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Little is known about the role of peripheral blood mononuclear cells (PBMCs) in lipopolysaccharide (LPS)
elimination. We studied the endotoxin elimination capacities (EEC) of PBMCs of 15 healthy volunteers, 13
patients with sepsis, and 1 patient suffering from paroxysmal nocturnal hemoglobinuria (PNH). Although
expression of CD14, the best-characterized receptor for LPS to date, was reduced from 93.6% 6 0.8% in healthy
subjects to 50.5% 6 6.5% in patients with sepsis and was 0.3% in a patient with septic PNH, EEC were found
to be unchanged. There was no difference in the amount of tumor necrosis factor alpha (TNF-a) released by
PBMCs of healthy donors and patients with sepsis. Anti-CD14 antibodies (MEM-18) completely suppressed
EEC, binding of fluorescein isothiocyanate-labeled LPS to monocytes as determined by FACScan analysis, and
TNF-a release in all three groups studied. The concentrations of soluble CD14 (sCD14) secreted by endotoxin-
stimulated PBMCs from healthy donors and patients with sepsis amounted to 4.5 6 0.4 and 20.1 6 1.8 ng/ml,
respectively. Based on our results, we suggest that PBMCs eliminate LPS by at least two different mechanisms;
in healthy subjects, the membrane CD14 (mCD14) receptor is the most important factor for LPS elimination,
while in patients with sepsis (including the septic state of PNH), increased sCD14 participates in LPS
elimination. Secretion of sCD14 is strongly enhanced under conditions of low expression of mCD14 in order
to counteract the reduction of mCD14 and maintain the function of monocytes. This sCD14 may substitute the
role of mCD14 in LPS elimination during sepsis. The elimination of LPS by PBMCs correlates with the binding
reaction and the secretion of TNF-a.

Monocytes and macrophages play a central role in the in-
flammatory response of the human organism to bacterial lipo-
polysaccharides (LPS) in terms of the release of pro- and anti-
inflammatory mediators. The binding of LPS to monocytes is
the prerequisite for signal transduction followed by the activa-
tion of the cells. Several putative LPS membrane receptors
have been recognized in humans, such as membrane-bound
CD14 (mCD14) (54), the CD11b-CD18 complex (53), an 80-
kDa membrane protein (51) occurring in a broad variety of cell
systems, and scavenger receptor ligands such as acetylated
low-density lipoprotein (27).

CD14 is a 55-kDa glycoprotein existing in a membrane-
bound form and a soluble form. mCD14 has been character-
ized as the most important LPS receptor of monocytes that is
involved in the process of signal transduction. mCD14 is at-
tached to the membrane by a glycosylphosphatidylinositol
anchor which excludes direct signal transduction without the
involvement of other membrane constituents (54). Studies re-
lying on the use of blocking antibodies against mCD14 were
confirmed by experiments with fluorescence-labeled (20, 22,
31, 36, 49) or radioactively (21, 35, 44) labeled LPS which

supported the relevance of the LPS receptor system concern-
ing binding and signal transduction. The lack of transmem-
brane anchorage of mCD14 and the necessity of other mem-
brane constituents such as an 80-kDa glycoprotein (51) for
signaling processes explain recent findings of the dissociation
between the binding reaction and cell activation (21, 44).

The soluble form of CD14 (sCD14) is present in plasma at
concentrations of 2 to 6 mg/ml (4). sCD14 has recently been
revealed to be responsible for the LPS-mediated activation of
cell systems lacking mCD14 (11, 23, 26). Endothelial cells (19,
50), smooth muscle cells (43), and monocytes of patients suf-
fering from paroxysmal nocturnal hemoglobinuria (PNH) (11,
23, 26) do not express mCD14 but can be activated by LPS in
the presence of sCD14. Even the response of mCD14-bearing
cells on LPS stimuli is known to be enhanced in the presence
of sCD14 (23, 26). The interaction between LPS and mCD14
and sCD14 is catalyzed by the LPS-binding protein, an acute-
phase protein synthesized by the liver which forms complexes
with LPS and CD14 (26, 56).

During sepsis, expression of mCD14 was shown to be re-
duced (3, 7, 13, 14, 41, 42). In addition, reduction in mCD14
(30) and increase in sCD14 (39) are both poor prognostic signs
of mortality. The stimulatory effect of LPS on monocytes de-
rived from septic patients is reduced. This could in part be due
to reduced mCD14 expression (42).

Considerable work has been performed to elucidate the
mechanisms of LPS binding and internalization and also of
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signal transduction in monocytes (20–22, 31, 36, 44, 49, 54).
However, little is known about whether the binding is associ-
ated with a significant elimination of circulating endotoxin.
Although the cellular mechanisms of LPS detoxification such
as dephosphorylation (48), deacylation (47), and other LPS
degradation processes (16, 18) which in part occur in macro-
phages have been identified, the neutralizing activity of circu-
lating endotoxin is believed to be based mainly on humoral
factors such as high-density lipoprotein (15, 40), bactericidal
and permeability-increasing protein (24, 32), antiendotoxin an-
tibody (2), and transferrin (6). Therefore, the aim of our study
was to characterize and quantify the cellular elimination ca-
pacities of human mononuclear cells from healthy volunteers,
patients with sepsis, and a patient with PNH in healthy, septic,
and recovery statuses, respectively, in an ex vivo setting. Elim-
ination capacities were correlated with binding capacities and
cytokine secretion by studying the binding of fluorescein iso-
thiocyanate (FITC)-labeled LPS and the stimulatory effect of
exogenously added LPS on monocytes in terms of the release
of proinflammatory cytokines. Furthermore, the influence of
spontaneous and LPS-stimulated secretion of sCD14 on cellu-
lar LPS elimination was studied.

MATERIALS AND METHODS

Patients. Thirteen patients (8 male and 5 female, ranging in age from 35 to 87
years) who fulfilled the criteria of severe sepsis (1) were enrolled in this study.
The simplified APACHE II score of all patients was 17.3 6 1 (mean 6 standard
errors of the means [SEM]). The diagnoses were pancreatitis (n 5 7 [6 patients
were surgically treated and 5 patients died]), peritonitis (n 5 4 [all patients were
surgically treated and survived]), or pneumonia (n 5 2 [2 patients died]). We
excluded patients with early sepsis (within 4 days after onset of sepsis) and
patients within 7 days after major surgical procedures. All patients were antibi-
otically treated. Fifteen healthy volunteers and a patient suffering from PNH
with healthy, septic, and recovery statuses who lacked a hemolytic crisis and who
had not required blood transfusion during the preceding 6 months were studied.
The protocol was approved by the local review board.

Isolation of PBMCs. Venous blood (15 ml) anticoagulated with 10 IU of
endotoxin-free sodium heparinate (B/Braun, Melsungen, Germany) per ml was
separated in a 50-ml polystyrene tube with a porous filter disk (LuecoSep;
Greiner, Frickenhausen, Germany) by centrifugation at 630 3 g for 20 min over
a Ficoll-Paque gradient (Seromed, Berlin, Germany). Peripheral blood mono-
nuclear cells (PBMCs) were washed three times with phosphate-buffered saline
(PBS) and were finally suspended in a concentration of 2 3 106 cells per ml in
RPMI 1640 (GIBCO, Eggenstein, Germany) supplemented with 10% fetal calf
serum (FCS) (GMN, Frankfurt, Germany) containing 2 mmol of L-glutamine
and 25 mmol of HEPES buffer per liter. The endotoxin contamination of the
incubation mixture was routinely examined and proved to be less than 0.05 EU
per ml.

(i) Determination of the EEC of PBMCs. PBMCs (2 3 106) were plated onto
24-well polystyrene plates (Greiner) and the plates were incubated with 1 ng of
Escherichia coli O55:B5 (Bio-Whittaker, Walkersville, Md.) at 37°C in a 5% CO2
atmosphere for 30 min, 2, 4, and 6 h. Supernatants from non-LPS-stimulated
cells and cell-free 10% FCS medium served as controls. Furthermore, cell lines
of a pancreatic cancer (ATCC SW1116), a colonic cancer (ATCC HT 29), and a
hepatoblastoma (ATCC Hep G2) were used as negative controls demonstrating
the specificity of LPS elimination and its binding reaction. The LPS content of
the supernatant was measured, and total cellular endotoxin elimination capacity
(total EEC) was expressed as a percentage of the amount of exogenously added
endotoxin which was no longer recovered [EEC (total)]. In each assay, the EEC
of the cell-free 10% FCS medium was subtracted from total EEC to obtain the
cellular EEC by the equation EEC (total) 2 EEC (10% FCS medium) 5 EEC
(cellular). In experiments testing the role of CD14, the cells were preincubated
with 15-mg/ml of the anti-CD14 monoclonal antibody (MAb) MEM-18 (immu-
noglobulin G1 [IgG1], kindly provided by V. Horejsi, Institute of Molecular
Genetics, Prague, Czechoslovakia) (3) for 30 min at 4°C before addition of LPS.
Aliquots of the supernatants were immediately frozen and stored for as many as
4 weeks at 280°C after centrifugation at 630 3 g for 10 min.

(ii) Determination of supernatant LPS contents. Determination of LPS con-
tents was performed by a chromogenic modification of the Limulus amoebocyte
lysate (LAL) test (a two-step and end point micromethod) as previously de-
scribed (5), with only minor modifications. The lysate (Endosafe) was obtained
from Charles River Endosafe, Sulzfeld, Germany. The supernatant samples were
pretreated by dilution (1:20) with pyrogen-free water and subsequent heat inac-
tivation for 15 min at 75°C. The endotoxin contents of unknown samples were
determined according to a simultaneously established standard curve with 10%
FCS medium with the endotoxin of E. coli O55:B5 (Bio-Whittaker).

(iii) Cytokine assays. Supernatant samples were assayed for human interleukin
1b (Il-1b), Il-6, and tumor necrosis factor alpha (TNF-a) by commercially avail-
able enzyme-linked immunosorbent assay (ELISA) kits obtained from Immuno-
tech Co., Hamburg, Germany.

(iv) sCD14 assays. Supernatant concentrations of CD14 were tested by a
recently available CD14 capture ELISA (IBL, Hamburg, Germany). The lower
detection limit was ,1 ng/ml.

Analysis of the binding of FITC-labeled LPS to monocytes by flow cytometry.
Freshly prepared PBMCs (2 3 106 per ml of the above-described medium) were
incubated with 1-mg/ml FITC-labeled LPS of E. coli O55:B5, which was trichlo-
roacetic acid extracted (Sigma, Delsenhofen, Germany) for 30 min and for 2 and
4 h at 37°C in a 5% CO2 atmosphere. Binding at an LPS concentration of 10
ng/ml was detected; however, the most efficient binding was observed at 1 mg/ml.
Blocking experiments with anti-CD14 MAb were performed after preincubation
of the cells with 15 mg of MEM-18 per ml for 30 min at 4°C as it was done in the
elimination experiments. Then, the cells were subjected to two washes with PBS
(supplemented with 1% bovine serum albumin and 0.1% acetic acid), resus-
pended in PBS, and assayed with a FACScan flow cytometer (Becton-Dickinson,
Heidelberg, Germany). The analysis was performed with a forward light scatter
and a side scatter to obtain data for monocytes. At least 30,000 cells were
analyzed for each determination. The binding of FITC-labeled LPS was mea-
sured as the mean percentage of positive gated monocytes. To estimate binding
specificities, cell lines of pancreatic cancer, colonic cancer, and hepatoblastoma
were used as controls.

Evaluation of the monocytic expression of HLA-DR and CD14. PBMCs (2 3
106 per ml) were centrifuged at 630 3 g for 5 min. The sedimented cells were
simultaneously incubated with 10 ml of rhodamine-phycoerythrin-conjugated
anti-CD14 MAb (DACO, Hamburg, Germany) and 10 ml of FITC-conjugated
anti-HLA-DR MAb (DACO) after resuspension in 100 ml of PBS supplemented
with 1% bovine serum albumin and 0.1% acetic acid for 30 min at 4°C in the
dark. Cells were also incubated with IgG1-FITC and IgG2-RPE isotype-matched
control antibodies (DACO) as controls. After the staining procedure, the cells
were washed twice and fixed in supplemented PBS. For analysis, monocytes were
gated by using forward- and sight-scatter properties. Specific cell fluorescence
was studied by side-scatter properties to estimate the levels of mCD14 and
HLA-DR expression in gated monocytes.

Statistical analysis. Statistical evaluation was performed with by Student’s t
test for independent data. A P value of ,0.05 was considered significant unless
otherwise stated. The data are given as means 6 SEM.

RESULTS

Specificity and time scale of the EECs of PBMCs. PBMCs
(2 3 104, 2 3 105, and 2 3 106 per ml) isolated from 15 healthy
volunteers were incubated with 1 ng of LPS per ml. The LPS
concentrations of the supernatant were determined after dif-
ferent incubation periods as shown in Fig. 1. Pancreatic cancer,
colonic cancer, and hepatoblastoma cell lines (2 3 106 cells per
ml) served as controls. EECs were expressed as percentages of
the originally added endotoxin which had disappeared from
the supernatant. The EEC of the cell-free incubation buffer in
each assay was tested (maximal EEC, 19.2% 6 4%) and was
subtracted from total EEC to obtain cellular EEC. In order to
study the EEC in a 10% FCS containing medium, we tested the
EECs for 0.1, 0.3, 0.5, and 1 ng of LPS per ml in the FCS
medium; the concentration of 1 ng of LPS per ml was chosen
because lower concentrations (%0.1 ng of LPS per ml) were
completely eliminated by 10% FCS medium (data not shown).
On the other hand, more than 1 ng of endotoxin per ml is
rarely found in patients with sepsis. Maximal endotoxin clear-
ance values obtained with 2 3 106, 2 3 105, and 2 3 104 cells
per ml amounted to 49.7% 6 4.5%, 38.8% 6 4.7%, and
26.0% 6 6.1%, respectively. In contrast, almost no cellular
EEC could be detected in any of the control cell lines tested.

Comparison of cellular EECs of PBMCs derived from
healthy and septic subjects. PBMCs (2 3 106 per ml) were
prepared from 13 patients suffering from severe sepsis and
were assayed for EEC. Table 1 demonstrates that PBMCs of
subjects with sepsis and healthy subjects were equally effective
in eliminating LPS. The maximal cellular EEC during sepsis
was achieved after 4 and 6 h and reached 45.2% 6 5.4%. There
was no difference between patients and healthy volunteers.
The preincubation of PBMCs with MEM-18 almost completely
abolished EEC in healthy subjects and patients with sepsis.
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EEC of a patient suffering from PNH. Recently, a patient
known to have PNH was admitted to our department because
of an ileus with sepsis due to an unknown origin. We took
blood samples from him pre- and postoperatively, which we
used to test the elimination capacity, just as we did 3 months
later, when the patient was readmitted for the take down of an
ileostomy (representing healthy status). Four weeks later, the
patient had to have a third operation because of acute chole-
cystitis without any clinical signs of severe sepsis. Four days
postoperatively, we took the fourth sample (corresponding to a
recovery status, with slight signs of a postoperative acute-phase
reaction). As seen in Fig. 2, maximal EEC during sepsis was
47%, which is indistinguishable from values for healthy volun-
teers or other patients with sepsis (Table 1). During health
status, only 5.1% of the exogenously added LPS was removed
by PBMCs. During recovery from cholecystitis, the EEC
reached 24.6%. It should be pointed out that the EEC of the
PNH patient varied as the clinical status changed, indicating an
inducible underlying mechanism responsible for the EEC.

Binding of endotoxin to monocytes. We tested different con-
centrations of FITC-conjugated LPS to determine the capacity

of binding to monocytes (1, 10, and 100 ng and 1 mg/ml). We
found a concentration-dependent binding that reached maxi-
mal binding at 100 ng/ml. There is almost no difference in the
binding of FITC-labeled LPS between the concentrations of
100 ng and 1 mg of LPS per ml. However, the variability at 1 mg
of LPS per ml is lower than that at 100 ng/ml. Therefore, we
chose 1 mg of FITC-labeled LPS per ml as the suitable con-
centration for the binding study. The levels of binding of FITC-
conjugated LPS of E. coli O55:B5 (1 mg/ml) to monocytes are
indicated in Table 1. As is true for the EECs, the binding
capacities of monocytes from healthy subjects and patients
with sepsis did not differ significantly. Maximal binding
amounted to 86.4% 6 4.3% in healthy donors and 85.4% 6
3.4% in donors with sepsis, with no differences in the time
scale. Preincubation of the cells with anti-CD14 MAbs reduced
the binding capacity to 10.8% 6 4.6% in healthy subjects and
13.2% 6 1.0% in patients with sepsis. When values of EEC and
FITC-labeled LPS binding were compared, the elimination
capacities of PBMCs seemed to agree with the binding capac-
ities of monocytes. The binding capacities of the cell lines were
very low, reaching 1.8% 6 0.2% (pancreatic cells), 1.7% 6
0.1% (colonic cells) and 3.4% 6 0.3% (hepatoblastoma).

The monocytes of the patient suffering from PNH were also
tested for their binding capacities (Fig. 3). Unfortunately, we
did not perform fluorescence-activated cell sorter (FACS)
analysis during the initial septic state but only during recovery
from sepsis. The binding capacities varied from 3.3% (during
health) and 12.6% (recovery from cholecystitis) to 55.5% (re-
covery from sepsis), which was largely consistent with the EEC
data (Fig. 2).

Expression of mCD14 and HLA-DR. Expression of HLA-
DR on monocytes was used to characterize the severity of
septic disease (Fig. 4). A total of 93.3% 6 1.0% of monocytes
from healthy volunteers were HLA-DR positive, compared to
only 26.6% 6 5.0% in patients with sepsis (P , 0.01). The
expression of CD14 was also significantly reduced, from 93.6%
6 0.8% to 50.5% 6 6.5% (P , 0.01). The CD14 and HLA-DR
expression levels of monocytes from PNH patients during sep-
sis were only 0.3 and 3.7%, respectively.

Endotoxin-induced TNF-a release from PBMCs. Stimula-
tion of PBMCs with LPS (1 ng/ml) led to a time-dependent
release of TNF-a (Fig. 5). No statistically significant difference
between PBMCs from healthy subjects and patients with sepsis
could be calculated, except for a slight decrease in TNF-a
release after 4 h. Preincubation with anti-CD14 MAbs reduced
the LPS-induced release of TNF-a to nearly basal values in
both groups. Similar results were obtained for IL-1b and IL-6
levels (data not shown).

FIG. 1. Specificity and time scale of the EECs of PBMCs from healthy
volunteers. Different numbers of PBMCs were incubated with 1 ng of smooth
LPS per ml, and changes in EECs determined by the LAL test are expressed. E,
2 3 106 PBMCs from 15 healthy volunteers; }, 2 3 105 PBMCs from 10 healthy
volunteers; F, 2 3 104 PBMCs from 7 healthy volunteers; ƒ, 2 3 106 cells of the
pancreatic cancer cell line SW1116 (n 5 3), Œ, 2 3 106 cells of the colorectal
cancer cell line HT29 (n 5 3); {, 2 3 106 cells of the hepatoblastoma cell line
HepG2 (n 5 3).

TABLE 1. Comparison of EECs of PBMCs and levels of FITC-labeled LPS binding by human monocytes for healthy and septic states

Group (n)

Value for the following timesa:

0 h 30 min 2 h 4 h 6 h

EEC
(%)

FITC-labeled
LPS binding

(%)

EEC
(%)

FITC-labeled
LPS binding

(%)

EEC
(%)

FITC-labeled
LPS binding

(%)

EEC
(%)

FITC-labeled
LPS binding

(%)

EEC
(%)

Healthy volunteers (15) 0.0 0.0 30.9 6 4.5 60.3 6 9.0 41.5 6 3.8 86.4 6 4.3 49.5 6 4.5 85.1 6 3.5 49.7 6 4.5
Patients with sepsis (13) 0.0 0.0 30.8 6 4.3 48.2 6 11.1 37.3 6 3.4 82.0 6 2.9 41.0 6 3.4 85.4 6 3.1 45.2 6 5.4
Healthy volunteers 1 MEM-18 (15) 0.0 0.0 0.8 6 0.3b 3.2 6 1.3b 0.2 6 0.3b 4.4 6 2.3b 6.5 6 1.0b 10.8 6 4.6b 8.3 6 6.0b

Patients with sepsis 1 MEM-18 (13) 0.0 0.0 0.8 6 0.4c 1.9 6 0.3c 0.2 6 0.3c 6.8 6 1.0c 0.9 6 0.1c 13.2 6 1.0c 6.5 6 2.0c

Control (8) 0.0 0.0 0.7 6 0.4 1.2 6 0.1 1.4 6 0.1 1.5 6 0.3 1.2 6 0.1 1.5 6 0.4 6.8 6 1.0

a Values are means 6 SEM.
b Significantly different from the values for healthy volunteer (P , 0.05).
c Significantly different from the values for patients with sepsis (P , 0.05; unpaired t test).
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Spontaneous and endotoxin-induced release of sCD14 (Fig.
6). PBMCs from healthy volunteers secrete very low amounts
of sCD14 spontaneously (4.0 6 0.4 ng/ml), which did not in-
crease after endotoxic stimulation (4.5 6 0.4 ng/ml). In con-
trast, PBMCs from patients with sepsis spontaneously released
significantly higher quantities of sCD14 (12.5 6 1.9 ng/ml; P ,
0.01 versus healthy volunteers), which further increased after
addition of LPS (20.1 6 1.8 ng/ml; P , 0.02 versus spontane-
ous secretion during sepsis). The maximal stimulated values of
sCD14 were more than five times higher during sepsis than
during health. In addition, these data were substantiated by
increased sCD14 levels in plasma from patients with sepsis
compared to healthy subjects (6.8 6 0.7 versus 3.5 6 0.3 mg/
ml). The concentrations of sCD14 in plasma from the patient
with PNH showed the same tendency: healthy state, 3.5 mg/ml;
septic state, 8.6 mg/ml; and recovery from cholecystitis, 6.5
mg/ml.

DISCUSSION

Circulating endotoxin is believed to be cleared mainly by
liver cell systems (9, 18, 46). It has been shown that LPS is
internalized by hepatocytes and released into the bloodstream
after chemical modification (16–18, 46). However, the modi-
fied LPS retains specific activities such as bioactivity in the
LAL test and induces lethality in animal experiments (12).
Therefore, specific and unspecific LPS-neutralizing mecha-
nisms of the blood itself should play a pathophysiologically
important role. Some humoral factors have been shown to be
involved in these neutralizing processes (2, 6, 15, 24, 32, 40).
The microscopic observation of the uptake of LPS in mono-
cytes involving specific receptor pathways (33, 34), as well as
the characterization of intracellular detoxification processes
(16, 18, 48), suggests that PBMCs play an important role in the
clearance of circulating endotoxin.

We applied different test systems to the question of endo-
toxin-monocyte interaction. Determination of the disappear-
ance of LPS from the supernatant of PBMCs represents its

FIG. 2. EEC of a patient suffering from PNH under different clinical states.
PBMCs (2 3 106) from a patient suffering from PNH with different clinical
statuses were incubated with 1 ng of smooth LPS (E. coli O55:B5) per ml.
Changes in EEC determined by the LAL test are expressed. E, 2 3 106 PBMCs
from 15 healthy volunteers; Œ, ‚, and }, 2 3 106 PBMCs from the PNH patient
in a septic state, in a state of recovery from acute cholecystitis and in a healthy
state, respectively.

FIG. 3. Comparison of levels of binding of FITC-labeled LPS by monocytes
from a PNH patient in different clinical states. E, 2 3 106 PBMCs from eight
healthy volunteers; �, ‚, and ■, 2 3 106 PBMCs from the PNH patient in a state
of recovery from sepsis, in a state of recovery from cholecystitis, in a healthy
state, respectively; {, control without any FITC-labeled LPS.

FIG. 4. Expression of mCD14 and HLA-DR on gated monocytes; 106

PBMCs harvested from healthy volunteers (n 5 15) (h), patients with sepsis
(n 5 13) ( ), and a PNH patient in a state of sepsis (■) were stained with
RPE-labeled anti-CD14 (Leu-M3) or FITC-labeled anti-HLA-DR. Values are
means of percent positive monocytes (P , 0.01 compared to healthy subjects).

FIG. 5. Endotoxin-induced TNF-a release from PBMCs. The levels of TNF-
a after stimulation with 1 ng of LPS (E. coli O55:B5) per ml are given. E and ƒ,
2 3 106 PBMCs from 15 healthy volunteers with and without MEM-18, respec-
tively; F and Œ, 2 3 106 PBMCs from 13 patients with sepsis with and without
MEM-18, respectively; {, control with no LPS stimulation.
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elimination from the medium and is therefore called elimina-
tion capacity, although we do not clearly know that endotoxin
is definitely eliminated in the cells. The binding assay with
FITC-labeled LPS is termed binding to facilitate the differen-
tiation between both assays.

Our results with PBMCs derived from healthy volunteers
strongly support this assumption. After addition of 1 ng of en-
dotoxin per ml to PBMCs (2 3 106 cells), more than 50% was
eliminated by the cells. The elimination capacity was demon-
strated to depend on the time of incubation and the number of
cells. Cell lines such as pancreatic cancer, colonic cancer, and
hepatoblastoma cells did not remove any significant amounts
of endotoxin from the supernatant, underlining the specificity
of the elimination process. By testing the binding capacities of
monocytes with FITC-labeled LPS, the time scale resembled
the elimination capacities of PBMCs. No binding of LPS to the
cell lines was found. The concordance between EEC and the
binding reaction may be a hint that the elimination capacities
of PBMCs are based mainly on monocytes. In addition, the
kinetics of the cellular neutralizing and binding reactions may
require the presence of LBP in FCS, which is known to accel-
erate the interaction between LPS and mCD14 and sCD14 (2,
26, 45, 52, 56). Actually, we have not directly confirmed
whether EEC and LPS binding contributes to LPS internaliza-
tion or to further detoxification. However, numerous attempts
that used confocal microscopy (20), immunocytochemistry (33,
34), observation of human monocytes, and fractionating neu-
trophil lysates on Percol gradients (44) have clearly demon-
strated that plasma membrane-bound LPS can be internalized
in phagocytes after 5 to 10 min. Therefore, our EEC assay may
reflect not only binding of LPS to the cell surface resulting in
elimination of LPS from the supernatant but also a further
internalization and accompanying detoxification.

Different LPS receptor mechanisms were shown by several
studies to exist (10, 36) that used nonphysiological conditions
such as high amounts of LPS in the absence of serum. How-
ever, under physiological conditions, mCD14 represents the
most important monocytic receptor system for LPS binding
and signal transduction. This has been demonstrated by using
blocking anti-CD14 antibodies and radioactive- or FITC-la-
beled LPS (8, 21, 22, 31, 35, 36, 49). Further support of the
relevance of mCD14 under low-level endotoxin conditions in
the presence of serum is provided by studies of monocytes

derived from patients suffering from PNH (10, 11, 23). These
monocytes express almost no mCD14. They cannot be stimu-
lated by low concentrations of endotoxin (11). Yet in the pres-
ence of sCD14, they regain their capacity to respond to low
endotoxin concentrations (11, 23, 26). The sCD14-dependent
cellular response of monocytes from the patient with PNH is
completely abolished by anti-CD14 MAb (23). During septic
diseases, the expression of mCD14 is also significantly reduced
(3, 7, 13, 14, 41, 42).

To study the involvement of mCD14 in elimination capacity,
we tested PBMCs from patients with severe sepsis. The sever-
ity of the underlying septic disease is demonstrated by the low
level of expression of HLA-DR (26.6% 6 5% in patients with
sepsis compared with 93.3% 6 2% in healthy volunteers). The
expression of mCD14 was also reduced to 53.5% 6 7% (P ,
0.01 compared with healthy volunteers). No difference in EECs
or levels of binding of FITC-labeled LPS could be seen in
patients with sepsis compared to healthy donors. Similarly, the
endotoxin-induced release of TNF-a and other proinflamma-
tory cytokines from PBMCs was not changed. Even PBMCs
from the patient suffering from PNH during sepsis eliminated
exogenously added endotoxin in a manner identical to that of
PBMCs from healthy donors and donors with sepsis. The ex-
pression of mCD14 was reduced in the former patient to 0.3%,
as was expected for PNH, and did not change during recovery
from cholecystitis or during health. However, PBMCs derived
from the same patient during health could only eliminate 5.1%
of the exogenously added endotoxin. During recovery from
cholecystectomy, the EEC amounted to 24.6%. The binding of
FITC-labeled LPS to monocytes was found to be closely cor-
related to the EEC. During health, only a very low binding
capacity could be established, whereas during recovery from
cholecystitis, the binding capacity increased. During recovery
from the septic episode induced by an ileus, the binding ca-
pacity was found to be the highest.

The fact that the EECs and binding capacities did not
change between subjects with sepsis and healthy volunteers
despite a decrease in mCD14 expression suggests that mCD14-
independent pathways by which LPS is eliminated and signal
transduction is mediated do exist. Moreover, the changing
EECs and binding capacities of PBMCs and monocytes ob-
tained from a patient suffering from PNH during sepsis, recov-
ery, and health have not been described until now and lead to
the conclusion that a mechanism different from mCD14 is
induced by sepsis and postoperative acute-phase reaction.

To further elucidate the role of CD14, we studied EECs,
binding capacities, and release of cytokines after the addition
of MEM-18, a blocking anti-CD14 MAb (4). During health
and sepsis, EECs, binding capacities, and endotoxin-induced
release of cytokines were almost completely abolished by
blocking CD14. No difference in the effects of MEM-18 on
PBMCs or monocytes derived from healthy subjects or patients
with sepsis was observed. Therefore, it may be concluded that
very low amounts of mCD14 are sufficient for mediating the
binding or neutralizing processes. However, the results of ex-
periments with cells derived from the PNH patient, which
clearly indicate that an inducible mechanism is involved in
cellular endotoxin neutralizing and binding capacities, cannot
be explained in that way. A further possibility may be the
participation of sCD14 in these processes, because MEM-18
has been clearly demonstrated to block the function not only of
mCD14 but also that of sCD14. Determination of the sCD14
concentration of the supernatant of PBMCs strongly supports
the importance of sCD14. PBMCs of healthy subjects secrete
only low amounts of sCD14 spontaneously and after endotoxic
stimulation. The spontaneous and stimulated secretion of

FIG. 6. Spontaneous and endotoxin-induced release of sCD14. The levels of
sCD14 after stimulation with 1 ng of LPS (E. coli O55:B5) per ml are indicated.
Values are for F and E, 2 3 106 PBMCs from six healthy volunteers, stimulated
with LPS and unstimulated, respectively; Œ and ‚, 2 3 106 PBMCs from six
patients with sepsis, stimulated with LPS and unstimulated, respectively.

VOL. 66, 1998 CD14 AND ENDOTOXIN BINDING AND ELIMINATION 1139



sCD14 by PBMCs from patients with sepsis was at least five
times higher.

Complexes of LPS and sCD14 are considered to play a role
as intermediates in the neutralization of LPS (55) with recon-
stituted high-density lipoprotein. The efficacy of high doses
(.2 mg/ml) of recombinant sCD14 was confirmed to improve
mice survival in vivo (29) and the inhibition of TNF-a secretion
in vitro (28). Grunwald et al. (25) showed that binding of
FITC-labeled LPS to bovine monocytes and endotoxin-in-
duced cell activation were abrogated by an exogenously added
high dose of sCD14. On the other hand, low amounts of sCD14
(between 10 ng and 1 mg/ml) play a harmful role by transmit-
ting LPS effects in endothelial cells (19) and PNH monocytes
(11, 23) and also by sensitizing normal human phagocytes to
low endotoxin concentrations (23, 26).

Our study revealed a much higher secretion of sCD14 from
PBMCs obtained from patients with sepsis compared with
healthy subjects. Supernatant levels of sCD14 were higher than
10 ng/ml after 2 h of incubation and peaked at 20.1 6 1.8
ng/ml. These concentrations are consistent with previously de-
scribed optimal levels of LPS-dependent cell activation (23,
26). We also found high levels of sCD14 in plasma from pa-
tients with sepsis and the patient with PNH during sepsis,
supporting the physiological relevance of an elevated secretion
of sCD14. Recent clinical studies demonstrate an elevated
concentration of sCD14 in plasma during gram-negative sepsis
(38, 39) or during a late stage of a severe burn with existing
septicemia (37).

We conclude from our results that mononuclear cells and
especially monocytes significantly participate in the elimina-
tion process of circulating endotoxin. The elimination process
definitely depends on the binding reaction. mCD14 plays a
major role in LPS binding, cell activation, and elimination
capacity during health. Reduced expression of mCD14 during
sepsis can be completely substituted by the enhanced secretion
of sCD14, which represents a compensatory mechanism. Un-
der physiological conditions, in the presence of serum and with
a small amount of endotoxin, mCD14 or sCD14 represents the
main receptor system, mediating not only signal transduction
but also the LPS elimination processes of monocytes. With the
exclusion of the effect of preexisting anti-inflammatory hu-
moral factors from using mononuclear cells in our experi-
ments, we could find no reduction in the responsiveness of the
cells from patients with sepsis compared to normal controls in
terms of endotoxin-induced cytokine release. This observation
supports the hypothesis that the secretion of sCD14 may be a
physiologically important mechanism counteracting cellular
events that lead to reduction in responsiveness. The secretion
of sCD14 also restores the EEC of monocytes with reduced or
even without mCD14 expression under circumstances in which
endotoxin may reach the circulation, such as sepsis or during
the postoperative period.
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