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Neisseria gonorrhoeae induces local infections in the human genitourinary tract and can disseminate to other
organs to cause severe disease. Blood-derived factors present in the genital mucosa have been suggested to
facilitate the spread of N. gonorrhoeae in disseminated gonococcal infections. Using gentamicin invasion assays
and confocal microscopy, we observed a strong stimulatory effect of fetal calf serum (FCS) on the gonococcal
invasion of HeLa cells. FCS-mediated invasion was dependent on the expression of the epithelial cell invasion-
associated Opa protein (plasmid-encoded Opa;, or its chromosomal homolog Opa,,), while N. gonorrhoeae
expressing noninvasive Opa proteins (Opas,_4,) or no Opa protein (Opa~) was not invasive even in the
presence of FCS. Incubation of N. gonorrhoeae MS11 with biotinylated FCS revealed a 78-kDa protein as the
prominent protein binding to Opas,- or Opa;,-expressing gonococci. This protein was recognized by antibodies
against vitronectin (VN) in Western blots. Purified human or bovine VN efficiently bound to Opas,-expressing
gonococci, while binding to noninvasive Opa™ or Opas,-expressing gonococci was significantly lower. Binding
of VN was inhibited by heparin in a concentration-dependent manner, indicating that the heparin binding sites
present in VN or Opa,, may play an essential role in this interaction. Based on gentamicin invasion assays and
confocal microscopy studies, VN binding was associated with an increased invasion of Opas,- and Opa,,-
expressing gonococci into HeLa cells. The ability of VN to mediate entry into epithelial cells may constitute an

important event in the pathogenesis of local as well as disseminated gonococcal infections.

Neisseria gonorrhoeae is the causative agent of gonorrhea, a
commonly reported sexually transmitted disease in many de-
veloping countries and areas in the United States (7, 24, 38). It
affects primarily the genitourinary tract and can spread from
the cervix to endometrium, fallopian tubes, and peritoneum,
resulting in pelvic inflammatory disease, the most important
cause of infertility in women (49). Spread of N. gonorrhoeae
can also lead to disseminated gonococcal infection (DGI), a
disease characterized by skin lesions, polyarthritis, and com-
promise of internal organs such as the liver, lungs, and heart
(17).

N. gonorrhoeae infects epithelial cells derived from different
organs, e.g., cervix (47), endometrium (46), urethra (1), and
ocular conjunctiva (57). Pili facilitate initial adherence to hu-
man mucosa in vivo but are not necessary for invasion of
epithelial cell lines in vitro (31). Several bacterial factors, in-
cluding the colony opacity-associated Opa proteins (26, 31,
57), lipopolysaccharide (40, 44, 45), and the tetrapac locus
(15), have been implicated in the invasion process.

Eleven phase-variable Opa proteins, with molecular masses
ranging from 24 to 30 kDa, have been identified in N. gonor-
rhoeae MS11 (4, 5, 26). Intergonococcal interactions take place
by binding of the Opa proteins to the oligosaccharide portion
of lipopolysaccharide (6). This interaction correlates with the
colony opacity phenotype of Opa protein expression. Opa pro-
teins favor adherence to epithelial cells and have been shown
to facilitate phagocytosis by peripheral blood mononuclear
cells (26). However, only one Opa protein variant of strain
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MS11, Opas, (or its defined invariable recombinant counter-
part Opas,), is essential for invasion of Chang cells (26, 31) and
other cell lines such as HeclB, HeLa, ME-180, and Int-407
epithelial cells (8). Opas,y- or Opas,-expressing gonococci are
unable to adhere to or invade epithelial cells in the presence of
heparin or enzymes that digest heparan sulfates, indicating
that cell surface-associated heparan sulfate proteoglycans
serve as receptors for Opas,- or Opas-expressing gonococci
(9, 56).

Host extracellular protein factors may bind to N. gonor-
rhoeae and contribute to gonococcal adherence and invasion.
These factors may include secreted proteins, protein exudates,
and plasma proteins. These components are dramatically in-
creased in female genital mucosa during menstruation, which
has been associated with the beginning of DGI in women (20).
It is thought that factors present in menstrual blood may con-
tribute to the N. gonorrhoeae spread to and invasion of other
organs (20). Similarly, detection of gonococci in patients with
pelvic inflammatory disease occurs more frequently a few days
after menstruation (50). Serum proteins have been implicated
in the interaction of N. gonorrhoeae (42) and N. meningitidis
(58) with host cells. Vitronectin (VN), an extracellular matrix-
associated protein (51) and a blood component known to bind
to multiple integrin receptors (19), promotes adherence of N.
meningitidis to endothelial cells via the RGD peptide sequence
(58). Plasminogen, a component of the fibrinolytic system of
plasma, binds to N. gonorrhoeae and N. meningitidis, although
its role in pathogenesis has not yet been determined (54). In
vivo studies have also implicated human complement Clq as a
gonococcal protective factor that allows bacteria to infect a
nonhuman host (33).

In this study, we describe a factor present in fetal calf serum
(FCS) that strongly enhances gonococcal invasion into HeLa
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cells. This factor has been defined as VN which binds to Opas,-
or Opas,-expressing gonococci. Consistently, purified VN of
both bovine and human origin was found to mediate the up-
take of Opas,y- or Opa,,-expressing gonococci into HeLa cells.
VN-dependent entry of Opas,- or Opas,-expressing N. gonor-
rhoeae into HeLa cells represents a novel mechanism of gono-
coccal invasion, the knowledge of which may contribute to a
better understanding of the pathogenesis of gonococcal infec-
tions.

MATERIALS AND METHODS

Bacterial strains. N. gonorrhoeae strains used in this study were nonpiliated
(P7) derivatives of strain MS11 (26); N392 Opas, expresses the phase-variable,
chromosome-encoded Opas, protein (31), and N540 Opas, expresses the genet-
ically defined, invariable, plasmid-encoded homolog of Opas,, though at a
slightly lower level (23). Both N392 Opa;, and N540 Opas, represent invasive
MS11 derivatives. N540 Opas, was preferentially used in most of the assays
because of its invariable Opa expression. N300 Opa ™~ carries a mutation in the
Opazg-encoding opaC locus (23, 26) and was used as a nonadherent and nonin-
vasive control. N309 Opas, expresses a defined plasmid-encoded Opa protein
known to adhere to, but not invade, human Chang epithelial cells (26) and was
used here as an adherent and noninvasive control. Other MS11 derivatives used
in this study, which express defined opacity proteins (Opas;_¢), have also pre-
viously been described (26). N. gonorrhoeae was grown at 37°C with 5% CO, on
GC phosphate agar (containing, per liter, 3.75 g of Trypticase peptone [BBL,
Becton-Dickinson, Cockeysville, Md.], 7.5 g of Thiotone E [BBL], 4 g of
K,HPO,, 1 g of KH,PO,, 5 g of NaCl, 1 g of soluble starch [BBL], 1% Bacto
Agar [Difco, Detroit, Mich.] [pH 8.0]) supplemented with 1% VitaleX (BBL)
and antibiotics when appropriate.

Cell culture. HeLa epithelial cells (ATCC CCL2) were originally isolated from
a human cervical carcinoma, and Chang epithelial cells (ATCC CCL20.2) were
derived from human conjunctiva. Both cell lines were maintained in RPMI 1640
tissue culture medium (Gibco BRL, Gaithersburg, Md.) supplemented with 5%
FCS (HyClone, Logan, Utah) and incubated at 37°C and 5% CO,.

Reagents. Human VN (hVN) was kindly provided by K. T. Preissner. Human
fibronectin was obtained from Calbiochem (San Diego, Calif.), and fibrinogen
was obtained from Kabi (Uppsala, Sweden). Heparin, laminin, bovine serum
albumin (BSA), and bovine VN (bVN) were purchased from Sigma (Deisen-
hofen, Germany).

Infection experiments. The gentamicin assay was carried out as described
before (13), with the following modifications. HeLa cells were seeded in 24-well
plates. Confluent monolayers (containing 10° cells/well) were infected with 107
CFU of bacteria in 1 ml of RPMI 1640 medium without FCS. After addition of
5% (vol/vol) FCS, bVN, or hVN at concentrations as indicated or BSA (1.5
mg/ml) as a negative control, infected cells were incubated for 6 h at 37°C in 5%
CO, unless otherwise specified. Wells were then washed three times with phos-
phate-buffered saline (PBS) to remove unbound bacteria. Infected monolayers
were further incubated for 2 h with fresh RPMI 1640 medium supplemented with
100 pg of gentamicin per ml, and then wells were washed three times with PBS
before addition of 1 ml of 1% saponin in PBS for 15 min to lyse epithelial cells.
CFU were determined by plating appropriate dilutions from the suspension of
lysed cells on GC phosphate agar plates followed by incubation at 37°C and 5%
CO, for 24 h. To determine the number of cell-associated bacteria per well, the
assay was performed as described above except that the incubation step with
gentamicin was omitted. Samples were tested in duplicate, and experiments were
repeated at least twice.

Binding assays with iodinated-labeled proteins. hVN, fibrinogen, fibronectin,
and laminin were radiolabeled with '>°I (New England Nuclear, Dreieich, Ger-
many) by the chloramine T method (21) and used to test for binding to N.
gonorrhoeae strains as described before (25). Assays were done in triplicate.

Binding of gonococci to biotinylated proteins. Detection of proteins binding to
gonococci was performed with biotinylated FCS and biotinylated bVN. Biotiny-
lation of proteins was carried out as follows. A 50-pl volume of biotin LC (50
wg/ml; Sigma) was added to 2.5 ug of bVN (Sigma) or to 1 ml of FCS. The
mixture was incubated 1 h at room temperature, and then a 1:10 volume of 1 M
ethanolamine (pH 7.0) was added to stop the biotinylation reaction. Binding
assays were performed with 10® bacteria and 100 ul of biotinylated FCS or 1.5 pug
of biotinylated bVN in a final volume of 1 ml of PBS for 30 min at 37°C with 5%
CO,. To inhibit nonspecific binding, BSA was added to a final concentration of
30 mg/ml. After bacteria were washed three times with PBS to remove unbound
biotinylated proteins, the bacterial pellet was lysed in 2X sodium dodecyl sulfate
(SDS) sample buffer and boiled for 5 min before being loaded onto an SDS-10%
polyacrylamide gel (27). Proteins were electroblotted onto a nitrocellulose mem-
brane, using the semidry Western blotting technique (28). Horseradish peroxi-
dase-streptavidin conjugate in conjunction with an ECL kit (Amersham, Buck-
inghamshire, England) was used for the developing reaction.

Immunoblot analysis. Binding of FCS or VN to gonococci was evaluated by
immunoblotting. Binding assays were carried out as described above, using FCS
or purified VN. After bacteria were separated in an SDS-polyacrylamide gel and
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transferred onto a nitrocellulose membrane, blots were incubated with poly-
clonal rabbit anti-bVN or monoclonal mouse anti-hVN antibody (both from
Calbiochem) overnight at 4°C. The membrane was subsequently incubated with
a goat anti-rabbit or goat anti-mouse immunoglobulin G (IgG) conjugated to
alkaline phosphatase or horseradish peroxidase (all from Sigma). Developing of
blots incubated with alkaline phosphatase conjugate was performed with ni-
troblue tetrazolium-5-bromo-4-chloro-indolylphosphate substrate (Sigma), and
blots were incubated with horseradish peroxidase conjugate, using an ECL de-
tection kit (Amersham). Recommendations given by the supplier were followed
in either case.

Immunofluorescence labeling and confocal laser scanning microscopy. HeLa
cells were grown and infected as described above except that the cells were
seeded onto 12-mm-diameter coverslips placed inside 24-well cell culture plates.
Infection was stopped by three washes in PBS, and then the cells were fixed in
3.7% paraformaldehyde in 200 mM HEPES (pH 7.4) for at least 20 min at room
temperature. Intracellular and adherent extracellular bacteria were differentially
stained by indirect immunofluorescence labeling before and after host cell mem-
brane permeabilization. Fixed cells were incubated in BSA (2 mg/ml) in PBS for
15 min and then incubated with polyclonal rabbit antigonococcal antiserum
AK93 (directed against total gonococci of strain MS11) and Texas red-conju-
gated goat anti-rabbit IgG antibodies (Dianova, Hamburg, Germany) for 1 h
each. Epithelial cells were then permeabilized in 0.1% Triton X-100 in PBS,
blocked as before, and incubated with AK93 and subsequently with goat anti-
rabbit IgG conjugated to Cy5 (Jackson ImmunoResearch Laboratories, West
Grove, Pa.) for 1 h each. Fluorescein isothiocyanate (FITC)-labeled phalloidin (1
wg/ml; Sigma) was added to the last antibody mixture to stain filamentous actin.
To label hVN bound to cell-associated gonococci, fixed cells were permeabilized
in 0.1% (vol/vol) Triton X-100 in PBS for 10 min, followed by blocking in BSA
(2 mg/ml) in PBS for 15 min. Samples were subsequently incubated with mono-
clonal mouse anti-hVN (Calbiochem), goat anti-mouse antibodies conjugated to
Texas red (Dianova), rabbit antigonococcal antiserum AK93, and Cy5-conju-
gated goat anti-rabbit antibodies (Jackson ImmunoResearch Laboratories) and
mixed with FITC-labeled phalloidin (1 pg/ml) for 1 h each. In both staining
protocols, coverslips were washed three times in PBS following each incubation
step. All antibodies used were diluted 1/100 in PBS. Stained specimens were
mounted in 0.1 M Tris (pH 8.5)-25% (wt/vol) glycerol-10% (wt/vol) Moviol and
were viewed with a Leica TCS 4D confocal laser scanning microscope (Leica
Lasertechnik, Heidelberg, Germany) equipped with an argon-krypton mixed-gas
laser. All three channels were recorded sequentially, and the corresponding
images were digitally processed with Photoshop 3.0 (Adobe Systems, Mountain
View, Calif.).

RESULTS

FCS mediates invasion of epithelial cells by N. gonorrhoeae
N540 Opas,. Gentamicin survival assays, in which the extracel-
lular bacteria remaining after 6 h of infection are killed, were
carried out to determine the role of FCS in the invasion of
epithelial cells by gonococci. Both HeLa and Chang cell lines
were tested. HeLa cells are carcinoma cells derived from hu-
man endocervix and were originally shown to be invaded by
gonococci at relatively low rates (3); Chang cells, derived from
human conjunctiva, are regularly used to evaluate gonococcal
invasion (26, 31). Three derivatives of N. gonorrhoeae MS11
were examined: the transparent N300 Opa ; N309 Opas,,
which expresses the adherent but noninvasive Opas, protein;
and N540 Opas,, expressing the invasive Opas, protein. HeLa
and Chang epithelial cells were infected with each strain and
incubated in the presence or absence of 5% FCS. N300 Opa™
was unable to invade either HeLa cells or Chang cells in the
presence or absence of FCS (Fig. 1). Rates of invasion of HeLa
cells by N540 Opas, were dramatically higher in the presence
than in the absence of 5% FCS. Interestingly, invasion of
Chang cells by strain N540 Opas, did not depend on FCS and
was low compared to invasion of HeLa cells in the presence of
FCS. N309 Opas, did not invade Chang cells even in the
presence of FCS but invaded HeLa cells in low numbers inde-
pendent of FCS. Human serum, previously shown to be bac-
tericidal for gonococci (14, 16, 22), did not enhance gonococcal
invasion of HeLa cells (data not shown). These results indicate
that efficient invasion of HeLa cells by N540 Opas, is depen-
dent on FCS, whereas invasion of Chang cells is not, and also
that Opasy-mediated invasion of HeLa cells is substantially
more efficient than invasion of Chang cells when FCS is added
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FIG. 1. Gentamicin invasion assay. HeLa cells and Chang cells infected with
N300 Opa ™, N540 Opas,, or N309 Opas, were incubated in RPMI 1640 medium
without (Control) or with (FCS) 5% FCS for 6 h at 37°C. After killing of the
extracellular bacteria by gentamicin treatment of infected cells, the number of
surviving intracellular bacteria was determined by host cell lysis, plating, and
counting of CFU/milliliter. Assays were done in duplicate and repeated at least
twice. Error bars represent standard deviations.

to the infected cells. N. gonorrhoeae strains expressing recom-
binant Opa proteins different from Opas, and Opa,, were
unable to efficiently invade HeLa cells either in the absence or
in the presence of FCS (data not shown). The influence of FCS
on gonococcal invasion was also seen in other human epithelial
cell lines, including HeclB endometrial carcinoma cells,
HEp-2 pharynx carcinoma cells, and MCF7 breast adenocar-
cinoma cells, as well as nonhuman epithelial cell lines such as
COS and CHO, even when a different invasive gonococcal
strain, VP1, which expresses a different invasive Opa protein,
Opa,, 5, was used (31). These data suggest that FCS-mediated
invasion of epithelial cells is a general phenomenon not re-
stricted to strain MS11 or HeLa cells.

The effect of FCS on gonococcal invasion of HeLa cells is
time and concentration dependent. FCS-dependent invasion of
HeLa cells by N540 Opas, and N392 Opa,, showed the same
time dependency as previously reported for FCS-independent
invasion of Chang cells (31): invasion took place only in the last
1.5 h of the standard 6-h invasion assay (data not shown),
suggesting that the lag phase of the initial 4.5 h is required to
establish intimate adherence to the host cell. To analyze the
time of FCS exposure required for enhancing gonococcal in-
vasion of HeLa cells, infection with N540 Opas, was done for
6 h in the absence of FCS over the whole period or with 5%
FCS present during the last 30 min, 2 h, or the entire 6-h
incubation time. Subsequent determination of concentrations
(CFU/milliliter) of gentamicin-resistant (intracellular) bacteria
indicated that 30 min of exposure to FCS was sufficient to
increase N540 Opas, entry into HeLa cells. Exposure to FCS
for 2 h resulted in a more substantial increase, reaching ap-
proximately 70% of the invasion levels achieved when FCS was
present during the entire 6-h incubation period (Fig. 2A). This
result suggests that the establishment of cell adherence in the
initial lag phase and triggering invasion by FCS are separate
events. Consistently, in a 6-h infection assay, FCS was not
found to significantly affect adherence of N540 Opas, to HeLa
cells compared to the absence of FCS, which was indepen-
dently demonstrated by confocal microscopy (Fig. 3) and by
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FIG. 2. Time and concentration dependence of gonococcal invasion into
HeLa cells on FCS. (A) The effect of time exposure to FCS on gonococcal
invasion was examined by infecting HeLa cells with N300 Opa™ or N540 Opas,
in RPMI 1640 medium for 6 h at 37°C and 5% CO,. Infected cells were either
not exposed to FCS (0) or exposed to 5% FCS for the last 0.5 or 2 h or during
the entire 6-h incubation period. To determine the concentration of intracellular
bacteria, the infected cell monolayers were further incubated with RPMI 1640
medium containing gentamicin for 2 h before host cell lysis and plating of
bacteria on GC agar. (B) The effect of the concentration of FCS on gonococcal
invasion was examined by infecting HeLa cells with N300 Opa™ or N540 Opas,
in RPMI 1640 medium containing different FCS concentrations (volume/vol-
ume). After 6 h of infection at 37°C and 5% CO,, the concentration of intra-
cellular bacteria per well was determined as before. All assays were done in
duplicate and repeated at least twice. Bars indicate standard deviations.

plating and counting of the cell-associated bacteria (data not
shown).

To determine the concentration of FCS necessary to trigger
gonococcal invasion, HeLa cells were infected with N540
Opas, for 6 h in the absence of FCS or in the presence of 0.5,
2 or 5% FCS, and CFU of intracellular bacteria were deter-
mined as described above (Fig. 2B). A significant increase in
invasion was observed with 0.5% FCS present in the assay,
while a plateau of maximal invasion rates was reached at 2%
and higher concentrations of FCS.

Identification of proteins from FCS specifically binding to
N540 Opag,. Increased gonococcal invasion was observed with
native FCS or FCS heated to 56°C for 20 min, while boiling of
FCS abolished the invasion-promoting activity (data not
shown). This finding suggests that the invasion-inducing factor
in FCS may be of a protein nature but also makes an involve-
ment of the complement system unlikely. To identify protein
factors present in FCS that bind to Opa-expressing gonococci
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FIG. 3. Confocal analysis of gonococcal adherence to infected HeLa cells. HeLa cells infected with strain N300 Opa™ or N540 Opas, were incubated for 6 h at 37°C
in RPMI 1640 in the presence of 5% FCS (FCS), 1.5 pg of hVN (h-VN), or neither of these reagents (Control). After fixation in paraformaldehyde, infected cells were
stained by indirect immunofluorescence labeling of bacteria with rabbit antiserum directed against whole gonococci (AK93) and secondary Texas red-conjugated goat
anti-rabbit antibodies (shown in red) before host cell membrane permeabilization and staining of F-actin with FITC-labeled phalloidin (shown in green). The two labels
were superimposed to allow the localization of bacteria in relation to cellular structures. The scale bar represents 20 wm.

and may be implicated in invasion of epithelial cells, gonococci
were incubated with biotinylated FCS. After washing of the
bacteria, bacterium-bound serum factors were identified by
Western blotting of gonococcal lysates, and blots were incu-
bated with streptavidin-conjugated horseradish peroxidase and
developed by chemoluminescence (Fig. 4A). Two prominent
protein bands of 78 and 65 kDa were observed in the lane
representing N540 Opas, incubated with biotinylated FCS,
while only one band of 65 kDa was observed in lanes contain-
ing N300 Opa™ and N309 Opas,. As the latter band is also
present in the lane representing N540 Opas, which had not
been treated with FCS, this band probably represents a biotin-
ylated gonococcal protein.

However, since the bands of 78 and 65 kDa are consistent
with the typically double-band electrophoretic mobility of VN
(51), the same blotted membrane was incubated with an anti-
bVN antiserum and secondary alkaline phosphatase-conju-
gated antibodies and developed by using a color reaction. The
same bands observed with the streptavidin ECL detection sys-
tem for biotinylated proteins were detected with the anti-bVN
antibody in the N540 Opas, lane (Fig. 4B). These proteins
were not observed in lanes representing N309 Opas, or N300
Opa™ incubated with biotinylated FCS, implying that the band
of 65 kDa observed in Fig. 4A is a different protein comigrating
with the low-molecular-weight VN band. Two new bands of 61
and 44 kDa are observed in all lanes containing gonococcal
lysates, including the N540 Opas, lysate without FCS. These
proteins were not observed in the lane containing only bVN,
indicating that the rabbit anti-bVN antiserum cross-reacts with
gonococcal proteins. Expression of Opa protein was tested by
immunoblotting, as shown in Fig. 4C. No Opa protein was
expressed in N300 Opa™, whereas Opa proteins of 30 and 32

kDa were produced in N540 Opas, and N309 Opas,, respec-
tively.

The data indicate that bVN is the major protein present in
FCS that binds to N540 Opas,. Lack of binding of bVN to
N300 Opa™ or N309 Opas, suggests that Opas, protein may
directly interact with bVN. The nature of the 65-kDa FCS
protein binding to Opa™ and Opas,- and Opas,-expressing gono-
cocci and its role, if any, in gonococcal infection are unknown.

Binding of VN to N540 Opa,,. To gain additional evidence
for the binding of bVN to gonococci expressing Opas,, immu-
noblot analysis of gonococci incubated with FCS or purified
bVN was performed with rabbit antiserum directed against
bVN. As indicated in Fig. 5A, the two typical bVN bands of 78
and 65 kDa, present in the bVN control lane, were also ob-
served in the lanes containing the lysate of N540 Opas, incu-
bated with FCS or bVN. No corresponding bands were seen in
the lane containing N300 Opa™ incubated with FCS or the lane
containing N540 Opas, incubated in the absence of FCS. Bind-
ing of N300 Opa™ to the 78-kDa version of purified bVN was
observed, although to a lower degree in comparison with N540
Opas,. The 61-kDa gonococcal protein recognized by the rab-
bit anti-bVN antiserum and presented in Fig. 4B is also ob-
served in Fig. S5A. Binding of bVN to N540 Opas, is observed
after 10 min of incubation and reaches maximum levels of
binding within the first 20 min (Fig. 5B). To determine if
gonococci bind to hVN similarly as to bVN, gonococci were
assayed as before, using native hVN. As shown in Fig. 5C,
binding of hVN was observed predominantly to N392 Opas,
and N540 Opas,. Only minor amounts of the 65-kDa version of
hVN were observed to bind to N300 Opa™ and to N309 Opas,.
No bands were detected in the lane containing lysates of N540
Opas, without hVN, indicating that the anti-hVN monoclonal
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FIG. 4. Identification of vitronectin as a major protein from serum binding to
N540 Opasy. (A) Western analysis of gonococci incubated with biotin-labeled
FCS. Blotted proteins were developed with streptavidin-conjugated horseradish
peroxidase and subsequent use of an ECL kit. (B) The blot shown in panel A was
incubated with polyclonal anti-bVN antiserum and secondary alkaline phos-
phatase-conjugated antibodies and developed with a colored alkaline phospha-
tase substrate. (C) Immunoblot analysis of gonococcal lysates incubated with an
anti-Opa antiserum and secondary horseradish peroxidase-conjugated antibodies
developed with an ECL kit. Opasy, strain N540 Opas,; Opa ™, strain N300 Opa™;
Opas,, strain N309 Opas,; FCS,,, biotinylated FCS. Arrowheads represent mo-
lecular mass markers.

antibody used in Fig. 5C does not cross-react with gonococcal
proteins. These results indicate that both bovine and human
VN bind predominantly to N540 Opas, and N392 Opa,,. Low
binding of purified bovine and human VN to N300 Opa™ was
not observed with bVN present in FCS, suggesting that pro-
teins present in FCS may saturate nonspecific binding sites for
VN on the gonococcal cell surface.

Binding of hVN to N540 Opas, was also demonstrated by
confocal microscopy. HeLa cells infected with strain N540
Opas, for 6 h in the presence of hVN were triple stained by
double indirect immunofluorescence labeling of hVN and
gonococci and by labeling of filamentous actin by FITC-phal-
loidin. Strong labeling of hVN was observed at the site of
gonococcal interaction with the host cell (Fig. 6, h-VN), sug-
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FIG. 5. Detection of VN binding to gonococcal strains. Gonococci incubated
with FCS, bVN, or hVN were separated by SDS-polyacrylamide gel electro-
phoresis and transferred to a nitrocellulose membrane. Blots were then incu-
bated with either anti-bVN (A and B) or anti-hVN (C) as the primary antibody
followed by incubation with secondary horseradish peroxidase-conjugated anti-
rabbit or anti-mouse antibody, respectively, and were further developed by using
an ECL kit. (A) Immunoblot analysis of gonococci incubated with FCS or
purified bVN. Opas, strain N540 Opas,; Opa~, strain N300 Opa~. (B) Immu-
noblot analysis of N540 Opas, incubated with bVN for increasing periods of
time. Arrowheads indicate molecular mass markers. (C) Immunoblot of gono-
coccal strains incubated with hVN. Opa ™, strain N300 Opa™; Opas, strain N540
Opasg; Opas,, strain N309 Opas,; Opasg, strain N392 Opas,. Arrowheads indi-
cate the 78- and 65-kDa bands representing bVN.

gesting that hVN has high affinity for N540 Opas,. In the
absence of hVN from the assay, no labeling of the gonococcal
cell surface resulted (Fig. 6, Control), indicating that the
monoclonal anti-hVN antibody used did not cross-react with
gonococcal proteins. Consistently, this antibody did not show
any cross-reactivity with gonococcal proteins on immunoblots
(Fig. 5C).

Binding of iodinated hVN to N392 Opa,, and N540 Opa,,.
Further binding experiments using ***I-labeled hVN were car-
ried out to confirm the protein analysis data and to better
quantify the binding of hVN to each of the N. gonorrhoeae
MSI11 derivatives. Gonococcal binding to VN was compared
with binding to the integrin-binding proteins fibronectin, lami-
nin, and fibrinogen. '**I-labeled VN was incubated with gono-
cocci to determine the degree of binding with respect to Opa
expression. As shown in Fig. 7A, both N540 Opas, and N392
Opa,, were able to bind more than 40% of the total '*I-
labeled VN, while N300 Opa~ and N309 Opas, gave lower
binding values. Fibronectin and laminin did not bind to gono-
cocci regardless of Opa expression. Binding of fibrinogen to
gonococci ranged between 10 and 15%, but no difference was
observed with respect to Opa expression.

VN contains a heparin binding site which has been impli-
cated in binding to Staphylococcus aureus, Streptococcus sp.,
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FIG. 6. Demonstration of VN binding to N540 Opasy, using indirect immunofluorescence labeling and confocal microscopy. HeLa cells were infected with N540
Opas, for 6 h at 37°C and 5% CO, in RPMI 1640 with 1.5 pg of hVN per ml or without hVN (Control). After fixation, infected cells were triple stained by indirect
immunofluorescence staining for VN (Anti-VN; green channel) and bacteria (Anti-gonococci; red channel) and staining of filamentous actin by FITC-labeled phalloidin
(Actin; blue channel) as outlined in Materials and Methods. Samples were viewed by confocal laser scanning microscopy. The different channels are presented either

alone or merged (Overlay). The scale bar represents 5 pum.

Escherichia coli (10), Helicobacter pylori (43), and Pneumocystis
carinii (29). To determine if the heparin binding site of hVN is
involved in binding to gonococci, heparin was tested for its
ability to compete for binding of hVN to gonococci. As shown
in Fig. 7B, increasing concentrations of heparin were able to
compete for binding of '**I-labeled hVN to N540 Opas,. Hep-
arin concentrations of 50 pwg/reaction decrease hVN binding to
the background level observed with N300 Opa™ (data not
shown). The background level of hVN binding to N300 Opa™
was less significantly affected by increasing concentrations of
heparin. This result suggests that the binding of hVN to N540
Opas, may involve the heparin binding site of hVN. Alterna-
tively, binding of heparin to the Opas, protein itself (56) may
interfere with binding of hVN to N540 Opas,.

Nonlabeled laminin, fibrinogen, or fibronectin was unable to
compete with iodinated VN for binding to N540 Opas, or
N392 Opays, in contrast with unlabeled hVN, which inhibited
binding of iodinated hVN in a concentration-dependent man-
ner (unpublished results), indicating that binding of hVN to
N540 Opas, and N392 Opas, is specific.

VN mediates gonococcal invasion of HeLa cells. As bVN is
the main protein in FCS that binds to Opas,- and Opas,-
expressing gonococci, this interaction may contribute to FCS-
mediated invasion of HeLa cells. Therefore, we performed
gentamicin assays to investigate the role of bVN and hVN in
gonococcal invasion of HeLa cells. HeLa cells were incubated
with N540 Opas, and N300 Opa ™ in the presence of 5% FCS
or 2 pg of native bVN and hVN, respectively, per ml. As shown
in Fig. 8A, the invasion of N540 Opas, was ~10-fold higher in
the presence of hVN than in the BSA control, while no effect
on invasion was observed with N300 Opa, indicating that
Opas, expression is essential for induction of VN-mediated
invasion. bVN stimulated invasion to a similar extent as hVN
(data not shown). FCS increased invasion of strain N540 Opas,
to higher levels than VN alone, suggesting either that purified
VN is not as effective as serum VN in promoting bacterial

entry or that factors other than VN may be involved in the
FCS-mediated invasion of gonococci.

As previously found for FCS, hVN did not significantly alter
the number of cell-associated bacteria compared to the BSA
control, as indicated by plating of cell-associated bacteria (data
not shown) or by confocal laser scanning microscopy (Fig. 2).
However, the adherence pattern of N540 Opas, (and similarly
of N392 Opaj,, [data not shown]) was different in the presence
of hVN in that clusters of bacteria were found to adhere to the
cell surface, while less clustering with FCS and essentially no
clustering with BSA were observed. VN-mediated clustering of
gonococci might result from bridging by simultaneous interac-
tion of VN with different gonococci. The significance of this
phenomenon for the invasion process is not known.

Confocal microscopy was also used to independently assess
the role of VN for the invasion of HeLa cells (Fig. 9). Intra-
and extracellular bacteria were differentially stained by indirect
immunofluorescence labeling before and after permeabiliza-
tion of the host cell membrane. Although the numbers of
intracellular bacteria detected by this method varied substan-
tially from cell to cell, the presence of VN in a regular invasion
assay with N392 Opas, allowed the detection of intracellular
gonococci in a range of numbers similar to that observed in the
presence of FCS, while intracellular bacteria were rarely seen
in the absence of VN or FCS (Fig. 9).

hVN exists in two conformations, monomeric (native) and
polymeric (denatured). Polymeric hVN has been reported to
expose epitopes, normally hidden in native hVN (48), which
allows homotypic interactions to occur resulting in the forma-
tion of polymeric molecules. To test whether monomeric hVN,
which was used in the assays described above, and multimeric
hVN have different effects on stimulating gonococcal invasion
of HeLa cells, both protein forms were evaluated at different
concentrations in a gentamicin invasion assay. Although native
and polymeric hVN increased gonococcal invasion of HeLa
cells in similar manners (Fig. 8B), maximum levels of invasion
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FIG. 7. Binding assays using iodinated proteins. (A) Binding of '*°I-labeled
serum proteins to N540 Opasy,. Fibrinogen, fibronectin, laminin, and hVN were
labeled with '*I as described in the text. The percentage of binding of '*I-
labeled serum proteins corresponds to the percentage of the total radioactivity
present in the assay. The bars represent the means and standard deviations of
experiments performed in triplicate. (B) Competition for binding of '*I-hVN to
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were reached with 4 wg of native hVN per ml, while similar
levels were reached with 10 pg of multimeric hVN per ml.
Addition of fibronectin at increasing concentrations did not
affect invasion of N540 Opas, (data not shown).

DISCUSSION

Infection of human mucosal tissues by N. gonorrhoeae takes
place in the presence of many extracellular factors generally
found on the mucus layer or in the extracellular matrix, at the
apical or basolateral sides of the epithelial mucosa, respec-
tively. Most of the mucosal factors are either plasma protein
exudates or extracellular matrix proteins secreted by the mu-
cosal epithelial cells. Some of these factors are loosely attached
to the mucosal surface, as in the case of mucins. Other factors,
however, such as extracellular matrix proteins, are tightly
bound to epithelial cell plasma membranes. The interplay be-
tween host and bacterial factors may determine the outcome of
an infection. Host factors, including free extracellular and cell-
associated factors, may either impede the gonococcal infection
or allow infection to proceed. Although much attention has
been placed on the interaction between gonococci and cell-
associated factors (9, 56), extracellular host factors are the first
components encountered by gonococci upon initial contact
with the host mucosa. Some extracellular host protein factors,
such as lactoferrin, lysozyme, secretory IgA, and complement,
prevent the invading microorganism from colonizing (37, 52),
while other extracellular factors may be used by microbial
pathogens to promote infection or spread inside the host. A
possible role of plasma proteins in the spread of gonococci
during DGI has been reported (20), and in vitro studies have
also pointed out that some serum proteins induce gonococcal
invasion of epithelial cell (33, 42, 54). Serum is also rich in
many of the extracellular matrix proteins, e.g., VN, laminin, or
fibronectin, and therefore often represents a more convenient
source for these components than the extracellular matrix it-
self.

To determine whether factors present in serum can affect
invasion of gonococci into HeLa cells, in this study we used
FCS, since human serum was previously shown to induce com-
plement-dependent killing of N. gonorrhoeae (14, 16, 22). By
using gentamicin invasion assays, to select for intracellular
bacteria, and confocal microscopy, we showed that FCS in-
duces gonococcal invasion of HeLa cells whereas gonococcal
adherence was not significantly increased. FCS-mediated inva-
sion of HeLa cells depends on the expression of either Opas,
or Opa;,, which is also essential for FCS-independent invasion
of Chang cells (26, 31). Furthermore, protein analysis indicates
that the major protein binding to invasive Opa-expressing
gonococci is VN and that VN alone is able to mediate gono-
coccal invasion of HeLa cells. N309 Opas,, known to adhere to
epithelial cells (26), is not efficiently internalized in the absence
or presence of VN or FCS. This finding suggests that VN does
not trigger epithelial cells to indiscriminately engulf adherent
bacteria. Instead, VN specifically induces entry of Opa,,- or
Opas,-expressing gonococci which adhere to HeLa cells.

N540 Opaso with heparin. The values represent percentages in reduction of
binding of '**I-hVN to gonococci in the presence of increasing concentrations of
heparin; 0% represents the total binding of '*’I-labeled VN in the absence of
heparin. (C) Competition for binding of '**I-labeled hVN to N540 Opas, with
distinct serum proteins. The graph shows the percentage of reduction of '*I-
hVN to gonococci dependent on the concentrations of nonlabeled serum pro-
teins, i.e., VN, laminin, and fibrinogen.
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FIG. 8. Effect of VN on gonococcal invasion of HeLa cells. HeLa cells
infected with gonococcal strains were incubated with or without human native or
human multimeric VN for 6 h, followed by three washes in PBS and 2 h of
treatment with RPMI 1640 supplemented with 100 pg of gentamicin per ml. To
determine the concentration of intracellular bacteria, the infected cell monolay-
ers were further incubated with RPMI 1640 containing gentamicin for 2 h before
host cell lysis and plating of bacteria on GC agar. (A) Gentamicin assay using 2
wg of native hVN per ml. Gonococcal strains tested included N300 Opa™ and
N540 Opas,. (B) Gentamicin assay using N540 Opas,, and increasing concentra-
tions of native or multimeric hVN. The assay was done in duplicate and repeated
three times. The values represent the means of duplicate experiments; bars
represent standard deviations.
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With respect to how VN may mediate gonococcal invasion,
it is pertinent that VN is an adhesive glycoprotein abundantly
present in blood and the extracellular matrix of various tissues
and the mucosa (51). It promotes the coagulation cascade by
activating and binding plasminogen activator inhibitor 1 (12,
41) and removes inactivated thrombin from circulation by
binding to the thrombin-antithrombin complex (11). VN inhib-
its complement lysis by binding to the soluble membrane attack
complex (complement C5b-9), thus protecting bystander cells
(32, 39). As an extracellular matrix protein, VN promotes cell
adhesion (18, 55) and cell migration (30), important for cell
development, tissue differentiation, and tissue repair after in-
jury. We observed that purified hVN derived from human
serum triggered invasion of gonococci into HeLa cells, while
whole human serum did not mediate invasion, as it kills gono-
cocci by complement activation (14, 16, 22). Therefore, the VN
pool present in the extracellular matrix of various tissues or
mucosas (51) appears to be physiologically more relevant for
triggering cell invasion by gonococci, as the bacteriocidal com-
ponents from serum are basically excluded from these loca-
tions.

The multiple role of VN in bacterial pathogenesis has re-
cently begun to be recognized. VN was shown to bind to N.
meningitidis (58), S. aureus, streptococci, E. coli (10), and H.
pylori (43). More importantly, VN was reported to mediate
bacterial adhesion to endothelial and epithelial cells (29, 58).
Interestingly, we found that VN induces gonococcal internal-
ization in human as well as nonhuman cell lines. This finding,
together with the reported interaction of VN with the above-
mentioned pathogens, suggests that VN-mediated gonococcal
invasion is not a host-specific determinant, even though hu-
mans are the only natural hosts for gonococci. The specificity
for the human host mostly lies in factors other than VN, in-
cluding the pilus receptor, transferrin, lactoferrin, and IgAl,
the substrate of IgA1 protease.

VN is known to interact with integrin receptors of a variety
of cells through an RGD sequence and may thereby induce
receptor-mediated endocytosis (34-36). The mechanism by
which VN mediates gonococcal entry into HeLa cells is not
known. One hypothesis is that interaction of the VN gonococ-
cal complex with integrins results in both gonococcal adher-
ence to and activation of receptor-mediated endocytosis in
HelLa cells, thereby stimulating bacterial entry. Although VN

h-VN

FIG. 9. Confocal analysis of gonococcal invasion into HeLa cells. HeLa cells infected with N300 Opa ™~ or N392 Opa;, were incubated for 6 h at 37°C in RPMI 1640
in the presence of 5% FCS (FCS) or 1.5 pg of human VN (h-VN) or in the absence of these reagents (Control). Bacteria were stained by indirect immunofluorescence
labeling before and after host cell membrane permeabilization using Texas red-conjugated (green channel) and Cy5-conjugated (red channel), respectively, secondary
antibodies. Cellular F-actin was stained by FITC-labeled phalloidin (blue channel). Specimens were then analyzed by confocal microscopy, and the pictures of all three
channels were merged. In this merged picture, intracellular bacteria (pure red, due to signal in the red but not the green channel) can be differentiated from extracellular
bacteria (yellow, due to signals in both red and green channels), and the blue signal of cellular actin allows the localization of adherent and intracellular bacteria in

relation to the host cell. The scale bar represents 10 wm.
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has been demonstrated to mediate adherence of N. meningiti-
dis to human umbilical endothelial cells (58), VN did not
significantly increase gonococcal adherence to HeLa cells. Al-
ternatively, gonococci may adhere to HeLa cells by binding of
Opas, or Opas, to cell surface-associated heparan sulfate pro-
teoglycans (HSPGs), as shown before for VN-independent in-
vasion of Chang cells (56), while bacterial internalization
would be triggered by the interaction of the gonococcus-bound
VN with its cellular receptors. In this scenario, the mechanism
of VN-mediated invasion may be related to the activation of a
signal transduction process triggered by the VN-induced cross-
linking of HSPGs and the integrin receptors. HSPGs have
reportedly been implicated in receptor-mediated endocytosis
of VN by integrin receptors via signaling through protein ki-
nase C (36). Protein kinase C is also involved in focal contact
formation during cell adhesion to the extracellular matrix. In
focal contact formation, integrin-binding proteins such as fi-
bronectin interact with both integrin and HSPGs, which leads
to an activation of protein kinase C (59, 60). The tetrafactorial
interaction between N. gonorrhoeae, VN, HSPGs, and integrin
receptors may also engage appropriate signal transduction pro-
teins in the host cell. Studies are under way to define the
interactions between VN, gonococci, integrin, and HSPGs
which are necessary for gonococcal invasion of epithelial cells
and also to characterize the signal transduction mechanisms
which will, subsequent to these binding events, trigger bacterial
entry into epithelial cells.
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