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We report that both primary and laboratory-adapted infectious human immunodeficiency virus type 1
(HIV-1) isolates in a cell-free form are capable of transcytosis through a tight and polarized monolayer of
human endometrial cells. Trancytosis of cell-free HIV occurs in a strain-selective fashion and appears to be
dependent on interactions between HIV envelope glycoproteins and lectins on the apical membrane of the
epithelial cells. These findings provide new insights into the initial events occurring during heterosexual
transmission of the virus.

Transmission of human immunodeficiency virus type 1
(HIV-1) occurs through monostratified mucosal surfaces (27,
29). Genital secretions of HIV-1-seropositive individuals con-
tain both cell-free HIV-1 particles and virus that is cell asso-
ciated in the form of infected monocytes/macrophages and
CD41 T lymphocytes (23, 25, 27). Whereas HIV-1 recovered
from individuals undergoing primary infection is largely R5-
tropic and of the non-syncytium-inducing (NSI) phenotype (28,
31), both X4-tropic syncytium-inducing variants and R5-tropic
NSI variants are found in blood and genital secretions of HIV-
1-seropositive individuals at a later stage of disease (7, 32).
Thus, a selection process favoring R5-tropic NSI phenotypes
occurs during or soon after transmucosal penetration of the
virus.

Transcytosis of HIV-1 through a tight monolayer of epithe-
lial cells has been proposed as an in vitro model mimicking the
penetration of HIV-1 through unistratified epithelia (21, 22).
Although transcytosis of cell-associated virus has been consis-
tently demonstrated in this model (2, 22), transcytosis of cell-
free HIV-1 particles remains controversial (2, 4, 17).

Transcytosis of free and cell-associated HIV-1 across a
monolayer of epithelial cells. We first investigated whether
cell-associated R5- and X4-tropic viruses, as well as the corre-
sponding free viral particles, were capable of transcytosis
through the HEC-1 monolayer. A significant amount of trans-
cytosis was consistently observed in the case of both cell-asso-
ciated virus and free virus following contact with the apical
membrane of HEC-1 cells at 37°C (Fig. 1A). When performing
the experiment at 4°C, we observed that transcytosis of free
HIV-1NDK was inhibited by 90% (Fig. 1B). Virus that was

recovered from the basal chamber, whether it originated from
transcytosis of cell-associated HIV-1 or of free HIV-1, was
infectious in vitro, as assessed by its ability to infect phytohe-
magglutinin (PHA)- and interleukin-2 (IL-2)-stimulated pe-
ripheral blood lymphocytes (PBL) from healthy individuals.

Detection of intracellular HIV-1 gp160 in transcytosed
HEC-1 cells. Indirect immunofluorescence allowed detection
of HIV gp160 antigen by confocal microscopy within the cy-
tosol of HEC-1 cells, after exposure of the apical side of the
monolayer to free HIV-1NDK during 3 h (Fig. 2).

Selectivity of transcytosis of free HIV-1 through a mono-
layer of endometrial cells. When HIV-1 was delivered as free
viral particles to the apical chamber of the transwells, the
recovery in the basal compartment, as measured by quantitat-
ing p24 antigen, was 0.41% 6 0.07% of deposited HIV-1Lai

(mean 6 the standard error of the mean), 0.26% 6 0.06% of
HIV-1NDK, 0.77% 6 0.16% of HIV-1Bang, 0.17% 6 0.07% of
deposited HIV-1JRCSF, and 0.01% 6 0.005% of HIV-1Bal,
respectively (Fig. 3A). The amount of HIV-1Bal recovered in
the basal chamber in an experiment performed at 37°C did not
exceed that of HIV-1NDK recovered at 4°C (i.e., 0.01% of
deposited virus, used as a cutoff in the assay), despite the fact
that significant transcytosis of the HIV-1NDK, HIV-1Bang, and
HIV-1Lai isolates occurs under the same experimental condi-
tions.

No significative difference was observed between strains with
regard to transcytosis of cell-associated viruses. The mean per-
centages of deposited Sup T1-associated HIV-1Bang, peripheral
blood lymphocyte (PBL)-associated HIV-1NDK, U1-associated
HIV-1Lai, and monocyte-derived macrophage-associated HIV-
1Bal that were recovered in the basal chamber of the transwell
systems in three independent experiments were 0.32% 6
0.17%, 0.12% 6 0.02%, 0.17% 6 0.03%, and 0.21% 6 0.12%,
respectively (Fig. 3B).
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Involvement of gp160 in transcytosis of free HIV-1. HEC-1
cells were found to express CXCR4 and Galcer antigens (ap-
proximately 70% of HEC-1 cells) by indirect immunofluores-
cence staining, but they failed to express the CD4 and CCR5
antigens (not shown). Transcytosis of free HIV-1NDK was not
inhibited by anti-CXCR4 monoclonal antibody (MAb), nor by
a mixture of four anti-CCR5 MAbs to the apical chamber of
the transwells. In contrast, human polyclonal antibodies to
gp160 blocked, in a dose-dependent manner, up to 95% 6 3%
of the transcytosis of free HIV-1NDK (Fig. 4A). Transcytosis of

free HIV-1NDK was partially inhibited by the anti-Galcer an-
tibodies (40.5% 6 23%) and by D-(1)-mannose (60% 6 4%).
Irrelevant IgG and N-acetylgalactosamine did not inhibit cell-
free HIV-1 transcytosis (Fig. 4B).

Lack of infection of HEC-1 endometrial cells upon transcy-
tosis of cell-free and cell-associated HIV-1. The epithelial cells
used in the transcytosis assays were recovered from filter by
trypsinization and further cultured for 30 days in order to
eliminate contaminating cells. The presence of HIV-1 provirus
was then investigated using 106 epithelial cells by means of a
nested PCR in the pol gene region, as described previously
(20). No viral DNA was detected in HEC-1 cells that had been
exposed to all free and cell-associated HIV isolates.

Although transcytosis of cell-associated virus has been ob-
served consistently (2, 21), transcytosis of cell-free HIV-1 par-
ticles through monolayers of epithelial cells remains contro-
versial. Thus, evidence of transcytosis of cell-free virus through
HEC1 endometrial cells could not be shown by Bomsel (2). In
contrast, Kage and colleagues reported that cell-free HIV-1
can be taken up and released by a monolayer of primary
human gingival cells and that recovered virus remained infec-
tious for CD41 T cells in vitro (17). In this study, we reevalu-
ated the transcytosis of cell-free HIV-1 using a tight polarized
monolayer of HEC-1 endometrial cells. The integrity of the
monolayer was carefully assessed by measuring the resistivity
between the apical and basal chambers prior to transcytosis
and after transcytosis had taken place. We observed that cell-
free as well as cell-associated HIV-1 was transported through
the monolayer of HEC-1 cells. Immunofluorescence staining
of HIV-1 gp160 in HEC-1 cells exposed to cell-free HIV gave
direct evidence that the virus passed through the cell. We
chose to detect the envelope gp160 rather than nucleoprotein
antigens to differentiate between transcytosis and infection.
Virus that was recovered in the basal chamber following trans-
cytosis through HEC-1 cells remained infectious, as demon-
strated by its ability to infect IL-2- and PHA-activated PBL of
healthy donors in vitro. Transcytosis was an active process,
since it was suppressed by more than 90% at 4°C. Whereas
transcytosis of virus occurred with all strains that we tested
when virus was in a cell-associated form, transcytosis appeared
to be dependent on the viral strain in the case of cell-free viral
particles. Thus, the cell-free R5-tropic HIV-1Bal strain did not
cross the epithelial monolayer, whereas under the same exper-
imental conditions using a twofold-lower amount of HIV-1,
transcytosis occurred with other R5-tropic and X4-tropic cell-
free HIV-1 strains. Transcytosis occurred with an efficiency
that was dependent on the viral strain. Differences in efficiency
were not related to the R5 or X4 tropism of the virus.

In order to investigate the nature of the molecules involved
in initiating transcytosis at the apical membrane of endome-
trial cells, we analyzed the expression of receptors for HIV-1
and the ability of antibodies directed against these molecules
to inhibit transcytosis when added to the apical chamber of the
transwell system. HEC-1 cells were found not to express either
CD4 or CCR5, whereas the cells strongly stained for CXCR4
and Galcer, a glycolipid that has been suggested to function as
a receptor for the penetration of HIV-1 in CD4-negative cells
(6, 8, 9) and in transcytosis of cell-associated HIV-1 (2). Trans-
cytosis of cell-free and cell-associated HIV-1 was not inhibited
by a large excess of either anti-CD4, anti-CXCR4, or anti-

FIG. 1. Transcytosis of cell-free and cell-associated HIV-1 through
a tight monolayer of HEC-1 cells. (A) Kinetics of transcytosis of
cell-free (full circles) and PBL-associated (open circles) HIV-1NDK.
Twenty nanograms of p24 (free virus) and 2 3 106 infected PBL were
deposited in the apical chamber of the transwell system. The results
are expressed as the amount of p24 antigen recovered in the basolat-
eral chamber as a function of time. (B) Temperature dependency of
transcytosis. Transcytosis of free HIV-1NDK through the HEC-1 cells
monolayer was assessed at 37 and at 4°C by measuring the amount of
p24 antigen in the basal chamber after 3 h of contact of cell-free virus
(20 ng) with the apical membrane of HEC-1 cells. Results are ex-
pressed as means and standard deviations of three separate experi-
ments.
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CCR5 antibodies. Antibodies to Galcer resulted in a limited
(35 to 40%), although significant, inhibition of the transcytosis
of cell-free virus. Affinity-purified human polyclonal immuno-
globulin G (IgG) against gp160 consistently inhibited transcy-
tosis by 95%. These observations suggest that transcytosis oc-

curs through a receptor-mediated mechanism utilizing the
HIV-1 envelope and partially involving Galcer residues. Inhi-
bition experiments using mannose showed that it inhibited
60% of transcytosis of free HIV-1, further suggesting that this
lectin is also involved in the interaction between gp160 and the
apical membrane of HEC-1 cells. Taken together, the data
suggest that cell-free infectious HIV-1 particles can penetrate
epithelia following the interaction between gp160 and lectin
residues, such as mannose, and to a lesser extent the Galcer
molecule expressed on the mucosal surface. Thus, although the
Galcer molecule can bind to HIV-1 envelope glycoprotein,
leading to the infection of some epithelial cells (5, 8), the
glycolipid does not appear as a major attachment receptor
used at initial events of free HIV-1 transcytosis through a
monolayer of epithelial cells.

Whether the transmucosal passage of HIV-1 involves infec-
tion of the epithelial cells during sexual transmission remains

FIG. 2. Detection of intracellular HIV-1 gp160 antigen (red) in transcytosed HEC-1 cells by immunoflorescence. The HEC-1 cells used in the
transcytosis assays were washed, fixed with paraformaldehyde (4% in phosphate-buffered saline [PBS]) for 15 min, quenched of free aldehydes with
200 mM NH4Cl in PBS, and permeabilized for 10 min with 0.5% of Triton X-100 in PBS. After being washed with PBS, cells were incubated for
1 h with human anti-gp160 IgG diluted in PBS buffer with 1% bovine serum albumin. Phycoerythrin-labeled F(ab9)2 goat anti-human IgG (Jackson
Immunoresearch, West Grove, Pa.) was further added at a dilution of 1/10. The coverslips were mounted in Mowiol (Sigma, St. Louis, Mo.) and
observed by confocal microscopy using a Leica microscope (Leica, Wetzlar, Germany). Magnification, 3630.

FIG. 3. Transcytosis of various isolates of HIV-1 through HEC-1
cells. (A) Transcytosis of cell-free HIV. (B) Transcytosis of cell-asso-
ciated HIV. The viral strains that were used included the primary
R5-tropic HIV-1JRCSF (clade B) grown on PBL following stimulation
with PHA and IL-2, the R5-tropic HIV-1Bal (clade B) which was
amplified in monocyte-derived macrophages of healthy donors, the
laboratory-adapted R5X4-tropic HIV-1Bang originating from a patient
infected with clade A virus and further amplified in the Sup T1 T-cell
line, the primary X4-tropic HIV-1NDK (clade D) grown in PBL of
healthy donors following stimulation with PHA and IL-2, and the
laboratory-adapted X4-tropic HIV-1Lai (clade B) amplified in U1
monocytic cells. Transcytosis was assessed as previously described (14).
Filters were used when the resistivity of the monolayer had reached
200 V/cm2 after 6 days. Free virus (20 ng/well) or HIV-1-infected cells
(2 3 106 cells) were added to the apical chamber of transwells. After
180 min at 37°C, transcytosis was quantified by measuring the p24
antigen in samples taken from the basolateral chamber by means of a
capture enzyme-linked immunosorbent assay (DuPont de Nemours,
Wilmington, Del.) (threshold of detection, 3 pg/ml). Results were
expressed as a percentage of virus recovered in the basal chamber,
calculated from the amount of HIV-1 applied in the apical chamber
that represented 100%. The data are expressed as means and standard
deviations for three independent experiments.
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unknown. The issue remains controversial, since some authors
have reported infection (3, 15, 26) whereas others have not (2,
11). We have been unable to detect viral DNA by means of a
nested PCR in HEC-1 cells that had been exposed to free or to
cell-associated virus, washed, and further subcultured for 30
days prior to PCR testing. These results indicate that HEC-1
cells allow viral transcytosis in the absence of infection. How-
ever, transcytosis in association with concomitant infection of

epithelial cells may occur, as previously reported in the case of
HeLa cervical epithelial cells (19).

The demonstration that infectious cell-free HIV-1 may cross
epithelial cells is consistent with observations of infection of
adult macaques challenged intravaginally with cell-free SIV
and chimeric simian/human immunodeficiency viruses (12, 13,
16, 18, 30). Furthermore, the risk of transmission of HIV-1
from mother to infant by breast feeding has been shown to be
directly correlated to the amount of cell-free virus in milk (24).
The amounts of virus that were recovered in the basal chamber
of the transwell system did not exceed 0.7% in the case of
cell-free virus and 0.3% in the case of cell-associated HIV-1.
Thus, it is likely that sexual transmission by this mechanism will
require a high inoculum and may not occur at a high frequency,
which is consistent with epidemiological data (23). The risk of
transmission would also depend, at least in the case of cell-free
virus, on the relative fitness of the variants within the inoculum
and local factors, including the presence of mucus and the
glycocalyx on the apical surface of epithelial cells (10).

The observation that transcytosis occurs with both X4- and
R5-tropic viruses contrasts with the prevailing perception that
only R5-tropic NSI HIV-1 is transmitted during sexual infec-
tion and rather suggests that a selection process favoring R5-
tropic NSI strains occurs in the submucosa following crossing
of epithelial cells by the virus. The expansion of R5-tropic, NSI
HIV-1 variants observed in vivo during primary infection could
be the result of a favorable cytokine environment at submuco-
sal sites during the transamplification of virus in the submucosa
(1).
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