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We have investigated the cellular uptake of Gag p24 shortly after exposure of cells to human immunodefi-
ciency virus (HIV) particles. In the absence of envelope glycoprotein on virions or of viral receptors or
coreceptors at the cell surface, p24 was incorporated in intracellular vesicles but not detected in the cytosolic
subcellular fraction. When appropriate envelope-receptor interactions could occur, the nonspecific vesicular
uptake was still intense and cytosolic p24 represented 10 to 40% of total intracellular p24. The measurement
of cytosolic p24 early after exposure to HIV type 1 is a reliable assay for investigating virus entry and early

events leading to authentic cell infection.

The entry of human immunodeficiency virus type 1 (HIV-1)
into target cells follows receptor-mediated attachment of viral
particles to the cell surface. The cell surface receptor for
HIV-1 is the CD4 molecule (7, 15), which promotes attach-
ment of the particle to the cell surface. Fusion between the
viral and plasma membranes leading to virus entry into the
cytoplasm also requires interaction with a coreceptor. Various
chemokine receptors ensure this function. The CXCR4 recep-
tor is used by lymphotropic virus strains (10), whereas the entry
of macrophage-tropic and of most primary isolates is processed
through interaction with the CCRS5 receptor (8, 9). Interac-
tions with CD4 and with a coreceptor expose highly hydropho-
bic epitopes at the N terminus of the gp41 transmembrane
component of envelope, leading to subsequent fusion between
viral and cell membranes (6, 17, 34, 35).

Several observations have suggested that the fusion process
takes place at the cell surface: (i) HIV infection is pH inde-
pendent, whereas infection by most viruses entering through
the endocytic pathway is inhibited by weak bases and iono-
phore agents (20, 32); (ii) HIV fusion images have been ob-
served at the cell surface (11); (iii) endocytosis of CD4 is not
required for entry (18, 20, 25, 28, 32); and (iv) mutant CXCRS5
receptors which are not endocytosed in response to ligand
binding still function as HIV coreceptors (2). However, other
considerations led to the assumption that although HIV entry
is clearly pH independent, it may not necessarily be endocyto-
sis independent: (i) images of HIV particles internalized in
endocytic vesicles and undergoing fusion with endosomal
membranes have been observed (11, 27), (ii) pH-independent
entry via endosomal vesicles has been reported for poliovirus
(29), (iii) binding and cross-linking by multivalent virus parti-
cles may induce endocytic behavior of cell surface receptors
different from that induced by their natural ligands, and (iv)
endocytosis of CD4 and that of coreceptors have not been
simultaneously examined after HIV exposure. Moreover, since
studies of virus entry have been performed with cells where the
endocytic pathway is active, it is difficult to determine whether
particular fusion events at the cell surface or in endosomal
vesicles give rise to productive infection.
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With the aim of examining the role of endosomal HIV
particle uptake, infection was synchronized by exposing cells to
the virus at 4°C, cells were warmed at 37°C, and p24 was
measured in the vesicular and cytosolic fractions of cell ex-
tracts. p24 was detected in intracellular vesicles regardless of
whether exposure to virus particles could give rise to authentic
infection or not. On the other hand, the detection of p24 in
cytosolic fractions was strictly associated with authentic infec-
tious events. However, it represented a minor fraction of in-
tracellular p24. Thus, although vesicular uptake is quantita-
tively the main route of virus particle internalization, it is
essentially a dead end with respect to cell infection.

MATERIALS AND METHODS

Cells, viruses, and reagents. P4 cells are CD4-positive, HeLa cell-derived cells
in which transactivation by Tat induces expression of the Escherichia coli lacZ
gene from the HIV long terminal repeat (5). P4C5 cells are P4 cells constitutively
expressing the CCRS HIV coreceptor fused to the green fluorescent protein (2).
HeLa, P4, and P4C5 cells were grown in Dulbecco modified Eagle medium
(DMEM) supplemented with heat-inactivated fetal calf serum (FCS) and anti-
biotics at 37°C in 5% CO,. For P4 and P4C5 cells, G418 (Geneticin; 1 mg/ml;
Gibco) and G418 plus hygromycin (300 pg/ml) were added to the culture media,
respectively. NL43, JRCSF, and NL43Aenv were obtained by transfecting plas-
mids pNL43-2 (1), pJRCSF (24), and pNL43Aenv (3) into HeLa cells. HIV-1
pseudotypes with the vesicular stomatitis virus G glycoprotein (VSV-G) were
produced by cotransfecting pNL43Aenv and pHCMV-G (36) into HeLa cells.
pHCMV-G, a kind gift of A. Miyanohara, carries the VSV-G gene under the
control of the human cytomegalovirus immediate-early promoter (36). Viral
stocks were analyzed for their HIV-1 p24 content by enzyme-linked immunosor-
bent assay (kit from Dupont de Nemours) and frozen. The infectivity of viral
supernatants was determined on P4 cells as described previously (23, 31). Bafilo-
mycin A; was from Sigma.

Cell fractionation assays. (i) HeLa and P4 cells. A subconfluent 75-cm? cul-
ture flask containing approximately 6 X 10° cells was exposed to an HIV sus-
pension containing 200 to 1,000 ng of p24 in culture medium supplemented with
20 pg of DEAE-dextran per ml and 20 mM HEPES. After 30 to 60 min at 4°C
(or, when stated, at 37°C), cells were washed three times in phosphate-buffered
saline (PBS) at 4°C and either immediately treated with pronase or incubated at
37°C for 1 h before pronase treatment. Cells were treated with 1 ml of ice-cold
DMEM with 20 mM HEPES and 7 mg of pronase per ml and were incubated for
10 min at 4°C. Cells were washed once in 1 ml of DMEM supplemented with
10% FCS and three times in ice-cold PBS to eliminate pronase and then were
resuspended in 2 ml of swelling buffer (10 mM Tris-HCI [pH 8], 10 mM KClI, 1
mM EDTA) for 15 min at 4°C. Cells were then disrupted by Dounce homoge-
nization (15 strokes, 7 ml B pestles); nuclei and cell debris were pelleted by
centrifugation (3,000 rpm for 3 min in a Heraeus Varifuge centrifuge). The
resulting postnuclear extracts were then ultracentrifuged at 60,000 rpm for 10
min at 4°C in a Beckman TL100 centrifuge. The supernatant representing the
cytosolic fraction was adjusted to 0.5% Triton X-100, while the pellet was resus-
pended in lysis buffer (20 mM HEPES, 0.5% Triton X-100, 150 mM NaCl) to
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FIG. 1. Confocal microscopy analysis of intracellular p24 after cell exposure to HIV-1. HeLa cells (middle panel) or P4 cells (right panel) were exposed to
HIV-1y 45 for 2 h at 4°C, washed, warmed to 37°C for 30 min, fixed, and labeled with anti-Gag MAbs. Left panel, control HeLa cells not exposed to HIV-1.

obtain the vesicular fraction. p24 concentrations were measured in both fractions
by enzyme-linked immunosorbent assay.

(ii) CEM cells. A total of 107 cells were washed in PBS and resuspended in an
HIV suspension containing 300 ng of p24 in culture medium supplemented with
20 wg of DEAE-dextran per ml and 20 mM HEPES for 30 min at 4°C under
gentle agitation. After successive washes in ice-cold PBS, cells were treated with
pronase immediately or incubated at 37°C for 1 h before pronase treatment. For
pronase treatment, cells were resuspended in a solution containing 1 ml of
DMEM, 20 mM HEPES, and 0.1 mg of pronase per ml for 5 min at 4°C. Cells
were washed once in 1 ml of DMEM supplemented with 10% FCS and three
times in ice-cold PBS to eliminate pronase, and then they were resuspended in
2 ml of swelling buffer for 1 min at 4°C and lysed by Dounce homogenization
(three strokes). The cytosolic and vesicular fractions were then prepared as for
HelLa cells.

Immunofluorescence microscopy and confocal analysis. HeLa and P4 cells
were grown to 50% confluence on glass coverslips in 24-well plates, incubated for
2 h at 4°C with HIV-1yy 43 (200 ng of p24 per well) in the presence of 20 pg of
DEAE-dextran per ml, washed, and warmed at 37°C for 30 min. Cells were then
fixed in 3.7% paraformaldehyde—PBS for 20 min and incubated for 10 min in 50
mM NH,CI in order to quench free aldehydes. After a 15-min incubation in
permeabilization buffer (0.5% saponin, 0.2% bovine serum albumin in PBS),
cells were incubated for 1 h with a mixture of mouse anti-Gag monoclonal
antibodies (MAbs) (a gift of F. Traincart, Institut Pasteur, Paris, France). Cells
were then incubated with fluorescein isothiocyanate-conjugated goat anti-mouse
Abs (Amersham), washed in permeabilization buffer and in PBS, and then
mounted in a solution containing 133 mg of Mowiol (Hoechst) per ml, 33%
glycerol, and 133 mM Tris HCl (pH 8.5). Cells were analyzed with a Leica
TCS4D confocal microscope. Photographs were taken with Kodak Ektachrome
100 ASA film.

RESULTS AND DISCUSSION

Virus particle internalization in CD4-negative cells. We
have examined intracellular viral material after cell exposure
to HIV-1. HeLa cells, which are not susceptible to HIV-1
infection, and P4 cells, which are CD4-positive HeLa cells that
can be infected with lymphotropic HIV-1 strains, were incu-
bated with equal amounts of the lymphotropic strain NL43
(200 ng of p24) for 2 h at 4°C, washed to remove unbound
virus, and warmed to 37°C for 30 min. Cells were then analyzed
by confocal fluorescence microscopy, using a mixture of anti-
Gag MAbs. Multiple intracellular dots were observed inside
cells of both types (Fig. 1). Staining was specific for p24, as it
was absent in control uninfected cells. These data suggest that
virus material is internalized into cells irrespectively of CD4
surface expression and with almost equal efficiencies in cells
susceptible and not susceptible to HIV infection. It is therefore
presumable that most of the internalized viral material does
not participate in the infectious process. In agreement with a

previous report showing HIV particles internalized in clathrin-
coated vesicles (11), simultaneous detection of p24 and clath-
rin, p24 and the lysosomal Lampl protein, or p24 and endo-
cytosed transferrin-rhodamine revealed partial colocalization
(data not shown).

Cytosolic p24 is associated with authentic infection. We
postulated that only viral material internalized into the cyto-
solic compartment would be relevant to infection. With the
aim of testing this hypothesis, p24 was measured in subcellular
cytosolic and vesicular fractions prepared 1 h after exposure to
HIV-1 in various situations, some being compatible with infec-
tion and others not.

Accurate measurement of intracellular virus material re-
quires that noninternalized virus particles attached to the cell
surface be removed efficiently prior to cell lysis. To verify that
this occurred, P4 cells were treated with various proteolytic
enzymes and cell surface CD4 was analyzed by flow cytometry.
Cell surface CD4 was totally removed by pronase treatment (7
mg/ml, 10 min at 4°C), thus potentially eliminating virus par-
ticles attached to the receptor (data not shown).

With the aim of verifying that p24 was not detectable in the
subcellular fractions after exposure to HIV-1 under conditions
not allowing virus entry, HeLa and P4 cells were exposed to
NL43 (300 ng of p24) for 30 min at 4°C and immediately
treated with pronase. The background p24 level was below 100
pg in postnuclear cell extracts, indicating that virus particles
bound at the cell surface had been efficiently removed by
pronase and had not been internalized into cells. Postnuclear
extracts were separated into soluble cytosolic and sediment-
able vesicular fractions by ultracentrifugation. Background p24
levels below 10 and 100 pg were measured in the cytosolic and
vesicular fractions, respectively. The lysosomal Lampl and
Lamp?2 proteins were detected by Western blotting in the ve-
sicular fraction only, indicating that the cytosolic fraction was
free of detectable vesicular contaminants (data not shown).

Figure 2 shows results of experiments in which virus binding
at 4°C for 30 min was followed by a 1-h incubation at 37°C in
order to allow internalization. Total intracellular p24 repre-
sented 0.15% = 0.04% of the viral input, whatever the target
cell line. Vesicular fractions (pellet) contained p24 even in the
absence of cell surface CD4 (HeLa cells) or when virus parti-
cles lacked envelope ligand (NL43Aenv). Western blot analysis
indicated that the vesicular fraction also contained other com-
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FIG. 2. p24 levels in subcellular extracts of cells exposed to HIV-1. HeLa, P4, or P4C5 cells were exposed to strain NL43 (lymphotropic) or JRCSF (macrophage
tropic) or to HIV particles devoid of envelope protein (NL43Aenv), respectively, for 30 min at 4°C. Cells were extensively washed and were incubated at 37°C for 1 h.
Cells were then treated with pronase, and p24 amounts in subcellular fractions were measured. Total intracellular p24 levels (in picograms) are indicated over the bars.
The percentages of cytosolic and vesicular p24 are shown inside the bars. (a) Dose-response analysis for NL43; (b) analysis of the entry of HIV-1 strains with different
tropisms (input, 300 ng of p24); (c) analysis of the entry in CEM cells (input, 400 ng of p24). Data are representative of at least three experiments.

ponents of viral particles (pl7 and uncleaved or partially
cleaved Gag polyprotein precursors [data not shown]). In con-
trast, cytosolic p24 (cytosol) was found only in CD4-positive
cells (P4 cells) exposed to infectious NL43, the only combina-
tion relevant to virus infection. Whatever the virus input, cy-
tosolic p24 represented roughly 10% of total intracellular p24,
i.e., approximately 0.01% of the p24 amount used for infection
(Fig. 2a). In these experiments, exposure of cells to virus was
performed in the presence of DEAE-dextran in order to in-
crease virus binding and infectivity (16). We examined whether
DEAE-dextran affects the intracellular distribution of incom-
ing viruses. When the polycationic reagent was omitted during
virus exposure, total intracellular p24 values were significantly
reduced. However, the distribution of p24 between the cyto-
solic and vesicular fractions was not modified (data not
shown), indicating that DEAE-dextran does not favor nonspe-
cific virus entry. Performing virus binding at 37°C instead of
4°C increased total intracellular p24 values but did not affect

the distribution in the cytosolic and vesicular fractions (data
not shown). Altogether, these observations suggest that the
majority of intracellular p24, which was found in vesicles, does
not participate in the infection process.

Experiments were performed with a macrophage-tropic
HIV-1 strain, JRCSF (Fig. 2b). HeLa cells exposed to NL43,
NL43Aenv, or JRCSF contained p24 in the vesicular fraction
but not in the cytosol. P4 cells express the lymphotropic virus
coreceptor CXCR4 but not the macrophage-tropic virus core-
ceptor CCR5. Cytosolic p24 represented 10% of total intracel-
lular p24 after exposure to the lymphotropic virus NL43 but
was at background levels after exposure to the macrophage-
tropic virus JRCSF. P4 cell derivatives constitutively expressing
CCRS (P4C5 cells) were isolated (2). These cells are suscep-
tible to infection with JRCSF (2). Cytosolic p24 represented
10% of total intracellular p24 after exposure of P4C5 cells to
JRCSF. Therefore, significant cytosolic p24 levels were found
only when envelope glycoproteins recognized relevant recep-
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FIG. 3. Effect of bafilomycin A; on HIV-1 infection efficiency and entry into P4 cells. Cells were either left untreated or treated with 0.5 pM bafilomycin A, during
virus exposure. (a) Infection was assessed by measuring B-galactosidase activity in cell extracts. Viral input corresponded to 1 ng of p24. (b) Intracellular p24 levels were
measured in the cytosolic and vesicular fractions. Total intracellular p24 levels (in picograms) are indicated over the bars. The percentages of cytosolic and vesicular
p24 are shown inside the bars. Viral input corresponded to 300 ng of p24 during 1 h at 37°C. HIV/VSV is a VSV-G pseudotype of NL43. Data are from one of three

representative experiments.

tors on HeLa cell surfaces. These data indicate that the cyto-
solic release of p24 is specifically associated with the infection
process.

Since lymphoid cells are natural targets of HIV infection, we
repeated these experiments with the lymphoblastoid cell line
CEM. Because these cells are more fragile than HeLa cells,
pronase treatment and preparation of cell extracts were per-
formed cautiously (see Materials and Methods). This impaired
complete removal of virus particles attached at the cell surface,
as observed by flow cytometry analysis (data not shown), and
led to a contamination of both the vesicular and cytosolic
fractions with extracellular p24. Contamination probably ac-
counted for the detection of p24 in cytosolic fractions of CEM
cells exposed to the negative control virus (NL43Aenv [Fig.
2c]). However, cytosolic p24 levels were much higher after
exposure to NL43, which is infectious for CEM cells. CEM
cells do not express the macrophage-tropic CCRS coreceptor
and are not susceptible to infection with JRCSF. Cytosolic p24
levels were significantly lower after exposure to JRCSF than
after exposure to NL43 and represented, respectively, 23 and
44% of total p24 uptake. The presence of p24 in the cytosolic
fractions of JRCSF-exposed CEM cells is probably the conse-
quence of incomplete removal of virus particles attached at the
cell surface. These data show that, in CEM cells, as well as in
P4 cells, the detection of cytosolic p24 was associated with viral
infection. Interestingly, after exposure to NL43, cytosolic p24
represented a much higher proportion of total intracellular p24
in CEM than in P4 cells (44% versus approximately 10%). This
suggests that routing of viral material toward authentic entry
pathways may be more efficient in natural HIV-1 lymphocytic
targets than in epithelial cells.

Internalization of p24 in the cytosol is pH independent.
Bafilomycin A, is an inhibitor of vacuolar proton-ATPases
which impairs intracellular vesicle acidification (4). It is a po-
tent inhibitor of the entry of viruses that require acidification
for fusion, like VSV, and of endosomal and lysosomal enzy-
matic degradation systems (12, 19, 26). We tested whether
these activities of bafilomycin A, affect the entry of HIV par-
ticles coated with either the gp120 or gp41 envelope protein
(NLA43) or the VSV-G envelope protein (HIV/VSV).

Infection of P4 cells with HIV-1 induces the transactivation
of the integrated HIV long terminal repeat lacZ cassette by
Tat. The B-galactosidase expression level reflects infection

efficiency (5). In the presence of 0.5 wM bafilomycin A, in-
fection of P4 cells with NL43 increased twofold (Fig. 3a).
Cytosolic p24 increased proportionally, whereas vesicular p24
slightly decreased (Fig. 3b). This observation suggests that part
of the material internalized in vesicles can be subsequently
released into the cytosol when the endosomal degradation
pathway is interrupted. HIV-1 particles coated with the
VSV-G envelope protein were 15-fold more infectious than
NLA43 for P4 cells. Cytosolic p24 was increased in the same
proportion, representing 68% of total intracellular p24. As
expected, infection with VSV-G-pseudotyped viruses was com-
pletely abolished in the presence of bafilomycin A; (Fig. 3a).
The loss of infectivity was associated with a 33-fold drop in
cytosolic p24 amounts (Fig. 3b). In contrast, p24 accumulated
in vesicles, where degradation was inhibited. These data con-
firmed that, independently of the cell surface receptors used
for particle binding and of the entry pathway, cytosolic p24 is
a valuable index of viral entry events leading to authentic
infection.

The internalization of p24 in vesicles in the absence of ap-
propriate envelope-receptor interaction probably results from
nonspecific adhesion or aggregation of HIV-1 particles at the
cell surface. Therefore, assays based on the measurement of
total p24 uptake, irrespectively of its intracellular distribution,
are not reliable indicators of productive HIV entry. Several
incorrect conclusions have probably been drawn from artifac-
tual observations in the past. In HeLa cells, HIV particles
trapped in vesicles are unable to release virion cores into the
cytosol. The vesicular pathway clearly appears to be a dead end
that leads to degradation by lysosomal enzymes. Experiments
with P4, P4C5, and, to a lesser extent, CEM cells indicate that,
even when appropriate envelope-receptor interactions can
take place, 50 to 90% of the intracellular viral material follows
the endosomal degradation pathway. The very low proportion
of the viral p24 input which reaches the cytosol (in the range of
0.01% of the input) is consistent with the low specific infectivity
of HIV stocks, in which the ratio of infectious to total particles
was estimated at 1:1,000 (14). Internalization into vesicles is
not necessarily a dead end as long as fusion with vesicular
membranes can occur before virions are degraded. This was
illustrated by the high infectivity of VSV-G pseudotypes. It
also probably accounts for increased entry of HIV-1y 4,5 when
endosomal degradation was inhibited by bafilomycin A,. pH-
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independent entry through the vesicular pathway has been
reported for poliovirus (30). This pathway may be important
for differentiated macrophages, a key cell type in HIV repli-
cation in vivo (22), which exert continual and extensive endo-
cytic activity as part of their natural function (27). It is also
possible that CD4-independent endocytosis participates in the
antibody-dependent enhancement of HIV-1 infectivity in mac-
rophages (13, 21, 33).

This work reveals that, whatever the route leading to
productive infection, a significant fraction of internalized
particles are going to be destroyed in lysosomes. Measure-
ments of cytosolic viral material is a reliable assay for au-
thentic entry events and for investigating subsequent infec-
tious processes.
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