standard deviations are variance weighted. Rhythmic traces are those with any period
estimate in the circadian range, 15-35 h, as described®. All rhythm assays were conducted
at 22°C.
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Lipopolysaccharide (LPS), an outer-membrane component of
Gram-negative bacteria, interacts with LPS-binding protein
and CD14, which present LPS to toll-like receptor 4 (refs 1, 2),
which activates inflammatory gene expression through nuclear
factor kB (NFkB) and mitogen-activated protein-kinase signal-
ling>*. Antibacterial defence involves activation of neutrophils
that generate reactive oxygen species capable of killing bacteria
therefore host lipid peroxidation occurs, initiated by enzymes
such as NADPH oxidase and myeloperoxidase®. Oxidized phos-
pholipids are pro-inflammatory agonists promoting chronic
inflammation in atherosclerosis’; however, recent data suggest
that they can inhibit expression of inflammatory adhesion
molecules®. Here we show that oxidized phospholipids inhibit
LPS-induced but not tumour-necrosis factor-a-induced or inter-
leukin-18-induced NFxkB-mediated upregulation of inflamma-
tory genes, by blocking the interaction of LPS with LPS-
binding protein and CD14. Moreover, in LPS-injected mice,
oxidized phospholipids inhibited inflammation and protected
mice from lethal endotoxin shock. Thus, in severe Gram-negative
bacterial infection, endogenously formed oxidized phospho-
lipids may function as a negative feedback to blunt innate
immune responses. Furthermore, identified chemical structures
capable of inhibiting the effects of endotoxins such as LPS
could be used for the development of new drugs for treatment
of sepsis.

Lipids containing polyunsaturated fatty acids such as 1-palmi-
toyl-2-arachidonoyl-su-glycero-3-phosphorylcholine (PAPC) are
especially prone to oxidative modification. Oxidation of PAPC
results in generation of a mixture of oxidation products (OxPAPC),
some of which stimulate adhesion of monocytes to endothelial
cells and induce expression of inflammatory genes in endothelial
cells**°. Thus, a role for oxidized phospholipids as culprits in
chronic inflammation was suggested. On the other hand, we have
shown that OxPAPC inhibited neutrophil adhesion to endothelial
cells induced by LPS®.

Here we show that OxPAPC blocked LPS-induced upregulation
of the inflammatory adhesion molecules E-selectin, ICAM-1 and
VCAM-1 on human umbilical-vein endothelial cells (HUVEC)
(Fig. 1a). The inhibitory effect of OxPAPC was concentration-
dependent, with half-maximal inhibition observed at 10 pgml™"
OxPAPC (Fig. 1b). The effects of LPS at concentrations as high as
500ngml~" were inhibited by 50ugml~" OxPAPC. Because
expression of E-selectin, ICAM-1 and VCAM-1 is NFkB-dependent,
we examined the influence of OxPAPC on signalling events
at different levels of the NFkB cascade. We found that
OxPAPC inhibited LPS-induced activation of a 5 X NFxB-lucifer-
ase reporter construct (Fig. 1c), binding of p65 to its DNA
consensus site (Fig. 1d), and phosphorylation and degradation of
IkBa (Fig. le).

NFkB is activated during inflammation by various receptors
including the LPS toll-like receptor 4 (TLR4), the interleukin 1
(IL-1) receptor, and the tumour-necrosis factor-oa. (TNFa) receptor.
In contrast to LPS, TNFa-induced phosphorylation and degra-
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dation of Ik Ba were not significantly inhibited by OxPAPC (Fig. le).
Moreover, OxPAPC blocked LPS-induced but not TNFx-induced
activation of p38 mitogen-activated protein (MAP) kinase (Fig. le).
Signalling events downstream of the IL-1 receptor and TLR4
converge on MyD88, which binds to the cytosolic domains of the
receptors and couples them to downstream signalling cascades®.
However, effects of IL-18 on expression of E-selectin were not
inhibited by OxPAPC (Fig. 1f). Thus, these data indicate that the
inhibitory effect of OxPAPC was specific for LPS and occurred
upstream of MyD88, apparently at the level of LPS recognition by
cellular or soluble receptor(s).

Activation of innate immune responses by LPS can be inhibited
by various soluble molecules that bind LPS and neutralize its
activity. These include certain plasma proteins, lipoproteins and
lipids'"™"* and inhibitors structurally related to polymyxin B'.
Alternatively, the action of LPS is inhibited by lipid-A-like LPS
antagonists, which form inactive complexes with TLR4 or its
accessory proteins'®. Both the inhibitory action of LPS-binding
substances as well as lipid-A-like LPS antagonists can be overcome
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Figure 1 OxPAPC selectively inhibits LPS-induced intracellular signalling and expression
of inflammatory adhesion molecules in HUVEC. a, OxPAPC inhibits LPS-induced
upregulation of E-selectin, ICAM-1 and VCAM-1. b, The inhibitory effect of OXPAPC on
LPS-induced E-selectin expression is concentration-dependent. ¢, OxPAPC inhibits LPS-
induced activation of a 5 x NFkB—luciferase reporter. d, OxPAPC inhibits LPS-induced
DNA-binding activity of p65. ‘Specific’ binding represents the difference between the
binding in the absence or presence of excess of soluble consensus oligonucleotide.

e, OxPAPC blocks LPS-induced phosphorylation (p) and degradation of IkBa and p38
MAP kinase phosphorylation. f, OXPAPC inhibits the action of LPS, but not of IL-18 and
TNFe. HUVEC were stimulated with LPS (300 ngml™"), TNFo (20UmI™") or IL-18
(10ngml~") in the presence or absence of 50 ugml~" OXPAPC. a—f, See Methods for
additional experimental details. A 490 nm, absorbance at 490 nm.
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by high LPS concentrations'’. We found, however, that increasing
LPS concentrations could not overcome the inhibitory effect of
OxPAPC (Fig. 2a). Moreover, LPS-trapping substances are known
to inhibit LPS-induced clotting activity of the Limulus amoebo-
cyte lysate (LAL), while several lipid-A-like LPS antagonists
activate clotting'®. OxPAPC neither stimulated nor inhibited
LPS-induced clotting activity of the LAL (Fig. 2b). Although
serum also contains LPS-binding activity, increasing concen-
trations of serum did not mimic the inhibitory action of OxPAPC
on E-selectin expression induced by LPS (Fig. 2¢). These data
indicate that OxPAPC inhibits LPS action by a mechanism
different from known LPS antagonists. We hypothesized that
OxPAPC could interfere with recognition of LPS by LPS-binding
protein (LBP) and CD14, both presenting LPS to TLR4 (ref. 2)
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Figure 2 OxPAPC inhibits effects of LPS by blocking interactions of LPS with LBP and
CD14. a, Increasing concentrations of LPS do not overcome the inhibitory activity of
OxPAPC. HUVEC were stimulated with increasing concentrations of LPS in the presence of
indicated concentrations of OxPAPC. E-selectin ELISA was performed as described in
Methods. b, OXPAPC does not interfere with the LAL endotoxin assay. ¢, LPS-induced
expression of E-selectin is not inhibited by high concentrations of serum. HUVEC were
stimulated with LPS in the presence or absence of OXPAPC in medium 199 supplemented
with indicated concentrations of bovine calf serum. d, OxPAPC inhibits binding of
biotin-LPS to immobilized CD14. Binding and detection of biotinylated LPS to CD14- or
BSA-coated microwell plates were performed as described in the Methods. Where
indicated, the incubation medium contained 50 pg mi~" OXPAPC. e, OXPAPC
inhibits binding of biotin-LPS to immobilized LBP. f, Concentration dependence of the
inhibition of LPS/LBP binding by OxPAPC. Microwells containing immobilized LBP were
treated with indicated concentrations of sonicated native or oxidized PAPC and
100ng ml~" biotin-LPS. Detection of bound biotin-LPS was performed as described in
Methods.
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and being critical for LPS signalling in endothelial cells'>*°. Apart
from LPS, CD14 and LBP have been shown to bind phospholipids
catalysing their transfer between cells and lipoproteins***. Indeed,
OxPAPC inhibited binding of LPS to immobilized CD14 (Fig. 2d).
OxPAPC also inhibited binding of LPS to immobilized LBP
(Fig. 2e). The inhibitory action was concentration-dependent

a
OxPAPC

letters to nature

and specific for oxidized PAPC, whereas native PAPC was not
effective (Fig. 2f).

Next we examined structural requirements for lipids to inhibit
effects of LPS. We found that the inhibitory activity was specific for
oxidized phospholipids because other lipids that are potentially
present in OxPAPC preparations and known to exert a variety of
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Figure 3 Oxidized phospholipids inhibit effects of endotoxin in vivo. a, OXPAPC inhibits
LPS-induced accumulation of leukocytes reactive for myeloperoxidase in mouse skin.
Arrow indicates myeloperoxidase-expressing leukocyte. b, Myeloperoxidase activity in the
skin of LPS/OxPAPC-treated mice. ¢, OxPAPC inhibits LPS-induced accumulation of
leukocytes in the air pouch model of inflammation. d, OXPAPC inhibits LPS-induced
nuclear translocation of p65 in the air pouch wall. We note colocalization of p65 (green)
with DAPI-stained nuclei (blue) in LPS-treated cells. e, OxPAPC inhibits LPS-induced
VCAM-1 expression in the air pouch wall. Arrow indicates endothelial cell, arrowhead
indicates myofibroblasts of the pouch wall. f, OXPAPC inhibits induction of E-selectin
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mRNA by LPS. Expression of E-selectin mRNA in heart, peritoneal wall and aorta was
measured after injection of 50 ug of LPS intraperitoneally with or without 200 p.g of
OxPAPC in 0.9% saline. After 3 h, animals were killed, and the tissues were processed for
E-selectin mRNA guantification. g, OxPAPC inhibits LPS-induced extravasation of white
blood cells into the peritoneum. h, OxPAPC inhibits LPS-induced oedema formation in the
peritoneal wall. Staining is with haematoxylin—eosin. Arrowheads indicate inflammatory
cells. i, OXPAPC increases survival in mice treated with lethal doses of LPS. a—i, See
Methods for experimental details.
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Figure 4 The anti-endotoxin activity of OXPAPC is not mimicked by other lipids, crucially
depends on OxPAPC oxidation, and is not mediated by free radicals. a, The inhibitory
effect of OXPAPC is not mimicked by other lipids. HUVEC were incubated with the
indicated lipids (30 pg ml~ ") and 300 ng mI~ " LPS. b, Oxidation of PAPC is a prerequisite
for its anti-endotoxin activity. HUVEC were treated with indicated concentrations of
sonicated native or oxidized PAPC and 300 ngmi~" LPS. ¢, Inhibitory action of OXPAPC
is not rescued by the free-radical scavenger butylated hydroxytoluene (BHT). HUVEC
were stimulated with LPS/OxPAPC in the presence of 25 wM BHT or 0.1% ethanol
(vehicle). d, POVPC inhibits LPS-induced upregulation of E-selectin. HUVEC were
treated with POVPC or OxPAPC (each at 20 ug ml~") and LPS (300 ng ml ™). a—d, After
4h, surface expression of E-selectin was determined by cell ELISA as described in
Methods.

biological effects, namely arachidonic acid and lysophosphatidyl-
choline, did not inhibit LPS-induced upregulation of E-selectin
(Fig. 4a). Furthermore, only oxidized PAPC possessed the inhibi-
tory activity, while non-oxidized PAPC or phosphatidylcholine
containing saturated fatty acids (dimyristoylphosphatidylcholine,
DMPC) were inactive (Fig. 4a and b). These data clearly show that
oxidative modification is essential for phospholipids to gain anti-
endotoxin activity. The inhibitory activity was not due to free-
radical generation or free radicals already present in the OxPAPC
preparations because addition of the antioxidant butylated hydroxy-
toluene had no effect (Fig. 4¢). To identify individual lipid oxidation
products responsible for the inhibitory activity, the lipid oxidation
products contained in OxPAPC were fractionated using high-
performance liquid chromatography/mass spectrometry (HPLC/
MS)?’. In fractions that inhibited LPS action, we consistently found a
molecule with mass-to-charge ratio (m/z) = 594, previously identi-
fied as 1-palmitoyl-2-oxovalerolyl-sn-glycero-3-phosphorylcholine
(POVPC)’. In fact, synthesized POVPC?® inhibited LPS-induced
E-selectin expression (Fig. 4d).

To determine whether OxPAPC exerts inhibitory effects also in
vivo, we investigated LPS-induced inflammation at various levels of
the inflammatory response, that is, NFkB activation, expression of
inflammatory adhesion molecules and extravasation of inflamma-
tory cells, using three established models of local and systemic LPS-
induced inflammation in mice. In a skin model, OxPAPC inhibited
LPS-induced accumulation of myeloperoxidase-expressing leuko-

80 © 2002 Nature Publishing Group

cytes at the site of injection (Fig. 3a, b). In an air pouch model”,
OxPAPC inhibited LPS-induced neutrophil immigration into the
pouch cavity (Fig. 3c), p65 nuclear translocation in cells of the
pouch wall (Fig. 3d) and VCAM-1 expression in endothelial cells as
well as myofibroblasts in the pouch wall (Fig. 3e). After intra-
peritoneal injection of LPS, OxPAPC inhibited induction of
E-selectin messenger RNA locally in the peritoneal wall, but also
systemically in heart and aorta (Fig. 3f). Moreover, OxPAPC
inhibited accumulation of blood-borne cells in the peritoneal cavity
(Fig. 3g) and blocked oedema formation in the subserosal layer of
the peritoneal wall (Fig. 3h). These data show that OxPAPC inhibits
inflammatory effects of LPS also in vivo. Finally, OxPAPC signifi-
cantly increased survival in mice injected with lethal doses of LPS
(Fig. 3i).

Taken together, these results demonstrate that inhibition of LPS-
induced acute inflammation by oxidized phospholipids suppresses
innate immune responses both in vitro and in vivo. Our data clearly
show that the anti-inflammatory action of OxPAPC is specific for
LPS as compared to inflammatory cytokines TNFo and IL-18.
Thus, endogenously formed oxidized phospholipids potentially
blunt the initiation of LPS-induced acute inflammation, although
previous data indicate that they propagate chronic inflam-
mation’. Furthermore, OxPAPC inhibits action of endotoxin
through a mechanism apparently different from simple LPS
entrapment leading to the formation of biologically inactive
complexes. Our data instead suggest that the inhibition of the
LPS effects by OxPAPC is mediated by interference with LPS
binding to LBP and CD14, thereby inhibiting LPS presentation to
TLR4.

We also find that oxidation is crucial for PAPC to acquire the
anti-endotoxin activity. Thus, oxidation renders phospholipids
capable of interacting with components of the innate immune
system and of modifying responses to Gram-negative bacterial
products. Given that under normal conditions LPS antagonistic
activity of PAPC is low, it may increase dramatically at sites of
bacterial inflammation owing to high concentrations of neutro-
phil-derived reactive oxygen species inducing lipid peroxidation®.
This raises the possibility that phospholipid oxidation serves as a
negative feedback mechanism to downregulate acute inflammation
in Gram-negative infection. In addition, we identify POVPC as one
chemical structure exerting anti-endotoxin effects, a compound
quite different from previously described LPS scavengers or LPS
receptor antagonists such as polymyxin B or lipid-A like sub-
stances'>'®. These findings open up the possibility of developing
new anti-endotoxin drugs with distinct chemical and pharmaco-
dynamic properties. O

Methods

Lipids and lipopolysaccharide

PAPC, DMPC, 1-palmitoyl-sn-glycero-3-phosphorylcholine (lysoPC), arachidonic acid
and lipopolysaccharide from E. coli serotype 055:B5 were purchased from Sigma-Aldrich,
Vienna, Austria. OxPAPC was obtained by air oxidation of dry PAPC as described
previously” and was stored in chloroform at —70 °C. POVPC was synthesized as
described®. Immediately before the experiment, lipids were dried in glass tubes under the
stream of N, and solubilized in culture medium by vigorous vortexing for 30 s. Where
indicated, the lipids were additionally sonicated for 30s.

Cells

Human umbilical-vein endothelial cells (HUVEC) were obtained and cultured as
described'”. Monolayers of HUVEC at passages 3 to 6 were treated with OxPAPC and
agonists in medium 199 containing 10% supplemented calf serum or fetal calf serum
(FCS) (HyClone). OxPAPC and other lipids were added to cells 20 min before the addition
of stimuli. Longer preincubation did not produce stronger inhibition of the effects of LPS.
In the absence of serum, the cells were insensitive to LPS.

Cell ELISA

For the enzyme-linked immunosorbent assay (ELISA), HUVEC were treated with lipids
and agonists for 4 h, and then the cells were washed and fixed. Cell-surface-expressed E-
selectin, ICAM-1 or VCAM-1 was detected using corresponding antibodies (R&D
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Systems), secondary peroxidase-conjugated antibodies and o-phenylenediamine as
substrate.

Quantification of NFkB-dependent transcription

Co-transfection of HUVEC with pNF«kB-Luc (Stratagene) and pCMV@ (Clontech) was
performed as described’. Two days after transfection, the cells were stimulated with
300 ngml ™" LPS in the presence or absence of OxPAPC, and 6 h later were processed for
luciferase and 8-galactosidase activity measurements.

Analysis of p65/DNA binding

HUVEC were stimulated with 300 ngml ™" LPS for 60 min in the presence or absence of
25 pgml~" OXxPAPC. Analysis of p65 binding to its consensus oligonucleotide was
performed in HUVEC lysates using the ELISA-based Trans-AM NF«B p65 kit (Active
Motif).

Western blotting

HUVEC were stimulated with 300 ngml ™" LPS or 20 Uml ™' TNF« in the presence or
absence of 50 pg ml ™' OXxPAPC. After 20 min (phospho-IxkBa), 1 h (total IkBa) or 2 h (p38
MAPK), cells were scraped and analysed by western blotting as described".

Limulus amoebocyte lysate assay

OxPAPC aliquots (60 pgml™") were mixed with equal volumes of LPS dilutions to
produce final concentrations indicated on the x-axis in Fig. 2b. After 5min at 37 °C, LAL
reagent was added and LAL activity was determined by a quantitative chromogenic assay
(Endochrome, Charles River Endosafe).

Binding of biotin—-LPS to CD14 and LBP

LPS was biotinylated using EZ-Link Biotin-LC-Hydrazide (Pierce). Binding of biotin—
LPS to recombinant human CD14 (Biometec) adsorbed onto ELISA plates was
measured as described in ref. 24. Binding reaction was performed for 30 min at 37 °C in
PBS/0.5% BSA buffer containing 1% FCS. In the absence of serum, binding of biotin—
LPS to CD14 was below the detection limit. Bound biotin-LPS was detected with
streptavidin—peroxidase and o-phenylenediamine. Binding of biotin-LPS to
recombinant LBP (Biometec) captured by anti-LBP (HM14, a gift from W. A. Buurman)
adsorbed to ELISA plates was measured as described in ref. 25. The binding was
performed in PBS/0.1% BSA buffer. Detection of bound biotin-LPS was performed as
described for CD14.

Animals
Experiments were performed according to Austrian animal rights law using female C57BL/
6] mice (Institut fir Labortierkunde und -genetik) of 20 g body weight.

Skin model of inflammation

LPS (10 p.g) with or without OXxPAPC (50 pg) in the final volume of 50 pl of 0.9% saline
was injected intradermally into the abdominal region. After 24 h, mice were killed, and the
skin at the injection site was excised and either embedded in optimal-cutting-temperature
compound for immunohistochemistry or homogenized in potassium phosphate buffer
(50 mM, pH 6.0) containing 0.5% hexadecyltrimethylammonium bromide. Sections of
skin were stained for myeloperoxidase (MPO) using anti-MPO (from Dako) and Alexa
466-labelled secondary antibodies (Molecular Probes). Nuclei were stained with DAPI
(Sigma-Aldrich). MPO activity in homogenates was monitored at 460 nm using H,O, and
o-dianisidine (Sigma-Aldrich) as substrates™.

Air pouch model of inflammation

Air pouches of 5 ml were raised on day 0 on the dorsal surface of mice under light
halothane anaesthesia, and a further 3 ml of air was injected 3 days later®. At day seven,
50 p.g of LPS, 250 pg of OxPAPC, or a combination of both, was injected into the pouch in
1 ml of 0.9% saline. Twenty-four hours later, mice were killed, the pouches were lavaged
and leukocytes were counted. Sections of air pouch wall were stained for p65 (Santa Cruz
Biotechnology) or VCAM-1 (Southern Biotechnology Associates). Nuclei were stained
with DAPL

Peritoneal model of inflammation

Mice were injected intraperitoneally (i.p.) with 10 pg of LPS with or without 50 pg of
OxPAPC at days 0 and 1. At day 2, the animals were killed and peritoneal leukocytes were
counted in the lavage fluid. Paraffin-embedded sagittal sections of the anterior abdominal
wall were stained with haematoxylin and eosin.

Survival studies

Mice were injected i.p. with 0.6 mg of LPS with or without 1.2 mg of OxPAPC in 0.5 ml of
0.9% saline. Survival was checked three times daily for up to 5 days.

mRNA expression

The mice were killed, and isolated organs were immersed into the RNAlater solution
(Ambion). One pg of total RNA isolated using the RNAqueous 4PCR kit (Ambion) was
reverse transcribed using GeneAmp RNA PCR core kit (Applied Biosystems).
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Quantification of E-selectin mRNA was performed by real-time polymerase chain reaction
(PCR) using the LightCycler instrument and Fast Start DNA Master SYBR Green I kit
(Roche Diagnostics) as recommended by the manufacturer. The following primers were
used: forward, 5'-GGTTTGGTGAGGTGTGCTGC; reverse, 5 -TGATCTTTCCCGGAAC
TGC. Each sample was also analysed for expression of §,-microglobulin, which was used
for normalization of E-selectin data.

Statistics

The data are presented as mean values * standard deviations. The data are representative
of at least two experiments producing similar results.
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