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Cell-free human immunodeficiency virus type 1 (HIV-1) can be taken up and released by a monolayer of
primary human gingival cells and remain infectious for CD41 cells. Virus-sized latex particles covalently
coated with purified native HIV-1 envelope glycoprotein gp120 are also transported through the primary
epithelial cells. This process is significantly stimulated by increasing the intracellular cyclic AMP (cAMP)
concentration. Inhibition experiments with mannan and a-methyl-mannopyranoside indicated that mannosyl
groups are involved in the interaction between gp120 and gingival cells. An increase of cellular oligomannosyl
receptors by incubation with the mannosidase inhibitor deoxymannojirimycin augmented transcellular trans-
port of the gp120-coated particles. The results suggest that infectious HIV can penetrate gingival epithelia by
a cAMP-dependent transport mechanism involving interaction of the lectin-like domain of gp120 and mannosyl
residues on glycoproteins on the mucosal surface. Penetration of HIV could be inhibited by soluble glycocon-
jugates present in oral mucins.

Little is known about the mechanisms of virus entrance into
the organism through the cellular mucosal barrier. Human
immunodeficiency virus (HIV) must pass epithelial cells which
are part of the mucosal barrier to infect CD41 cells (9, 20).
Virus entry may occur if the integrity of the mucosa is com-
promised. Alternatively, entry via receptor-mediated uptake
that involves receptors distinct from CD4, which is not ex-
pressed on epithelial cells, may be feasible. Virus transport
through the epithelial cell monolayers is suggested by several
experiments. During incubation of HIV type 1 (HIV-1)-in-
fected mononuclear blood cells, with no cell-free virus present,
on the apical site of monolayers of immortalized cells a baso-
lateral release of infectious virus was shown (4). Furthermore,
infection of neonate and adult macaques with cell-free simian
immunodeficiency virus via the upper alimentary tract has
been demonstrated, suggesting virus transport through the mu-
cosal barrier (1, 2). However, no data on the penetration of
HIV through primary human epithelial cells are available.
Therefore, we studied the transport of HIV-1 through gingival
epithelial cells grown as a monolayer.

MATERIALS AND METHODS

Primary culture of epithelial cells. Epithelial cells were obtained from biopsies
of the gingiva of a healthy male donor. The biopsies were washed several times
with phosphate-buffered saline and cultured after trypsinization in Dulbecco
modified Eagle medium medium containing 10% fetal calf serum (FCS). Fibro-
blast growth was suppressed by the addition of recombinant epidermal growth
factor (10 mg/liter; Sigma, Deisenhofen, Germany) to the culture medium. The
epithelial character of the primary cells and the formation of tight junctions were
confirmed morphologically by electron microscopy.

The expression of cytokeratin and CD4 receptor was investigated by immu-
nocytology. Cells cultivated on coverslips for 5 days were washed with cold
phosphate-buffered saline and fixed with acetone for 10 min at room tempera-

ture. The nonspecific binding sites were blocked with 50 mM Tris–50 mM
NaCl–10 mM CaCl2–0.1% normal goat serum, pH 7.5. After being washed, the
cells were incubated with anticytokeratin receptor (CK5; ICN ImmunoBiologi-
cal) or anti-CD4 receptor (OKT4; Dianova), and the primary antibodies were
visualized by alkaline phosphatase and monoclonal antialkaline phosphatase
staining (7).

Two-compartment culture system. For transepithelial transport experiments,
primary epithelial cells (104/ml) were grown on a polycarbonate filter membrane
(9-mm diameter; 3.0-mm pore diameter; Becton Dickinson) separating a basal
and an apical chamber and cultivated for 10 days until confluence was observed.
The development of an epithelial monolayer was examined by confocal laser
microscopy. To further test for confluence, a fluorescein solution (0.2 mg/ml) or
fluorescent particles (106 particles/ml, each particle 0.1 mm in diameter) were
added to the apical chamber and fluorescence activity in the basal chambers was
measured after 45 min of incubation at 4°C to inhibit cell membrane diffusion.
For calibration of paracellular diffusion, membranes were covered with a layer of
15% polyacrylamide gel, leaving free circular areas by placing small cylinders of
defined size on the filter before gel casting. Fluorescence activity which diffused
from the apical to the basal chamber through different areas of uncovered
epithelial cells was measured after the 45-min incubation.

Viral transepithelial transport. HIV-1 strain IIIb (1.8 3 105 50% tissue cul-
ture infective doses [TCID50]/ml) harvested from HIV-1-infected H9 cells was
cleared from all debris by centrifugation (10 min, 200 3 g) and filtered through
a 0.2-mm-pore-size filter membrane. The cell-free virus was diluted 1:10 with
Hanks buffer and was placed in the apical compartment (for details see Results).
After a 45-min incubation, medium from the lower compartment was harvested.
The amount of infectious HIV-1 in the basal chamber of the culture unit was
determined by a standard titration assay. Titration of HIV was performed in
triplicate in 24-well tissue culture plates on MT4 cells seeded at a concentration
of 2 3 104/ml. Samples were diluted serially (1:10) in culture medium (RPMI
1640 supplemented with 10% FCS and 5% glutamine). The titration was eval-
uated between 10 and 14 days postinfection when a prominent cytopathic effect
(CPE) was visible. Medium was replaced twice a week, with cells being diluted as
required. Values of TCID50 per milliliter were determined as described in ref-
erence 22. All experiments were performed in triplicate.

Inhibition studies. For inhibition studies on MT4 and epithelial cells mannan
(5 mg/ml final concentration), a-methyl-mannopyranoside (aMMP; 100 mM final
concentration), or mucin (30 mg/ml) was added to the dilution buffer. Monosac-
charide analysis after hydrolysis of the mucin showed that the mannose content
was about 1% of the total mass. The HIV-1 specificity of the CPE in MT4 cells
was confirmed by determination of p24 core protein content by a p24 antigen
capture assay (Coulter). Control experiments indicated that relevant concentra-
tions of the glycoconjugate inhibitors neither reduced the titer of HIV-1 nor
inhibited the CPE in MT4 cells, a result which is in agreement with reference 16.
Experiments were done in triplicate.
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Viral intake and release. HIV-1 strain IIIB (1.8 3 105 TCID50/ml) was placed
on epithelial cells (106/petri dish). For inhibition studies mannan (5 mg/ml final
concentration), aMMP (100 mM), or mucin (30 mg/ml) was added to the culture
medium. After a 1-h incubation, the cells were washed three times with trypsin
(0.25%) and incubated for 10 min at 37°C with trypsin solution to inactivate all
virus particles adsorbed at the cell surface. The cells were harvested and subcul-
tured for different incubation times (see Table 1). Subsequently, the cell-free
supernatant of each subculture was titrated on MT4 cells as described above.

Preparation of biotinyl-mannan. To avoid non-mannosyl-mediated binding of
mannan, the oligopeptide tail of mannan was digested by proteinase K treatment
(20 mg of protease K/100 mg of mannan) for 2 h at 37°C, resulting in a protein
content reduction of from 5% to below 0.1% of the total mass. Mannan was
separated from free amino acids as well as from the enzyme molecules by affinity
chromatography with Galanthus nivalis agglutinin (GNA). Bound mannan was
specifically eluted with 100 mM aMMP. The residual peptide core of mannan (80
mg of mannan/ml of Na2CO3; 50 mM; pH 8.5) was biotinylated by overnight
incubation with HN-hydroxy-succinimide-capronyl-biotin (0.2 mg/ml). Biotinyl-
ated and nonbiotinylated mannan molecules were separated from hydrolyzed
capronyl-biotinyl by GNA affinity chromatography. In order to separate the
biotinylated mannan conjugates from nonbiotinylated carbohydrates, i.e., man-
nan and aMMP, the lipophilic biotinyl conjugates were retained on a reversed-
phase cartridge (SEP-PAC-Cartridge, C18; Waters, Eschborn, Germany) and
eluted by a stepwise gradient of methanol-water (0 to 10% [vol/vol]). The eluate
was lyophilized and stored at 220°C until use.

gp120 preparation, characterization of lectin-like activity, and coupling to
microbeads. Cell-free supernatant of HIV-1 strain IIIB-infected human H9 cells
was treated with 0.5% Nonidet P-40 and protease inhibitor (phenylmethylsulfo-
nyl fluoride; 5 mM). Debris was eliminated by ultracentrifugation at 100,000 3
g for 2 h at 4°C. The viral envelope glycoprotein was purified by GNA affinity
chromatography as described by Gilljam (13) followed by immunoaffinity chro-
matography using human serum immunoglobulins with high anti-HIV-1 gp120
titers (demonstrated by Western blot analysis). The purity and specificity of the
gp120 was confirmed by sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis (SDS-PAGE) in conjunction with silver staining and by immunoblotting with
an HIV-1 gp120-specific monoclonal antibody (clone RL16.76.1; Immunotech,
Hamburg, Germany). The sensitivity of the staining was enhanced by a luminol-
containing substrate as described in reference 25.

To test the lectin properties of the native HIV-1 gp120, the envelope glyco-
protein was electrophoresed on a polyacrylamide-SDS gel, blotted onto a poly-
styrol surface, and stained with the biotinyl-mannan conjugate (Tris buffer, 1%
glycine, 0.2% Tween 20, 5 mM CaCl2; pH 7.3), a mouse monoclonal antibiotin
antibody (Boehringer GmbH, Mannheim, Germany), and a secondary peroxi-
dase-labelled antimouse antibody (Dako, Hamburg, Germany), followed by in-
cubation with a chemiluminescence substrate as described above. To reduce
nonspecific binding of the monoclonal antibiotin antibody to the immobilized
gp120, carbohydrates of the antibody were oxidized with periodate (3). The
periodate oxidation eliminated the mannosyl-specific lectin binding of the mono-
clonal antibody after dot blotting. The purified HIV-1 gp120 was adsorbed onto
a polystyrol surface. The lectin-like binding properties of the immobilized gp120
were determined by incubating with biotin-labelled mannan overnight at 37°C,
and the amount of gp120-bound biotinyl-mannan was quantified with a biotin-
specific monoclonal antibody. Different concentrations of various soluble carbo-
hydrates (high-mannose-type glycans [5 to 9 mannose molecules per glycan]
derived from RNAse B), hybrid-type glycans (derived from ovalbumin), com-
plex-type glycans (derived from fetuin; Oxford Glycosystems, Oxford, United
Kingdom), aMMP, and glucose were coincubated with the biotinylated mannan
complex (for details, see the legend for Fig. 1). The 50% inhibitory concentra-
tions (IC50) were estimated by four-parameter logistic spline interpolation after
equilibrium incubation (18).

For transepithelial transport studies, gp120 was covalently coupled to mono-
dispersed carboxylated fluorescent microparticles (0.1 mm in diameter; Poly-
sciences, Warlington, Pa.) as described previously (21). The active groups of the
control beads and the remaining gp120-coated beads were blocked with glycine.
The attachment of gp120 to the fluorescent particles was quantified by measuring
the binding of a monoclonal anti-HIV gp120 antibody to the beads.

Transepithelial transport of particles. The gp120-coated particles were di-
luted (105 particles/ml) in Hanks buffer and placed in the apical chamber after
the epithelial cells were washed three times with Hanks buffer. The apical
chamber was transferred into a new basal chamber, and Hanks buffer was
changed after 10, 40, and 90 min of incubation. The buffer harvested at the
indicated time points was centrifuged (14,000 3 g for 15 min), the pellet was
resuspended, and the fluorescence activity was measured. A combination of
forskolin (FSK; 10 mM) and 3-isobutyl-1-methyl-xanthin (IBMX; 10 mM) (17)
was used to study the effect of cyclic AMP (cAMP) and epithelial transport.
Preincubation of the epithelial cells for 2 h increased the intracellular cAMP
level eightfold (cAMP immunoassay; Biomol, Plymouth Meeting, Pa.). Glycine-
coated microparticles were used as the control for nonspecific paracellular flow
under the experimental conditions; the fluorescence of the controls was sub-
tracted from the fluorescence activities found in the respective experiments with
gp120-coated particles.

Inhibition experiments. Before addition to the apical chamber, the gp120-
coated particles (105 particles/ml) were preincubated for 10 min with mannan (5

mg/ml final concentration) or aMMP (100 mM final concentration). After incu-
bation for 10, 40, and 90 min at 37°C, the solution in the basal chamber was
changed and the fluorescence activity was measured as described above.

To increase the amount of high-mannose-type glycans on the epithelial cells,
cells were preincubated for 2 h with 10 mM deoxymannojirimycin (10). To
control the increase of high-mannose-type glycan expression, the filter mem-
brane was cut and placed in 300 ml of lysis buffer (0.2 M Tris-HCl, 2% SDS, 0.1%
dithiothreitol). After centrifugation at 3,000 3 g for 5 min, the glycoproteins of
the supernatant were separated by SDS-PAGE and the glycoproteins blotted
onto nitrocellulose were incubated with a GNA-digoxigenin conjugate (1 mg/ml;
Boehringer GmbH) for 1 h and stained with an anti-digoxigenin-peroxidase
conjugate (0.1 mg/ml; Boehringer GmbH). Bound peroxidase was detected after
incubation of the nitrocellulose with a chemiluminescent substrate and exposure
to photon-sensitive film (Kodak X-AR) as described previously (25).

RESULTS

The degree of paracellular leakage of the epithelial cell
monolayer was tested by incubation with fluorescein- or gly-
cine-coated fluorescent microbeads. With an uncovered
membrane (maximal flow rate) about 2% of the upper-com-
partment fluorescence activity was detected in the lower com-
partment. In all experiments the paracellular flow was always
less than 4% (mean, 1.8%) of the maximal flow rate, i.e., less
than 0.05% of the input particles.

After cell-free infectious HIV-1 was placed on the epithelial
monolayer, the quantity of infectious virus on the basal side of
the epithelial monolayer was determined by titration of infec-
tious virus. Approximately 5% (103 TCID50/ml) of the virus
placed in the upper compartment was found in the basal cham-
ber after a 45-min incubation. Preincubation with mannan (5
mM) or aMMP (100 mM) reduced the amount of infectious
HIV-1 in the basal compartment by 1 order of magnitude (i.e.,
to 102 TCID50/ml). Mucin inhibited the transepithelial trans-
port of cell-free HIV-1 to a similar extent (102 TCID50/ml).
The differences between the results in the absence and pres-
ence of inhibitors are highly significant (P , 0.001 by the
Mann-Whitney U test). Supernatant of uninfected epithelial
cells did not induce a CPE. Epithelial cells were incubated with
cell-free HIV-1 for 30 min, the cell supernatant was removed,
and the cell surfaces were treated with trypsin. Infectious virus
particles were released for several hours into the basal cham-
ber (Table 1). Cellular uptake and release were inhibited by 2
orders of magnitude after coincubation of the virus and the
epithelial cells with mannosyl derivatives (Table 1). Mucin
could also significantly inhibit the viral uptake and release of
cell-free HIV-1 (Table 1). Incubation of mannosyl derivatives
with the CD41 indicator cells and cell-free HIV did not show

TABLE 1. Detection of cell-free HIV-1 taken up by
epithelial monolayera

Time after
trypsin treatment

HIV concn (TCID50/ml) in the supernatant after
treatment with:

No
inhibitor

Mannan
(5 mM)

aMMP
(100 mM)

Mucin
(1 mM)

60 min 103 100 101 101

120 min 103 101 101 101

160 min 103 101 101 101

24 h 103 101 101 101

a HIV-1 strain IIIb (1.8 3 104 TCID50/ml) was placed on epithelial cells
(106/petri dish) with or without inhibitors. After a 1-h incubation, the cells were
treated with trypsin to inactivate all extracellular HIV particles. Cells were
incubated with fresh medium, and the supernatants were harvested at different
time points. Infectious virus in the supernatant was titrated on MT4 cells (see
Materials and Methods). All experiments were performed in triplicate. The
differences between the infectious titers with and without inhibitors are highly
significant for all incubation times (P , 0.001 by the Mann-Whitney U test).
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any inhibition of CPE. Supernatants of epithelial cells without
treatment with HIV did not induce CPE in MT4 cells.

After the dot blotting of native HIV-1, gp120 was shown to
bind to biotinylated mannan. This binding was effectively in-
hibited by glycans with a terminal oligomannosyl structure.
The IC50 of high-mannose-type glycans (IC50 5 0.20 mM),
glycans of the hybrid type (IC50 5 0.37 mM), and mannan (IC50
5 0.24 mM) were comparable (Fig. 1). The IC50 was 40 mM for
complex-type glycans which contain a trimannosyl core.
Monosaccharides such as aMMP and glucose also inhibited
binding, but only at much higher concentrations (IC50 5 275
mM for aMMP, IC50 5 1,460 mM for glucose).

To demonstrate that transepithelial transport was mediated
by HIV-1 gp120 and not by receptors from the H9 cell line
used to grow the virus, fluorescent polystyrrol microspheres
coupled to purified gp120 were placed in the apical chamber.
The amount of gp120-coupled particles was quantified in the
medium of the basal chamber, and the number of glycine-
coated particles (control) was subtracted (Fig. 2). Compared to
transport through unstimulated cells, the transport of gp120-
coated particles through the epithelial monolayer was in-
creased by 50% upon preincubation with a combination of
FSK and IBMX compounds (Fig. 2). To increase the number
of glycan receptors on the epithelial cells, the cells were pre-
incubated with deoxymannojirimycin, which inhibits the man-
nosidase I in the Golgi apparatus (10). This pretreatment re-
sulted in a further augmentation of the cAMP-stimulated
increase of particles in the basal compartment (Fig. 2). The
competitive inhibitors mannan and aMMP reduced the trans-
port of gp120-coated particles in FSK- and IBMX-treated cells
to about 50% of the level for unstimulated cells (Fig. 2).

At the beginning of the incubation of gp120-coated particles
with epithelial cells a rapid increase of particles in the lower
compartment was observed (Fig. 2). At later times (40 min of
incubation) we did not detect any significant increase of gp120-
coated particles in the basal chamber despite the fact that a
high concentration of such particles in the apical chamber was
present. Further evidence of transepithelial transport is pro-
vided by electron microscopy studies showing gp120-coated
particles in the endosomes of epithelial cells (Fig. 3).

Lectin staining after SDS-PAGE and subsequent Western

blotting of epithelial cell lysates showed several mannosylated
glycoproteins which might be involved in gp120 binding (data
not shown).

DISCUSSION

To elucidate cellular events during HIV entrance into the
body, we cultivated primary human epithelial cells from gingi-
val biopsies until confluence on a porous filter membrane sep-
arating the chambers of a two-compartment cultivation system.
Cell-free infectious virus was present in the basal compartment
after 45 min of incubation. The virus particles retained their
infectivity for CD41 cells.

To confirm the uptake and release of viral particles, epithe-
lial cells grown in tissue culture dishes were incubated with
cell-free HIV-1. After the removal or inactivation by trypsin
treatment of extracellular virus and the feeding of cells with
fresh medium, the supernatant of the epithelial cells was col-
lected at different time points. Infectious virus was released
from these cells for several hours (Table 1), indicating that
during trypsin treatment infectious HIV particles were pre-
sumably taken up by and protected inside the epithelial cells
and released later. These experiments imply that HIV-1 can be
taken up by the epithelial monolayer without losing infectivity.

The rapid basolateral release of infectious virus is in accor-
dance with a recent report showing that HIV is transported
through a monolayer of immortalized cells derived from a
colon carcinoma by cell-cell contact (4). Investigations of the
infection of subepithelial cells of macaques via incubation of
epithelia of the vagina with cell-free simian immunodeficiency
virus (24) also support our results.

There are several reports that gp120 has lectin-like proper-
ties (14, 15, 27). Biotinylated mannan was shown to specifically
bind to immobilized native HIV-1 gp120. The binding was
effectively inhibited by glycans with a terminal-oligomannosyl
structure. The IC50 of a high-mannose-type glycan, a hybrid-
type glycan, and the linear nonpolar oligomannosyl-glycan
mannan were comparable (Fig. 1). A possible interaction with

FIG. 1. Binding of biotinyl-mannan to immobilized gp120. Isolated gp120
was immobilized to polystyrol, and the binding of a mannan-biotinyl conjugate
was quantified in the presence of different inhibitory carbohydrates. , mannan;
�, high-mannose-type glycans (derived from RNAse B); }, hybrid-type glycans
(derived from ovalbumin); Ø, complex-type glycans (derived from fetuin); ■,
aMMP; Œ, glucose. Data are mean values of double determinations and given as
the ratio of absorption in the presence of an inhibitor (B) and absorption with no
inhibitor (B0), expressed as percentages. Curves were extrapolated by a four-
parameter spline curve.

FIG. 2. Particles in the basal chamber after 10, 40 and 90 min of incubation
at 37°C. The figure shows the transport of gp120-coated particles (106/ml) with-
out preincubation (¼) and after preincubation of the cells with 10 mM FSK and
10 mM IBMX (Œ) or with FSK, IBMX, and 10 mM deoxymannojirimycin (}).
The effect of preincubating the HIV-gp120 particles with 5 mg of mannan per ml
( ) or 100 mM aMMP (�) and using FSK- and IBMX-treated cells is also
shown. The transcytosis rate of the glycine-coated control particles was sub-
tracted separately for each individual experiment to correct for the nonspecific
transcytosis referred to above. Additionally, the absolute transcytosis rates of the
glycine-coated particles are shown (E). All data are given as means 6 standard
errors of the means of quadruplicate measurements.
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FIG. 3. Light microscopy results (upper panel) and ultrastructure (lower panel) of the epithelial monolayer. The epithelial cells were grown on a filter membrane
with a pore diameter size of 3.0 mm for 10 days until confluence and were incubated for 10 min at 37°C with fluorescent particles covalently coupled to gp120. The gp120
particles were taken up into cellular vesicles. The arrowhead shows the vesicular uptake of a gp120-coated particle. The star indicates the membrane pore.
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the peptide core of mannan was unlikely due to the extensive
protease digestion during preparation of the biotinyl-mannan.
These data are in accordance with reports which demonstrated
a lectin-like activity of recombinant HIV-1 gp120 by using
mannosyl-containing receptor analogs (14, 15).

To test the biological relevance of these findings for the
epithelium-virus interaction, HIV-1 was preincubated with the
linear nonpolar mannosyl oligomer mannan or aMMP in a
concentration 1,000 times higher than the IC50. The mixture
was transferred to the apical side of the epithelial monolayer
grown on filter membranes. Preincubation with inhibitors re-
duced the amount of infectious HIV-1 on the basal side by a
factor of approximately 10 (Table 1). Cellular uptake and re-
lease were also inhibited by 2 orders of magnitude by coincu-
bation of the virus and the epithelial cells with mannosyl de-
rivatives (Table 1). These data indicate that the receptors for
HIV-1 gp120 on primary human epithelial cells are the oligo-
mannosyl residues of cellular surface glycoproteins interacting
with the lectin-like domain on the HIV-1 gp120 molecules.
Although in our experiments we cannot exclude infection of
epithelial cells, the short time course of the appearance of virus
on the basolateral side of the monolayer renders a productive
infection of epithelial cells unlikely. Coincubation of cell-free
infectious virus with the epithelial cells in the presence of FCS
inhibited viral transepithelial transport in epithelial cells with-
out diminishing the infectivity for CD41 MT4 cells (data not
shown). This can be explained by the excess of oligomannosyl
residues present in glycoconjugates of FCS and might explain
the negative results concerning transport of cell-free HIV-1
reported by others (4). The high level of nonspecific binding of
the untreated monoclonal antibiotin antibody which we found
with immobilized gp120 can also be explained by attached
glycan residues.

HIV infection is frequently transmitted via the genital route,
whereas transmission via the oral route is less common (6).
The differences in susceptibility to HIV infection may be ex-
plained by the amount and structure of the mucins found on
the surfaces of oral and genital mucosa. Oligosaccharides in
human oral mucins contain approximately 2% mannose mol-
ecules (19, 26), while during midcycle oligomannosyl residues
are not found in mucins of vaginal secretions (28). To test the
biological effect of mannosyl residues containing mucins, mu-
cin with a mannose content of about 1% was used to study the
inhibition of transepithelial transport of HIV-1. The data
showed that about 1 mmol of mucin could inhibit viral uptake
by epithelial cells of cell-free HIV-1 (Table 1 and Results) to
an extent similar to that of mannan.

It was reported that membrane molecules of the host cells
are integrated into the viral envelope during budding (4, 12).
These receptors possibly could mediate the interaction be-
tween HIV and epithelial cells. To demonstrate that HIV-1
gp120 is strongly involved in transepithelial transport, purified
gp120 was coupled to fluorescent polystyrol microspheres. Af-
ter the particles were placed in the apical chamber, a greater
number of gp120-coupled particles than glycine-coated parti-
cles (control) was detected in the basal chamber (Fig. 2), in-
dicating an accelerated passage of gp120-coated particles
through the monolayer of human epithelial cells. Further evi-
dence for transepithelial transport comes from electron mi-
croscopy studies showing gp120-coated particles in endosomes
of epithelial cells (Fig. 3).

Dependence of transepithelial transport on the adenylate
cyclase system (17) was demonstrated for immunoglobulins (5,
23). The intracellular cAMP concentration can be maximally
increased by a combination of FSK, a terpene activating ade-
nylate cyclase, and IBMX, an inhibitor of phosphodiesterase.

Compared to transport through unstimulated cells, the trans-
port of gp120-coated particles through the epithelial mono-
layer was increased by 50% upon preincubation with a combi-
nation of these compounds (Fig. 2). The results indicate that
the active transcellular transport process of gp120-coated par-
ticles can be accelerated by activation of the adenylate cyclase
system.

Despite a high concentration of gp120-coated particles in
the apical chamber, we did not detect any further significant
transcellular transport of those particles to the basal chamber
after 40 to 90 min of incubation, indicating a saturation of
transepithelial transport. The transcellular transport of gp120-
coated particles might be limited by the availability of cellular
receptors for gp120, which must recycle through the epithelial
cells, or of other factors required for active transport. Lectin
staining after SDS-PAGE and subsequent Western blotting of
epithelial-cell lysates showed several mannosylated glycopro-
teins which might be involved in the gp120 binding (data not
shown).

To increase the number of glycan receptors on the epithelial
cells, we preincubated the cells with deoxymannojirimycin,
which inhibits the mannosidase I in the Golgi apparatus (10).
We were able to show a further increase in the FSK- and
IBMX-stimulated transmembrane transportation of particles
into the basal compartment (Fig. 2).

The small soluble-receptor analogs mannan and aMMP
were used as competitive inhibitors to demonstrate that lectin-
oligosaccharide interactions are involved in the transport of
gp120-coated particles. As expected, the preincubation of the
gp120-coated particles with the inhibitors reduced the trans-
port rate to about the rate for unstimulated cells (Fig. 2).
Epidemiological evidence points to an association of low con-
centrations of mannose-binding lectin (MBL) in serum, caused
by variant alleles in the MBL gene, with an increased risk of
HIV infection (11). MBL binds to oligosaccharides with a high
mannose content which are present on HIV-1 gp120 and which
can inhibit HIV infection of CD41 T-cell lines. MBL could
compete with the lectin-like domain of gp120 for mannosyl
group-containing binding sites on the surface of CD42 epithe-
lial cells. This could inhibit the transepithelial transport of
infectious HIV and could reduce the number of infectious
particles which are available for infection of CD41 cells lo-
cated below the epithelial layer.

The presented data show that cell-free HIV-1 can penetrate
a gingival epithelial monolayer, an in vitro model of the cellu-
lar mucosal barrier, by active transport which can be stimu-
lated by FSK and IBMX. The virus transport is mediated by a
gp120-oligomannosyl interaction leading to a transepithelial
transport of HIV-1 and can be competitively inhibited by oli-
gomannosyl glycoconjugates. In vivo, this protective mecha-
nism might be incomplete, particularly when the number of
virus particles is high (1, 2, 24) or when the amount of soluble
oligomannosyl residues is reduced, as shown for the midcycle
vaginal secretion (28). The results might also give an explana-
tion for an innate, nonspecific protection for heterosexual
women previously reported (8). Inhibition of transepithelial
transport by oligomannosyl derivatives might be useful to pro-
tect the organism from viral entrance and prevent subsequent
infection. Further studies are in progress to identify the oligo-
mannosyl-specific domain of gp120.
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