsin-resis-
tant compartments in the target cell.

Productive cell-to-cell infection of multiple CD4� T-cell
lines via endocytosis. Having established that productive infec-
tion of PM1 cells can occur via endocytosis in a dynamin- and
clathrin-dependent manner, we next asked if these findings were
applicable to other CD4� T-cell lines and allogeneic transmission
pairs (i.e., transmission between genetically distinct cells of the
same species). Therefore, we performed experiments using trans-
missions from infected Jurkat cells (maximally 5 to 10% GFP pos-
itive) to Jurkat cells pretreated with the dynamin antagonist dy-
nasore and found that this resulted in a 24% decrease in target cell
viral uptake (Fig. 6A). Similar findings were observed in RNAi
assays as induction of an anti-dynamin-2 shRNA in Jurkat target
cells (Fig. 6B) yielded a 61% reduction in viral p24 uptake and a
41% reduction in viral GFP expression in target cells (Fig. 6C). As
with PM1 cells, these results confirm that dynamin-mediated up-
take of virus between Jurkat cells can lead to productive entry and
infection.

We next analyzed the role of endocytosis during cell-to-cell
transmission between Jurkat cells. Hypertonic sucrose pretreat-
ment of Jurkat target cells reduced p24 uptake by 39% (Fig. 6A).
As with PM1 cells, we transduced Jurkat cells to express an shRNA
targeted to AP180 shRNA upon induction (Fig. 6B). The results
indicate a 30% reduction in Jurkat target cell p24 uptake, but, as
with PM1 cells, we observed an enhanced rate of infection (�2-
fold) (Fig. 6C).

To study if the endocytosis phenotype was also operative in allo-
geneic cell-to-cell transmissions, we performed studies in which HIV
was transferred from PM1 cells to Jurkat cells. Endocytosis was inhib-
ited with either hypertonic sucrose or by shRNAs. The data indi-
cate that PM1-to-Jurkat cell-to-cell transmissions occurred in a
dynamin-dependent manner as anti-dynamin-2 shRNA reduced
p24 uptake in Jurkat target cells by 40%. This treatment also led to
reductions in rates of viral GFP expression in Jurkat target cells
(43%), again indicating that the dynamin-dependent route was
important for HIV-1 infection (Fig. 6F). However, blockage of
clathrin-mediated endocytosis by hypertonic sucrose pretreat-
ment neither reduced nor enhanced target cell uptake of viral p24
nor affected subsequent viral GFP expression (Fig. 6F). Equally,
depletion of AP180 in target cells yielded similar data as expres-
sion of shRNAs against AP180 had no significant effect on viral
uptake and produced only a very modest increase in rates of target
cell infection (12%) (Fig. 6F).

These data led us to investigate whether there was deficit in
clathrin-mediated endocytosis in the Jurkat cells used in these
experiments, and so we assayed their ability to take up transferrin,
which is commonly incorporated into cells via clathrin-mediated
endocytosis. However, we found that this pathway was intact and
could be readily antagonized by hypertonic sucrose treatments

(data not shown). Therefore, although productive viral entry dur-
ing cell-to-cell transmission between PM1 cells and Jurkat cells is
dynamin dependent, this process appears to be independent of the
canonical route of clathrin-mediated endocytosis and cannot be
attributed to caveolar endocytosis.

To investigate if allogeneic HIV-1 transmissions were always
dysfunctional in the clathrin-associated antagonist-sensitive
route, we performed cell-to-cell transmissions from PM1 donor
cells to SupT1 CD4� T cells and pretreated the latter with hyper-
tonic sucrose. Virus transfer and transmission were found to be
reduced, as shown by a 45% reduction in p24 uptake and a 26%
reduction in viral GFP expression in SupT1 target cells (Fig. 6G).
Therefore, productive transmission to SupT1 cells from PM1 cells
involves a clathrin-mediated endocytic entry route, unlike trans-
missions from PM1 to Jurkat cells.

Productive infection of primary CD4� T cells via endocyto-
sis. Finally, we wished to confirm the role of the clathrin-mediated
endocytic entry route in primary activated CD4� T cells, the predom-
inant target of HIV-1 in vivo. We first purified primary CD4� T cells
from donor peripheral blood mononuclear cells (PBMCs) by nega-
tive selection and activated them via PHA stimulation for 72 h. We
then performed a cell-to-cell transmission assay with PM1 cells acting
as donor cells and cell tracker-stained, activated primary CD4� T cells
as targets. To inhibit endocytosis, primary CD4� T cells were pre-
treated with hypertonic sucrose prior to coculture. As with the other
transmissions, we found that hypertonic sucrose treatment of pri-
mary CD4� T cells significantly reduced the rate of target cell infec-
tion, i.e., �2-fold, relative to untreated controls.

To exclude artifacts arising from the use of a cell line as the
donor cell and because our prior analysis suggested that allogeneic
transmissions may be dysfunctional for the clathrin-associated
antagonist endocytosis uptake phenotype, we performed a series
of autologous transmissions between purified activated CD4� T
cells isolated from four individual donors. Cells were first acti-
vated by anti-CD3/anti-CD28 stimulation and then infected with
X4-tropic GFP reporter virus before use in cell-to-cell transmis-
sion assays using stained target cells isolated from the same donor.
Endocytosis was inhibited in target cells using both hypertonic
sucrose treatment and 2 �g/ml chlorpromazine. As with all prior
analyses, disruption of endocytosis in target cells reduced the rate
of infection, confirming that, as with cell lines, productive infec-
tion of HIV-1 via endocytosis is apparent in cell-to-cell transmis-
sion among primary activated CD4� T cells (Fig. 7B).

DISCUSSION

Using genetic and pharmacologic approaches to measure both
viral uptake and productive infection, we have now shown that
HIV-1 utilizes a dynamin-dependent endocytic entry pathway to
productively infect CD4� T cells during cell-to-cell transmission.
This was shown in a number of cell lines and is a finding also
demonstrated here in primary CD4� T cells. Given that all homol-
ogous transmissions and primary cell analyses converged on the
same phenotype, we propose that productive endocytosis during
cell-to-cell transmission occurs in vivo. By probing the viral entry
cascade with HIV-1 entry inhibitors, we have shown that entry
into trypsin-resistant compartments in target cells requires
gp120-CD4 interactions, while we also show that a significant pro-
portion of virus-coreceptor interactions, and all virus-cell fusion
events, can occur from within such compartments, supporting
prior findings (24, 36). These data were found for both X4-tropic
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and R5-tropic HIV-1, implying no fundamental difference in
their endosomal entry modes. Taken together, our findings on
HIV-1 entry inhibition and on inhibition of cellular endocytosis
suggest a mode of HIV-1 entry from within cellular endocytic
vesicles, allowing HIV-1 to enter the cell via dynamin-dependent
endocytic processes. These data are in agreement with a recent
study in which viral protease-mediated maturation of HIV-1
within cellular endosomes was shown to drive virus-cell mem-
brane fusion events within endosomes during cell-to-cell trans-

mission (24). Further, our data build on the findings of other
studies that describe viruses in endosome-like structures in target
cells engaged in virological synapses; these are likely to be engaged
in productive infection via dynamin-dependent endocytosis (21,
22). Finally, our data are consistent with findings of cell-free entry
of HIV-1, i.e., entry of virus into CD4� T cells in a dynamin-
dependent manner via cellular fusion in endosomes (28).

Conceivably, the reductions in target cell p24 uptake and GFP
expression that we observed might be due to a reduction in the

FIG 6 Productive infection via dynamin-dependent endocytosis in multiple CD4� T-cell lines. (A) Relative p24 content and reporter virus GFP expression of
target cells during cell-to-cell transmission between Jurkat cells using X4-tropic NL4-3-derived virus. Dynamin was antagonized with dynasore while endocytosis
was inhibited by hypertonic sucrose treatment. (B) Confirmation of dynamin-2 and AP180 knockdown in Jurkat cells via shRNA expression. shRNAs were
expressed via transduction and IPTG induction. Intracellular staining by flow cytometry confirmed knockdown; representative histograms and mean data are
shown. (C) Relative p24 content and reporter virus GFP expression of target cells during cell-to-cell transmission between Jurkat cells in which dynamin-2 or
AP180 was depleted via shRNA expression. (D) Expression of cell surface CD4 or CXCR4 on Jurkat cells 2 h following dynasore or hypertonic sucrose treatment.
Representative histograms are shown. (E) Cellular viability of Jurkat cells following treatment with endocytosis inhibitors relative to heat-killed cells. (F) Relative
p24 content and reporter virus GFP expression of target cells during cell-to-cell transmission from PM1 cells to Jurkat cells using X4-tropic NL4-3-derived virus.
Dynamin-2 was antagonized by shRNA expression, while endocytosis was inhibited by hypertonic sucrose treatment or expression of shRNAs against the clathrin
accessory protein AP180. (G) Relative p24 content and reporter virus GFP expression of target cells during cell-to-cell transmission from PM1 cells to SupT1 cells
using X4-tropic NL4-3-derived virus. Endocytosis was inhibited by hypertonic sucrose treatment. (H) Cellular viability of SupT1 cells following treatment with
endocytosis inhibitors relative to heat-killed cells. All data are means � SEM (n � 3); statistically significant results relative to controls (black columns) are
indicated.
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ability of endocytosis-inhibited cells to bring about interactions
with infected donor cells. However, the concept of endosomal
uptake is also supported by our antiviral analysis (Fig. 1), confirm-
ing that our results are not due to artifacts associated with disrup-
tion of endocytosis. We found no disruption of CD4 or coreceptor
levels in target cells after endocytosis treatments, which were also
shown to be nontoxic (Fig. 2, 6, and 7). Nor did we find a decrease
in the rate of cells measured as doublets (or larger) via pulse width,
irrespective of the treatments used to disrupt endocytosis, sug-
gesting that these treatments did not inhibit the formation of cell-
cell contacts and so should not inhibit the likelihood of virological
synapse formation (data not shown).

In this study, we made use of a number of small molecular
inhibitors of endocytosis, a common approach in the analysis of
cellular trafficking or cytoskeletal regulation. If toxicity and off-
target effects are controlled for, such analysis can be revealing,
especially if unrelated compounds and supporting genetic analy-
ses converge on the same phenotype as seen here (48, 49, 51). This
is an approach that has already been successfully employed to
study cell-to-cell transmission or endocytosis of HIV-1 (14, 28).
Although the phenotypes we report here are generally modest (�2
to 5-fold), we suspect that they are an underestimate due to pre-
treatment and washout of endocytosis inhibitors prior to analysis
or due to incomplete shRNA-mediated suppression of protein
expression. Thus, our data augment the body surrounding endo-
somal entry of HIV-1 by confirming that coreceptor binding and
virus-cell membrane fusion can occur from within target cells (24,
36) and show that dynamin-dependent endocytic pathways can
lead to productive HIV-1 cell-to-cell transmission, a process that
has thus far been ill defined.

One interpretation of our data may be that they indicate dy-
namin-dependent entry at the cell surface. Yet the use of antiviral
drugs that block HIV-1 entry in our study and others suggests that
most entry processes downstream of CD4 binding occur from
within trypsin-resistant compartments, compartments that we

along with other investigators interpret to be endocytic vesicles
(24, 36). Recent data also suggest a role for dynamin in regulating
cellular membrane fusion pores (56), leading to proposals that
dynamin may also regulate viral fusion pores, too (57). Indeed,
during cell-free entry of HIV, dynamin has been shown to regulate
viral fusion from within endosomes (28) though it appears unable
to mediate complete viral fusion at the cell surface (26). Nor do
our data regarding the pharmacologic inhibition of endocytosis
support the notion of dynamin-dependent cell surface entry (Fig.
3 and 4). Further, our antiviral analysis suggests that membrane
fusion occurs from within endosomes (Fig. 1). Thus, we consider
dynamin-dependent endocytosis to be the most valid conclusion
from our data. The two predominant dynamin-dependent endo-
cytosis uptake routes in cells are caveolar endocytosis and clath-
rin-mediated endocytosis. Caveolar uptake of HIV-1 in lympho-
cytes is unlikely, given their paucity of caveolin-1 expression and
apparent lack of caveolae (44–47). Although one study did note
caveolin-1 expression in primary CD4� T cells engaged in viro-
logical synapses, viral p24 was not found to colocalize with caveo-
lin-1 (22). Although we were not able to definitively implicate
clathrin-mediated endocytosis, due to our concerns regarding the
absolute specificity of sucrose and chlorpromazine, our AP180
depletion data suggest that this route does affect viral uptake, at
least in part. However, the enhanced infection rates seen with
AP180 depletion clouds this interpretation. Nonetheless, we con-
sider clathrin-mediated endocytosis to be the most likely uptake
route, a conclusion that is in agreement with prior studies of cell-
free HIV-1 infection (25, 58).

It is unclear why AP180 depletion should decrease viral uptake
but enhance infection. Such findings are reminiscent of those sur-
rounding the Lv2 restriction phenotype of HIV-2, in which deple-
tion of dynamin-2 or the clathrin adaptor AP-2 also led to en-
hanced infection (58, 59). The Lv2 studies suggested that diverting
virus out of endocytic pathways in which restriction is found can
rescue infection. Such a hypothesis may be tenable for our data,

FIG 7 Productive infection via endocytosis in primary CD4� T cells. (A) Relative reporter virus GFP expression of target cells during cell-to-cell transmission
from PM1 cells to PHA-activated primary CD4� T cells using X4-tropic NL4-3-derived virus. Endocytosis was inhibited by hypertonic sucrose treatment.
Representative flow cytometry results are shown. (B) Relative reporter virus GFP expression of target cells during autologous cell-to-cell transmissions between
anti-CD3/anti-CD28-activated primary CD4� T cells using X4-tropic NL4-3 derived virus. Endocytosis was inhibited by hypertonic sucrose treatment or 2
�g/ml chlorpromazine (CPZ). Mean results from four individual donors assayed in triplicate are presented. Representative flow cytometry results are shown. (C)
Cellular viability of primary activated CD4� T cells following treatment with endocytosis inhibitors relative to heat killed cells. All data are means � SEM.
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given descriptions of the interferon-induced transmembrane
family of proteins (IFITMs) as being associated with endocytic
pathways and modestly affecting HIV-1 replication (60, 61). An
alternative possibility is that AP180 depletion may somehow ren-
der the cell more amenable to viral infection, perhaps due to
AP180-lipid interactions (48), though this remains speculative
and was not seen with dynamin, which has significant membrane
shaping properties (38). A final possibility is that endosomal up-
take is more likely during cell-to-cell transmission due to the virus
being caught up in ongoing endocytic processes at the virological
synapse. From the endocytic vesicles, the virus might attain low-
efficiency entry which might, in part, be overcome by the high
multiplicity of infection associated with cell-to-cell transmission
(62). Therefore, depleting AP180 may divert virus entry into a cell
surface mode that is intrinsically more efficient but typically less
apparent at the virological synapse unless AP180 is depleted. Such
a hypothesis requires confirmation but is in agreement with a
compensatory link between cell surface and endosomal entry dur-
ing cell-free HIV-1 transmission (23). However, our data cannot
rule out indirect effects of AP180 depletion on endocytosis. Yet we
did see that the AP180- and sucrose-associated phenotypes, pres-
ent in autologous transmissions between PM1 cells or between
Jurkat cells, were both unapparent with these treatments in allo-
geneic transmissions between PM1 cells and Jurkat cells. This sug-
gests that both treatments do target the same virus uptake endo-
cytic pathway that became similarly defective during allogeneic
transmissions.

These data do provide clearer evidence of entry pathway flexi-
bility as allogeneic cell-to-cell transmissions of HIV-1 from PM1
cells to Jurkat cells were still dynamin dependent, but antagonism
of AP180 with shRNAs or disruption of endocytosis via hyper-
tonic sucrose treatment had no effect on either viral uptake or
transmission. Interestingly, no enhancement of infection with
AP180 depletion was seen either. Why transmission from PM1 to
Jurkat cells should not allow virus to enter via clathrin-mediated
endocytosis is unclear, but the data imply that in vivo phenotypes
might not always be recapitulated in allogeneic cell culture assays
of cell-to-cell transmission. This point is of some concern, given
that a significant proportion of published data on cell-to-cell
transmission of HIV-1 does involve such allogeneic transmis-
sions. However, cell-to-cell transmission of HIV-1 between CD4�

T cells in lymphoid tissue should only occur between autologous
cells; our autologous transmission data are consistent with the
notion that transmission via endocytosis occurs in vivo.

We are not alone in suggesting that HIV-1 entry during cell-
to-cell transmission might be flexible, and others have proposed
that this could account for variable observations regarding pro-
ductive endocytic entry of HIV-1 or in cell-to-cell transmission
(63–65), a viewpoint that might argue against excessive reliance
on single infection models. Given the range of infection models
that have been reported in the literature, future studies might
benefit from greater emphasis on primary cell and genetic analy-
ses. Nonetheless, it is already apparent that during cell-free infec-
tion HIV-1 can engage in both cell surface fusion and endocytic
entry in CD4� T cells, with different cell lines and viruses varying
in their capacities to support both entry modes (23, 25–27, 29).
HIV-1 has also been suggested to use macropinocytosis or nonca-
nonical dynamin-mediated endocytosis to enter macrophages
(39, 63, 66), with data showing that endocytic entry into macro-
phages depends on the cytokine environment, differentiation and

activation status, and overall function of the endosomal-lyso-
somal pathway (67). Further, HIV-1 can use caveolar endocytosis
to enter plasmacytoid dendritic cells (40). Thus, the evidence of
cell-free endosomal entry and pathway flexibility of HIV-1 is rap-
idly accumulating. When paired with studies suggesting endo-
somal entry during cell-to-cell transmission of HIV-1 (21, 22, 24)
and the data presented in the manuscript that identify a role for
dynamin-dependent endocytosis in productive infection, a pic-
ture emerges of a virus with considerable flexibility to use various
entry modes.

Several studies have not documented viral uptake by endocy-
tosis during cell-to-cell transmission of HIV-1 between T cells (5,
6, 20). As we have noted, the mix of experimental approaches used
makes it difficult to reconcile all differences. We have described
cell line-associated transmission deficits during allogeneic trans-
missions (Fig. 6), and a recent study has also now found evidence
for cell line-based differences during cell-to-cell HIV-1 transmis-
sion (65). It now remains to better define the circumstances that
dictate the likelihood of particular entry pathways being used by
either cell-free or cell-associated virus and to determine whether
differences in pathway utilization can explain the divergent data in
the literature (64).

Overall, we have shown that the cellular membrane scission
protein dynamin-2 is predominantly involved in mediating the
productive uptake of virus containing endocytic vesicles, resulting
in productive HIV-1 entry via the virological synapse. Defining
the remaining mechanisms underlying productive infection in
target cells during cell-to-cell transmission will be important.
There may still be some useful parallels between mechanisms in
found in immunological synapses despite the admittedly incom-
plete analogy with the virological synapse (68). For example, given
that HIV-1 can egress from infected CD4� T cells via the secretory
machinery used in CD4� T-cell immunological synapses (19),
there may be a role for coupled endocytosis and exocytosis (30) in
the HIV-1 virological synapse. Equally, intercellular protein trans-
fer processes such as trogocytosis and transendocytosis that are
thought to be active in immunological synapses may also be found
to be important for HIV-1 transmission (69). More widely, an
improved understanding of the role of target cell endocytosis may
help to resolve issues relating to the capacity of virus to evade
neutralizing antibodies during cell-to-cell transmission due to the
presence of HIV-1 within immunologically privileged endocytic
compartments (1, 20, 24, 65, 70–72). Hopefully, better under-
standing of cell-to-cell transmission will then lead to new or im-
proved therapeutic approaches for inhibiting HIV-1 infection.
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