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Research article

Lipoprotein-bound endotoxin exerts an immunomodulatory effect

on hepatocytesthrough thelipid A domain of L PS

F. Behzad Kasravi?!, DianaH. Lee!, Karl Weisgraber?, Hobart W. Harris!

UCSF Qurgical Research Laboratory at San Francisco General Hospital and 2Gladstone I nstitute for
Cardiovascular Diseases, University of California, San Francisco, California, USA

Background: We have previously shown that chylomicron (CM)-bound lipopolysaccharide (LPS)
inhibits the host innate immune response by rendering hepatocytes tolerant to pro-inflammatory
cytokine stimulation. However, LPS is a complex macromolecule containing both lipid and
carbohydrate domains. We hypothesized that just as lipid A confers the toxicity of LPS, it is also
responsible for the immunoregulatory effect on hepatocytes.

Methods: We pretreated primary rat hepatocytes for 2 h with a series of CM-LPS complexes in
which the endotoxin moiety varied in its structure and/or toxicity. Subsequently, the cells were
stimulated with a mixture of pro-inflammatory cytokines. Nitric oxide production was measured as
an indicator of hepatocellular activation.

Results: All pretreatments wherein the CM-bound complex contained the lipid A moiety readily
inhibited the hepatocellular cytokine response, including CM bound to lipid A alone. In contrast,
CM-LPS complexes containing detoxified LPS, which lacks the lipid A domain, had no effect on
the hepatocellular response to cytokines.

Conclusions: The lipid A domain of the L PS macromolecule is both sufficient and essential for the
CM-mediated induction of cytokine tolerance in hepatocytes. However, this process is independent

of the specific endotoxic activity of the lipid A moiety.
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INTRODUCTION

Sepsisisalife-threatening clinical condition and amajor
cause of death in surgical intensive care units. Each year,
more than 750,000 Americans develop sepsis, resulting
in 215,000 fatalities.>? Most cases of sepsis are caused
by endotoxin (LPS) present in the outer cell membrane
of Gram-negative bacteria. When introduced into the cir-
culation, LPS induces a strong inflammatory reaction,
potentially leading to multiple organ failure and death.®
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In addition to these pro-inflammatory responses, the
body aso initiates a series of anti-inflammatory
responses.*s Ultimately, the balance between these pro-
inflammatory and anti-inflammatory responses deter-
mines the outcome in patients with sepsis.®

Although hepatocytes do not respond directly to circu-
lating LPS, the liver plays a major role in the host
response to sepsis. In addition to facilitating the removal
of LPS from the circulation during sepsis and the acute
phase response, the liver also contributes to mobilizing
the body’s fat stores through the synthesis and secretion
of triglyceride (TG)-rich lipoproteins, aprocesswhichis
clinically known as lipemia of sepsis.5”

We have previously demonstrated that TG-rich lipo-
proteins (chylomicrons[CMg], very low density lipopro-
teing], as well as a TG-rich lipid emulsion (Soyacal®)
effectively protected mice against LPS-induced mortal-
ity.2 We have aso shown that in endotoxemic rats, chy-
lomicrons increased the clearance of LPS from the
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circulation by increasing its delivery to the liver, specifi-
cally to hepatocytes, and decreased the rate of TNF-a
production.® These results were paralleled by studiesin
humans in which hyperchylomicronemia reduced LPS-
induced toxicity, TNF-a production, and activation of
the acute phase response.’® Moreover, we have shown
that hepatocytes exposed to CM-L PS complexes demon-
strated a markedly reduced response to subsequent stim-
ulation by a mixture of pro-inflammatory cytokines, as
measured by decreased nitric oxide (NO) production,” a
phenomenon we termed cytokine tolerance. Further
studies have shown that cytokine tolerance in hepato-
cytes is a receptor-dependent, transient process that
directly correlates with internalization of the CM-LPS
complexes via low density lipoprotein (LDL) recep-
tors.? On the basis of these findings, we have postul ated
that the lipemia of sepsis, in addition to its homeostatic
function, plays a protective role during sepsis.®
Specifically, by mobilizing lipid stores, the increased
level of TG-rich lipoproteins not only fuelsthe increased
energy demands of the body, it may also simultaneously
help protect the host from the del eterious effects of LPS
by inducing cytokine tolerance in hepatocytes.

LPS is an amphipathic macromolecule composed of
three domains: (i) an extremely variable outer polysaccha-
ride chain, caled the O specific chain, which is the main
criterion for serological classification of these bacteria; (ii)
a more dgructurdly preserved middle polysaccharide
domain called the core region; and (iii) the lipid A domain,
which has a disaccharide backbone with a variable number
of acyl side chains** The lipid A domain possesses the
endotoxic and immunomodulating activities of the LPS,
which depend on phosphorylation of the carbohydrate
backbone and the number and orientation of the acyl side
chains. Varying the structure of LPSand lipid A yields mol-
ecules with different endotoxic activities® As most of the
biological and immunologica activities of the LPS macro-
molecule depend on lipid A endotoxicity, we hypothesized
that the capacity of CM-LPS to induce cytokine tolerance
in hepatocytes would be dependent on the endotoxic activ-
ity of thismoiety. To test this hypothesis, we pretreated pri-
mary rat hepatocytes with CM-LPS complexes containing
different LPS moieties, as well as different naturd and syn-
theticlipid A structures, and compared the cytokinetolerance
induced in hepatocytes with that following pretreatment with
chylomicron bound to L PS from wild-type Escherichia coli.

MATERIALSAND METHODS
Isolation and preparation of hepatocytes
All procedures involving rats were conducted in accor-

dance with the National Institutes of Health guidelines
regarding the care and use of laboratory animals and

approved by the UCSF Institutional Animal Care and
Use Committee. Hepatocytes were isolated from male
Sprague-Dawley rats (225-300 g, Simonson, Gilroy,
CA, USA) by Liberase® perfusion (Boehringer-
Mannheim, Indianapolis, IN, USA), as previously
described,® and purified via centrifugal elutriation
(Beckman Coulter, Avanti J-20, Fullerton, CA, USA).%¢
Hepatocyte purity was > 95% and viability > 90% as
assessed by direct microscopic examination and trypan
blue dye exclusion, respectively. Hepatocytes were
grown as spheroids (multicellular aggregates) by plating
them in 100-mm culture dishes coated with poly-HEMA
(Sigma, St Louis, MO, USA) in M199 medium (Cell
Culture Facilities, UCSF, San Francisco, CA, USA) supple-
mented with bovine serum abumin (2 g/l), dexamethasone
(0.4 mg/l), insulin (60 UN), and antibictics.*"1

Preparation of synthetic chylomicron remnants

Synthetic chylomicron remnants were made and combined
with recombinant human apoE,, as described by Redgrave et
al.**? Recombinant apokE, was produced in bacteriaby using
athioredoxin-fusion protein-expression vector as previoudy
described.? The synthetic chylomicron emulsion was incu-
bated with different LPS/lipid A andlogues. smooth LPS
from E. cali O111:B4, rough LPS from E. coli J5 devoid of
the O-specific dde chain, detoxified LPS from E. coli
0111:B4, LPS from Salmonella abortus equi, diphosphory-
lated lipid A from E. coli F583, monophosphorylated lipid A
from E. coli F583 (dl from Sigma), compound 506 (a syn-
thetic analog of lipid A from E. coli F515), compound 406
(the synthetic anaog of lipid A precursor lipid 1Va), and lipid
X (the synthetic monosaccharide precursor of lipid A), dl
generousgiftsfrom Dr Shoichi Kusumoto, Osaka University,
Japan. All compounds were added to CM at a concentration
of 1 ug/20 mg TG in the presence of 10% (v/v) lipoprotein-
freefeta bovine serum at 37°C for 3 h.

The resulting complexes were kept under nitrogen at
4°C and used within 5 days of their preparation. Synthetic
remnant particles measured 108 + 45 nm in diameter as
determined by electron microscopy.

Effect of different CM-LPS complexes on hepatocyte
response

Hepatocyte spheroids were pretreated with different
CM-LPS complexes (5 mg TG/ml), or the equivalent
LPSor lipid A compounds aone for 2 h. Cells were sub-
sequently washed 3 times with phosphate-buffered
saline and incubated with fresh medium for 16 h to allow
them time to recover. Hepatocytes were then stimulated
with a mixture of pro-inflammatory cytokines (TNF-a
500 U/ml, IL-1B 100 U/ml, and IFN-y 100 U/ml; R&D
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Systems, Minneapolis, MN, USA).22 Twenty-four hours
later, NO production, an indicator of the hepatocellular
pro-inflammatory response, was measured viathe Griess
reaction, and normalized to total hepatocellular DNA.

Determination of endotoxicity

To determine the endotoxic activity of the different LPS or
LPS moieties used, macrophage cdl line (RAW 264.7) cdls
were gimulated with each compound (2 ng/ml), and the
amount of NO production was measured after 24 h. The
response of RAW 264.7 cdls to the smooth LPS moiety
served asthe control. Vaues comparable to smooth LPSwere
conddered to be strong (+++), less than 50% of the smooth
LPS were consdered to be moderate (++), and values less
than 10% were congdered to be mild (+) endotoxic activity.

Satistical analysis
Data are reported as mean + SEM. Differences between
groups were andyzed using 2-tailed, unpaired t-tests.
Probability valuesless than 5% were considered significant
(P<0.05).

RESULTS

Endotoxicity

Smooth and rough LPS, natural diphosphorylated lipid A,
the synthetic diphosphorylated lipid A, and compound 506
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each stimulated the RAW 264.7 cells by the same amount
(Fig. 1). Lipopolysaccharide from S abortus equi had a
moderate effect on RAW 264.7 cells (42 + 3.1% compared
to smooth LPS, P < 0.01). Monophosphorylated lipid A
mildly stimulated the RAW cdlls (1.8 £ 2.1% compared to
smooth LPS, P < 0.01). Detoxified LPS, compound 406
and lipid X did not induce any detectable responsein RAW
cellsin terms of NO production.

Induction of cytokine tolerance

Hepatocytes pretreated with CM-LPS complexes contain-
ing either smooth LPS, rough LPS, or LPSfrom S. abortus
equi showed a significant reduction in NO production after
stimulation with pro-inflammatory cytokines compared to
unpretreated contral cells (Fig. 2). Pretreatment with com-
plexes containing detoxified LPS, which lacked lipid A
domain, did not induce cytokine tolerance in hepatocytes.
Pretrestment with either of these LPS molecules done did
not result in any change in the hepatocellular response to
pro-inflammatory cytokines.

Chylomicron complexes containing diphosphorylated
lipid A, monophosphorylated lipid A, compound 506, or
compound 406 significantly attenuated the hepatocellular
response to subsequent stimulation with pro-inflammatory
cytokines (Fig. 3). However, compound 406 was much less
potent in this respect, as it resulted in only about a 12%
reduction in the hepatocel lular response to pro-inflammatory
cytokines. Complexes containing lipid X did not induce
cytokine tolerance in the hepatocytes. In the unbound form,
none of the LPS or lipid A compounds studied induced
cytokine tolerance in hepatocytes.

S-LPS  R-LPS LPS- D-LPS

Sae.

MP-LA

DP-LA 506 406 Lipid X

Different compounds

Fig. 1. Relative endotoxic activity of different LPS or LPS-related compounds. Data shown are mean + SEM of six samples from 2 different experiments,
*P < 0.01 according to t-test. S-LPS, smooth LPS from E. coli 0111:B4; R-LPS, rough LPS from E. coli J5; LPS-Sae, LPS from S abortus equi; D-LPS,
detoxified LPS from E. coli 0111:B4; MP-LA, monophosphorylated lipid A from E. coli F583; DP-LA, natural diphosphorylated lipid A from E. coli F583;
506, synthetic diphosphorylated lipid A from E. coli O55:B5; 406, synthetic lipid IVa.
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Fig. 2. Cytokine tolerance in hepatocytes pretreated with different CM-LPS complexes. Light-gray bars represent pretreatment with different unbound
compounds alone. Darker-gray bars represent pretreatment with compounds bound to chylomicron. Data shown are mean + SEM of 6 samples of two
different experiments, *P < 0.01 compared to their corresponding unbound compounds, according to t-test. For abbreviations, see caption to Figure 1.

DiscussIiON

This study shows that the induction of cytokine toler-
ance in primary rat hepatocytes is dependent upon the
lipid A moiety of the L PS macromolecule. Moreover, we
found that the induction occurs independently of the
endotoxic activity of the LPS moiety (Table 1). The
magnitude of cytokine tolerance in hepatocytes pre-
treated with CM-LPS complexes that contained LPS
from S, abortus equi, which has much lower endotoxic-
ity than other LPS moieties, was the same as that in

hepatocytes pretreated with complexes containing nat-
ural smooth or rough LPS molecules. In contrast, com-
plexes containing detoxified LPS, in which the lipid A
moiety is removed, did not induce cytokine tolerance in
hepatocytes. Inhibition of the hepatocellular response to
pro-inflammatory cytokines after pretreatment with
complexes containing solely the lipid A moiety of the
LPS molecule confirmed the essential role of lipid A in
inducing cytokine tolerance in hepatocytes.

Lipid A is responsible for endotoxic activity of LPS
both in vivo and in vitro.* The specific requirements for
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Fig. 3. Cytokine tolerance in hepatocytes after pretreatment with different LPS-related compounds. Light-gray bars represent pretreating with unbound
compounds alone. Darker-gray bars represent pretreatment with the compound bound to chylomicron. Data shown are mean + SEM of 6 samples of two
different experiments. *P < 0.01 compared to the corresponding unbound groups; dagger, P < 0.01 compared to bound S-L PS group, according to t-test. For

abbreviations, see caption to Figure 1.
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Table 1. Effect of different LPS or LPS compounds on the
hepatocellular response to pro-inflammatory cytokines

LPS or LPS compound Toxicity Tolerance
SLPS +++ Yes
R-LPS +++ Yes
LPS-Sae + Yes
D-LPS - No
DP-LA +++ Yes
MP-LA + Yes
Compound 506 +++ Yes
Compound 406 - Yes
Lipid X - No

S-LPS, smooth LPS from E. coli 0111:B4; R-LPS, rough
LPS from E. coli J5; LPS Sae, LPS from S. abortus equi;
D-LPS, detoxified LPS from E. coli O111:B4; MP-LA,
monophosphorylated lipid A from E. coli F583; DP-LA,
natural diphosphorylated lipid A from E. coli F583; 506,
synthetic diphosphorylated lipid A from E. coli O55:B5;
406, synthetic lipid IVa.

+++ strong, ++ moderate, and + mild toxicity.

this biological activity are not fully known; however, it
has been shown that for full expression of the ‘ endotoxic
principle’, lipid A must possess a particular chemical
composition and primary structure.?* The most potent
known lipid A comes from a deep, rough, mutant strain
of E. coli F 515 consisting of a [3-1,6-linked D-glu-
cosamine (GIcN) disaccharide backbone carrying two
negatively charged phosphates, and six saturated fatty
acids, which are bound in adefined asymmetric distribu-
tion, four at the non-reducing and two at the reducing
GlcN molecule. Because of the phosphate groups and
the asymmetric position and length of the acyl side
chains, this lipid A moiety has a conica or wedge-
shaped cross section. When lipid A with this cross sec-
tion intercalates into the cell membrane, the conica
shape exerts a mechanical stress on the CD14 molecule.
A change in the molecular structure of lipid A, such as
removal of a phosphate group, changes the conical cross
section to a more cylindrical form and significantly
reduces its endotoxic activity.> Because the cylindrical
LPSor lipid A occupiesthe CD14 molecule on the mem-
brane, it cannot exert the effective mechanica stress
required to activate the signaling pathway.

In addition to endotoxic activity, lipid A can induce most
of the biologica properties of the intact LPS molecule,
specificaly the early phase of endotoxin tolerance, immune
modulation, and preconditioning. Interestingly, most of
these biological activities are independent of the endotoxic
properties of lipid A.2 Monophosphorylated lipid A has
been shown to induce delay preconditioning in rats, and
inhibit the TNF-a related myocardia damage observed in

ischemiareperfusion injury.® In our study, athough
monophosphorylated lipid A was significantly less
potent in stimulating RAW 264.7 cells than diphospho-
rylated lipid A, it induced the same amount of cytokine
tolerance in hepatocytes.

Studies of the biological activities of the lipid A moi-
ety of LPS were unreliable because of the complicated
structure of the LPS macromolecule and the difficulty in
purifying it; thus, artificial synthesis of lipid A was a
major milestone. Ishida et al.?” have shown that the syn-
thetic lipid A analogue ONO-4007 effectively induced
endotoxin tolerance in mice and prevented plasma leak-
age when LPS was subsequently administered.
Furthermore, the biological activities of lipid A are not
limited to endotoxin signaling pathways. It can aso
interfere with other intracellular signaling mecha
nisms,?® and intervene with and inhibit the glycosylphos-
phatidylinositol-specific phospholipase D (GPI-PLD)
signaling pathway.?® This inhibition is a specific process
that is probably due to binding of the lipid A structure at
the substrate-binding site of the enzyme.

Although at first it was believed that structures similar
to the natural lipid A moiety were required for this
inhibitory effect, recent studies have shown that even
monosaccharide lipid A analogs are capable of interfer-
ing with GPI-PLD activity.* In our study, CM-LPS com-
plexes containing compound 506, which is the synthetic
analog of E. coli F515, induced the same amount of
cytokine tolerance in hepatocytes as complexes contain-
ing natura lipid A or intact smooth LPS molecules.
Complexes containing compound 406, which is the syn-
thetic analogue of lipid 1Va, but has only four acyl side
chains, also induced cytokine tolerance in hepatocytes,
but by amuch lower amount than the natural or synthetic
lipid A structures. However, in our study, complexes
containing lipid X, which is the synthetic counterpart of
the monosaccharide precursor of lipid A and has only
two acyl side chains, could not attenuate the hepatocellu-
lar response to pro-inflammatory cytokines.

The mechanism of thisinhibitory effect of CM-lipid A
complexes on the cytokine signaling mechanism of
hepatocytes is not clear. We have previously shown that
to induce cytokine tolerance, complexes should be inter-
nalized into the hepatocytes, and that the rate of toler-
ance is directly proportiona to the amount of
internalization.®! Furthermore, we have shown that once
the complexes are internalized, they follow the same
intracellular trafficking pathway of the chylomicrons
from the early to the late endosomal compartment and
finaly, to the lysosoma compartment, where they are
apparently enzymatically digested.® However, the fact
that CM? increase the hiliary excretion of intact LPS®
indicates that some fraction of the internalized LPS can
escape lysosomal degradation and, either directly or
indirectly, interfere with cytokine signaling pathways.
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CONCLUSIONS

This study shows that the lipid A domain of the LPS
macromoleculeis both sufficient and essential for the CM-
LPS-mediated induction of cytokine tolerance in hepato-
cytes. Although this induction process depends on the
molecular structure of lipid A, it isindependent of the spe-
cific endotoxic activity of the lipid A domain. The
cytokine tolerance-inducing ability of complexes contain-
ing modified lipid A moieties, which have much lower
endotoxic activities than the native LPS structure, could
lead to a novel therapeutic strategy for sepsis by modulat-
ing the response of cells or organs to pro-inflammatory
mediators.
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