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Summary

The ability of all 11 variable opacity (Opa) proteins
encoded by Neisseria gonorrhoeae MS11 to interact
directly with the five CD66 antigens was determined.
Transfected HelLa cell lines expressing individual
CD66 antigens were infected with recombinant N.
gonorrhoeae and Escherichia coli  strains expressing
defined Opas. Based upon the ability of these bacteria

to bind and invade and to isolate specifically CD66
antigens from detergent-soluble extracts of the corre-
sponding cell lines, distinct specificity groups of Opa
interaction with CD66 were seen. Defining these spe-
cificity groups allowed us to assign a specific func-
tion for CD66a in the Opa-mediated interaction of
gonococci with two different target cell types, which
are both known to co-express multiple CD66 antigens.
The competence of individual Opas to interact with
CD66a was strictly correlated with their ability to
induce an oxidative response by polymorphonuclear
neutrophils. The same Opa specificity was observed
for the level of gonococcal binding to primary endo-
thelial cells after stimulation with TNF  «, which was
shown to increase the expression of CD66a rather
than CD66e. As CD66e alone is expressed on other
target tissues of gonococcal pathogenicity, Opa vari-
ation probably contributes to the cell tropism dis-
played by gonococci.

Introduction
Initial attachment of Neisseria gonorrhoeae to human
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urogenital mucosa is mediated by the pilus (McGee et
al., 1983; Rudel et al., 1992). However, a tight secondary
association with epithelial tissues is conferred by expres-
sion of the phase variable- and colony opacity-associated
Opa outer membrane proteins. Although several of the 11
distinct Opa proteins expressed by N. gonorrhoeae MS11
are associated with an increased level of binding to cul-
tured epithelial cell lines, only one of these proteins con-
fers an invasive phenotype (Kupsch et al., 1993). This
entry is mediated by heparan sulphated proteoglycan
(HSPG) receptors expressed on the surface of target
cells (Chen et al., 1995; van Putten and Paul, 1995) and
is significantly enhanced in some cell lines by the presence
of serum-derived vitronectin (Duensing and van Putten,
1997; Gomez-Duarte et al., 1997). Whether this internaliz-
ation process is analogous to the transcytotic penetration
of epithelial cells by gonococci in fallopian tube organ cul-
tures is still uncertain (Ward et al.,, 1974; McGee et al.,
1981), yet the existence of disseminated gonococcal
disease (Handsfield, 1975) confirms this bacteria’s ability
to enter the underlying tissues in vivo.

Gonorrhoea is associated with an intense inflammatory
response involving leucocytic infiltrations of the infected
urogenital mucosa. The efficient binding and non-opsonic
phagocytosis of N. gonorrhoeae by polymorphonuclear
neutrophils (PMNs) and monocytes is dependent upon the
expression of specific Opa proteins (King and Swanson,
1978; Virji and Heckels, 1986; Fischer and Rest, 1988),
as is the enhanced respiratory burst, which signals the
bactericidal response of these professional phagocytes
(Naids and Rest, 1991; Belland et al., 1992). Recently,
we and others have reported that the closely related
CD66a (biliary glycoprotein; BGP), CD66¢ (non-specific
cross-reacting antigen; NCA) and CD66d (CEA gene family
member 1; CGML1) can function as neisserial Opa recep-
tors on PMNs, whereas CD66b (CGM6) does not (Chen
and Gotschlich, 1996; Virji et al., 1996a; 1996b; Gray-
Owen et al., 1997). Individual members of the CD66 family
have different tissue distributions (Berling et al., 1990;
Thompson et al., 1991; Prall et al., 1996), suggesting that
Opa-mediated interactions with non-granulocytic cell types
could also be mediated via CD66 binding. Consistent with
this premise, a gonococcal Opa variant was also shown to
mediate adherence to, and invasion of, stably transfected
HeLa cell lines expressing CD66e (carcinoembryonic
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antigen; CEA) (Chen et al., 1997; Gray-Owen et al., 1997),
a related protein which is absent from granulocytes but is
expressed on certain epithelial and endothelial tissues
(Majuri et al., 1994; Prall et al., 1996).

Recently, Bos et al. (1997) used in vitro infection assays
to measure gonococcal interactions with stably transfected
CD66-expressing cell lines. Using this technique, they
reported four different Opa proteins specifically conferring
binding to CD66c- and CD66d-expressing cells, while all
Opa-expressing gonococci bound to cell lines expressing
either CD66a or CD66e. In the present study, we have
used a combination of infection assays and a receptor iso-
lation strategy using both E. coli and N. gonorrhoeae
strains, which express each of the defined recombinant
gonococcal Opas to show that differential specificities do
exist for the CD66a and CD66e receptors. The significance
of these findings is supported by in vitro studies showing
an Opa-dependent adherence to CD66a expressed by
human umbilical vein endothelial cells (HUVECS) after
tumour necrosis factor alpha (TNFa) treatment, and by
the specific correlation between CD66a binding and the
induction of an oxidative response by human PMNs.

Results

Distinct gonococcal MS11 Opa proteins mediate
different patterns of interaction with transfected HelLa
cell lines expressing recombinant CD66 receptor
proteins

Previously, we have shown that expression of Opas, by
recombinant E. coli and gonococcal strains confers the
ability to attach and enter the stably transfected HelLa cell
lines expressing either CD66a, ¢, d or e, but not those
expressing CD66b (Gray-Owen et al., 1997). Consistent
with this data, Chen and Gotschlich (1996) identified
CD66d as a receptor for the Opago homologue, Opal,
and Virji et al. (1996a) showed that CD66a interacts with
meningococcal Opa proteins. In order to ascertain which
of the 11 genetically defined N. gonorrhoeae MS11 Opa
protein variants can mediate cellular interactions via the
CD66 proteins, CD66-expressing HelLa cell lines were
infected with recombinant E. coli DH5 strains expressing
individual Opa proteins or containing the Hermes-10
shuttle vector alone. The use of recombinant E. coli in
this study allowed the specific contribution of Opa proteins
for receptor binding to be determined in this heterologous
background. In addition, it precluded the possibility that
binding detected could be caused by the expression of
chromosomally encoded Opa proteins, as their phase vari-
ability typically results in heterologous Opa variants being
expressed by approximately 1% of a gonococcal popula-
tion (Bhat et al., 1991). Bacterial association with these
cell lines was determined by quantifying colony-forming

units recovered after saponin lysis of the cellular mem-
branes. Except for Opasg, which mediates interactions
with HSPGs, all other N. gonorrhoeae MS11 Opas confer
CD66 receptor binding on the recombinant E. coli strains.
However, four different CD66 specificity patterns exist
(Fig. 1), indicating that these Opa—CD66 binding inter-
actions are not strictly conserved. Opa binding of CD66
receptors typically correlates with bacterial internalization
by the respective cell lines, as indicated by gentamicin sur-
vival assays, the only exception being that the Opagg-
expressing strain invades HelLa-CD66¢ only at a very
low level (Fig. 1). Only Opaso conferred any significant
binding to either HeLa-Neo, which contains the empty
expression vector, or HelLa-CD66b (data not shown).
FACS analysis to quantitate CD66 expression levels of
the transfected cell lines confirmed that there is no corre-
lation between differences in the cell lines’ receptor den-
sity and either bacterial adherence or invasion (data not
shown). Significantly, adherence corresponded to up to a
20-fold higher recovery of intracellular bacteria from cell
lines expressing CD66d compared with those recovered
from the other CD66-expressing HelLa cells.

To confirm that binding seen with the Opa-expressing E.
coli strains correlated with the expressed Opas’ ability to
mediate gonococcal binding, recombinant N. gonorrhoeae
strains constitutively expressing defined Opa proteins
(Kupsch et al., 1993) were used in parallel infection experi-
ments. As shown in Table 1, the binding pattern of recom-
binant gonococci to HelLa cells expressing either CD66b,
¢, d or e was generally consistent with that seen when
using the E. coli strains, except that Opago-expressing
gonococci interacted with HeLa-CD66d (Table 1), while
E. coli expressing this protein does not (Fig. 1). The rea-
son for this difference is uncertain. However, the Opagg-
mediated binding and invasion seen with HeLa-CD66a, ¢
and e does indicate that this protein is functional in E.
coli (Fig. 1). Also, gonococcal association with HelLa-
CD66a cells occurred irrespective of Opa expression (com-
pare Fig. 1 and Table 1). The recipient N. gonorrhoeae
MS11 strain N279 contains a deletion in the chromosomal
opaC locus encoding the epithelial cell adherence and
invasion-associated Opazo protein, but the other 10 chro-
mosomal opa loci are still intact, and their expression
can be turned on by phase variation (Meyer and van Put-
ten, 1989). Since transparent (Opa™) gonococci also dis-
played a low level of binding to CD66a-expressing HelLa
cells, adherent bacteria remaining after infection of these
cell lines with strain N302 Opa™ were recovered by sapo-
nin lysis of the HelLa cell membranes. Both colony mor-
phology and immunoblot analysis of recovered bacteria
indicated that this adherence was not mediated by Opa
(data not shown). Previous work has shown CD66-specific
antibodies to inhibit binding of defined neisserial (Virji et al.,
1996a; Chen and Gotschlich, 1996; Gray-Owen et al.,
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Fig. 1. Opa-mediated interactions with stably transfected
CD66-expressing HelLa cell lines.

A. HeLa-CD66a.
B. HeLa-CD66c.
C. HelLa-CD66d.
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D. HeLa-CD66e. These cell lines were infected for 5h with E. coli

strains expressing defined recombinant Opa proteins, viable

bacteria were quantified by lysis of cellular membranes directly
(associated, black bars) or after gentamicin treatment (invasion,
grey bars). Scales for associated and intracellular bacteria
recovered are different for each cell line in order to display
significant differences between Opa-mediated interactions. Assays
were performed in triplicate on at least two separate occasions,
and data illustrated represent the mean (x10~%) + the standard
deviation of one representative experiment. Asterisks indicate

binding interactions that have been confirmed by receptor isolation
experiments (see Fig. 2).
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1997) Opas to cell lines expressing CD66a and d respec-
tively. Here, we have expanded this work to show that anti-
CD66 antibodies inhibit all Opa-mediated interactions
except those by Opaso-expressing gonococci (Table 1),
confirming that even Opa™ interactions are a result of
specific interactions with expressed CD66 receptors. Con-
versely, heparin only inhibited binding mediated by the
heparan sulphate proteoglycan (HSPG)-specific Opasg
(Table 1).

In order to determine if the Opa-independent gono-
coccal binding to HeLa-CD66a might be an artifact specific
for Hela cells, CHO cells were instead transfected with a
pRC/CMV-CD66a expression construct. In addition, we
also transfected the mutant cell line, CHO-pgs677,
which is defective in heparan sulphate synthesis and
therefore does not mediate binding by Opasg, in order to
test if Opasp may also have the capacity to bind to CD66
receptors. Subsequent infection of these transiently trans-
fected cells clearly demonstrated that N302 Opa™ did not
bind to CD66a-expressing cells from either CHO-K1 or
CHO-pgs677. Whether the differences seen in Opa-inde-
pendent interactions with the transfected HeLa and CHO
cell lines are related to a previously reported difference
in CD66a epitope expression by these cell lines (Jant-
scheff et al., 1996) or result from uncharacterized differ-
ences in expression and/or processing of CD66a is still
uncertain. N303 Opaso bound to CHO-K1 regardless of
its CD66 expression but did not bind any CHO-pgs677
cells, confirming that it does not also bind CD66 receptors.
Gonococci expressing other Opa proteins showed a pat-
tern of binding that is more consistent with the E. coli data
(Fig. 1), although some binding by the strains expressing
Opas,, Opass and Opasg does suggest that they may be
able to mediate a low level binding of CD66a (Table 1).
Together, this data suggests that HSPG and CD66 recep-
tors are distinct binding interactions conferred by Opasg or
the other 10 Opa proteins, respectively, and that a different
spectrum of CD66 proteins may be recognized by indivi-
dual Opa proteins.

Opa-mediated interactions correlate with the isolation of
CD66 receptor proteins from transfected HelLa cell lines

Initially, we used an affinity isolation assay system employ-
ing whole gonococci constitutively expressing recombinant
Opa proteins to identify CD664a, ¢ and d as the Opas, recep-
tors on human PMNs (Gray-Owen et al., 1997). In order to
confirm the differential Opa-binding specificities for CD66a
and e, a similar strategy was used to isolate specifically
receptor proteins from the stably transfected Hela cell
lines. As each cell line expresses only one CD66 family
member, this approach avoided the possibility that a
higher affinity for one of the CD66 receptors would prevent
detection of Opa-mediated interactions occurring with the
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Table 1. Adherence of recombinant gonococci to transfected cell lines expressing defined CD66 family members.

HelLa* CHO-K1 CHO-pgs677
Neo CD66a CD66b CD66¢ CD66d CD66e CD66a CD66a
Strain Opa a b ¢ a b c a b ¢ a b c a b c a b c a a
N302 — - - - 4+ + - - - = = - - - - - - - - - -
N33 50 + - + + + 4+ + — 4+ + - + 4+ - + + -  + + -
N305 51 - - - 4+ ++ - - - - = — - = - - ++ ++ - + +
N309 52 - — — 44+ ++ - - — — 4+ ++ - ++ ++ - ++ ++ - ++ ++
N304 53 e e - - - - -+ + - 4+ +
N311 54 - - — ++ ++ - - - - - - - - - = 4+ ++ - ++ ++
N307 55 - — — 44+ ++ - - - - - - - - - - 4+ ++ - + +
N308 56 - - - 4+ ++ - - - - - - - - - - ++ ++ - + +
N313 57 - — — 44+ ++ - - — — 4+ ++ — ++ ++ - ++ ++ - ++ ++
N312 58 — - — 44 ++ - - — — 44+ ++ — ++ ++ - ++ ++ - ++ ++
N306 59 - - - 4+ +4+ - - - - - - - - - - 44+ ++ - ++ ++
N310 60 - - - ++ ++ - - — — ++ ++ - + + - ++ ++ - ++ ++

*Binding was assayed in RPMI-1640 medium supplemented with: (a) unsupplemented; (b) 100 g mi~* heparin; or (c) 100 wg mi~* polyclonal anti-

CEA IgG (Dako). (=) no binding; (+) binding; (++) strong binding.

other CD66 proteins expressed by PMNSs. It also allowed
the examination of Opa-mediated interactions with CD66e,
as this protein is not expressed by PMNs. As evident in
Fig. 2, the recovery of CD66a and e by recombinant
Opa-expressing E. coli strains correlates well with their
ability to mediate adherence to and invasion of the respec-
tive transfected cell lines (Fig. 1, asterisks). As a control,
the Opa expression of recombinant E. coli strains is shown
(Fig. 2D). Importantly, similar results were obtained when
recombinant gonococcal strains constitutively expressing
the same Opa proteins were used instead (data not
shown). This confirms that the pattern of CD66 protein
binding detected when using Opa-expressing E. coli strains
represents the specific interactions that occur between
Opa and the CD66 receptors expressed by transfected
epithelial cells.
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Fig. 2. Opa-mediated isolation of CD66 antigens from stably
transfected HelLa cell lines. Triton X-100 extracts prepared from
Hela cell lines expressing CD66a (A) or CD66e (B) were incubated
with E. coli strains expressing recombinant gonococcal Opa proteins.
Component proteins from the HelLa extract (HeLa) or associated
with the washed bacterial pellet were separated by SDS—PAGE,
electroblotted and then probed using the CD66-specific CLB/
gran10 monoclonal antibody. No CD66 antigens were isolated from
the HeLa-Neo cell line, which contains the expression vector alone
(data not shown). A replicate blot was probed with the anti-Opa (C)
mADb, 4B12C11 (Achtman et al., 1988), in order to confirm Opa
expression patterns and compare protein levels applied per lane.

Induction of oxidative burst by human PMNs correlates
with Opa binding specificity for CD66a

Although the gonococcal opacity phenotype typically cor-
relates with an increased level of interactions with PMNs
(King and Swanson, 1978; Virji and Heckels, 1986; Fischer
and Rest, 1988), an enhanced oxidative response does not
always occur (Fischer and Rest, 1988). The production of
reactive oxygen metabolites in response to specific stimuli
can be quantified by the measurement of luminol-enhanced
chemiluminescence (CL; Rest and Speert, 1994). Pre-
viously, Belland et al. (1992) used recombinant strains
expressing a limited set of gonococcal Opa proteins to
show that only some Opas could induce a PMN oxidative
response. The availability of a complete set of recombi-
nant E. coli and N. gonorrhoeae strains expressing all
gonococcal MS11 Opa variants allowed us to correlate
CD66 receptor specificity with CL induction directly. As
is shown in Fig. 3, the respiratory burst of PMNs infected
with gonococcal strains was stimulated strongly by expres-
sion of either Opas,, Opasa, Opas,, Opasg, Opasg or Opagg,
and to a much lower extent also by Opass. Significantly,
this result strictly correlates with the ability of each Opa
to bind CD66a (Fig. 1). Since this CL pattern was also
seen when using recombinant Opa-expressing E. coli
strains (Fig. 3), these results suggest that the Opa-
mediated binding of CD66a on PMNss is sufficient to induce
a CL response by itself.

The level of gonococcal adherence to TNFa-treated
HUVECs correlates with the binding capacity of
expressed Opas for CD66a

During disseminated infection, gonococci are exposed to
endothelial tissues (Handsfield, 1975). Endothelial cells
have been reported to express both CD66a and CD66e

© 1997 Blackwell Science Ltd, Molecular Microbiology, 26, 971-980
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Fig. 3. Opa-mediated stimulation of oxidative metabolism by
infected polymorphonuclear phagocytes. Freshly isolated PMNs
were incubated in the presence of N. gonorrhoeae or E. coli
expressing defined recombinant Opa proteins at a multiplicity of
infection of 20 bacteria/cell. The oxidative response of PMNs was
quantified by luminol-enhanced chemiluminescence, and results are
expressed as the integral sum of total counts generated over

60 min compared with that stimulated by Opa-negative strains. Data
illustrated represent the mean results = the standard deviation of
three independent experiments using blood from different donors.

(Majuri et al., 1994; Prall et al., 1996), with their expression
being upregulated by proinflammatory cytokines such as
TNF-a or IFN-y (Majuri et al., 1994). In order to examine
the significance of CD66 binding for adherence to endo-
thelial cells in vivo, primary endothelial cells were isolated
from human umbilical veins and then infected with gono-
coccal strains expressing defined Opa proteins (Fig. 4).
Quantitation of bacterial adherence by confocal microscopy
indicates that both the HSPG-specific Opaso and CD66a-
specific Opa proteins can mediate binding to untreated
HUVECSs. However, a significant increase in bacterial asso-
ciation upon TNF-a treatment occurred only when CD66a-
specific Opas are expressed (Fig. 4B). In all cases, only a
portion of the cells bound bacteria (Fig. 4A). This is con-
sistent with FACS analysis of CD66 expression patterns
using the CD66 cross-reactive mAb D14HD11 (Fig. 4C),
which indicates that after stimulation these primary cells
display a heterogeneous pattern of CD66 expression. In
contrast to the elevated binding of mAb D14HD11 after
stimulation with TNFea, no significant differences are asso-
ciated with the CD66e-reactive antibody, mAb 26/3/13
(Fig. 4C). The increase in gonococcal adherence follow-
ing TNFa treatment and a binding pattern of the various
Opas that is consistent with their specificity for CD66a
suggests that CD66a expression is upregulated and may
be the primary CD66 receptor for gonococcal Opas on
endothelial cells during inflammation.

Discussion

CD66 antigens belong to the carcinoembryonic antigen
(CEA) family of the immunoglobulin superfamily. CD66a

© 1997 Blackwell Science Ltd, Molecular Microbiology, 26, 971-980
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and d possess a C-terminal transmembrane sequence
and a short intracellular domain, while the others are linked
to the cellular membrane via a glycosyl phosphatidyl-inositol
(GPI) anchor. The highly conserved N-terminus of CEA
family members shows homology to the immunoglobulin
variable domain and is typically followed by a variable
number of immunoglobulin constant domain (lgc)-like
sequences (Thompson et al., 1991). Since the 30kDa
CD66d receptor protein lacks any lgc-homologous domain,
structure(s) recognized by Opa must occur within the
N-terminal 108 amino acids of these receptors. Consistent
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Fig. 4. Gonococcal association with endothelial cells correlates
with CD66 expression. HUVECs with or without stimulation with the
inflammatory cytokine TNFa were infected with gonococci
expressing defined Opa proteins, and their adherence to individual
cells was quantified by confocal microscopy.

A. Fixed samples of TNFa-treated HUVECSs were stained for
F-actin with FITC-labelled phalloidin (red label) and anti-gonococcal
antiserum and secondary Texas red-conjugated antibodies (green
label, appears yellow when co-localizing with F-actin staining in red)
to visualize bacterial binding.

B. Mean number of bacteria associated per cell (n=30) for
HUVECs with or without TNFa treatment. Data presented represent
one of two independent experiments.

C. FACS analysis of CD66 expression by HUVECSs cells with or
without TNFa treatment using CD66a, ¢, d and e-specific mAb
D14HD11 and CD66e-specific 26/3/13. Numbers in graph indicate
peak channel fluorescence for each sample.



976 S. D. Gray-Owen et al.

with this, Virji et al. (1996a; 1996b) used soluble chimeric
receptor proteins to show that the CD66a N-terminal domain
is sufficient to mediate interactions with meningococcal
Opas. Interestingly, this region is over 70% identical
among the various CD66 proteins, yet CD66b is not recog-
nized by any of the gonococcal Opa proteins.

The function of CD66 proteins in vivo is still uncertain.
However, their ability to mediate both homotypic and hetero-
typic interactions suggests a role in intercellular adhesion
(Oikawa et al., 1991; Kuijpers et al., 1992). Non-stimulated
granulocytes express relatively low levels of CD66a, b, ¢
and d at their surface, but neutrophil stimulation and sub-
sequent degranulation results in the upregulation of CD66a,
b and c surface expression (Kuijpers et al., 1991). CD66a
and c are involved in neutrophil adherence to inflammatory
TNF-a or IL-1 cytokine-activated endothelial cells, both
directly through their ability to present the sialylated Lewis*
antigen to E-selectin and indirectly by the CD66c-stimulated
activation of CD18 integrins (Kuijpers et al., 1992). It is inte-
resting in this respect that gonococcal infection induces the
synthesis of TNF-a and IL-1B transcripts in epithelial cells
(Naumann et al., 1997), as a similar phenomenon occur-
ring in endothelial tissues would result in the recruitment
of granulocytes to the infected site. We have also seen
that TNF-a treatment of HUVECs significantly increases
expression of CD66a, as measured by FACS analysis and
CD66a-specific binding by gonococcal Opas (Fig. 4).
Thus, one may speculate that gonococcal infection of endo-
thelia in vivo could trigger the increased synthesis of
CD66a as a gonococcal Opa receptor by stimulating the
autocrine synthesis of TNF-c.

Consistent with our results, Bos et al. (1997) reported
previously that Opa™ gonococci also interact with certain
CD66-expressing cell lines. These interactions are of a dif-
ferent nature from the Opa-mediated binding, as the for-
mer do not mediate significant invasion (Bos et al., 1997)
and do not allow isolation of either CD66a or CD66e from
extracts prepared from the transfected cell lines (Fig. 2).
N. gonorrhoeae can express multiple factors that contri-
bute to cellular adherence (Jerse and Rest, 1997), includ-
ing an unidentified adhesin, which mediates binding to
lactose-containing carbohydrate structures (Stromberg et
al., 1988). How each of these factors contribute to inter-
actions with the highly glycosylated CD66 molecules is
still uncertain. The use of recombinant E. coli-expressing
defined gonococcal Opas (Fig. 1) and the direct isolation
of CD66 proteins from transfected cell extracts (Fig. 2)
has allowed us to characterize the specific Opa-CD66
interactions better, a goal that is more difficult to assess
when using gonococcal strains alone (Bos et al.,, 1997,
Table 1). The different Opa specificities for CD66a and
CD66e are significant in view of the fact that only CD66a-
specific Opas (Figs 1 and 2) are capable of inducing a
granulocytic CL response (Fig. 3) and of colonizing

endothelial tissues in vitro (Fig. 4). Although gonococci
do demonstrate some potential to bind HelLa-CD66a-
expressing strains, a high binding avidity for CD66a may
be particularly important for granulocytic interactions,
which lead to the oxidative response, as resting neutrophils
express less than 5% of the CD66a receptor/cell that is
present on the transfected cell lines used in this and
other studies (Bos et al., 1997; Chen et al., 1997).
Differential Opa—CD66 interactions also have important
implications for tissue tropism and disease manifestations
of gonococcal infection. CD66e is expressed on squamous
epithelium of the uterine portio, while CD66a is expressed
on epithelium of the cervix, uterus and colon (Prall et al.,
1996). Transgenic mice, which generally maintain the
same spatiotemporal CD66e expression patterns as
humans, also express this protein in the urethra and rec-
tum (Eades-Perner et al., 1994), both of which are colon-
ized during gonococcal infection of humans. Disseminated
gonococcal infection (DGI) may be influenced by the pre-
sence of CD66a on the endothelium of vessels in the
endometrium (Prall et al., 1996) and CD66e on endothel-
ium in lymph nodes and inflammatory tissues (Majuri et
al, 1994). The expression of CD66a on uterine glands,
which span the entire extent and thickness of the endo-
metrium and become enlarged during the premenstrual
period (Prall et al., 1996), is also intriguing, as the appear-
ance of pelvic inflammatory disease and disseminated
gonococcal infection are both related to the onset of men-
struation (Holmes et al., 1971; Sweet et al., 1981). As CD66
and HSPG receptors may be co-expressed on various tis-
sues, their relative contribution to the infectious process
still remains to be elucidated. However, our results sug-
gest that the differential expression of CD66-specific
Opa variants can mediate the colonization of those tissues
that are encountered during gonococcal infection.
Although it is clear that certain Opas can stimulate the
induction of an oxidative response by phagocytic cells
(Fig. 3; Belland et al., 1992), it is still uncertain as to why
gonococci would express an adhesin capable of inducing
what is normally a bactericidal response. Virulent gono-
cocci stimulate the release of secondary but not primary
granules (Densen and Mandell, 1978; Farrel and Rest,
1990), an observation that is consistent with the result of
CD66 cross-linking studies using antibodies in vitro (Klein
et al.,, 1996). Interestingly, degranulation only occurs when
antibodies cross-reactive for CD66a, ¢ and d are used,
thus suggesting that the cross-linking of all three CD66
antigens is required for this effect (Klein et al., 1996;
Stocks et al.,, 1996). The induction of a CL response by
Opas,s and Opasg, both of which we show here to bind
CD66a on PMNs exclusively, suggests that this is not
the case. Stocks et al. (1996) have proposed that CD66a,
b and c are associated together as a complex on the neu-
trophil cell surface. If true, our results suggest that the

© 1997 Blackwell Science Ltd, Molecular Microbiology, 26, 971-980



induction of a respiratory burst may instead require the
cross-linking of CD66 receptor complexes. Such an event
may not be possible if the antibodies used are unable to
span the distance between CD66a molecules of adjacent
receptor complexes, whereas the high density of Opa pro-
teins expressed on the bacterial surfaces could.

The cytoplasmic domain of CD66d has a sequence
reminiscent of the immunoreceptor tyrosine-based activa-
tion motifs (ITAMs), which are tyrosine phosphorylated
during signalling by multichain immune recognition recep-
tors (Nagel et al., 1993; Skubitz et al., 1995), while the
CD66a sequence is instead reminiscent of an inhibitory
ITIM (Beauchemin et al., 1997). Clustering of the ITAM-
containing T cell receptor complex has, for example, been
shown to activate T cells via Src family kinases (Kolanus
et al., 1993), while co-activation of the ITIM receptor can
inhibit this response (Olcese et al., 1996). It is interesting
in this respect that adherence to the HelLa cell lines can
result in different outcomes, as bacterial uptake after bind-
ing to HeLa-CD66d is up to 20-fold higher than that by the
other cell lines (Fig. 1). CD66 proteins associate with Lyn
and Hck of the Src kinase family (Skubitz et al., 1995), and
CD66a is associated with the SHP-1 phosphatase (Beau-
chemin et al., 1997), suggesting that they are active in
intracellular signalling events. Similarly, the Opas,-expres-
sing gonococciand E. coli strains used in this study trigger
a signalling cascade, which involves the Src-like kinases,
Hck and Fgr, and the small G-protein Racl (C. R. Hauck,
T. F. Meyer, F. Lang and E. Gulbins, unpublished). This
event can be mimicked by receptor cross-linking using
anti-CD66 F(ab), fragments, and inhibition of either Src
family kinase or Racl function prevents bacterial uptake.
Whether the differential binding of CD66a, CD66¢ and
CD66d receptors by various Opa proteins can modulate
the intracellular signalling and/or bactericidal response of
phagocytes to bacterial adherence thus still remains an
intriguing and important issue towards the further under-
standing of the gonococcal infection process.

Experimental procedures
Cell lines and bacterial strains

The stably transfected HelLa cell lines expressing defined
recombinant CD66 proteins have been described previously
(Berling et al., 1990; Nagel et al., 1993; Gray-Owen et al.,
1997). HelLa cell lines were grown in RPMI-1640 with L-glut-
amine (Life Technologies) with 10% fetal calf serum (FCS)
and 500 wg mi~* geneticin. The mutant cell line CHO-pgs677,
which is defective in proteoglycan biosynthesis (Esko, 1991)
was generously provided by Dr J. D. Esko (University of Ala-
bama at Birmingham, USA). CHO cell lines were cultured in
MEMa growth medium (Life Technologies) containing 10%
FCS. The preparation of human umbilical vein endothelial
cells (HUVECSs) has been described previously (Dehio et al.,
1997), and these were propagated in endothelial growth
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medium (Promocell). HUVECs were treated with 10ng ml~—*
TNFa for 3—-4 days where indicated. All cell lines were
grown in a humidified atmosphere at 37°C with 5% CO,. Tran-
sient transfection of CHO cells with the CD66a expression
construct (Gray-Owen et al., 1997) was performed using
lipofectamine reagent (Life Technologies) according to the
company'’s protocol.

Recombinant strains invariantly synthesizing the 11 genetic-
ally defined Opa proteins of N. gonorrhoeae MS11 were des-
cribed by Kupsch et al. (1993). The cloned opa genes were
expressed in the genetic background of MS11 strain N279,
which lacks pili and carries a deletion in the epithelial cell
invasion-associated opaC locus. Gonococci were subcultured
daily using a binocular microscope to monitor opacity pheno-
types. The Hermes-10 expression vector was used for IPTG-
inducible expression of gonococcal Opas in E. coli DH5
(Kupsch et al., 1996). Confirmation of Opa expression pat-
terns was performed by immunoblot analysis of total bacterial
extracts obtained from cultures used for infection and receptor
isolation experiments using the Opa cross-reactive mono-
clonal antibody 4B12C11 (Achtman et al., 1988). Surface
expression of the Opa proteins by recombinant E. coli strains
has been confirmed by their proteolytic susceptibility in intact
bacteria (Kupsch et al., 1993).

Infection of cells and microscopic and FACS analysis

All infection experiments were performed as outlined pre-
viously (Gray-Owen et al., 1997), except that infection with
recombinant E. coli strains was allowed to continue for 5h,
and 100 wM IPTG was included in the cell culture medium.
Immunocytochemistry, confocal laser scanning microscopy
and phase contrast microscopy for the visualization of bac-
terial interactions with stably transfected HelLa or transiently
transfected CHO cell lines was also performed as described
previously (Gray-Owen et al., 1997). The anti-CD66 mono-
clonal antibody, D14HD11, which cross-reacts with CD66a,
¢, d and e, and CD66e-specific mAb 26/3/13 were generously
provided by Dr Fritz Grunert (University of Freiburg, Freiburg,
Germany). Fluorescein isothiocyanate (FITC)-conjugated goat
anti-rabbit and Texas red-conjugated goat anti-mouse anti-
bodies were purchased from Dianova.

Isolation of Opa-specific receptor proteins from
transfected Hela cell lines

Isolation of Opa-specific receptor proteins using whole bac-
teria was accomplished as outlined previously (Gray-Owen
et al., 1997), except that Triton X-100-soluble extracts were
prepared instead from adherent HeLa cells expressing defined
recombinant CD66 proteins. Recombinant E. coli strains
expressing defined gonococcal Opas were diluted to an
ODss50 Of 1 in phosphate-buffered saline (PBS) with 1 mM
MgCl, and 0.5mM CaCl, (PBS/Mg/Ca). An aliquot of 50 pl
of cell extract was added to 450 p.l of the bacterial suspension,
and samples were incubated at 4°C for 2 h with gentle agita-
tion. Bacteria were recovered by centrifugation and then
washed for 3 x 10 min with PBS/Mg/Ca containing 0.2% Triton
X-100 at 4°C. The washed bacterial pellet was resuspended in
1 pellet volume of PBS, diluted in 2 x SDS—PAGE sample buf-
fer containing 1% 2-mercaptoethanol and boiled for 10 min
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before electrophoresis. After immunoblotting, the samples
were probed with either the Opa-specific monoclonal antibody
4B12C11 (Achtman et al., 1988; generously provided by Dr
Mark Achtman, MPI-MG, Berlin, Germany) or the CD66
cross-reactive monoclonal antibody CLB/gran10 (Hiss Diag-
nostics) and then detected by horseradish peroxidase-conju-
gated goat anti-mouse IgG antibody.

Luminol-enhanced chemiluminescence assays

Human neutrophils were isolated from fresh citrated blood of
healthy donors by gradient centrifugation on Ficoll Hypaque
as described by Brandt et al. (1991). All preparations con-
tained >95% neutrophils, as determined by analyses using
an F800 cell counter, and cell viability was >99%, as deter-
mined by Trypan blue exclusion. Oxidative response was
measured by luminol-enhanced chemiluminescence (CL) in
a six-channel biolumat LB9505 (Berthold) at 37°C, essentially
as described by Rest and Speert (1994). Neutrophils (4 x 10°)
were suspended in 100 ul of PBS supplemented with 5mM
glucose and 0.05% very low endotoxin BSA (Serva) and then
preincubated at 37°C for 30 min before dilution with 400 wl
of the same buffer supplemented with 0.5 mM CaCl,, 1 mM
MgCl, and 100 M luminol. After 2 min of recording background
CL levels, infection was begun by the addition of 8 x 10° bac-
teria freshly resuspended from overnight culture. Bacteria-
induced CL was monitored continuously over a 60 min period.
For each assay, uninfected cells were included as a negative
control to determine spontaneous CL production, and cells
stimulated with 1 wgml~ phorbol myristate acetate were
used as a positive control. CL response was evaluated as
the integral CL occurring between 10 and 60 min, and results
are expressed as relative CL response compared with that
induced by the Opa-negative control strains.
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