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Background: Endocytosis has been postulated as a route of HIV entry into cells.
Results: Endocytosed virus led to productive infection of cells, except when cells were cultured with the anti-gp120 antibody

IgGb12.

Conclusion: Endocytosis may serve as a virus reservoir capable of inducing trans-infection.
Significance: The route of HIV transmission is important for understanding pathogenesis and drug therapy.

Cellular contacts between HIV-1-infected donor cells and
uninfected primary CD4* T lymphocytes lead to virus transfer
into endosomes. Recent evidence suggests that HIV particles
may fuse with endosomal membranes to initiate a productive
infection. To explore the role of endocytosis in the entry and
replication of HIV, we evaluated the infectivity of transferred
HIV particles in a cell-to-cell culture model of virus transmis-
sion. Endocytosed virus led to productive infection of cells,
except when cells were cultured in the presence of the anti-
gp120 mAb IgGb12, an agent that blocks virus attachment to
CD4, suggesting that endocytosed virus was recycled to the
outer cell surface. Confocal microscopy confirmed the colocal-
ization of internalized virus antigen and the endosomal marker
dynamin. Additionally, virus transfer, fusion, or productive
infection was not blocked by dynasore, dynamin-dependent
endosome-scission inhibitor, at subtoxic concentrations, sug-
gesting that the early capture of virus into intracellular compart-
ments did not depend on endosomal maturation. Our results
suggest that endocytosis is not a mechanism of infection of pri-
mary CD4 T cells, but may serve as a reservoir capable of induc-
ing trans-infection of cells after the release of HIV particles to
the extracellular environment.

Viruses are obligatory intracellular parasites that take advan-
tage of the host cell machinery to replicate and spread from
infected to uninfected cells (1-3). Cell-to-cell transmission has
been shown to be a highly efficient mechanism of virus spread
(4, 5), and its relevance for in vivo dissemination in the active
sites of replication, namely, primary and secondary lymphoid
tissues, seems probable. HIV may be transferred from infected
to uninfected CD4 " cells (6, 7) by a mechanism that requires
intimate cell-to-cell contacts involving the HIV envelope glyco-
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protein gp120 and the CD4 receptor but also accessory cell
surface proteins (8). Virus-cell fusion and initiation of a pro-
ductive infection require engagement to CD4 and to one of the
two alternative coreceptors, CCR5 or CXCR4. The various
steps in the mechanism of virus entry are considered targets for
anti-HIV intervention (9, 10).

Cell-to-cell transfer of HIV particles may be blocked by
agents that prevent virus attachment, such as the anti-CD4
monoclonal antibody (mAb) Leu3a, the anti-gp120 mAb
IgGb12, or the CD4-IgG2 fusion protein PRO542 (11), but is
resistant to HIV entry inhibitors targeting virus coreceptors or
gp41-dependent fusion (7, 12), suggesting that virus attach-
ment to CD4 is the sole factor necessary to induce the uptake of
HIV particles (13) and that virus capture may occur in the
absence of virus fusion and the initiation of a productive infec-
tion. Endocytic internalization and endosomal acidification
have been shown not to be required to activate HIV entry into
the cytoplasm (14-17).

Alternatively, several lines of evidence support clathrin-de-
pendent endocytosis as an infectious pathway (12, 18 -21). HIV
fusion with endosomal membranes has been observed by elec-
tron microscopy (22). Daecke et al. (23) proposed a role for
endocytosis in productive entry of HIV-1 by using trans-dom-
inant negative proteins that interfered with specific clathrin-
endocytic routes and effectively blocked virus replication.
Complete fusion of HIV particles with HeLa cells has been
observed to occur within endosome membranes (20), but com-
plete fusion was blocked when endocytosis was inhibited (24).
Recent data suggest that after cell-to-cell transfer, virions first
need to undergo maturation within endosomes, delaying mem-
brane fusion and reducing sensitivity to patient antisera com-
pared with cell-free virus (25). Thus, the role of endocytosis in
HIV replication and whether or not endocytic virus transfer
represents an escape mechanism from the immune system or
therapeutic agents remain highly controversial (5, 26).

Here, we show that primary CD4™" T lymphocytes take up
virus particles into dynamin-containing compartments even in
the presence of the endosome-scission inhibitor dynasore.
Moreover, purified cells carrying endocytosed virus particles
did not become productively infected if cultured in the pres-
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ence of HIV attachment inhibitors such as the anti-gp120 mAb
IgGb12, suggesting that endocytosed virus was recycled to the
cell surface to initiate a productive virus infection.

EXPERIMENTAL PROCEDURES

Cells—Peripheral blood mononuclear cells from healthy
donors were purified by Ficoll-Hypaque sedimentation. CD4™"
T lymphocytes were immediately purified (>95%) from periph-
eral blood mononuclear cells by negative selection using the
CD4™" T cell enrichment kit (Stem Cell Technologies, Vancou-
ver, Canada) and grown in RPMI 1640 L-glutamine medium
(Invitrogen) supplemented with 10% (R10) heat-inactivated
fetal calf serum (FCS; Invitrogen), 100 units/ml penicillin, and
100 pg/ml streptomycin. When needed, CD4™ T cells were
stimulated with phytohemagglutinin (PHA; Sigma) at 4 ug/ml
and 6 units/ml interleukin 2 (IL-2; Roche Applied Science).
MOLT-4 lymphoid cells (AIDS Reagent Program, National
Institutes of Health, Bethesda, MD) were cultured in R10.
Chronically HIV-1-infected MOLT cells were generated after
the infection of MOLT cells with the NL4-3 X4 HIV-1
(MOLT 1 4.5) (23, 24). After the infection peak, the persistently
infected culture was grown and characterized for Env expres-
sion and virus production. HEK293-T cells (AIDS Reagent Pro-
gram) were cultured in Dulbecco’s modified Eagle’s medium
(DMEM,; Invitrogen) supplemented with 10% heat-inactivated
FCS, 100 units/ml penicillin, and 100 pg/ml streptomycin.

Cocultures of Infected and Uninfected Cells—Nonstimulated
primary CD4" T cells (to minimize virus replication) were
cocultured with uninfected or HIV-1 persistently infected
MOLT 45 cells as previously described (11, 18, 19). Purified
CD4™ T cells were first labeled with the cell tracker CMFDA
(Molecular Probes) and washed before being mixed with
MOLTy, 4 5 cells. Briefly, 2.5 X 10° of both infected and target
cells (1:1 ratio) were cocultured in 48-well culture plates in a
final volume of 1 ml in the absence or presence of the following
HIV-1 inhibitors: 80 nM neutralizing anti-gp120 mAb IgGb12
(Polymun Scientific, Wien, Austria); 4 uMm reverse transcriptase
(RT) inhibitor 3-azido-3-deoxythymidine (AZT)* 12.5 um
AMD3100 or 80 um dynamin inhibitor dynasore (all from
Sigma-Aldrich). Cocultures were incubated overnight at 37 °C.
The capture of CAp24 antigen by primary CD4" T cells was
evaluated by flow cytometry as shown before (10, 11, 25, 27, 28).
Prior to staining, cells were trypsinized to eliminate HIV-1 par-
ticles bound to the cell surface. For trypsin treatment, cells were
washed with phosphate-buffered saline (PBS) and treated for 8
min at room temperature with 0.25% trypsin solution (Invitro-
gen). Trypsin was stopped by addition of FCS, and cells were
then washed with PBS. For intracellular staining, cells were
fixed, permeabilized (Fix & Perm; Caltag, Burlingame, CA), and
stained with the anti-HIV-CAp24 antigen mAb KC57
(Coulter). Cells were analyzed in a LSRII flow cytometer (BD
Bioscience) and identified by morphological parameters and
CMEFDA staining.

“The abbreviations used are: AZT, 3-azido-3-deoxythymidine; BFLA1, bafilo-
mycin A1; CMFDA, 5-chloromethylfluorescein diacetate; CON A, concana-
mycin A; PHA, phytohemagglutinin; PMA, phorol 12-myristate 13-acetate.
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Isolation of Target CD4" T Cells—CMFDA-loaded target
CD4" T cells were purified (>99% purity) from MOLT 4 5
cells by fluorescence-activated cell sorting (FACSAria II, BD
Biosciences). After separation, contaminating MOLT; , 5
cells (<1%) were assessed by FSC/SSC parameters using flow
cytometry. The possible contribution to infection of persisting
MOLT 4 5 cells (<1%) was evaluated using the coculture
performed with the mAb IgGb12, a condition where HIV-1
uptake into CD4™" T cells is blocked, and therefore, infection of
purified CD4" T cells would only come from remaining
MOLT, 4 5 cells.

Culture of HIV-1-loaded Cells—Isolated CD4™ T cells from
each initial coculture condition were subdivided in three and
cultured for 5 days in the following medium conditions: (i) 80
nM mADb IgGb12; (ii) 80 nm mAb IgGb12 and 4 um RT inhibitor
AZT; or (iii) left untreated. CD4* T cells were activated by
adding 4 ug/ml PHA and 6 units/ml IL-2 to the medium. After
5 days, infection in target cells was assessed by enzyme-linked
immunosorbent assay (ELISA) for HIV-CAp24 antigen detec-
tion in culture supernatants (Genscreen HIV-1 Ag EIA; Bio-
Rad Laboratories).

Determination of Anti-HIV Activity in Cell-free Virus Infec-
tions and Cell-Cell Transfer—The anti-HIV activity using cell-
free virus infections was determined as described before (27).
Briefly, PHA-activated CD4" T lymphocytes (1.5 X 10° cells/
well) were incubated with HIV-1,; , 5 (200 TCID,,/10° cells) or
mock-infected during 7 days at 37 °C, 5% CO, in the presence of
different concentrations of the corresponding test compound.
HIV-1 CAp24 antigen production in the supernatant was mea-
sured by a commercial ELISA test as described above. To deter-
mine cytotoxicity, mock-infected cells were harvested and fixed
with 1% formaldehyde. Cell death was quantified by flow
cytometry in forward versus side scatter plots. Dead cells
showed increased side and reduced forward scatter values com-
pared with those of living cells. Anti-HIV activities were deter-
mined in at least three independent experiments, performed in
triplicate. To evaluate the anti-HIV activity in cell-cell transfer,
overnight cocultures between isolated primary CD4" T cells
(2 X 10°) and uninfected or infected MOLT y; , 5 cells (2 X 10°)
were performed in the presence of serial dilutions of the corre-
sponding test compounds. Virus transfer was measured as
described above. The 50% effective concentration (EC,,) and
the 50% cytotoxic concentration (CCy,) were calculated for cell
free-virus infections and cell-cell CAp24 antigen transfer. Bafi-
lomycin A1 (BFLA1) and concanamycin A (CON A) were pur-
chased from Sigma.

Infection with Viruses Released from Antigen-loaded Cells—
Cocultures between freshly isolated primary CD4™ T cells and
uninfected or infected MOLT,;, 5 cells were performed as
described above. After 6 h of coculture, to minimize the possi-
bility of CD4" T cell infection, target cells were sorted (>99%
purity) as indicated above, and recovered target cells were cul-
tured (5 X 10° cells/condition) in the presence or the absence of
80 nm IgGb12 to prevent productive infection. After 12 h of
culture, the presence of CAp24-antigen was evaluated both in
the supernatant and in the purified cells by intracellular CAp24
antigen staining as indicated above. Total viral DNA was also
quantified by PCR as indicated below using infected CD4" T
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cells as a positive control. For each condition, 20 ul of superna-
tant was used to infect 3 X 10* MT4 cells for 5 days. Infection of
MT4 T cells was evaluated by quantification of supernatant
CAp24-antigen content.

Quantitative Real-time PCR for Total HIV-1 DNA Detection—
Total DNA was quantified as described before (28, 29). Briefly,
purified CD4" T lymphocytes were centrifuged, supernatant
was removed, and pellets were frozen. Total cellular DNA was
extracted using QIAamp DNA extraction kit (QIAamp DNA
Blood mini kit; Qiagen) as recommended by the manufacturer.
Quantitative amplification of LTR for viral entry detection was
performed using the following primers and probe (forward, 5'-
GACGCAGGACTCGGCTTG-3; reverse, 5'-ACTGACGCT-
CTCGCACCC-3' and probe 5'-TTTGGCGTACTCACCAG-
TCGCCG-3' labeled with the fluorophore FAM and the
quencher TAMRA). To normalize HIV copy values/cell, ampli-
fication of cellular RNaseP gene was performed using TagMan®
RNaseP Control Reagents Kit (Applied Biosystems). DNA
extracted from 8E5/LAV cells (harboring one copy of inte-
grated HIV-1/cell) was used to build a standard curve. The PCR
was performed in a total volume of 50 ul using 1X TagMan®
Universal PCR Master Mix (Applied Biosystems, Roche), 0.9
M concentration of the primers, 0.25 um probe, and 5 ul of the
DNA sample. Reactions were analyzed with the ABI PRISM
7000 instrument using SDS 1.1 software (Applied Biosystems).
For each condition, the amount of the total viral DNA/cell was
normalized to untreated sample with IgGb12, and results are
expressed as the relative percent increase.

Virus-Cell Fusion Assay— The quantification of the virus-cell
membrane fusion was quantified as described before (30).
Briefly, 1 X 10° HEK293-T cells were cotransfected with 0.4 ug
of both the NL4-3 HIV provirus plasmid (pNL4-3 from the
AIDS Reagents Program) and a plasmid carrying the Vpr gene
fused with B-lactamase (Vpr-BlaM; pMM310 from the AIDS
Reagents Program). After 48 h, transfected HEK293-T cells
were cocultured overnight with primary CD4" T lymphocytes
as described above. Cells were then recovered and loaded with
the CCF2-AM loading kit (Invitrogen) following the protocol
provided by the manufacturer. Cells were incubated for 1 h at
room temperature, then washed and immediately fixed. The
change in emission of the cleaved CCF2 generated by the Vpr-
BlaM chimera was measured by flow cytometry.

Evaluation of Dynasore Activity—Primary CD4" T lympho-
cytes were pretreated with or without different concentrations
of dynasore starting at 160 uM, for 30 min at 37 °C. Then, pre-
treated CD4" T lymphocytes were cultured in the presence or
the absence of phorbol 12-myristate 13-acetate (PMA; Sigma)
at 1 pg/ml for 30 min at 37 °C. Cells were fixed with 1% form-
aldehyde and after washes with PBS, stained for CD4 expres-
sion with anti-CD4 mAb conjugated with the fluorochrome
FITC (BD Bioscience). Analysis of cells was performed by flow
cytometry.

Immunofluorescence, Confocal Microscopy, and Quantifica-
tion of Colocalization—For immunofluorescence staining,
cocultures of primary CD4™" T cells with uninfected or infected
MOLT,y; 45 cells were performed as described above. Samples
were trypsinized to remove potentially bound viruses into the
cell surface and after subsequent washes with PBS cells were
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FIGURE 1. CD4-dependent transfer of HIV antigen after cell-to-cell con-
tacts. A, experimental procedure was overnight cocultures of MOLT 5 cells
with primary CD4* T lymphocytes. B, cocultures were performed in the pres-
ence of 80 nm anti-gp120 mAb IgGb12; 4 um RT inhibitor AZT; 12.5 um CXCR4
antagonist AMD3100; 80 um dynamin inhibitor dynasore (DYN); 100 nm
BFLA1, and 20 nm CON A. Results are represented as the percentage of intra-
cellular CAp24™ target cells, using the coculture between CD4™ T cells and
uninfected MOLT cells as a negative control. Results are the mean = S.D. (error
bars) of three independent experiments (**, p < 0.005; *, p < 0.05).

fixed, permeabilized (Fix & Perm), and incubated for 1 h at
room temperature with the anti-CAp24 mAb KC57-FITC
(Coulter) and the CD4-PE (BD Bioscience) or with the goat
anti-human-dynamin antibody (clone N-19, Santa Cruz Bio-
technology). For dynamin staining, cells were then washed and
incubated for 1 h at room temperature with the donkey anti-
goat Alexa Fluor 647-conjugated secondary antibody (Molecu-
lar Probes, Invitrogen). Cells were adhered onto glass slides
using cytospins (Thermo Scientific) and mounted with Prolong
Gold antifade reagent (Invitrogen). Images were acquired on a
Leica TCS SP5 AOBS confocal microscope (Leica Microsys-
tems CMS GmbH, Mannheim, Germany). Z-sections were
acquired at 0.5-um steps using an Argon 488/458 and HeNe
633 lasers and a plan Apochromat 63 X 1.4 oil objective, sup-
plied with the imaging software LAS AF (Leica Microsystems).
Determination of the colocalization coefficient between CAp24
protein and the CD4 receptor or dynamin protein was per-
formed using single Z-stacks and evaluated with LAS AF
software.

Statistical Analysis—Student’s ¢ test was used to determine
statistical significance (**, p < 0.005 or *, p < 0.05) between
values.

RESULTS

HIV Transmission during Cell-to-cell Cocultures—Overnight
cocultures of HIV-1 NL4-3 persistently infected MOLT-4/
CCR5 cells (MOLT 4_5) with CMFDA-loaded nonstimulated
primary CD4" T lymphocytes were evaluated by flow cytom-
etry. After overnight coculture, intracellular staining of capsid
p24 (CAp24) HIV antigen was detected in 23% of target cells
(Fig. 1). The transfer of viral antigens to uninfected cells was
clearly blocked by the neutralizing anti-gp120 mAb IgGb12
(95% of inhibition compared with the untreated condition), but
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TABLE 1

Potent postattachment inhibitors of HIV replication do not block cell-
to-cell transfer of virus

Anti-HIV-1 activity

Cell-to-cell HIV-1 Transfer

Compound EC,,* CCy,° EC,,° CCy*
M M M M
AMD3100 0.018 = 0.0023 >0.125 No effectat 62 um  >62
AZT 0.0021 £ 0.0003 >0.4 No effectat 20 um  >20
IgGb12 0.0003 £ 0.0001 >0.04 0.0006 = 0.0001 >0.4
Dynasore No effect at 40 um 40 No effect at 80 um 250

“ EC5: Effective concentration needed to inhibit 50% replication of the wild-type
HIV-1NL4 -3 strain in peripheral blood mononuclear cells.

? CCy,: Cytotoxic concentration needed to induce 50% death of noninfected cells,
evaluated by morphology changes using flow cytometry 7 days after infection.

¢ EC5: Effective concentration needed to block 50% of HIV-1NL4-3-antigen
transfer in CD4™ T cells determined by intracellular CAp24 antigen staining
after overnight cocultures between HIV-infected MOLT\; 4.5 cells and primary
CD4™" T cells.

9 CCs, evaluated after overnight cocultures.

was not inhibited by the RT inhibitor AZT or the dynamin-de-
pendent endosome-scission inhibitor dynasore (21 and 22% of
p24™ cells, respectively) despite using high drug concentrations
(2000-fold higher than the EC,, of AZT under cell-free infec-
tion conditions, Table 1). Macrolide antibiotics such as BFLA1
and CON A that prevent endosome and lysosome acidification
did not have any effect on virus uptake (Fig. 1B).

Interestingly, in the presence of the coreceptor antagonist
AMD3100 the uptake of HIV particles by the target cells
increased roughly 3-fold compared with untreated condition
(65% of target cells were positive for CAp24 antigen staining)
even when cells were cocultured with ~700-fold higher EC,
(Table 1). Taken together, these results confirmed that cellular
contacts between infected lymphoid cells and primary CD4" T
lymphocytes triggered CD4-dependent transmission of high
amounts of HIV-1 particles from infected to uninfected cells.

To evaluate virus-cell fusion, HIV-1 NL4-3 transfected Vpr-
BlaM " HEK293-T cells were cocultured with target CD4" T
cells and fusion was measured by detection of cleaved CCF2. As
expected, mAb IgGb12 completely blocked virus-dependent
fusion similar to the observed inhibition of virus capture (Fig.
2). Conversely, AMD3100 blocked virus-cell fusion (Fig. 2)
although it did not block but significantly increased virus trans-
fer (Fig. 1). AZT or dynasore did not prevent cleavage of CCF2,
suggesting that virus antigen was passively transferred to CD4™"
T cells in the absence of virus cell fusion as noted in the
AMD3100-treated cells.

Productive Infection Did Not Occur from within Intracellular
Compartments—We hypothesize that internalized virus after
cell-to-cell transfer could not fuse from within intracellular
compartments. To evaluate the fate of internalized HIV-1 par-
ticles captured by CD4" T cells after cell-to-cell transfer,
CMFDA-loaded target CD4" T cells were purified from
infected MOLT; ,_5 lymphoid cells by fluorescence-activated
cell sorting (>99% purity). Following separation, purified
CD4" T cells were trypsinized to eliminate virus bound to the
cell surface. Trypsin treatment dramatically reduced the
expression of CD4 in purified T cells; however, CAp24 antigen
staining was not significantly reduced (data not shown), sug-
gesting that captured virus resided in intracellular compart-
ments. Immediately after washings, for each initial coculture
condition, target cells were subdivided in three and left in cul-
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FIGURE 2. IgGb12 and AMD3100 but not dynasore blocked virus-cell
fusion after cell to cell transfer of virus. A, experimental procedure: meas-
urement of viral fusion in cocultures of HEK293-T cells transfected with
pNL4-3 and Vpr-BlaM plasmids and primary CD4 ™ T cells. B, dot plots of CCF2-
loaded cells (FITC-labeled) versus CCF2-cleaved cells (Pacific blue-labeled). A
representative experiment is shown. C, relative increase of CCF2-cleaved tar-
get cells compared with untreated condition. Data are the mean = S.D. (error
bars) of three independent experiments (**, p < 0.005; *, p < 0.05) (DYN,
dynasore).

ture during 5 days in drug-free medium or in the presence of the
mAb IgGb12 or IgGb12+AZT (Fig. 3A). Drug concentrations
used clearly ensure complete inhibition of infection (300-fold
and 2000-fold higher EC,, for IgGb12 and AZT, respectively,
Table 1). Dynasore was not included as it was cytotoxic in long
term cultures (data not shown). Virus production is low to
undetectable in nonstimulated cells (18, 31, 32); thus, PHA/
IL-2 was added to the medium to promote virus replication.
After 5 days in culture, CAp24 antigen in cell supernatant (Fig.
3B) and total viral DNA detection by quantitative PCR (Fig. 3C)
were evaluated as a measure of virus replication and indicated
that antigen-loaded cell cultures became productively infected
after PHA/IL-2 activation in the absence of inhibitors in the
culture medium (Fig. 3, gray bars). Virus production was in
concordance to the amount of virus transferred during the
coculture phase (Fig. 1). Thus, in the absence of antigen transfer
(IgGb12-treated coculture), no virus production was found.
Conversely, the high uptake of CAp24-antigen in the
AMD3100-treated cocultures coincided with an increase in
virus production in purified cells. The RT inhibitor AZT did not
prevent virus transfer or fusion and partially blocked superna-
tant CAp24 antigen production or total DNA detection as a
consequence of being present only during the coculture phase.
However, when IgGb12 was present during the purified cell
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FIGURE 3. Infection of CD4™ T cells by HIV particles captured into trypsin-resistant compartments was inhibited by mAb IgGb12. A, experimental
procedure: isolation and culture of CAp24-loaded CD4 " T cells. After 5 days of culture, HIV infection was assessed by supernatant CAp24 antigen production,
expressed in pg/ml (B) and quantification of total viral DNA as the copy number of total DNA/RNaseP, expressed relative to the untreated condition (cells
untreated during the coculture and culture phase) (C). Results represent the mean = S.D. (error bars) of three independent experiments (**, p < 0.005; *, p <

0.05) (DYN, dynasore).

culture phase (Fig. 3, black and white bars), virus replication
was significantly blocked irrespective of the condition used
during the coculture phase (Fig. 3, x axis, angled labels). Taken
together, these results indicate that the conditioned medium
with IgGb12 prevented internalized virus particles from initiat-
ing a productive infection. Virus needed to reach the extracel-
lular environment to initiate a productive infection, an event
that could only occur when the attachment inhibitor, mAb
IgGb12, was not present.

Infection by HIV Particles Released from Antigen-loaded Cells—
Our results suggest that the inability of virions to infect cells
from within endosomal compartments could promote the recy-
cling of HIV particles to the cell surface that could later infect
bystander cells. To further explore this hypothesis, antigen-
loaded primary CD4" T lymphocytes were sorted after short
term cocultures (6 h) with infected MOLT , 5 cells (Fig. 44).
IgGbl2-treated coculture, in which CAp24-antigen transfer
was completely blocked, was used to control the effect of con-
taminant MOLT ;, 5 cells (<0.1%). Once purified, antigen-
loaded CD4 ™" T cells were left in culture for 12 h in the presence
or the absence of IgGb12 to restrict reinfection events while
allowing release of virions in the supernatant. The CAp24-an-
tigen found in the supernatant was concordant with the level of
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intracellular CAp24-antigen in loaded target cells (Fig. 4B).
Total DNA in purified target cells was measured to ensure that
antigen-loaded cells did not become infected during the culture
(Fig. 4C). Compared with infected control cells, target cells
remained negative, suggesting that particles found in the super-
natant did not come from new infection events but released
from endocytic compartments. Supernatants were collected
after 12 h and used to infect lymphoid MT4 T cells (Fig. 4D).
The supernatants from untreated and AMD3100-treated cul-
tures were able to establish a productive infection in M T4 cells.
Conversely, the supernatant of the IgGb12 condition could not
infect target cells, indicating that infection was not generated
from contamintant MOLT,; , 5 cells. These results indicate
that antigen-loaded cells did not become infected but were able
to infect bystander CD4™ cells after recycling of HIV to the cell
surface and release to the cell supernatant.

Dynasore Did Not Block Uptake or Infection of CD4" T Cells—
Dynasore (80 um), a dynamin-dependent endosomal scission
inhibitor, has been shown to block the infection of HeLa cells,
suggesting that endosomal uptake was a prerequisite for fusion
and infection (20). We and others have shown that cell-to-cell
transfer of HIV may occur through an endocytic process in
which virus antigen is colocalized with clathrin and dynamin
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FIGURE 4. Trans-infection by released HIV viruses from antigen-loaded cells. A, in this experimental procedure, supernatants from cocultures were
collected and used to infect MT4 T cells. B, after 12 h of culture, p24-antigen content was evaluated in the supernatant (white bars) and in the purified cells (black
bars) by CAp24 ELISA and intracellular CAp24 antigen staining, respectively. C, total viral DNA was also quantified in purified cells by PCR using infected CD4 "

T cells as a positive control. Results represent the total viral DNA copy number re

lative to the cellular control gene RNaseP. D, infection of MT4 T cells by collected

supernatants was evaluated at day 5 by supernatant CAp24-antigen content. Data are the mean = S.D. (error bars) of three independent experiments.

(12,18,19,21, 33). However, dynasore did not prevent the CD4-
dependent uptake of HIV antigen into target cells (Fig. 1), did
not prevent virus replication in antigen-loaded, activated cells
after cell-to-cell transfer of virus (Fig. 3), and was devoid of
antiviral activity in peripheral blood mononuclear cells at sub-
toxic concentrations (Table 1). Conversely, dynasore blocked
the PMA-induced down-regulation of the CD4 receptor in pri-
mary CD4" lymphocytes (Fig. 5), a process that involves a
clathrin-dependent endocytic pathway (34).
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To analyze the effect of dynasore in dynamin function during
HIV uptake we performed a colocalization analysis between
HIV Gag antigen (CAp24) and dynamin in untreated or dyna-
sore-treated cocultures (Fig. 6A). Colocalization coefficients of
0.73 and 0.75 between CAp24 antigen and dynamin protein
were calculated in both untreated and dynasore-treated cocul-
tures respectively, indicating that early compartmentalization
of HIV particles was associated with the dynamin endocytic
machinery, but could not be blocked by an agent targeting the
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FIGURE 5. Dynasore prevents PMA-induced down-regulation of CD4
receptor. Primary CD4™ T lymphocytes were pretreated for 30 min with or
without 160, 80, 16,4, and 1 um of dynasore and then cultured in the absence
(white bars) or the presence of PMA at 1 ug/ml (black bars) for an additional 30
min. Then, cells were fixed with 2% of formaldehyde, and surface CD4 expres-
sion (mean fluorescence intensity, MFI) was evaluated with an anti-CD4 mAb.
Cells were analyzed by flow cytometry and identified by morphology. Dyna-
sore inhibited PMA-induced CD4 down-regulation in a dose-dependent man-
ner. Data are the mean = S.D. (error bars) of three independent experiments.
* p < 0.05.

scission of early formed endosomes. Colocalization between
HIV Gag antigen (CAp24) and CD4 receptor in untreated or
dynasore-treated cocultures between primary CD4" T cells
and infected MOLT\ , 5 cells showed similar colocalization
coefficients (0.78 and 0.84 for untreated and dynasore-treated
conditions, respectively) (Fig. 6B).

DISCUSSION

Complete fusion of HIV particles within endosomal mem-
branes has been used to indicate that internalization of HIV
particles through an endocytic pathway was required for
infection (20, 24). Here, we show, using primary CD4 T lym-
phocytes, that cell-to-cell contacts between HIV-infected
and uninfected cells induced the endocytic uptake of viral
particles into trypsin-resistant, dynamin-enriched compart-
ments. Only the inhibition of gp120-CD4 interaction (virus
attachment to CD4) could block the transfer of HIV parti-
cles. Conversely, the addition of the coreceptor inhibitor
AMD3100 induced the accumulation of virus particles lead-
ing to massive endocytosis into cells in which the virus-cell
fusion process was completely arrested (18, 25, 33). Activa-
tion of purified antigen-loaded cells initiated a productive
infection but only when cells were cultured in the absence of
mAb IgGbl2, an inhibitor of virus attachment to CD4.
IgGb12 should be unable to penetrate the cell surface. How-
ever, we cannot completely exclude the possibility of an anti-
body such as IgGb12 to enter already formed intracellular
compartments containing HIV particles.

These results suggest that endocytosed viral particles could
not initiate a productive infection from within endosomes in
primary CD4™" T cells (i.e. by virus fusion to the endosomal
membrane). We hypothesize that endocytosed viruses could
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only induced infection in trans (trans-infection) because they
were required to resurface and reach the extracellular environ-
ment and engage CD4 leading to virus-cell fusion and replica-
tion, a condition that could only be achieved in the absence of
an attachment inhibitor in the cell supernatant. We have shown
that antigen-loaded cells may release virus particles (11), and
cocultures of antigen-loaded T cell with U87-CD4 target cells
may lead to infection of the U87-CD4 cells (18), indicating the
possibility of trans-infection. Here, we demonstrate that super-
natant from purified antigen-loaded, but viral DNA-negative T
cells, released virus to the supernatant that later infected MT4
cells, strongly suggesting that antigen-loaded cells trans-infect
bystander CD4™ T cells.

Recent data indicate that prior to membrane fusion, virions
may need to undergo maturation after cell-to-cell transfer of
HIV-1 (25), a process that might be impaired or further delayed
in nonstimulated primary CD4™ T cells, and thus, productive
infection was only possible after virus recycling to the cell sur-
face. Moreover, virion maturation may allow the virus to trans-
fer from cell-to-cell in a conformation immunologically distinct
that might escape the detection by neutralizing antibodies.
However, these findings are in contrast to data showing that
anti-gp41 antibodies 4E10 and 2F5 did not block the transfer of
HIV particles from infected to target cells but blocked produc-
tive infection of target cells (35), suggesting that HIV infection
between T cells is transmitted by a neutralization-sensitive
mechanism (4, 35). Our results reinforce the idea that endocy-
tosed virus after cell-to-cell contacts may represent an itinerant
virus reservoir able to induce the trans-infection of bystander T
cells, but not leading to effective virus fusion or replication from
within internal endosomal compartments. The contribution of
this mechanism in the pathogenesis of HIV in vivo still needs to
be completely clarified but should be taken into account when
developing new antiviral strategies (36).

Using confocal microscopy, we found clathrin and dynamin
proteins colocalized with HIV particles (33) which in turn were
colocalized with CD4 (Fig. 6). However, dynasore, a dynamin-
dependent endosomal scission inhibitor previously shown to
block virus replication in HeLa cells (20, 24), did not prevent
virus capture, virus cell fusion, and virus replication after cell-
to-cell transfer to primary CD4™ T cells. In concordance, pre-
vious observations indicated that VSV-G-pseudotyped HIV
infection could not be inhibited after dynasore treatment, sug-
gesting that VSV and HIV envelopes mediate distinct modes of
virus entry (37). Moreover, it has been demonstrated that dyna-
sore inhibits clathrin-mediated endocytosis at two different
steps. The ultrastructural analysis of the effect of dynasore on
clathrin-coated structures shows the appearance of “U” and “O”
shape-coated pits associated with the plasma membrane (38).
Consequently, internalization of CAp24 antigen into the “ini-
tial” coated pits in the presence of dynasore cannot be ruled out.
Altogether, it appears that internalization of particles initially
required the endocytic machinery, and dynasore might not be
able to inhibit the initial formation of these endocytic compart-
ments. Blocking HIV endocytosis (e.g. with dynasore) without
preventing virus replication would be the ultimate proof of
endocytosis not being necessary for infection. This could not be
achieved with dynasore at nontoxic concentrations, and there-
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FIGURE 6. Uptake of HIV particles into intracellular CD4" compartments in primary T lymphocytes was not blocked by dynasore. Primary CD4* T
lymphocytes were cocultured overnight with HIV-infected MOLT 45 cells in the presence or the absence of dynasore (80 um). Recovered cells were trypsinized
to remove membrane-bound viruses and immunostained with antibodies against HIV CAp24 antigen, CD4 receptor, and dynamin. Sections of single target
CD4™" T cells were viewed and analyzed by confocal microscopy. Colocalization between (A) HIVp24 antigen (green) and dynamin protein (red) or between (B)
HIVp24 antigen (green) and CD4 receptor (red) was performed for uninfected (upper panels), untreated (middle panels), and dynasore-treated (lower panels)
cocultures. The images show the phase-contrast (left column), the single stainings, the overlay (yellow), and the colocalized pixels (white). ACD4 ™ Tlymphocyte
representative of each coculture is shown from at least two independent experiments.

fore, the hypothesis remains unresolved. However, we clearly
show that internalized virus required to resurface to initiate a
productive infection, suggesting that endocytosis may not be a
route of productive infection.

The development of new small molecule inhibitors of clath-
rin-coated pit assembly (Pitstop) allowed better characteriza-
tion of clathrin functions within the endocytic network (39).
Pitstop-induced inhibition of clathrin terminal domain inter-
feres with receptor-mediated endocytosis and synaptic vesicle
recycling and has been shown to increase the lifetime of clath-
rin-coated components, including dynamin. These agents were
also shown to block HIV entry in HeLa cells, but it remains to be
resolved whether inhibition of virus replication was due to pre-
venting virus-endosome fusion or the recycling of HIV parti-
cles. Importantly, the antiviral activity of endosome function
should be evaluated in primary T cells that better model the
interactions between virus and cell functions.

Nef-induced down-regulation of CD4 results in internaliza-
tion and degradation of surface CD4 in lysosomes (40). Preven-
tion of endosome and lysosome acidification by macrolide anti-
biotics such as BFLA1 and CON A inhibits degradation of CD4
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and consequently promotes accumulation of CD4 in endo-
somes and lysosomes (41). Moreover, different types of endo-
some acidification inhibitors increase infectivity of HIV parti-
cles presumably by preventing them from degradation in late
endosomes and lysosomes (42). Colocalization of HIV particles
with CD4 in dynamin-containing endosomes could indicate
that CD4 protects virus particles from degradation and helps
recycle back HIV to the cell surface. However, in our hands,
acidification inhibitors such as BFLA1 and CON A did not pre-
vent or augment virus transfer from infected to uninfected cells.
Therefore, our results did not shed light on the protective role
of CD4 in endocytic virus degradation.

In conclusion, after cell-to-cell transfer of HIV-1 into target
primary CD4™" T cells we observed that cells were only infected
if left in culture in the absence of an attachment inhibitor to
CD4 (mAb IgGb12), suggesting that virus needed to resurface
to begin a productive infection. Moreover, dynasore, an inhib-
itor of dynamin-dependent endocytosis, did not block virus
replication. Endocytosis may not be the primary mechanism of
infection by HIV-1 after cell-to-cell contact, but a reservoir able
to induce trans-infection of bystander CD4 ™ T cells.
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