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The lipopolysaccharide-bindingprotein (LBP) is critically involved in innate immune responses toGram-negative
infections. We show here that human peripheral blood-derived monocytes, but not lymphocytes, stain positive
for endogenous LBP on the cell surface. Studies on human macrophages demonstrate LBP binding at normal
serum concentrations of 1–10 μg/ml. Binding was increased in a concentration-dependent manner by lipopoly-
saccharide (LPS). Fluorescence quenching experiments and confocal microscopy revealed constitutive and LPS-
induced internalization of LBP by macrophages. Experiments with macrophages and HEK293 cell lines showed
that binding and uptake of LBP do not depend on the LPS receptors CD14 and TLR4/MD-2. Fractionation of Triton
X-100 solubilized cytoplasmic membranes revealed that LBP was primarily localized in non-raft domains under
resting conditions. Cellular LPS stimulation elevated LBP levels and induced enrichment in fractions marking the
transition betweennon-raft and raft domains. LBPwas found to colocalizewith LPS at the cytoplasmicmembrane
and in intracellular compartments of macrophages. In macrophages stimulated with LPS and ATP for
inflammasome activation, LBP was observed in close vicinity to activated caspases. Furthermore, LBP conferred
IL-1β production by LPS in the absence of ATP. These data establish that LBP serves not only as an extracellular
LPS shuttle but in addition facilitates intracellular transport of LPS. This observation adds a new function to this
central immune regulator of LPS biology and raises the possibility for a role of LBP in the delivery of LPS to
TLR4-independent intracellular receptors.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

The lipopolysaccharide-binding protein (LBP)4 is a versatile mole-
cule serving different functions in immune regulation and lipid transfer.
Like other members of the BPI/LBP/Plunc protein superfamily [1], LBP is
a key player in innate immunity defenses against bacterial infections [2,
3]. As a class I acute-phase protein LBP is induced by pro-inflammatory
cytokines such as interleukins 1 and 6, tumor necrosis factor-alpha
(TNF-α), and glucocorticoid hormones in the liver [4,5], and in non-
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hepatic tissues such as the gut and the lung [6,7]. Serum concentrations
of LBP range between 5 and 10 μg/ml during homeostasis, increasing up
to 200 μg/ml during an acute-phase response in the course of an infec-
tion [8]. LBP expression and function are strongly associated with the
recognition and control of bacterial infections. The most prominent
task of LBP is its role as part of the sensing apparatus for Gram-
negative lipopolysaccharides (LPS, endotoxin) [9]. Upon binding to
LBP in serum, LPS is transported via soluble and membrane-anchored
cluster of differentiation 14 (CD14) to the Toll-like receptor 4 (TLR4)/
MD-2 signaling complex [5,10–13]. LBP can thereby sensitize host
cells to minute amounts of LPS [3]. Activation of the TLR4/MD-2 recep-
tor complex triggers a myriad of pro- and anti-inflammatory responses
[14]. If dysregulated, these host reactions can have inadvertent out-
comes such as severe sepsis or septic shock [15]. In vivo studies showed
that LBP-deficient mice generated by targeted deletion of the LBP gene
have a reduced inflammatory response and a greater survival rate
after LPS challenge compared to their wildtype littermates [16,17]. At
the same time LBP-deficient mice have an impaired ability to clear sys-
temic bacterial infections [16,18–20]. Interestingly, LBP-deficient mice
show an impaired immune response to pulmonary infections with
Gram-negative bacteria with greater bacterial loads and increasedmor-
tality [21,22], demonstrating a role of LBP in the immune defense of the
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lung. LBP has also been associated with other inflammatory disorders
such as metabolic syndrome and artherosclerosis [23,24].

In addition to binding LPS, LBP has been shown to interact with a
multitude of bacterial lipids, e.g. lipopeptides, lipomannan, and
lipoteichoic acid [2,25]. As a lipid carrier, LBP binds a variety of phos-
pholipids, including phosphatidylcholine and phosphatidylinositol,
transporting them to high density lipoproteins [26]. Additionally,
we and others have shown previously that LBP intercalates into
reconstituted phospholipid bilayers in the absence of LPS [27,28].

The interaction of LBP with host cells has so far mostly been ad-
dressed in the context of LPS binding and transport in serum. Based
on its membrane activity, we hypothesized that LBP also interacts
with the cytoplasmic membrane of host cells. This membrane-
associated form of LBP may be involved in LPS-induced immune activa-
tion, whichwould extend the function of LBP beyond that of a mere LPS
shuttle protein. In the present study, we investigated themembrane in-
teraction and the internalization of LBP using primary human mono-
cytes and macrophages, as well as a HEK293-derived cell line,
expressing recombinant TLR4/MD-2. We analyzed the role of LPS in
the interaction of LBP with host cells as well as the localization of LBP
in unstimulated and LPS-stimulated cells. Our data demonstrate an in-
herent ability of LBP to bind to human primary mononuclear cells as
well as stable cell lines and support a role for LBP in the intracellular
transport of LPS.

2. Experimental procedures

2.1. Chemicals and reagents

Deep rough mutant LPS was extracted from Escherichia coli strain
WBB01 using the phenol/chloroform/petroleum ether method and ly-
ophilized [29]. Smooth LPS was prepared from wild-type Salmonella
abortus equi by phenol water extraction [30]. LPS preparations were an-
alyzed by mass spectrometry and used in the natural salt form. Smooth
LPS from E. coli strain K235 (List Biological Laboratories, Campbell, CA,
USA) was purified by phenol-reextraction according to Hirschfeld and
colleagues [31]. All LPS preparations were analyzed with respect to
TLR-specificity and were found to be devoid of TLR2-activity in
HEK293 cell stimulation assays. LPS suspensions were prepared by
reconstituting LPS in A. dest (B. Braun, Melsungen, Germany) and sub-
jecting it to sonication for 30min in awater bath. Subsequently, suspen-
sions were temperature cycled three times between 4 °C and 60 °C,
30 min each and stored over night at 4 °C before the first use. For
fluorophore-labeling, LPS was mixed with rhodamine-coupled phos-
phatidylethanolamine (Avanti Polar Lipids, Alabaster, AL, USA) in chlo-
roform in a molar ratio of 10:1. The chloroform was evaporated under
a stream of nitrogen, lipids were reconstituted in A. dest and subjected
to the same sonication and temperature treatment as described above.

1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), sphingomyelin
(SM) and cholesterol (Chol) were from Avanti Polar Lipids (Alabaster,
AL, USA). The fluorophore-conjugated phospholipids N-(7-nitro-2,1,3-
benzoxadiazol-4-yl)-PE (NBD-PE) and N-(rhodamine B sulfonyl)-PE
(Rh-PE) were obtained from Molecular Probes (Life Technologies,
Darmstadt, Germany).

Human recombinant LBP was a kind gift of XOMA Corporation
(Berkeley, CA, USA). Fluorophore-labeled LBP was prepared using
Alexa Fluor® microscale protein labeling kit (Life Technologies,
Darmstadt, Germany) according to the manufacturers' protocol.
Human serum albumin was obtained from Sigma-Aldrich (München,
Germany), human C-reactive protein from R&D Systems (Wiesbaden,
Germany) and human IgG control from Life Technologies (Darmstadt,
Germany).

Primary anti-LBP antibodies biG33, biG42, and anti-CD14 antibody
biG14 were purchased from Biometec (Greifswald, Germany), and
mouse anti-TLR4 clone HTA125 was purchased from Imgenex Corp.
(San Diego, CA, USA). Goat anti-mouse IgG-A546 and IgG-A647 were
from Life Technologies (Darmstadt, Germany), goat anti-mouse IgG-
HRP from Jackson ImmunoResearch (West Grove, PA, USA), anti-
CD14-PE from BD Biosciences (Heidelberg, Germany), IgG1 and IgG2a
isotype control were from Santa Cruz (Heidelberg, Germany). DAPI
and Hoechst 34580 were purchased from Sigma-Aldrich (München,
Germany). Human TNFα ELISA was from BD Biosciences (Heidelberg,
Germany), human IL-1β duoset ELISA was from R&D Systems (Wiesba-
den, Germany), and LDH cytotoxicity assay was from Pierce (Thermo
Fisher, Braunschweig, Germany). Fugene was purchased from Promega
(Mannheim, Germany).

2.2. Cells

Human mononuclear cells (MNCs) were isolated from heparinized
peripheral blood of healthy donors. The procedures for blood donation
were approved by the ethical committee of the University of Lübeck.
MNCs were harvested by density gradient centrifugation and washed
three times in serum-free RPMI medium (endotoxin ≤ 0.01 EU/ml,
Biochrom, Berlin, Germany) before being used in experiments. For the
differentiation into macrophages, MNCs were cultivated in teflon bags
in RPMI medium as described previously [32]. Macrophages were har-
vested on day 7, washed twice in serum-free RPMI, and seeded in
serum-free RPMI, containing 200 mM L-glutamine, 100 U/ml penicillin,
and 100 μg/ml streptomycin for experiments. HEK293 and HEK293-
hTLR4/MD-2 cell lines were maintained in DMEM medium (Biochrom,
Berlin, Germany) containing 10% fetal calf serum (Linaris, Dossenheim,
Germany) and 2% L-glutamine/streptomycin/penicillin, at 37 °C in a 5%
CO2 atmosphere. Additionally, HEK293-hTLR4/MD-2 cells were culti-
vated in the presence of 400 U/ml hygromycin, and 0.5 mg/ml G418
[33].

2.3. Flow cytometry

For the staining of endogenous LBP, freshly isolated human MNCs
were aliquoted at 5 × 105 cells/sample, blocked for 30 min in PBS
(Biochrom, Berlin, Germany) containing 10% FCS, and either stained
for LBP with the primary antibodies biG33 and biG42, or incubated
with isotype matched control IgG, followed by goat anti-mouse-biotin,
and streptavidin-APC conjugate. Monocytes were counterstained with
anti-CD14-PE.

To investigate the binding of recombinant fluorophore-labeled LBP,
macrophages were harvested, washed with ice cold PBS, and centri-
fuged (400 ×g, 5 min; 4 °C) in FACS tubes. For each sample 5 × 105

cells were incubated with LBP and LPS as indicated, subsequently
washed with PBS or azide-PBS containing 2% FCS, and fixed with 2%
paraformaldehyde for 15 min at room temperature. If trypan blue
quenchingwas performed, sampleswere split into two aliquots. One al-
iquot was then centrifuged and the supernatant discarded. Directly
prior to themeasurement the cell pelletwas resuspended in 0.2% trypan
blue solution. HEK293-hTLR4/MD-2 cells were stained for TLR4 with
20 μg/ml mouse monoclonal anti-TLR4 antibody clone HTA125 for
30min on ice. An anti-mouse IgG-A647 conjugate served as a secondary
antibody. Cells were washed with azide-PBS containing 2% FCS, centri-
fuged (400 ×g, 5 min; 4 °C) and resuspended in azide-PBS with 2%
FCS. Flow cytometry was performed using the FACSCalibur™ system
from BD Biosciences operated with BD CellQuest software version 6.0
(BD Biosciences, Heidelberg, Germany). For each sample 10,000 events
(cells) were measured and data analysis was performed usingWinMDI
software from Scripps Research Institute (La Jolla, CA, USA).

2.4. Confocal microscopy

Human macrophages, 2 × 105 cells/well, and HEK293-hTLR4/MD-2
cells, 5 × 105 cells/well, were seeded into μ slides VI from Ibidi
(Martinsried, Germany), and allowed to settle over night in serum-
containing culture medium at 37 °C in a 5% CO2 atmosphere. Prior to
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staining the medium was removed and the cells were washed with
serum-free medium. Cells were then incubated with LBP and LPS at
37 °C as indicated, washed twice with ice cold PBS, and fixed with 4%
paraformaldehyde for 10 min at room temperature. HEK293-hTLR4/
MD-2 cells were stained for TLR4 with 20 μg/ml mouse monoclonal
anti-TLR4 antibody clone HTA125 for 60 min, followed by an anti-
mouse IgG-A546 conjugate. Cell nuclei were counterstained with Dapi
or Hoechst 34580.

For inflammasome staining, human macrophages were seeded at
2 × 105 cells/well in OPTI-MEMmedium (Life Technologies, Darmstadt,
Germany) into μ-slides VI and incubated for 1 h at 37 °C in a 5%CO2 atmo-
sphere for adherence. Macrophages were then stimulated with 1 μg/ml
ultrapure LPS from Salmonella abortus equi, 5 μg/ml LBPA647, and 10 μM
of the caspase-1 pseudosubstrate CaspACE TM FITC-VAD-FMK (Promega,
Mannheim, Germany) for 23 h, followed by a 1 h incubation in the
presence of 10 mM ATP (Sigma-Aldrich, Hamburg, Germany) for
inflammasome activation. Cells were subsequently washed with ice-
cold PBS, fixed, and stained for DNA as described above.

Confocal laser scanning microscopy was performed using a TCS SP5
(Leica Microsystems GmbH, Wetzlar, Germany) with the HCX PL APO
CS 63×/1.4 oil immersion lens.

2.5. Förster resonance energy transfer (FRET) assay

The interaction of LBP with host cell membranes was investigated
using FRET spectroscopy as a probe dilution assay on a Fluorolog 2 spec-
trometer (Horiba Scientific, Unterhaching, Germany). The incorporation
of protein into the liposomes increases the liposomal surface and thus
the average distance between the labeled phospholipids, thereby
increasing the ratio of donor/acceptor fluorescence intensity (FRET-
signal, ID/IA). DOPC/SM/CHOL 9:9:2 (M) liposomes were labeled with
the fluorescent dyes NBD-PE and Rh-PE at a final molar ratio of
[phospholipid]:[NBD-PE]:[Rh-PE] = 100:1:1 as described previously
[34]. Liposomes were diluted to a 10 μM concentration in 20 mM
HEPES, pH 7.4, adjusted to a temperature of 37 °C, and placed in a
glass cuvette with a magnetic stirrer. The emission intensities of the
two dyes were equalized at the beginning of each experiment by
adjusting the slit width. Fluorescence emission intensities were record-
ed for 50 s for base line documentation and subsequently proteinswere
added to a final concentration of 5 μg/ml.

2.6. Fractionation of cytoplasmic membranes

Monocytes from peripheral blood of healthy donors were incubated
with 100 ng/ml LPS K235 or serum-free control medium for 30 min at
37 °C. Subsequently, cells were washedwith ice-cold PBS and incubated
in lysis buffer (10 mM HEPES, 42 mM KCL, 5 mM MgCl2, 1 mM Na-
Vanadat, pH 7.4) containing complete mini protease inhibitor (Roche,
Mannheim, Germany). The suspension was subjected to ultrasound
and subsequently centrifuged with 116.000 ×g at 4 °C for 30 min. The
supernatant was collected as the cytosolic fraction. The pellet fraction
was resuspended in 0.1% Triton X-100 for 1 h and mixed with 85% su-
crose solution. The suspension was then overlayed with 30% sucrose
and 5% sucrose. The preparation was centrifuged for 19 h at 4 °C with
150.000 ×g. The supernatant was collected in fractions of 150 μl each
and the pellet as one fraction. Of each fraction 5 μLwas pipetted onto ni-
trocellulose membranes and immunostained for GM1 using HRP-
conjugated cholera toxin B and visualized by chemiluminescence. If
staining was positive the respective fractions were defined as lipid raft
fractions. Membrane fractions were assayed for protein content using
Bradford reagent (Biorad, Munich, Germany). Of each fraction 15–
20 ng protein was separated via SDS-PAGE and blotted onto nitrocellu-
lose membranes. Membranes were probed for LBP with the biG42 anti-
body and horseradish peroxidase-conjugated goat anti-mouse IgG-HRP,
and visualized by chemiluminescence. To determine differences in the
LBP amounts in the cytoplasmic membrane fractions densiometric
analysis of immunostainedWestern blots were performed using ImageJ
(National Institute of Health, Bethesda, MD, USA).

2.7. Statistical analysis

All calculations were done using GraphPad Prism (version 5.0;
GraphPad Software, San Diego, CA, USA). Details of analysis are noted
in respective figure legends. Values of p ≤ 0.05 were considered
significant.

3. Results

3.1. LBP binds to mononuclear cells

During homeostasis, LBP is present in serum at constitutive concen-
trations between 5 and 10 μg/ml [8]. Hence, all cells in the blood stream
are constantly exposed to LBP. We sought to determine if LBP could be
detected on human monocytes under resting conditions. For this pur-
pose, we incubated human MNCs, freshly isolated from peripheral
blood of healthy donors, with two different monoclonal anti-LBP anti-
bodies and analyzed them by flow cytometry. To determine the mono-
cyte population among the MNCs, CD14 staining was performed
(Fig.1A). We observed a strong signal from both anti-LBP antibodies in
the CD14-positive population (monocytes), whereas no LBP staining
was detectable in the CD14-negative population (lymphocytes)
(Fig. 1B, C). Statistical analysis of eight independent experiments con-
ducted with macrophages from different donors showed that the sig-
nals from both anti-LBP antibodies were significantly higher than the
isotype control signal, with p b 0.01 for biG42 and p ≤ 0.05 for biG33
(Fig. 1D). LBP levels in the donor sera were analyzed by ELISA and
were found to be within the expected range for normal human serum
samples (data not shown). This is the first evidence that LBP is bound
to host cells under homeostatic conditions.We continued our investiga-
tion by further characterizing the interaction of LBP with primary
immune cells.

3.2. LBP interacts with macrophages independently of LPS

A bacterial infection triggers monocyte differentiation into macro-
phages. Their responsiveness to LPS is strongly regulated by LBP.
Hence, we investigated the binding of LBP to human macrophages
with respect to dose-dependence, temperature-dependence, and time.
For this purpose, we conjugated recombinant human LBP with the
fluorophore Alexa 488, hereafter termed LBPA488, and performed flow
cytometry-based binding assays. Biological activity of the LBPA488 was
retained, as tested in LPS-stimulation experiments (Fig. 2A).

In an initial analysis, we investigated if the association of LBP with
host cells is dependent upon the presence of serum components or
LPS. Human macrophages were incubated in serum-free medium, in
the absence of LPS, with different concentrations of LBPA488, all of
whichwerewithin the range of homeostatic conditions. Flow cytometry
analysis showed a distinct concentration-dependent association of
LBPA488 with human monocyte-derived macrophages (Fig. 2B). These
findings and the described detection of LBP on freshly isolated mono-
cytes demonstrate an inherent cell binding property of LBP in the pres-
ence and absence of serum.

Thereafter we conducted assays analyzing cellular LBP binding with
regard to time and temperature. Since macrophages are professional
phagocytes with a high mobility of their cytoplasmic membrane, we si-
multaneously addressed the question, if membrane-associated LBP is
internalized. For this purpose, we used a quenching protocol based on
the diazo dye trypan blue. Addition of the dye to the macrophage sus-
pension eliminated all extracellular fluorescence. Intracellularly origi-
nating fluorescence was unaffected, since trypan blue does not pass
through cytoplasmic membranes of viable cells. Human macrophages
were incubated with LBPA488 at 37 °C and on ice for the indicated time
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periods. At 37 °C a notable association of LBPA488withmacrophageswas
observed after 5 min of incubation, which increased to significant bind-
ing after 15 min (p b 0.01) and 30 min (p b 0.001). Within the tested
incubation time frame of 30min LBP binding did not go into saturation.
Quenching of cells incubated at 37 °C resulted in a decrease of about 50%
of the LBPA488 signal (Fig. 2C), demonstrating internalization of a con-
siderable portion of LBPA488. Incubation of macrophages with LBP on
ice also showed a distinct binding of LBPA488 to the cells. However, un-
like incubation at 37 °C, binding to macrophages on ice was saturated
Fig. 1. Freshly isolated human monocytes are LBP positive — human mononuclear cells
were isolated from blood of healthy donors and stained for LBP with 10 μg/ml of anti-
LBP antibodies biG33 or biG42, or isotype matched control IgG. Secondary staining was
performed with goat anti-mouse-biotin and streptavidin-APC conjugate. CD14 staining
using anti-human CD14-PE was done to identify the monocyte population.
(A) Distribution of CD14-positive (R1) and CD14-negative (R2) cell populations in
MNCs. (B, C) LBP staining with antibodies biG42 (solid black line) and biG33 (dashed
black line), compared to isotype control IgG (dotted gray line) in CD14-positive
monocyte population (B) and in the CD14-negative lymphocyte population (C). The
data shown is from one experiment representative of eight independent experiments.
(D) Comparison of median fluorescence intensities (FI) of antibody and isotype control
staining of monocyte population. The data are depicted as mean ± s.d. of 8 individual
donors. Statistical analysis was performed using one-way ANOVA with Dunnett's post-
test. Significant differences are marked with * = p ≤ 0.05 or ** = p b 0.01.
after 5 min. Quenching of the samples incubated on ice completely ab-
rogated the fluorescence signal (Fig. 2D) indicating that, at low temper-
atures, LBP remains exclusively surface-bound.

These results oppose the current scientific opinion,which states that
LBP exerts a mere extracellular carrier function transporting LPS to the
TLR4/MD-2 receptor complex, without any direct interaction with
host cells itself. In contrast to this, our findings demonstrate that LBP
at normal serum concentrations does bind to human immune cells in
the absence of LPS. LBP binding to host cells is time-dependent and
temperature-sensitive. Quenching assays showed that, concurrent
with binding, LBP is internalized by macrophages.

3.3. LPS enhances the interaction of LBP with macrophages

LBP has been demonstrated to enhance the binding of LPS to host
cells, sensitizing host cells to minute amounts of LPS. To investigate if
and how LPS in turn affects the interaction between LBP and host
cells, we coincubated human macrophages under serum-free condi-
tions with LBPA488 and LPS. Flow cytometry analysis revealed a
concentration-dependent increasing effect of LPS on the binding of
LBP488 to macrophages. We also checked for LBP influence on LPS bind-
ing, which was enhanced by increasing concentrations of LBP (Fig. 3A,
B). In contrast, blocking of CD14 by an inhibitory CD14 antibody did
not affect the binding of LBP to human macrophages (Fig. 3C, D). LBP
binding in the absence of antibody was not significantly different to
binding in the presence of anti-CD14 or isotype control antibody. How-
ever, all three groups showed highly significant (⁎⁎, p b 0.01) binding of
LBP to macrophages compared to control cells in the absence of LBP.

To analyze the localization of cell-bound LBP in the absence or pres-
ence of LPSwe performed confocal laser scanningmicroscopy. For these
experiments, we used recombinant LBP labeled with the fluorophore
Alexa 647, hereafter termed LBPA647. Human macrophages were incu-
bated in serum-free mediumwith LBPA647 with or without the addition
of LPS. In good accordance with our flow cytometry data we found
membrane-bound LBP and a punctuate intracellular localization of LBP
(Fig. 3E, left column). The addition of LPS enhanced the LBP signal, with-
out notably changing the overall distribution of LBP. Neither did we ob-
serve a change in the ratio of membrane-associated LBP to intracellular
LBP (Fig. 3E, right column). These findings demonstrate that while the
cellular binding property is inherent to LBP itself, LPS does affect the in-
teraction of LBP with host cells. This suggests a possible role of cellular
LBP, additionally to serum LBP, in LPS-mediated cell activation.

3.4. TLR4 is not the primary cellular interaction partner of LBP

In the previous experiments we demonstrate that LBP binds to
humanmacrophages independently of LPS and of CD14. To shed further
light on the interaction of LBP with host cells we sought to identify the
site of LBP membrane interaction. Considering that the TLR4/MD-2 re-
ceptor complex is the dominant cellular LPS receptor, we first analyzed
its involvement in cellular LBP binding. For this purpose, we performed
colocalization experiments using fluorophore-labeled LBP and HEK293



Fig. 2. Human macrophages bind and internalize LBP — (A) TNF-α concentrations measured in cell-free supernatants of human macrophages incubated in serum-free medium in the
presence of 1 μg/ml LBPA488 (light gray bar), LBPA647 (dark gray bar), or control medium (white bars) and subsequently stimulated with 0.1 ng/ml LPS K235 for 4 h at 37 °C.
(B) Human monocyte-derived macrophages were incubated with 0, 1, 5, and 10 μg/ml LBPA488 in RPMI medium without serum for 15 min at 37 °C, or (C) 20 μg/ml LBPA488 for 5, 15,
and 30 min at 37 °C, or (D) on ice. Graphs depict median fluorescence intensities, normalized to untreated control cells (0 min) as mean ± s.d. of four independent experiments.
White bars represent overall fluorescence (intra- & extracellular). Gray bars represent intracellular fluorescence after trypan blue quenching. Statistical analysis of unquenched
samples was performed using one-way ANOVA with Dunnett's post-test. Significant differences in median FI compared to untreated control cells are marked with * = p ≤ 0.05, ** =
p b 0.01, or *** = p b 0.001.

664 F. Kopp et al. / Biochimica et Biophysica Acta 1863 (2016) 660–672
cells recombinantly expressing human TLR4 and MD-2. The cells were
incubated with LBPA647, subsequently immunostained for TLR4, and an-
alyzed via confocalmicroscopy.While therewas some intracellularly lo-
calized LBPA647, most of the LBPA647 was detected along the cytoplasmic
membrane. Colocalization of LBP and TLR4 was not evident (Fig. 4A,
upper panel). The fluorescence intensities of LBPA647 and antibody-
stained TLR4 along the cytoplasmic membrane were inspected in
more detail using fluorescence line profiles. Intensity peaks of both pro-
teins alternate with only very little overlay (Fig. 4A, lower panel). Thus,
no systematic colocalization between LBP and TLR4 was evident. To
exclude the possibility that the absence of colocalization of the two pro-
teins may stem from an interference of the anti-TLR4 primary antibody
with LBP binding to the receptor, comparative flow cytometry experi-
ments were conducted. HEK293-hTLR4/MD-2 cells were immuno-
stained for TLR4 with or without prior incubation with LBPA488. No
difference in the TLR4 staining was observed with regard to LBPA488 in-
cubation, proving that the lack of colocalization of LBP and TLR4 is not
caused by competing binding sites of LBP and the anti-TLR4 antibody
on the receptor complex (data not shown).

To further elucidate whether TLR4 is at all necessary for LBP binding
to HEK293 cells, analysis was performed using HEK293 wildtype cells
and HEK293-hTLR4/MD-2 cells. FACS analysis showed that LBP binds
to both cell lines (Fig. 4B, C), and statistical analysis of four independent
experiments revealed no significant difference (p= 0.392) in the bind-
ing efficiency of LBP to cells with and without the TLR4/MD-2 receptor.
Since HEK293 cells do not have endogenous CD14 expression, we
conclude that neither CD14 nor TLR4 is a prerequisite for the binding
and uptake of LBP by human cells.

3.5. LBP partitioning into eukaryotic membranes

To test the hypothesis of a receptor independent mechanism of host
cell interaction, we employed phospholipid liposomes resembling the
lipid composition of eukaryotic cell membranes. In a FRET-based mem-
brane interaction assay, addition of LBP to DOPC/SM/CHOL liposomes
led to a rapid increase of the FRET-signal, indicating the incorporation
of LBP protein into the liposomal membrane (Fig. 5A). In contrast,
human serum albumin, the acute phase-protein C-reactive protein, or
human IgG molecules did not show intercalation into the liposomes,
demonstrating that the observed effect is specific for LBP. These data
support the hypothesis that a molecular mechanism based on mem-
brane partitioning contributes to the observed association of LBP with
the cytoplasmic membrane of host cells.

3.6. LBP enriches in the cytoplasmic membrane upon LPS stimulation

Theproteins of the LPS-sensing apparatus, specifically CD14 and TLR4/
MD-2, show a highly regulated spatio-temporal organization in signaling
domains of the cytoplasmic membrane that is referred to as lipid rafts.
Whereas the GPI-anchored LPS-binding receptor CD14 is constitutively
localized in these cholesterol and sphingolipid rich membrane domains,
TLR4 has been demonstrated to be localized outside of lipid raft domains



Fig. 3. LPS enhances LBP binding to humanmacrophages— humanmacrophageswere incubatedwith 5 μg/ml LBPA488 and E. coliWBB01 LPS at the indicated concentrations for 15min at
37 °C. (A) Graph depicts median FI of LBPA488 as mean ± s.d. of four independent experiments. Data was normalized to unstained control (no LBP, no LPS). Significance of differences in
median FI compared to untreated control groups (0 μg/ml LPS)was determined byone-wayANOVAwith Dunnett's post-test (**=p b 0.01, ***=p b 0.001. (B) Graphdepictsmedian FI of
LPS as mean ± s.d. of four independent experiments. Data was normalized to control samples (0 μg/ml LPS). Statistical analysis was performed using one-way ANOVA with Bonferroni
post-test. Significant differences in median FI between LPS only and combined LPS + LBP treatment of macrophages are marked as *** = p b 0.001. (C) Human macrophages were
incubated with anti-CD14 antibody biG14 or isotype matched control antibody at 20 μg/ml for 15 min and then incubated with 10 μg/ml LBPA647 for 15 min at 37 °C. Unstained cells
are depicted as control. Binding histograms of LBPA647 from cells of one donor. (D) Mean ± s.d. of the median FI of LBPA647 of three individual donors, cells treated as in C. Statistical
analysis by one-way ANOVA with Bonferroni post test (** = p b 0.01). Differences between LBP and antibody treatment groups are not significant (n.s.) (E) Human macrophages were
incubated with 10 μg/ml LBPA647 (red) in the absence (left column) or presence (right column) of 5 μg/ml E. coli WBB01 LPS for 10 min at 37 °C. Cell nuclei were stained with DAPI
(blue) after cell fixation. Top panel shows overlay images of LBPA647 fluorescence with respective phase contrast images. Bottom panel shows enlargements of black rectangles
depicted in top panel. White and black bars on bottom left represent 50 μm. Images are taken from a single experiment representative of three independent experiments.
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under resting conditions [35]. Upon LPS stimulation, the TLR4/MD-2 com-
plex is recruited to raft domains forming the active signaling complex by
heterodimerization upon LPS binding to MD-2 [11,35–37]. We therefore
sought to determine the distribution of LBP in lipid raft domains of the
cytoplasmic membrane. We stimulated human monocytes with LPS, iso-
lated the plasma membranes and solubilized them in Triton-X 100. Lipid
raft domains have been found to be resistant to solubilizationwith Triton
X-100 making them accessible to isolation by this detergent [38]. The



Fig. 4. LBP and TLR4 localize in different domains in the cytoplasmic membrane — (A) HEK293-hTLR4/MD-2 cells were incubated with 20 μg/ml LBPA647 (red) for 5 min at 37 °C and
immunostained for TLR4 with 20 μg/ml of the anti-TLR4 antibody HTA125 and 2 μg/ml of anti-mouse IgG-A546 antibody (green). Cell nuclei were counterstained with DAPI (blue).
Top panel shows the fluorescence image (left) and the overlay with the respective transmission light image (right). Bottom panel shows enlargement of the area marked by a white
rectangle (top left) and the fluorescence intensity profile of LBPA647 and TLR4/A546 along the dotted white line; black arrows indicate direction. White and black bars on bottom left
represent 10 μm. The image was taken from one experiment representative of three independent experiments. (B) HEK293 (left) and HEK293-hTLR4/MD-2 (right) cells were
incubated with 10 μg/ml LBPA488 for 30 min at 37 °C. Horizontal bars depict the difference in median FI between unstained control sample (gray line) and LBPA488 stained sample
(black line). Histograms shown are taken from one experiment representative of four independent experiments.
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membrane solubilizate was fractionated over a density gradient and frac-
tionswere collected and analyzed for gangliosid-M1 (GM1), a typical raft-
associatedmarker glycolipid, to identify raft (GM1-positive) and non-raft
(GM1-negative) fractions (Fig. 5B). Probing all fractions with an anti-LBP
antibody revealed that LBP was present to some degree in raft-fractions,
but was predominantly localized in non-raft fractions of the cytoplasmic
membrane (Fig. 5B, left). Upon LPS stimulation, LBP staining strongly
increased in the fractions 3 to 5, which mark the transition between raft
andnon-raft domains (Fig. 5B, right). Densiometric analysis demonstrates
an overall increase in LBP signal intensity upon LPS stimulation (Fig. 5C),
with statistically significant changes in the non-raft fractions (p b 0.01),
but not in the raft-fractions (p = 0.24). These data are well in line with
our previous observation showing increased binding of LBP to macro-
phages in the presence of LPS (Fig. 3A, E).



Fig. 5. LBP intercalates into phospholipid bilayers and is enriched in distinct membrane domains upon LPS stimulation— (A) FRET-spectroscopy was performed as a probe dilution assay with
eukaryotic model membranes (DOPC/SM/CHOL** 9:9:2 (M); 10 μM liposomes in 20 mMHEPES, pH 7.4) Measurements were conducted at 37 °C and the emission intensities of the two dyes
were equalized at the beginning of each experiment. Fluorescence emission intensities were recorded for 50 s for base line depiction and subsequently human recombinant LBP, human serum
albumin, human C-reactive protein, human IgG1 or buffer (control) were added at 50 s to a final concentration of 5 μg/ml and signals were recorded for 250 s. The depicted graph is the
representative of three independent measurements. (B) Human MNCs were stimulated with 100 ng/ml LPS K235 for 30 min at 37 °C. Cell membranes were solubilized in 0.1% Triton-X100
and subjected to sucrose gradient centrifugation for fractionation. Fractions were collected and immunostained for GM1 using cholera toxin B and analyzed for LBP content. Top panel
shows GM1 analysis of fractions and bottom panel shows LBP staining, both of one experiment representative of 5 independent experiments. Horizontal red bars mark GM1-positive raft
fractions. M is molecular weight marker. (C) Densiometric analysis of LBP band intensity on Western blot in relation to GM1 staining. Data is shown as mean ± s.d. of 5 independent
experiments. Statistical analysis was performed using two-tailed students' t-test. Significant differences in LBP staining of control cells compared to LPS-stimulated cells is marked with ** =
p b 0.01. P values N 0.05 are marked with ‘ns’.
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3.7. LBP and LPS colocalize in intracellular compartments

As LBP is the primary serum transporter of LPS to the TLR4/MD-2 re-
ceptor expressed on the cell surface, we sought to determine if LBP can
execute LPS transport also to intracellular compartments. Confocal
microscopy analysis of LBP and LPS localization in humanmacrophages
revealed a distinct colocalization of LBP and LPS after 5 to 10 min of
incubation at the cytoplasmic membrane (Fig. 6A indicated by arrows)
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as well as in intracellular compartments (Fig. 6B). These data demon-
strate that LBP mediates a transport of LPS to intracellular locations re-
vealing a hitherto unrecognized function of this lipid-transfer protein.

Potential targets of intracellular LPS transport are cytoplasmic
caspases involved in the induction of inflammatory cell activation
termed pyroptosis. Mouse caspase-11 and human caspases-4 and -5
have recently been identified to be activated by intracellular LPS
[39–42]. The activation of pro-inflammatory caspases by LPS can occur
via the canonical pathway, which is dependent on ATP and leads to ac-
tivation of caspase-1, or via the non-canonical pathway, which does not
require ATP, but depends on intracellular delivery of LPS and results in
the activation of caspase-4 and -5. To elucidate the potential of LBP for
intracellular delivery of LPS to pro-inflammatory caspases, we stimulat-
ed human macrophages with LPS and ATP to induce canonical
inflammasome activation. The fluorescent pseudosubstrate CaspACE
TM which specifically binds to activated caspase-1, -4, and -5, but not
to other caspases, was used to localize activated caspases. Confocal mi-
croscopy analysis revealed that LBP was in close proximity to activated
caspases indicated by accumulation of the fluorescent substrate
(Fig. 7A). Interestingly, no direct fluorescence overlap was observed in
these structures, but rather activated caspase and LBP were localized
adjacent to each other, suggesting that LBP is not part of the
inflammasome complex. In macrophages showing full inflammasome
Fig. 6. LPS and LBP colocalize in cellular compartments — human macrophages were incubated
times with ice-cold PBS and fixed in 4% paraformaldehyde for 10 min at room temperature. C
images of LPS + LBP treated macrophages (left side). Yellow color indicates colocalization of
White bar represents 10 μm. Arrow heads point at colocalization of both signals at the cy
macrophage. The images are from one experiment representative of three independent experi
activation (Fig. 7B), LBP and activated caspase colocalized in large struc-
tures with strong fluorescence overlap of LBP and caspase signals
(Fig. 7C). To elucidate a potential role of LBP in the non-canonical
inflammasome activation, we stimulated primed human macrophages
with LPS delivered into the cells by LBP. The presence of LBP conferred
IL-1β release (Fig. 7D) and also a low level of cytotoxicity (Fig. 7E) in a
dose dependent manner at normal serum concentrations of 5 and
10 μg/ml.

4. Discussion

LPS is the dominant inducer of Gram-negative sepsis, a pathophysi-
ological complication of bacterial infections with a high risk of multi-
organ failure and death [15]. The treatment of patients is still a clinical
challenge due to the lack of drugs that enable an effective anti-
inflammatory intervention [43]. The activation of an innate immune re-
sponse to LPS is highly regulated by LBP. However, the actions of LBP are
versatile. Depending on its concentration in serum it can amplify, as it
does at normal levels of about 5–10 μg/ml [3,8], as well as dampen the
inflammatory response to LPSwhen LBP levels in the blood reach sever-
al hundreds μg/ml during an acute-phase reaction [44–46]. In knockout
mice, the absence of LBP confers an attenuated immune response and
an increased survival rate upon LPS challenge [16,17], while the ability
with 20 μg/ml LPS (green) and 10 μg/ml LBPA647 (red) for 10 min at 37 °C, washed three
ell nuclei were counterstained with Hoechst 34580 (blue). (A, B) Overlay of fluorescence
fluorescence signals. The individual fluorescence images are depicted on the right side.
toplasmic membrane. (B) Close up showing intracellular uptake of LBP and LBP by a
ments.

albertcochet
Texte surligné 

albertcochet
Texte surligné 



669F. Kopp et al. / Biochimica et Biophysica Acta 1863 (2016) 660–672
to clear bacterial infections is strongly impaired [19,22]. In humans, a re-
cently identified, frequently occurring single nucleotide polymorphism
has been associated with an attenuated inflammatory reaction to LPS,
Fig. 7. LBP is localized in close the vicinity of activated caspases — human macrophages were i
FITC-VAD-FMK for 23 h and subsequently stimulated 1 h in the presence of 10 mM ATP for in
and fixed in 4% paraformaldehyde for 10 min at room temperature. Cell nuclei were counter
stimulated macrophage show LBP (red) and accumulation of caspase pseudosubstrate (gree
(left panel) and 1 μm (right panel). (B) Left cell, strong accumulation of caspase pseudosubs
show inflammasome activation. Scale bar represents 25 μm. (C) Relative fluorescence inte
the representative of three independent experiments. (D, E) Human macrophages were see
37 °C. Non-adherent cells were washed off, fresh OPTI-MEM medium was added and cells w
10 μg/ml) was preincubated with LBP (1, 5 or 10 µg/ml) as indicated. LBP, LPS or LPS + LBP
were harvested after 20 h of incubation and assayed for IL-1β by ELISA and for lactate dehyd
technical duplicates. Data are the representative of three independent experiments with cells
increased risk for infectious complications in intensive care patients,
and higher mortality in ventilation-associated Gram-negative pneumo-
nia [47].
ncubated with 1 μg/ml LPS, 5 μg/ml LBPA647 (red), and 10 μM of caspase pseudosubstrate
flammasome activation. Subsequently, cells were washed three times with ice-cold PBS
stained with Hoechst 34580 (blue). (A) Overlay of fluorescence images of LPS and ATP
n). Right panels depict the individual fluorescence images. White bars represent 10 μm
trate during full inflammasome activation; right cell (marked by white arrow), does not
nsities of LBP and caspase pseudosubstrate along the dotted line ROI. The images are
ded at 1 ∗ 105 cells/well in 96-well dish in OPTI-MEM and allowed to attach for 3 h at
ere not primed or primed with 10 ng/ml LPS for 16 h. For complex formation, LPS (5 or
were spun onto the cells by centrifugation at 394 ×g for 5 min. Cell free supernatants
rogenase activity by LDH assay to determine cytotoxicity. Shown is the mean ± s.d. of
from different donors.
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Motivated by previous observations showing that LBP strongly binds
a variety of eukaryotic lipids and data demonstrating interaction of the
protein with reconstituted model membranes, we investigated the oc-
currence of LBP on mononuclear cells from peripheral blood. LBP was
detected with two LBP-specific monoclonal antibodies on human
monocytes but not on lymphocytes. These data demonstrate that
serum-derived LBP is bound to the cytoplasmic membrane of cells de-
rived from peripheral blood of healthy donors under resting conditions.
Some other studies have shown surface detection of LBP and internali-
zation of the protein on different cell types such as primary macro-
phages and CHO cells expressing recombinant CD14. Without
exception, in these studies cellular LBP binding was demonstrated to
be strictly dependent upon the presence of LPS. These observations
were therefore primarily interpreted by the interaction of LBP with re-
ceptor molecules on the cell surface due to its LPS shuttle function
[48–50].

Our binding and internalization studies on human macrophages
using recombinant LBP clearly showed that LBP binding is observed in
a dose-dependent manner at normal serum concentrations and does
occur independently of LPS, demonstrating an inherent ability of LBP
to interact with this cell type (Figs. 2, 3). This observation is of impor-
tance as it contrasts the established understanding of this pattern recog-
nition protein as a mere carrier, delivering LPS to soluble and
membrane-anchored CD14, and thereby to the TLR4/MD-2 receptor
complex [12,51–53]. LPS binding was enhanced by LBP (Fig. 3B),
which is in line with a number of previously published studies [3,8,
54]. Interestingly, also LBP binding was enhanced in the presence of
LPS in a concentration-dependent manner, demonstrating an intercon-
nection of both ligands (Fig. 3A).

Our observation, that detection of LBP on primary human MNCs is
restricted to the CD14-positive monocyte population (Fig. 1B) as com-
pared to the CD14-negative lymphocyte population (Fig. 1C) clearly
demonstrates that the interaction of LBP with host cells underlies a
specificity. It appeared obvious that CD14 is a prerequisite for the bind-
ing of LBP to the cells, considering that CD14 is the primary interaction
partner for LBP during LPS transport [12]. However, LPS-binding to
human macrophages was not inhibited by biG14 (Fig. 3C, D), an anti-
body effectively blocking LPS-induced TNFα production. Experiments
using humanwildtype HEK293 cells which do not express CD14 proved
that LBP does bind to cells in the absence of CD14 (Fig. 4). The TLR4/MD-
2 receptor complex, being the dominant cellular LPS receptor, was an-
other potential LBP interaction partner we investigated. Interestingly,
our data do not support a primary role for TLR4 in cellular LBP binding
under resting conditions, as it was shown to occur at equal intensities
to TLR4/MD-2 negative and TLR4/MD-2 positive HEK293 cells (Fig. 4B,
C).

In line with the finding that LBP interaction with host cells does not
depend on TLR4 is the observation that the distribution of LBP and TLR4
occurred in different domains of the cytoplasmic membrane of TLR4/
MD-2 expressing HEK293 cells (Fig. 4A). The TLR4/MD-2 complex has
been shown to localize in non-raft domains migrating to lipid raft do-
mains following LPS stimulation [37]. Analysis of the localization and
dynamics of LBP in this study demonstrate a distinct compartmentaliza-
tion of LBP in the cytoplasmic membrane of monocytes. It is primarily
present in non-raft domains under resting conditions (Fig. 5B, left
panel). This behavior of LBP appeared somewhat similar to TLR4. How-
ever, upon LPS exposure, we observed a change in the distribution and
an increase in the amount of LBP in the cytoplasmic membrane. LBP
enriched in fractions at the border between raft and non-raft domains
with the larger portion still present in the non-raft domains (Fig. 5B,
right panel), demonstrating a different behavior than TLR4. Notably,
the differentiation in raft- and non-raft domains reflects only certain as-
pects of biologicalmembrane compartmentalization. According to these
data, the primary LBP interactionwith human cell lines cannot be attrib-
uted to the known LPS-related receptor proteins. The FRET-studies on
liposomes resembling the eukaryotic membrane demonstrated
membrane partitioning of LBP into the liposomal membrane (Fig. 5A),
supporting a mechanism that depends on the interaction of LBP with
membrane lipids. The recently resolved crystal structure of murine
LBP revealed two phospholipid binding pockets in LBP, whichmay con-
tribute to the observed membrane partitioning [47]. Differences in
membrane lipid composition and domain structure of immune cell pop-
ulations could be possible factors influencing this process. We have
demonstrated earlier that LBP does catalyze the intercalation of LPS
into reconstituted phospholipid bilayers [28], providing a mechanism
of LBP mediated transport of LPS into host cell membranes. Subsequent
studies hinted towards an involvement of cell-bound LBP in LPS-
mediatedmacrophage activation [55]. In accordancewith this is the ob-
served intracellular colocalization of LBP and LPS (Fig. 6). This raises the
question of the biological function of LBP-mediated LPS transport to in-
tracellular compartments. Since host cell interaction of LBP was ob-
served independently of TLR4 and of CD14, it can be concluded that
LBP provides a TLR4-independent pathway for intracellular LPS deliv-
ery. This is of considerable interest with regard to a previously pub-
lished study suggesting a role for LBP in TLR4 activation in the
endosomal compartment leading to IFN-β induction [56]. This pathway
may also be important for TLR4-dependent signaling in cell types lack-
ing surface expression of TLR4 such as epithelial cells of intestines [57]
and coronary artery lining [58]. Of note, the recently identified TLR4-
independent pathway of LPS induced pyroptosis that depends on intra-
cellular activation of caspases [39–42] represents the first example of a
completely TLR4-independent pathway for LPS recognition. The biolog-
ical mechanism for intracellular delivery of LPS driving caspase activa-
tion is not resolved yet. Our data demonstrate a close spatial
proximity of LBP to caspases in macrophages activated by LPS and ATP
via the canonical pathway (Fig. 7A, B, C). In addition, our data show an
involvement of LBP in LPS-induced IL-1β release and pyroptosis via
non-canonical inflammasome activation, i.e. in the absence of ATP
(Fig. 7D, E). These results demonstrate a role of LBP in inflammasome
activation pathways and will be further addressed in future studies.

We show here for the first time that LBP has an intrinsic capacity to
interact with human monocytes and macrophages via a mechanism
that does not depend on the LPS receptors CD14 and TLR4, and may
be potentially based on membrane intercalating properties of LBP. Our
results expand the current view of LBP as amere extracellular transport
protein in serum delivering LPS to cell surface receptors (Fig. 8). Our
data provide evidence for a function of LBP in the intracellular manage-
ment of LPS by human immune cells pointing towards a new role of this
LPS transporter in regulating the immune response to bacterial
infections.
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Fig. 8.Model of biological functions of LBP targeting the host cell. (1.) LBP in serum binds
LPS from bacteria or LPS-aggregates in the blood stream andmediates the transport of LPS
via soluble or GPI-anchored CD14 to the TLR4/MD-2 receptor complex on the cytoplasmic
membrane of moncytes and macrophages. Upon delivery of LPS to the cellular receptor
proteins, free LBP is released to the serum. This shuttle function of LBP sensitizes the
TLR4/MD-2 receptor system to low amounts of LPS and enhances cell activation. (2.)
LBP in serum has an intrinsic capacity to integrate into eucaryotic model membranes. In
accordance with the observation of LBP membrane partitioning is the finding that
monocytes from healthy donors carry LBP protein on the cell surface. (3.) Cell associated
LBP can bind LPS and the LBP/LPS complex is internalized to intracellular compartments.
The intracelluar transport of LPS by LBP raises the possibiliy of a role for LBP in the
delivery of LPS to intracelluar LPS receptors such as (4.) endosomal TLR4 or (5.)
cytoplasmic caspases involved in the induction of pyroptosis upon activation by
intracellular LPS.
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