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Summary

Type IV pili are a major virulence factor of the obligate
human pathogen Neisseria gonorrhoeae (the gono-
coccus; Gc). Pili facilitate bacterial adherence to epi-
thelial cells, but their participation in later steps of
epithelial infection, particularly intracellular replica-
tion and exit, is poorly understood. Using polarized
T84 cells as a model for mature mucosal epithelia,
pilus dynamics in piliated, Opa-expressing Gc were
examined over time. T84 infection was characterized
by a several-hour delay in the growth of cell-associ-
ated bacteria and by non-directional exit of Gc, the
first time these phenomena have been reported. Dur-
ing infection, non-piliated progeny arose stochasti-
cally from piliated progenitors. Piliated and non-
piliated Gc replicated and exited from T84 cell mono-
layers equally well, demonstrating that piliation did
not influence Gc survival during epithelial infection.
The frequency with which pilin variants arose from a
defined piliated progenitor during T84 cell infection
was found to be sufficiently high to account for the
extensive pilin variation reported during human infec-
tion. However, the repertoire of variants appearing in
association with T84 cells was similar to what was
seen in the absence of cells, demonstrating that
polarized epithelial cells can support Gc replication
without selecting for a subset of pilin variants or pil-
iation states.

Introduction

Neisseria gonorrhoeae (the gonococcus; Gc) is an obli-
gate human pathogen and the sole causative agent of the
sexually transmitted disease gonorrhoea. Gonococcal
infection typically presents as an acute urethritis in men
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and an often asymptomatic cervicitis in women, but the
anorectum, pharynx, or conjunctiva can also be involved
(Edwards and Apicella, 2004). Establishment of a suc-
cessful infection requires colonization of these mucosal
epithelial surfaces, which has been modelled in human
Fallopian tube explants and recapitulated in primary cells
of the urethra, cervix, and endometrium and in trans-
formed epithelial cell lines (reviewed in Merz and So,
2000). Initial attachment of Gc to the apical or luminal
surface of epithelial cells utilizes the neisserial type IV pili
(McGee etal., 1981). Binding partners for pili include
CD46, | domain-containing integrins, and additional mem-
brane proteins that have not yet been identified (Kallstrom
etal., 1997; Edwards and Apicella, 2005; Kirchner and
Meyer, 2005). Microcolonies of piliated Gc and the retrac-
tile forces they produce initiate localized actin polymeriza-
tion and signal transduction cascades in epithelial cells
(Giardina et al., 1998; Kallstrom et al., 1998; Merz et al.,
1999; Binnicker et al., 2003; Howie et al., 2005). These
pilus-mediated interactions are critical to the establish-
ment of symptomatic urethral infection in male volunteers
(Cohen and Cannon, 1999). Intimate attachment and
subsequent bacterial internalization are mediated by the
interaction of Gc opacity-associated (Opa) proteins with
members of the carcinoembryonic antigen cell adhesion
molecule (CEACAM) family of receptors or heparan sul-
phate proteoglycans (reviewed in Dehio et al., 1998). Gc
strains carry at least 11 opa genes, each of which is
phase-variable (Dehio et al., 1998). Opa+ Gc are recov-
ered from male volunteers infected urethrally with Opa—
bacteria and are frequently isolated from patients with
symptomatic urethral and cervical infection (James and
Swanson, 1978; Draper etal, 1980; Schwalbe et al.,
1985; Swanson et al., 1988; Jerse et al., 1994).

In most epithelial cell types, internalized Gc reside
within vacuoles with phagolysosomal characteristics
(Evans, 1977; Ayala et al., 1998; Wang et al., 1998; Booth
et al., 2003; Timmerman et al., 2005), although bacteria
are found in the cytoplasm of Hec-1-B cervical cells and
exfoliated urethral epithelial cells (Apicella et al., 1996;
Griffiss et al., 1999). It is assumed that Gc replicate within
epithelial cells, although this has not been directly dem-
onstrated. Gc exit into the basal medium of Fallopian tube
explants and polarized epithelial cells after 16-24 h of
continuous apical colonization, which occurs without dis-



ruption of the epithelial barrier and without compromising
epithelial cell viability (McGee et al., 1981; Merz et al.,
1996; Wang et al,, 1998). Transcytosis (apical-to-basal
movement) of Gc is aided by expression of either pili or
CEACAM-binding Opa proteins (Merz et al., 1996; Wang
et al., 1998). By gaining access to deeper tissues, basally
exited Gc can enable the spread of infection within a host,
which can result in the rare sequelae of arthritis and
endocarditis (McGee et al., 1981).

In addition to host cell adherence, type IV pili confer on
Gc the properties of twitching motility, natural competence
for DNA transformation, and uptake of antibiotics and
haem-containing compounds (Biswas et al., 1977; Wolf-
gang et al., 1998; Chen et al., 2004; Zhao et al., 2005).
The major subunit of the type IV pilus is the ~18 kDa pilin
protein, encoded by the pilE gene (Meyer et al., 1984).
Pilin monomers assemble along with minor pilus compo-
nents in the periplasm and are extruded through the outer
membrane secretin PilQ (Drake and Koomey, 1995). One
of these minor components, PilC, was originally charac-
terized as an epithelial adhesin, and it has recently been
shown to aid in pilus presentation on the cell surface by
countering pilus retractile forces (Rudel etal, 1995;
Scheuerpflug et al., 1999; Morand et al., 2004; Kirchner
and Meyer, 2005).

The pilin protein undergoes high-frequency changes in
amino acid sequence due to pilin antigenic variation (Av),
a gene conversion system in which unexpressed or silent
pilin coding information found in storage loci (pilS) on the
Gc chromosome is unidirectionally recombined into pilE
(reviewed in Kline et al., 2003). Each pilS copy carries
unique sequences interspersed with short (1-34 bp)
stretches of sequence shared with each other and with
pilE (Haas and Meyer, 1986; Segal et al., 1986; Haas
et al., 1992; Howell-Adams and Seifert, 2000; Criss et al.,
2005). pilE recombination events give rise to antigenically
distinct pilin monomers, producing piliated Gc whose col-
onies have a ‘P+ morphology (Segal et al., 1986; Swan-
son et al., 1987a). Pilin Av can also generate proteins that
are poorly assembled into pili, leading to non-piliated Gc
that exhibit a ‘P-’ colony morphology (Segal et al., 1985;
Bergstrom et al,, 1986; Swanson et al., 1986; Koomey
et al., 1987). Pilin Av is considered a specialized form of
homologous recombination and requires the function of
RecA and a gonococcal RecF-like pathway (Kline et al.,
20083). Pilin Av also depends upon a cis-acting sequence
in an intergenic region upstream of pilE (Sechman et al.,
2005). We established a molecular assay for pilin Av in
the Gc strain FA1090 that measures the number of
recombination events occurring in a large number of
clones arising from a defined pilE progenitor. In rapidly
growing cultures of the pilin variant 1-81-S2, the rate of
pilin Av was 4 x 10 recombination events per colony-
forming unit (cfu) per generation, the highest reported for
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any pathogenic gene conversion system (Criss etal.,
2005).

Although both piliated and non-piliated Gc arise from a
piliated progenitor in vitro, only piliated bacteria are recov-
ered from infected individuals (Kellogg et al., 1963; Swan-
son etal., 1987b; Seifert etal., 1994; Hamrick etal.,
2001). Furthermore, male subjects experimentally inocu-
lated with a specific Gc pilin variant produce bacteria that
encode non-parental pilin proteins after 24 h of infection
(Swanson etal., 1987b; Seifert etal., 1994; Hamrick
et al., 2001). These observations may either suggest that
the frequency of pilin Av is stimulated in vivo, perhaps
through host-mediated iron limitation (Serkin and Seifert,
2000), or that there is a selection for pilin variants confer-
ring a P+ morphology during human infection. These
questions were addressed in the semi-polarized Hec-1-B
cervical cell line, where a high frequency of pilin Av was
measured in basally exited Gc, but instead of a selection
for piliated bacteria, the majority of clones exhibited P-
colony morphology (llver et al., 1998). This phenotype has
not been recapitulated in other cell lines (Merz et al.,
1996; Wang et al., 1998).

To further characterize the function of pili during epithe-
lial infection, we have used polarized monolayers of T84
cells to directly address the survival of piliated versus non-
piliated bacteria in association with epithelial cells, the
importance of pili to bacterial transit of epithelial cells, and
the frequency of pilin Av during epithelial infection. Polar-
ized monolayers of T84 epithelial cells are an excellent
model for mature epithelial tissues and have been exten-
sively used to study epithelial interactions with mucosal
pathogens, including Neisseria (Madara et al., 1987; Merz
et al.,, 1996; Wang et al., 1998). Here, cells were infected
with a P+, Opa+ variant of Gc strain FA1090, allowing pilus
dynamics to be assessed in the presence of other bacte-
rial surface structures expressed during human infection.
Our findings reveal that T84 cells support the growth of
Gc in a pilus-independent manner, yielding bacteria that
have undergone pilin Av at a frequency similar to what
has been measured in the absence of host cells.

Results
Infection of polarized T84 epithelial cells by Gc

We measured the invasion, cell-associated growth, and
exit of Gc from polarized monolayers of T84 epithelial
cells, which are characterized by their high transepithelial
electrical resistance and discrete apical and basal sur-
faces (Madara et al., 1987). Infected T84 cells were sub-
jected to a modified gentamicin-protection assay, where
internalized bacteria survive after exposure to the antibi-
otic and extracellular bacteria are killed (Elsinghorst,
1994). After gentamicin treatment, antibiotic-free medium
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was added back to T84 cells, and at different time points
cfu were enumerated from cell lysates and from the apical
and basal media. This allowed a defined population of cell-
associated, gentamicin-protected Gc to be followed over
time.

Using this assay, we examined the invasion profile of a
P+, Opa+ derivative of Gc strain FA1090 encoding the
1-81-S2 pilin variant (Seifert et al., 1994) (Fig. 1A). Forty-
five per cent of the Gc inoculum was associated with the
apical surface of T84 cell monolayers after 4 h, equivalent
to 8 cfu for each of the 10° cells in the monolayer. Treat-
ment with gentamicin for 2 h resulted in a >1000-fold
reduction in the number of viable cfu recovered from the
T84 cells. These results are consistent with a majority of
the bacteria remaining extracellular and with the low fre-
quency of internalization of Gc, as previously reported in
organ culture models and epithelial cell lines (Shaw and
Falkow, 1988; Merz et al., 1996; Griffiss et al., 1999). For
the first 4—6 h following gentamicin treatment, the number
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of Gc recovered from T84 cell lysates held constant at
10° cfu per monolayer. After this lag phase the number of
cell-associated cfu began to increase, reaching a maxi-
mum of 108 cfu per monolayer at 25 h post infection.

To further examine the gentamicin-protected population
of Gc, infected T84 cells were fixed at various times and
processed for thin-section electron microscopy and for
confocal laser scanning microscopy, the latter using a
procedure that distinguishes internalized from extracellu-
lar bacteria based upon their accessibility to a Ge-specific
antibody before and after host cell permeabilization (see
Experimental procedures for details). In these images
extracellular bacteria appear turquoise (blue + green),
while intracellular bacteria appear green only. In support
of the gentamicin-protection data in Fig. 1A, intracellular
bacteria were rarely detected in T84 cells infected for 4 h
(data not shown). In contrast, intracellular Gc were readily
observed at 12 h post infection. By confocal laser scan-
ning microscopy, internalized bacteria appeared as fluo-
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Fig. 1. Profile of Gc infection of polarized T84 cells.

A. Cell-associated Gc. Polarized monolayers of 10° T84 cells were apically infected in triplicate with P+ FA1090 Gc for 4 h, then treated with
gentamicin for 2 h (dotted line). At the indicated times, T84 lysates were serially diluted and plated for cfu. The average number of cfu £ SEM for

three replicate monolayers per time point is presented.

B. Exited Gc. At the indicated intervals, the apical (AP; black bars) and basal (BL; white bars) medium was removed from infected T84 cells and
cfu enumerated from each. *P < 0.01 between apical and basal cfu in the specified interval (Student’s t-test).

C. Gc are detected within T84 cells. T84 cells were fixed at 12 h post infection and intracellular and extracellular Gc were discriminated from one
another by differential antibody accessibility and examined by confocal laser scanning microscopy. Green, intracellular Gc; turquoise (blue +
green), extracellular Gc; epithelial F-actin, red. In the top image, arrows point to two intracellular bacteria, one of which is adjacent to an
extracellular bacterium (arrowhead). Asterisk denotes a potentially intracellular bacterium at the edge of a microcolony. In the bottom image, an
X-Z section was taken through the slice indicated in the top image by the dotted line and shows an internalized, subapical bacterium in the
middle of the field, flanked by two apically adherent, extracellular bacteria. Scale bars, 5 um.

D-E. Gc reside within vacuoles in T84 cells. T84 cells were fixed at 12 h post infection and processed for thin-section transmission electron
microscopy. Arrows indicate intracellular bacteria; N, nucleus; MVB, multivesicular body. Scale bars, 1 um.
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rescent particles that localized near the apical surface
(arrows, Fig. 1C), sometimes in cells with extracellular,
adherent bacteria (arrowhead, Fig. 1C). In thin-section
electron micrographs of T84 cells processed at this time
point, bacteria-sized structures were observed within vac-
uoles near the cell nucleus and near late endosomal/
lysosomal multivesicular bodies (Fig. 1D and E); unin-
fected T84 cells did not contain these vacuoles (data not
shown). Cytoplasmically localized Gc were not detected
at this or any other time point of T84 cell infection. Extra-
cellular microcolonies containing several Gc were also
observed at 12 h post infection. Although occasional bac-
teria at the edge of a microcolony appeared intracellular
from their fluorescence pattern (asterisk, Fig. 1C), their
close association with the other bacteria may have pre-
vented recognition by the extracellular antibody. Similar
observations were made in confocal sections processed
at 25 h post infection, except that the extracellular aggre-
gates were larger (data not shown). These results indicate
that a subpopulation of Gc are internalized by T84 cells
into subapical vacuoles. We conclude that the T84 cell-
associated Gc consists of both intracellular and intimately
associated, surface-adherent bacterial populations.
Although Gc can exit into the basal medium of Fallopian
tube explants and polarized epithelial monolayers, apical
release has not been reported (Merz et al., 1996; llver
et al.,, 1998; Wang et al., 1998). Our modified gentamicin-
protection assay was used to examine the timing and
directionality of Gc release from infected T84 cells. Bac-
terial growth in the tissue culture medium was limited by
changing the apical and basal medium on each monolayer
every 2-3 h. Therefore, Gc exit was reported as the num-
ber of cfu recovered in the medium for each of these
intervals. Gc were first released from T84 cells between
12 and 14 h post infection, and the number of exited cfu
increased thereafter, with a maximum rate of exit from T84
cells, between 27 and 30 h infection, of 5 x 10° cfu per h
(Fig. 1B). We found that Gc exited into the apical as well
as the basal medium at all intervals examined. At times
through 27 h of infection, 10-fold more cfu were cultured
from the basal medium than the apical medium, after
which equal numbers of cfu were recovered. T84 mono-
layers retained high transepithelial electrical resistance
and barrier function for the duration of the experiment,
indicating that intercellular junctions remained intact and
that the apical and basal medium had not mixed (data not
shown). Bacteria were not observed between the lateral
membranes of adjacent T84 cells, implying that movement
of Gc across T84 cells was transcellular and not paracel-
lular. In summary, infection of polarized T84 cells by P+,
Opa+ Gc is characterized by avid adherence to the apical
plasma membrane, a low frequency of bacterial internal-
ization, delayed replication of cell-associated bacteria,
and non-directional release into the surrounding medium.
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Bacterial replication and exit from T84 cells does not
select for piliation states

The majority of bacteria isolated from individuals with
acute gonorrhoea exhibit a P+ colony morphology, sug-
gesting a selection for pilus expression in vivo (Kellogg
etal., 1963; Swanson et al., 1987b; Seifert et al., 1994;
Hamrick et al., 2001). If growth in association with epithe-
lial cells were to impose this selection, few non-piliated Gc
should arise from a piliated progenitor during T84 cell
infection. Instead, we observed that the percentage of P-
cfu in the cell-associated and exited populations
increased with time (Fig.2A and data not shown). The
percentage of P- cfu varied among replicate monolayers
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Fig. 2. P- Gc variants arise from a P+ progenitor during T84 cell
infection.

A. Percentage of cell-associated P- cfu. The pilus-dependent colony
morphology of cfu arising over time in T84 cells infected with P+
FA1090 Gc was examined using a stereomicroscope. The average
percentage of P- cfu £ SEM was determined for three replicate mono-
layers per time point.

B. P- Gc arise stochastically during epithelial infection. Three mono-
layers of T84 cells, denoted A—C, were infected with P+ FA1090. The
total (black bars) and P- (white bars) cfu present in the cell-associated
population of each monolayer at 30 h and entering the apical and
basal medium from each monolayer between 27 and 30 h were enu-
merated as in Fig. 1A and B.
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collected at each time point and became more pro-
nounced as the infection progressed (Fig.2B). As one
example, predominantly P+ cfu were recovered from the
lysates of monolayers A and C at 30 h post infection, but
in monolayer B nearly 50% of the cell-associated cfu had
P- morphology. In contrast, the apically exited Gc in
monolayer C were mostly of P- morphology but predomi-
nantly P+ in monolayers A and B. Importantly, the percent-
age of P- cfu did not affect the total number of cfu
recovered in each of these populations (Fig. 2B). These
results argue against a selection for pilus-dependent col-
ony morphologies during T84 cell infection and instead
indicate that P- Gc arise stochastically in association with
epithelial cells.

The majority of P- Gc grown in vitro are the result of
changes in pilE sequence, but phase variation of pilC, L-
pilin production (the formation of an overly long pilin pro-
tein that does not assemble into pili) and deletion of the
pilE locus also contribute (Hagblom et al., 1985; Segal
et al., 1985; Swanson et al., 1986; Jonsson et al., 1991;
Manning et al., 1991; Long et al., 1998; Criss et al., 2005).
We found that pilin Av was the predominant mechanism
for generating P- cfu at early times (<24 h) of T84 cell
infection, which was observed in both cell-associated and
exited populations (Table 1 and data not shown). The P-
pilin variants encoded either truncated pilin proteins or
full-length but assembly deficient pilins, as found for P- cfu
arising from the 1-81-S2 pilin variant after passage on
solid medium (Criss et al., 2005). After 24 h, a high per-
centage of cell-associated P- cfu encoded pilin antigenic
variants, but PilC phase variation became an important
contributor to the P- population. PilC phase variants
lacked PilC expression by Western blot and retained the
1-81-S2 pilE sequence (data not shown). None of the cell-
associated P- cfu that were examined had undergone
both pilin Av and PilC phase variation. P- cfu with a dele-
tion of the pilE locus were rarely recovered, and the per-

Table 1. Mechanisms underlying the production of P- Gc during T84
cell infection.

Time (h) Pilin Av PilCo pilE deletion Total
6 75% (6) 25% (2) 0% (0) 8
7.5 50 (4) 37.5 (3) 12.5 (1) 8
9 67 (4) 33 (2) 0 (0) 6

10.5 70 (7) 30 (3) 0 (0) 10

12 71 (5) 29 (2) 0 (0) 7

14 100 (6) 0 (0) 0 (0) 6

25 0 (0) 100 (7) 0 (0) 7

27 40 (2) 60 (3) 0 (0) 5

30 25 (2) 75 (6) 0 (0) 8

33 73 (8) 27 (3) 0 (0) 11

Gonococcal cfu exhibiting a P- colony morphology were collected
from lysates of infected T84 cells at the indicated times. The percent-
age and number of cfu exhibiting changes in pilE sequence (Pilin Av),
phase variation of PilC (PilC.) and deletion of the pilE locus (pilE
deletion) were determined.
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Fig. 3. Piliation is dispensable for Gc replication and exit from T84
cells. T84 cells were apically infected with P+ FA1090 Gc (solid lines,
black bars) or an isogenic P- pilin variant (P-; dotted lines, white
bars).

A. Cell-associated cfu. The cfu associated with the T84 cells were
enumerated as in Fig. 1A.

B. Exited cfu. Cfu exiting into the apical (AP) and basal (BL) medium
were enumerated as in Fig. 1B. *P < 0.05 by Student’s t-test.

centage of deletions did not increase with time; no cfu
were recovered that encoded L-pilins. Because similar
results were observed in vitro for pilin variant 1-81-S2
(Criss et al., 2005), we conclude that the mechanisms by
which P- Gc arise during epithelial infection parallel those
occurring during growth on solid medium.

To directly address a requirement for piliation during
epithelial infection, P+ 1-81-S2 Gc were compared with
an isogenic P- pilin variant in infection of T84 cells.
Although P- Gc adhered 10-fold less well than P+ Gc to
the apical surface of T84 cells, each yielded approximately
equal numbers of gentamicin-resistant cfu, and no signif-
icant difference in cell-associated cfu was detected there-
after (Fig. 3A). Both P+ and P- Gc were released into the
apical and basal medium (Fig. 3B). Slightly higher num-
bers of cfu were recovered from the apical medium of T84
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cells infected with the P- variant, a difference that was
statistically significant at the 29-32 h interval but not in
subsequent experiments with these clones (data not
shown). Infection with a P- PilC phase variant yielded
similar results (data not shown).

As the P- variant produced colonies of both P- and P+
colony morphologies during T84 cell infection, we defini-
tively tested whether pili were necessary for Gc to repli-
cate and exit from T84 cells using a clone that was
constitutively P- due to a non-reverting deletion at pilE
(P-n; Swanson et al., 1985). The presence of pili enhanced
bacterial adherence to the apical surface of T84 cells, with
a 50-fold difference in cfu noted between the P+ and P-,
strains after 4 h of attachment, but similar numbers of P+
and P-, cfu were recovered from T84 cells after gentami-
cin treatment and through 14 h of infection (Fig. 4A). At
22, 26 and 30 h post infection, approximately 10-fold more
P-, Gc than P+ Gc were associated with T84 cells
(Fig. 4A). However, this difference was only statistically
significant at the 30 h time point, and differences between
the P+ and P-, strains were smaller in subsequent exper-
iments (data not shown). As seen with the varying P-
strain, P-, Gc exited into the apical medium of T84 cells
more readily than the P+ parent and in a statistically
significant manner; although 10-fold more P-, than P+ Gc
were recovered in the basal medium of T84 cells at both
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intervals examined, this difference was not significant
(Fig. 4B). We conclude that Gc do not need to retain a
piliated state in order to multiply and exit from T84 cells
and that the absence of pili may in fact facilitate these
processes.

These results led us to speculate that switching from a
P+ to a P- colony morphology during T84 cell infection
could aid bacterial replication and exit, an observation that
had been reported with a different strain of Gc in Hec-1-
B cells (llver et al., 1998). We therefore compared T84 cell
infection of the varying P+ parent strain with a non-varying
P+ mutant, in which a cis-acting transposon inserted in
the pilE locus blocks pilin Av without disrupting other pilus-
dependent processes (P+,; Sechman et al., 2005). The
two strains attached to and were internalized equally well
by T84 cells (Fig. 1C). Interestingly, P+,, Gc replicated in
association with T84 cells slightly better than the varying
parent, with statistically significant differences noted at
10.5, 14 and 24 h of infection, but at 28 and 32 h of
infection there was no difference in cell-associated cfu
between the two clones (Fig. 4C), nor was there a differ-
ence in their ability to exit from cells (Fig. 4D). P- Gc that
had undergone PilC phase variation were isolated from
T84 cells infected with the P+, strain, but they arose
stochastically and the majority of the isolates retained a
P+ morphology (data not shown). All clones retained their

Fig. 4. Gc that are non-varying in P+ or P-
phenotype can replicate and exit from T84 cells
similar to the P+ parental strain.
A-B. Comparison of varying P+ to non-varying
P- FA1090 Gc. T84 cells were apically infected
with the P+ FA1090 parental strain (solid lines;
black bars) or an isogenic P-, mutant with a
deletion in the pilE locus (dotted lines; white
n bars). The number of cell-associated (A) and
exited (B) cfu were enumerated over time as in
Fig. 1A and B respectively.
C-D. Comparison of varying P+ to non-varying
P+ FA1090. T84 cells were apically infected
with the P+ FA1090 parent (solid lines; black
bars) or an isogenic P+, mutant that does not
undergo pilin Av due to the presence of a trans-
poson insertion upstream of pilE (dotted lines;
white bars). The number of cell-associated (C)
and exited (D) cfu were enumerated over time
as in Fig. 1A and B respectively. *P < 0.05
between strains at the indicated time point by
Student’s t-test.
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Opa+ phenotype during infection (data not shown). These
data show that Gc do not need to vary in piliation state in
order to replicate and exit from T84 cells. We conclude
that attributes of Gc other than type 1V pili facilitate bac-
terial growth and exit from T84 cells, implying that epithe-
lial cells tested under standard in vitro culture conditions
do not provide the selection for P+ Gc observed during
human infection.

Extensive pilin Av in Gc in contact with epithelial cells

Gonococci isolated from infected individuals can encode
different pilin proteins from the parental strain, and it has
been suggested that a high level of pilin Av occurs during
human infection (Swanson et al., 1987b; Seifert et al.,
1994; Hamrick et al., 2001). Pilin variation has been sug-
gested to aid in evasion of the host humoral immune
response and in infection of different host tissues (Swan-
son et al., 1987b; Kline et al., 2003). We asked whether
interaction with epithelial cells influences pilin Av, either
by altering the frequency or by modifying the repertoire of
variants produced, by sequencing the pilE genes of Gc
growing in association with T84 cells (Criss et al., 2005).
The frequency of pilin Av measured at 6 h post infection
was 0.12 recombination events per cfu, and the propor-
tion of Gc encoding recombinant pilE increased at all
time points thereafter (Fig. 5A). The change in the fre-
quency of pilin Av for a given time interval did not always
correlate with the increase in cfu in that interval. For
instance, when the number of cell-associated cfu began
to rise between 9 and 14 h post infection, the frequency
of pilin Av remained relatively constant; conversely, the
number of cell-associated cfu reached a plateau at 25 h
post infection, but the frequency of pilin Av doubled
between 25 and 33 h. At 25 h the frequency of pilin Av
was similar to what was measured in pilin variants recov-
ered from experimentally infected male volunteers (Seif-
ert etal, 1994). Gc that had exited from T84 cells also
exhibited a high frequency of pilin Av, averaging 0.8-0.9
recombination events per cfu at each interval, and no
significant difference was measured in the frequency of
pilin Av between the apically and basally exited Gc
(Fig. 5B). We estimated the rate of pilin Av for cell-asso-
ciated Gc between 14 and 25 h post infection, where the
bacteria underwent six generations of net growth and the
change in frequency of pilin Av was 0.28 events per cfu,
as 4.5 x 102 recombination events per cfu per genera-
tion. This estimate assumes that Gc in different compart-
ments in T84 cells grow at similar rates. Notably, when
the inoculum used to infect T84 cells was simultaneously
grown in liquid medium in the absence of epithelial cells,
the rate of pilin Av was similar (4.1 x 107 events per cfu
per generation). These results show that Gc undergo
extensive pilin Av during epithelial infection and suggest
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Fig. 5. Extensive pilin antigenic variation occurs in Gc associated
with T84 cells.

A. Cell-associated cfu. T84 cells were infected with P+ FA1090, and
cfu of varying pilus-dependent morphologies were collected from cell
lysates.

B. Exited cfu. Cfu were collected from the apical (AP; black bars) and
basal (BL; white bars) medium of infected T84 cells at the indicated
intervals. The pilE genes of the collected cfu were amplified,
sequenced and examined for changes from the parental 1-81-S2
sequence.

The frequency of pilin Av at each time point or interval is defined as
the number of recombination events detected divided by the number
of pilE genes sequenced. The frequency was measured separately
for the P+ and P- cfu in each population, and the overall frequency
of pilin Av was calculated by the formula: Frequency = (Frequency
p.)(% P+ cfu) + (Frequency »_)(% P- cfu). Data are presented as the
average frequency of pilin Av + SEM measured in triplicate T84 cell
monolayers. From the data in Table 2, the actual frequency of pilin Av
at each time point is approximately 55% of the reported values.

that the rate is not significantly different from Gc grown in
the absence of epithelial cells.

As FA1090 1-81-S2 Gc constitutively undergo pilin Ay,
some of the recombination events that were detected
could have occurred during bacterial growth after isolation
from T84 cells, and the contribution of colonial growth to
pilin Av has remained an open question in previous stud-
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ies. We therefore compared the frequency of pilin Av in
plate-grown colonies to that directly measured from
infected T84 cells. Lysates of cells infected for 24 h were
plated on solid medium, and cfu were collected and anal-
ysed for pilE variants as above. Chromosomal DNA was
extracted from the remainder of the lysates, polymerase
chain reaction (PCR) was performed using pilE-specific
primers, and the resulting products were directly cloned
into Escherichia coli. No PCR product was obtained from
chromosomal DNA extracted from uninfected T84 cells
(data not shown). Greater than 35 E. coli clones and Gc
isolates were sequenced from each of three replicate
infected T84 monolayers. While the frequency of pilin Av
in Gc isolates at this time was 0.59, the frequency of pilin
Av in the E. coli pilE clones was 0.33, a statistically sig-
nificant difference (Table 2). We conclude that variation
during growth on solid media contributes to the measured
frequency of pilin Av, but a majority of the recorded recom-
bination events occurred during T84 cell infection.

To address whether growth in association with epithelial
cells led to a selection for particular pilin sequences, we
compared the repertoire of pilS copies in pilin variants
arising after growth in association with T84 cells and in
liquid medium. Similar pilS copies contributed to the pilE
sequences carried in these two populations at 9, 12 and
14 h of growth, demonstrating that there was no epithelial
selection for pilin sequences (data not shown). We also
examined the non-parental pilE sequences carried by Gc
associated with T84 cells at later times of infection. The
pilin variants appearing after 24 h were an expanded ver-
sion of the population seen up through 14 h of infection.
These variants changed in each of the replicate monolay-
ers collected per time point and also changed over time
(data not shown). Had there been a selection for particular
pilin variants during epithelial infection, a select subset of
non-parental pilE sequences would have been detected
at each time, a prediction not supported by these data.
We conclude that the frequency of pilin Av and the reper-
toire of pilin variants that are produced are not altered in
Gc that have been internalized by T84 cells and that pilin

Table 2. Contribution of in vitro growth to the frequency of pilin Av.
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Av during epithelial infection would be capable of gener-
ating the spectrum of variants seen during human
disease.

Discussion

While type IV pili have been identified as a key virulence
factor of Gc from their role in bacterial attachment to
mucosal epithelial surfaces, their importance to events
occurring after internalization, particularly replication and
exit, is less clear. For instance, it was plausible that Gc
localized within vacuoles lose their pili in order to transit
across epithelial cells. Here we have shown that P- cfu
arise stochastically from a P+, Opa+ progenitor when
associated with polarized T84 cells and that non-varying
P+ and P- Gc replicate and exit from T84 cells equally
well. We conclude that pili do not confer an advantage or
disadvantage to Gc in epithelial survival in this model
system.

Because Gc is an obligate human pathogen, studies
defining the importance of host and bacterial factors to
infection have been limited to certain models. Experimen-
tal urethral infection of male volunteers best mimics nat-
ural gonococcal infection but only permits examination of
the bacteria released during infection, not those remaining
associated with the epithelium (Cohen and Cannon,
1999). Infection studies have therefore been carried out
ex vivo with explants from physiologically relevant epithe-
lial tissues such as Fallopian tube and with primary epi-
thelial cells from the male urethra and female cervix and
endometrium (Edwards and Apicella, 2004). In conjunc-
tion with previous studies, we have shown that the T84
colorectal cell line reproduces many of the aspects of Gc
adherence, invasion, and exit first identified in these other
systems. Importantly, this study has revealed previously
unappreciated characteristics of Gc—epithelial cell interac-
tions, including that replication of cell-associated bacteria
occurs after several hours and that exit occurs non-direc-
tionally. As our electron micrographs did not reveal multi-
ple bacteria within a single vacuole, it is possible that Gc

Recombination events in Gc grown
in vitro after T84 cell infection

Recombination events in pilE genes
amplified from T84 cell lysates

# pilE # recombination Frequency of # pilE # recombination Frequency of
Monolayer clones events pilin Av lones events pilin Av
A 37 19 0.51 37 12 0.32
B 45 27 0.60 36 10 0.27
C 47 31 0.66 37 15 0.41
Average 43 26 0.59 37 12 0.33

T84 cells were infected in triplicate with 1-81-S2 as described in Fig. 1. Twenty-four hours post infection, cfu were enumerated from cell lysates
(left columns). Chromosomal DNA was used as the template in pilE-specific PCR reactions and cloned into E. coli (right columns). In each
population, the number of pilE sequences analysed, the number of pilE recombination events, and the resulting frequency of pilin Av per monolayer
are presented. The difference in the frequency of pilin Av measured in the two populations was statistically significant (P < 0.01 by Student’s t-test).
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primarily multiplied after vacuolar exocytosis, when tightly
apposed to the plasma membrane. We anticipate further
examination of these aspects of infection in other epithe-
lial cell lines and organ culture.

In contrast to our observation that piliation did not affect
the numbers of Gc associated with or released from polar-
ized T84 cells, P- Gc with a deletion in pilE were reported
to be unable to transit semi-polarized Hec-1-B cervical
cells (llver et al., 1998). One explanation for this discrep-
ancy is differences in Opa expression in the strains used
in the two studies: the Hec-1-B study was performed with
an Opa- variant of strain MS11, whereas our experiments
used Opa+ Gc, the phenotype of the majority of clinical
isolates. Previous reports have shown that P-, Opa— Gc
do not adhere to or invade Hec-1-B or other epithelial cells
effectively (Griffiss et al., 1999). Expression of either pili
or Opa proteins is also known to aid Gc in transiting T84
cells (Merz et al., 1996; Wang et al., 1998). Additionally,
Opa expression may direct Gc into a different intracellular
compartment, which could affect piliated versus non-pili-
ated bacteria differently. A second possibility is that T84
and Hec-1-B cells exert different selection pressures on
internalized Gc. Whereas we and others have observed
bacteria inside vacuoles in T84 cells (Merz et al., 1996;
Wang et al., 1998), Gc in Hec-1-B cells are mainly local-
ized to the cytoplasm (Shaw and Falkow, 1988; llver et al.,
1998). It is possible that the epithelial cytoplasm differen-
tially affects the growth or survival of piliated and non-
piliated Gc, but the cause of this selection is minimized or
absent in the Gc-containing vacuole. In the Hec-1-B study,
this could explain both why the pilE deletion mutant did
not exit and why the majority of the P+ inoculum had
switched to a P- morphology after transit. The possibility
that cytoplasmic versus vacuolar localization influences
Gc survival remains to be examined.

Because we observed that P+ and P- Gc exited equally
well from T84 cells, epithelial cells may not provide the
selective pressure that produces P+ cfu in mucosal secre-
tions and in urine during human infection (Kellogg et al.,
1963; Swanson et al., 1987b; Cohen and Cannon, 1999).
We can propose at least five alternative mechanisms that
could drive the selection for P+ Gc. First, piliated bacteria
may be more readily recovered from the urogenital tract.
This may stem from the increased adherence of piliated
Gc to the exfoliated epithelial cells, polymorphonuclear
leucocytes (PMN), and macrophages found in gonor-
rhoeal exudates (Rest and Shafer, 1989; Apicella et al.,
1996; Knepper et al., 1997). This may also be due to
autoagglutination of P+ Gc, allowing bacteria to be more
easily cultured as piliated aggregates than as individual,
non-piliated particles. Second, a selection for P+ Gc may
occur during the inflammatory response of gonorrhoeal
disease. Piliated Gc may be enriched in secretions and
urine during symptomatic disease because they are more

resistant to the bactericidal mechanisms of leucocytes
(Rest et al., 1982). Third, P+ Gc may survive better in
nutrient-limiting conditions in primary epithelial cells or the
urogenital lumen (but not T84 cells), because the pilus can
mediate acquisition of haem-containing compounds and
potentially other nutrients (Chen et al., 2004). Fourth, epi-
thelial cells in the urogenital tract may exert different
selection pressures on Gc than do T84 cells, because
differences in infection have been noted between primary
epithelial cells and their transformed derivatives (Edwards
and Apicella, 2004). For example, the P+ phenotype could
be selected for by bactericidal components of primary
epithelial cells such as defensins or Nox-family oxidases,
which may not be expressed by polarized T84 cells.
Finally, an environmental factor may be present during
urogenital infection that directs the production of only pil-
iated progeny, although such a factor has not been iden-
tified in any in vitro studies of pilin Av. All these possibilities
warrant further investigation.

The importance of pilin Av to gonococcal infection is
underscored by the finding that a vaccine raised against
a particular pilin variant is not protective in individuals
infected with Gc expressing other pilin variants (Boslego
etal, 1991). Human studies have further shown that
extensive pilin Av occurs during acute gonococcal dis-
ease, with non-parental pilin variants recovered from
experimentally infected male volunteers 24 h after inocu-
lation (Swanson et al., 1987b; Seifert et al., 1994; Ham-
rick et al., 2001). Combined with the observation that pilin
Av is stimulated under iron-limiting conditions as could be
found in the urogenital tract, it was suggested that the
frequency of pilin Av is stimulated during human infection
(Serkin and Seifert, 2000). The data presented here dem-
onstrate for the first time that liquid-grown and T84 cell-
associated Gc exhibit a similar frequency of pilin Av, imply-
ing that Gc can acquire sufficient host cell iron during
epithelial infection (Bonnah et al., 2000). Importantly, the
Gc recovered from T84 cells after 24 h infection, like those
isolated from male volunteers, encoded non-parental pilE
sequences that had undergone one to two recombination
events (Hamrick et al., 2001). We conclude that the inher-
ently high frequency of pilE recombination can generate
all the pilin variants arising during natural human infection.

Taken together, the results from this study conceptual-
ize the urogenital epithelium as an environment that is
permissive for Gc replication and provides protection from
the innate immune response, thereby facilitating the gen-
eration of progeny expressing diverse pilin sequences and
piliation states. The ability to undergo pilus variation has
been suggested to be important for colonization of sec-
ondary anatomical sites by Gc, but tissue-specific adher-
ence of particular variants, independent of their piliation
state, has never been clearly demonstrated (Lambden
et al., 1980; Rudel et al., 1992; Jonsson et al., 1994). We
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would instead support the model that pilin Av generates
an ever-changing pool of variants that ensures continual
reinfection of a core group who remain immunologically
naive to the newly arising variants with which they are
presented (Tramont et al., 1979; Zak et al., 1984). Our
work supports this model in demonstrating that epithelial
infection does not limit the frequency or spectrum of pilin
variants that would be available for transmission to other
hosts. Pilin Av therefore allows Gc to retain an effective
foothold in this core group of individuals and aids in the
persistence of this sexually transmitted pathogen in the
human population.

Experimental procedures
Bacterial strains

FA1090 1-81-S2 is a P+ Gc strain isolated from an experimentally
infected male volunteer that contains a defined pilE sequence
(Seifert et al., 1994). An opaque derivative isolated after in vitro
passage was found to express OpaA, OpaB/D and OpaF by
immunoblotting with a panel of Opa-specific monoclonal antibod-
ies (a gift from J. Cannon, University of North Carolina). Two P-
variants, 2c4-A and PilC—, were isolated after non-selective pas-
sage of 1-81-S2. In 2c4-A, 175 nucleotides of pilS2 copy 4
sequence replaced nucleotides 226—399 of 1-81-S2, shifting the
pilE reading frame to produce a stop codon after amino acid 95
(Criss et al., 2005). This variant did not react with an antibody
against the pilin N-terminus by Western blot. PilC— retained
1-81-S2 pilE sequence and did not express PilC by Western blot.
The P-, mutant was generated by transformation of 1-81-S2 with
chromosomal DNA from a strain with a deletion in pilE (Chen
et al., 2004) using standard techniques (Stohl and Seifert, 2001).
The P+,, mutant was generated by transformation of 1-81-S2 with
chromosomal DNA from a strain with a mini-Tn5 transposon
(Epicentre) inserted upstream of the pilE open reading frame;
this mutant is abrogated for pilin Av without affecting DNA repair
or the natural competence of Gc (Sechman et al., 2005). All
mutants retained the parental Opa expression profile, and all
piliated strains encoded the 1-81-S2 pilE sequence.

Gonococci were grown on GCB agar [GC Medium Base (Difco)
with an additional 1.25 g I select agar (Invitrogen) containing
Kellogg’s supplements (Kellogg et al., 1963)] at 37°C and 5%
CO, for 16 h. For invasion assays, half of a single colony was
passaged on GCB agar, and the remainder was used as template
for pilE-specific PCR and sequencing to ensure that the colony
retained the correct pilE sequence (see below). The number of
cfu arising on GCB agar was quantified by resuspending the
bacteria in liquid medium and comparing the resulting ODss, to
a predetermined growth curve.

T84 epithelial cells

The T84 colorectal carcinoma cell line was obtained from J.
Casanova (University of Virginia, Charlottesville). T84 cells were
cultured in DMEM:Ham’s F12 medium with 6% heat-inactivated
fetal bovine serum and antibiotic-antimycotic (all from Invitrogen)
as described (McCormick et al., 1993). To produce polarized
monolayers of T84 cells, 12 mm diameter Transwell filter supports
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with 3.0 um pores (Costar) were coated with 10 ug per cm? rat
tail collagen (Upstate) dissolved in 0.1 M NaHCO,, pH 8.3, and
T84 cells were seeded at confluency (1 x 10° cells) on each
support. Monolayers were used 8-12 days after plating. The
integrity of the monolayers was assessed prior to each experi-
ment by monitoring the transepithelial electrical resistance with
an EVOM voltohmmeter (World Precision Instruments, used with
permission of K. Satchell, Northwestern University), which
exceeded 2000 Q x cm?.

Modified T84 gentamicin-protection assay

T84 cells were incubated in cell-culture medium lacking antibiot-
ics for >16 h, then equilibrated in ‘T84 cell medium’ [antibiotic-
free medium supplemented with 5 ug mI™ holo-human transferrin
(Serologicals)] for 30 min prior to infection. Gc were washed
twice and resuspended at 2.5 x 108 cfu mI™" in T84 cell medium,
and 0.2 ml of this culture was added to the apical surface of
monolayers containing 10° T84 cells to yield a multiplicity of
infection of 50. After 4 h at 37°C, monolayers were washed twice
and lysed in 2% saponin (Sigma) in PBS for 15 min, and the
lysate was serially diluted and plated on GCB agar. The remain-
ing monolayers were incubated for 2 h at 37°C in T84 cell
medium containing 200 ug ml~' gentamicin (Invitrogen). Cells
were then washed three times and replaced in T84 cell medium
lacking antibiotics (1 ml in each of the apical and basal compart-
ments). Immediately after gentamicin treatment and at selected
times post infection, the apical and basal medium were collected,
the monolayers were lysed, and all were serially diluted and
plated. The medium was changed on all monolayers starting at
14 h post infection and at each time point thereafter. The number
of cfu mI™" arising on GCB agar and the percentage of cfu with
P+ morphology were determined for each compartment (apical,
basal, cell-associated) at each time point. Transepithelial electri-
cal resistances remained above 1500 Q x cm? for the duration of
the experiment. Infections were carried out in triplicate for each
time point, and assays were performed at least three times per
variant. Because day-to-day variability in T84 monolayers and in
bacterial growth was observed, comparisons between variants
were only made within a given experiment.

Thin-section transmission electron microscopy

T84 monolayers infected with Gc were washed thoroughly in ice-
cold 0.2 M phosphate buffer, pH 7.3, then fixed in 2.5% glutaral-
dehyde in phosphate buffer. Samples were treated with 2%
osmium tetroxide, dehydrated in increasing grades of ethanol,
and embedded in Epon resin (Electron Microscopy Sciences).
One hundred nanometre thin sections were mounted on Formvar
carbon-coated grids (Electron Microscopy Sciences), negatively
stained with uranyl acetate and lead citrate, and examined with
a JEOL 1220 transmission electron microscope at an accelerat-
ing voltage of 60 kV. Images were acquired with a Kodak 1.6
digital camera using the Advantage software (AMT) and pro-
cessed with Adobe Photoshop 7.0.

Confocal laser scanning microscopy

At 4, 12 and 25 h post infection, T84 cells were fixed in 4%
paraformaldehyde in 0.2 M phosphate buffer, pH 7.3, then
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blocked in phosphate-buffered saline containing 10% normal
goat serum (Invitrogen) without permeabilization. Extracellular
Gc were detected using a polyclonal anti-Gc antiserum (Biode-
sign) followed by Alexa Fluor 647-coupled goat anti-rabbit 1IgG
(Molecular Probes). Cells were then re-fixed in paraformalde-
hyde, followed by permeabilization with 0.1% Triton X-100 in PBS
for 5 min at room temperature. The cells were incubated with the
polyclonal anti-Gc antiserum followed by fluorescein isothiocyan-
ate-coupled goat anti-rabbit 1gG (Jackson Immunoresearch) in
blocking buffer containing 0.2% saponin. The actin cytoskeleton
was recognized with Alexa Fluor 568-coupled phalloidin (Molec-
ular Probes). Cells were examined with a LSM 510 confocal
microscope (Zeiss) and digital images were processed using the
manufacturer’s software.

Western blotting

Lysates of Gc were prepared as described by Long et al. (1998)
except for detecting heat-modifiable changes in Opa protein
mobility, where half of the lysate was instead heated at 37°C for
60 min as described (Black et al., 1984). Samples were sepa-
rated by SDS-polyacrylamide gel electrophoresis (10% polyacry-
lamide for analysis of PilC, 15% for Opa and pilin) and transferred
to polyvinylidene difluoride (Millipore). Blots were blocked for 16 h
at 4°C in Tris-buffered saline (for PilC) or PBS (for Opa and pilin)
containing 0.05% Tween-20 and 5% non-fat dry milk. PilC and
pilin were detected with polyclonal antisera as recently described
(Criss et al., 2005). Individual Opa proteins of Gc strain FA1090
were detected using a panel of monoclonal antibodies (gift from
J. Cannon), followed by goat anti-mouse IgG coupled to horse-
radish peroxidase (Chemicon).

pilE sequencing

DNA sequencing was performed essentially as described (Criss
et al., 2005). Briefly, 16—32 cfu isolated from each of three repli-
cate infected monolayers per time point were individually frozen
at —80°C. Both P+ and P- cfu were collected, and the colony
morphology of each isolate was noted. The pilE gene of each cfu
was amplified by Tag-based PCR using the PILRBS-SP3A primer
pair (Seifert et al., 1994) and sequenced. pilE sequences were
aligned with the parental pilE sequence as well as all pilS copies
in the FA1090 genome, and all sequence changes observed
corresponded to one or more pilS copies. The frequency of pilin
Av is defined as the number of recombination events occurring
in a population of pilE sequences divided by the total number of
pilE sequences analysed. The frequency of pilin Av was deter-
mined separately for the P+ and P- populations, and an overall
frequency was calculated by multiplying the frequency from each
population by the percentage of cfu with that colony morphology.
Data are presented as the average of the frequencies measured
from replicate monolayers + SEM.

Growth of Gc in vitro

0.2 ml of the Gc suspension used for T84 cell infection (at
2.5 x10% cfu mI™") was diluted in 0.8 ml of fresh medium and
placed in a 37°C, 5% CO, incubator. Gc were vigorously mixed
by pipetting and diluted 1:10 into fresh medium every 3 h through

12 h. An aliquot of each culture was removed after 3, 6, 9, 12
and 14 h and total cfu were enumerated as above.

Cloning of pilE from T84 cell lysates

T84 cells infected in triplicate for 24 h were lysed in saponin and
cfu enumerated as above. The remainder of the lysates (~0.2 ml)
were mixed with 0.3 ml of TES (50 mM Tris-HCI, pH 8.0, 10 mM
EDTA, 50 mM NaCl), to which was added 50 pl of 10% SDS
and 3pul of 10 mgml” RNase A. Chromosomal DNA was
phenol:chloroform extracted, precipitated with isopropanol, and
washed in 70% ethanol. pilE was amplified from the chromo-
somal DNA templates with Pfu polymerase using forward primer
CONSTF2 (Seifert et al., 1994) with reverse primer SP3A, both
of which were 5’-phosphorylated. The 5" end of pilE is not ampli-
fied with this primer pair, thereby avoiding toxicity associated
with overexpression of full-length pilin in E. coli (H. S. Seifert,
unpubl. obs.). No PCR product was generated when chromo-
somal DNA isolated from uninfected cells served as template.
The PCR products were directly ligated into pSmart-LC-Amp
and transformed into E. cloni electrocompetent cells (both from
Lucigen) according to the manufacturer’s instructions. At least 35
ampicillin-resistant clones containing an insert of the correct
molecular weight were sequenced per lysate, using CONSTF2
as primer.

Statistical analysis

Matched time points were compared between two strains in a
given experiment by two-tailed Student’s ttest. At least three
monolayers per time point per strain were compared. Student’s
-test was also used to compare the frequency of pilin Av mea-
sured in Gc clones grown from T84 cells to pilE sequences
directly amplified from infected T84 cell lysates. Data were con-
sidered significant if the P-value was <0.05.
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