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The carcinoembryonic antigen (CEA) family member CEACAM1 (previously called biliary glycoprotein or
CD66a) was previously shown to function as a receptor that can mediate the binding of Opa protein-expressing
Neisseria meningitidis to both neutrophils and epithelial cells. Since neutrophils and polarized epithelia have
both been shown to coexpress multiple CEACAM receptors, we have now extended this work to characterize the
binding specificity of meningococcal Opa proteins with other CEA family members. To do so, we used
recombinant Escherichia coli expressing nine different Opa variants from three meningococcal strains and
stably transfected cell lines expressing single members of the CEACAM family. These infection studies
demonstrated that seven of the nine Opa variants bound to at least one CEACAM receptor and that binding
to each of these receptors is sufficient to trigger the Opa-dependent bacterial uptake by these cell lines. The
other two Opa variants do not appear to bind to either CEACAM receptors or heparan sulfate proteoglycan
receptors, which are bound by some gonococcal Opa variants, thus implying a novel class of Opa proteins. We
have also extended previous studies by demonstrating induction of CEACAM1 expression after stimulation of
human umbilical vein endothelial cells with the proinflammatory cytokine tumor necrosis factor alpha, which
is present in high concentrations during meningococcal disease. This induced expression of CEACAM1 leads
to an increased Opa-dependent bacterial binding and invasion into the primary endothelia, implying that these
interactions may play an important role in the pathogenesis of invasive meningococcal disease.

Neisseria meningitidis is a common resident of the human
nasopharyngeal mucosa of humans, yet meningococcal disease
is a relatively infrequent occurrence. Meningococci can, there-
fore, be considered commensal organisms when isolated from
the throat but are a major concern when isolated from deeper
tissues. Annual rates of disease due to N. meningitidis may
range between 0.001 and 1% of the population per year, de-
pending on geographic region. Serogroup B and C strains
predominate as the cause of endemic disease in Europe and
North America, while strains of serogroup A are the cause of
large meningococcal epidemics. China and the Sahel region of
West Africa have been particularly prone to meningococcal
outbreaks of meningitis and meningococcemia, with epidemics
recurring each decade (32, 33). The most recent pandemic of
N. meningitidis disease began in China and Nepal in the early
1980s and then spread to Mecca, Saudi Arabia, during the
annual Haj pilgrimage of 1987. Healthy pilgrims carried the
serogroup A epidemic strain back to their countries of origin,
ultimately resulting in isolated cases of meningococcal disease
in these countries, including the United States, the United
Kingdom, and France, and the outbreak of epidemics in east-
ern and central Africa.

Primary contact with the nasopharyngeal mucosa is likely

mediated by the neisserial type 4 pili (21, 30, 37). Subsequent
to this, the colony opacity-associated Opa proteins can mediate
a tight secondary binding that may lead to bacterial engulfment
by polarized epithelial cells (49). A single strain of N. menin-
gitidis may contain up to 4 different opa alleles (36), while a
single gonococcal strain may possess as many as 11 (5, 23). Opa
protein expression from each of these alleles is turned on and
off at a frequency of around 1023 due to RecA-independent
genetic rearrangements within the leader peptide sequence
that result in the addition or deletion of pentanucleotide com-
plementary repeat sequences (28, 35). This phase variation
constantly generates a mixed population of phenotypic variants
within a single culture, since the combination of Opa variants
expressed can influence the outcome of bacterial interactions
with epithelial, endothelial, and phagocytic cells (11). The hor-
izontal transfer of opa genes or gene fragments can also occur
(20, 27), facilitated by the naturally high competence of patho-
genic Neisseria to genetic transformation (14). Together, these
rearrangements present a constantly changing assortment of
antigenic and phenotypic characteristics to the human host.

Recently, the differential tropism of opaque variants was
ascribed to the fact that there are two distinct classes of Opa
protein based on their differential binding specificity for cellu-
lar receptors. One class, best exemplified by the Neisseria gon-
orrhoeae Opa50 protein, binds to the heparan sulfate proteo-
glycan-containing syndecan receptors (8, 42) and to the
extracellular matrix proteins vitronectin (12, 13, 16) and fi-
bronectin (41). The other class of Opa proteins has been shown
to bind to host cellular receptors of the carcinoembryonic
antigen (CEA) gene family. For N. gonorrhoeae, different Opa
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protein variants have been shown to bind one or more of the
CEACAM (previously called CD66 [2]) subset of the CEA
family, with some Opa variants binding CEACAM1 (CD66a;
biliary glycoprotein), CEACAM3 (CD66d; CEA gene family
member 1 [CGM1]), CEACAM5 (CD66e; CEA), and
CEACAM6 (CD66c; nonspecific cross-reacting antigen), while
the binding of others is restricted to either CEACAM1 and
CEACAM5 or to CEACAM5 alone (6, 10, 18, 19). No Opa
variants characterized to date have been seen to bind to
CEACAM4 (CGM7), CEACAM7 (CGM2), or CEACAM8
(CD66b; CGM6) despite their strong homology at the se-
quence and predicted structural levels with the other
CEACAM receptors (34, 38). In each case, gonococcal binding
to CEACAM receptors correlates with bacterial engulfment
into stably transfected epithelial cells expressing single
CEACAM receptors. Virji et al. (43, 44) have also shown that
each of the Opa variants from meningococcal strain C751
bound to CEACAM1, CEACAM3, CEACAM5, and
CEACAM6 with various affinities, but they did not see inva-
sion into the CEACAM6-expressing cell line. The CEACAM
receptor sequences that are responsible for Opa binding are
protein-protein interactions and have now been well charac-
terized (7, 34, 43). Together, these studies have shown that the
sequences recognized by Opa proteins lie within the nongly-
cosylated b-strands C, F, and G face of the N-terminal domain
and that a heterologous triplet of amino acid residues is re-
sponsible for the differential binding of some Opa variants to
CEACAM1 and CEACAM5 versus CEACAM6.

Detailed analyses of an extensive collection of meningococ-
cal strains demonstrated that the Opa repertoire of isolates
collected before the Mecca outbreak was different from that of
isolates recovered during or subsequent to this event (27). This
resulted from a point mutation in opaD and the acquisition of
a novel opaB allele by transformation with DNA from an
unrelated strain. Whether these genotypic changes contribute
to the apparent differences in virulence of these strains is not
known. In this study, we have used stably transfected HeLa cell
lines expressing individual CEACAM family members to de-
termine the binding specificity of the Opa variants cloned from
the N. meningitidis serogroup A strains which predominated
before and after the Mecca outbreak. The Opa variants en-
coded by a representative serogroup C isolate were also char-
acterized in order to compare the binding specificity of the
Opa repertoire expressed by an independent group of bacteria.
We then assessed the ability of these Opa variants to mediate
attachment and invasion into proinflammatory cytokine-stim-
ulated primary human umbilical vein endothelial cells
(HUVECs).

MATERIALS AND METHODS

Bacterial strains and cell lines. The construction and maintenance of trans-
fected HeLa cell lines stably expressing individual CEACAM receptor proteins
and the isolation and propagation of HUVECs have been described previously
(19).

Recombinant Escherichia coli DH5 strains expressing isopropyl-b-D-thiogalac-
topyranoside (IPTG)-inducible Opa variants cloned from N. meningitidis isolates
recovered before and after the Mecca outbreak were also previously described
(27). The genes encoding Opa variants from N. meningitidis strain C1938 (36)
were cloned using the approach of Kupsch et al. (23). Briefly, the four chromo-
somal opa genes were amplified by PCR using oligonucleotide primers TM46
(59-TCTTTGTTATTTAGCAGCTTACTGTTCAGCTCATTACTGTTTTCTT
CCGCAGCGCAGGCGGCA-39) and EMK04 (59-GGTACAAAGCTTTCAGA
AGCGGTAGCGCACGCCC-39), and the resulting product was then reampli-
fied using TM45 (59-GGCGCGGATCCAAGGAGCCGAAAATCAACCCAG
CCCCCAAAAAACCTTCTTTGTTATTTAGCAGCTTA-39) and EMK04. This
resulted in (i) the deletion of the coding repeat sequence within the Opa leader
peptides in order to prevent phase variation of the cloned genes and (ii) the
addition of BamHI and HindIII restriction enzyme sites at the 59 and 39 ends,
respectively, of the amplified products. The resulting products were then cloned
into the IPTG-inducible E. coli-N. gonorrhoeae shuttle vector Hermes-10, or into
Hermes-6a behind the constitutively expressed opa promoter (22). To assess Opa
function in a heterologous neisserial host, the Hermes-10 constructs were then
transformed into N. gonorrhoeae by using the shuttle system of Kupsch et al. (22,
23). In each case, appropriate Opa protein expression was verified by immuno-
blot analysis of total bacterial extracts (5 mg/ml), using the cross-reactive anti-
Opa monoclonal antibody (MAb) clone 4B12/C11 (1). See Table 1 for designa-
tions of recombinant strains.

Bacterial infection assays. The quantification of bacterial binding and entry
into stably transfected HeLa cell lines was done using standard gentamicin-based
assays with dilution plating to recover associated viable bacteria as outlined
before (18, 19). The infection of HUVECs to quantify adherent and intracellular
bacteria was performed as described above for the HeLa infection assays except
that the cells were grown in the presence or absence of tumor necrosis factor
alpha (TNF-a; 10 ng/ml) prior to infections, as indicated, and these infection
assays were done in M199 growth medium (Life Technologies, Paisley, United
Kingdom) supplemented with 10% fetal calf serum. To confirm the intracellular
localization of Opa-expressing E. coli, immunofluorescent staining and confocal
laser scanning microscopic analysis of fixed infected samples were also per-
formed using the protocols outlined previously (18, 19). Bacterial association was
determined by differentially counting intracellular and extracellular bacteria as-
sociated with at least three samples of 20 cells each. Data presented are repre-
sentative of the results obtained with at least three independent experiments.

Analysis of CEACAM expression in HUVECs. To determine which CEACAM
receptors were induced by the proinflammatory cytokine TNF-a, cells were
grown in the presence or absence of TNF-a (10 ng/ml) and then harvested into
phosphate-buffered saline containing 10 mM EDTA. The cells recovered were
then pelleted by centrifugation, resuspended in phosphate-buffered saline con-
taining 1 mM MgCl2, 0.5 mM CaCl2, 10 mM EDTA, 1% Triton X-100, 10 mM
phenylmethylsulfonylfluoride, pepstatin A (1 mg/ml), leupeptin (2.5 mg/ml), and
aprotinin (2 mg/ml), diluted into an equal volume of 23 sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer, and then boiled
for 15 min. Component proteins were then resolved by SDS-PAGE and immu-
noblot analysis using the CEACAM1, CEACAM3, CEACAM5, and CEACAM6
cross-specific MAb D14HD11, the CEACAM6-specific antibody 9A6, the
CEACAM8-specific MAb 80H3 (Immunotech, Marseille, France), and the
CEACAM3 and CEACAM5 cross-specific Col1 antibody (Zymed, Munich, Ger-
many). D14HD11 and 9A6 were both generously provided by Fritz Grunert,
University of Freiburg, Freiburg, Germany. Bound antibody was detected using

TABLE 1. Meningococcal Opa variants used in this studya

opa allele Opa protein Parent Nme
Recombinant

GenBank accession no. Reference
Eco Ngo

A132 132 00170/F6124 H2984 AF001180 27
B92 92 00170 H2985 AF001199 27
B94 94 F6124 H2986 AF001201 27
D100 100 00170/F6124 H2987 AF001195 27
J101 101 00170/F6124 H2988 AF001179 27
ND C1938-1 C1938 H2936 N377 NA This study
ND 41 C1938 H2937 N378 X06445 36
ND 40 C1938 H2938 N379 X06446 36
ND C1938-4 C1938 H2939 N380 NA This study

a Abbreviations: Nme, N. meningitidis; Ngo, N. gonorrhoeae; Eco, E. coli; NA, not available; ND, not determined.
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a peroxidase-conjugated goat anti-mouse secondary antibody and the ECL
chemiluminescent detection system (Amersham Life Sciences, Little Chalfont,
Buckinghamshire, United Kingdom).

CEACAM1-encoding transcript levels were determined by a semiquantitative
reverse transcriptase-mediated PCR (RT-PCR) method based on that outlined
previously for the assessment of CEACAM1 levels in T84 epithelial cell lines
(49).

RESULTS

Meningococcal Opa protein expression in E. coli. The high-
level variability of neisserial surface antigens, including the
expression of pili, Opa proteins, and the Opc adhesin and
capsule, makes the assignment of Opa binding function in
clinical isolates difficult. We thus sought to assess the
CEACAM binding characteristics of each Opa variant in iso-
lation. Our recent success with the nonadherent laboratory
strain E. coli DH5 to characterize the receptor specificities of
Opa proteins cloned from N. gonorrhoeae MS11 (19) prompted
us to use a similar approach to characterize the binding spec-
ificity of meningococcal variants. Meningococcal isolates col-
lected before the Mecca outbreak differed from those that
were isolated afterwards. Associated with this clonal replace-
ment was the exchange of the allele opaB92 with the unrelated
allele opaB94 (27). To determine whether this genotypic dif-
ference corresponded to a functional difference that may have
contributed to the apparently heightened virulence of the lat-
ter strains, we chose to determine the binding specificity of the
Opa proteins encoded by the pre- and post-Mecca outbreak
strains. These alleles had previously been cloned and expressed
in E. coli (27), supporting the premise that meningococcal Opa
proteins would be functionally expressed in a manner similar to
what we had previously found for the gonococcal proteins.

N. meningitidis from serogroup A tend to be associated with
epidemic outbreaks, while the those of serogroup C are asso-
ciated with endemic disease. The opa alleles carried by the
serogroup C1938 strain were also cloned and expressed in E.
coli DH5 in order to determine whether Opa binding functions
would differ between individual strains from these two sero-
groups. This provided us with a set of recombinant E. coli
strains expressing nine different alleles isolated from three
different strains. By cloning the serogroup C1938 opa variants
into the Hermes-6a shuttle vectors (22), we were also able to
transfer these expression constructs into an N. gonorrhoeae
MS11 derivative (see below).

Opa expression by the recombinant E. coli and N. gonor-
rhoeae strains was assessed by immunoblot analysis of total
bacterial lysates using a MAb, 4B12/C11, that recognizes all
Opa proteins. As shown in Fig. 1, minor electrophoretic dif-
ferences were observed between the individual Opa variants.

The proteins were expressed at similar levels in all of the E. coli
strains, with the exception that the level of Opa101 expression
was consistently less than for the other variants. The N. men-
ingitidis C1938 Opa proteins were indistinguishable by this
analysis whether expressed by N. gonorrhoeae or E. coli.

CEACAM receptor binding specificity of meningococcal
Opa variants. To characterize Opa binding interactions with
each member of the CEACAM receptor family, we took ad-
vantage of a series of stably transfected HeLa cell lines ex-
pressing each of the CEACAM proteins (18). Each cell line
was infected with the recombinant E. coli DH5 strains express-
ing meningococcal Opa proteins. Bacterial association with
these cell lines was determined by quantifying CFU recovered
after saponin lysis of washed infected cells. Virji et al. (44) had
previously demonstrated that all three of the Opa variants,
Opa132, Opa135, and Opa137, encoded by N. meningitidis sero-
group C strain C751 could bind to CEACAM1. We obtained
the same results with the cloned Opa132 protein and for three
other Opa proteins encoded from the serogroup A strains
(Opa92, Opa94, and Opa100) and for two of the four variants
encoded by strain C1938 (Opa40 and Opa41): all these proteins
mediated binding to HeLa-CEACAM1 (Fig. 2). However,
Opa101 (serogroup A) and OpaC1938-4 (serogroup C) did not
bind any CEACAM receptor tested, while OpaC1938-1 bound to
HeLa-CEACAM5 but not HeLa-CEACAM1. Opa100 and
Opa41 binding was restricted to HeLa-CEACAM1, while
strains expressing Opa132 adhered to HeLa-CEACAM1,
HeLa-CEACAM5, and HeLa-CEACAM6. Opa40, Opa92, and
Opa94 appear to be functionally conserved, since each medi-
ates binding to HeLa-CEACAM1 and HeLa-CEACAM5 but
not to HeLa-CEACAM3 or HeLa-CEACAM6 (Fig. 2). None
of the cloned meningococcal Opa proteins mediated binding to
the parental HeLa cell line or to HeLa cells expressing
CEACAM8 (data not shown).

Unlike some gonococcal proteins (e.g., Opa52), none of the
meningococcal Opa variants bound to CEACAM3, and some
did not bind to any of the CEACAM receptor family. It
seemed possible that the latter Opa variants also did not me-
diate binding to heparan sulfate proteoglycan receptors (8, 42)
because E. coli expressing these Opa proteins was no more
adhesive to any cell line tested than was the parental strain.
These attributes might potentially be explained by improper
processing of these Opa variants, because one gonococcal Opa
variant (Opa60) mediated binding to HeLa-CEACAM3 cells
when expressed in E. coli JM103 (18) but not when expressed
in E. coli DH5 (19). We therefore transferred the expression
constructs encoding the N. meningitidis C1938 Opa variants
into a recombinant N. gonorrhoeae strain that has deletions in
both pilin loci (pilE1 and pilE2) and in the opaC30 locus that
encodes the heparan sulfate proteoglycan-specific Opa30. This
allowed us to test the function of the Opa variants in a neis-
serial background that had been previously used to character-
ize the binding specificities of the gonococcal Opa proteins (19,
23). All of the Opa proteins conferred similar binding patterns
whether expressed in E. coli DH5 (Fig. 2) or in N. gonorrhoeae
(data not shown), thus supporting the use of recombinant E.
coli as a model of meningococcal Opa binding characteristics.

To determine whether any of the recombinant E. coli strains
were being internalized by the transfected HeLa cell lines,
viable bacteria counts were measured after 2 h of treatment of
the infected cells with bactericidal concentrations of gentami-
cin. In each case, the ability to adhere to transfected epithelial
cell lines correlated with bacterial entry into these cells (Fig.
2). This is consistent with previous studies showing that gono-
coccal Opa expression is sufficient to mediate cellular invasion
in the absence of other neisserial factors (9, 10, 18, 19).

FIG. 1. Recombinant Opa protein expression. Opa protein variants cloned
from serogroup A or C strains of N. meningiditis were cloned and expressed in E.
coli DH5 or a recombinant N. gonorrhoeae MS11 derivative that has deletions in
both pilin (pilE) loci and in the opaC30 locus that encodes the heparan sulfate
proteoglycan-specific Opa30. Component proteins from bacterial lysate (5 mg/
lane) were separated by SDS-PAGE, and immunoblots were probed with the
Opa-specific MAb 4B12/C11 (1).
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CEACAM1 expression by HUVECs following stimulation
with the proinflammatory cytokine TNF-a. TNF-a is one of
the principal mediators of endotoxic shock (4, 26, 39, 40). High
levels of this proinflammatory cytokine are present in the
bloodstream during invasive meningococcal infections, and the
severity of disease correlates with serum TNF-a concentrations
present (15, 47, 48). Previously, we have shown that TNF-a
stimulates CEACAM receptor expression in primary
HUVECs (19). The results with fluorescence-activated cell
sorting (FACS) analysis using anti-CEACAM MAbs with two
different binding specificities indicated that CEACAM1 ex-
pression was induced by TNF-a. However, the results did not
exclude the concurrent stimulation of other CEACAM recep-
tors. Therefore, we have now investigated CEACAM expres-
sion pattern of activated HUVECs by immunoblot analysis
using a spectrum of MAbs with more restricted CEACAM
binding specificities. As shown in Fig. 3A, MAb D14HD11,
which is cross-reactive with CEACAM1, CEACAM3,
CEACAM5, and CEACAM6, revealed the strong induction of
a high-molecular-weight CEACAM protein following TNF-a
treatment. MAb 9A6 (specific for CEACAM6), MAb 80H3
(specific for CEACAM8), and MAb Col1 (reacts with
CEACAM3 and CEACAM5) did not react with any protein in
the HUVEC cell lysates, thus confirming that CEACAM1 is
the only Opa receptor expressed by these cells. FACS analysis
using these MAbs also confirmed these results (data not
shown).

Since the progression of invasive meningococcal disease can
be rapid, the time course of CEACAM1 expression following
exposure to TNF-a must be quick if it is to be biologically

FIG. 2. Opa-mediated interactions with stably transfected CEACAM-ex-
pressing cell lines. HeLa cell lines expressing either CEACAM1, CEACAM3,
CEACAM5, or CEACAM6 were infected for 3 h with E. coli DH5 strains
expressing the indicated Opa variants. After washing, bacteria which associated
with the transfected cells were quantified by lysing the HeLa cell membranes with
1% saponin and then dilution plating (black bars; 1024 CFU). To determine the
relative levels of bacteria which were intracellular, the washed samples were
instead incubated in the presence of gentamicin prior to cellular lysis (grey bars;
1022 CFU) and quantified. None of the Opa variants tested here bound to HeLa
cells transfected with the empty expression vector or to stably transfected HeLa
cells expressing CEACAM8 (data not shown). Assays were performed in tripli-
cate on at least three different occasions, and the data illustrate the mean 6
standard deviation of one representative experiment.

FIG. 3. Induced pattern of CEACAM receptor expression in TNF-a-stimu-
lated HUVECs. (A) Component proteins of lysates prepared from primary
HUVECs grown in the presence (1; final concentration, 10 ng/ml) or absence
(2) of TNF-a were separated by SDS-PAGE, and immunoblots were probed
with either the CEACAM1-, CEACAM3-, CEACAM5-, and CEACAM6-spe-
cific MAb D14HD11, the CEACAM6-specific MAb 9A6, the CEACAM8-spe-
cific MAb 80H3, or the CEACAM3- and CEACAM5-specific MAb Col1. Coo-
massie blue-stained samples run in parallel to the immunoblotted samples are
shown in the first panel in order to confirm that protein loading was equal in the
stimulated and nonstimulated cells. (B) CEACAM1 transcript expression by
TNF-a-stimulated HUVECs. Total RNA was isolated after the indicated time
intervals following the addition of TNF-a to the growth media. Semiquantitative
duplex RT-PCR was then performed using a combination of primer pairs for the
specific amplification of CEACAM and GADPH (glyceraldehyde-3-phosphate
dehydrogenase) transcript fragments from total mRNA. Resulting DNA frag-
ments were separated by electrophoresis, and amplified fragments are labeled,
with the constitutively expressed GADPH standard being used to verify consis-
tent sample amplification and loading. Sizes are indicated in base pairs.
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relevant. We therefore studied the time course of CEACAM1
expression using semiquantitative RT-PCR. CEACAM1 tran-
scripts were induced within 2 h of stimulation by TNF-a and
persisted for at least 24 h (Fig. 3B). This stimulation at the
transcriptional level also corresponded with the expression of
new receptor protein, since CEACAM1 continued to accumu-
late in HUVECs for at least 48 h (data not shown). Together,
these data indicate that the TNF-a-mediated induction of
CEACAM1 occurs on a time scale that is relevant for neisserial
disease.

Opa-mediated association with HUVECs. We next deter-
mined whether the binding of Opa-expressing E. coli strains to
HUVECs increased in association with the increased
CEACAM1 receptor expression following TNF-a stimulation.
HUVECs cells that had been stimulated with TNF-a for 48 h

were infected in parallel with control cells that were grown in
the absence of this cytokine. After 3 h of infection, the infected
samples were washed, fixed, and immunofluorescently labeled
to allow the differential counting of intracellular and extracel-
lular bacteria associated per cell by confocal laser scanning
microscopy (Fig. 4A and B). Alternatively, viable bacteria that
remained bound to the infected HUVECs after washing were
quantified by dilution plating following saponin lysis of the
eukaryotic membranes, and intracellular bacteria were recov-
ered following gentamicin treatment of the infected cells (data
not shown). The two approaches yielded consistent results,
showing a clear increase in bacterial association following
TNF-a treatment. As shown in Fig. 4C, approximately fourfold
more bacteria bound to the TNF-a-treated cells than to the
untreated controls. The effect of TNF-a treatment on cellular

FIG. 4. Opa-mediated association with primary endothelial cells. HUVECs seeded on glass coverslips and grown in the presence or absence of TNF-a (10 ng/ml)
were infected with recombinant E. coli DH5 strains expressing the indicated meningococcal Opa variants. After 3 h, samples were fixed and then immunofluorescently
labeled for analysis by confocal laser scanning microscopy. (A and B) Fixed samples of untreated (A) and TNF-a-stimulated (B) cells that have been infected with E.
coli DH5 expressing meningococcal Opa94 were stained to display actin cytoskeleton (green), total bacteria (blue), and extracellular bacteria (red). Representative
intracellular and extracellular bacteria are indicated by open and closed arrows, respectively. (C) Total bacteria associated per cell. Black bars, adherence to untreated
HUVECs; grey bars, adherence to TNF-a-activated HUVECs. (D) Intracellular bacteria per cell. Black bars, intracellular bacteria associated with untreated HUVECs;
grey bars, intracellular bacteria associated with TNF-a-activated HUVECs.
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invasion by Opa-expressing bacteria was even more pro-
nounced, with 10 to 20 times more bacteria being found in the
stimulated cells than in the untreated controls (Fig. 4D).

DISCUSSION

Opa proteins are expressed by both mucosal and disease
isolates of N. meningitidis, and 87.5% of meningococcal strains
tested bind to CEACAM1 (46). In this study, we have used
recombinant E. coli strains expressing Opa proteins together
with stably transfected HeLa epithelial cell lines expressing
each member of the CEACAM receptor family in isolation in
order to characterize the binding specificity of Opa proteins
from representative meningococcal strains. Based upon this,
the serogroup A strains were found to express Opa variants
that bind CEACAM1 (Opa100), CEACAM1 and CEACAM5
(Opa92/Opa94), CEACAM1, CEACAM5, and CEACAM6
(Opa132), or no CEACAM receptor (Opa101), while the sero-
group C1938 strain was found to express variants that bound
either CEACAM1 (Opa41), CEACAM5 (OpaC1938-1), both of
these receptors (Opa40), or no CEACAM proteins (OpaC1938-4
[Fig. 2]). Whether the serogroup A strain’s ability to bind to
CEACAM6 (i.e., via Opa132) and/or the serogroup C strain’s
possession of an Opa protein that binds only to CEACAM5
(Opa1938-1) has functional significance with respect to viru-
lence properties remains to be determined. It is also interesting
that Opa92 and Opa94 are not different with respect to receptor
binding, since this implies that the clonal replacement of
opaB92 with the opaB94 allele did not result in a functional
change that could contribute to the apparently different viru-
lence of the isolates which predominated before and after the
Mecca epidemic (27).

All gonococcal Opa variants tested to date bind to either
CEACAM or heparan sulfate proteoglycans (6, 19). The data
presented here are the first indication that Opa variants exist
(Opa101 and OpaC1938-4) which did not bind to either of these
receptors. Since these variants also did not mediate any bac-
terial binding to primary endothelial cells (Fig. 4), it remains to
be determined what function they confer upon the meningo-
cocci. It was also unexpected that none of the meningococcal
Opa proteins tested were able to bind to CEACAM3, since
several gonococcal variants efficiently bind and mediate bacte-
rial entry into CEACAM3-expressing cell lines (6, 9, 19). It
seems unlikely that this could reflect improper processing in E.
coli because most Opa proteins bound to CEACAM1,
CEACAM6, and/or CEACAM5, and the binding specificities
of Opa proteins expressed in recombinant N. gonorrhoeae
(data not shown) and E. coli (Fig. 2) were indistinguishable.
The inability to bind to CEACAM3 might be related to the
different manifestations of disease caused by N. meningitidis
and N. gonorrhoeae. CEACAM3 is expressed exclusively on
neutrophils and contains a sequence reminiscent of the immu-
noreceptor tyrosine-based activating motif of various immuno-
globulin family receptors (29). Engagement of such receptors,
which include components of B-cell, T-cell, and Fc receptors,
typically triggers immune cellular activation unless their inhib-
itory coreceptor is also stimulated. The absence of an activa-
tion signal upon meningococcal contact with neutrophils might
alter the immune response to these bacteria, potentially ex-
plaining why gonococcal infections often provoke an intense
inflammatory immune response whereas meningococcal mu-
cosal colonization is generally asymptomatic. Such speculation
warrants further study and is the focus of our ongoing work.

The TNF-a-induced increase in CEACAM1 expression by
HUVECs (Fig. 3) correlates with their increased binding and
uptake of Opa-expressing bacteria (Fig. 4), and anti-

CEACAM antibody does block meningococcal binding to ac-
tivated HUVECs (43). These results provide an important
insight into our understanding of meningococcal disease. Dur-
ing invasive N. meningitidis infections, TNF-a levels in the
blood correlate with the severity of septicemia (15, 47, 48), and
patients having concentrations of more than 440 U/ml invari-
ably die (48). Nassif et al. (31) previously demonstrated that
passive immunization with polyclonal antiserum against
TNF-a protected infant rats against the mortality associated
with meningococcemia despite the fact that the bacterial
growth kinetics in vivo were unchanged. The authors suggested
that the pathophysiological events induced by these elevated
levels of TNF-a might be required for meningococcal patho-
genicity. We have recently shown that neisserial immunoglob-
ulin A1 protease is a potent inducer of TNF-a in peripheral
blood mononuclear cells (25). Likewise, meningococcal lipo-
polysaccharide is known to stimulate proinflammatory re-
sponses. Based on the results presented here, the TNF-a-
induced CEACAM1 expression by endothelial cells would
allow meningococcal adherence to vascular walls and, poten-
tially, its exit from the bloodstream. Such a model parallels that
which has been proposed for Plasmodium falciparum, since
TNF-a induces the expression of this parasite’s receptors on
the surface of cerebral blood vessels (3, 17), and elevated
TNF-a is associated with cerebral symptoms and other organ
impairment in infected patients (24). The TNF-a-mediated
induction of CEACAM1 could also help to explain the corre-
lation between invasive meningococcal disease and recent viral
infection, if these infections have triggered the expression of
CEACAM1 on tissues where they are not normally present.

It is likely that various combinations of CEACAM receptors
are expressed on most tissues that meningococci encounter
during infection (11), and the Opa variant(s) expressed should
determine which of these will be engaged. Although
CEACAM proteins are extremely conserved in their extracel-
lular domains, the cellular response to binding each protein
likely differs (38). In addition, the N. meningitidis arsenal also
possesses adhesins other than Opa. For example, the menin-
gococcal Opc adhesin has been shown to bind arginine-glycine-
aspartate (RGD)-containing serum proteins such as vitronec-
tin, a function which can lead to cellular invasion through
subsequent binding of the RGD protein to its cognate integrin
receptors (45). How each of these binding functions may ben-
efit the bacteria’s ability to persist remains an important mys-
tery that must be further unraveled if we are to understand the
pathogenic mechanism of this medically important microbe.
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