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Vertical transmission of human immunodeficiency virus type 1 (HIV-1) is the primary cause of infection by
this retrovirus in infants. In this study, we report for the first time that there is a correlation between endocytic
uptake of HIV-1 and virus gene expression in polarized trophoblasts. To shed light on the relationship between
endocytosis and the fate of HIV-1 in polarized trophoblasts, the step-by-step movements of HIV-1 within the
endocytic compartments were tracked by confocal imaging. Incoming virions were initially located in early
endosomes. As time progressed, virions accumulated in late endosomes. HIV-1 was also found in apical recy-
cling endosomes and at the basolateral pole. Experiments performed with indicator cells revealed that HIV-1
is recycled and transcytosed. These data indicate that the intracellular trafficking of HIV-1 upon entry into
polarized human trophoblasts is a complex process which requires the active participation of the endocytic

host cell machinery.

Worldwide, 3.2 million children under the age of 15 years
are infected with human immunodeficiency virus type 1
(HIV-1) (36). Mother-to-child transmission of HIV-1 is the
primary cause of infection with this retrovirus in children (36).
Antiretroviral therapies significantly reduce the incidence of
vertical transmission (25). However, access to the treatments
currently available is extremely limited in developing countries.
As a result, initiatives to prevent mother-to-child transmission
of HIV-1 are now aimed at developing strategies that are
readily available to women. In this context, it is well recognized
that a better understanding of how and when vertical trans-
mission occurs is crucial.

The mechanism of in utero transmission of HIV-1 is poorly
understood, but several lines of evidence support direct impli-
cation of the placenta, which is composed of a double layer of
cytotrophoblasts and syncytiotrophoblasts. These cells sepa-
rate the maternal and fetal blood circulations and control
fluxes between them. HIV-1 undergoes productive replication
in the placenta both in vitro and in vivo (2, 20, 39), and the
permissiveness of trophoblasts to infection by HIV-1 is an
order of magnitude lower than that of CD4* T lymphocytes,
the primary target of HIV-1 (26). It has been shown that
HIV-1 may also transcytose across the trophoblastic cell layer
(15). Transcytosis is a process whereby virions (or molecules
such as immunoglobulin G [IgG]) are internalized by endocy-
tosis at one pole of the cells, then transported in a vesicular
system, and released intact at the opposite pole. This process
occurs independently of virus replication but may take place
simultaneously. It has been postulated that following infection
of trophoblasts and/or transcytosis across these cells, HIV-1 is
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released from the basolateral pole of the trophoblasts (facing
the fetal circulation), leading to productive infection of the
underlying fetal cells.

HIV-1 enters CD4" T lymphocytes by fusion at the cell
surface upon interaction between the viral envelope glycopro-
tein gpl120 and the primary cellular receptor CD4 and core-
ceptor CXCR4 or CCRS (33). The question of viral entry in
trophoblasts is still a matter of debate, since these cells express
no or very little CD4, while expression of the HIV-1 corecep-
tors, CXCR4 and CCRS, may decline from the first to the third
trimester of pregnancy. Contrary to what was assumed, evi-
dence that HIV-1 enters massively into trophoblasts, predom-
inantly via endocytosis, has been published. These cells were
also found to sustain virus production (37). Whether a func-
tional correlation exists between endocytic uptake and infec-
tion in trophoblasts is an important question that remains to be
answered.

Interestingly, trophoblasts form a polarized epithelium-like
monolayer in vivo. One of the consequences of cell polarity is
the presence of polarized (apical and basolateral) endocytic
pathways, each of which uses a complex succession of intracel-
lular compartments (which include the early, late, and recy-
cling endosomes). These pathways lead to recycling, degrada-
tion, and transcytosis of internalized molecules on an ongoing
basis. Given that HIV-1 is thought to enter polarized tropho-
blasts by endocytosis, upon viral entry, incoming virions will be
trapped within endocytic compartments. Therefore, if HIV-1
takes different endocytic pathways, as is the case for internal-
ized molecules, the incoming viral particles may have different
fates. We hypothesize that these fates would be as follows.
First, part of the internalized virions is degraded in the lyso-
somal machinery. Second, infection may be associated with
early transit through the endosomes. Two other endocytic pro-
cesses, which are independent of virus replication, are also
likely to occur: transcytosis of virions to the basolateral pole

11904

1sanb Aq 8T0Z ‘6T AINC uo /B0 wse’IAly:dny woly papeojumod


http://jvi.asm.org/

VoL. 78, 2004

and recycling to the apical pole. As discussed previously (15),
transcytosis has already been suggested. However, recycling of
HIV-1 has never been described previously. Recycling of
HIV-1 would be the process whereby, upon internalizing
HIV-1, the cells would rapidly return part of these internalized
virions to the place from which they initially came, the apical
pole. This is an interesting concept, because recycling may be
a mechanism through which vertical transmission of HIV-1
may be avoided or reduced by the cells. Based on these ave-
nues, knowing where HIV-1 particles are located within the
intracellular vesicles upon internalization becomes crucial for
(i) defining the pathway associated with the infectious cycle of
HIV-1 in trophoblasts and (ii) unveiling the early steps of the
HIV-1 life cycle associated with transcytosis and recycling.

In this paper, we provide the first evidence that there is a
functional link between the presence of HIV-1 within the en-
dosomes and infection of trophoblasts. In addition, we dem-
onstrate that internalized HIV-1 particles are both transcy-
tosed to the basolateral pole and recycled to the apical pole
upon entry into these cells. By use of confocal imaging, incom-
ing virions were found broadly distributed within the different
endocytic compartments in polarized trophoblasts. The endo-
cytic host cell machinery thus participates actively in HIV-1
replication in polarized human trophoblasts, fully supporting
the notion that HIV-1, upon internalization by endocytosis, has
several possible fates, including degradation, infection, recy-
cling, and transcytosis in these cells. The clinical relevance of
the data presented is high, since trophoblasts are believed to
play a pivotal role in mother-to-infant transmission of this
deadly retrovirus.

(This work was performed by G. Vidricaire in partial fulfill-
ment of the requirements for a Ph.D. in the Program of Mi-
crobiology-Immunology, Faculty of Medicine, Laval Univer-
sity, Quebec, Canada, 2005.)

MATERIALS AND METHODS

Cells. The JAR cell line was obtained from the American Type Culture
Collection (Manassas, Va.). 293T cells were provided by W. C. Greene (J.
Gladstone Institutes, San Francisco, Calif.). The LuSIV reporter cell line, kindly
provided by J. E. Clements (The John Hopkins University School of Medicine,
Baltimore, Md.), was derived from the CEMx174 parental cell line and carries
the luciferase reporter gene under the control of the STVmac239 long terminal
repeat. All three cell lines were maintained as previously described (37).

Molecular constructs and preparation of virus stocks. pNL4-3 is a full-length
infectious molecular clone of HIV-1. The NL4-3-Luc E"R™" vector was con-
structed by inserting a frameshift mutation near the env gene and inserting the
firefly luciferase reporter gene into the nef gene (4, 12). Both constructs were
obtained through the AIDS Repository Reagent Program (Rockville, Md.). The
pcDNA-1/Amp-based expression vector coding for the HIV-1 Ada-M (M-tropic)
full-length envelope protein was generously provided by N. R. Landau (The Salk
Institute for Biological Studies, La Jolla, Calif.). Viruses were produced by
calcium phosphate transfection of 293T cells, as described previously (8, 10, 37).

Infection assays. JAR cells were seeded in 24-well cell culture inserts contain-
ing a 0.4-uM-pore-size polyethylene terephthalate track-etched membrane (Bec-
ton Dickinson Labware, Franklin Lakes, N.J.). The cells were grown to complete
confluence and polarized for 4 days. Transepithelial electric resistance (TEER)
was measured by using a Millipore (Billerica, Mass.) instrument. The polarized
JAR cells were pretreated at 37°C for 30 min with bafilomycin Al (0.1 pM) or
NH,CI (10 mM). HIV-1 particles pseudotyped with Ada-M envelope (250 ng of
p24) were then added, and the cells were incubated at 37°C for 24 h. At this
point, tumor necrosis factor alpha (10 ng/ml) (generously provided by P. Nac-
cache, CHUL Research Center, Quebec, Quebec, Canada) was added for 24 h
to induce virus gene expression (37). Finally, luciferase activity was monitored in
cell lysates as described previously (5).
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Viral entry and fluorescence labeling. JAR cells were seeded in 24-well cell
culture inserts as described above. HIV-1 particles pseudotyped with Ada-M
envelope (250 ng of p24) were added in the upper chamber for 5 min to 24 h at
37°C. To remove all noninternalized viral particles, the cells were then acid
treated for 1 min (0.5 M NaCl, 1% acetic acid) and rapidly washed three times
with cold phosphate-buffered saline (PBS). Cells were fixed with 2% parafor-
maldehyde for 20 min, permeabilized for 4 min with 0.3% Triton X-100, and
blocked with 1% bovine serum albumin for 10 min. At this point, JAR cells were
incubated for 1 h on ice with primary antibodies (diluted in PBS containing 1%
bovine serum albumin and 0.03% Triton X-100) and subsequently with fluores-
cently conjugated secondary antibodies (diluted in the same way as the primary
antibody). The membranes were peeled off from the transwells and placed on a
slide, with the apical side facing up. A drop of 90% glycerol was added on the
membrane, and a glass coverslip was placed on top.

Entry assay with bafilomycin Al. JAR cells were seeded in 24-well cell culture
inserts (as described above). The polarized JAR cells were pretreated at 37°C for
30 min with 95% ethanol (vehicle) or bafilomycin A1 (0.1 uM). HIV-1 particles
pseudotyped with Ada-M envelope (250 ng of p24) were then added, and the
cells were incubated at 37°C for 4 h. The cells were washed, fixed, and stained as
described in the preceding section.

Recycling and transcytosis assays. JAR cells were seeded in 24-well cell
culture inserts as described above. NL4-3 (400 ng of p24) was added in the upper
chamber for 5 min to 4 h at 37°C or for 1 h at 4°C. Each time point was done in
triplicate. The medium was removed from the cells, and trypsin was added for 8
min at 4°C (this treatment did not affect the integrity of the cell barrier). The cells
were washed with cold PBS three times on ice with mild agitation. The transwells
were placed in new 24-well plates, fresh Dulbecco’s modified Eagle medium was
added to the lower and upper chambers, and the cells were incubated at 37°C for
3.5 h to allow recycling or transcytosis of internalized virions. At this point, the
media in the upper and lower chambers were collected. LuSIV cells were added
to the collected media and grown for 6 days. Luciferase activity was monitored
in the LuSIV cell lysates as described previously (5).

Antibodies. Purified human anti-HIV-1 (from pooled sera of HIV-1-infected
patients) was prepared in our laboratory. Pooled sera from healthy individuals
were used as controls (generously provided by P. Naccache). The following
reagents were also used in this work: rhodamine-phalloidin, mouse anti-gol-
gin-97 (Molecular Probes, Eugene, Oreg.), mouse anti-ZO-1, mouse anti-EEA1
(BD Biosciences, Mississauga, Ontario, Canada), mouse anti-CD63/tetramethyl
rhodamine isothiocyanate (TRITC)-conjugated Lamp3 (Santa Cruz Biotechnol-
ogies, Santa Cruz, Calif.), rabbit anti-Rab11 (Zymed Laboratories Inc, South San
Francisco, Calif.), and mouse anti-PDI (Stressgen Biotechnologies, Victoria,
British Columbia, Canada). The secondary antibodies were an Alexa 488-conju-
gated goat anti-human antibody, Texas Red goat-anti mouse IgG (H+L), Alexa
Fluor 633-conjugated goat anti-rabbit IgG (Molecular Probes), and Cy5-conju-
gated goat anti-mouse IgG (BioCan Scientific Inc., Mississauga, Ontario, Can-
ada).

Confocal laser scanning, colocalization analysis, and digital image prepara-
tion. Samples were analyzed by using a Fluoview FV300 confocal laser scanning
biological microscope (Olympus America, Melville, N.Y.). Data were captured
by using a 60X oil objective. Slides were scanned at 1-wm intervals and at a
dimension of 512 by 512 pixels with a X3 zoom magnification. For a given time
course, all the settings on the microscope were kept constant for all the samples.
Each experiment was repeated five times, and for each individual experiment, all
the samples were scanned at three different locations. Colocalization analyses
and statistics were generated using the MetaMorph Offline software (version 6.1;
Universal Imaging Corp., West Chester, Pa.). Digital images were produced
using the MetaMorph Offline software (version 6.1), Adobe Photoshop (version
8), and Adobe Illustrator (version 9; Adobe Systems Inc., Ottawa, Ontario,
Canada).

To calculate colocalization, the following sequential operations were per-
formed by the Metamorph software. The threshold was defined for each dye
individually and applied to each cell layer and at all time points of a time course.
The mock-infected sample (also labeled with anti-HIV-1) was used to define the
background signal for HIV-1. Next, the area of signals and the integration were
calculated for both HIV-1 and the marker of interest (EEA-1, CD63, or Rab11)
sequentially for all the planes of a given stack (i.e., a time point). The area of a
signal corresponds to the total number of pixels present on a given plane (cell
layer). The integration corresponds to the total number of pixels multiplied by
the average of the signal on a particular plane. Finally, colocalization events were
calculated based on algorithms defined in the Metamorph software. Colocaliza-
tion events are expressed as the ratio of the integration of Ada-M to the inte-
gration of the marker of interest and vice versa. The area of the signal, the
integration, and the colocalization were calculated individually for Ada-M and
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FIG. 1. Time course of HIV-1 entry in polarized trophoblasts. Polarized JAR cells were either mock infected (A) or exposed to Ada-M for 5
min (B), 30 min (C), 2 h (D), 4 h (E), or 12 h (F). Cells were colabeled with rhodamine-phalloidin (red) and a purified human anti-HIV-1 primary
antibody, followed by an Alexa 488-conjugated goat anti-human secondary antibody (green). The samples were scanned through a confocal laser
microscope, and the images shown are the arithmetic sum of entire stacks of the cell monolayer. Bar, 10 pm.

the marker of interest, sequentially for all the planes of a given stack over the
studied time course. Excel log files were generated to compile the calculations,
and graphs were plotted. The overlay panel is a superimposition of both labels.
The colocalization panel is a binary image corresponding to the simultaneous
presence of both signals at the same location.

RESULTS

HIV-1 rapidly enters polarized trophoblasts. Experimental
models for studying virus entry into, and infection of, epithelial
cells include primary cells. However, purification of primary
trophoblasts is extremely difficult and results in the loss of cell
polarity (7). The human trophoblastic cell lines BeWo, JAR,
and JEG-3 offer an attractive alternative, since they exhibit
many characteristics of the early placenta (29). Moreover, they
can form tight polarized barriers when cultured on permeable
supports (16). To more closely mimic the trophoblastic barrier
in vivo, we used the cell line JAR, which was grown for 4 days
on permeable supports, leading to formation of a polarized
epithelium-like monolayer. Indeed, as monitored by confocal
microscopy, they formed a compact cell monolayer that ex-
pressed the tight junction marker ZO-1. Moreover, they de-
veloped a TEER of 45 Q) per cm?. JAR cells were chosen over
BeWo and JEG-3 cells because HIV-1 expression was higher
in the former (37).

Following exposure to the macrophage-tropic HIV-1 strain
Ada-M for 5 min to 12 h, the intracellular behavior of HIV-1
in polarized human trophoblasts was visualized by confocal

microscopy. Purified polyclonal antibodies isolated from pooled
human sera from HIV-1-positive patients were used (34), fol-
lowed by an Alexa 488-conjugated goat anti-human antibody.
The specificity of the signal was tested by incubating mock- and
virus-infected polarized JAR cells with pooled sera from un-
infected healthy donors (data not shown). Via actin staining
(rthodamine-phalloidin), we clearly see that the cells are con-
fluent and cover the entire field of view (Fig. 1), confirming
that the cells form a tight layer. Interestingly, HIV-1 was found
to enter the cells rapidly, since viruses were already detected 5
min after exposure. The amount of viruses gradually increased
to reach a peak by 4 h after entry. At 4 h, the amount of viral
internalization was truly impressive and HIV-1 had penetrated
into virtually 100% of the cells. These data are perfectly in line
with a previous study evaluating the kinetics of HIV-1 entry by
use of a p24 assay (37). We estimated that the number of viral
particles internalized by polarized trophoblasts corresponds to
approximately 25% of the initial viral inoculum added to these
cells. Of note, similar results were obtained with a T-tropic
variant of HIV-1, NL4-3 (data not shown). Studies were also
conducted with HIV-1 virions loaded with an enhanced green
fluorescent protein-Vpr fusion protein. The intensity of the
HIV-1-specific signal was much lower when this technical strat-
egy was used, probably because of the low number of Vpr
molecules known to be inserted per single mature virus (an
average of 100 to 200). Moreover, different HIV-1 proteins are
most likely recognized by polyclonal anti-HIV-1 antibodies, a
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FIG. 2. HIV-1 expression is suppressed by endosomal acidification inhibitors, and viruses are recycled and transcytosed in polarized tropho-
blasts. Polarized JAR cells were pretreated with bafilomycin Al (A) or NH,CI (B). Viral expression was measured (luciferase activity) in these cells
subsequent to a 24-h exposure to Ada-M followed by a 24-h treatment with TNF-«. Polarized JAR cells were pretreated with ethanol (vehicle)
(D) or bafilomycin Al (E). The cells were next exposed to Ada-M for 4 h at 37°C and then colabeled with a purified human anti-HIV-1 antibody
followed by an Alexa 488-conjugated goat anti-human antibody. As a control for the staining, cells were mock infected (C). The samples were
scanned through a confocal laser microscope, and the images shown are the arithmetic sum of entire stacks of the cell monolayer. Bar, 10 pm.
Polarized JAR cells were also exposed to NL4-3 at 4°C for 1 h or at 37°C for 5 min to 2 h. After extensive washes, fresh medium was added to
the upper and lower chambers, and the cells were incubated for 3.5 h at 37°C. Media from the upper chamber (recycling) (F) and lower chamber
(transcytosis) (G) were collected, and LuSIV indicator cells were added and grown for 6 days. Luciferase activity was monitored in each cell lysate.
Values from the luminometer are expressed as relative light units (RLU). Data shown are means * standard deviations from triplicate samples

and are representative of three independent experiments.

factor resulting in enhancement of HIV-1-specific signal inten-
sity. Therefore, the intracellular behavior of HIV-1 in polar-
ized human trophoblasts was visualized by using purified poly-
clonal antibodies isolated from pooled human sera from HIV-
1-positive patients.

Correlation between endocytic uptake and subsequent in-
fection in trophoblasts. If a correlation exists between HIV-1
endocytosis and infection of trophoblasts, then the endosomes
must play a pivotal role in this process. Therefore, blocking the
function of the endosomes would translate into a reduction of
virus gene expression. To verify this hypothesis, endosome
inhibitors of two classes were tested: the inhibitor of vacuolar

proton ATPase bafilomycin Al and the lysosomotropic weak
base NH,CI. Both drugs are known to block vesicle acidifica-
tion as well as endosomal and lysosomal degradation systems
(1, 6). Polarized JAR cells were inoculated with single-cycle
reporter virus pseudotyped with the Ada-M envelope. Of note,
tumor necrosis factor alpha was added in our infection assays
because its presence is required to promote viral gene expres-
sion in trophoblasts (37). When cells were pretreated with
either bafilomycin Al or NH,CI, the HIV-1 promoter-driven
gene activity was nearly completely abolished (Fig. 2A and B).
Moreover, both inhibitors acted within a few hours of HIV-1
exposure to trophoblasts (data not shown). This implies that
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for viral expression to ensue in trophoblasts, HIV-1 must first
transit through the endosomes. Therefore, a strict association
between the presence of HIV-1 within the endocytic compart-
ments upon internalization and viral replication exists in po-
larized trophoblasts. To ensure that the drugs did not act on
the cells at the level of viral entry, JAR cells were pretreated
with bafilomycin Al and then exposed to Ada-M particles for
4 h. The samples were analyzed by confocal microscopy. We
observed comparable amounts of staining for HIV-1 particles
in cells exposed or not to bafilomycin Al, implying that the
drug does not impact viral entry (Fig. 2C to E)

HIV-1 particles recycle to the apical pole and transcytose to
the basolateral pole. During transcytosis, it is presumed that
fully infectious viruses are endocytosed by the cells at the
apical pole, transported within vesicles across the cells, and
released intact from the basolateral pole into the underlying
medium. This process is independent of virus replication. We
reasoned that if such a process occurs, perhaps HIV-1 can also
be released from the apical end. More specifically, upon inter-
nalization of HIV-1, the cells could rapidly not only send viri-
ons to the basolateral pole but also return a fraction of the
internalized viruses to the place from which they came initial-
ly—the apical pole. We called this process recycling of HIV-1.
To verify whether HIV-1 was indeed recycled and/or transcy-
tosed, polarized JAR cells were exposed to NL4-3 for 5 min to
2 h (for recycling) or 4 h (for transcytosis). As a control, the
cells were exposed to HIV-1 for 1 h at 4°C. Endocytosis is
inhibited at this temperature such that viral internalization and
fusion should also be repressed. At this point, cells were
treated with trypsin and extensively washed to remove all non-
internalized viral particles. This step is crucial to assess the
recycling process. The cells were incubated for another 3.5 h at
37°C to allow internalized virions either to be returned to the
apical pole (recycling) or to be transported across the cell layer
and released in the lower chamber (transcytosis). Since the
total incubation period of JAR cells with HIV-1 was short, a
replication cycle of HIV-1 could not have been completed yet.
Therefore, virions that were collected in the upper or lower
chambers could only be the result of recycling or transcytosis,
respectively. The amounts of virions released by the cells were
too small to be readily detected by a p24 test (detection limit,
50 pg/ml). Consequently, the medium from the upper and
lower chambers were collected and put in contact with LuSIV
indicator cells. These cells are susceptible to infection with very
low levels of HIV-1 (unpublished data). Fully competent vi-
ruses were released in the lower chamber by the cells, implying
transcytosis (Fig. 2F). Interestingly, we also observed that fully
infectious virus particles were returned to the upper chamber,
i.e., the apical pole of the cells, thus suggesting recycling of
HIV-1 (Fig. 2G).

Monitoring the movements of HIV-1 within the endocytic
compartments. Defining exactly where HIV-1 is located within
the endocytosis complex is crucial for unveiling the early steps
of HIV-1 replication in trophoblasts. The step-by-step move-
ments of HIV-1 within the endocytic compartments in polar-
ized JAR cells were tracked by confocal analyses. EEA-1
served as a marker of early endosomes, CD63 was used for late
endosomes, and Rab11 was used for recycling endosomes. To
estimate the colocalization events, a series of operations were
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performed with Metamorph software as described in Materials
and Methods.

Incoming HIV-1 partly colocalizes with early endosomes.
On the basis of the calculations described in Materials and
Methods, the relationship between Ada-M and EEA-1 is pre-
sented in Fig. 3. Following a contact period of 5 min, 5 to 7%
of the HIV-1-specific signal colocalized with EEA-1 at 2 to 4
pm (Fig. 3A). Within 15 min, the majority of the virions were
located on the second and third cell layers, with 15 and 36%,
respectively, of the internalized virions present on these cell
layers colocalizing with EEA-1. Of note, few virions migrated
into the cells to reach 6 pm, where 60% of the signal detected
colocalized with EEA-1, but this may not be significant given
the small amount of HIV-1 that reached this layer at this time
point. Moreover, between 4 and 7 pwm, the signal for Ada-M is
not apparent on the graph because it is very weak and thus
below the scale’s units. The virions then continued their path
as the percentage of colocalization declined by 30 min follow-
ing incubation with HIV-1. A small percentage of colocaliza-
tion remained because virions are continuously entering the
cells. The distribution of EEA-1 was fairly broad over the
entire depth of the cell monolayer. However, its peak level was
located at the apex of the cells (3 to 4 um). Where EEA-1 was
most present (3 wm), the percentages of colocalization of
EEA-1 with Ada-M were between 0.5 and 3%. Digital images
of the cells at 3 wm following a 15-min exposure to HIV-1 are
shown to provide a clear representation of the colocalization
events (Fig. 3E to H).

HIV-1 strongly colocalizes with late endosomes. Next, by
determining the relationship between Ada-M and CD63, we
investigated whether HIV-1 can migrate to late endosomes.
The percentages of colocalization between HIV-1 and CD63
progressively increased over the entire time course such that,
as entry evolved, HIV-1 steadily reached late endosomes and
accumulated in these organelles (Fig. 4). By 4 h, most of the
virions were located in CD63-expressing organelles: from 4 to
9 pwm of the cells’ depth, 40, 55, 57, 66, 69, and 62% of the
signal detected for Ada-M colocalized with CD63, respectively.
The frequency of colocalization events declined on deeper cell
layers. On the other hand, CD63 showed a fairly constant
signal and broad distribution over the entire depth of the cells.
This being said, the highest signal value could be found at the
apex of the cells (4 to 6 pm). The highest percentages of
colocalization of CD63 with Ada-M were 4, 8, 13, and 47%
upon exposure of polarized trophoblasts to HIV-1 for 5 min
and 1, 2, and 4 h, respectively. This indicates that the late
endosomes gradually became occupied by incoming HIV-1.

HIV-1 colocalizes with the apical recycling endosomes. The
possible location of HIV-1 in the apical recycling endosomes
was also studied, by use of Rab11 (Fig. 5). A small fraction of
incoming virions reached the Rab11™ recycling endosomes.
The peak was seen after 1 h of exposure to HIV-1, and colo-
calization events after that time point remained at 9 to 11% at
the cell layers where most of the signal associated with HIV-1
was present. The distribution of the signal for Rabll was
concentrated over the first half of cells’ depth, and its maxi-
mum was located at the apex of the cells (4 to 5 wm). Where
HIV-1 was most present (3 to 5 wm), the percentages of co-
localization of Rab11 with Ada-M were low at first: 1% after 5
min and 2 to 6% after 1 h of incubation with HIV-1. However,
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these percentages reached 10% by 2 h and 11% by 4 h, sug-
gesting that recycling endosomes are also involved in the tran-
sit of HIV-1 in polarized trophoblasts.

HIV-1 is predominantly located at the apex but also mi-
grates to the basolateral pole. If HIV-1 is transcytosed across
the trophoblastic cell barrier to reach the basolateral pole, then
it can be argued that HIV-1 particles must be seen traveling
from the apex of the cells to the bottom. To test this hypoth-
esis, infected polarized JAR cells were fixed and triple labeled
with anti-HIV-1, anti-ZO-1, and rhodamine-phalloidin. Con-
focal scanning was then performed, and the Z-stages were set

to ensure that the entire depth of the cell monolayer was
encompassed. The presence of HIV-1 was monitored over the
entire stack of cell layers over a 4-h time course. Figure 6
presents images of the cell layers corresponding to 3 wm (Fig.
6A, E, I, and M), 4 pum (Fig. 6B, F, J, and N), the middle of the
stack (Fig. 6C, G, K, and O), and the bottom of the stack (Fig.
6D, H, L, and P). We found that after 5 min, HIV-1 was
located solely at the top of the cells (Fig. 6A to D). With time,
viral entry progressively increased and virions gradually moved
deeper into the cells. Thirty minutes after the initial contact,
virions were present at the 4-pm layer (Fig. 6F), and after 2 h,
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some were present at the 6-pm layer (Fig. 6K). Interestingly, a
few virions had reached the basolateral pole of the cells at 4 h
following incubation with HIV-1 (Fig. 6P). The majority of the
internalized virions accumulated at the apex of the cells (the 3-
to 4-um area).

Quantification of the migration of HIV-1 in trophoblasts. In
order to quantify the intracellular distribution of HIV-1 in
polarized trophoblasts, the signal intensities specific for HIV-1
and rhodamine-phalloidin were determined by Metamorph
software. The bar graphs in Fig. 7 illustrate the number of
pixels for Ada-M at 30 min (Fig. 7A) or 4 h (Fig. 7C) postin-
fection. The actual numbers of pixels are provided for both
Ada-M and rhodamine-phalloidin (Fig. 7B and D). The data

are vertically tiled in order to match the physical appearance of
a cell monolayer. The first layer of the stack corresponds to the
apex, while the last layer represents its bottom. The data indi-
cate that HIV-1 is located within the first six layers as early as
30 min following the initial virus exposure. The majority of the
internalized virions are present on the third layer. In compar-
ison, the number of internalized viruses is significantly in-
creased at a later time point (4 h). However, 85% of the virions
remained within the first six layers of the cells, with the highest
number of virions located on the fourth layer. Fifteen percent of
the virions moved deeper, and a small fraction even reached the
basolateral pole of the cells (Fig. 7D). The data underscore the
distribution of HIV-1 in polarized trophoblasts and demon-
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FIG. 5. HIV-1 colocalizes weakly with recycling endosomes. Polarized JAR cells were colabeled with purified human anti-HIV-1 followed by
an Alexa 488-conjugated goat anti-human antibody and rabbit anti-Rab11 followed by Alexa Fluor 633-conjugated goat anti-rabbit IgG. (A to D)
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strate for the first time the ability of HIV-1 to migrate across
the entire depth of the cell layer.

DISCUSSION

In this study, treatment with endosome inhibitors resulted in
a significant reduction of HIV-1 expression in polarized tro-
phoblasts but did not affect viral entry. Several explanations
can be suggested to account for these findings. First, HIV-1
may require an acid pH for fusion within the endosomes (as is

the case, for instance, for vesicular stomatitis virus) in tropho-
blasts. Alternatively, endosomal hydrolases may be required
for HIV-1 to be released into the cytoplasm. In either case,
these data underscore that (i) a functional correlation between
the endocytic uptake of HIV-1 and subsequent trafficking leads
to infection in these cells and (ii) the mechanism through
which HIV-1 escapes the endosomes to access the cytoplasm is
completely different from what is known for other cell types.
Indeed, when endosomal acidification is inhibited in epithelial
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FIG. 6. Migration of HIV-1 in polarized trophoblasts. Polarized JAR cells were exposed to Ada-M for 5 min (A to D), 30 min (E to H), 2 h
(I'to L), or 4 h (M to P). Cells were triple labeled with rhodamine-phalloidin (red), mouse anti-ZO-1 followed by Cy5-conjugated goat anti-mouse
IgG (blue) (to detect the tight junctions), and purified human anti-HIV-1 followed by an Alexa 488-conjugated goat anti-human antibody (green).
Bar, 10 pum. The first row (A, E, I, and M) corresponds to 3 wm from the apex of the cells, the second row (B, F, J, and N) corresponds to 4 pm,
the third row (C, G, K, and O) corresponds to the middle of the cells (7 to 9 wm), and the fourth row (D, H, L, and P) corresponds to the basolateral

pole of the cells (14 to 18 wm).

HeLa CD4™ cells and T lymphocytes, viral replication is in-
creased. Under such conditions, the incoming virions are be-
lieved to be spared from degradation (13, 14, 21, 30).

We do recognize that aside from infecting trophoblasts, part
of the incoming virions might be degraded within the lysosomal
machinery. Interestingly, we found that HIV-1 may not only be
degraded but may also infect polarized trophoblasts and be
transcytosed to the basolateral pole, a process also document-
ed by other scientists. We also observed that HIV-1 was in part
returned to the medium facing the apical pole upon its inter-
nalization, a process we called recycling of HIV-1. Since the
risks of in utero transmission of HIV-1 are directly related to

viremia, reducing the presence of HIV-1 within the placental
cells would therefore be associated with smaller chances of
vertical transmission of HIV-1. Both transcytosis and recycling
of molecules involve the endocytic machinery, and as dis-
cussed, viral expression in trophoblasts requires the active par-
ticipation of the endosomes. It would therefore appear that the
endocytic machinery plays a critical role in the biology of
HIV-1 in trophoblasts. The fact that incoming HIV-1 is present
within several endocytic compartments fully supports this no-
tion.

Dissection of the endocytic pathway associated with viral
entry and infection is the focus of intense research. Previous
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FIG. 7. HIV-1 migrates to the basolateral pole of trophoblasts. (A to D) Polarized JAR cells were exposed to Ada-M for 30 min (A and B)
or 4 h (C and D). Cells were double labeled with rhodamine-phalloidin and purified human anti-HIV-1 followed by an Alexa 488-conjugated goat
anti-human antibody. Bar charts illustrate the number of pixels (specific for HIV-1) present on each cell layer from the apex to the bottom after
30 min (A) or 4 h (C) of virus exposure. Tables give the number of pixels (specific for HIV-1 and actin cytoskeleton) present on each cell layer
from the apex to the bottom after 30 min (B) or 4 h (D) of virus exposure. Dashed red lines indicate the correspondence between the bar charts
and the tables. (E) The intracellular itinerary of incoming HIV-1 in trophoblasts is summarized. Upon endocytic entry in polarized trophoblasts,
HIV-1 is associated with EEA-1-positive organelles and possibly with EEAl-negative organelles. The virions rapidly traffic to CD63™ late
endosomes, where they accumulate. Infection and degradation may be associated with events occurring in these organelles. Also, HIV-1 may
recycle to the apical pole via Rab11" organelles. Finally, HIV-1 virions migrate to the basolateral pole. Transcytosis of HIV-1 may occur through
a transit via the common endosome and basolateral endosome and/or concomitantly with the release of exosomes via CD63" organelles.
Demonstrated pathways are indicated by yellow arrows; postulated pathways are indicated by blue arrows.
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reports have elegantly addressed the behavior of HIV-1 in
CD4-expressing HeLa cells, lymphocytes, and dendritic cells in
relation to CD4 and the coreceptors for HIV-1 (22, 23, 32, 35).
However, data showing the progression of HIV-1 in epithelial
cells were still completely lacking. In this study, we addressed
this key question in polarized trophoblasts, a cell type thought
to play a pivotal role in the vertical transmission of HIV-1. We
provide for the first time an accurate and broad representation
of the route taken by HIV-1 in polarized trophoblasts. In
contrast to a previous study (24), we have successfully grown
JAR cells as a polarized tight monolayer. Indeed, for the time
JAR cells were grown in our assays, they (i) spread in a single
plane, (ii) expressed the tight junction marker ZO-1, and (iii)
developed a TEER of 45 Q per cm?. The human trophoblastic
cell line BeWo can also form a tight, polarized monolayer
when cultured in a two-chamber culture system, an experimen-
tal strategy similar to that used in our experiments. As a com-
parison, BeWo gives a TEER of 65 (- cm? (16). One reason
that may explain the inability of Mitchell and coworkers (24) to
grow JAR cells as a tight polarized monolayer could relate to
the maintenance of such trophoblasts in culture flasks. When
epithelial cells are cultured on glass or plastic, they are forced
to feed from the apical surface, which faces the culture me-
dium. Hence, the basolateral surface becomes isolated from
the growth medium as the monolayer is sealed by the forma-
tion of tight junctions. This difficulty is overcome by growing
the epithelial cells on permeable supports (31).

EEA-1 is one of the most specific early endosomal markers;
it is associated with both the sorting domain of the apical early
endosome and the basolateral early endosome. Consistent with
published results (38), the distribution of EEA-1 in polarized
JAR cells was fairly broad over the cell layers’ depth; however,
its maximal expression was located at the apex of the cells. If
we look at the entire time course, the overall percentage of
colocalization between HIV-1 and EEA-1 was low. In parallel,
EEA-1 weakly colocalized with HIV-1, indicating that few of
these organelles were occupied by HIV-1. Two conclusions
can be drawn from these data. First, the transit of HIV-1 via
EEA-1" organelles might occur so rapidly that the percentage
of colocalization is underestimated. Alternatively, it is possible
that only a fraction of the incoming virions transit through the
EEA-1-positive organelles, while the majority use EEA-1-neg-
ative early endosomes.

The signal associated with CD63 appears as punctate dots
evenly distributed over the entire cell, while an intense signal is
also present in the perinuclear region (3). A similar pattern
was observed in JAR cells, although the signal was strongest
within the top layers of the cells. In contrast to the early and
recycling endosomes, where incoming virions appeared to tran-
sit quickly, HIV-1 clearly accumulated within CD63" or-
ganelles over time, as these organelles became increasingly
occupied by HIV-1. The presence of molecules in late endo-
somes has typically been associated with a degradative path-
way. However, the ultimate fate of molecules reaching late en-
dosomes is a complex phenomenon. Molecules present on the
limiting membranes of late endosomes are recycled, whereas
constituents targeted to the inner membranes (i.e., inner ves-
icles) of late endosomes are destined for degradation. A se-
lected set of proteins are also stable in the late endosome’s
internal vesicles (28). If we now consider the case of HIV-1,
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upon reaching late endosomes, this retrovirus as an enveloped
virus will be among the inner vesicles present in these com-
partments. Therefore, it is possible that a yet undefined por-
tion of HIV-1 is degraded in trophoblasts upon reaching
CD63" organelles. On the other hand, it is also conceivable
that some HIV-1 particles fuse within the endocytic compart-
ment, possibly in the late endosomes, to reach the cytoplasm as
part of the virus’s infectious cycle in trophoblasts. This model
is in agreement with our finding that bafilomycin Al and
NH,CI severely reduced virus gene expression in trophoblasts.
Interestingly, bafilomycin Al not only affects endosomal pH
but also affects the transit from early to late endosomes (30).
Thus, it is possible that the transit of HIV-1 to the late endo-
somes is required for viral infection to proceed. Further ex-
periments are needed to confirm this hypothesis.

The small GTPase Rabl11 is an established marker protein
associated with recycling endosomes (11). In polarized MDCK
cells, Rabl1l was observed in a punctate vesicular pattern,
concentrated to a single focus around the centrosome (9).
Although we did not label the centrosome in this study, Rab11
in trophoblasts presented a similar pattern of expression. In-
terestingly, HIV-1 was seen to partly colocalize with Rab11 at
a fairly constant rate. This indicates that there is a continuous
transit of HIV-1 particles through these organelles as they
migrate from the plasma membrane. This is the first report
showing the presence of a retrovirus in Rab11" organelles. A
subpopulation of mouse polyomavirus was also recently found
in perinuclear areas associated with Rab11 GTPase (19). The
colocalization of HIV-1 with Rabll has important conse-
quences for the virus. Indeed, some molecules found in recy-
cling endosomes are returned to the plasma membrane (9),
while others are directed to the Golgi apparatus (18). In con-
trast to other types of virus (27), we found that HIV-1 did not
colocalize with either the Golgi complex or the endoplasmic
reticulum in polarized human trophoblasts (data not shown).
On the other hand, we did observe that a fraction of incoming
virions in trophoblasts is rapidly returned to the apical pole
(i.e., the maternal circulation) upon internalization, a process
we called recycling of HIV-1. It will be important to verify
whether this process is Rab11 dependent.

Transcytosis of virions has been postulated previously, but
HIV-1 had never been visualized migrating from one pole to
the opposite pole before. In this study, although HIV-1 was
predominantly concentrated at the apex of the cells, we showed
that a fraction of the internalized viruses migrated below the
tight junctions and reached the basolateral pole. These data
are fully in support of the notion that HIV-1 is able to reach
the basolateral pole in trophoblasts. From there, it is possible
that HIV-1 is exocytosed from the basolateral side to reach the
fetal circulation. Interestingly, it has been reported that only
1% of the virus inoculum crosses the blood-brain barrier in a
similar fashion (17). Two pathways of transcytosis in tropho-
blasts are possible: through a transit via the common endo-
some and basolateral endosome and/or concomitantly with the
release of exosomes via CD63-expressing organelles.

All in all, the data presented in this work provide crucial
information on the intracellular trafficking and fates of HIV-1
in polarized human trophoblasts. A summary of the different
pathways of HIV-1 within the endocytic compartments is de-
picted in Fig. 7E. The requirement for HIV-1 to transit
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through the endocytic compartments in order for virus gene
expression to ensue stresses a completely novel mode of entry
process associated with infection in these cells. Moreover, we
provide evidence that at least two other fates are possible in
these cells: recycling and transcytosis. These data underscore
the complexity of the biology of this retrovirus, and the phys-
iological significance of these results is high, since the human
polarized trophoblast barrier is considered a primary target for
maternal blood-borne HIV-1 infection. The data obtained also
increase our understanding of the HIV-1 infection process in
adults. Indeed, epithelial cells are the portal of entry for HIV-1
during primary infection in adults, and viral internalization is
associated with endocytosis in these cells. Moreover, as dis-
cussed, endocytosis may be important for macrophages and
dendritic cells, cell types that play key roles in the pathogenesis
of HIV-1 infection.
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