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In response to bacterial lipopolysaccharides (LPS; endotoxin), endothelial cells are converted to an activa-
tion phenotype expressing both proinflammatory and procoagulant properties that include the induction of
leukocyte adhesion molecules and tissue factor expression. LPS-induced endothelial cell activation requires a
soluble form of the monocyte LPS receptor, sCD14. We evaluated the capacity of multiple strains of gram-
negative and gram-positive bacteria to induce endothelial E-selectin and tissue factor expression through
sCD14-dependent pathways with cultured human umbilical vein endothelial cells (HUVE). Both viable and
heat-killed gram-negative bacteria (Bacteroides fragilis, Enterobacter cloacae, Haemophilus influenzae, and Kleb-
siella pneumoniae) but not viable or heat-killed gram-positive bacteria (Staphylococcus aureus, Enterococcus
faecalis, and Streptococcus pneumoniae) induced prominent E-selectin surface expression detected by enzyme-
linked immunosorbent assay. Tissue factor activity on HUVE, indicated by factor X activation, was induced in
response to gram-negative bacteria but not in response to gram-positive bacteria. Gram-negative bacteria
induced transcriptional activation in HUVE, indicated by the appearance of E-selectin-specific mRNA and by
the demonstration of activation of NF-kB, a trans-activating factor necessary for E-selectin and tissue factor
gene transcription. In contrast, neither E-selectin mRNA nor activation of NF-kB was detected in HUVE
treated with gram-positive bacteria. Endothelial cell activation by gram-negative bacteria in each of these
assays was inhibited with a monoclonal antibody (60bd) against CD14. Furthermore, CHO-K1 cells, trans-
fected with human recombinant CD14, responded to all strains of gram-negative bacteria (viable or heat
killed), indicated by CHO-K1 NF-kB activation. We conclude that gram-negative bacteria induce endothelial
cell activation through a common sCD14-dependent pathway.

CD14, a glycosyl-phosphatidylinositol-anchored glycopro-
tein, is now recognized as a receptor for bacterial lipopolysac-
charides (LPS; endotoxin) (22, 39, 40, 42, 43, 48, 49, 52),
mediating the activation of mononuclear phagocytes by LPS.
Paroxysmal nocturnal hemoglobinuria is a rare disorder char-
acterized molecularly by a deficiency of glycosyl-phosphatidyl-
inositol anchors (51). Phagocytes from patients with paroxys-
mal nocturnal hemoglobinuria respond weakly to LPS with
minimal release of inflammatory cytokines (10), confirming the
requirement of CD14 for normal phagocyte function. Further-
more, a 60-kDa glycoprotein, LPS-binding protein (LBP),
functions as a cofactor in CD14-LPS interactions (35), binding
to the lipid A portion of LPS with high affinity (23); LBP-LPS
complexes then engage CD14 at a second domain in the C-
terminal half of LBP (38). LBP, an acute-phase reactant, is
required for LPS toxicity in vivo (13).
In vivo and in vitro, circulating inflammatory mediators,

derived from activated mononuclear phagocytes, convert en-
dothelial cells to a phenotype characterized by proinflamma-
tory and procoagulant properties (7, 27, 28). Activated endo-
thelial cells release inflammatory cytokines (interleukin-1 [IL-
1], IL-6, IL-8, monocyte chemotactic protein-1, and platelet-
activating factor) and express surface adhesion molecules (E-
selectin, P-selectin, intercellular adhesion molecule [ICAM],
and VCAM) that are involved in the recruitment and activa-
tion of leukocytes (29). Tissue factor is expressed by activated
endothelium that, in concert with the down-regulation of

thrombomodulin expression and an increased expression of
tissue plasminogen activator inhibitor-1, results in a prothrom-
botic endothelial cell surface (29). Thus, endothelial cell acti-
vation may promote leukocyte infiltration and microvascular
thrombosis contributing to the pathogenesis of disseminated
intravascular inflammation and coagulation (5).
Very low amounts of LPS also induce endothelial cell acti-

vation in vitro. LPS-induced endothelial cell activation re-
quires serum containing a soluble form of CD14 (1, 32, 33).
Unlike mononuclear phagocytes, endothelial cells do not ex-
press CD14 on the plasma membrane (1, 3, 11). Depleting
soluble CD14 (sCD14) from serum, however, diminishes LPS
effects on endothelial cells, while reconstitution of CD14-de-
pleted serum with immunopurified sCD14 restores LPS activ-
ity on endothelial cells (11, 17). Activation of endothelial cells
by LPS, therefore, appears to require the specific formation of
LPS-CD14 complexes in serum. LBP is not required for
sCD14-mediated activation of endothelial cells in vitro (33).
Although the requirement for sCD14 in LPS-mediated ac-

tivation of human endothelial cells is established, less is known
about the interaction of sCD14 with bacteria or, specifically,
whether sCD14 mediates endothelial cell activation with LPS
while LPS is an integral part of the bacterial outer membrane.
In this study, we demonstrate that viable as well as heat-killed
gram-negative bacteria induce an activation phenotype in hu-
man umbilical vein endothelial cells (HUVE), indicated by
HUVE surface expression of both E-selectin and tissue factor
activity. Heat-killed or viable gram-positive bacteria, in con-
trast, do not induce any phenotypic changes in HUVE. We also
show that gram-negative bacteria induce transcriptional acti-
vation in HUVE, as suggested by the appearance of E-selectin
mRNA and by the finding of nuclear translocation of the
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transcription factor NF-kB in HUVE treated with various
types of gram-negative bacteria. Furthermore, we demonstrate
that the activation of HUVE by different strains of gram-
negative bacteria is mediated predominately by a common
sCD14-dependent pathway.

MATERIALS AND METHODS

Endothelial cell culture. HUVE were obtained by collagenase digestion
(Worthington Biochemical, Freehold, N.J.) as described previously (50). Cells
were maintained in RPMI 1640 (Whittaker M. A. Bioproducts, Walkersville,
Md.) supplemented with 20% adult bovine serum (JRH Biosciences, Lenexa,
Kans.), endothelial cell growth supplement (25 mg/ml; Collaborative Research,
Lexington, Mass.), heparin (90 mg/ml; Sigma), and antibiotics (penicillin G,
streptomycin, and amphotericin B). Third-passage HUVE, maintained at 378C in
a 5% CO2 atmosphere, were used in all experiments. For experiments with viable
bacteria, HUVE monolayers were washed extensively the night before with
medium not containing antibiotics and maintained in antibiotic-free medium
prior to use.
CHO-K1 cultures. Chinese hamster ovary-K1 (CHO-K1) cells stably trans-

fected with human recombinant CD14 or cells transfected with the expression
vector not containing CD14 were obtained as a generous gift from Richard J.
Ulevitch, Research Institute of Scripps Clinic, La Jolla, Calif. CHO-K1 cells
expressing CD14 were selected by fluorescence-activated cell sorting utilizing
fluorescein isothiocyanate-conjugated monoclonal antibody (MAb) MY4 (19).
Activation of CD14-transfected CHO-K1 signaling pathways in response to LPS
or gram-negative bacteria was determined by assay for NF-kB translocation to
CHO-K1 cell nuclei. MAb 60bd directed against CD14 (J. Harlan, University of
Washington, Seattle) was prepared from ascites fluid and added to HUVE, at a
1:100 dilution, 15 min prior to treatment with bacteria.
Bacterial culture. Isolates of Bacteroides fragilis, Enterobacter cloacae, Hae-

mophilus influenzae, Klebsiella pneumoniae, Staphylococcus aureus, Enterococcus
faecalis, and Streptococcus pneumoniae were obtained from the Department of
Microbiology at the University of Washington Medical Center. Because the
relationship between the number of bacteria in a volume of medium and the
optical density at 600 nm of light transmission through the medium will vary
substantially among different bacteria, calibration curves were generated by
determining the optical density at 600 nm at three different time points in the
exponential growth phase of each species examined. The number of bacteria in
each sample was determined by plating dilutions onto agar plates. B. fragilis
cultures were grown to the exponential phase in thioglycolate broth (Difco
Laboratories, Detroit, Mich.) while isolated in an anaerobic environment utiliz-
ing a BBL GasPak Pouch (Becton Dickinson, Cockeysville, Md.). Streptococcus
cultures were plated on tryptic soy agar-based, blood-agar plates. Heat-killed
bacteria were first incubated to the exponential phase of growth and then heated
to 808C for 30 min. Cultures were washed twice in phosphate-buffered saline
(PBS), suspended in RPMI 1640, and stored at 2708C until use. Outer mem-
branes from B. fragilis were purified as described previously by Kasper and Seiler
(18). Pelleted organisms were washed in PBS and subjected to mild mechanical
shearing through a 25-gauge needle and disruption in a Dounce homogenizer.
This suspension was centrifuged at 12,000 3 g at 48C for 20 min to remove intact
organisms. The supernatant was then centrifuged at 80,000 3 g at 48C for 180
min. Both procedures were repeated twice. The final pellet was separated from
loosely associated lipids by precipitation of outer membrane structures with 0.2
N NaCl in 80% (vol/vol) ethanol. The outer membrane pellet was then washed
twice with chloroform-methanol (2:1, vol/vol) and centrifuged at 16,000 3 g at
48C. Both pellets were combined and dried under nitrogen. The dried chloro-
form-methanol-insoluble material was then resuspended in 6 N NaOH contain-
ing 0.05 M glycine, 1 mM EDTA, and 0.5% sodium deoxycholate and passed
over a Sephadex G-100 column (Pharmacia). The void volume containing outer
membrane was collected, lyophilized, resuspended in PBS, and frozen at 2708C.
Purified B. fragilis capsular polysaccharides A and B were obtained as a generous
gift from Andrej Wientraub, Karolinska Institute, Huddinge, Sweden. The ly-
ophilized material was dissolved in PBS and frozen for storage.
Enzyme-linked immunosorbent assay (ELISA). HUVE were plated into 96-

well tissue culture plates (Costar) and grown to confluence. Monolayers were
treated with viable bacteria or heat-killed bacteria at various log concentrations.
As a positive control for HUVE activation, purified Escherichia coli LPS (100
ng/ml; Sigma) was used. All HUVE cultures were treated with either bacteria or
LPS for 4 h and then washed twice with RPMI 1640 supplemented with 5% fetal
calf serum. HUVE were then incubated with MAb against E-selectin (P6E2; gift
of John Harlan, University of Washington) for 60 min at 378C. HUVE were
incubated for an additional 60 min with a goat anti-mouse, peroxidase-conjugate
antibody (Tago Laboratories, Burlingame, Calif.). The plates were washed with
PBS and allowed to develop for 20 min with o-phenylenediamine–peroxide prior
to reading the A490 with a kinetic microplate reader (Molecular Devices, Menlo
Park, Calif.).
Tissue factor assay. HUVE were plated into 96-well tissue culture plates and

grown to confluence. Monolayers were treated for 4 h with LPS or various log
concentrations of the different bacteria, washed twice with PBS, and incubated

for 3 h with factor IX complex, Proplex T (contains factors VII and X; Baxter
Healthcare Corporation, Glendale, Calif.), and S-2222 (chromogenic substrate
for factor Xa; Kabi Pharmacia, Franklin, Ohio) in RPMI 1640 (without phenol
red) at 378C. Plates were read for A405 with a kinetic microplate reader.
Northern (RNA) blotting. Following 4 h of treatment, total cellular RNA was

isolated from confluent HUVE monolayers with acid guanidinium thiocyanate as
described previously (6). Cultures were scraped into 1.8 ml of solution D (4 M
guanidine isothiocyanate, 0.5% sarcosyl, 25 mM sodium citrate, 0.72% b-mer-
captoethanol) and incubated at 48C with 180 ml of 2 M sodium acetate, 1.8 ml of
phenol and 360 ml of chloroform-isoamyl alcohol prior to centrifugation at
12,0003 g. Supernatants were precipitated with isopropanol, resuspended in 300
ml of solution D, and reprecipitated in isopropanol. Pellets were washed once in
70% ethanol and suspended in 0.5% sodium dodecyl sulfate. Ten-microgram
samples of RNA were electrophoresed in denaturing 1.25% formaldehyde–
agarose gels and transferred to nylon membranes (Nytran; Schleicher & Schuell,
Inc., Keene, N.H.). The membranes were subjected to Northern blot analysis via
hybridization with E-selectin and b-actin cDNA (gifts of L. Osborn, Biogen,
Cambridge, Mass., and S. Busby, ZymoGenetics, Seattle, Wash., respectively)
labeled with [32P]dCTP by random priming.
Electrophoretic gel mobility shift assay (EGMSA). Nuclear protein extracts

were obtained by the method of Dignam et al. with modifications as described
previously (9, 24). Confluent HUVE monolayers were treated for 1 h at 378C. All
subsequent procedures were performed at 48C. HUVE were washed and scraped
into buffer A (10 mM HEPES [N-2-hydroxyethylpiperazine-N9-2-ethanesulfonic
acid], 1.5 mM MgCl2, 10 mM KCl). Following a brief centrifugation, cell pellets
were resuspended in buffer A containing 0.1% Nonidet P-40 (Sigma). Nuclei
were pelleted and resuspended in buffer C (20 mM HEPES, 1.5 mMMgCl2, 0.42
M NaCl, 0.2 mM EDTA, 25% glycerol). Following centrifugation, supernatants
containing crude nuclear protein extracts were diluted with buffer D (20 mM
HEPES, 0.05 M KCl, 0.2 mM EDTA, 20% glycerol), and protein concentrations
were determined (bicinchoninic acid protein assay; Pierce, Rockford, Ill.).
Samples with 20 mg of nuclear protein extracts, 2 mg of poly(dI-dC) z (dI-dC)

(Pharmacia), and 5 3 105 to 10 3 105 cpm of 32P-end-labeled synthetic oligo-
nucleotide were incubated for 20 min at 258C and electrophoresed on 4% native
polyacrylamide gels. The NF-kB consensus binding sequence used in the probe
is represented as 59-GCCATTGGGGATTTCCTCTTT-39.

RESULTS
Induction of E-selectin expression. Bacterial dose-response

curves were generated with serial log dilutions of heat-killed
bacteria to induce E-selectin expression on HUVE as detected
by ELISA utilizing an E-selectin-specific MAb, P6E1 (Fig. 1).
All gram-negative bacteria examined in this study, including B.
fragilis, Enterobacter cloacae, H. influenzae, and K. pneumoniae,
induced E-selectin surface expression in a dose-dependent
fashion with dilutions of heat-killed bacterial cultures (5 3 108

CFU/ml, prior to heating cultures to 808C for 30 min) as high

FIG. 1. Gram-negative bacteria induce E-selectin expression on HUVE. Cul-
tures of gram-negative organisms (closed symbols) or gram-positive organisms
(open symbols) were heat inactivated at 808C for 30 min and then diluted in
HUVE culture medium to the dilutions indicated on the abscissa for both plots.
Washed bacteria were added to HUVE for 4 h. Monolayers were then washed,
and the relative amount of E-selectin expression on HUVE was determined by
ELISA at 490 nm. Control HUVE monolayers were incubated with culture
medium containing no bacteria, and background activity was determined in
undisturbed wells. OD490, optical density at 490 nm.
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as 1:106. There was a substantial difference in the relative
amounts of E-selectin expression induced by different gram-
negative bacteria after significant dilution, particularly at
1,000- to 10,000-fold dilutions. H. influenzae and the obligate
anaerobe B. fragilis, both diluted 1,000-fold, induced near-
maximal activity in this assay, whereas Enterobacter cloacae and
K. pneumoniae induced half-maximal E-selectin expression at
this dilution. At a dilution of 1:105, only B. fragilis induced
measurable E-selectin compared with that induced by equiva-
lent dilutions of Enterobacter cloacae, H. influenzae, and K.
pneumoniae. In contrast, heat-killed, gram-positive bacteria
(Staphylococcus aureus, Enterococcus faecalis, and Streptococ-
cus pneumoniae) did not activate E-selectin expression with
even minimal dilutions of cultures (5 3 108 CFU/ml, prior to
heating cultures to 808C for 30 min).
To exclude the possibility that heat treatment altered the

conformation or activity of membrane constituents of these
organisms, HUVE monolayers were stimulated with live bac-
teria in the exponential phase of growth at concentrations
equal to those used with heat-killed bacteria. As shown in Fig.
2A, the same strain of E. coli, as a representative example,
induced equivalent amounts of E-selectin expression when the
organism was added to HUVE as viable bacteria or heat-killed
bacteria. Viable gram-positive bacteria were also examined to
determine if the heat used to kill the gram-positive organisms
in this study altered cell wall structures, rendering the organ-
isms inactive on HUVE. As shown in Fig. 2B, live Streptococ-
cus pneumoniae did not induce E-selectin expression at any
concentration up to 107 CFU/ml compared with equivalent
concentrations of live E. coli. When treated with live Strepto-
coccus pneumoniae or E. coli at concentrations greater than 107

CFU/ml, HUVE monolayers began to show phase-contrast
microscopic evidence of cytotoxicity, with complete disruption
of the monolayer when bacteria were added at 109 CFU/ml
(data not shown).
Pretreatment of HUVE with MAb 60bd, specific for human

CD14, significantly inhibited the induction of expression of
E-selectin by all gram-negative bacteria. Similarly, MAb 60bd
significantly inhibited HUVE activation induced by E. coli LPS
(100 ng/ml; P , 0.01) (Fig. 3). The relative amount of E-
selectin expression induced by 107 CFU of these different spe-
cies of gram-negative bacteria per ml was equivalent to the
level of E-selectin expression induced by 100 ng of E. coli LPS
per ml.
Since we had shown previously that B. fragilis LPS does not

induce endothelial cell activation (21), the outer membrane of
B. fragilis was purified to determine if activation of HUVE by
B. fragilis organisms was due to a structure localized to the
outer membrane component of the cell wall. As shown in Fig.
4, the outer membrane fraction purified from B. fragilis organ-
isms was a potent inducer of HUVE activation equivalent to
the amount of E-selectin expression induced by E. coli LPS
(100 ng/ml), IL-1 (10 U/ml), or tumor necrosis factor (100
ng/ml). However, the specific activity of a putative activating
factor in the outer membrane cannot be determined until a
factor is identified. In addition, MAb 60bd inhibited the induc-
tion of HUVE activation by B. fragilis outer membrane (data
not shown). It is possible that the HUVE-activating factor(s)
associated with the outer membrane was a capsular polysac-
charide(s) that copurified during preparation of outer mem-
brane fragments.We therefore examinedpurified capsular poly-
saccharides A and B, which constitute most of the mass of B.
fragilis capsule (46), for the capacity to induce HUVE activa-
tion. Neither one of these bacterial polysaccharide prepara-
tions had any activity on HUVE (data not shown).
Induction of tissue factor. To examine whether procoagu-

lant activity is induced by gram-negative organisms in parallel
with proinflammatory activity, the ability of heat-killed bacte-
ria to induce HUVE tissue factor expression was evaluated by
an assay for factor Xa. Factor Xa is the immediate product of
tissue factor activity, produced by the serine protease activity
of tissue factor complexed with factor VIIa. Heat-killed B.
fragilis, Enterobacter cloacae, H. influenzae, and K. pneumoniae
all strongly induced tissue factor activity on HUVE at 4 h, at
levels equal to or higher than those on HUVE stimulated with
100 ng of purified E. coli LPS per ml. However, gram-positive
bacteria did not induce detectable tissue factor activity over the
background level of the assay. Preincubation of HUVE with
MAb 60bd significantly abolished the induction of tissue factor
activity by all gram-negative bacteria (Figure 5). (P , 0.01).
Transcription activation. E-selectin expression induced by

E. coli LPS involves the accumulation of E-selectin-specific
mRNA by transcriptional activation of the E-selectin gene

FIG. 2. E-selectin expression induced by viable bacteria. (A) E. coli was
grown to the exponential phase and either heat killed and diluted (closed circles),
or simply diluted (open boxes), to the concentrations indicated on the abscissa
axis. Dilutions of heat-killed or viable bacteria were added to HUVE monolayers
for 4 h, the HUVE monolayers were washed, and E-selectin expression was
determined by ELISA at 490 nm. (B) E. coli (closed bars) and Streptococcus
pneumoniae (stippled bars) were each grown to the exponential phase and then
diluted to the concentrations shown on the abscissa. Dilutions of live bacteria
were then added to HUVE for 4 h. Following washing, the monolayers were
examined for E-selectin expression by ELISA. OD490, optical density at 490 nm.
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(24). To determine if E-selectin mRNA formation occurs in
response to gram-negative or gram-positive bacteria, total cel-
lular RNA was isolated from HUVE after a 4-h exposure to
B. fragilis, Enterobacter cloacae, H. influenzae, K. pneumoniae,
Enterococcus faecalis, Staphylococcus aureus, or Streptococcus
pneumoniae. Northern blot analysis of E-selectin mRNA dem-
onstrated accumulation of E-selectin-specific transcripts in re-
sponse to treatment with gram-negative bacteria. However,
gram-positive bacteria did not induce E-selectin transcript ac-
cumulation. Pretreatment of HUVE with MAb 60bd com-

pletely inhibited induction of E-selectin gene transcription by
gram-negative bacteria (Fig. 6).
NF-kB activation, which includes nuclear translocation of

this transcription factor from the cytoplasm to the nucleus, and
binding of NF-kB to consensus sequences in the 59-flanking
regions of the E-selectin and tissue factor genes are necessary
for increasing transcription of E-selectin and tissue factor in
response to LPS. Whether gram-negative bacteria or gram-
positive bacteria induce NF-kB activation was evaluated by
EGMSAs. EGMSA, with a radiolabeled oligonucleotide en-
compassing the E-selectin consensus sequence for NF-kB
binding, demonstrated activation of NF-kB by each species of
gram-negative bacteria examined in this study (Fig. 7). As

FIG. 3. Inhibition of E-selectin expression induced by gram-negative bacte-
ria. HUVE monolayers were treated with medium alone (open bars) or medium
containing MAb 60bd (stippled bars; final dilution, 1:100, from ascites fluid) for
15 min. Either gram-negative or gram-positive bacteria as indicated or E. coli
LPS (100 ng/ml) was then added for 4 h. In control wells, only culture medium
was added. E-selectin expression was determined at the end of the 4-h incubation
period by ELISA at 490 nm as described in Materials and Methods. *, P , 0.01.

FIG. 4. Induction of E-selectin expression by B. fragilis outer membrane.
HUVE confluent monolayers were treated for 4 h with medium alone (control),
or medium containing E. coli LPS (100 ng/ml), recombinant human IL-1 (10
U/ml), recombinant human tumor necrosis factor (TNF; 100 ng/ml), or purified
B. fragilis outer membrane (diluted 1:1,000 [vol/vol] from pooled void volume
samples). After the 4-h incubation period, HUVE were washed twice with RPMI
1640 and then treated with anti-E-selectin MAb P6E2 to determine relative
E-selectin expression on the cell surface in response to the various agonists.
Results are from four separate experiments with three replicate wells for each
experiment. OD490, optical density at 490 nm.

FIG. 5. Tissue factor expression induced by gram-negative bacteria is inhib-
ited by anti-CD14 MAb 60bd. HUVE monolayers were treated with medium
alone or medium containing MAb 60bd (final dilution, 1:100) for 15 min. At the
end of the 15-min incubation period, medium alone, medium containing LPS
(100 ng/ml), or medium containing either heat-killed gram-positive bacteria or
heat-killed gram-negative bacteria was added to triplicate wells for 4 h. At the
completion of the 4-h incubation period, cells were washed once and assayed for
the conversion of factor X to factor Xa. *, P , 0.01.

FIG. 6. Northern blot of HUVE treated with gram-negative and gram-posi-
tive bacteria. Total cellular RNA was isolated from HUVE, as described in
Materials and Methods, after monolayers were treated for 3 h with LPS (100
ng/ml), gram-negative bacteria (Enterobacter cloacae, H. influenzae, K. pneu-
moniae, or B. fragilis), or gram-positive organisms (Staphylococcus aureus, En-
terococcus faecalis, or Streptococcus pneumoniae). All organisms were heat killed.
Gram-negative organisms were added at 105 CFU/ml for each condition, and
gram-positive organisms were added at 107 CFU/ml for each condition.
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expected, because of the absence of surface expression of E-
selectin and tissue factor or mRNA accumulation for E-selec-
tin and tissue factor, NF-kB was not detected in nuclei from
HUVE treated with gram-positive bacteria, all at 107 CFU/ml.
NF-kB activation induced by each of the gram-negative organ-
isms was blocked by MAb 60bd, also confirming that sCD14
initiates, at least in part, a signaling pathway leading to NF-kB
activation.
CD14-transfected CHO cells. To define more precisely the

requirement for CD14 in bacterium-associated LPS activation
of NF-kB, CHO-K1 fibroblasts, stably transfected with human
recombinant CD14 and expressing surface CD14 (obtained
from Richard Ulevitch, Scripps Research Institute) were ex-
amined for responsiveness to either viable gram-negative or
viable gram-positive bacteria (Fig. 8). Previous studies have
demonstrated that wild-type CHO-K1 cells are unresponsive to
LPS at concentrations up to 100 mg/ml but become markedly
responsive to LPS, as determined by EGMSA for NF-kB, after
stable transfection with human CD14 (8, 15, 19). Consistent
with these studies, NF-kB translocation to the nucleus of
CD14-transfected CHO cells was observed when these cells
were treated with live E. coli organisms in the presence of
serum. In contrast, viable Staphylococcus aureus induced no to
minimal activity for the dilutions of bacteria examined (104 to
108 CFU/ml). Treating CD14-transfected CHO cells with me-
dium alone did not result in activation of NF-kB. NF-kB acti-
vation in wild-type CHO cells was not observed after the cells
were treated with either gram-positive or gram-negative organ-
isms, whether heat-killed or viable. These findings suggest that
LPS, as an integral constituent of gram-negative bacterial
outer membranes, binds specifically to human sCD14.

DISCUSSION

Previous studies have demonstrated that the cell walls of
gram-positive (20, 31, 37) and gram-negative bacteria contain
unique structures that interact with human endothelial cells

FIG. 7. EGMSA for NF-kB in bacterium-treated endothelium. Nuclear proteins were purified from HUVE after 4 h of treatment with E. coli LPS (100 ng/ml),
gram-negative bacteria (Enterobacter cloacae, H. influenzae, K. pneumoniae, or B. fragilis), or gram-positive organisms (Staphylococcus aureus, Enterococcus faecalis, or
Streptococcus pneumoniae), in the presence or absence of MAb 60bd. Nuclear protein extracts were reacted with an oligonucleotide probe matching the sense strand
of the E-selectin 59-flanking region NF-kB binding site. In this assay with HUVE, a shifted band, labeled nonspecific binding, is always observed in both treated and
untreated HUVE and is not considered to have trans-activating potential. A shifted band at a higher molecular weight is observed only when HUVE are activated. This
band in HUVE most likely represents a p65/p50 heterodimer (23a).

FIG. 8. NF-kB activation in CD14-transfected CHO cells treated with bac-
teria. Nuclear proteins were purified from human CD14-transfected CHO cells
following 4 h of treatment with E. coli LPS (100 ng/ml), live E. coli organisms
(104 to 108 CFU/ml), or live Staphylococcus aureus (104 to 108 CFU/ml). Nuclear
protein extracts were reacted with an oligonucleotide probe, labeled with 32P,
matching the sense strand of the E-selectin 59-flanking region NF-kB binding
site.
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and thus activate endothelium to a proinflammatory and pro-
coagulant phenotype. Activation of HUVE with highly purified
LPS from gram-negative organisms or with cell wall fragments
from gram-positive organisms is mediated in both cases by a
soluble form of CD14 circulating in serum (i.e., sCD14) (31).
Although the isolation of active structures from the complex
cell walls of bacteria simplifies analyses, the activity of these
structures may be modified significantly by the architecture and
composition of the complete cell wall. In addition, capsule may
surround the cell wall and may potentially exclude outer mem-
brane structures from interaction with the host. (The polysac-
charide capsules of certain gram-negative organisms, however,
may also mediate virulence; for example, intra-abdominal ab-
scess formation induced by gram-negative, anaerobic bacteria
requires the polysaccharide capsule of the organisms [45]). In
this study, we have examined whether viable or heat-killed,
gram-positive or gram-negative bacteria in serum activate cul-
tured human endothelial cells by a CD14-dependent mecha-
nism. We show that gram-negative bacteria, with LPS located
at the outer aspect of the cell wall, activated HUVE. Gram-
positive bacteria, in contrast, with putative activated compo-
nents (for example, lipoteichoic acid) located within the cell
wall, do not activate HUVE.
LPS of the outer membrane of gram-negative bacteria are

considered to be major virulence factors for these pathogens.
The active component of LPS, lipid A, is embedded in the
outer leaflet of the outer membrane of the cell wall. In serum,
LPS from many species of gram-negative organisms is released
from the bacterial outer membrane in the form of mixed mi-
celles composed of LPS, bacterial phospholipids, and mem-
brane proteins (26). The formation of outer membrane blebs
may serve a secretory function for the bacterium. This process
also increases the accessibility of LPS to mammalian LBPs.
Thus, in the presence of LBP, phospholipid micelles containing
lipid A are converted from weak toxins to very active toxic
moieties comparable to purified LPS (12, 41). With LBP, lipid
A can be transferred from the hydrophobic environment of
outer membrane phospholipid, through an aqueous environ-
ment as an LBP-LPS complex, to CD14. Binding of the LBP-
LPS complex to CD14, anchored to the membrane by glycosyl-
phosphatidylinositol, induces rapid phosphorylation of tyrosine
residues in mitogen-activated protein kinases. Activation of a
distinct 38-kDa protein kinase of the mitogen-activated protein
kinase family (16) leads to further phosphorylation events in a
protein kinase cascade that ultimately results in new gene
transcription and cell activation. Capsular polysaccharides are
also at the outer aspect of the cell wall in some species of
gram-negative bacteria during different phases of the growth
cycle. The solubility of capsular components in an aqueous
environment should be expected to obviate the requirement
for serum proteins analogous to LBP for mononuclear phago-
cyte activation or sCD14 for endothelial cell activation. The
presence of encapsulating polysaccharides on one species of
gram-negative bacteria examined in our study did not appear
to activate HUVE even in the presence of serum. We found
that characterized capsular polysaccharides A and B from B.
fragilis (2, 25, 46, 47) did not induce E-selectin surface expres-
sion on HUVE even at very high concentrations or if added
together.
Gram-positive bacteria are pathogenic as a result of produc-

tion and release of specific exotoxins and also because of cell
wall constituents that likely interact with the host in a fashion
similar to that of gram-negative cell wall toxins (4). Exotoxins
derived from Staphylococcus spp. have been shown to induce
the release of platelet-activating factor (37) or endothelial-
derived relaxation factor (20) from endothelial cells. Also,

heat-killed Streptococcus spp. induce cultured endothelial cell
procoagulant activity, demonstrating a virulence mechanism
that cannot be attributed to heat-labile bacterial exotoxins
(14). Recently, Pugin et al. have reported that constituents of
gram-positive cell walls activate endothelial cells by a sCD14-
dependent pathway (31). Gram-positive cell walls contain sev-
eral constitutively or transiently expressed LPS-like amphiphi-
lic lipopolymers, including lipoteichoic acid, lipomannan,
lipopeptidoglycan, lipopoly-(N-acetyl-glucosamine), and lipo-
teichuronic acid, as examples (34). These molecules share sim-
ilar properties with LPS in that they are located in association
with the single phospholipid cell membrane of gram-positive
bacteria, with the lipophilic domain embedded in the mem-
brane. Unlike LPS, however, the hydrophilic domain of gram-
positive cell wall amphiphiles often exist covalently linked to
peptidoglycans that surround the cell membrane (36). There-
fore, the amphiphilic putative cell wall toxins of viable gram-
positive organisms are not necessarily exposed to the external
environment. Because of the number of potential gram-posi-
tive cell wall toxins and the unique position of these structures
in the cell wall, the molecular pathways by which gram-positive
bacteria induce cellular activation have not been as well de-
fined as those of gram-negative bacteria.
In our study, HUVE activation was not induced by either

heat-killed or viable, growth-phase gram-positive bacteria.
These results differ from a previous study in which heat-killed
Streptococcus pneumoniae, with or without a capsule, induced
procoagulant expression on HUVE (14). This difference in
results may be caused by dissimilar methodologies used in the
two studies to determine highly variable procoagulant activity.
Live Streptococcus pneumoniae as well as the other two viable
gram-positive organisms we examined is a strong activator of
rabbit alveolar macrophages obtained by bronchoalveolar la-
vage, even though the same viable organisms had no activity on
HUVE (24a). On the basis of our results with viable gram-
positive organisms and previously reported data with gram-
positive cell wall fragments, we postulate that putative cell wall
compounds (possibly amphiphilic structures) interact with
sCD14 only after disruption of the intact organism. Thus, ac-
tivation of cultured endothelium by viable gram-positive or-
ganisms may occur after agents that disrupt the cell wall, such
as b-lactam antibiotics, are included in the culture medium.
We have shown previously that LPS purified from B. fragilis

(21) and deacylated LPS derived from Salmonella typhi (30) do
not activate HUVE to a proinflammatory phenotype. These
LPS molecules lack nonhydroxylated long-chain fatty acids es-
terified to the b-hydroxylated fatty acids substituted on the
diglucosamine backbone of lipid A. It was therefore unex-
pected to observe endothelial cell activation induced by B.
fragilis organisms. Since B. fragilis LPS competitively inhibits E.
coli LPS induction of HUVE activation, it is unlikely that the
HUVE-activating potential observed with B. fragilis organisms
is due to contaminating, toxic LPS from other organisms. A
partially purified outer membrane fraction of B. fragilis LPS,
containing LPS, phospholipids, and bacterial proteins, retained
the activity observed with heat-killed or viable B. fragilis or-
ganisms. In other experiments, we have shown that activation
of HUVE to a proinflammatory phenotype by B. fragilis outer
membrane can be completely inhibited by an anti-CD14 anti-
body, 60bd, suggesting that pattern recognition of bacterial cell
wall toxins by CD14 may extend to an unidentified toxin in the
cell wall of B. fragilis. Of note, isolated porins from B. fragilis
cell wall outer membrane induce platelet-activating factor re-
lease from cultured human endothelial cells (44). Whether B.
fragilis porin-endothelial interactions are mediated by sCD14 is
not known.
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We conclude from this study that gram-negative organisms
activate endothelium by a common sCD14-dependent path-
way. We postulate that gram-negative LPS-sCD14 complexes
(or an outer membrane structure other than LPS that is also
taken up by sCD14) are derived from the gram-negative bac-
terial outer membrane and bind with an as-yet-unidentified
endothelial cell membrane receptor. This interaction results in
NF-kB activation, new gene transcription, and the induction of
an endothelial cell activation phenotype. Further studies may
determine whether therapies directed against sCD14 or the
putative endothelial cell receptor for the bacterium-sCD14
complex could prove beneficial for patients at risk for gram-
negative infections. Gram-positive organisms, in contrast, ap-
pear to induce endothelial cell activation indirectly through
activation of mononuclear phagocytes and the release of proin-
flammatory cytokines that activate the endothelium to a proin-
flammatory and procoagulant phenotype.

ACKNOWLEDGMENTS

We thank Colette Norby-Slycord for expert technical assistance,
Richard Ulevitch for the CD14-transfected CHO cells, and Andrej
Wientraub, of the Karolinska Institute, for providing purified B. fragilis
capsular polysaccharides.
This work was supported by Public Health Service grants

NIGMS-GM 07037 and NIGMS-NRSA GM 46662.

REFERENCES
1. Arditi, M., J. Zhou, R. Dorio, G. W. Rong, S. M. Goyert, and K. S. Kim. 1993.
Endotoxin-mediated endothelial cell injury and activation: role of soluble
CD14. Infect. Immun. 61:3149–3156.

2. Baumann, H., A. O. Tzianabos, J. R. Brisson, D. L. Kasper, and H. J.
Jennings. 1992. Structural elucidation of two capsular polysaccharides from
one strain of Bacteroides fragilis using high-resolution NMR spectroscopy.
Biochemistry 31:4081–4089.

3. Beekhuizen, H., I. Blokland, A. J. Corsel van Tilburg, F. Koning, and R.
vanFurth. 1991. CD14 contributes to the adherence of human monocytes to
cytokine-stimulated endothelial cells. J. Immunol. 147:3761–3767.

4. Bone, R. C. 1994. Gram-positive organisms and sepsis. Arch. Intern. Med.
154:26–34.

5. Bull, B. S., and M. H. Bull. 1994. Hypothesis: disseminated intravascular
inflammation as the inflammatory counterpart to disseminated intravascular
coagulation. Proc. Natl. Acad. Sci. USA 91:8190–8194.

6. Chomczynski, P., and N. Sacchi. 1987. Single-step method of RNA isolation
by acid guanidinium thiocyanate-phenol-chloroform extraction. Anal. Bio-
chem. 162:156–159.

7. Cotran, R. S., and J. S. Pober. 1990. Cytokine-endothelial interactions in
inflammation, immunity, and vascular injury. J. Am. Soc. Nephrol. 1:225–
235.

8. Delude, R. L., M. J. Fenton, R. Savedra, Jr., P. Y. Perera, S. N. Vogel, R.
Thieringer, and D. T. Golenbock. 1994. CD14-mediated translocation of
nuclear factor-kappa B induced by lipopolysaccharide does not require ty-
rosine kinase activity. J. Biol. Chem. 269:22253–22260.

9. Dignam, J. D., R. M. Lebovitz, and R. G. Roeder. 1983. Accurate transcrip-
tion initiation by RNA polymerase II in a soluble extract from isolated
mammalian nuclei. Nucleic Acids Res. 11:1475–1489.

10. Duchow, J., A. Marchant, A. Crusiaux, C. Husson, V.-C. Alonso, G.-D. De, P.
Neve, and M. Goldman. 1993. Impaired phagocyte responses to lipopolysac-
charide in paroxysmal nocturnal hemoglobinuria. Infect. Immun. 61:4280–
4285.

11. Frey, E. A., D. S. Miller, T. G. Jahr, A. Sundan, V. Bazil, T. Espevik, B. B.
Finlay, and S. D. Wright. 1992. Soluble CD14 participates in the response of
cells to lipopolysaccharide. J. Exp. Med. 176:1665–1671.

12. Gallay, P., D. Heumann, D. Le Roy, C. Barras, and M. P. Glauser. 1993.
Lipopolysaccharide-binding protein as a major plasma protein responsible
for endotoxemic shock. Proc. Natl. Acad. Sci. USA 90:9935–9938.

13. Gallay, P., D. Heumann, D. Le Roy, C. Barras, and M. P. Glauser. 1994.
Mode of action of anti-lipopolysaccharide-binding protein antibodies for
prevention of endotoxemic shock in mice. Proc. Natl. Acad. Sci. USA 91:
7922–7926.

14. Geelen, S., C. Bhattacharyya, and E. Tuomanen. 1992. Induction of proco-
agulant activity on human endothelial cells by Streptococcus pneumoniae.
Infect. Immun. 60:4179–4183.

15. Golenbock, D. T., Y. Liu, F. H. Millham, M. W. Freeman, and R. A. Zoeller.
1993. Surface expression of human CD14 in Chinese hamster ovary fibro-
blasts imparts macrophage-like responsiveness to bacterial endotoxin. J.
Biol. Chem. 268:22055–22059.

16. Han, J., J. D. Lee, L. Bibbs, and R. J. Ulevitch. 1994. A MAP kinase targeted
by endotoxin and hyperosmolarity in mammalian cells. Science 265:808–811.

17. Haziot, A., G. W. Rong, J. Silver, and S. M. Goyert. 1993. Recombinant
soluble CD14 mediates the activation of endothelial cells by lipopolysaccha-
ride. J. Immunol. 151:1500–1507.

18. Kasper, D. L., and M. W. Seiler. 1975. Immunochemical characterization of
the outer membrane complex of Bacteroides fragilis subspecies fragilis. J.
Infect. Dis. 132:440–450.

19. Kirkland, T. N., F. Finley, D. Leturcq, A. Moriarty, J. D. Lee, R. J. Ulevitch,
and P. S. Tobias. 1993. Analysis of lipopolysaccharide binding by CD14. J.
Biol. Chem. 268:24818–24823.

20. Lee, P. K., G. M. Vercellotti, J. R. Deringer, and P. M. Schlievert. 1991.
Effects of staphylococcal toxic shock syndrome toxin 1 on aortic endothelial
cells. J. Infect. Dis. 164:711–719.

21. Magnuson, D. K., A. Weintraub, T. H. Pohlman, and R. V. Maier. 1989.
Human endothelial cell adhesiveness for neutrophils, induced by Escherichia
coli lipopolysaccharide in vitro, is inhibited by Bacteroides fragilis lipopoly-
saccharide. J. Immunol. 143:3025–3030.

22. Manthey, C. L., and S. N. Vogel. 1994. Interactions of lipopolysaccharide
with macrophages. Immunol. Ser. 60:63–81.

23. Mathison, J. C., P. S. Tobias, E. Wolfson, and R. J. Ulevitch. 1992. Plasma
lipopolysaccharide (LPS)-binding protein. A key component in macrophage
recognition of gram-negative LPS. J. Immunol. 149:200–206.

23a.Mendez, C., and T. H. Pohlman. Unpublished results.
24. Montgomery, K. F., L. Osborn, C. Hession, R. Tizard, D. Goff, C. Vassallo,

P. I. Tarr, K. Bomsztyk, R. Lobb, J. M. Harlan, et al. 1991. Activation of
endothelial-leukocyte adhesion molecule 1 (ELAM-1) gene transcription.
Proc. Natl. Acad. Sci. USA 88:6523–6527.

24a.Noel, R. F., and T. H. Pohlman. Unpublished data.
25. Pantosti, A., A. O. Tzianabos, A. B. Onderdonk, and D. L. Kasper. 1991.

Immunochemical characterization of two surface polysaccharides of Bacte-
roides fragilis. Infect. Immun. 59:2075–2082.

26. Parker, T. S., D. M. Levine, J. C. Chang, J. Laxer, C. C. Coffin, and A. L.
Rubin. 1995. Reconstituted high-density lipoprotein neutralizes gram-nega-
tive bacterial lipopolysaccharides in human whole blood. Infect. Immun. 63:
253–258.

27. Pober, J. S., and R. S. Cotran. 1990. Cytokines and endothelial cell biology.
Physiol. Rev. 70:427–451.

28. Pober, J. S., and R. S. Cotran. 1990. The role of endothelial cells in inflam-
mation. Transplantation 50:537–544.

29. Pohlman, T. H., and J. M. Harlan. 1992. Endotoxin-endothelial cell inter-
actions, p. 459–472. In D. C. Morrison and J. Ryan (ed.), Bacterial endotoxic
lipopolysaccharides. CRC Press, Boca Raton, Fla.

30. Pohlman, T. H., R. S. Munford, and J. M. Harlan. 1987. Deacylated lipo-
polysaccharide inhibits neutrophil adherence to endothelium induced by
lipopolysaccharide in vitro. J. Exp. Med. 165:1393–1402.

31. Pugin, J., I. D. Heumann, A. Tomasz, V. V. Kravchenko, Y. Akamatsu, M.
Nishijima, M. P. Glauser, P. S. Tobias, and R. J. Ulevitch. 1994. CD14 is a
pattern recognition receptor. Immunity 1:509–516.

32. Pugin, J., M.-C. C. Schurer, D. Leturcq, A. Moriarty, R. J. Ulevitch, and P. S.
Tobias. 1993. Lipopolysaccharide activation of human endothelial and epi-
thelial cells is mediated by lipopolysaccharide-binding protein and soluble
CD14. Proc. Natl. Acad. Sci. USA 90:2744–2748.

33. Read, M. A., S. R. Cordle, R. A. Veach, C. D. Carlisle, and J. Hawiger. 1993.
Cell-free pool of CD14 mediates activation of transcription factor NF-kappa
B by lipopolysaccharide in human endothelial cells. Proc. Natl. Acad. Sci.
USA 90:9887–9891.

34. Reusch, V. M., Jr. 1984. Lipopolymers, isoprenoids, and the assembly of the
gram-positive cell wall. Crit. Rev. Microbiol. 11:129–155.

35. Schumann, R. R., S. R. Leong, G. W. Flaggs, P. W. Gray, S. D. Wright, J. C.
Mathison, P. S. Tobias, and R. J. Ulevitch. 1990. Structure and function of
lipopolysaccharide binding protein. Science 249:1429–1431.

36. Shockman, G. D., and J. F. Barrett. 1983. Structure, function, and assembly
of cell walls of gram-positive bacteria. Annu. Rev. Microbiol. 37:501–527.

37. Suttorp, N., M. Buerke, and S. T. Otto. 1992. Stimulation of PAF-synthesis
in pulmonary artery endothelial cells by Staphylococcus aureus alpha-toxin.
Thromb. Res. 67:243–252.

38. Theofan, G., A. H. Horwitz, R. E. Williams, P. S. Liu, I. Chan, C. Birr, S. F.
Carroll, K. M’Esz’aros, J. B. Parent, H. Kasler et al. 1994. An amino-
terminal fragment of human lipopolysaccharide-binding protein retains lipid
A binding but not CD14-stimulatory activity. J. Immunol. 152:3623–3629.

39. Tobias, P. S., J. Gegner, J. Han, T. Kirkland, V. Kravchenko, D. Leturcq,
J. D. Lee, A. Moriarty, J. C. Mathison, J. Pugin et al. 1994. LPS binding
protein and CD14 in the LPS dependent activation of cells. Prog. Clin. Biol.
Res. 388:31–39.

40. Tobias, P. S., J. Mathison, D. Mintz, J. D. Lee, V. Kravchenko, K. Kato, J.
Pugin, and R. J. Ulevitch. 1992. Participation of lipopolysaccharide-binding
protein in lipopolysaccharide-dependent macrophage activation. Am. J. Res-
pir. Cell. Mol. Biol. 7:239–245.

41. Tobias, P. S., J. C. Mathison, and R. J. Ulevitch. 1988. A family of lipopoly-
saccharide binding proteins involved in responses to gram-negative sepsis. J.
Biol. Chem. 263:13479–13481.

4052 NOEL ET AL. INFECT. IMMUN.



42. Tobias, P. S., and R. J. Ulevitch. 1993. Lipopolysaccharide binding protein
and CD14 in LPS dependent macrophage activation. Immunobiology 187:
227–232.

43. Tobias, P. S., and R. J. Ulevitch. 1994. Lipopolysaccharide-binding protein
and CD14 in the lipopolysaccharide-dependent activation of cells. Chest
105(Suppl.):48S–50S.

44. Tufano, M. A., L. Biancone, F. Rossano, C. Capasso, A. Baroni, A. De
Martino, E. L. Iorio, L. Silvestro, and G. Camussi. 1993. Outer-membrane
porins from gram-negative bacteria stimulate platelet-activating-factor bio-
synthesis by cultured human endothelial cells. Eur. J. Biochem. 214:685–693.

45. Tzianabos, A. O., A. B. Onderdonk, D. F. Zaleznik, R. S. Smith, D. L.
Kasper, A. O. Tzianabos, A. Pantosti, H. Baumann, J. R. Brisson, H. J.
Jennings et al. 1994. Structural characteristics of polysaccharides that induce
protection against intra-abdominal abscess formation. Infect. Immun. 62:
4881–4886.

46. Tzianabos, A. O., A. Pantosti, H. Baumann, J. R. Brisson, H. J. Jennings,
and D. L. Kasper. 1992. The capsular polysaccharide of Bacteroides fragilis

comprises two ionically linked polysaccharides. J. Biol. Chem. 267:18230–
18235.

47. Tzianabos, A. O., A. Pantosti, H. Baumann, F. Michon, J. R. Brisson, H. J.
Jennings, and D. L. Kasper. 1991. Structural characterization of two surface
polysaccharides of Bacteroides fragilis. Trans. Assoc. Am. Physicians 104:
285–295.

48. Ulevitch, R. J. 1993. Recognition of bacterial endotoxins by receptor-depen-
dent mechanisms. Adv. Immunol. 53:267–289.

49. Ulevitch, R. J., and P. S. Tobias. 1994. Recognition of endotoxin by cells
leading to transmembrane signaling. Curr. Opin. Immunol. 6:125–130.

50. Wall, R. T., L. A. Harker, L. J. Quadracci, and G. E. Striker. 1978. Factors
influencing endothelial cell proliferation in vitro. J. Cell. Physiol. 96:203–213.

51. Yeh, E. T., and W. F. Rosse. 1994. Paroxysmal nocturnal hemoglobinuria and
the glycosylphosphatidylinositol anchor. J. Clin. Invest. 93:2305–2310.

52. Ziegler Heitbrock, H. W., and R. J. Ulevitch. 1993. CD14: cell surface
receptor and differentiation marker [see comments]. Immunol. Today 14:
121–125.

VOL. 63, 1995 ENDOTHELIAL CELL ACTIVATION BY GRAM-NEGATIVE BACTERIA 4053


