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High concentrations of lipopolysaccharide-binding protein in serum of
patients with severe sepsis or septic shock inhibit the lipopolysaccharide
response in human monocytes

Janine Zweigner, Hans-Joachim Gramm, Oliver C. Singer, Karl Wegscheider, and Ralf R. Schumann

Lipopolysaccharide-binding protein (LBP),

an acute-phase protein recognizing lipo-
polysaccharide (LPS), catalyzes in low
concentrations its transfer to the cellular

LPS receptor consisting of CD14 and
Toll-like receptor-4. It has recently been
shown that high concentrations of recom-

binant LBP can protect mice in a peritoni-
tis model from the lethal effects of LPS.
To determine whether in humans the
acute-phase rise of LBP concentrations
can inhibit LPS binding to monocytes and

induction of proinflammatory cytokines,

LBP concentrations were analyzed in 63
patients meeting the American College of
Chest Physicians/Society of Critical Care
Medicine criteria of severe sepsis or sep-

tic shock and the ability of these sera to
modulate LPS effects in vitro was as-
sessed employing different assays. Trans-
fer of fluorescein isothiocyanate—labeled
LPS to human monocytes was assessed
by a fluorescence-activated cell sorter—
based method, and activation of mono-
cytes was investigated by measuring LPS-
induced tumor necrosis factor-  « secretion
in the presence of the sera. Anti-LBP
antibodies and recombinant human LBP
were instrumental for depletion and recon-
stitution of acute-phase sera and subse-
guent assessment of their modulating
effects on LPS activity. Sera of patients
with severe sepsis/septic shock exhib-
ited a diminished LPS transfer activity

and LPS-induced tumor necrosis factor-
secretion as compared with sera from
healthy controls. LBP depletion of sepsis
sera and addition of rhLBP resulting in
concentrations found in severe sepsis
confirmed that LBP was the major serum
component responsible for the observed
effects. In summary, the inhibition of LPS
effects by high concentrations of LBP in
acute-phase serum, as described here,
may represent a novel defense mecha-
nism of the host in severe sepsis and
during bacterial infections. (Blood. 2001;
98:3800-3808)
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Introduction

Recognition of bacterial components such as lipopolysaccharidecrophages play an essential role. These cells have the ability to
(LPS) by the innate immune system is an early and key event fimcognize bacterial compounds and to activate the innate immune
triggering the inflammatory host response necessary for clearasgstem by the release of a large number of different mediators, such
of invading microorganisms2 However, uncontrolled, the inflam- as tumor necrosis facter- (TNF-a), interleukin-1 (IL-1), and
matory response can be a cause of organ dysfunction remote frt6.° Furthermore, as professional antigen-processing cells they
the primary site of infection, hypotension, or shock—a syndronmay a crucial role in the activation of the adaptive immune
termed severe sepsis or septic shdtlespite highly effective systemtC In infections caused by Gram-negative microorganisms,
antimicrobial chemotherapy and powerful supportive treatmetite principal bacterial constituent recognized by the innate immune
strategies, no significant reduction of mortality attributable teystem is LPS, a glycolipid in the outer bacterial membraidne
severe sepsis has been achieved in the last 2 decades. The incidacgge-phase protein initiating recognition and monomerization of
of severe sepsis and septic shock is 1% to 2% of hospital and 9% @S aggregates and its transfer to mononuclear cells is lipopolysac-
22% of intensive care unit admissions, with a crude mortality ratsharide-binding protein (LBP LBP binds to the amphipathic
of 35% to 6096 Although novel approaches employing antidipid A moiety of LPS and in low concentrations catalyzes its
inflammatory agents have been successfully applied for the conti@nsfer to membrane-bound CD14, a glycosylphosphatidylinositol
of severe sepsis and septic shock in experimental settings, of@P1)—linked protein that is part of the cellular receptor for 1PS.
limited efficacy has been demonstrated in clinical triéd§hus, a Recently, the Toll-like receptor-4 has been identified as the
better understanding of the molecular mechanisms of the hsgjnal-transducing element of the LPS recefftéf.
response and its regulation is needed to be able to developLBP is constitutively synthesized in hepatocytes and is present
successful innovative treatment strategies for patients with sevareserum at concentrations of 5 to J®/mL. During the acute-
sepsis or septic shock. phase response, IL-1 and IL-6 synergize in inducing LBP synthesis,
For the initiation of the innate immune response, monocytes alehding to an increase of LBP serum concentratiédg.It has
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recently been discovered that epithelial cells of the intestines apreumonia (n= 8), severe soft tissue infection (n 6), catheter-associated
the lungs may represent additional sources of EEPBesides its bloodstream infection (k= 1), urogenital infection (m= 2), and others
ability to amplify the immune response by recognizing smaln = 7). Documented bacteremia with Gram-negative microorganisms
concentrations of LPS. LBP has also been shown in vitro Rszcurred in 4 cases, Gram-positive microorganisms in 6 cases, and in 5

catalyze the transfer of LPS into high-density lipoprotein particle ases bacteremia was polymicrobial. Twenty-one infections were prospec-

S o ; . 1Vely classified as moderate (pneumonia, catheter-associated bloodstream
22
resulting in LPS neutralizatioft: 2 This function of LBP may be infection, and isolated intra-abdominal abscess) and 42 as severe (diffuse

protective during severe Sesz‘SiSv as SUQQESt?(_j by animal studie Qonitis, severe soft tissue infection, deep organ abscess). One patient in
bOth. others and Oursglvé%». Recently, 2 .C“n'ca| Stufj'es WETE€ the study cohort had a relevant liver disease as defined by the criteria of the
published, one of which showed a positive correlation betwePACHE Il score. This patient with a biopsy-proven liver cirrhosis,

high initial serum LBP concentrations and improved patientowever, did not exhibit any impaired LBP synthesis with peak serum LBP

outcome in severe sepsk.The other report demonstrated aconcentrations of 86.8 mg/L during severe sepsis. The patients’ characteris-
correlation between high serum LBP concentrations and a digs are givenin Table 1.

creased incidence of cardiovascular morbidity in patients with For determination of reference values for LBP and s_oluble CD14

end-stage renal disease and hemodiaBPsis (sCD14), blood samples were drawn from 40 healthy hospital employees

No experimental data, however, up to now have been ava"aéfgedian age 31 years; range 20-57 years). These sera also served as controls

. : . o . . . for the LPS binding and stimulation assays.
regarding the biological activity of high concentrations of LBP in The investigation was carried out in agreement with the ethical

the presence of acute-phase sera from patients. In recent Y&®Rdards of the declaration of Helsinki/Tokyo. The study protocol was
several studies applying whole blood or isolated peripheral b|0%ﬁproved by the Committee on Medical Ethics of the University Hospital
mononuclear cells (PBMCs) from patients with severe sepsis hagénjamin Franklin, and informed consent was obtained from volunteers
shown a significant reduction of LPS-induced cytokine release aaeld the patients or their nearest relatives before enrollment.

impaired monocytic antigen presentation as compared with whole

blood or PBMCs of healthy controf&:2° The aim of the present Sample collection

study was to find out whether elevated LBP is a key factor fo[r

inhibiti fLP L h Wi | e first blood sample was drawn within 24 hours after onset of severe
inhibition o S activity in acute-phase serum. We analyze, 2psis and subsequently once daily until recovery or the patient died.

serum concentrations of LBP in patients with severe sepsis or seiithending on the duration of the severe sepsis, a median of 7 samples
shock and investigated in vitro whether acute-phase concentratigRgge 1-38) per patient was collected. Blood samples were obtained either
of LBP can modulate the LPS-induced monocytic response. We

found that serum containing high concentrations of LBP clearly
reduce LPS act|v|ty, an effect that was reversed by LBP deple“oﬁtﬂe 1. Demographic and clinical characteristics of the study cohort

Addition of recombinant human (rh)LBP to normal or LBP- Severe sepsis/

depleted sepsis serum led to a decrease of LPS effects. These septic shock

findings support the hypothesis that high concentrations of LBP are Demographic characteristics

a key factor for inhibition of LPS activity by acute-phase sera. Age, mean * SD, y 58.4 + 16.1
Sex, % female/male 43/57

Severity of the underlying disease, No.
(McCabe/Jackson classification)

Patients, materials, and methods Nonfatal 48

Fatal 12

Patients Rapidly fatal 3
APACHE Il score, mean + SD, points

Sixty-three patients meeting the criteria of severe sepsis or septic shock

. . . Intensive care unit admission 61 =20

were prospectively enrolled over a 14-month period in a 22-bed noncoro- ) )
. . 5 . . . . . Severe sepsis/septic shock onset 67 =21
nary intensive care unit of a tertiary care university hospital. Severe sepsis )
. X . L . SOFA score, mean = SD, points

and septic shock were defined according to the criteria of the American Severe sepsis onset/sentic shock a4
College of Chest Physicians/Society of Critical Care Medicine consensus P _p -

. . ) . . . Length of treatment, median (range), d
conferencé. Briefly, severe sepsis was defined by evidence of infection i ;

K . L . Intensive care unit 14 (1-71)
accompanied by at least 2 of the following criteria: fever or hypothermia Hospital 28 (3-148)
(temperature> 38.0°C or< 36.0°C), tachycardia> 90 ventricular beats/ Mortaﬁp %
min), tachypnea (respiratory rate 20 breaths/min or Rg, < 4.3 kPa), or se e?'(; S‘; sis-related 635

. . '\ IS- .
changes in the white blood cell count (leukocyte comnt2 X 10%L or Severe Sepsis related less than 3 d 19.0
< 4 X 10°/L or > 10% immature band forms) and, in addition, at least one P '

. K . . Lo All cause 28 d 63.5
acute organ dysfunction remote from the site of infection as indicated by : ) )

N . . . . . . All cause intensive care unit 65.0
mental disorientation, oliguria, arterial hypoxemia, thrombocytopenia, )

. . k . . . X All cause hospital 69.8
unexplained metabolic acidosis, or hypotension. Septic shock was defined T

. . Positive microbial culture, local/blood, % 55.6/23.8
as a systolic blood pressure below 90 mm Hg for at least 1 hour despite -

. . . Gram-positive, No. 12/6
adequate intravascular volume expansion or the necessity for vasopressor Gram-neqative. No 74
therapy. A total of 60.3% of the study cohort fulfilled the criteria of severe Pol micrgbial ”\IO ' 165
sepsis, and 39.7% were in septic shock. Another 52.4% developed septic _. v o

. . . Sites of infection, No.
shock after the onset of severe sepsis. The median duration of severe Diffuse peritonitis 39
sepsis/septic shock was 4.8 days (range 2.3-31 days) in survivors and 5.5 P A
. . . . Pneumonia 8
days (range 1.0-35 days) in nonsurvivors. The severity of acute illness was ) o
Soft tissue infection 6

scored daily by means of the Acute Physiology, Age, and Chronic Health

Evaluation Ill (APACHE Ill) classification system and the Sequential Catheter-associated bloodstream

. . . . infecti 1
Organ Failure Assessment (SOFA) sc#é! The site of infection was Ur': Z:,';T‘nfect,on 5
. i . . . . . I I I
identified using criteria of the Centers for Disease Control and Prevention Othgrs 7

except for sepsi® The infections included diffuse peritonitis éa39),
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from an arterial line or by peripheral venous puncture and collected substrate (Perfachrome LAL, Pentapharm, Basel, Switzerland). For quanti-
sterile 8-mL tubes with SST Gel and Clot Activator and in 4-mL tubes witfication of the endotoxin concentration, Bncoli O111:B4 endotoxin was
ethylenediaminetetraacetic acid k7.2 mg (Vacutainer) (Becton Dickin used as standard according to the manufacturer’s instructions (Charles
son, Meylan, France). After centrifugation at 3g0@r 15 minutes and River Endosafe). After 5 minutes the reaction was stopped with acetic acid
separation, serum and plasma samples were split into 6 aliquots and stel@® and the reaction was quantified by an ELISA reader (Spectra Fluor
at —70°C until assayed. plus, Tecan, Crailsheim, Germany).

LBP and sCD14 assays Statistical analysis

Serum LBP concentrations were assessed by an enzyme-linked immunosgr- . . )
5ata are presented as absolute or relative frequencies for categorical

bent assay (ELISA) employing the monoclonal antibodies 1E8 and 2 .
(kindly provided by Dr A. Moriarty, Johnson & Johnson, La Jolla, CA). Thevarlables, meart SD or SEM, or 25th, 50th, and 75th percentiles and, also,

N - . . range for continuous parameters. All assays were performed in duplicate,
lower limit of detection of this assay is 1.0 ng/mL. The reference range 0? 9 P ay P P
and the mean value was calculated. Differences between groups were

serum LBP in healthy humans was found to be 1.85 to 17.4 mg/L (median ) : )
. ) -~ evaluated using the Mann-Whitndy test or the Wilcoxon test, where
7.94 mg/L). Soluble CD14 was measured using a commercially avallal:ﬁe 9 &

. . ; appropriate. The association between mean fluorescence units and LBP
ELISA according to the manufacturer’s instructions (sCD14 ELISA, IBL bprop . ) ; )
. ; Serum concentrations was analyzed using the Pearson correlation coeffi-

Hamburg, Germany). All assays were performed in duplicate.

cient and the corresponding test based on the bivariate normal distribution,
after double logarithmic transformation. Furthermore, the corresponding
ordinary least squares regression line was fitted to the data. The prognostic
Blood was obtained from 6 healthy volunteers, collected in endotoxin-fré@lues of onset LBP and sCD14 serum concentrations were assessed by
8 mL tubes containing heparine (Vacutainer CPT, Becton Dickinsolfgistic regression modeling in the severe sepsis/septic shock cohort. All
Brussels, Belgium), and peripheral mononuclear cells subsequently wEggts were 2-sided, afti< .05 was considered statistically significant.
isolated by density gradient centrifugation according to the manufacturer’s

instructions. Cells in the interphase were collected, washed twice, and

brought to a concentration of8 10° PMBCs per milliliter, corresponding

to 1.5 10° monocytes per milliliter. The cells were incubated with;@0 Results

acute-phase serum of patients with severe sepsis/septic shock, or with ) ) ) )

serum from healthy controls, in a total volume of 20D. One microgram S€rum LBP concentrations in severe sepsis or septic shock

per milliliter fluorescein isothiocyanate (FITC)-conjugated LPS fron?:

Escherichia coliO111:B4 (Sigma, Deisenhofen, Germany) was added ancxOr the entire study thort th.e median serum LBP concentration at
incubated with the cells for 1 hour at 37 °C. After centrifugation angnset of severe S,epS'S/Sept'c shock was 46'? mg/L (range 3.74-
washing of the adherent cells with cold phosphate-buffered saline, cei@5), and the median sCD14 serum concentration 9.05 mg/L (range
were subjected to flow cytometry analysis. In certain experiments rhLER64-37.1). These values were significantly different to the serum
(kindly provided by Dr S. F. Carroll, Xoma, Berkeley, CA) was added to theBP and sCD14 concentrations of the healthy volunteers (7.94
sera as indicated. Partial LBP depletion from severe sepsis sera, as weliagL [range 1.85-17.4] and 3.16 mg/L [range 2.48-4.36], respec-
depletion below the lower detection limit of the LBP ELISA, wastively; P < .001). At onset of severe sepsis the serum LBP and
performed by immunoprecipitation with a rabbit monoclonal anti-huma§cp14 concentrations were not significantly different in the
LBP antibody (kindly provided by Dr S. F. Carroll) and protein A/G—patiants with severe sepsis as compared with patients with septic
Sepharose (Santa Cruz Biotechnology, Santa Cruz, CA) according to E}’Fock. No significant difference in serum LBP and sCD14 concen-
manufacturer’s instructions.

FITC-LPS-labeled monocytes were analyzed by flow cytometry witrations could be observed in survivors as compared with nonsurvi-

the FACScan analyser using the Cellquest software (Becton Dickinson, S4/S at onset of severe sepsis or septic shock (44.2 mg/L [range
Jose, CA). Monocytes were gated according to their forward and side/4-112] vs 55.5 mg/L [range 7.36-155] and 8.04 mg/L [rgnge
scatter characteristics. The fluorescence signal was expressed in fluoke84-15.4] vs 9.79 mg/L [range 4.98-37.1], respectively). Multivar-

LBP-dependent binding of LPS to monocytes

cence units and recorded on a logarithmic scale. iate analyses including severity of infection as a potential con-
founder revealed that neither LBP nor sCD14 concentrations were
LPS-induced TNF- a secretion by monocytes independent significant as prognostic indicators for severe

PBMCs were adjusted to8 10°/mL and incubated for 2 hours at 37°C in SepSIS-_reIated. mortality. . . .
96-well plastic plates containing RPMI 1640 cell culture medium (PAA During the inflammatory host response in severe Sepsis or septic
Laboratories, Linz, Austria). After removal of nonadherent cells by washirg1OCK, peak serum LBP and sCD14 concentrations increased
with RPMI 1640, sera of patients with severe sepsis/septic shock or seral.5-fold and 4.7-fold (83.1 mg/L [range 11.8-275] and 14.7 mg/L
healthy controls preincubated for 15 hours with 10 ng/mL nonfluorescefrange 5.18-39.4], respectively) as compared with the reference
ceinated LPS fronk coli 0111:B4 (Sigma) were added. Supernatants wengalues of the healthy controls. Peak LBP concentrations were
taken after 4 hours of stimulation at 37°C and stored-&0°C until reached after a median time of 40 hours (range 1-120) from the
assayed. TNk was assessed employing a commercially available ELISpset of severe sepsis (Figure 1). No significant differences in peak
W'thd 2|bmonoclonal mouse anti-human TNFantibodies (Pharmingen, gor,m | BP concentrations were observed in Gram-negative versus
Heidelberg, Germany). Gram-positive bacteremia in the present study cohort (72.4 mg/L
[range 28.6-143] and 88.6 mg/L [range 33.3-133], respectively).
Furthermore, we failed to detect a significant correlation between
The chromogenic limulus-amebocyte-lysate (LAL) assay was performeddige and serum LBP concentrations (Pearson correlation coefficient
a modified form of a published protoc&lSerum samples were not heated, = — 218 P = .088).

in order to preserve binding of LPS to LBP or lipoproteins and to measure

unbound endotoxin. Samples were not sterile-filtered for elimination &iTC-LPS binding to monocytes in the presence of different

bacteria. A total of 5QuL LAL reagent (Endo KTA-LAL, Charles River concentrations of patient sera and sera of healthy controls

Endosafe, Charleston, SC) was added topi0serum in a 96-well flat

bottom microtiter plate (Becton Dickinson, Brussels). After incubation at0 investigate the ability of acute-phase sera to modulate LPS
room temperature for 25 minutes, samples were supplemented wiil100binding and response of monocytes, 2 in vitro experiments

Limulus-amebocyte-lysate assay
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Figure 1. Kinetics of LBP serum concentrations in severe sepsis or septic 40 SEMUM  sSevere sepsis serum

shock. Shown is the reference range of serum LBP concentrations of healthy (83.7 ug/mL LBP)
controls (n = 40) and the serum LBP kinetics of patients with severe sepsis or septic
shock (n = 63) beginning with the onset of severe sepsis (day 0) and ending with the
day of hospital discharge. Data are presented as minimum (lower o); 10th (lower
dash), 25th (lower end of box), 50th (median, line in box), 75th (upper end of box),
and 90" (upper dash) percentiles; and maximum (upper o).

Healthy control serum
(9.88 pg/imL LBP)

10 102 10%

. . . Fi its (FU
employing those severe sepsis sera containing peak LBP concentra- Gl

tions and control sera from healthy volunteers were performed:wure 3. FITC-LPS binding to monocytes in the presence of severe sepsis sera

. and healthy control sera. (A) Mean fluorescence of monocytes incubated with
fluorescence-_acyvated cell sorter (FACS)_based assay was USQQT@-LPS in the presence of 15% serum from patients with severe sepsis or from
assess the binding of FITC-labeled LPS to PBMCs from healthyalthy controls. Data are presented as 25th (box), 50th (median), and 75th
donors in the absence or presence of serum. In a second assa&eﬂq@tiles (box) and range (-). Statistical analysis was performed with the Mann-

d dent LPS-ind d TNFs i by th hitney U test; *P < .05. (B) Patient example of the FITC-LPS FACS experiment:
serum-dependen -induce ecretion Dby these mopo- Monocytes were incubated with FITC-LPS in the presence of 15% serum from a
cytes was measured by ELISA. Peak LBP serum concentrations@fithy volunteer (ight gray graph) and serum from a randomly chosen patient with
patients with severe sepsis were identified by serial measuremenysre sepsis (dark gray graph).
as described above.

The correlation between LBP serum concentrations and menr< .05; Figure 3A). An example of the FITC-LPS FACS assay
fluorescence units was statistically significant (Pearson correlatiemploying serum from a randomly chosen severe sepsis patient
coefficient:r = —0.64, P < .001). The inverse relation betweencontaining 93.7.g/mL LBP and of a healthy control serum with an LBP
log LBP concentrations and log mean fluorescence units dencentration of 9.88g/mL is shown in Figure 3B.
demonstrated in Figure 2. Both subpopulations seem to foIIowFrlalTC LPS bining ¢ es in th ¢

- Inaing to monocytes In the presence O
common trend. 9 y P

The mean fluorescence units representing the LPS transfer[%hfz'sﬁptpljmemed contr.ol sera and partially
monocytes in the presence of sera of patients with severe sepsis or septic epieted severe sepsis sera

shock were significantly lower as compared with the mean fluoresceng@en rhLBP was added to serum of healthy controls leading to

units obtained with the control group sera (Mann-Whitiéytest,  total LBP concentrations comparable to peak serum concentrations
of the severe sepsis/septic shock cohort, the LPS transfer activity of
these sera was diminished, comparable to the results obtained with

Mean

fluorescence severe sepsis sera (Figure 4A). When increasing concentrations of
units (FU) rhLBP were added, the transfer activity was slightly enhanced for
10° r=-064 LBP concentrations up to 50g/mL (Figure 4B). However, higher

P = 0.001 rhLBP concentrations led to a marked down-regulation of LPS

binding. Next, we depleted severe sepsis sera from LBP by using an
anti-LBP antibody resulting in serum LBP concentrations found in
healthy controls. This partial LBP depletion of severe sepsis sera
led to a mean LBP concentration of 16:710.1 pg/mL. LBP
depletion significantly enhanced the LPS transfer activity and the
LPS-induced TNFx secretion of this serum (Table 2). A represen-
tative patient’s example of this effect is shown in Figure 4C.

10

T T CITmm T TTTTIT T T T 11
101 102 10° FITC-LPS binding to monocytes of healthy volunteers in the
LBP (ug/mL) presence of different concentrations of severe sepsis sera
Figure 2. Correlation between FITC-LPS binding to monocytes and LBP serum and sera of healthy controls

concentrations. The scattergram shows the association between log serum LBP

concentrations of the severe sepsis and control cohort and the log mean fluores- To obtain information on whether other serum compounds in
cence units as a measure of FITC-LPS binding to monocytes. The Pearson

correlation coefficient and ordinary least squares regression line are supplemented .addItIOI’? to LBP mlght_be responS|bIe for LPS'lnhlbltory activity,
(r=—0.64, P < .001). increasing concentrations of serum were used in the FITC-LPS
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Severe sepsis serum
(88.6 ug/mL LBP)
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(9.79 pg/mL LBP)
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Fluorescence units (FU)

Figure 4. FITC-LPS binding to monocytes in the presence of healthy control
sera, rhLBP-supplemented control sera, and LBP-depleted severe sepsis sera.
(A) Mean fluorescence of monocytes incubated with FITC-LPS in the presence of
control sera and control sera supplemented with 100 pg/mL rhLBP. Data are
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Table 2. Enhancement of LPS-induced monocytic response by LBP depletion
of severe sepsis sera

LBP concentration, LPS binding, TNF-« secretion,
mg/L* FUt pg/mL¥
Severe sepsis sera
Native 60.5 + 38.2 36.7 = 17.9 544 + 228
Partially LBP-depleted 16.7 = 10.1 65.1 + 28.08 991 + 2458

Data are presented as mean + SD of 8 independent experiments with randomly
chosen sera of severe sepsis patients.

*LBP serum concentrations were assessed by ELISA.

TMean fluorescence units were obtained by FACS analysis of gated monocytes
incubated with FITC-LPS in the presence of 15% native or partially LBP-depleted
severe sepsis sera.

FMonocytes were stimulated with 10 ng/mL LPS in the presence of 15% native or
partially LBP-depleted severe sepsis sera, and TNF-a concentrations in the superna-
tants were assessed by ELISA.

§The statistical significance of the difference between groups was assessed by
the Mann-Whitney U'test; P < .05.

36-150 pg/mL) as compared with a median concentration of 35
pg/mL (range 17-37 pg/mL) in sera of 6 healthy controls. While the
sera of sepsis patients thus exhibit elevated LPS levels, it can be
clearly ruled out that these concentrations would affect baseline
responsiveness in our biological assays.

Sera of the study cohort and of healthy controls were incubated
with 10 ng/mL LPS without heating and subjected to a modified
LAL assay as described in detail in “Patients, materials, and
methods” (Figure 6). Endotoxin concentrations measured in the
absence of serum were taken as 100%. Sera from healthy controls
were able to reduce LPS detected by LAL to a median value of
60%. Sera from severe sepsis patients, however, exhibited a
significantly more pronounced ability to bind LPS, resulting in a
median endotoxin concentration of 20% as measured by the LAL
assay (Mann-Whitney test,P < .05).

LPS-induced TNF- « secretion in the presence of severe sepsis
sera, healthy control sera, LBP-depleted severe sepsis sera,
and rhLBP-supplemented control and LBP-depleted severe
sepsis sera

We next investigated whether sera from severe sepsis patients
would influence LPS-induced TNé&-secretion of monocytes. To

presented as 25th (box), 50th (median), and 75th percentiles (box) and range (-). Mean

Statistical analysis was performed with the Mann-Whitney U test; *P < .05. (B) Mean fluorescence

fluorescence of monocytes incubated with FITC-LPS in the presence of control sera units (FU)

supplemented with increasing concentrations of rhLBP assessed by FACS analysis.

Data are presented as mean = SEM of 5 independent experiments. (C) Patient 801+

example of the FITC-LPS FACS experiment: mean fluorescence of monocytes

incubated with FITC-LPS in the presence of severe sepsis serum (dark gray graph)

and partially LBP-depleted severe sepsis serum (light gray graph). 60 1

FACS assay. The addition of severe sepsis and control sera in 40 {4

concentrations up to 5% of the total volume per well enhanced -

binding of FITC-LPS to monocytes. While acute-phase sera 20

showed an inhibitory activity when applied in concentrations above

7.5%, the inhibitory activity of control sera could be demonstrated 0 : ; . . . .
at a concentration above 30% (Figure 5). 0 20 40 60

Endotoxin-neutralizing capacity of sera measured by the
LAL assay

Serum (%) added to monocytes

Figure 5. FITC-LPS binding to monocytes of healthy volunteers in the presence
of different concentrations of severe sepsis sera and sera of healthy controls.
Binding of FITC-LPS to monocytes was assessed employing a FACS-based method

Because LPS transfer to monocytes was significantly reduced f¥iescribed in “Patients, materials, and methods.” Five independent experiments
severe sepsis sera, we next investigated whether these sera waitgera of 5 healthy controls (®; LBP serum concentration, 7.98 = 1.03 p.g/mL) and
display anincreased LPS binding resulting in a reduced Concent?faﬁ_randomly chosen severe sepsis patients (A; LBP serum concentration, 107 + 32

tion of “free” LPS. The median baseline LPS concentration fou

p.g/mL) were performed. Different volumes of serum were added as indicated. Data
e presented as mean *= SEM. Differences were analyzed by the Mann-Whitney U

in the sera of 8 randomly chosen patients was 86.5 pg/mL (range; *p < .05.
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LPS (%) monocytes, the addition of rhLBP resulting in a concentration of
120- - 150 pg/mL significantly reduced LPS binding as measured by
o6 I fluorescence intensity. LPS bioactivity measured by LPS-induced
$ T TNF-a secretion of monocytes was studied as described above. As
80— has been shown by others, low concentrations of LBP (10-100
ng/mL) increased LPS-induced TNFsecretion of monocytes as
60 — compared with stimulation in the absence of LBP (data not shown).
J_ Addition of 1, 10, and 50ug/mL rhLBP also enhanced TNé-
40 secretion, while acute-phase concentrations of more thamg56L
= led to a gradual decrease of LPS-induced TdFsecretion
20 @ (Figure 8B).
I I I
LPS Controls ~ Severe sepsis
without serum Discussion
(n=5) (n=86) (n=8)
Figure 6. Endotoxin-neutralizing capacity of severe sepsis and control sera Several lines of evidence are presented here indicating that

measured by the LAL assay. The LAL assay was performed as described in . . . .
“Patients, materials, and methods,” employing either sera of healthy controls or sera increased LBP concentrations found in serum of severe Sepsis

of patients with severe sepsis/septic shock. The concentration of LPS measured in  patients inhibit proinflammatory activity of LPS. The acute-phase
the absence of serum was set as 100%. Presented are the median; the 10th, 25th, increase of LBP concentrations therefore may represent an impor-
ZhséhM:::\?\mn’;{jﬁgﬁi:idége range. Statistical analysis was performed using  tant part of the antimicrobial defense system of the host. A
' down-regulation of proinflammatory cytokine release upon in vitro
LPS stimulation has been demonstrated by others in whole blood
this end freshly isolated PBMCs of healthy donors were stimulat@ptained from severe sepsis patietits® The mechanism of this
with 10 ng/mL LPS preincubated with severe sepsis or control sera.

LPS-induced monocytic TNE- secretion was significantly re- TNFa B mre
R . {ngimL} i (ngimL}

duced in the presence of severe sepsis sera as compared w gy o —
control sera (Mann-Whitney test, P < .05; Figure 7A). When
rhLBP was added to control sera, resulting in acute-phase conce

. P . . . 404 404
trations, a similar reduction in TNE- secretion was observed
(Figure 7B).

To evaluate the dose-dependent effect of LBP, rhLBP was adde ~ 2°1 201
in increasing amounts to control sera, and the TdNBecretion @
induced by 10 ng/mL LPS preincubated with these sera wa: o 0 T T

. . . Controls ~ Severe sepsis Controls  Controls + thLBP

assessed (Figure 7C). Increasing LBP serum concentrations led tc =40  (n=g3 n=8 =6
clearly reduced LPS-induced TNE-secretion in an LBP dose- LBP (gimi)7.94 831 LBP aiml) 7.6 850
dependent manner (Friedman teBt< .05). We also performed D
this experiment using an LPS concentration of 1 ng/mL to stimulategm T
the monocytes and found that a 5-fold lesser concentration gt psseinel (ngimL) e
rhLBP was able to achieve a similar reduction of TNBecretion '] T
as compared with stimulation with 10 ng/mL (data not shown). 80+ 201

To prove the specificity of LBP in inhibiting the LPS-induced
effects on monocytes, 6 randomly chosen severe sepsis sera we

depleted of LBP. Employing an anti-LBP antibody, we were able to ] 107

reduce LBP concentrations of severe sepsis sera to a concentrati z i

below the lower detection limit of the LBP ELISA. Following this S JE ==t s
depletion procedure, these sera were supplemented stepwise w © 20 4 6 8 100 Nate® 100 150 (igimb)
rhLBP. These sera were incubated with 10 ng/mL LPS, and the IR s sepsis  LBP-depleted sepsis serum

serum

stimulation expe_n_ment with monocytes was repeated. We fOU’ESure 7. LPS-induced TNF- « secretion in the presence of severe sepsis sera,
that sera containing only traces of LBP, as well as those S&atrol sera, LBP-depleted severe sepsis sera, and rhLBP-supplemented sera.
reconstituted with rhLBP up to fug/mL, were enhancing LPS- Monocytic TNF-a secretion in the presence of different sera preincubated with LPS.

. . . . . i - 1 i 0, 1 I
induced TNFe secretion as Compared with the sepsis sera. Addi LPS |ndL_Jced TNF-a secretion in the presence _of 15% sera from patient'_s with
ere sepsis and from healthy controls. (B) LPS-induced TNF-a secretion in the

back rhLBP up to aCUte'phase concentrations restored the LPp|%§ence of 15% control sera and control sera supplemented with 100 wg/mL rhLBP,
inhibiting activity comparable to native severe sepsis sera (Figsulting in LBP concentrations comparable to those found in severe sepsis. Data of
ure 7D). panels A and B are presented as 25th (box), 50th (median), and 75th percentiles
(box) and range (-). Statistical analysis was performed with the Mann-Whitney U test;
*P < .05. (C) Monocytes were stimulated with 10 ng/mL LPS preincubated in the
presence of sera of healthy controls supplemented with increasing amounts of rhLBP.
PS-induced TNF-a concentration in the presence of nonsupplemented serum of the

Finally, to address whether LBP can inhibit LPS activity indepert—

) X . healthy volunteers was set as 100%. Presented is the mean + SEM of 6 independent
dently of other serum factors, we established a serum-free in Vili@eriments. (D) Monocytes were stimulated with 10 ng/mL LPS preincubated with
system: Monocytes were incubated with FITC-LPS in the presencaive severe sepsis sera, LBP-depleted severe sepsis sera, and LBP-depleted

of increasing concentrations of rhLBP. and binding of LPS wasvere sepsis sera supplemented with increasing concentrations of rhLBP starting
’ with 1pg/mL. Each experiment was performed in duplicate employing 6 different

ass_essed by FACS as described abov_e (Figure 8A)' W_h”e_ Concr%ndomly chosen severe sepsis sera. Data are presented as mean = SEM. Statistical
trations of up to 10Qug/mL gradually increased LPS binding toanalysis was performed with the Wilcoxon test; *P < .05.

Inhibition of LPS effects in the absence of serum
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A lipoproteins, thus inhibiting LPS effect$22:383%e have recently
Mean shown in a mouse sepsis model that high concentrations of LBP
fluorescence . . . .
units (FU) generated by application of recombinant LBP can protect mice

against a lethal intraperitoneal injection of LPS or vital Gram-
negative bacteri& The ability of LBP to transfer LPS to lipopfo
teins may be the key mechanism for this protective role and for the
LPS-inhibitory activity of severe sepsis sera described in the
present paper. Although the early recognition of LPS may be
crucial for host defense, the spread of LPS monomers from a site of
infection via the bloodstream may be prevented by this mecha-
nism2149|n addition, our results in a serum-free system point to a
second mechanism of inhibitory activity of high-dose LBP. We and
others have proposed a “silent uptake” of LPS that potentially is
mediated by higher concentrations of LBP?Recent observations

by us suggest that these cellular mechanisms may occur both
CD14-dependently and CD14-independently (unpublished results,

300 -

250 A

200 A

150 4

100 4

50

rhLBP (ug/mL)

B 2001), which is in line with recent observations by others on
TNFo CD14-independent effects of Gram-negative bacteria and*B#S.
(pg/mL) We demonstrate here that acute-phase sera of severe sepsis
600 - patients are able to reduce LPS binding to monocytes and their
subsequent activation. The LBP depletion and reconstitution experi-
=00 ments strongly suggest that these inhibitory effects can be mainly
400 / attributed to LBP. Besides LBP, other serum proteins are known to
bind LPS and modulate LPS-induced monocytic activity: sCD14 is
300 1 released from neutrophil membranes by shedding and has been
200 4 shown to act as a coligand in the LPS-induced activation of CD14
cells such as endothelial and epithelial cétl$’ However, sCD14
100 + is also able to inhibit LPS-induced TNi-synthesis by monocytes
o - ; s in the presence of LBP and high-density lipoprot&if The
50 100 150 median of the peak serum sCD14 concentration measured in the
rhLBP (ug/mL) study cohort with severe sepsis was 1gg/mL (range 5.18-39.4

Figure 8. Inhibition of LPS effects in the absence of serum.  (A) LPS transferwas ~ ug@/mL). These concentrations are well below the inhibiting
assessed by a FACS-based_ method as_de.scribed. in “Patients, materials, and  concentrations observed in the study by Haziot ét ahd sCD14
T e L 1 ier.  therefore can be ruled out as being mainly responsible for the
values of 3 independent experiments. (B) Monocytes were incubated with increasing observed inhibitory effects of the severe sepsis sera. Nevertheless,
concentrations of rhLBP starting with 1.g/mL as indicated and with 10 ng/mL LPS.  sCD14 and LBP might act synergistic. Another inhibitory LPS
TNF—a concentrati_ons were measured by ELISA. Presented are the values of 3 binding protein is the bactericidal/permeabiIity-increasing protein
independent experiments. .

(BPI) usually not detectable in plasma of healthy volunté&?g5?

It has been demonstrated that in experimental endotoxemia as well
down-regulation, however, has remained unclear. In severe seps@sitn patients with severe sepsis, the peak LBP serum concentra-
has been demonstrated that IL-10, IL-4, and transforming growtiins were approximately 250-fold to 3000-fold higher than the
factor B have pronounced anti-inflammatory effects on mondeeak plasma BPI concentratioH$5! Although we did not
nuclear cell$# It has remained unclear, however, whether hepatftetermine BPI plasma concentrations in the present study, we
acute-phase proteins can modulate the monocytic secretionagsume that the BPI concentrations in severe sepsis sera were not
proinflammatory cytokines. In the present study we provideufficient enough to be responsible for the modulatory effects on
evidence that LBP has this ability. the LPS activity observed. Other serum factors, such as serum

Several studies have shown that LBP at low concentratioag1yloid A and P, albumin, transferrin, and LDL, have been shown
activates and amplifies the inflammatory host response to LPS, titashave the ability to bind LP%3°52The composition of the
potentially serving as a critical component in the initiation of th@cute-phase sera is quite complex, and we cannot exclude these
innate immune respondé.Blocking LBP with a polyclonal factors from also being responsible for the LPS modulating effects
antibody led to protection of mice after LPS applicat?é#¢ First observed here. On the other hand, our LBP depletion and recon-
experiments with LBP-deficient mice supported these findingsijtution experiments presented here present clear evidence that
because deletion of the LBP gene was associated with suppress$iBi® is a major factor for LPSletoxification during the acute-
of TNF-« induction and lethality in an LPS sepsis moéfel’After  phase response.
injection of whole Gram-negative bacteria, however, an enhanced Results of others up to now mainly indicated LPS-enhancing
mortality in LBP knock-out mice was observed due to an oveeffects of LBP85354 |n these studies, however, always low
whelming spread of bacterfA.This may have been caused eitheconcentrations of LBP were employed. Enhancement of LPS
by a lack of the early and effective activation of the innate immureffects was demonstrated by the addition of either 0.1% to 1%
system or by a lack of the inhibitory function of LBP, as suggesteatute-phase serum of severe sepsis patients or by using up to 10%
by the data shown here. of control serum. In the present study we confirmed these results

The mechanisms of the LPS-inhibitory activity of LBP aredor the addition of low amounts of serum (Figure 5); however,
currently not clear. LBP has been found to transfer LPS infacreasing volumes of serum, thus increasing LBP concentrations,

20z aunf g0 uo 3senb Aq 4pd 008€0 | 0¥Z8U/09€6.91/008E/€ L/86/4Pd-BJ01E/PO0Iq/ABU"SUOKEDIIGNdYSE//:dBY WOy papeojumog



BLOOD, 15 DECEMBER 2001 - VOLUME 98, NUMBER 13 HIGH-LEVEL LBP INHIBITS LPS RESPONSE 3807

clearly down-regulated LPS transfer and monocytic activatiom Gram-positive severe sepsis and is thus not specific for
Endotoxin present in patients’ sera, although elevated, can be ruiefiéctions with Gram-negative microorganisms. We could not
out as influencing our in vitro results, because the LPS concentcanfirm in our study the findings of Opal et al that serum LBP
tions added experimentally were always in at least 10-fold wpncentrations of nonsurvivors were significantly lower as com-
100-fold excess. pared with survivord® In the present study with a clearly defined

In the serum-free assay described in this study, higher concentwaset of severe sepsis and serial measurements, we did not find a
tions of rhLBP were needed to achieve a decrease of LPS bindiegrrelation between initial or peak serum LBP concentrations and
and a reduced TNE- secretion as compared with the assaysutcome in patients with severe sepsis or septic shock. This is
employing severe sepsis sera. Furthermore, we obtained evidegeesistent with other reportg:18.50
that small concentrations of LPS are more easily inhibited by LBP In summary, our experiments with human severe sepsis sera
as compared with higher concentrations, in line with resulisemonstrate an inhibitory role of high LBP concentrations in the
obtained with a murine macrophage cell I#t®©ur different assays LPS-induced inflammatory response. Further experiments are
exhibited a different degree of inhibition, with the FITC-LPSheeded to completely elucidate this novel defense mechanism. A
binding assay giving rise to lesser inhibition. This also may veryomplete understanding of the innate immune system during the
well be related to the higher LPS concentrations employed in thigute-phase response in severe sepsis or septic shock and its
assay. A more detailed analysis of serum components, theigulation may provide a basis for new therapeutic approaches in
concentrations, and LPS inhibition is subject of a separate ongoipgtients suffering from an uncontrolled systemic inflammation.
investigation in our laboratory. As the major mechanism of the
effects observed here in severe sepsis sera, we propose that high
serum LBP concentrations were able to down-regulate LPS activity
in the presence of lipoproteins. Several studies have demonstra@aﬂ(nowledgments
reduced lipoprotein concentrations in severe sePskilt is
tempting to speculate that sera from patients with elevated LBP, y¥e are very grateful to Frezi Creutzburg for outstanding technical
higher lipoprotein concentrations, are even more efficient in LPSipport and for performing LBP depletion and reconstitution
neutralization. Experiments addressing the synergistic role eXperiments. Nicole Siegemund is acknowledged for excellent
lipoproteins and LBP in inhibiting LPS activity are also currentlftechnical support. We are furthermore grateful to Ariane Asmus and
under way in our laboratory. Naser Qedra for assistance in blood sample collection and clinical

In the present prospective clinical study, we observed that tegaluation of the patients. We also thank Peter Germain for the
up-regulation of LBP takes place both in Gram-negative as well agtical reading of this manuscript.
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