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Productive entry of human immunodeficiency virus type 1 (HIV-1) into a host cell is believed to proceed via
fusion of the viral envelope with the host cell’s plasma membrane. Interestingly, the majority of HIV-1 particles
that bind to the cell surface are taken up by the host cell via endocytosis; however, this mode of internalization
generally does not result in infection. Presumably, virus particles remain trapped in the endocytic pathway and
are eventually degraded. Here, we demonstrate that treatment of cells with various pharmacological agents
known to elevate the pH of endosomes and lysosomes allows HIV-1 to efficiently enter and infect the host cell.
Pretreatment of cells with bafilomycin Al results in up to a 50-fold increase in the infectivity of HIV-1,.
Similarly, pretreatment of target cells with amantadine, concanamycin A, concanamycin B, chloroquine, and
ammonium chloride resulted in increases in HIV-1 infectivity ranging between 2- and 15-fold. Analysis of
receptor and coreceptor expression, HIV-long terminal repeat (LTR) transactivation, and transduction with
amphotropic-pseudotyped murine leukemia virus (MLV)-based vectors suggests that the increase in infectivity
is not artifactual. The increased infectivity under these conditions appears to be due to the ability of HIV-1 and
MLYV particles to enter via the endocytic pathway when spared from degradation in the late endosomes and
lysosomes. These results could have significant implications for the administration of current and future

lysosmotropic agents to patients with HIV disease.

The process of viral entry involves the transport of the viral
genome across host cell membranes and subsequent release of
the genome into the host cell cytoplasm. Enveloped viruses
accomplish the delivery of their genomes into the cytoplasm of
the host cells by fusing their envelopes with host cell mem-
branes (17). This fusion event occurs either at the plasma
membrane or with endosomal membranes and is mediated by
virally encoded fusion proteins incorporated into the viral en-
velope. Fusion at the plasma membrane occurs via a pH-
independent mechanism and requires only binding of the virus
to its receptor for fusion to occur. Conversely, viruses that
enter the cell via the endocytic pathway require the acidifica-
tion of these vesicles to trigger the fusogenic activity of their
viral fusion proteins (23, 46). Historically, viruses that enter
cells by the pH-dependent pathway have been identified by
their sensitivity to inhibitors of endosomal/lysosomal acidifica-
tion. Inhibitors of endosomal acidification fall into three
groups based on their modes of action. The first class of agents
is made up of the lysosomotropic weak bases, such as chloro-
quine, amantadine, and ammonium chloride, which diffuse
across membranes in a concentration-dependent manner.
These lysophilic weak bases rapidly become protonated,
thereby neutralizing the acidic environment of endocytic vesi-
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cles (5). The second class of agents known to alter endosomal
pH is made up of the carboxylic ionophores, such as monensin
(35). These compounds exchange protons for potassium and
sodium. More recently, inhibitors of vacuolar H*-ATPases
(e.g., bafilomycin Al [BFLA-1] and concanamycin A) have
been used to assess the route of viral entry (8, 9, 41). Two
well-characterized examples of viruses that enter via pH-de-
pendent pathway are vesicular stomatitis virus (VSV) and in-
fluenza virus. In the case of influenza virus, inhibitors of lyso-
somal acidification have been shown to be effective as
prophylactics and in shortening the course of disease (12, 28).

In the case of human immunodeficiency virus (HIV), elec-
tron microscopy has been used to document viral fusion with
the plasma membrane. It is generally accepted that this is the
main route of entry used by HIV-1 to establish a productive
infection. In this scenario, virus cores are deposited into the
cytoplasm of the cell at the plasma membrane and subse-
quently migrate, or are transported, to the nucleus. Early stud-
ies also indicated that virus particles are found in vesicles
resembling endosomes. Recently, several groups have pro-
vided evidence that HIV-1 is taken up by the cell via endocy-
tosis (33, 44). However, this route of internalization does not
generally result in release of viral nucleocapsids into the cy-
tosol of the host cell and therefore does not result in a pro-
ductive infection. To further examine the fitness of the wild-
type HIV-1 particles taken up via endocytosis, we evaluated
the effects of five pharmacological agents capable of inhibiting
the acidification of endosomes or lysosomes on the infectivity
of three different HIV-1 isolates. Our results show that pre-
treatment of target cells with these agents results in dramatic
increases in infectivity, suggesting that administration of lyso-
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somotropic agents to HIV-infected patients has the potential
to exacerbate their condition.

MATERIALS AND METHODS

Cells, constructs, and viruses. Human 293T cells and HeLa Magi cells (kindly
provided by M. Emerman) were cultured in Dulbecco’s modified Eagle’s me-
dium (DMEM) supplemented with 100 IU of penicillin, 100 pg of streptomycin
per ml, 0.2 mg of glutamine per ml, and 10% fetal bovine serum (FBS). In
addition, HeLa Magi cells were supplemented with G418 (0.15 mg/ml) and
hygromycin B (0.1 mg/ml) as previously described (24). Cell lines were main-
tained at 37°C in a humidified incubator at 5% CO,. The HIV-1 isolates SF2
(kindly provided by P. Luciw), NL4-3, and LAI (kindly provided by M. Emer-
man) have been described previously (40). Virus supernatants were prepared by
transient transfection of 293T cells, and p24 content was determined by enzyme-
linked immunosorbent assay (ELISA) with a kit purchased from Coulter. Am-
photropic pseudotyped viruses expressing HIV-1 Tat have been described pre-
viously (13, 15).

Infectivity assay. HeLLa Magi cells were used for the infectivity assays essen-
tially as previously described (30), except that cells were preincubated with the
indicated drugs for 2 to 3 h prior to infection with the indicated virus. These cells
express both CD4 and CXCR4 and contain an integrated B-galactosidase gene
under the control of the Tat-responsive HIV-1 long terminal repeat (LTR). The
culture medium of cells incubated with amantadine and chloroquine was ad-
justed to pHs of 7.8 and 7.4, respectively, to allow maximal uptake of these
compounds (23). Virus was added with DEAE-dextran (2 uM) to cells in the
presence of drugs and incubated for 16 to 18 h at 37°C. Cells were washed twice
with phosphate-buffered saline (PBS) and then incubated for an additional 24 h
in normal culture medium. Cells were then fixed and stained with X-Gal (5-
bromo-4-chloro-3-indolyl-B-p-galactopyranoside). Blue cells were counted as an
indicator of infected cells as previously described (24). Individual samples were
evaluated in either duplicate or triplicate in at least two or three separate and
independent experiments. The following compounds were used at the indicated
final concentrations: BFLA-1, 1 to 100 nM; ammonium chloride, 1 to 10 mM;
chloroquine, 1 to 0.001 mM; amantadine, 0.1 to 1.5 mM; concanamycin A, 20 nM
(all from Sigma); and concanamycin B, 20 nM (kindly provided by H. Plough).
For the experiments presented in Fig. 5, residual plasmids after transfection were
removed from viral supernatants by treatment with DNase I for 30 min at 37°C.

Flow cytometry analysis. HeLLa Magi cells were incubated with the indicated
drug for the time specified. Following this incubation, cells were removed from
plates with Versene (Gibco) and stained with phycoerythrin (PE)-conjugated
monoclonal antibodies against either CD4 (Ex-alpha), CXCR4 (PharMingen), or
an isotype-matched control (Ex-alpha). Samples were analyzed on a Becton
Dickinson FACScan instrument equipped with LYSYS II software. All fluores-
cence data were collected in log mode and analyzed with CellQuest software
(Becton Dickinson).

RESULTS

Inhibition of acidification of endosomes dramatically in-
creases the infectivity of HIV-1g,. It has been shown that a
significant portion of the HIV-1 viral particles that bind to the
cell surface are internalized by the host cells; however, under
normal infection conditions, these particles do not result in a
productive infection (11, 33, 44). One possible explanation for
this observation is that the majority of virus particles are de-
fective at some stage of the entry process and therefore unable
to successfully escape from endosomal/lysosomal vesicles. Al-
ternatively, these viral particles are infectious, but the harsh
environment of the endosome inhibits entry, and instead the
particles are subjected to endosomal/lysosomal degradation
(33). In order to examine the fitness of endocytosed HIV
particles, we examined the effect of pharmacological agents
capable of elevating endosomal pH on the ability of HIV-1gp,
to infect HeLa Magi indicator cells. These are CD4* and
CXCR4™ cells that contain an integrated B-galactosidase gene
under the control of the HIV-1 LTR that responds to Tat
expression. We chose this indicator cell line because it relies on
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a single round of replication and because it allows direct com-
parison with previous studies. Using this cell line, we have
previously evaluated the effect of BFLA-1 on VSV-G (HIV-1)
pseudotypes and found BFLA-1 completely inhibited infection
of target cells by these pseudotyped viruses (30). These results
indicated that BFLA-1 efficiently blocks entry of virus particles
that rely on exposure to the acidic environment of the endo-
somes to trigger entry. HeLa Magi cells were incubated with
BFLA-1 prior to infection with HIV-1gg,. At 36 to 40 h postin-
fection, the number of individual cells infected was determined
by staining for B-galactosidase expression with X-Gal as a
substrate. We found that pretreatment of cultures with
BFLA-1 dramatically increased (up to 50-fold) the number of
cells infected by HIV-1gp, (Fig. 1a and b). In order to deter-
mine whether this increase in infectivity was a nonspecific side
effect of BFLA-1 or was due to the increase in endosomal pH,
we evaluated the effects of two other agents known to increase
endosomal pH: amantadine and chloroquine. We found that
amantadine and chloroquine also increased the infectivity of
HIV-1gg, by 15- and 6-fold, respectively (Fig. 1c). In addition,
we examined the effects of concanamycin A and ammonium
chloride on the infectivity of HIV-14,. We found that these
drugs produced 5- and 2.5-fold increases in infectivity, respec-
tively (data not shown). In summary, all agents tested resulted
in an increase in the infectivity of HIV-14p,, confirming that
the enhancement in infectivity observed is not due to a side
effect of a particular drug, but rather to the ability of the
individual drug used to inhibit acidification and/or transport of
the endosomal or lysosomal vesicles. Nonetheless, the magni-
tude of the enhancement effect was clearly dependent on the
drug used. These data indicate that HIV-1gp, does not require
exposure to an acidic environment in order to infect the host
cells, and in fact, neutralization of the endosome’s acidic en-
vironment greatly enhances the infectivity of HIV-1gp,.

Examination of the effect of BFLA-1 on other HIV-1 strains.
To determine if the increase in infectivity observed with HIV-
1k, in response to BFLA-1 pretreatment reflects a unique
property of this isolate, we evaluated the effect of BFLA-1 on
two additional HIV-1 isolates. We chose HIV-1,; , 5 and HIV-
1, a1 because they represent two well-characterized, fully func-
tional isolates, allowing direct comparison of our results with
those previously published from other laboratories (11, 44).
The relative infectivity of HIV;,; was increased fourfold
when target cells were pretreated with BFLA-1 (Fig. 2). Sim-
ilarly, the infectivity of HIV-1, o; was increased fivefold in the
presence of BFLA-1 (Fig. 2). We confirmed the results ob-
tained with HIV-1; 4 by testing the effect of concanamycin B
on its infectivity. Concanamycin B increased the infectivity of
HIV-1, 4, fourfold (Fig. 2). These results demonstrate that the
observed increase in the infectivity of HIV-1, which was caused
by agents that elevate endosomal pH, is not limited to one
particular strain of HIV.

BFLA-1 increases the infectivity of amphotropic pseudo-
typed MLV. Our previous results prompted us to begin to
examine the effects of these agents on the infectivity of other
retroviruses. We began by examining a well-characterized type
of murine leukemia virus (MLV)-based vector previously used
in HIV research. This particular vector expresses the Tat pro-
tein and therefore scores in the same way as a wild-type HIV-1
in the HeLa Magi cell assay. As shown in Fig. 3, pretreatment
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FIG. 1. Inhibitors of endosome/lysosome acidification increase the infectivity of HIV-1gp,. The effects of amantadine, chloroquine, and BFLA-1
in the infectivity of the HIV-1gp, were evaluated with HeLa Magi indicator cells. Cells were preincubated with the specific drug for 2 to 3 h prior
to addition of virus. Individual infected cells were identified by staining with X-Gal and counted by visual inspection. (a and b) Comparison of the
infectivity of HIV-1gp, in control (a [untreated]) and BFLA-1-treated (b) cells. (c) Quantification of the increase in the infectivity of HIV-1gp,
(over untreated controls) by amantadine (1 mM), chloroquine (50 uM), and BFLA-1 (0.1 uM). Triplicate determinations were made in parallel.
Note that in order to facilitate the manual counting of the individual infected cells, the amount of virus added to the treated cells was two- to

fivefold less than that added to the control samples.

of target cells with BFLA-1 resulted in a concentration-depen-
dent increase in infectivity (up to 11-fold). These results sug-
gest that the infectivity enhancement effect observed when
target cells are pretreated with lysosomotropic agents is not
exclusive to HIV-1 and that this aspect of the infection process
is shared between these two viruses.

Amantadine and chloroquine increase the infectivity of
HIV-1 in a dose-dependent manner. Both amantadine and
chloroquine have several clinical applications that overlap with
the clinical management of HIV infection (3, 6, 12, 20, 27, 28,
31, 34, 36). Since administration of these drugs to HIV-in-
fected patients could have negative consequences, we evalu-
ated the dose dependence of the increased infectivity observed
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FIG. 2. Increase in infectivity of HIV-1; 45 and HIV-1, ,; in the
presence of inhibitors of endosomal/lysosomal acidification. Infectivity
of HIV-1y; 4.3 and HIV-1 4; in control (untreated) cells and cells
pretreated with either BFLA-1 (0.1 wM) or concanamycin B (20 M)
for 2 h. Samples were analyzed essentially as indicated in the legend to
Fig. 1. To facilitate comparisons, the infectivity in untreated samples
was set to 1.
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FIG. 3. Pretreatment of target cells with BFLA-1 increases the
infectivity of amphotropic pseudotyped MLV. HeLa Magi cells were
infected with a Tat-expressing MLV-based vector (LtatSN)
pseudotyped with an amphotropic envelope. Target cells were pre-
treated with two different concentrations of BFLA-1 as indicated.
Results from a representative experiment show the average of deter-
minations made in triplicate. Error bars show deviations from the
mean.
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FIG. 4. Dose dependence of the increase in HIV-1 infectivity me-
diated by chloroquine. Infectivity of HIV-1gg, in the presence of in-
creasing concentrations of chloroquine (0 to 50 wM). Each point
represents the average of three independent determinations. For pur-
poses of comparison, the infectivity of the virus in the absence of
chloroquine was arbitrarily designated as 1.

with each of them. As indicated in Fig. 4, the increase in
infectivity is dependent on the dose of drug used. In the case of
chloroquine, the maximal increase in infectivity was obtained
when a concentration of 50 wM was used, but doses as low as
1 pM show a reproducible increase in HIV-1 infectivity.
Amantadine had no effect on infectivity at concentrations
lower than 0.25 mM, but also showed a concentration-depen-
dent increase in infectivity over a smaller range of concentra-
tions (0.1 to 1 mM) (data not shown).

Increase in infectivity is not due to contaminating plasmid
DNA. All viral stocks used in the previous experiments were
generated by transfecting 293T cells with plasmids encoding
replication-competent HIV proviruses. This raised the possi-
bility that the observed increased infectivity is simply an arti-
fact caused by plasmid contamination of the viral stocks. We
treated viral stocks with DNase I to remove contaminating
plasmid DNA to examine this possibility. DNase I-treated virus
was then added to cells incubated in the presence or absence of
either BFLA-1 or chloroquine. DNase I treatment did not
diminish the increase in infectivity observed when cells were
preincubated with either BFLA-1 or chloroquine (Fig. 5). The
increase in infectivity observed for DNase I-treated HIV-1gp,
was similar to that of observed in cultures infected with un-
treated virus in the presence of either chloroquine or BFLA-1.
In order to confirm this result, we also examined the infectivity
of HIV-1gp, in the presence of both BFLA-1 and zidovudine
(AZT). AZT blocks the activity of reverse transcriptase and
prevents virus particles from productively infecting target cells.
However, AZT will not block expression of Tat from proviral
DNA. The presence of AZT blocked infection of target cells,
regardless of whether they were pretreated with BFLA-1 (data
not shown). These data suggest that the observed increase in
infectivity is due to intact virus particles and not to contami-
nating plasmid DNA.

The level of HIV-1 LTR expression is not increased in the
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FIG. 5. Increased infectivity observed with BFLA-1 is not affected
by DNase I treatment of virus stocks. The infectivity of virus stocks
pretreated with DNase I to remove contaminating DNA was deter-
mined essentially as indicated in Fig. 1 and 2. Control samples (un-
treated cells) were arbitrarily set to 1 to determine the fold increase in
infectivity in the presence of either chloroquine (50 uM) or BFLA-1
(0.1 wM). The results represent the average of two independent ex-
periments.

Chloroquine

presence of inhibitors of lysosomal acidification. An alterna-
tive explanation of our observations is that the agent used
increased the expression of the HIV-1 LTR (24). To address
this question, we transfected 293T cells with plasmids encoding
the HIV-1gp, provirus, and at 18 h posttransfection, the me-
dium was replaced with medium containing amantadine, chlo-
roquine, or BFLA-1. The amount of virus produced at various
times posttransfection was then determined by p24 ELISA. If
amantadine, chloroquine, or BFLA-1 affects expression from
the HIV-1 LTR either positively or negatively, then the level of
viral protein production from transfected cells incubated in the
presence of these drugs would be altered compared to that of
control cells. At 18 h posttransfection and prior to the addition
of the different drugs, all samples contained similar levels of
p24, suggesting that the transfection efficiencies were similar in
all samples (Fig. 6). In the presence of either amantadine or
BFLA-1, there was a slight reduction in p24 levels 6 and 18 h
after addition of the drugs. Chloroquine treatment had no
effect on the levels of p24 produced at any of the time points
evaluated. These data suggest that these drugs do not enhance
proviral expression.

Effect of lysosomal inhibitors on surface expression of CD4
and CXCR4. Previous studies have demonstrated that changes
in the level of surface expression of CD4 significantly alter the
ability of HIV to enter host cells (7, 26, 42). This raises the
possibility that the increase in infectivity observed when cells
are pretreated with inhibitors of lysosomal acidification is due
to an increase in CD4 surface expression. We therefore exam-
ined the effects of concanamycin A, amantadine, chloroquine,
and BFLA-1 on CD4 surface expression. CD4 surface expres-
sion was not altered by the presence of these drugs (Fig. 7)
(data not shown), indicating that the increase in infectivity was
not simply due to an increase in CD4 cell surface expression.
We also examined the level of CXCR4 surface expression in
the presence of concanamycin A, amantadine, chloroquine,
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FIG. 6. Lysosomotropic agents do not alter HIV expression. Virus
production from transfected 293T cells was evaluated in the presence
of amantadine (1 mM [m]), chloroquine (50 pM [<]), or BFLA-1 (0.1
uM [O]). Cells were maintained in culture in the presence of each
drug (added 18 h posttransfection) for the duration of the time course.
Virus production was determined as a function of p24 in the culture
supernatant. Individual points represent the average of three determi-
nations. A, control, no drug.

and BFLA-1. The presence of these drugs did not increase the
surface expression of CXCR4, but rather slightly decreased the
cell surface expression of CXCR4 (Fig. 7) (data not shown).
These results demonstrate that the increase infectivity is not
due to an increase of receptor or coreceptor cell surface ex-
pression.

DISCUSSION

The host cell’s plasma membrane represents a considerable
barrier that all viruses must cross in order to establish a pro-
ductive infection. In the case of enveloped viruses, they gain
entrance into the host cell by fusing with host cell membranes.
This fusion event occurs either at the plasma membrane via a
pH-independent fusion process or with endocytic vesicles
through a fusion event triggered by the exposure of the virion
to low pH (2, 17, 23, 46). Lysosomotropic agents, such as
chloroquine, have traditionally been used as reagents for dis-
tinguishing the route of entry of a virus. Such agents are non-
specific weak bases that diffuse across membranes in a concen-
tration-dependent manner and thereby neutralize the pH of
endocytic vesicles (16, 43). Viruses unaffected by lysosomo-
tropic agents are said to enter by fusing in a pH-independent
manner with the plasma membrane, and viruses whose infec-
tivity was decreased or blocked by these agents are said to
enter the host cell by fusing with endocytic vesicles in a pH-
dependent manner (25, 38). However, these agents are non-
specific and have other side effects on the cell. The isolation of
reagents such as BFLA-1, concanamycin B, and concanamycin
A, which specifically block vascular ATPases, has allowed a
more conclusive determination of the role played by endoso-
mal pH in the process of viral entry (14).

In this article, we demonstrate that HIV-1 infection can be
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modulated by treating cells with agents capable of elevating
endosomal pH. We show that BFLA-1 pretreatment can dra-
matically increase the overall infectivity of HIV-1 isolates such
as HIV-14g,. We focused our investigation on BFLA-1 because
previous reports have demonstrated the effectiveness of this
reagent in blocking pH-dependent viral entry (41). In order to
confirm that the infectivity enhancement noted for HIV-1gp,
was not a nonspecific side effect of BFLA-1, we also examined
the effect of chloroquine, amantadine, concanamycin A, and
ammonium chloride, all of which are drugs known to increase
endosomal pH. In all cases, we observed an increase in infec-
tivity in the presence of these drugs. One important conclusion
of our results is that HIV-1g4, does not require an acid envi-
ronment in order to effectively enter the target cell; rather, our
data suggest that the normal acidic environment of the endo-
some is actually detrimental to entry by this virus. These results
are in contrast with observations made by Fackler and Peterlin
(11) with ammonium chloride and concanamycin A. They also
observed a reproducible increase in the infectivity of HIV-
1n14.3 in the presence of either of these drugs. However, they
detected a decrease in infectivity by HIV-1gp,. It is possible
that the discrepancies between these two studies are due to
differences in the experimental approaches employed. Fackler
and Peterlin initiated their infections at the same time the
lysosomotropic agents were added (11). In our case, we incu-
bated our target cells with the lysosomotropic agents prior to
addition of the virus stocks. By pretreating the cells with the
inhibitors, we ensured maximal inhibition of lysosomal acidi-
fication prior to virus infection and therefore minimized the
likelihood of lysosomal degradation of infectious viruses. Al-
ternatively, these differences could be due to differences in the
amino acid sequences of the envelope proteins of the HIV-1
strains used. Single-amino-acid changes in the fusion protein
of influenza virus (HA) been shown to alter the pH at which
these proteins undergo the conformational changes necessary
to mediate fusion (4, 7). However, this is unlikely the case,
since for both studies, provirus clones were used to generate
virus stocks.

Although the most likely explanation for our results is that
inhibition of lysosomal acidification prevents the degradation
of infectious particles, other possibilities were also evaluated.
First, we confirmed that the increase in infection observed in
the presence of these drugs was not an artifact caused by the
presence of contaminating proviral DNA in our virus stocks.
Second, we determined that elevation of endosomal pH did
not increase p24 expression from the provirus, suggesting that
the effect of these drugs is not due to an increase in the level
of transcription from the proviral LTR. Finally, we determined
that the observed increase in infectivity is not due to increased
surface expression of either CD4 and/or CXCR4. These results
further support our conclusion that it is the inhibition of en-
dosomal or lysosomal acidification that is responsible for the
increase in infectivity observed.

To determine if elevated endosomal pH affects the infectiv-
ity of other retroviruses, we evaluated the effect of BFLA-1 on
an amphotropic pseudotyped MLV. Our results indicate that
the infectivity of amphotropic MLV is increased approximately
sevenfold in the presence of BFLA-1. This increase is similar in
magnitude to those observed with both HIV-1y,; 4 ; and HIV-
1; o1~ That the infectivity of amphotropic MLV can be in-
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FIG. 7. Effect of lysosomotropic agents on CD4 and CXCR4 sur-
face levels. The effect of concanamycin A (dotted line) and BFLA-1
(dark solid line) on CD4 (top) and CXCR4 (bottom) expression was
determined by flow cytometry with PE-labeled anti-CD4 or PE-labeled
anti-CXCR4. Cells were incubated in the presence of the respective
inhibitor for 3 h at 37°C, dislodged from the tissue culture plate with
Versene, and stained at 4°C. For controls, cells treated with drugs were
stained with an isotype-matched nonspecific immunoglobulin G1 PE-
labeled antibody (thin dotted and dashed line), or cells were not
treated with drugs, but stained with anti-CD4 or anti-CXCR4-PE la-
beled antibodies to determine the normal levels of surface expression
(thin solid line).

creased if target cells are pretreated with BFLA-1 suggests that
this may be a general mode of entry for retroviruses. More
importantly, it suggests that inhibitors of lysosomal and endo-
somal acidification might serve to enhance the infectivity of
retrovirus vectors commonly used for gene therapy and gene
transfer experiments.

It has been previously established that the majority of HIV
particles that bind to the cell surface are endocytosed into the
host cell (33, 44). Under standard infection conditions, these
particles do not result in a productive infection (11, 33, 44). In
all probability, these particles fail to fuse with endosomal mem-
branes and are simply degraded in the lysosome (11, 44).
Therefore, the increase in infectivity observed with these drugs
is due in part to the fact that they inhibit activation of degra-
dative enzymes in the endocytic pathway. However, the effects
of these agents on vesicular transport may also contribute to
the observed alteration in infectivity (5). Blocking or slowing
degradation may allow sufficient time for some of the endocy-
tosed virus particles to fuse with cellular membranes and de-
posit their viral genomes into the cytoplasm of the host cell. In
the case of HIV-1gp,, the increase in infectivity caused by
drugs such as BFLA-1 is significant, resulting in infectivity
beyond that of more infectious clones, such as HIV-1y; 4.5 or
HIV-1, ;. Our results suggest that the lower infectivity ob-
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served with HIV-1g4, may be due to an inability of this virus to
fuse with the cell membrane and enter the host cells in an
appropriate time frame. Therefore, under normal culture con-
ditions, these particles are endocytosed and ultimately de-
graded. Our results are in agreement with the conclusion
reached by Fackler and Peterlin that endocytosis of HIV-1 can
result in productive infection provided the proper conditions
are present (11). We also agree with their assertion that en-
docytic entry may potentially result in an expanded cellular
range for HIV-1 and that, by this mechanism, HIV might
create additional latent reservoirs that could complicate the
eradication of the virus.

An important point to address is why the uptake of virions
increases infectivity when the acidification of the endosomes is
inhibited. HIV interacts with its coreceptors in lipid rafts,
where these molecules form clusters (32, 45). These structures
are intimately involved in the endocytic process. Thus, in lipid
rafts, HIV could be endocytosed before it can fuse with the
plasma membrane. Consistent with these tenets is the fact that
the majority of HIV-1 virions that enter the cell do so mainly
via endocytosis (33). Once in the endosomes, HIV would be
normally degraded, but in the neutralized endosomes, the co-
receptor-rich environment could allow for a more efficient rate
of fusion with the overall result of significantly higher levels of
infection. One point that should be made clear is that regard-
less of how HIV enters the cell, infection is dependent on
membrane fusion events that take place at the plasma mem-
brane or in the cytoplasm.

Chloroquine is one of the drugs commonly used to treat
malaria in parts of sub-Saharan Africa, where HIV infection is
endemic (3, 27, 31, 47). Our initial observation that chloro-
quine increased the infectivity of HIV suggested that admin-
istration of chloroquine to HIV-infected patients could poten-
tially exacerbate the course of HIV infection. However, studies
describing the administration of chloroquine to HIV-infected
patients have not reported complications regarding the HIV
status of patients under these regiments (21, 39). A more
thorough examination of the effects of chloroquine on the
infectivity of HIV demonstrated that the concentration of chlo-
roquine necessary to detect an increase in infectivity in our in
vitro assay is above that reported in the blood of patients under
treatment (~1 wM) (10, 47). However, it should be noted that
chloroquine and hydroxychloroquine overdoses (although not
common) do occur with a certain frequency and can result in
significantly higher levels of drug (~30 wM) in the blood of
these patients (19, 22). Amantadine has been used as a therapy
for influenza virus A infection (18, 34). However, its use has
diminished due to the fact that resistant strains emerge both in
the laboratory and in patients. In addition, amantadine has
been used extensively to treat a variety of neurological disor-
ders, including Parkinson’s disease (29, 37). Experience with
amantadine in the context of HIV infection has not been ex-
tensively documented, but the levels of drug in the plasma of
patients under treatment (300 ng/ml) do not reach those
needed to affect the infectivity of HIV as described herein (1).
Based on these observations, there is no apparent reason to
suggest discontinuation of the use of these currently available
drugs in the setting of HIV infection. However, this might not
be the case with future, more effective inhibitors. Our obser-
vations emphasize the fact that clinically useful drugs that alter
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cellular processes can greatly modulate the infectivity of HIV.
In addition, these drugs might have applications for increasing
the infectivity of retrovirus-based gene transfer vectors.
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