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Neisseria gonorrhoeae express opacity-associated
(Opa) protein adhesins that mediate binding to various
members of the carcinoembryonic antigen-related cellu-
lar adhesion molecule (CEACAM; previously CD66) re-
ceptor family. Although human umbilical vein endothe-
lial cells express little CEACAM receptor in vitro, we
found neisserial infection to induce expression of
CEACAM1, CEACAM1-3L, and CECAM1-4L splice vari-
ants. This mediates an increased Opa52-dependent bind-
ing of gonococci by these cells. The induced receptor
expression did not require bacterial Opa expression, but
it was more rapid with adherent bacteria. Because the
time course of induction was similar to that seen for
induced proinflammatory cytokines, we tested whether
CEACAM1 expression could be controlled by a similar
mechanism. Gonococcal infection activated a nuclear
factor-kB (NF-kB) heterodimer consisting of p50 and
p65, and inhibitors that prevent the nuclear transloca-
tion of activated NF-kB complex inhibited CEACAM1
transcript expression. Each of these effects could be
mimicked by using culture filtrates or purified lipopo-
lysaccharide instead of intact bacteria. Together, our
results support a model whereby the outer membrane
“blebs” that are actively released by gonococci trigger a
Toll-like receptor-4-dependent activation of NF-kB,
which up-regulates the expression of CEACAM1 to allow
Opa52-mediated neisserial binding. The regulation of
CEACAM1 expression by NF-kB also implies a broader
role for this receptor in the general inflammatory re-
sponse to infection.

The important human pathogens Neisseria gonorrhoeae and
Neisseria meningitidis possess the ability to colonize human mu-
cosal tissue and then penetrate into deeper tissues to cause
invasive disease. Initial contact with host tissues is thought to be

mediated by neisserial type IV pili, and a tight secondary inter-
action can then be established by the bacteria’s phase-variable,
colony opacity-associated (Opa)1 outer membrane proteins. There
are two distinct classes of Opa proteins based on their differential
binding specificity for cellular receptors. One class targets the
Neisseriae to cell surface heparan sulfate proteoglycan (HSPG)
receptors (1, 2) and, via binding to the extracellular matrix pro-
teins vitronectin and fibronectin, to cell surface integrins (3, 4).
Other Opa proteins bind to the CD66 epitope-containing mem-
bers of the carcinoembryonic antigen-related cellular adhesion
molecules (CEACAM), which are expressed differentially on mul-
tiple tissues throughout the human host (5, 6). Some Opa pro-
teins interact with both HSPG and CEACAM receptors (7, 8),
presumably via distinct binding sites; however, each variant
appears to be able to mediate host cellular invasion only via
either one or the other receptor class (9).

CEACAM1 (previously called BGP or CD66a; new nomencla-
ture for this and other CEA family members was introduced by
Beauchemin et al. (42)), CEACAM3 (CGM1 or CD66d),
CEACAM5 (CEA or CD66e), and CEACAM6 (NCA or CD66c)
can all serve as receptors for the pathogenic Neisseria spp.;
however, individual Opa variants are specific for various com-
binations of these closely related proteins (7, 8, 10–15). The
closely related receptors CEACAM4, CEACAM7, and
CEACAM8 are not bound by any Opa variants tested to date
(16). Each CEACAM receptor consists of an immunoglobulin
variable domain-like region followed by up to six immunoglob-
ulin constant domain-like structures (6). CEACAM1 and
CEACAM3 are inserted into the cellular membrane via a car-
boxyl-terminal transmembrane and cytoplasmic domain,
whereas CEACAM5, CEACAM6, CEACAM7, and CEACAM8
possess glycosylphosphatidylinositol anchors. Even though
each receptor is highly glycosylated, binding is a protein-pro-
tein interaction with Opa proteins recognizing CEACAM resi-
dues exposed on the GFCC9 face of the amino-terminal domain
(17). These different binding specificities may have important
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implications for the pathogenic process of Neisseria because the
distribution pattern of each CEACAM receptor should influ-
ence the cellular tropism of neisserial strains expressing dif-
ferent Opa variants in vivo. In addition, very different cellular
processes have been linked to individual CEA family members
(6, 18–21), suggesting that the cellular response to neisserial
binding depends upon the specific combination of CEACAM
receptors engaged.

Even though CEACAM receptors are part of the immuno-
globulin superfamily, their functions are poorly understood.
They mediate intercellular adhesion via both homotypic
(CEACAM1, CEACAM5, and CEACAM6) and/or heterotypic
(CEACAM5-CEACAM6 and CEACAM6-CEACAM8) interac-
tions (22, 23). CEACAM1 and CEACAM6 are also involved in
the adherence of activated neutrophils to cytokine-activated
endothelial cells, both directly through their ability to present
the sialylated Lewisx antigen to E-selectin and indirectly by the
CEACAM6-stimulated activation of CD18 integrins (18). The
role of CEACAM receptors is not, however, restricted to simple
anchorage to adjacent cells because various receptors can in-
fluence cell cycle control and cellular differentiation. For exam-
ple, CEACAM1 expression inhibits the proliferation of mouse
colonic carcinoma cells both in vitro and in vivo, and this effect
was abrogated by deleting the receptor’s cytoplasmic domain
(24, 25). Such a growth-inhibitory role is consistent with clinical
observations that CEACAM1 expression is down-regulated in
various colonic carcinomas (26, 27). Together, these features im-
ply a role for members of the CEACAM receptor family as sen-
sory and regulatory molecules in cell-cell adhesion events (28).

CEACAM1, CEACAM3, and CEACAM6 are expressed by
human polymorphonuclear neutrophils and can mediate gono-
coccal binding and opsonin-independent phagocytosis by these
phagocytes (10, 11, 14, 29). This interaction appears to play a
central role in the pathogenic process because a urethral exu-
date consisting primarily of polymorphonuclear neutrophils
associated with both extracellular and intracellular attached
gonococci is the hallmark of gonorrhea. CEACAM receptors
expressed by other cells also appear to play an important role
during other stages of neisserial infection. Polarized T84 epi-
thelial cells express CEACAM1, CEACAM5, and CEACAM6 on
their apical surface, and Opa binding to these receptors medi-
ates bacterial uptake, cellular transcytosis, and release at the
basolateral surface (30). This is consistent with previous find-
ings that N. gonorrhoeae and N. meningitidis appear in the
subepithelial layers following the in vitro infection of organ
cultures (31). Because both of these pathogens can also cause
invasive disease, interactions with the endothelia must also
occur. Primary human umbilical vein endothelial cells
(HUVECs) grown in culture express little CEACAM receptor.
There is, however, a substantial up-regulation of CEACAM1
expression after treatment with the proinflammatory cytokine
tumor necrosis factor a (TNF-a) (13, 15, 32), which is present in
serum at high levels during invasive meningococcal disease
(33–35). This increased up-regulation of CEACAM1 correlates
with an increased adherence and invasion of different Opa-
expressing bacteria into these cells in vitro (13, 15). In the
present study, we observed that prolonged infection of HU-
VECs resulted in an increased binding of gonococci expressing
the CEACAM receptor-specific Opa52 adhesin. We have shown
previously that N. gonorrhoeae infection induces TNF-a ex-
pression by epithelial cells (36). If a similar response occurs
during neisserial infection of endothelial cells, then these bac-
teria could presumably induce an autocrine loop that results in
the expression of CEACAM1. We thus determined the kinetics
of CEACAM1 expression pattern after neisserial infection and
related these to the induced cytokine profile. We demonstrate

that the CEACAM1-4L and CECAM1-3L splice variants are
both induced with a time course similar to that of proinflam-
matory cytokines, including TNF-a. Our results indicate that
the activation of nuclear factor kappa B (NF-kB) directly trig-
gers CEACAM1 expression and mediates increased Opa-de-
pendent bacterial binding to HUVECs. This phenomenon could
clearly contribute to neisserial attachment to and penetration
into the vasculature during invasive disease. It also has broad
implications for our understanding of the natural role of
CEACAM1 because its regulation by the immune regulator
factor NF-kB implies a role in the innate response of endothe-
lial cells to infection. This represents the first example that we
are aware of in which a human pathogen directly induces the
expression of its receptor by a target host cell.

MATERIALS AND METHODS

Cell Lines—HUVECs were obtained from human umbilical vein by
chymotrypsin digestion as described previously (37) and then grown in
low serum endothelial cell growth medium (PromoCell, Heidelberg,
Germany) using flasks precoated with 0.2% gelatin in a humidified
atmosphere at 37 °C with 5% CO2. HUVECs at passage 4 were grown to
form a confluent monolayer and then seeded to new precoated flasks or
into wells containing gelatin-coated glass coverslips to obtain a conflu-
ence of about 60%. Human dermal microvascular endothelial cells
(HDMECs) were cultured in MCDB-131 medium (Life Technologies,
Inc.) with 10% heat-inactivated fetal calf serum and used between
passages 4 and 5.

Bacterial Strains—Construction of the recombinant strains invari-
antly synthesizing the 11 genetically defined Opa proteins of N. gonor-
rhoeae MS11 were described previously by Kupsch et al. (9). The cloned
opa genes were expressed in the genetic background of the MS11
derivative N279, which lacks pili and carries a deletion in the epithelial
cell invasion-associated opaC30 locus. Daily subculture of all strains
was carried out using a binocular microscope to select for desired Opa
phenotypes. Opa protein expression patterns were confirmed by SDS-
polyacrylamide gel electrophoresis and immunoblot analysis of total
bacterial extracts using the monoclonal antibody 4B12C11 (38), which
was generously provided by Dr. Mark Achtman (Berlin, Germany).
Recombinant Escherichia coli strains expressing N. meningitidis Opa
variants were also described previously (15).

Bacterial Infection Assays and Stimulation of HUVECs—For infec-
tion experiments, HUVECs were seeded into 75-cm2 flasks to obtain
cultures at about 70% confluence at the time of infection. One night
before infection, the medium was changed to M199 (Life Technologies,
Inc.) supplemented with 10% fetal calf serum. Gonococci were har-
vested from fresh overnight cultures into M199 medium containing 10%
heat-inactivated fetal calf serum to obtain a culture density of 108

colony-forming units/ml and then used to infect HUVECs at a multi-
plicity of infection of 10–20 bacteria/cell for the indicated time points.
For immunofluorescence analysis, HUVECs were infected as outlined
above except that cells were initially seeded onto gelatin-coated 12-mm
glass coverslips, and the samples were fixed after the final washing step
postinfection by incubating in 3.7% paraformaldehyde in 200 mM

HEPES buffer, pH 7.4, for 30 min at room temperature. To determine
the levels of gonococcal adherence and invasion, the gonococci were
stained for immunofluorescence and then analyzed by confocal laser
scanning microscopy as described previously (15, 30). Where indicated,
various other stimuli were added directly to the culture medium. TNF-a
was purchased from R&D Systems. Where indicated, purified mouse
anti-human TNF-a monoclonal antibodies (BD PharMingen, San Diego)
were added at 15 mg/ml just prior to infection. The polyclonal anti-
human CEACAM antiserum was puchased from DAKO (Glostrup, Den-
mark). Experiments involving LPS were done using LPS prepared from
E. coli serotype O111:B4 and/or Salmonella typhimurium by phenol
extraction (Sigma). LPS suspensions were sonicated in endotoxin-free
water (Life Technologies, Inc.) to disperse any aggregates formed and
were then diluted to the indicated final concentration in supplemented
medium. Neisserial LPS was purified according to the method of Gala-
nos et al. (62) and was generously provided by Dr. Anne Muller from our
group (Berlin).

Immunoblotting—CEACAM1 protein expression in response to ex-
posure to bacterial strains, TNF-a, or other stimuli was determined by
immunoblot analysis of total cellular protein essentially as described
before (15). Protein concentration in each sample was determined by
colorimetric Bradford protein assay (Bio-Rad), and equal amounts of
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protein were separated by SDS-polyacrylamide gel electrophoresis (10–
11%) and blotted onto Immobilon P transfer membranes (Millipore).
Western blot analysis was performed using the CEACAM1, CEACAM3,
CEACAM5, and CEACAM6 cross-specific monoclonal antibody
D14HD11, the CEACAM6-specific antibody 9A6 (Immunotech, Mar-
seille, France), and the CEACAM1 and CEACAM5 cross-specific anti-
body 4/3/17. D14HD11 and 4/3/17 were both generously provided by Dr.
Fritz Grunert, University of Freiburg, Germany. Bound antibodies
were detected using a peroxidase-conjugated goat anti-mouse second-
ary antibody and the ECL chemiluminescent detection system (Amer-
sham Pharmacia Biotech).

To test for IkBa degradation, cytosolic fractions obtained from
HUVECs exposed to various stimuli were analyzed by immunoblot
analysis using an IkBa-specific polyclonal antibody that does not cross-
reactive with other IkB family members (C-21; Santa Cruz
Biotechnology).

Inhibitor Experiments—NF-kB SN50 (BIOMOL Research laborato-
ries, Inc.) is a cell-permeable peptide that inhibits the translocation of
active NF-kB complex into the nucleus. Cells were pretreated with 50
mg/ml of this peptide for 15 min at 37 °C before TNF-a or the bacteria
were added. To confirm the role of NF-kB in CEACAM1 expression, two
other inhibitors with different mechanisms of action were also used.
The cells were pretreated either with the serine protease inhibitor
tosylphenylalanyl chloromethyl ketone (TPCK; Sigma) or a proteasome
inhibitor (PSI) obtained from Calbiochem-Novabiochem Ltd. (U. K.) for
30 min before addition of the stimuli.

To inhibit phosphorylation-dependent steps involved in the activa-
tion of NF-kB, HUVECs seeded in 75-cm2 flasks were either not pre-
treated or were pretreated with 1 mM herbimycin A for 24 h or 100 mM

genistein for 1 h and then either infected with N309 or stimulated with
TNF-a. The effects of these inhibitors on CEACAM1 expression levels
were then determined as indicated.

Reverse Transcription-Polymerase Chain Reaction (RT-PCR) Analy-
sis—Total RNA was isolated from HUVECs that had been treated with
various stimuli, as indicated, using either Trizol reagent (Life Technol-
ogies, Inc.) or the Qiagen RNEasy Kit, as outlined by the manufactur-
ers, and then treated further with RNase-free DNase-I. Equal amounts
of RNA were reverse transcribed into single-stranded cDNA using
Superscript IIRT (Life Technologies, Inc.) and oligo(dT) primers. As a
control, the synthesis of cDNA was performed in the absence of reverse
transcriptase. Subsequent amplification of CEACAM1 was carried out
using CEACAM1-specific primers for 30 cycles at 56 °C annealing tem-
perature. The differential amplification of CEACAM1 splice variants
was performed using Taq polymerase (Life Technologies, Inc.) for 33
cycles with an annealing temperature of 56 °C. The primers used were
59-primer B1 (ACAGTCAAGACGATCATAGT) and 39-primer C2
(ATCTTGTTAGGTGGGTCATT), resulting in amplified fragments of
between 189 and 530 bp (39). Amplification of cytokine DNA was done
using the primers that we have described previously (36). To detect
Toll-like receptor (TLR) expression, PCR amplification of the cDNA
template was performed using Taq polymerase for 28 cycles at 95 °C for
40 s, 54 °C for 40 s, and 72 °C for 1 min. PCR primers used for TLR-2
were GCCAAAGTCTCTTGATTGATTCC and TTGAAGTTCTCCAGC-
TCCTG, and those used for TLR-4 were TGGATACGTTTCCTTATAAG
and GAAATGGAGGCACCCCTTC (40). Depending on which primer sets
were used for the primary amplification, primers specific for the consti-
tutively expressed housekeeping gene GAPDH or b-actin was also in-
cluded within the reaction mixture to provide an internal control that
allowed samples to be loaded equally. In each case, PCR products were
visualized by ethidium bromide staining after agarose gel electrophoresis.

Electrophoretic Mobility Shift Assay—At the indicated time points
after infection, cytoplasmic and nuclear extracts were prepared by
using the non-ionic detergent method described previously (36). Gel
retardation assays for the detection of active NF-kB complex were
performed using an Igk oligonucleotide that had been labeled using the
large fragment DNA polymerase (Klenow) in the presence of deoxy-[a-
32P]ATP. The DNA binding reactions were performed in 20 ml of binding
buffer for 20 min at 30 °C. Competition experiments and supershift
assays were performed with antibodies as described previously (36).
The reaction products were analyzed by electrophoresis in a 5% poly-
acrylamide gel using 12.5 mM Tris, 12.5 mM boric acid, and 0.25 mM

EDTA, pH 8.3, and the gels were then dried and exposed to Amersham
TM films (Amersham Pharmacia Biotech) at 270 °C using an intensi-
fying screen.

RESULTS

Neisserial Infection Induces CEACAM1 Expression by Endo-
thelial Cells—Previously, we had found very little CEACAM1
receptor expression by HUVECs unless they were prestimu-
lated with the proinflammatory cytokine TNF-a. Other mem-
bers of the CEA receptor family were not found in either un-
stimulated or stimulated HUVECs. Consistent with this, N.
gonorrhoeae or recombinant E. coli expressing either gonococ-
cal or meningococcal CEACAM-specific Opa proteins showed
only low levels of binding to HUVECs using standard (i.e. 3 h)
in vitro infection assays unless the HUVECs were pretreated
with TNF-a (13, 15). However, we found that extended infec-
tion resulted in consistently increasing levels of Opa-mediated
bacterial binding to otherwise unstimulated HUVECs, and this
correlated with an increased level of bacterial internalization
(Fig. 1A). To demonstrate that the increased binding was
caused by interactions with CEACAM receptor(s), HUVECs
were pretreated with polyclonal anti-CEACAM antibody prior
to infection. This treatment blocked interaction with the
HUVECs almost completely, and the increased bacteria bind-
ing with time was no longer evident (Fig. 1B).

FIG. 1. CEACAM-dependent association of N. gonorrhoeae
with primary endothelial cells increases with time. HUVECs
seeded on glass coverslips were infected with N309/Opa52 over a time
period from 1 to 24 h. At the indicated time points, cells were fixed and
then labeled immunofluorescently for analysis by confocal laser scan-
ning microscopy. Panel A, total associated and intracellular bacteria/
cell were counted. Black bars show adherence to untreated HUVECs;
open bars show intracellular bacteria associated with untreated
HUVECs. Panel B, HUVECs seeded on glass coverslips were pretreated
with 100 mg/ml anti-CEACAM antibody (Ab) for 1 h (cross-hatched bars)
or left untreated (black bars). HUVECs were then infected with N309/
Opa52 over a time period from 1 to 24 h, and total associated bacteria/
cell is shown. Assays were performed in triplicate on at least three
separate occasions, and data illustrate the mean 6 S.D. of one repre-
sentative experiment.
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To determine whether these increased interactions could
result from increased CEACAM receptor expression, we per-
formed immunoblot analysis of cellular lysates prepared at
various intervals after infection. The HUVECs were either left
untreated, infected with various gonococcal strains, or stimu-
lated with TNF-a as a positive control. Expression of the
CEACAM1 protein was found to be induced during neisserial
infection, and the time course of this induction was similar to
that seen when stimulating the cells with purified TNF-a (Fig.
2A). No other CEACAM family member(s) were detected in
either stimulated or unstimulated cells. The rapid induction of
CEACAM1 expression after infection was also confirmed by
FACS analysis (data not shown) and by semiquantitative RT-
PCR to detect CEACAM1-encoding transcript (Fig. 2B). Impor-
tantly, N. gonorrhoeae strains expressing either the HSPG
receptor-specific Opa50 or the CEACAM receptor-specific
Opa52, and the nonadherent Opa2 strain N302 induced
CEACAM1 expression (Fig. 2, A and B). This implies that this
effect was not likely the result of a specific signal directly
downstream of Opa binding to one of its cellular receptors. We
generally observed increased levels of three defined protein
bands by immunoblot analysis using the CEACAM receptor-
specific monoclonal antibody D14HD11 (Fig. 2A) and have con-
firmed that all three bands represent the CEACAM1 receptor
by comparing blots probed with various CEACAM-specific an-
tibodies (data not shown). This banding pattern likely results
from a combination of the variable glycosylation of CEACAM1
and/or the expression of multiple splice variants because the
relative levels of each of these can vary among cells and cell
lines (41). 13 different CEACAM1 splice variants are known to

exist. To analyze which splice variant(s) are induced in endo-
thelial cells, we performed RT-PCR experiments with RNA
from unstimulated, TNF-a-treated, and gonococcal-infected
HUVECs. The primer pair used amplifies the mRNA fragment
that spans from the middle of the Ig constant domain-like B1
region to the carboxyl-terminal end of the cytoplasmic domain.
Using these primers, it is possible to discriminate among
known splice variants according to the size of the RT-PCR
products (39). Stimulated endothelial cells were found to ex-
press only 2 of the 13 known splice variants, as shown in Fig.
2C. The larger RT-PCR product revealed a size of 531 bp, which
corresponds to CEACAM1-4L (BGPa) expression, whereas the
second RT-PCR product (242 bp) indicates that the
CEACAM1-3L (BGPb) splice variant which lacks the A2 do-
main, is also expressed. Both splice variants were expressed in
equal amounts (Fig. 2C), and each contains both the amino-
terminal domain, which is bound by Opa proteins, and the long
cytoplasmic domain, which contains the immunoreceptor ty-
rosine-based inhibitory motif-like sequences (42). The same
pattern of splice variants was observed whether the HUVECs
were treated with TNF-a (Fig. 2C) or infected with N. gonor-
rhoeae N303/Opa50 (data not shown).

We have shown previously that TNF-a expression by epithe-
lial cells is induced by gonococcal infection (36). If this also
happens in HUVECs, then an autocrine loop involving de novo
TNF-a expression which leads to the subsequent induction of
CEACAM1 expression could presumably explain the increased
gonococcal binding seen in Fig. 1. To assess changes in cytokine
gene expression in response to gonococcal infection of endothe-
lial cells, we used specific primers to perform semiquantitative

FIG. 2. Effect of N. gonorrhoeae infection on CEACAM expression by HUVECs. Panel A, HUVECs were either left untreated, infected
with different gonococcal strains (N303/Opa50, N309/Opa52, N302/Opa2), or stimulated with 10 ng/ml TNF-a. Total protein was isolated at the
indicated time points, separated by SDS-polyacrylamide gel electrophoresis, and immunoblots were probed with the CEACAM receptor-specific
monoclonal antibody D14HD11. Panel B, CEACAM1 transcript expression by HUVECs. Total RNA was isolated after the indicated time intervals
following the addition of TNF-a or gonococcal infection and then reverse transcribed into single-stranded cDNA. Amplification of DNA was carried
out by PCR using a CEACAM1-specific primer pair. In each case, the transcript encoding the housekeeping protein GAPDH was coamplified as
an internal control to assure that equal samples were applied. Panel C, expression of the CEACAM1–4L (BGPa) and CECAM1-3L (BGPb) splice
variants by HUVECs. HUVECs were either left untreated, infected with gonococcal strain N309/Opa52, or stimulated with 10 ng/ml TNF-a. Total
RNA was isolated after 2 h and reverse transcribed into cDNA. The expression of CEACAM1 splice variants was assessed by semiquantitative PCR
amplification from the resulting template. The coamplification of b-actin transcript was used as an internal control to confirm that equal amounts
of cDNA were applied. These data are representative for at least three independent experiments. The schematic drawings that illustrate the
domain structure of CEACAM1–4L and -3L are used here with the permission of Fritz Grunert (University of Freiburg, Germany).
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RT-PCR from total RNA isolated at various time points after
infection (Fig. 3). N. gonorrhoeae strains expressing either no
Opa (N302), Opa52 (N309), or Opa50 (N303) induced the expres-
sion of several cytokines, including IL-1a, IL-6, IL-8, and
TNF-a, whereas the expression levels of other cytokines did not
change. Because CEACAM1 expression was induced as quickly
as any of these cytokines (i.e. compare Figs. 2B and 3), it is
unlikely that newly expressed cytokines are responsible for the
induced CEACAM1 receptor expression. However, because we
have shown previously that TNF-a stimulates CEACAM1 ex-
pression (13, 15), we determined that induced TNF-a was re-
quired for CEACAM1 expression by using antibodies that in-
hibit the activity of TNF-a. These antibodies clearly reduced
CEACAM1 protein expression in response to TNF-a treatment
but not in response to neisserial infection (Fig. 4), thus con-
firming that this cytokine is not essential for the induced re-
ceptor expression.

Neisserial Infection Activates NF-kB in Endothelial Cells—
Proinflammatory cytokines are controlled by the immediate
early transcription factor NF-kB. NF-kB is normally found in
the cytoplasm as a complex with IkB, which blocks NF-kB
translocation to the nucleus and thus prevents transcription of
NF-kB regulated genes. Upon cellular activation, IkB dissoci-

ates from NF-kB and is degraded by the proteasome, thereby
allowing translocation of the released NF-kB into the nucleus.
Subconfluent monolayers of HUVECs were treated with TNF-a
or infected with N. gonorrhoeae expressing either the HSPG-
specific Opa50 or the CEACAM-specific Opa52. At different time
points after challenge, the cells were harvested and fraction-
ated to separate the cytosol from the nuclei. The resulting
nuclear protein extracts were then analyzed for the levels of
DNA binding activity using an electrophoretic mobility shift
assay with a radioactively labeled oligonucleotide correspond-
ing to the DNA binding site of NF-kB (Fig. 5A). Nuclear protein
binding of the oligonucleotide was observed within 10 min of
infection by N303/Opa50, and this increased until 90 min
postinfection before declining again by 180 min. N309/Opa52

also induced NF-kB activation, although this happened after a
short delay (i.e. by 45 min). TNF-a treatment of the HUVECs
resulted in a more rapid translocation of NF-kB, with strong
binding being observed by 10 min postinfection. The time
course of active NF-kB appearing in the nuclear fraction fol-
lowing each of these stimuli correlated well with the disappear-
ance of IkBa from in the cytosol (Fig. 5B). Consistent with the
CEACAM1 protein expression being independent of TNF-a
expressed by the infected HUVECs (Fig. 4A), anti-TNF-a anti-
bodies clearly reduced IkBa degradation in response to added
TNF-a but had little effect on that seen in response to neisse-
rial infection (Fig. 4B).

We then performed competition band shift assays using the
unlabeled oligonucleotide consensus sequence to confirm the
specificity of the binding activity seen, and a decrease in
the formation of radioactively labeled complex was observed
with increasing concentration of unlabeled NF-kB consensus
sequence (Fig. 5A). Because several different homodimeric or
heterodimeric forms of NF-kB exist, the nature of the activated
transcription factor was characterized using supershift assays
(Fig. 5A). Experiments were performed in which the nuclear
extracts were preincubated with anti-p50, anti-p65, anti-c-Rel,
or preimmune serum before addition of the 32P-labeled oligo-
nucleotide containing the kB sequence. The reduced mobility of
bound oligonucleotide in the presence of anti-p50 and anti-p65
antibodies indicates that these subunits represent the predom-
inant protein species in the kB DNA-binding complex that
becomes activated by gonococcal infection.

To determine whether CEACAM1 expression is controlled
directly by NF-kB, we tested whether various inhibitors of
NF-kB function influenced CEACAM1 expression after
HUVEC stimulation with TNF-a and/or gonococcal infection.
We observed an inhibition of CEACAM1 transcript expression
when the cells were pretreated with either the serine protease
inhibitor TPCK or a PSI that inhibits the 20 S proteasome (Fig.
6B) and a corresponding reduction in CEACAM1 protein seen
by Western blot (Fig. 6A). An inhibitory effect was also seen by
Western blot (Fig. 6C) and semiquantitative RT-PCR (data not
shown) when the cells were pretreated with an inhibitory pep-
tide (NF-kB SN50) that inhibits the nuclear translocation of
activated NF-kB complex. Consistent with this, NF-kB SN50
reduced the apparent increase in CEACAM-dependent bacte-
rial binding seen during prolonged infection (Fig. 7). TPCK,
PSI, and the NF-kB-specific peptide all inhibit NF-kB induc-
tion of transcription by different mechanisms, and the fact that
each also inhibits CEACAM1 expression clearly indicates that
NF-kB is involved in the control of CEACAM1 expression.

A tyrosine kinase-dependent step has been reported to occur
upstream of NF-kB activation in some systems (43, 44) but not
in others (45). We therefore tested whether the broadly specific
tyrosine kinase inhibitor genistein and/or the Src family ki-
nase-specific inhibitor herbimycin A had an effect on

FIG. 3. Analysis of cytokine mRNA levels in HUVECs in re-
sponse to N. gonorrhoeae infection. Total RNA isolated from
HUVECs that had either been left untreated or were infected by differ-
ent gonococcal strains for the indicated times was analyzed by RT-PCR
using cytokine-specific primer pairs, as indicated. b-Actin mRNA prim-
ers were included in each reaction as an internal control to assure equal
loading, and the amplified b-actin transcript is indicated (*). Similar
results were obtained in more than three independent experiments.
GM-CSF, granulocyte-macrophage colony-stimulating factor; MCP-1,
monocyte chemoattractant protein 1; TGF-b, transforming growth fac-
tor b; Rantes, regulated on activation normal T cell expressed and
secreted.
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CEACAM1 expression (Fig. 8). Both inhibitors down-regulated
the sustained expression of CEACAM1 transcript after treat-
ment with either TNF-a or gonococci, although low levels of
transcript were still detected at early time points (i.e. 0.5 and
2 h postinfection) in the presence of these inhibitors.

Characterization of a Neisserial Factor That Activates NF-
kB—The finding that CEACAM1 expression was induced by
gonococci regardless of the receptor specificity of their ex-
pressed Opa (Fig. 2) suggests that NF-kB activation is not a
specific response triggered by simple engagement of one of
these receptors. The fact that the Opa2 strain N302 also in-
duces CEACAM1 expression (Fig. 2) also implies that bacterial
binding to the HUVECs is not necessary. To test whether the
factor that activates NF-kB is released into the culture super-
natant, we passed cultures of gonococcal strain N303/Opa50

through a 0.2-mm filter to remove intact bacteria but not solu-
ble factors released by the gonococci. At various intervals after
the addition of filtrate to the HUVECs, total cellular protein
was isolated and analyzed. A clear induction of CEACAM1 was
seen to follow exposure of HUVECs to gonococcal filtrates (Fig.
9A), and there was no obvious difference with respect to the
time course of this effect versus that seen in response to infec-

tion by whole bacteria (i.e. compare with Fig. 2A).
Gonococci are known to shed large amounts of outer mem-

brane in the form of “blebs” that contain both LPS and outer
membrane proteins. LPS is a potent activator of cells of the
immune and inflammatory systems, including macrophage,
monocytes, and endothelial cells. It is bound by the serum
LPS-binding protein, and this complex is then bound by the
CD14 receptor (46, 47). Endothelial cells do not express CD14,
but instead use soluble CD14 from serum to respond to LPS
(48). We thus tested whether purified LPS could itself mediate
the induction of CEACAM1 expression. As seen during neisse-
rial infection, purified LPS triggered both the disappearance of
IkBa by 1.5 h (data not shown) and the subsequent expression
of CEACAM1 by 2.5 h (Fig. 9B). We tested various concentra-
tions of LPS that had been purified from various bacterial
species with similar results (data not shown). Neither the
membrane-bound (mCD14) nor the serum-soluble (sCD14) LPS
receptors are themselves competent to induce intracellular sig-
naling or downstream cellular responses to LPS. Recently, it
has been reported that the sCD14zLPS-binding protein complex
interacts with distinct members of the TLR family. In particu-
lar, TLR-4 appears to mediate the activation of NF-kB in re-

FIG. 4. TNF-a expressed by infected HUVECs is not required for the induced expression of CEACAM1. HUVECs were either infected
with N309/Opa52 or stimulated by the addition of 20 ng/ml TNF-a, each in the presence (1) or absence (2) of 15 mg/ml anti-human TNF-a
monoclonal antibody (Ab). As a control HUVECs were left untreated. Total protein was isolated at the indicated time points, separated by
SDS-polyacrylamide gel electrophoresis, and immunoblots were probed with either the CEACAM receptor-specific monoclonal antibody D14HD11
or IkBa-specific antibody, respectively. Similar results were obtained in more than three independent experiments.

FIG. 5. N. gonorrhoeae infection activates the transcription factor NF-kB. HUVECs were either infected with various gonococcal strains,
stimulated with 10 ng/ml TNF-a, or left untreated (Uninf). At the indicated time points, cells were harvested and fractionated to obtain the
cytosolic fraction and the high salt extract of nuclei, as described under “Materials and Methods.” Panel A, the nuclear extracts were incubated with
radioactively labeled DNA fragment (Igk), which contains the NF-kB binding site, and then subjected to native polyacrylamide gel electrophoresis
and autoradiography. The specificity of NF-kBzDNA complex formation was investigated by competition (Comp) with the indicated amounts of
unlabeled oligonucleotide. The composition of the induced NF-kB complex was investigated by antibody supershifts using anti-p50, anti-p65,
anti-c-Rel antisera or control preimmune serum (Preserum). The positions of the protein-DNA complexes are indicated. The data are representative
of at least three independent experiments. Panel B, cytosolic fractions were prepared from samples taken at different time points after infection
or stimulation with TNF-a. Untreated HUVECs were used as a control. The samples were then probed by Western blot analysis using an
IkBa-specific antibody.
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sponse to LPS (49, 50). The closely related TLR-2 has been
shown to induce a similar cellular response in the presence of
other cell wall components (55–58, 60). We thus confirmed that

our HUVECs expressed these receptors by using semiquanti-
tative RT-PCR. We found TLR-2 and TLR-4 both to be ex-
pressed (Fig. 10), however we did not find an obvious difference

FIG. 6. N. gonorrhoeae-induced ex-
pression of CEACAM1 is blocked by
inhibitors of NF-kB activation. Panel
A, HUVECs were pretreated with 25 mM

TPCK or 50 mM PSI for 30 min, as indi-
cated. The cells were subsequently in-
fected with N303/Opa50, N309/Opa52, or
treated with 10 ng/ml TNF-a. Untreated
HUVECs (Uninf) were used as a control.
The cell lysates were harvested and ana-
lyzed by Western blot analysis using the
CEACAM receptor-specific monoclonal
antibody D14HD11. Panel B, effect of
TPCK and PSI on CEACAM1 transcript
expression. Total RNA was isolated from
HUVECs at the indicated time points af-
ter infection with gonococcal strains or
stimulation with TNF-a, and then
CEACAM1 expression levels were as-
sessed by semiquantitative RT-PCR. Ex-
pression of the housekeeping gene encod-
ing GAPDH was used as an internal
control. Panel C, HUVECs were infected
with N. gonorrhoeae or stimulated using
TNF-a in the presence or absence of the
cell-permeable inhibitory peptide SN50,
which contains the NLS sequence of the
NF-kB p50 subunit, as indicated. Un-
treated HUVECs were used as a control.
The cell lysates were harvested and ana-
lyzed by Western blot analysis using the
CEACAM receptor-specific monoclonal
antibody D14HD11. The Coomassie Blue-
stained figure was included to confirm
that variations in CEACAM1 expression
were not caused by differences in sample
loading. The data are representative of at
least three independent experiments.

FIG. 7. NF-kB activity is required
for the increased association of N.
gonorrhoeae with HUVECs over time.
HUVECs seeded onto glass coverslips
were treated with 50 mg/ml inhibitory
peptide NF-kB SN50 (cross-hatched bars)
or left untreated (black bars) for 30 min
prior to infection by N309/Opa52. At the
indicated times, samples were fixed and
analyzed by confocal laser scanning mi-
croscopy to determine total associated
bacteria/cell. The untreated control in
this figure and in Fig. 1B are the same
because the anti-CEACAM antibody and
the SN50 inhibitor samples were per-
formed in parallel. This assay was per-
formed in triplicate on at least three sep-
arate occasions, and data illustrate the
mean 6 S.D. of one representative
experiment.
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in the levels of expression of these two receptors such as was
reported previously (51). Consistent with the previous work, we
did see obvious differences in the levels of TLR-2 and TLR-4
message in HDMEC (Fig. 10), suggesting that differences in
endothelial cell source and/or growth conditions may effect the
relative expression levels of TLR receptors seen. Our data do,
however, confirm that TLR-2 and TLR-4 are both expressed by
the HUVECs cell lines used in our studies and may thus
mediate the NF-kB activation and CEACAM1 expression that
results from neisserial infection.

DISCUSSION

In a previous study, we observed that treatment of primary
endothelial cells (HUVECs) with the proinflammatory cytokine
TNF-a resulted in an induction of CEACAM1 expression and a
corresponding increase in adherence and host cellular invasion
by Opa-expressing Neisseria (13, 15). The localized liberation of
TNF-a from sites infected by other pathogens might render the
inflamed tissues as targets for colonization by CEACAM-bind-
ing strains. Such a phenomenon might help to explain the
clinical correlates that imply that an increased risk of invasive
meningococcal disease follows viral or other infections of the
nasopharyngeal mucosa. TNF-a is present in serum at high
levels during disseminated infection (33–35). It may, therefore,
also contribute to the rapid progression of invasive neisserial
disease as the resulting up-regulation of CEACAM1 expression
should facilitate bacterial interactions with the vasculature.
Such a detrimental effect of TNF-a expression on the outcome
of invasive neisserial infection is supported by the fact that the
administration of anti-TNF-a antibodies to infected infant rats
protects them against lethal meningococcemia (53). The fact
that Hemeophilus influenzae is also capable of binding to
CEACAM receptors (52) indicates that the up-regulation of
CEACAM1 may also influence the outcome of invasive disease
by this pathogen. In this context it is interesting to note that
the three most important agents of bacterial meningitis, N.
meningitidis, H. influenzae, and Streptococcus pneumoniae

produce IgA1 proteases, and we recently found that neisserial
IgA1 protease is a potent stimulator of proinflammatory cyto-
kines in peripheral blood cells (54).

Here we demonstrate that the prolonged exposure of
HUVECs to gonococci resulted in an increased level of Opa52-
dependent bacterial binding, even in the absence of adding

FIG. 9. Induction of CEACAM1 ex-
pression by N. gonorrhoeae strain
N303/Opa50culture filtrates. HUVECs
were seeded onto six-well plates in triplicate.
The cells were then treated with either fil-
trates that had been prepared by passing
N303/Opa50 cultures through a 0.22-mm-
pore filter (panel A) or 1 mg/ml purified LPS
(panel B). At the indicated times, total cell
lysates were then isolated from HUVECs,
and CEACAM1 expression was assessed by
Western blot analysis using the CEACAM
receptor-specific monoclonal antibody
D14HD11. HUVECs cultured in medium
alone or in medium supplemented with 10
mg/ml TNF-a were used as negative and
positive controls, respectively. The data are
representative of at least three independent
experiments.

FIG. 10. Primary endothelial cell expression of TLRs. TLR-2
and TLR-4 expression was assessed by semiquantitative RT-PCR using
total RNA extracted from HUVECs and HDMECs. Primers specific for
b-actin were included in the reaction mixture as an internal control.
HDMECs were used as an independent source of human TLR mRNA
expression to confirm the differences reported previously in the relative
expression of TLR-2 and TLR-4 in these cells (40). The identities of PCR
products obtained are indicated with arrows. The results are represent-
ative of at least three independent experiments.

FIG. 8. Effect of protein tyrosine kinase inhibitors on the expression of CEACAM1. HUVECs were untreated or pretreated with 1 mM

herbimycin A (HMA) for 24 h or 100 mM genistein for 1 h, infected with N309/Opa52, or treated with 10 ng/ml TNF-a. Total RNA was isolated at
the indicated time points and analyzed by RT-PCR using GAPDH expression as an internal control. Similar results were obtained in more than
three independent experiments.
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exogenous cytokine (Fig. 1A). This implied that the expression
of one or more CEACAM receptor was being up-regulated.
Because we have previously observed an induction of TNF-a
synthesis in cultured epithelial cells upon neisserial infection
(36), we initially speculated that a similar response from endo-
thelial cells could result in an autocrine loop that ultimately
resulted in the up-regulation of CEACAM receptor(s). How-
ever, we have instead found that anti-TNF-a antibodies have
little effect on the induction of CEACAM1 expression (Fig. 4)
and that the expression of CEACAM1 transcript is triggered as
rapidly as that of any cytokine, including TNF-a (i.e. compare
Figs. 2B and 3). These results imply that CEACAM1 expression
is induced directly. Our previous evidence that the immediate
early transcription factor NF-kB was central in the inflamma-
tory response of epithelial cells to gonococcal infection (36) thus
prompted us to look whether it could also directly control
CEACAM1 expression. Gel retardation assays using nuclear
extracts isolated from infected HUVECs confirmed that gono-
coccal infection does activate NF-kB in these cells (Fig. 5),
supershift experiments demonstrated that the active NF-kB
complex consisted of a heterodimer consisting of the p50 and
p65 subunits (Fig. 5), and the inactivation of NF-kB by inhib-
itors blocked the expression of CEACAM1 (Fig. 6). Together,
these data indicate that CEACAM1 is controlled directly by
NF-kB. This novel finding implies an important role for this
receptor in the endothelial cellular stress response because
CEACAM1 would be activated in coordination with proinflam-
matory cytokines and other receptors that are involved in im-
mune activation. The ability of CEACAM1 to mediate both
homotypic and heterotypic interactions with other CEACAM
family members might assist in the recruitment of professional
phagocytes and lymphocytes that express one or more of these
receptors (6, 39). Both CEACAM1 splice variants induced by
neisserial infection possess a cytoplasmic immunoreceptor ty-
rosine inhibitory motif that has been shown previously to ar-
rest the growth of epithelial cells (24, 54). Whether their ex-
pression also functions to arrest the growth of infected
endothelial cells remains to be determined.

The induction of CEACAM1 by N. gonorrhoeae did not re-
quire Opa protein expression, suggesting that this effect was
not a specific response triggered by bacteria binding to either

the host cell HSPG or CEACAM receptors. The ability of a
strain to adhere to HUVECs did, however, affect the rate of the
host cellular response. This is demonstrated most clearly by
comparing the time course of IkB degradation (Fig. 5B) and the
subsequent activation of NF-kB (Fig. 5A) induced by infecting
with strain N303, which expresses the Opa50 adhesin and can
adhere to HUVECs via the HSPG receptors,2 and N309, which
expresses the CEACAM-specific Opa52 and thus requires
CEACAM1 expression to be induced before effective binding
can occur: both responses are induced much more rapidly by
N303. It was, therefore, interesting that gonococcal culture
filtrates triggered CEACAM1 expression because this indi-
cated that the stimulus was released by the bacteria. N. gon-
orrhoeae actively releases large amounts of membrane blebs,
which consist of both protein and lipid components of the outer
membrane. Because endotoxin is a potent activator of NF-kB,
we tested whether LPS could itself induce CEACAM1 expres-
sion. LPS isolated from gonococci (data not shown), S. typhi-
murium, or E. coli (Fig. 9) induced CEACAM1 expression with
a time course that was similar to that seen with intact bacteria
(Fig. 2), indicating that LPS is sufficient for the observed in-
duction of receptor. It is, however, important to consider that
although LPS is sufficient to induce CEACAM1 expression, our
results do not exclude the possibility that other bacterial com-
ponents may also contribute to this response. Endothelial cells
react to complexes of LPS and serum-soluble CD14 via TLR-4,
which induce an IL-1-like signal cascade that ends in the acti-
vation of NF-kB (40, 50). Recent studies indicate that the
related TLR-2 mediates the cellular responses to microbial
lipoproteins (55–59) and to cell wall components other than
LPS (60). We thus confirmed that each of these receptors was
expressed in our HUVECs by using semiquantitative RT-PCR.
Their presence confirms that one or both could trigger a re-
sponse that ultimately activates NF-kB.

Our results indicate that neisserial infection of primary en-
dothelial cells induces CEACAM1 expression via a pathway
that is triggered by the LPS-specific CD14 and TLR-4-depend-
ent activation of NF-kB (Fig. 11). Bacteria that can adhere to

2 M. Dehio, E. Freissler, K. T. Kreisner, C. Dehio, and T. F. Meyer,
manuscript in preparation.

FIG. 11. Schematic model showing N.
gonorrhoeae induction of CEACAM1
receptor expression through a NF-kB-
dependent pathway. LPS liberated from
adherent or nonadherent infecting gono-
cocci, likely in the form of membrane blebs,
triggers a signal cascade through TLR-4
which ultimately leads to the degradation
of IkBa. The nuclear translocation of acti-
vated NF-kB allows direct induction of the
expression of immune mediators, including
proinflammatory cytokines (e.g. TNF-a, IL-
1a) and receptors involved in the recruit-
ment of immune cells, including vascular
cellular adhesion molecule 1, E-selectin,
and CEACAM1. The newly expressed
CEACAM1 allows the gonococci to estab-
lish a tight, Opa protein-dependent anchor-
age to the endothelia and may lead to
bacterial uptake into the target cell. A
more detailed description of this model is
presented under “Discussion.”
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the endothelia by either the HSPG receptor-specific Opa50 or,
presumably, by pili, trigger this response more quickly than do
bacteria that express either no adhesin or CEACAM-specific
Opa proteins. These differences likely result from differences in
the efficiency of delivery of LPS and/or other soluble effectors
because adherent bacteria would presumably cause their local
concentration to be higher. The translocation of activated
NF-kB into the nucleus directly induces the expression of
proinflammatory cytokines such as IL-1, IL-6, and TNF-a, and
receptors, which function in the recruitment of immune cells,
including the vascular cell adhesion molecule-1, E-selectin (61),
and CEACAM1 (this work). Because various cytokines can
activate NF-kB, it seems likely that the cytokines expressed by
infected endothelial cells will stimulate CEACAM1 expression
further. Consistent with this premise, we did observe that
anti-TNF-a antibody caused a slight reduction in the level of
CEACAM1 produced at later time points (24 h; Fig. 4 and data
not shown). This did, however, constitute only a small fraction
of the CEACAM1 seen in these cells. The expression of
CEACAM1 at the endothelial surface can then mediate an
increased Opa/CEACAM1-specific bacterial binding and inter-
nalization (Ref. 15 and this work). To our knowledge, this
process represents the first example of a bacterial pathogen’s
ability to autoinduce expression of its host cellular receptor.
This remarkable process has important implications for inva-
sive disease because it obviously can mediate interactions be-
tween Opa-expressing Neisseria and the vasculature in vivo.
Whether its primary benefit to the bacteria is simple coloniza-
tion or immune evasion is still unclear; however, the coregula-
tion of various other inflammatory mediators with CEACAM1
presumably means that an immune response is imminent. The
induction of CEACAM1 may also be important for other stages
of infection because NF-kB is a ubiquitously expressed tran-
scription factor that could presumably allow neisserial induc-
tion of CEACAM1 on tissues other than the endothelia. To-
gether, these events clearly represent yet another example of
the complex interactions that have evolved between the path-
ogenic Neisseria and humans, their only natural host.
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