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1 BACTERIAL ENDOTOXIN/LPS
Bacterial endotoxin was first described about a century ago by R. Pfeiffer who
observed that the K/Z>ro c/jo/erae bacterium synthesizes not only a heat-labile toxin,
but also a heat resistant toxic substance that was not secreted by the bacterial cell.
To distinguish this toxic compound bound to the bacteria from the toxic compounds
secreted (exotoxins), it was called endotoxin (1). Now it is known that endotoxin is
present in the cell wall of all gram-negative bacteria, and that this glycolipid is
responsible for many of the pathological effects of these microorganisms (2).
The gram-negative bacterial cell wall is composed of three layers consisting of an
inner membrane, a peptidoglycan layer and an outer membrane (2,3). Endotoxin
comprises the major component of the outer membrane (4)(Figure 1) and is essential
for viability of bacteria. Since endotoxin has low fluidity, the outer membrane is an
effective permeation barrier against hydrophobic and other agents (2,3). Endotoxin,
which is localized at the outer surface of all gram-negative bacteria, can be
considered as a primary signal used by the host to detect and react to a wide range
of microorganisms (5).
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Figure 1: Schematic presentation of the £sc>ienc/ija Co// envelope; figure modified after Raetz (3).

Endotoxins of all gram-negative bacteria have a common structure. They are
amphiphilic molecules, consisting of a hydrophilic polysaccharide and a covalently
bound hydrophobic lipid compound (lipid A), see Figure 2, and hence are
chemically lipopolysaccharide (LPS) (2,3). The terms endotoxin and LPS will
therefore be used interchangeable in the remainder of the chapter.
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The polysaccharide chain of LPS consists of two regions namely an O-specific
chain and a core oligosaccharide, connecting the O-antigen to the lipid A part. The
O-specific chain is the most variable region of the LPS molecule, consisting of a
polymer of repeating oligosaccharide units which contain up to 8 different sugar
residues interlinked by glycosidic bonds. Due to the diversity of constituents and
their linkages, an enormous number of structures of O-specific chains is present.
These structures determine the serological specificity of LPS and of the parental
bacterial strain. A specific immune reaction can be evoked against the O-chain,
resulting into the production of antibody molecules of the IgM isotype (6).
The core segment of LPS consists of an O-chain proximal outer core and a lipid
A proximal inner core. The structural variability of the core within a bacterial
species is limited. Hexoses commonly present in the outer core of LPS are Dglucose, D-galactose, N-acetyl-D-glucosamine and N-acetyl-1-galactosamine, whereas
the inner core region is characterized by the sugars heptose, and 2-keto-3deoxyoctonic acid (Kdo).
Lipid A, the most conserved part of LPS is linked to Kdo in the inner core via a
ketosidic linkage. Unique for lipid A is the presence of a backbone of
biphosphorylated P(l-6) linked disaccharides of D-glucosamines. (R)-3 hydroxy fatty
acid chains are attached to this backbone, both via hydroxyl groups and via amino
groups. Part of these fatty acid chains have saturated fatty acids linked to their 3hydroxy groups. LPS of distinct bacteria differ in the length, and the attachment
sites of their fatty acid chains.
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Figure 2: Schematic chemical structure of lipopolysaccharide; figure modified after Raetz (3).
GlcN, N-acetyl glucosamine; Kdo, 2-keto-3-deoxyoctonic acid; Hep, heptose; Gal, D-galactose; Glc,
D-glucose; P, phosphate. ~ ethanolamine; AAA, fatty acid chain

A variety of wild type bacteria form LPS lacking the O-specific chain, called
rough mutants, since they form rough colonies, in contrast to bacteria with complete
LPS, which form smooth colonies, and are called smooth mutants. In addition, rough
mutants missing parts of the core exist, which are designated by the nomenclature
Ra to Re (3). The minimal LPS structure required for growing and multiplying of
bacteria consists of one Kdo residue linked to lipid A (7).
Using purified and synthetic preparations of lipid A, it was demonstrated that
- 1 1 -

lipid A is responsible for most of the biological effects of LPS (8,9). The minimal
structure of Lipid A required for endotoxic activity is a molecule containing two
p(l-6)-linked-D-glucosamine residues, two phosphoryl groups and 6 fatty acids in a
defined arrangement (10). The binding of lipid A to a recognition molecule on
macrophages is largely mediated via the hydrophilic backbone. However, the
hydrophobic region of lipid A (fatty acid chains) was shown to be essential for the
activation of these cells (10,11).
Although as reported, the majority of the biological activities exhibited by LPS
resides in the lipid A portion of the molecule, the polysaccharide part also affects
host responses. Several studies indicate the requirement of the Kdo containing inner
core for biological activity (12,13). Besides, the polysaccharide chain modulates in
vivo interactions of LPS with host systems, as shown by a very rapid clearance of
rough LPS, as compared with smooth LPS (14). In addition, the O-antigen was
demonstrated to exert directly several biological activities, like induction of
interleukin (IL)-l and interferon (IFN)y release, and activation of the alternative
pathway of the complement cascade (15-17). However, most importantly the Ospecific chain confers the serological specificity of LPS, as described above.
LPS is released from the bacterial cell wall during growth and replication of
bacteria (18). After killing of bacteria by treatment with antibiotics, or under the
influence of the lytic action of complement, the amount of free LPS is strongly
enhanced (19,20). Since LPS is an amphiphilic molecule above a critical
concentration, it forms noncovalent aggregates, that may adopt different
supramolecular structures (reviewed in 21). The physical structure formed depends
on the conformation of the contributing LPS molecules, and is influenced by
extrinsic conditions like temperature, pH and concentration of cations. The
conformation of the LPS molecule is strongly affected by the phase of its acyl
groups, which can be either the gel phase (low mobility), or the liquid-crystalline
phase (high mobility). Transition between phases takes place at a certain transition
temperature, dependent upon the characteristics and distribution of the acyl groups.
Indications that supramolecular arrangement and the phase state affects the biological
activity of LPS was obtained from a study, showing that laminar structures of lipid
A have reduced biological activity compared to non-laminar structures (22), whereas
another study revealed an inverse relationship between phase transition temperature
and the capacity to elicit leukotriene C< production by macrophages (23).
Resuming, endotoxins or LPS are amphiphilic molecules present in the outer wall
of gram-negative bacteria. Lipid A, which is highly conserved among LPS of
different bacteria, contains most of the biological activity, whereas the
polysaccharide chain confers the serological specificity of LPS. Since endotoxins are
present in all gram-negative bacteria the host recognition of and response to this
glycolipid provides protection against a wide range of microorganisms. In response
to LPS a broad range of physiological responses is induced, as shown in Figure 3,
all contributing to the defense against LPS and gram-negative bacteria, as will be
discussed further in this chapter.
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Figure 3: Scheme of the diversity of host reactions, both of cellular and humoral origin, in
response to LPS, as will be discussed further in the text.

2 HUMORAL AND METABOLIC RESPONSES TO LPS
An important component of the host defense to LPS is the response of the humoral
system (Figure 3). After entering the circulation, LPS interacts with lipoproteins in
plasma, resulting in a reduced biological activity of LPS. Furthermore, LPS activates
the complement system and induces coagulation, two mechanisms directed at
elimination and localization of LPS. In parallel the liver and the neuroendocrine
system are activated resulting into metabolic alterations, as will be discussed.

2.1 LPS Binding to Plasma Lipoproteins and Clearance
After entering the blood 80-90% of the LPS is present in the plasma compartment,
whereas only a minor part is cell associated (24). Several plasma proteins are able to
bind LPS, like albumin, transferrin and lipoproteins, of which the latter are a major
LPS binding components in plasma. Ulevitch et al were the first to demonstrate that
the reduction of buoyant density of LPS, which is observed after interaction of LPS
with plasma, was caused by complex forming of LPS with high density lipoprotein
(HDL) and associated apolipoprotein Al (25,26). It was observed that for interaction
with HDL, disaggregation of LPS is required, which, as will be discussed below, can
-13-

be mediated by the apolipoprotein Al associated protein LPS binding protein (LBP).
In addition, LPS was also demonstrated to bind to low density lipoproteins (LDL),
very low density lipoprotein (VLDL) and chylomicrons (27,28). This binding is
most probably caused by a hydrophobic interaction between lipid A of LPS and the
lipids of lipoproteins (27).
The interaction of LPS with lipoproteins results in reduced biological activity of
LPS (25,29), and can therefore be considered as an endogenous protection
mechanism against LPS. In vitro studies revealed that lipoproteins reduce the
binding of LPS to macrophage membranes (14,30), explaining the reduced biological
activity of LPS. In the presence of lipoproteins the LPS-induced monocyte and
polymorphonuclear leukocytes (PMN) activation, as measured by cytokine release
and priming for radical production, was strongly inhibited (30,31). Also in vivo, in
several animal models, enhancement of lipoprotein levels resulted in reduction of
LPS-induced tumor necrosis factor (TNF) release and in protection to LPS lethality
(28,32).
In addition, the observation that reduction of lipoprotein levels normally present,
greatly enhanced sensitivity of rats to LPS (33), indicates that lipoproteins at
physiological concentrations contribute to protection against LPS. In contrast to in
vitro studies and animal in vivo studies, a recent study revealed that infusion of
triglyceride rich intralipid in healthy volunteers did not reduce the inflammatory
responses to LPS (34). The cause for this discrepancy is not yet clear. In addition,
not all biological functions of LPS are blocked by Hpoporoteins. For instance the
LPS mitogenicity for splenocytes is not affected by lipoproteins (30).
Interaction of LPS with lipoproteins not only affects the biological activity but
also the clearance rate of LPS. Intravenously injected LPS is cleared from the blood
in a biphasic way. Part of LPS is rapidly taken up by organs rich in phagocytes, like
the liver and spleen, whereas the part of LPS bound to HDL is taken up more
slowly into tissues by HDL mediated mechanisms (14,35,36). In contrast to the
reduced clearance due to HDL binding, chylomicrons were reported to enhance the
clearance rate of LPS. In an experimental rat model, addition of chylomicrons
increased the rate of clearance of LPS from plasma and doubled the amount of LPS
cleared by the liver. Furthermore, LPS was directed from kupffer cells to
chylomicron clearing hepatocytes, resulting in reduced cytokine production and
reduced mortality (28).
As indicated above, LPS not bound to lipoproteins is mainly associated with
tissue phagocytes, namely the macrophages and PMN (14,35). These phagocytic
cells are able to internalize LPS and to detoxify it, as will be described later. The
complete removal of LPS from tissues requires several weeks, as was demonstrated
in a rat model, in which small amounts of LPS were still detectable in liver, spleen
and lungs after a four week study period (37).
These data indicate that after it enters the circulation the fraction of LPS that is
not associated with lipoproteins is cleared rapidly from the circulation and becomes
associated with tissue phagocytes. This results into cell activation, uptake and
detoxification of LPS. Besides, part of LPS will interact with HDL resulting in
reduced biological activity and in a reduced clearance rate of LPS. Enhancement of
the level of HDL protects against LPS lethality, most probably by reducing the
-
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amount LPS able to interact with phagocytes. In the presence of large amounts of
chylomicrons LPS is rapidly cleared via hepatocytes. The observations that
enhancement of the levels of lipoproteins protects against LPS effects, indicates that
this could have potential therapeutic implications.

2.2 Complement Activation
It is well established that LPS is a potent activator of the complement system,
through activation of complement components present in plasma. Three mechanisms
by which LPS interacts with complement have been identified. First, in response to
LPS, which is a polyclonal activator of B-cells, antibodies (IgM) directed at the
polysaccharide part of LPS will be produced (6), activating the antibody dependent
classical complement pathway. In addition, the lipid A part of LPS activates the
classical pathway directly and thus more immediate, by binding and activating the
complement factor Clq, without requirement for presence of antibody (38). Thirdly,
as described previously, the polysaccharide part of LPS is able to activate the
complement cascade, by inducing activation via the alternative pathway of
complement (17).
Activation of the complement cascade (either via the classical or the alternative
pathway) results in the formation of C3 convertases, which converts complement
factor C3 to C3b. The formed C3b has strong opsonic activity, resulting in the
enhanced phagocytosis of LPS or gram-negative bacteria by PMN or
monocytes/macrophages, via complement receptor (CR)1 or CR3 (39). After
phagocytosis LPS is neutralized, or bacteria are killed by microbicidal proteins or
reactive oxygen radicals, as will described below.
Also, activation of complement will induce destruction of intact gram-negative
bacteria by the membrane attack complex. Binding of C3b to bacterial surfaces leads
to activation of complement components C5-C9. These activated components form
the membrane attack complex which is plugged into the membrane, resulting in lysis
of bacteria (39). Indications that bacterial killing or LPS detoxification in normal
human plasma is mediated by complement components were provided by studies
showing a reduced killing and detoxifying potential of complement deficient plasma,
or of plasma with inactivated complement components (20,40).
Moreover, as a consequence of complement activation the anaphylatoxins C3a and
C5a, derived from activated complement factors C3 and C5, are formed (41). These
low-molecular weight peptides induce vasodilatation of small blood vessels and
contraction of smooth muscles. Furthermore, these anaphylatoxins, principally C5a,
have chemoattractive capacity for PMN and monocytes, resulting into attraction of
these phagocytic cells to the site of infection. In parallel, C5a directly activates
phagocytic cells, as demonstrated by enhanced adhesion to surfaces, by the secretion
of lysosomal enzymes and eicosanoids, by increased oxidative metabolism, and by
enhanced expression of CR3 and Fc receptors (41). These cell activation processes
will result in enhanced phagocytosis, and neutralization of microorganisms and LPS.
Activation of complement is thus one of the many facets of host response to LPS.
The complement system contributes to the defense against LPS and gram-negative
- 1 5 -

bacteria via several pathways, namely by inducing lysis of bacteria, by opsonization
of LPS and bacteria for phagocytosis, and by attraction and activation of phagocytic
cells. The protective capacity of complement against LPS was confirmed by studies
showing that animals genetically deficient for complement factor C3 or C6, exerted
decreased LPS clearance and had increased organ damage (42) or were more
sensitive to lethal activities of LPS (43).
However, other studies revealed that LPS-induced complement activation could
have detrimental effects for the host. In patients with sepsis syndrome, activation of
the complement system was observed, which was related to the severity of shock
and death (44,45). Furthermore, antibodies directed against C5a could attenuate the
systemic manifestations of experimental sepsis in nonhuman primates (46). These
data indicate that under certain conditions, inappropriate activation of this protective
system occurs, resulting in adverse effects for the host.

2.3 Induction of Coagulation
LPS activates also other humoral response factors in blood, such as coagulation
factors (47). Morrison et al. demonstrated that LPS was directly able to activate
coagulation factor XII (Hageman factor) which is present in plasma at levels of
approximately 30 ug/ml (48,49). In parallel, factor XII can indirectly be activated by
LPS, as LPS-induced cell damage results in exposure of collagen, another trigger for
factor XII activation (49). Stimulation of factor XII is the initiating step of a cascade
of reactions, called the intrinsic coagulation pathway, resulting in the formation of a
blood clot, consisting of insoluble fibrin. This blood clot is considered to contribute
to the localization of the infection (5).
In addition to initiating the intrinsic coagulation pathway, activated factor XII
also activates the plasma protein prekallikrein. Activated kallikrein in turn cleaves
kinins, which have strong vasodilatory and permeability enhancing effects, from
plasma kininogen. This process forms part of the contact activation pathway (49).
Indications that LPS activates the contact activation system in vivo are obtained
from studies showing that patients with sepsis have enhanced levels of the o^macroglobulin-kallikrein complexes (50). Furthermore, LPS administration to
healthy volunteers resulted in activation of the kallikrein-kinin systems (51).
Another pathway of LPS activated coagulation is by inducing tissue factor
expression on monocytes and endothelial cells (52,53), the initiating step of the
extrinsic pathway of coagulation. The importance of the extrinsic pathway in LPSinduced coagulation was derived from a study showing that antibodies directed
against tissue factor blocked coagulation in experimental endotoxemia in baboons
(54).
Plasma and tissues contain besides procoagulant factors, also anticoagulant
factors, which inhibit coagulation, or contribute to lysis of the formed blood clot.
Next to enhancing the procoagulation as described above, LPS also blocks
anticoagulation processes. The main step in the fibrinolytic pathway, namely the
conversion of plasminogen to plasmin, which degrades fibrin, is mediated by
plasminogen activator, and can be blocked by plasminogen activator inhibitor, both
-
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produced by endothelial cells (55). In vitro studies demonstrated that LPS enhanced
activity of the plasminogen activator inhibitor, and did not affect the plasminogen
activator activity, thus inhibited fibrinolysis (55). In vivo studies however revealed
that LPS administration in healthy volunteers resulted in activation of both proteins.
An early upregulation in plasminogen activator, concomitantly with fibrinolytic
activity, was followed by upregulation of plasminogen activator inhibitor levels (56).
In addition, LPS downmodulates the expression of the anticoagulant molecule
thrombomodulin on endothelial cell surface (53). Thrombomodulin binds thrombin,
resulting in reduced ability of thrombin to convert fibrinogen to fibrin. In parallel,
the formation of the thrombomodulin-thrombin complex activates protein C, which
function as anticoagulant factor by degrading the activated coagulant factors V and
VIII (47). Reducing the expression of thrombomodulin therefore inhibits
anticoagulant capacity of endothelium.
Resuming, LPS is able to activate coagulation, both via induction of coagulation
pathways, and via inhibition of anticoagulation processes. The coagulation is another
approach by which the host protects itself against LPS, by localizing the infection.
Furthermore, coagulation contributes to restoring the LPS-induced vessel wall
damage. The observation that the horseshoe crab uses a similar mechanism for
protection (57) indicates that coagulation is evolutionary well conserved as defense
against LPS, and emphasizes its importance in defense. However, to much of a good
thing as coagulation, for instance due to high systemic levels of LPS, can result in
disseminated intravascular coagulation and is thus deleterious for the host.

2.4 Neuroendocrine Responses and Metabolic Alterations
A generalized host response to infection is the induction of fever and a strongly
altered metabolism of lipids, proteins and carbohydrates, resulting in hyperlipidemia,
protein catabolism and hyperglycemia (58). These metabolic alterations are largely
mediated by neuroendocrine hormones and by cytokines released in response to LPS.
Alteration of the temperature set point in the hypothalamus, and the induction of
fever in response to LPS is caused by cytokines like IL-1, TNF and IL-6. These
cytokines induce a febrile response through the induction of prostaglandin E^ (PGEj)
(59). This enhanced body temperature, contributes to hypermetabolism and requires
enhanced energy supply. Fever is considered beneficial for the host by increasing the
resistance to microorganisms, due to restriction of replication of the infectious
reagent, and by enhancement of several aspects of the host resistance, like
phagocytic capacity of PMN, the stimulation of T-cells, and T-cell dependent
reactions (60).
A striking metabolic alteration in bacteremic patients or LPS treated animals, is
hyperlipidemia. This hyperlipidemia is characterized by increased concentrations of
triglycerides, VLDL, and LDL and a decreased concentration of HDL (29,58,61).
The increase in lipids can be speculated to be useful as supply in order to fulfill the
enhanced energy requirements observed during infection status. In addition, since
lipoproteins could protect against biological effects of LPS as described in paragraph
2.1, this hyperlipoproteinemia could be considered an physiological defense
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mechanism of the host. The mechanism of LPS-induced hyperlipidemia is not
completely defined, although it is clear that cytokines like TNF may be involved in
this metabolic condition. TNF affects serum triglyceride levels by stimulating
hepatic lipid synthesis and secretion of VLDL. Furthermore, TNF suppresses levels
of lipoprotein lipase, the enzyme responsible for metabolism of triglyceride rich
lipoproteins, thus preventing removal of lipoproteins from the circulation (61,62). In
addition, LPS directly induces hyperlipidemia by suppression of LDL clearance,
most probably due to the reduction of LDL receptor expression on hepatocytes
(61,63,64).
Another important metabolic consequence of endotoxemia is the wasting of body
tissues (58,65). Endotoxemia is related to catabolism of muscle proteins due to an
increase in protein breakdown, resulting into peripheral release of amino acids, and
in parallel to a decrease in amino acid uptake and reduced protein synthesis.
Concomitantly, a large portion of these amino acids are used for the hepatic acute
phase protein response, which will be discussed in the next section. Despite the fact
that both anabolic (the production of acute phase proteins) and catabolic processes
(wasting of muscle protein) are occurring simultaneously, nitrogen balances become
negative, indicative for protein wasting (58). This catabolic response is accompanied
by a diminished uptake of food and other nutrients, an effect largely attributed to the
cytokine TNF (62).
Although some indications for TNF and IL-1 in the breakdown of muscle proteins
were obtained (65), counterregulatory hormones, especially glucocorticoid are
strongly involved in this catabolic response (65-67). Glucocorticoids present in
enhanced levels during infection are produced in response to LPS, and to its
mediators TNF and IL-1, either by a direct activation of the adrenal, or by activation
of the hypothalamus-pituitary-adrenal axis (65,68). Glucocorticoids further
strengthen the muscle-hepato-axis, by enhancing the cytokine-induced production of
acute phase proteins in the liver (65,68).
In addition to these changes in lipid and protein metabolism, alterations in
carbohydrate metabolism are also observed during infections (58). Described
alterations are elevated blood glucose levels, altered insulin levels, increased
endogenous glucose production and profound insulin resistance. Comparable
metabolic alterations were obtained by combined infusion of cortisol, glucagon and
epinephrine, further stressing the role of these hormones in the metabolic
derangements occurring during infection (67,69).
Besides affecting metabolism, glucocorticoids have suppressive effects upon
inflammation and immune responses (68,70). Corticosteroids inhibit the production
of pro-inflammatory cytokines and lipid metabolites, and downregulate the function
of cellular components of inflammation, as phagocytic cells, lymphocytes and
platelets. Therefore, glucocorticoids provide a negative feedback signal in order to
reduce the inflammatory cascade. Consequently, reduced cytokine release will
attenuate the production of this adrenal hormone.
Summarizing, the induction of fever, leading to enhanced resistance to
microorganisms, contributes to hypermetabolism resulting from endotoxemia. The
concomitant metabolic alterations consist of an altered glucose metabolism and an
increased production of lipids. The enhanced lipoprotein levels could serve to
- 1 8 -

provide energy and furthermore contribute directly to protection against LPS, by
blocking its biological effects. Besides, muscle proteins are degraded in order to
provide amino acids, which are (partially) used for production of acute phase
proteins required for protection against microorganism. Some neuro-endocrine
hormones especially glucocorticoids, play an important role in these metabolic
responses. Furthermore, glucocorticoids contribute to controlling the inflammatory
response, by blocking production of cytokines and other pro-inflammatory processes.

2.4.1 Production of Acute Phase Proteins
As discussed in the previous section, as a consequence of endotoxemia the liver
produces enhanced levels of a group of proteins, which under normal conditions are
produced at steady state levels, called the acute phase proteins. In parallel, other
liver proteins are produced at lower levels, like albumin, transferrin, and ApoA 1, the
so called negative acute phase proteins. Although most acute phase proteins are
produced by hepatocytes, some are synthesized by other cells including monocytes,
endothelial cells, fibroblasts and adipocytes (65,68,71,72).
During acute phase response levels of most acute phase proteins are induced
several fold over normal levels, whereas the concentration of some acute phase
proteins, like C-reactive protein (CRP), can increase 1000-fold over normal levels
(71,73). Therefore, CRP levels are often used as marker for monitoring the
inflammatory response (73).
The main stimuli for acute phase protein production by the liver are cytokines
(74). Depending upon the stimulus specific induction, acute phase proteins can be
divided into two groups. The type I acute phase proteins, like complement
component 3, CRP and LBP, are produced in response to IL-1 type cytokines
(including IL-lct, IL-1 (i, TNFa and TNFP). The type II acute phase proteins, as
fibrinogen and ct|-antitrypsin, are produced in response to IL-6 type cytokines
(including 11-6, IL-11, leukemia inhibitory factor, oncostatin M and ciliary
neutrotrophic factor). The IL-6 type cytokines can synergistically enhance the
production of the type I acute phase proteins. Production of acute phase proteins is
also modulated by other factors like glucocorticoids which synergistically enhance
the production of these proteins (68,74).
Acute phase proteins have a wide range of activities, all contributing to the
removal of micro-organisms and repair of damaged tissues. The acute phase proteins
can be dived into subgroups based on their actions (68,71), and consist of
complement compounds, including C3 and factor B, coagulation components, as
fibrinogen and von Willebrand factor, proteinase inhibitors like a,-antitrypsin, and
a,-antichymotrypsin, and metal-binding proteins as haptoglobin and hemopexin.
However, several acute phase proteins can not be classified into a subgroup,
including LBP which will be discussed thoroughly later in this chapter.
CRP, as indicated above a prototypic acute phase protein, plays an important role
in the nonspecific host defense against invading microorganisms (71,73). CRP binds
to the nucleus compounds chromatin, histones and small nuclear ribonucleoprotein
particles. Additional ligands for CRP are phosphocholine containing molecules,
-
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which are frequently present on the surface of bacteria, fungi, parasites and on
damaged cells. After binding to ligand, CRP activates the complement by the
classical pathway, resulting in phagocytosis and destruction of microorganisms and
of cellular debris. In parallel, CRP activates neutrophils, macrophages, natural killer
cells and platelets.
The production of acute phase proteins is one of the many responses of the host
to LPS. As a result of LPS-induced cytokine release the liver is activated, and
produces a range of acute phase proteins. These acute phase proteins contribute to
neutralization of LPS (bacteria), help to minimize the extent of local tissue damage,
and participate in tissue repair and regeneration.

3 CELLULAR RESPONSES TO LPS
Besides activation of the humoral defense system, LPS is a well known activator of
a variety of cells, like monocytes, PMN, endothelial and epithelial cells (Figure 3).
Cell activation requires two steps, specific interaction of LPS with a cell surface
receptor and transduction of cell activating signals. In this section first the cell
surface structures known to interact with LPS will be discussed, whereas in the
second part of this section the cellular responses to LPS will be reported.

3.1 Cellular Receptors for LPS
LPS interacts with several structures on cell membranes. These structures function
either as receptor for LPS, or in binding and internalization of LPS. However, of
several of the identified LPS binding structures, the function has not yet been
revealed. Since the membrane antigen CD 14 is the most important LPS receptor
known so far, this antigen will be discussed in detail.

3.1.1 Cell Surface LPS Binding Structures
Due to its lipid part, LPS is able to interact aspecifically with cell surfaces via
hydrophobic interactions (75,76). However, also specific interactions of LPS with
several structures on the cell membrane are reported, which will be discussed here
shortly.
Wright et al. described that CD 18, a member of the integrin family of adhesion
molecules, interacts with LPS on the surface of gram-negative bacteria, and LPS
coated erythrocytes (77,78). However, leukocytes obtained from patients deficient
from CD 18 did not show a reduced response to LPS (79), and treatment of
mononuclear cells with anti-CD 18 antibody did not interfere with LPS-induced
TNFct release (80), indicating that CD18 is not essential for cellular responses to
LPS. CD 18 is most probably involved in uptake and clearance of LPS (78).
However, recently also indications for a functional role of CD18/CDllc were
- 2 0 -

obtained, since transfection of LPS unresponsive CHO cells with CDllc/CD18
induced a serum-independent response to LPS (81).
In addition, LPS was demonstrated to be a ligand for the scavenger receptor on
macrophages. Hampton et al. demonstrated that binding of lipid IVa (the bioactive
precursor of lipid A) by the macrophage like cell line RAW264.7, and subsequently
metabolism into a less active form was mediated via the scavenger receptor (82). No
indication for involvement of this receptor concerning lipid IVa or LPS-induced
stimulation of macrophages was obtained (82,83). The scavenger receptor is found in
large amounts in the liver (on kupffer cells and on sinusoidal endothelial cells) and
appears to be well placed there to remove LPS entering the circulation from the gut
(82).
Using a radio-iodinated, disulfide-reducible, photoactivatable LPS derivative
Morrison et al demonstrated a 73 kDa LPS binding protein specifically interacting
with the lipid A part of LPS, on the membrane of murine splenic lymphocytes, and
macrophages (84-86). Further evidence for a functional role of this LPS receptor
was obtained by studies showing that an antibody directed against this LPS receptor,
functioned as an agonist for LPS biological activity in vitro and protected mice
against the lethal effects of LPS in vivo (87,88). However, Dziarski et al
demonstrated that this 70-kDa protein was a broadly reactive protein, interacting
with other structures like bacterial peptidoglycan, lipoteichic acid, and heparin (89).
Studies have now demonstrated that this 70-kDa protein was cell bound albumin,
which originated from tissue culture medium, or from serum, and was not required
for cell activation (90).
Another approach to study LPS binding and cell activation is the development of
cell lines deficient in LPS binding (91,92). The LPS resistant mutant of the
macrophage-like mouse cell line J774.1 was reported to miss, as compared to the
parent cell, two distinct binding proteins of about 55 and 65 kDa, indicating that
these proteins are involved in LPS-induced macrophage activation (91). The 55-kDa
protein could be identical to CD 14 which will be described in the next paragraph.
Furthermore, using different techniques, several lipid A binding proteins are
identified for which so far no function is described. By photo-affinity cross-linking,
lipid A binding proteins of 18 and 25 kDa were demonstrated on the 70Z/3 pre Bcell line (93), whereas using a ligand blot assay a LPS binding protein of 40 kDa on
murine-lymphocyte-cell lines and proteins of 40 and 80 kDa on murine-macrophagelike cell line were detected (94). Recently, a 80-kDa membrane protein on
monocytes and endothelial cells was identified, capable of binding lipid A in the
presence of serum-components (95). Furthermore, binding of LPS to monocytes and
PMN, mediated by membrane proteins other than CD 14 and CD 18 was reported,
although these structures were not yet characterized (96,97).
Besides specific receptors for the lipid A part of LPS, Cavaillon et al also
demonstrated that the polysaccharide part of LPS interacts specifically with a lectin
like receptor on the monocyte/macrophage membrane (76,98). In accordance, the
lectin galectin-3, which is expressed by activated macrophages and epithelial cells
was described recently to bind the polysaccharide chain of LPS via its carbohydrate
binding site in the C-terminal domain (99). Moreover, galectin 3 also bound the
lipid A part of LPS via a site within the N-terminal part. Also a p38 LPS binding
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protein on mouse splenocyte, on the J774.1 macrophage-like cell line and on the
70Z/3 pre B-cell line, was hypothesized to be specific for the inner core
oligosaccharide part of LPS (100).
These studies reveal that several LPS binding structures on cell membranes exist.
CD 18 and the scavenger receptor are generally accepted to play a role in binding,
internalization and detoxification of LPS. However, the exact function of the other
LPS binding structures has not been fully elucidated, and requires further study. In
contrast, the CD 14 antigen, as present on monocytes/macrophages and PMN, has
convincingly been shown to function as a receptor for LPS. This antigen was
demonstrated to be an important LPS binding protein, and also to be involved in
LPS-induced cell activation, as will be discussed in the next section.

3.1.2 CD14 as receptor for LPS
As indicated in the previous section, so far only the 55-kDa glycoprotein CD 14 has
definitely been shown to be involved in the LPS-induced cell activation. This
antigen is present as a membrane bound form and as soluble antigen, both involved
in cell stimulation by LPS. Furthermore, the plasma protein LBP plays an important
role in this LPS-CD14 mediated cell activation, as will be discussed first.

IPS fi/
In normal plasma the amphiphilic molecule LPS is present as aggregate or bound to
circulating lipids like HDL as discussed before. Tobias et al observed that in acute
phase serum the interaction of LPS with HDL was changed, and identified the acute
phase reactant responsible for this altered interaction as a protein of 60 kDa. This
acute phase protein was shown to bind LPS directly and was therefore called LPS
binding protein: LBP (101). Further studies showed that LBP binds smooth LPS,
rough LPS and the lipid A part of LPS with high affinity (kDa of 10 *M) (102).
Although LBP was discovered in rabbit acute phase plasma, this protein was
thereafter also identified in human, mouse rat and bovine plasma (103-106).
LBP is constitutively synthesized by hepatocytes in the form of a single 50 kDa
polypeptide and is released after glycosylation into the plasma in the form of a 60
kDa protein (107). In plasma of healthy individuals LBP is present at levels of
approximately 10 ug/ml, which increase approximately 10-fold during acute phase
responses (103,108). Studies in the HepG2 hepatoma cell line revealed that LBP is a
type 1 acute phase protein (109). Indications for extrahepatic production of LBP
were obtained in rat models of sepsis (105), whereas in concert, IL-ip induced LBP
mRNA expression in cultured rat pulmonary artery smooth muscle cells (110).
However, no LBP mRNA was detected in lung homogenate of rabbits in which an
acute phase response was induced (111).
LBP has high sequence homology with the lipid transporting proteins cholesteryl
ester transfer protein (103), and phospholipid transfer protein (112), whereas also
functional homology with these proteins exist, since LBP functions as a transporting
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molecule specific for the lipid LPS, as discussed below. Also sequence homology
between LBP and the PMN protein bactericidal/ permeability-increasing protein
(BPI) was reported (103). Our studies revealed that these proteins, which both bind
to the lipid A part of LPS (102,113), exert antagonistic effects (114).
So far, several functions of LBP, all affecting LPS-induced host responses, are
known (Figure 4). First, it was demonstrated that LBP binds to LPS and facilitates
the interaction of LPS to membrane CD 14, resulting in strongly enhanced cell
activation. Wright et al. very elegantly showed that CD 14 binds the complex of LPS
and LBP (80). Antibody directed against CD 14 blocked binding of the LPS-LBP
complex to macrophages, whereas enzymatic removal of CD 14 from macrophage
surface strongly reduced LPS-LBP complex binding. Also others showed that serum,
as a source of LBP, or LBP enhanced the binding of LPS to monocytes as mediated
via CD14 (115,116).
Evidence for a functional role of LBP-LPS interaction with CD 14 was obtained
from several studies showing that the presence of LBP greatly enhanced sensitivity
of monocytes for LPS, whereas immunodepletion of LBP from plasma markedly
inhibited LPS-induced monocyte activation as measured by TNFct production
(103,111,115,117). The LPS binding site of LBP is located in its amino terminal
half, whereas the CD14 binding site is indicated to reside within its carboxylterminal half (118). It was reported that LBP remains associated with LPS bound to
the cell membrane (119).
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Figure 4: Schematic model of current view on functions of LBP. LBP monomerizes LPS out of
LPS aggregates, which can be followed by three different processes namely: 1. the LBP-LPS
complex activates monocytes and PMN via membrane CD14; 2. LBP transfers LPS to sCD14. The
resulting sCD14-LPS complex, which does not contain LBP, activates cells lacking membrane
CD14 like endo- or epithelial cells, via a so far unknown receptor, 3. LBP transfers LPS to the
lipoprotein HDL, resulting into neutralization of LPS.

Besides facilitating the binding of LPS to membrane CD 14, LBP also accelerates
the binding of LPS to the soluble form of CD 14 (sCD14), present in the plasma of
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healthy individuals (120). The formed sCD14-LPS complexes are able to activate
cells that are membrane CD 14 negative, like endothelium, epithelium and astrocytes
(121,122). In addition, also activation of membrane CD 14 positive cells by the LPSsCD14 complex was indicated (123). In contrast to the stable interaction of LBP to
LPS and membrane CD14 (119), LBP does not stay associated with the LPS-sCD14
complex and is not necessary for LPS-sCD14 induced cell activation. Rather, LBP is
considered to function catalytically, as a lipid transfer protein, mediating the
movement of LPS from LPS aggregates to sCD14 (123).
In contrast to the two described functions of LBP, resulting in cell activation, the
third known activity of LBP results in the neutralization of LPS. From the group of
S. Wright it was reported that LBP mediates a direct transfer of LPS from micelles
to the lipoprotein HDL (124). In addition, LPS which is transferred to sCD14 can
subsequently be transferred by LBP to HDL, a pathway that is strongly favored over
the direct transfer of LPS to HDL (125). Moreover, as reported previous, LBP was
observed to be associated with apoprotein A l , present in HDL (125). As described
in paragraph 2.1 the interaction of LPS with HDL strongly reduces its biological
activity.
Furthermore, LBP contributes to the clearance of bacteria by interacting with LPS
at the surface of bacteria, and thus opsonizing bacteria for interaction with
macrophages (126). In addition, the LBP mediated binding of LPS to membrane
CD14 results not only in cell activation, but also in internalization of LPS. This
process is not mediated via CD 14 but possibly via a membrane structure interacting
with LBP (119,127).
LBP thus seems to function as an enzyme, transferring the lipid LPS from
micelles either to membrane CD14, or sCD14 resulting into cell activation, or to the
lipoprotein HDL, neutralizing the LPS, as shown in Figure 4. Therefore, the rate of
either process will determine the response of host to LPS. Wurfel et al reported that
plasma (and thus LBP), at first enabled cells to react to LPS, whereas longer
incubation of LPS in plasma resulted into a loss of stimulatory activity (125). These
data could indicate that LPS is rapidly transferred to CD 14, and at slower rate to
HDL, or that LPS is first transferred to CD 14 and subsequently to HDL. It can be
hypothesized that as a consequence, cells of the immune system are triggered during
a short time in order to combat the microorganism, followed by a negative feed back
to prevent overstimulation of the immune system.
The fact that LBP is present in high levels in plasma of healthy humans
(approximately 10 ng/ml) indicates a high capacity for a rapid defense against LPS.
The functional consequence of the increase in LBP levels observed during disease
however, has not been elucidated. The observation that antibodies directed against
LBP prevented LPS lethality in D-galactosamine sensitized mice (128) indicates that
in this model of vigorously LPS exposure, LBP has detrimental effects for the host.
Further studies are required to elucidate the role of LBP in the defense to LPS.
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CD14, the membrane antigen known to function as a receptor for LPS is expressed
mainly on the surface of monocytes/macrophages, and PMN, the cells responsible
for scavenging of LPS and bacteria. The number of CD 14 molecules on peripheral
blood monocytes has been estimated at 50.000 per cell, whereas the level of
expression on PMN is approximately 10-fold less (129,130). CD 14 is anchored to
both cell types via a glycosyl-phosphatidyl inositol (GPI) linkage (131,132). The
gene encoding human CD 14 has been cloned and maps to the long arm of
chromosome 5, in a region containing many genes for growth factors and growth
factor receptors (133).
During the process of monocyte differentiation the CD 14 expression is markedly
increased. The enhancement of CD 14 expression as induced by vitamin D3, is
paralleled by increased mRNA levels, a process in which the transcription factor Sp 1
seems to play a critical role (134). In response to the cytokines IL-4, IL-13 and
IFNy, expression of monocyte membrane CD14 is reduced (135,136), whereas other
cytokines such as granulocyte monocyte colony stimulating factor, IL-ip, IL-2, IL-3,
IL-5, IL-6, and transforming growth factor-p do not seem to affect CD 14 expression
on monocytes (135). Data concerning the effect of LPS on membrane CD14 are
conflicting since an upregulation (137), downregulation (138), or unchanged
expression (139) of CD14 were reported. PMN contain an intracellular pool of
CD14, which is stored in the secretory vesicles. After stimulation with agonists like
formyl-methionyl-leucyl-phenylalanine (FMLP), or TNF these vesicles are rapidly
released resulting in enhanced CD 14 membrane expression, with functional LPS
binding capacity (130,140).
Although monocytes and PMN are the main CD 14 expressing cells few reports
have described CD 14 expression on B-cells, mesangial cells and basophils (141143). In vivo a heterogenous expression of CD 14 on mature tissue macrophages
exists, dependent on the tissue of origin. Peritoneal macrophages were described to
express high levels of CD 14, alveolar macrophages moderate levels, and intestine
macrophages are deficient in CD14 expression (144,145). These differences, most
probably have functional consequence, determining the response of these
macrophages to LPS.
Evidence that CD 14 functions as a receptor for LPS was obtained from studies in
which anti-CD 14 antibodies were shown to block the LPS-induced monocyte
activation as measured by production of TNFa (103,111,115,117), as we showed,
IL-6 and IL-8 (146), or tissue factor expression (147). Similar to monocytes, LPSinduced neutrophil activation, as the expression of CD18/CDllb (130), priming for
oxidative burst (31,148) or priming for synthesis of 5-lipoxygenase products (149),
was shown to be mediated via LBP-LPS interaction with membrane CD 14.
The role of CD 14 as a receptor for LPS was further confirmed by studies
showing that trans feet ion of CD 14 negative cells with CD 14 greatly enhanced
sensitivity to LPS (83,150), and similarly the differentiation of THP-1 cells resulted
in enhanced CD 14 levels and increased responsiveness to LPS (151). In addition,
transgenic mice expressing human CD 14 are hypersensitive to LPS (152), whereas
knock-out CD 14 deficient mice are hyporesponsive to LPS (153). Analysis of LPS
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binding to CD 14 revealed that the dissociation constant of CD 14 for LPS is
approximately 3*10"*M. Furthermore, in this study was found that membrane CD 14
binds more than one LPS molecule (154).
Because CD 14 is linked to the membrane via GPI, and does not transverse the
membrane, it is not clear how the intracellular signal after LPS binding is initiated.
Indications that CD 14 plays a pivotal role in LPS-induced monocyte and PMN
activation was obtained from studies showing that cross-linking of membrane CD 14
directly activated cells (155). Stefanova et al demonstrated a critical role for protein
tyrosine kinases in LPS-CD14 induced cell activation, since CD 14 coprecipitated
with protein tyrosine kinase, whereas LPS induced activation of protein tyrosine
kinase (156). In line with these observations, blocking of protein tyrosine kinase
activity inhibited LPS-induced TNF and IL-1 production (156). Additionally, several
groups have demonstrated a role for protein tyrosine kinases, mitogen activated
protein kinases, and protein kinase C in LPS-induced cell activation via CD14
(157,158). Also, involvement of protein G translocation and for NfK(J activation in
LPS cell activation via CD14 was reported (159,160).
However, several lines of evidence indicate that membrane CD 14 is not directly
responsible for signal transduction in response to LPS. Kitchens et al described that
deacetylated LPS, which antagonizes LPS-induced cell activation, did not block LPS
binding to CD 14 on THP-1 cells (161), indicating that binding of LPS to CD 14 is
not sufficient to induce cell stimulation. Similarly, a group of anti-CD 14 antibodies
was described to block monocyte activation by LPS, whereas they did not affect
LPS binding to monocytes (129). This indicates that at least two epitopes on
membrane CD 14 are involved in the monocyte response to LPS: one involved in
binding of LPS, and the second in the interaction with other structures, resulting in
signalling. The observation that CD 14 linked to the cell membrane either via a GPI
linkage, or as integral membrane protein, mediated identical cellular responses to
LPS (162), further suggested that CD 14 is not the signalling molecule. In addition,
several studies have shown that blocking of LPS-induced cell activation with antiCD 14 antibody can be overcome with high concentrations of LPS, indicating the
existence of additional low affinity LPS receptors (115,146).
The result of these studies support a model on LPS-induced monocyte activation
as shown in Figure 5 (163). In this model it is assumed that binding of LPS to high
affinity cell surface CD14, mediated by LBP, is followed by interaction of the LPSCD14 complex with additional low affinity membrane components, the putative LPS
receptor, enabling trans-membrane signalling. High LPS concentrations will directly
activate this signaling receptor. Because CD 14 is a GPI linked protein, it should
possess adequate mobility in the membrane, allowing LPS to associate with other
membrane components. The membrane structures which, as described in section
3.1.1, bind LPS could be candidates for this hypothetic low affinity signaling
molecule, although this has not been confirmed.
In addition to function as receptor for LPS, several other functions have been
ascribed to CD 14. This membrane antigen was proposed to be a pattern recognition
receptor, since it is also involved in the cell stimulation induced by cell wall
preparations of gram-positive bacteria and by mycobacterial lipoarabinomannan
(164,165). These data confirm the importance of CD 14 in the recognition of
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microorganisms by the innate immune system.
Next, also indications for a role of CD 14 in cell-cell interactions is obtained from
several studies. Anti-CD 14 antibody was reported to induce CD11/CD18intercellular adhesion molecule (ICAM) mediated homotypic adhesion of monocytes,
independently of FcR activation or CD 14 cross-linking (166). In addition, some antiCD 14 antibodies induced monocyte mediated inhibition of T-cell proliferation by a
mechanism that required cell-cell interaction (167). Recently, it was described that
anti-CD 14 antibody blocked B cell Ig production, an effect that was exerted at the B
cell level, and was speculated to depend on interaction between CD 14 and a putative
CD14-ligand at B cells (168). In addition, anti-CD14 antibody inhibited monocyte
adhesion to cytokine activated endothelial cells (169), an interaction which was
demonstrated to be CD11/CD18-ICAM dependent (170). These data indicate that
CD14 has broad activities, however, in the remainder of this chapter, CD14 will be
only considered as receptor for LPS.

V
Figure 5: Proposed model of LPS stimulation of monocytes, see text for details. R? denotes the
putative LPS receptor.

So/wA/e

Besides the membrane bound form of CD 14 also the soluble form of CD 14, sCD14,
is involved in LPS-induced cell activation. A soluble form of CD 14 was first
identified in HL-60 culture medium, since such medium prevented the binding of
anti-CD 14 antibody to myeloid cells (171). Subsequently, sCD14, which lacks the
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GPI anchor (131), was demonstrated to be present in plasma of humans, in levels
from 2-4 ug/ml (108,120). Two forms of sCD14, of approximately 48 kDa, derived
from monocytes membrane CD14, and of 56 kDa, speculated to be directly released
in plasma or supernatant after processing (138,172,173) are now known to exist.
Indications for a role of sCD14 in LPS-induced activation of cells lacking
membrane CD 14 were obtained from a study of our group, showing that anti-CD 14
antibody blocked LPS-induced activation of endothelial cells (174). Other studies
revealed that LBP mediates binding of LPS to sCD14, and that the LPS-sCD14
complex activates membrane CD 14 negative cells, like endothelial, epithelial cells,
astrocytes and dendritic cells (121,122). These cells are activated by the sCD14-LPS
complex, via an so far unidentified surface structure. Despite the facilitating role of
sCD14, cells lacking membrane CD 14 are less sensitive to LPS, thus require higher
concentrations of LPS for cell activation, as compared to monocytes, which express
membrane CD 14 and respond to very low LPS concentrations (175).
Besides mediating LPS-induced activation of CD 14 negative cells, sCD14 can
also antagonize LPS-LBP induced activation of membrane CD 14 positive cells, by
competing with membrane CD 14 for LPS binding. sCD14 was demonstrated to
block LPS-induced oxidative burst by monocytes, and TNFa production in whole
blood (176,177). Rather high concentrations of 20-30 ng/ml sCD14 were required
for blocking the LPS mediated monocyte activation, which are approximately 10
times higher than levels present in blood of healthy individuals. However, in a
model of experimental endotoxemia in mice, the TNF release and LPS lethality was
inhibited by sCD14 at far lower concentrations, of approximately 10 jig/ml (178).
The observation that sCD14 protected against LPS lethality, despite the fact that
sCD14 enhances LPS-induced endothelial activation, is in line with the observation
that the indirect pathway of endothelial cell activation, via IL-1 and TNF released by
LPS activated monocytes, is more efficient than the direct endothelial activation
pathway via sCD14 and LPS (175).
In vitro studies revealed that LPS, and TNF enhance shedding of CD 14 resulting
in increased sCD14 levels (138,176), whereas in presence of IL-4 and IFNy reduced
levels of sCD14 are observed (176,179). Although in our study no enhancement of
sCD14 levels in bacteremic patients were detected (108), Landman et al. described
enhanced sCD14 levels in patients with gram-negative shock, which correlated with
mortality (180). However, as the authors reported, the functional consequence of the
elevated sCD14 levels should be further analyzed (180).
Summarizing, sCD14 affects LPS actions via several pathways. As indicated
previous, sCD14 is an intermediate in the transfer of LPS to HDL, resulting into
neutralization of LPS. Besides, sCD14 facilitates LPS activation of CD14-membrane
negative cells like endo- and epithelium. Besides, high concentrations of sCD14
were shown to block LPS-induced activation of monocytes. sCD14 thus both
enhances and reduces cellular responses to LPS, indicating that the physiologic
function of this soluble antigen in the defense against LPS or gram-negative bacteria
has to be further elucidated.
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3.2 Cellular Activation
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A wide variety of cells will be stimulated after LPS exposure, including,
monocytes/macrophages, endothelial and epithelial cells, platelets, B-cells, mast
cells, fibroblasts, dendritic cells, astrocytes, smooth muscle cells etc. In this section
the response of monocytes and PMN, cells that are most sensitive to LPS and
important in defense against LPS, will be presented. Furthermore, the activation of
endothelial and epithelial cells, which perform a barrier function and contribute
greatly to the inflammatory response to LPS will be discussed.
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Peripheral blood monocytes belong to the mononuclear phagocytic system and are
derived from the bone-marrow. Monocytes circulate in the blood for one to two
days, and differentiate into tissue macrophages after entering tissues, where they can
stay for months. Subpopulations of tissue macrophages differ widely in their
sensitivity to stimuli and the responses they exert after activation (181).
Monocytes respond to LPS with a range of activities, at very low LPS
concentrations, due to the high membrane expression of the LPS receptor CD14. A
series of cytokines, either with pro-inflammatory capacity or with anti-inflammatory
activity, are released by the monocytes. Furthermore, monocytes are primed by LPS
to produce arachidonic acid metabolites, which can enhance (leukotrienes) or inhibit
(PGEy the inflammatory response (182). Also, LPS primes monocytes for
production of oxygen radicals contributing to destruction of phagocytized microbial
agents (182). Besides, the expression of adhesion molecules on cell surface of
monocytes is enhanced, essential for the recruitment of monocytes to the site of
infection (183).
,,i
In this section the cytokines released by monocytes in response to LPS will be
shortly discussed. Two important pro-inflammatory cytokines, with greatly
overlapping actions, are TNF and IL-1 (184,185). Both cytokines have pleiotropic
effects, including activation of leukocytes, enhancement of adherence of PMN and
monocytes to endothelium, and triggering of local production of other proinflammatory cytokines. These cytokines are important mediators of LPS responses,
since injection of TNF, or IL-1 in experimental animals resulted into responses
comparable to those observed after LPS injection (186,187). Furthermore, blocking
these cytokines prevents LPS lethality (188,189).
Besides TNF and IL-1 production in response to LPS IL-6 is released, a cytokine
well known for its ability to induce proliferation and antibody production by B-cells.
Furthermore, in common with TNF and IL-1, IL-6 induces the production of a series
of acute phase proteins (190). Another pro-inflammatory cytokine produced is IL-12.
This heterodimeric cytokine exerts a broad range of actions, including the regulation
of cytokine synthesis and proliferation of T and NK cells, the promotion of Thl
development, the differentiation of CD8+ cells and effects on hematopoiesis (191).
In addition to the release of pro-inflammatory cytokines, anti-inflammatory
cytokines are produced by monocytes in response to LPS. A cytokine with strong
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immunosuppressive activity is IL-10, due to its downregulatory effects on monocyte
activities. IL-10 inhibits the production of cytokines like IL-ip, IL-6, IL-8 and
TNFa, reduces the expression of MHCII on monocytes, and prevents production of
reactive nitrogen oxide (192). This indicates that the release of IL-10 (or other antiinflammatory cytokines) result into a negative-feedback, controlling the
inflammatory reaction evolving after LPS exposure.
The activity of pro-inflammatory cytokines is also counterbalanced by naturally
occurring cytokine inhibitors (193). The two membrane associated receptors for
TNF, namely TNFR5J and TNFR75, are both present in plasma in soluble form. We
demonstrated that LPS induced shedding of TNFR by monocytes (194), whereas also
enhanced levels of sTNR were detected in disease state (195). The biological role of
these soluble receptors seems to be dose dependent. At high concentrations sTNFR
prevent TNF activities, due to competition for binding to membrane TNFR, whereas
at lower concentrations, they stabilize the trimeric structure of TNF, slowing its
decay of bioactivity (196). In addition, for the pro-inflammatory cytokine IL-1
several natural IL-1 inhibitors are known, like the IL-1 receptor antagonist, and the
soluble forms of both IL-1R (185,193).
Another class of cytokines produced in response to LPS are chemokines, which
are cytokines with chemotactic activity. The chemokines can be divided into two
groups, the CC-chemokines specifically attracting and activating monocytes, and the
CXC chemokines with chemotactic activity for PMN (197). In response to LPS,
monocytes will produce several chemokines, most importantly IL-8, a well studied
CXC chemokine (197,198).
Although LPS has no direct effect upon T-cell responses, the cytokines produced
by monocytes in response to LPS affect differentiation of ThO towards Thl or Th2
cells (199). IL-12 induces differentiation ofThl cells, which produce IFNy, resulting
into macrophage activation (191). In contrast, IL-10 inhibits the Thl response,
possibly due to its inhibitory capacity on IL-12 production (192). As a result, the T
cell response is dominated by Th2 cells, which produce IL-4 and IL-10, thus
blocking monocyte activities.
Therefore, the cytokines released in response to LPS importantly regulates the
response of the host to LPS. The pro-inflammatory cytokines and chemokines induce
an inflammatory response directed at attraction of immune cells to the site of
infection and at elimination of the microorganism. By the production of antiinflammatory cytokines and cytokine inhibitors, the inflammatory response is
regulated, preventing a noncontrollable inflammatory cascade. Furthermore, the
cytokines released in response to LPS affect the T cell development, further
directing immune responses evolving in response to LPS. Since the Thl/Th2 balance
seems to be involved in several chronical immune diseases, this fact has to be
considered in studying these diseases.

3.2.2 Polymorphonuclear Leukocytes
PMN, comprising the majority of circulating leukocytes, form the first line of
defense against invading microorganisms and LPS (200). In response to
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inflammatory stimuli a rapid and often massive influx of PMN in the inflamed tissue
occurs. The most important function of PMN is to phagocytize and kill
microorganisms. LPS or bacteria opsonized by antibodies or complement
components interact with PMN via Fc-receptors or via complement receptors, and
are subsequently phagocytized (201). In addition, LPS opsonized with LBP binds
CD 14, resulting into internalization (119), whereas LPS can bind directly to CD 18
on PMN (77). For neutralizing LPS or killing the microorganism a phagocytic
vesicle (also phagosome) has to fuse with a cytoplasmic granule, containing
digestive enzymes and microbicidal proteins, (202,203). The reactive oxygen
metabolites formed as a result of respiratory burst activity further contribute to
microbial killing (204). In parallel, PMN will produce inflammatory mediators in
response to LPS like IL-8 (205), thereby inducing an inflammatory cascade. PMN
have a short life span in circulation (4-8 h) and stay 4-5 days in tissues, and are
disposed of by the process of apoptosis (206).
This section will further be focussed on BPI, one of the microbicidal proteins
present in PMN, specifically directed against LPS, and with possible therapeutic
potential (Figure 6). BPI was purified from the granule of human PMN, and
characterized as a potent bactericidal protein in 1978 by Weiss et al. (207). This 55
kDa protein is highly cytotoxic towards gram-negative bacteria, but not towards
gram-positive bacteria, fungi or mammalian cells. The target specificity is due to the
strong attraction of the cationic BPI for the negatively charged LPS, present in the
outer membrane of all gram-negative bacteria (208). BPI competes with the divalent
cations (Ca*\ or Mg^), normally occupying the anion site of LPS, located in the
inner core and lipid A part, thereby allowing a tight LPS packing. Since increasing
length of the polysaccharide part of LPS impedes access of BPI to the anion site of
LPS, the susceptibility of bacteria to BPI is determined by the polysaccharide chain
length of LPS. In accordance, rough bacteria are more sensitive to BPI as compared
to smooth bacteria (207,208).
The cytotoxic action of BPI on bacteria can be divided into two stages (209).
Binding of BPI to the outer membrane induces immediate growth arrest and outer
membrane alterations like increased permeability, and selective activation of
envelope enzymes degrading phospholipids and peptidoglycans. These first effects
can be reversed when bound BPI is removed by addition of high [Mg**], or albumin.
However, after more prolonged exposure to BPI, alterations of the cytoplasmatic
membrane are produced, resulting in impaired energy metabolism, irreversible
growth arrest, and thus in killing of bacteria.
First studies analyzing blood cells revealed that BPI is present in PMN, located in
the azurophilic (also primary) granules (210). Since only small amounts of BPI are
released after stimulation, or could be extracted from isolated granules, it was
hypothesized that BPI is membrane associated. This was later confirmed by
ultrastructural methods (211). Furthermore, BPI was reported to be present on cell
surface of PMN (212,213) (Figure 6). We observed that monocytes also express BPI
on their cell surface, although no indications for BPI production by these cells were
obtained (214). The total amount of BPI as present in PMN was found to be
approximately 200 ng/10* PMN (our data;215) or 650 ng per 10* PMN according to
others (210).
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Further studies on BPI release, as induced by microbial agents, confirmed that,
although LPS and TNF are relatively potent inducers of BPI release, major part of
BPI remains inside PMN (215). These data support the study of Weiss et al.
describing that BPI functions primarily intracellular (216). The actions of BPI,
which is one of the most potent bactericidal proteins of PMN (217) can
synergistically be enhanced by extracellular host defense systems like complement
(218).
Molecular cloning of BPI revealed that this protein consists of a highly cationic
lysine-rich amino (N)-terminal half, and a very hydrophobic, much less charged
carboxyl (C)-terminal half. A relatively hydrophilic proline-rich protease sensitive
region separates the two halves (219). Limited proteolysis, or incubation at 37°C
resulted in the formation of a N-terminal 25 kDa and 30 kDa C-terminal fragment of
BPI. The 25 kDa N-terminal half was demonstrated to exhibit all the antibacterial
activities of the holo protein (219). The hydrophobic C-terminal part could account
for the association of BPI with the granule membrane.
~
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Figure 6. Localization of BPI in PMN and mode of its action. BPI is stored in the azurophilic
granule, but also present on cell surface of PMN. Due to its specific interaction with LPS, BPI
neutralizes LPS and kills gram-negative bacteria (GNB), actions that can be exerted inside PMN,
and by BPI present in extracellular environment.

BPI, which binds isolated LPS with high affinity (113,212), was furthermore
shown to inhibit biological actions of LPS, like PMN priming, cytokine production
by monocytes, and activation of procoagulant proteases in Limulus amebocyte
lysates (212,218,221,222). Moreover, we demonstrated that BPI, with a high LBP
sequence homology, antagonizes the capacity of LBP to enhance LPS cell activation
(114). These antagonistic properties were due to competition of BPI and LBP for
binding to LPS, as was confirmed in other studies (223).
In plasma of healthy individuals none (224) or very low (225) BPI levels are
present, whereas BPI levels are enhanced in biological fluids of several patient
groups (108,224,226,227). A study from our group revealed that in bacteremic
patients the BPI/neutrophil ratio, reflecting neutrophil activation, was significantly
associated with sepsis state and mortality, and could thus be useful in monitoring
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infectious diseases (108). In addition, Opal et al. reported that levels of BPI in
abscess fluids exeded LBP levels, in contrast to levels in non-infectious fluids,
indicating that BPI in these conditions could exert biological activity to LPS (227).
Furthermore, BPI as present in glycogen-induced sterile inflammatory rabbit
peritoneal exudate, was shown to exhibit bactericidal activity, indicating that
extracellular BPI has biological capacity (228). In line herewith, various reports have
described that exogenous recombinant (r)BPI (either the 23 kDa N-terminal fragment
or the holo protein) has protective capacity in models of experimental endotoxemia
and bacteremia (212,229,230). These data indicate that rBPI has been able to
overcome the actions of other plasma proteins like LBP, and could have therapeutic
potential (231).
BPI is thus a very potent endogenous LPS neutralizing and bactericidal protein,
contributing significantly to the microbicidal potential present inside PMN. In
infectious lesions, possibly large amounts of BPI are released as a result of PMN
disrupture, contributing to fluid phase protection to LPS. The observation that BPI
has high structural and functional homology with rabbit and bovine BPI (232),
indicates that BPI is a highly conserved component of the antimicrobial arsenal of
the mammalian PMN, further stressing its important role in defense.

3.2.3 Endo-and Epithelial Cells
Endothelial cells lining the vasculature have an important barrier function (233).
Exposure to LPS can result in disturbance of the endothelial cell layer, as was
demonstrated in animal models, resulting into leakage and oedema formation (234).
In vitro models showed that LPS did not directly cause human umbicial vein
endothelium cells (HUVEC) injury (235), suggesting that the in vivo endothelium
damage is induced by mediators released in response to LPS. However, a direct role
for LPS in endothelium damage can not be excluded, since in the presence of
inhibitors of protein or RNA synthesis LPS exposure lead to detachment and lysis of
the endothelium (236).
After exposure to LPS, the endothelium acquires several functional properties
contributing to the defense against LPS/microorganism (233,237). As described in
paragraph 2.3 LPS-induced activation of the endothelium promotes coagulation by
increasing the activity of the extrinsic pathway and by decreasing fibrinolytic
activity (47). The blood clot formed as a result of coagulation contributes to
localization of LPS and to repair of damaged vessels.
Besides, the endothelium has an important function in directing immune cells to
the site of infection. Due to LPS (or inflammatory mediators) different sets of
adhesion molecules are expressed, which mediate discrete steps in the process of
leukocyte recruitment (as reviewed in ref 183,238). The interaction between Pselectin (early expression) and E-selectin (expression after a few hours) on
endothelium, and their ligands sialylated oligosaccharide SLex and L-selectin on
leukocytes, is crucial for the initial rolling interaction of leukocytes to endothelial
cells. After several hours, expression of the selectins is downregulated, whereas
expression of ICAM-1 and vascular cell adhesion molecule (VCAM)-l, members of
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the immunoglobulin family is strongly upregulated. Due to interaction of activated
Pj-integrins on leukocytes with ICAM-1 and VCAM-1, leukocytes become firmly
attached to endothelium, and subsequently migrate into the tissues.
By releasing chemokines the endothelium further contributes to attraction of
leukocytes to site of infection. As indicated previous, the type of chemokine released
determines which subgroup of leukocytes is attracted to the site of infection.
Endothelial cells are known to release IL-8, specifically chemoattractive for PMN's,
whereas also the monocyte chemoattractant MCP-1 can be released (197,239).
Besides, LPS activated endothelium will also release other inflammatory mediators
like IL-6 and platelet activating factor (PAF) (237).
In addition, endothelial cells control vasomotor tone, by synthesis and secretion of
vasoactive mediators including nitric oxide (NO), prostacyclin (both vasodilatory),
endothelin and thromboxane (both vasoconstrictory) (233,240). As a result of LPS
exposure the potent vasodilatory agent NO is produced, the reaction product of nitric
oxide synthase on L-arginine (241). NO formed in endothelial cells diffuses into the
vascular smooth muscle cell and reduces [Ca^], resulting into muscle cell relaxation
and vasodilation. Consequently, the rate of blood flow is reduced, facilitating the
adherence of leukocytes to endothelium. Therefore, regulation of the vasomotor tone
is a contributing factor for leukocyte recruitment to the site of inflammation.
Comparable to endothelial cells, epithelial cells have, besides their tissue specific
function, a barrier function. The epithelium separates tissues from the outer
environment, and protects in that way against macromolecules or infectious agents.
The last few years information has emerged that epithelial cells play an important
role in inflammatory processes. Epithelium was demonstrated to express adhesion
molecules and to release different inflammatory mediators in response to appropriate
stimuli, as nicely reviewed recently for lung epithelium (242,243).
Endo- and epithelial cells therefore seem to protect the host against LPS by two
ways. First, by providing a barrier function, and second by participating in the
inflammatory response, resulting into recruitment of immune cells to the site of
infection. The observation that rather high concentrations of LPS are required for
stimulation of these barrier cells (as indicated previous), whereas low concentrations
of TNF and IL-1 also activate these cells (175), suggest that endo- epithelial cells
are activated subsequently to the monocyte activation, and represent thus a late
response to LPS. The contribution of the different cells present in organs, in the
defense against LPS however, is not yet clarified. For instance, it was recently
shown that the mast cells play an important role in the local defense against bacterial
infection, mediated through TNFct (244). Therefore, further studies on this subject
are required.
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4 HOST RESPONSE TO LPS
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After exposure to LPS a range of physiological responses is induced. The effect of
these responses can either be beneficial or detrimental for the host (Table 1). The
result of the responses to LPS depends amongst other factors, on the concentration
and the localization of the LPS. In the following section two main entrance routes of
LPS, namely translocation of gut derived LPS, and inhalation of air-borne LPS, and
the concomitant host responses will be discussed. Since in addition the response to
LPS depends on sensitivity of host to LPS, this will be discussed first.
Table 1: Beneficial and toxic effects of LPS
Beneficial

Toxic

Enhanced resistance to infection
Antitumor effects
Protection from lethal irradiation
Resistance to endotoxin
Adjuvanticity

Tissue necrosis
High fever
Disseminated intravascular coagulation
Generalized hypotension
Multiple organ failure
Shock
Death

Table adapted from Vogel et al. (245)

4.1 Sensitivity for LPS
The sensitivity for LPS varies considerably among animal species. Mice and rats are
relatively resistant to LPS, whereas rabbits, pigs and humans are very sensitive to
LPS (246). The reasons for these differences are not yet unravelled. It has been
demonstrated that resistance to endotoxin is genetically determined. The C3H/HeJ
mouse exhibits a marked insensitivity to LPS as compared to other mouse strains,
due to a defect in a single autosomal gene termed L/», located on chromosome 4
(247,248). Further studies revealed that a defective response of C3H/HeJ
macrophages to LPS is the cause for this LPS resistance (249,250).
A similar genetic trait is not known for man. However, recently data have
become available that a polymorphism in the TNF gene (a G to A transmission at
position -238) reduced the release of this pro-inflammatory cytokine in response to
LPS (251). Furthermore, this polymorphism was associated with increased risk for
fatal meningococcal disease and reduced risk for autoimmune disease (251). Besides,
another TNF gene polymorphism (at position -308) was reported to be associated
with susceptibility to cerebral malaria (252). This indicates that genetic alterations
on different genes (/,/« gene versus TNF gene) can affect susceptibility for LPS.
Similarly, genetic variations in other genes coding for proteins involved in the
response to LPS, could affect sensitivity of host to LPS, although this hypothesis has
to be further investigated.
The sensitivity for LPS can be strongly enhanced under experimental conditions
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by treatment with agents as D-galactosamine. D-galactosamine is metabolized in the
•* liver, resulting in a selective depletion of uridine nucleotides in hepatocytes and thus
1 in blockade of hepatic transcription and consequently protein biosynthesis in these
cells (253). Although D-galactosamine itself is not toxic, it enhances sensitivity of
animals for LPS several thousand fold (254). Further studies revealed that the
enhanced sensitivity was mediated by TNFa produced by monocytes/macrophages in
: response to LPS (255). Recently it was shown that the liver damage observed in Dgalactosamine sensitized mice is the result of TNF-induced apoptosis of hepatocytes
with transcriptional arrest (256).
Similarly, exposure to lead also enhances sensitivity to LPS (257). We showed
that, comparable to D-galactosamine, this effect is mediated via TNFa (258). Since
exposure to lead and LPS or TNF, induces strong hepatoxicity (259), lead most
probably induces sensitization via the same processes as D-galactosamine, although
this had not yet been confirmed.
Infection with gram-negative bacteria also increases sensitivity of the host for
LPS (260). A key role for IFNy in this hypersensitivity was demonstrated, since
antibodies directed against IFNy blocked the bacteria induced sensitization (260).
This indicates that in response to bacteria monocytes are triggered to release IL-12,
which in turn activates T cells to produce IFNy (191). Due to the presence of IFNy,
which is known to enhance the responses of macrophages to LPS (261), the
sensitivity for LPS is enhanced.
Furthermore, some tumors enhance the susceptibility of the host to LPS (262).
This indicates that these tumors produce a factor, or stimulate other cells to release a
soluble mediator (possibly IL-12 or IFNy) resulting in this enhanced sensitivity.
However, the mechanism underlying this process have not yet been unravelled. In
addition, it was demonstrated that some groups of tumors are extremely sensitive to
LPS or TNF, resulting in hemorrhagic necrosis inside the tumor, whereas the host is
not affected (263). These data are in line with production of a locally acting factor
enhancing sensitivity.
On the contrary, enhanced resistance to LPS can be induced, which is due to
repeated exposure to LPS, a process known as tolerance. After primary exposure the
host is temporarily insensitive for LPS, and hardly responds to additional LPS
exposure (264). This tolerance was demonstrated to be mediated by macrophages
(265), but is not caused by a reduced expression of the LPS receptor CD 14 (266).
Although the production of pro-inflammatory cytokines like TNFa and IL-1 is
clearly diminished, enhanced levels of anti-inflammatory mediators sTNFR,, and IL10 are reported after secondary LPS exposure (267, 268). In addition, IL-10 was
shown to play an important role in the phenomenon of LPS tolerance (269).
The process of tolerance was demonstrated to occur also in humans like cancer
patients repeatedly injected with LPS (270), and in sepsis patients (269). This
induction of tolerance could be beneficial, since it prevents excessive inflammatory
reactions in response to long-term or repeated LPS exposure. However, when
tolerance results in inability of the host to combat the infection, the tolerant state
will become deleterious for the host.
Since IL-10 is involved in induction of tolerance for LPS, whereas IL-12 as
reported above is involved in the enhanced sensitivity to LPS, it can be speculated
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that T helper subsets affect sensitivity of the host to LPS. Thl response (induced by
IL-12) result in increased sensitivity for LPS, due to INFy production enhancing
macrophage responses to LPS. In contrast, Th2 response (induced by IL-10) lead to
production of IL-10 and IL-4 which block macrophage activation and in this way
induce tolerance for LPS.
In conclusion, sensitivity of the host to LPS seems to be genetically determined.
This sensitivity can be enhanced by hepatotoxic agents, rendering the liver sensitive
for TNF-induced apoptosis, indicating that patients with liver disorder have
increased risk for LPS toxicity. Furthermore, also a (latent) infection with gramnegative bacteria or the presence of a tumor can be considered as a cause of
enhanced sensitivity to LPS. However, after a first LPS exposure the host is
temporarily unresponsive to LPS, which seems to be a protective mechanism
directed at prevention of an excessive inflammatory cascade.

4.2 LPS Exposure
The host can be exposed to LPS via several ways. As a result of translocation of
bacteria normally present in the gut of the host, LPS will appear in circulation.
Besides, the host is exposed to air-borne LPS continuously. These two main routes
of LPS exposure and the concomitant host responses will be discussed in the next
section.

4.2.1. LPS Translocation
A major part of the gut flora of healthy individuals consists of gram-negative
bacteria. As a consequence large amounts of LPS are present inside the gut. Since
no signs of inflammation are present in the gastro-intestinal tract of healthy
individuals, whereas also orally administrated LPS does not induce toxic symptoms
(271), it can be concluded that the inner milieu of the gut is resistant to LPS.
The mechanisms underlying this phenomenon of LPS resistance inside the gut are
not fully elucidated. One of the components possibly contributing to resistance to
LPS are bile acids, which inactivate LPS due to their detergent effects (272). In
addition, as a result of the repeated exposure to LPS, a state of local tolerance can
have been evolved. Furthermore, the resident macrophages in normal intestine
express low amounts of the LPS receptor CD14 (145), indicating that these cells are
LPS insensitive. Besides, it can be speculated that the mucus layer covering the
epithelium, provides protection, by preventing a direct interaction of LPS with the
epithelial cells.
Small amounts of LPS derived from the gut can be adsorbed and detoxified by
the liver (273). However, as shown in animal models, severe trauma, as hemorrhagic
shock, multi-trauma or hypoxy-reperfusion injury, leads to translocation of large
amounts of bacteria and induces endoxemia (274,275). Furthermore, as a result of a
single physiological insult the susceptibility for second otherwise subinjurious stress
can be increased resulting in large bacterial translocation, which is called the two-hit
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theory (276,277). LPS translocation is also reported in man. In patients with
inflammatory bowel disease increased systemic LPS levels are present, due to
mucosal barrier dysfunction (278,279). Also in sepsis patients, gut derived endotoxin
secondary to failure of hepatic filtration, was indicated to play a central role in the
syndrome of multiple organ failure (280).
High levels of LPS in the circulation will result in derangement of host
physiology, like induction of hypotension, metabolic acidosis, and leukopenia. In
addition, organs like lung, gut and kidney are damaged, as reflected by inflammation
and necrosis. Eventually, these systemic levels of LPS lead to multi-organ failure,
shock and dead (281).
Such detrimental effects of LPS are mediated by cytokines released in response to
LPS, since blocking the biological activity of pro-inflammatory cytokines like TNF
and IL-1 prevented toxic effects of LPS (188,189). In addition, the induction of
coagulation and the complement activation, which appear mechanisms directed to
localize and eliminate LPS, were shown to contribute to these adverse effects
(44,46,50,54).
However, in localized or compartmentalized infections, the inflammatory cascade
in response to LPS is beneficial. For instance in a model of peritonitis, as induced
by cecal duct ligation and puncture, it was shown that administration of TNF
prevented hypotension, hypothermia and lethality (282). Furthermore, a beneficial
role of endogenous TNF was demonstrated, since neutralizing antibodies against this
cytokine enhanced lethality in this model (283). This indicates that where local
cytokine production is required for adequate defense, the host has no appropriate
defense against high levels of systemic LPS, due to the generalized non-controllable
response.

4.2.2 LPS Inhalation
The lung is one of the main organs in direct contact with the outer environment. On
a daily basis a healthy individual inhales approximately 10.000 littre air, containing
many contaminating agents. Airborne LPS is present in a variety of environmental
conditions, very often attached to organic dust as particles of animal, vegetable and
microbial origin (284).
Lungs have, under normal conditions, an very efficient defense system against
these invading agents (285). First, the epithelium lining of the airways forms an
impermeable barrier. Due to exogenous triggers like mechanical irritation or dust
particles, the nerve system is activated resulting into coughing and sneezing, thereby
eliminating the contaminants, whereas bronchoconstriction will prevent the
penetration of agents into the lower airways. Furthermore, trapping of particles in
mucus and subsequent clearance of mucus by ciliary activity and cough, forms an
other efficient clearance mechanism against inhaled or aspirated particles.
In addition, a diversity of factors is present in the epithelial lining fluid which
contributes to the local defense (242,243,285). These include antimicrobial
compounds like lysozyme and lactoferrine acting directly on bacteria, whereas
complement components function as opsonins for microorganisms. In addition,
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secretory IgA contributes to the defense against bacteria and viruses. Also
antioxidants as glutathione and catalase, and antiproteases including a,-protease
inhibitor secretory leucoprotease inhibitor, a,-antitrypsin and elafin are present in
the epithelial lining fluid.
In the alveoli, the alveolar macrophages form the first line of defense against
invading particles. These cells have strong phagocytic capacity, and in response to
activation will secrete a series of inflammatory mediators, including chemokines. As
a result PMN present in the lung capillaries, will be attracted to the site of injury
thereby amplifying the defense against the invading agent (285,286).
Similarly as described for the inner milieu of the gut, the airways, and especially
the epithelium are continuously exposed to LPS, but do not exert signs of
inflammation. As hypothesized previous, this could be due to a state of local
tolerance, or to the presence of the mucus layer covering the epithelium, preventing
the interaction of LPS with the epithelial cells.
However, especially after different occupational exposure, LPS-induced
pulmonary disorders have been described, as after exposure to grain dust, animal
feed mills dust and swine dust (284,287-289). Inhalation of organic dust,
contaminated with LPS, was shown to result in increased cytokine levels, both in
animal models and in man, (289,290), which could mediate some of the peripheral
symptoms associated with dust inhalation. The physiological response to dust varies
widely among the exposed workers, suggesting a genetic variability as discussed
above. For instance the Pi-Mz phenotype of the a-1-antitrypsin gene was found
associated with family allergy and could possibly predispose to the development of
byssinosis (291).
Furthermore, epithelial cell damage, frequently present in different lung disorders
can attenuate the barrier function. Besides, the underlying lung pathology can affect
the function of immune cells important in defense to LPS: these cells can either be
sensitized, resulting in enhanced response to LPS, or they can have become tolerant,
due to repeated exposure to LPS, leading to an incomplete defense (292,293).
Thus, although the airways are continuously exposed to airborne LPS, under
normal circumstances this organ has a very efficient defense system, and is not
affected by LPS. However, under conditions of high exposure to LPS, or due to a
reduced defense capacity caused by underlying lung disorder, the exposure to LPS
could become detrimental for the lungs, and thus for the host.
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5 AIM OF THE THESIS
As discussed in this chapter, in response to LPS a wide range of humoral and
cellular systems are activated in order to eliminate free LPS and gram-negative
bacteria, and to induce subsequently tissue repair and regeneration. However, when
these activation processes are not well controlled, for instance due to generalized
responses to LPS, or as a result of enhanced sensitivity for LPS, they can be
detrimental to the host.
The aim of this thesis is to obtain more insight in the pathways of LPS-induced
action, which could help to develop therapeutic strategies directed against LPS
mediated pathology. To this end several aspects of host response to LPS were
studied. First, the mechanism of the enhanced sensitivity for LPS after exposure to
lead was analyzed, by studying the role of the pro-inflammatory cytokine TNFa in
this process. Furthermore, a series of studies was performed in order to investigate
the responses, both of pro-inflammatory and anti-inflammatory nature, of monocytes
and endothelial cells to LPS. The role of the endogenous LPS binding proteins
CD 14, LBP and BPI in these cellular activation processes was analyzed. Additional
studies were performed on the PMN protein BPI, a very potent LPS neutralizing and
bactericidal agent. An assay was developed to the measure this protein and
subsequently its presence in health and disease was studied.
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ABSTRACT
Heavy metals administered to animals at doses which appear
relatively innoxious by themselves enhance susceptibility to
endotoxin. The mechanisms which underly this phenomenon are not
yet fully understood. In this study we investigated the role of the
cytokine Tumour Necrosis Factor (TNF), an important mediator of
the effects of endotoxin, in this phenomenon.
First it was studied whether lead enhances sensitivity of mice to
endotoxin and to TNF. Lead appeared to enhance sensitivity to both
endotoxin and TNF resulting in mortality of mice at low endotoxin
and TNF doses. Next we studied the influence of lead on serum TNF
levels after stimulation by endotoxin. Lead treated mice showed
lower TNF blood levels two hours after injection of endotoxin and
lead. Six and eight hours after injection TNF levels of lead treated
mice were higher compared to those of mice injected with endotoxin
only. In the last part of our investigation we studied the influence of
a monoclonal hamster anti TNF antibody on the effect of combined
lead-endotoxin exposure. Administration of the antibody prevents
lethality completely.
Our data indicate that TNF plays a central role in the phenomenon
of the enhanced susceptibility of animals to endotoxin after exposure
to lead. The enhanced susceptibility to endotoxin is caused by an
enhanced susceptibility to TNF and possibly by a prolonged exposure
to a higher level of TNF.
Copyright © 1989 by Marcel Dekker, Inc
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INTRODUCTION
Lead enhances sensitivity of animals to endotoxin (1).
Administration of non lethal lead and endotoxin doses causes
lethality of the organism. This originally by Selye observed
phenomenon can be elicited in a variety of animals like rats (1,2),
mice (3,4), baboons (5) and chickens (6). Lead is an ubiquitous
agent (7,8) and the sensitization to endotoxin at levels which appear
not toxic by themselves emphasizes the need to obtain more insight
in this phenomenon.
Endotoxemia, due to gram negative infections is frequently
observed (9,10). High systemic endotoxin levels can cause shock
(10,11), multiple-organ-failure (12) and ultimately death (10). The
cytokine TNF is an important mediator of the effects of endotoxin
(13-15). Administration of antibodies directed against TNF, reduces
endotoxin induced lethality of mice (15). TNF is produced by
mononuclear phagocytes in response to endotoxin and other bacterial
toxins (16), it is a mediator of inflammation and has profound
effects on host metabolism (17,18).
In this study, we investigated the role of TNF in the mechanism
of the enhanced sensitivity of animals to endotoxin, after exposure to
lead. We first studied whether lead enhances sensitivity of mice to
endotoxin and to TNF. Next the influence of lead on serum TNF
levels after stimulation by endotoxin was studied. In the last part we
investigated the influence of a monoclonal antibody directed against
murine TNF on the effect of combined lead-endotoxin exposure.

.
Animals

MATERIALS AND METHODS
; :^

,-•;;.
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Female Swiss mice, weighing between 27.5 - 30.5 g were
purchased from Charles River Breeding Company (Heidelberg,
FRG). They were given free access to standard laboratory diet and
water.
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Reagents

'

Lead acetate (Pb)' (Merck; Darmstadt, FRG) was dissolved in
distilled water at a concentration of 25.0 mg/ml. Filter sterilized lead
solution was injected intraperitoneally (i.p.) 5.0 mg per mouse in a
volume of 0.2 ml. Endotoxin from Escherichia coli (055:B5 phenol
extracted Sigma; St-Louis, M.O.) was suspended in sterile pyrogenfree saline. A stock solution of 100 ug/ml was made and kept frozen
at -20 °C. Before use, the endotoxin solution was thawn at 37 °C
and vortexed for three minutes. Endotoxin was injected i.p. 50 (ig
per mouse in a volume of 0.5 ml. Human recombinant tumour
necrosis factor (TNF) (kindly provide by Celltech; Slough, U.K.)
was diluted in phosphate buffered saline at a concentration of 200
|ig/ml and 100 fig was injected i.p. A hamster anti-mouse TNF
monoclonal antibody (Mab) (TN3; kindly provided by Dr. B.
Schreiber, St. Louis M.O. via Celltech) made by fusion of hyper
immunized Chinese hamster spleen cells with murine myeloma cells,
was used. This antibody inhibits the biological activity of murine
TNF. TN3 was injected i.p. in a volume of 0.5 ml (175 |ig or 500
Hg Ig/mouse).

Mortality of Mice
Groups of mice were exposed to lead, endotoxin or TNF or
combinations thereof. Lead and endotoxin were administered
simultaneously. TNF was injected simultaneously or two hours after
lead administration. Further groups of mice were exposed to lead,
endotoxin and the hamster monoclonal antibody TN3 directed against
murine TNF. The TN3 was administered in a dose of 175 ug 24, 7,
and O hours before simultaneously administered lead and endotoxin.
TN3 in a dose of 500 (ig was administered 7 hours before combined
lead-endotoxin exposure.
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Mortality of the mice was recorded at 24 hours intervals until day
seven.

The Influence of Lead on Serum TNF Levels after Stimulation bv
Endotoxin
-.- .
Mice were injected with endotoxin with or without lead
simultaneously. Two, four, six and eight hours after the injections
blood was collected by orbital puncture from a group of mice (6-14
per point). TNF concentrations in serum which was once diluted
with RPMI-1640 (Gibco; Paisley, Scotland), were determined with a
murine TNF specific enzyme linked immunosorbent assay (ELISA).

E L I S A

• •• • : • : • • - '

;•••

< . - •

•-•••'

-••

•

•

•

Immuno assay plates (96-well plates) (Greiner; Nurtingen, FRG)
were coated overnight at 4°C with TN3 (5 jig/ml). Plates were
blocked with 1 % (wt/vol) BSA in PBS for one hour at room
temperature. After four washes with washing buffer (WB, consisting
of PBS, 0.1% BSA, 0.1% Tween 20) test samples were added to the
plate for one hour at room temperature. A standard titration curve
was obtained by making serial dilutions of a known sample of mouse
TNF (Genzyme; Cambridge, M.A.) in a solution consisting of 50 %
murine serum and 50 % RPMI-1640. Next the plates were washed
four times with WB and incubated with rabbit anti mouse TNF
immune serum (Genzyme) and peroxidase conjugated goat anti-rabbit
IgG (Jackson; WestGrove, P.A.). After adding the substrate Ophenylenediamine (0.43 mg/ml) (Sigma) to the plates for 5 -10
minutes, the colour reaction was stopped with 1.0 M H2SO4 and light
absorption was measured with a micro ELISA autoreader (Flow;
Irvine, U.K.) with a 492 run filter. The ELISA has a lower detection
limit of 150 pg/ml.
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Measurements of TNF levels were statistically analyzed with the
Wilcoxon test. The statistical significance of the mortality data was
determined by the test of Fisher. A p-value less than 0.05 was
considered to be significant.

RESULTS

The Influence of Lead on the Sensitivity of Mice to Endotoxin and
TNF.
First we studied whether lead changes the sensitivity of mice to
endotoxin and to TNF. Simultaneous administration of lead and
endotoxin resulted in mortality of 9 mice of a total of 12 (see fig 1).
Single injections of lead and endotoxin in the concentrations used
did not cause mortality. Concentrations of 1 mg of endotoxin and 10
mg of lead were necessary to induce mortality of a low proportion of
the mice (data not given).
Further we determined whether lead enhances sensitivity of mice
to TNF. TNF was administered two hours after lead injection. This
schedule of administration is used because it is known that maximal
sensitivity is reached when lead and endotoxin are administered
simultaneously (1) and that TNF production is maximal two hours
after endotoxin stimulation (9) see also below. Single injections of
lead and TNF did not cause mortality and simultaneous
administration of lead and TNF also failed to induce mortality (data
not shown). The injection of TNF 2 hours after lead injection caused
death of 5 mice out of 8.
.,
•
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FIG. 1 Mortality of mice treated with lead, endotoxin and combination
thereof, lead and endotoxin were administered simultaneously, TNF was
given 2 hours after administration of lead.
Lead, endotoxine and TNF were injected i.p.
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FIG. 2 The influence of lead on serum TNF levels after stimulation
by endotoxin. Lead and endotoxin were simultaneously injected i.p..
Each point represents values of 6-14 mice.The mean value and SD
are given,
a. p=0.01 b. p=0.08

The Influence of Lead on Serum TNF levels after Stimulation by
Endotoxin.
To study the influence of lead on serum TNF levels after
stimulation by endotoxin we injected mice with endotoxin with or
without lead simultaneously. TNF levels of mice reached two hours
after exposure to endotoxin a peak level and dropped thereafter
rapidly (fig 2). Lead treated mice showed a lower TNF blood level
two hours after injection of endotoxin and lead although this
difference was not significant. At six and eight hours after injection,
TNF levels of lead treated mice were higher than those of mice
treated with endotoxin only, although significance was marginally
reached p=0.01 and p=0.08 resp. at 6 and 8 hours after injection.
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FIG. 3 The influence of the anti-murine TNF monoclonal antibody TN3
on the effect of the combined lead-endotoxin exposure on the mortality of
mice. Lead and endotoxin were administered simultaneously whereas TN3
was given at the indicated time related to the moment of administration
of lead and endotoxin.
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The Influence of the anti-TNF Mab TN3 on the Effect of Combined
Exposure to Lead and Endotoxin.
To further investigate the role of TNF in the mechanism of the
enhanced sensitivity of animals to endotoxin after exposure to lead,
mice were exposed to lead, endotoxin and the anti murine TNF Mab
TN3. TN3 in a dose of 175 ug was administered 24, 7, and 0 hours
before simultaneously administered lead and endotoxin.
Administration of TN3 7 hours before lead and endotoxin reduced
mortality significantly (p<0.05) (see fig 3). TN3 administered 24
hours before lead and endotoxin administration also reduced
mortality but this reduction was not significant. When TN3 lead and
endotoxin were administered simultaneously no change in mortality
occurred. The administration of 500 ug TN3 prevented lethality that
resulted from combined lead endotoxin exposure (p<0.01)

DISCUSSION
Endotoxins have multiple pathological effects. High systemic
endotoxin levels can cause shock (10,11) multi-organ-failure(12) and
ultimately death (10). Organisms may get exposed to endotoxin after
infection with gram-negative bacteria (10). Susceptibility to
endotoxin can be enhanced by many agents like glucan (20) BCG
(21) actinomycin D (22) and heavy metals (2,9). The heavy metal
lead is an agent that strongly enhances this sensitivity (1).
TNF is an important mediator of the effects of endotoxin(13-15).
Antibodies directed against TNF protect mice against the lethal
effects of endotoxin (15). TNF is a cytokine produced by
macrophages (16) and lymphocytes (23) which is involved in
inflammation reactions, shock and death (17,18).
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In this study we provide evidence that TNF plays an important
role in the mechanism of the enhanced sensitivity of animals to
endotoxin after exposure to lead. We have shown that mice after
exposure to lead become more sensitive to TNF in a similar way as
to endotoxin. Exposure to lead affected serum TNF levels in mice
stimulated with endotoxin. Serum TNF levels of mice exposed to
lead were lower at two hours after injection of the compounds
whereas they stayed longer at a higher level than TNF levels of
mouse exposed to endotoxin only. Finally we observed that a
monoclonal antibody directed against TNF prevented lethality after
the combined administration of lead and endotoxin.
The combination of a non lethal dose of both lead and endotoxin
caused mortality, which lead us to the conclusion that lead enhances
sensitivity to endotoxin. This is in agreement with the results of
other investigators (1-6,9). Further it was shown that the combination
of a non lethal dose of lead and a non lethal dose of TNF caused
mortality of mice. This means that lead also enhances sensitivitY to
TNF. It is possible that the enhanced sensitivity to TNF, which is an
important mediator of endotoxin toxicity, accounts for the enhanced
sensitivity to endotoxin.
'
Our observation that lead enhances sensitivity to endotoxin and to
TNF is analogous to the observation of Lehmann,who reported that
D-galactosamine enhanced sensitivity of mice to endotoxin and also
to TNF (24). This suggests that lead and D-galactosamine, which are
both hepatotoxic agents (24,25) might exert their effects in a similar
way.
The data presented indicate that lead alters the kinetics plasma
TNF levels after endotoxin administration. The profile of TNF levels
in circulation of mice injected with endotoxin are similar to the
serum TNF levels in rabbits injected with endotoxin (19). The lower
TNF levels of mice injected with lead observed in our study at two
hours after stimulation, although it did not reach statistical
significance, suggests that lead inhibits TNF production. Lead may
inhibit TNF
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production in a way similar to the inhibition of M1F production by
lead (26). In disagreement with the latter are the observations, that
lead does not affect IL-1 (27) nor TNF (manuscript in preparation)
production by macrophages in vitro. Kupffer cells of rats show, after
exposure to lead, ultrastructural changes, cells are swollen and
cytoplasmatic vesicles increase significantly in numbers (25).
Therefore it remains possible that lead directly reduces TNF
production in vivo and further in vivo studies seem to be necessary.
TNF levels of mice exposed to lead were six and eight hours after
stimulation higher than those of mice stimulated with endotoxin
only. The prolonged exposure to TNF could be responsible for the
enhanced sensitivity to endotoxin. These data suggests that lead
interferes with clearance of TNF. The liver is an essential clearance
organ and thus most likely also responsible for the clearance of TNF.
The hepatotoxic agent lead might exert this effect by affecting liver
function
The fact that the enhancement of levels of TNF in circulation only
became significant six hours after stimulation suggests that lead
exerts its maximal effects several hours after injection. This is in
agreement with the observation of Hoffman, who reported
morphological changes of the liver half an hour after administration
of lead, but reported this change to be much stronger at six hours
(25).
Finally we substantiated the importance of TNF in the mechanism
of the enhanced sensitivity to endotoxin after exposure to lead. The
administration of the anti-TNF monoclonal antibody TN3
significantly reduced lethality after combined exposure to lead and
endotoxin. The observation that administration of antibodies directed
against TNF was most effective in reducing lethal effects of
combined lead-endotoxin exposure when administered seven hours
before lead-endotoxin administration is analogous to data of others
(15) using anti-TNF in preventing endotoxin induced septic death.
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Heavy metals are ubiquitous environmental agents. They are
inhaled due to industrial emission and they are present as pollution
in food. Extra exposure can be caused by work or by living in
heavily polluted areas (7,8). This emphasizes the importance of the
studies concerning the enhanced susceptibility to endotoxin after
exposure to heavy metals.
More insight in the phenomenon of the enhanced susceptibility to
endotoxin after exposure to heavy metals will lead to more
appropriate screening of putative agents enhancing susceptibility to
endotoxin. It could also offer better future clinical treatment of
patients exposed to heavy metals.

FOOTNOTES
1. Abbreviations Pb = lead, i.p. = intraperitoneally, Mab =
monoclonal antibody, TN3 = hamster monoclonal anti murine TNF
antibody, WB = washing buffer
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ABSTRACT. CD14 has been reported to function as a receptor for bacterial LPS complexed with serum proteins,
transducing an activation signal for TNF-a production. We found that the anti-CD14 mAb MEM-18 inhibited not
only LPS-induced release of TNF-a, but also LPS-induced, TNF-a independent release of IL-6 and IL-8 by human
monocytes and alveolar macrophages. Inhibitory effect of MEM-18 was detected both in the presence of human
or bovine calf serum and under serum-free conditions. In contrast, MEM-18 did not block release of these cytokines
induced by IL-10, TNF-a, PMA, and zymosan. We conclude that CD14 is involved in LPS-induced release of TNF-a,
IL-6, and IL-8 by monocytes and alveolar macrophages and that this receptor appears to be able to recognize LPS
directly in the absence of serum, jouma/ or' /mmuno/ogv, 1993, 150: 2885.

L

PS is a potent inducer of inflammatory response to
Gram-negative bacterial infection. There are several lines of evidence indicating that CD 14, a 53kDa glycosyl-phosphatidylinositol anchored membrane
protein strongly expressed on monocytes and macrophages
(I) and weakly on polymorphonuclear leukocytes (2), is
involved in LPS-induced cell activation. Anti-CD 14 mAb
were found to inhibit LPS-induced: 1) TNF-a release in
whole blood or by isolated monocytes (3-5). 2) tyrosine
phosphorylation of several proteins in monocytes (6), and
3) enhanced CDllb/CD18 expression on PMN (2, 7). In
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addition, LPS has been shown to interact with CD14 in the
presence of serum (8), purified serum LBP (4, 9, 10), or
"septin," a group of serum proteins with LPS opsonizing
activity (11), demonstrating that CD14 functions as a receptor for LPS complexed with serum proteins.
Biologic effects induced by LPS are prevalently mediated by cytokines produced by mononuclear phagocytes,
e.g., TNF-a and IL-6, known to be involved in septic shock
(12, 13) and IL-8, a chemotactic and granulocyte-activating
cytokine (14, 15). Regulation of the production of these
cytokines, however, seems to be different for monocytes
and tissue macrophages like AM' (16. 17). In this study we
addressed the following questions 1) Is surface CD 14 on
monocytes involved in a direct LPS-induced IL-6 and IL-8
production? 2) Do AM, mononuclear phagocytes that comprise only 50% of CD14-positive cells (18), produce cy-
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INVOLVEMENT OF CD14 IN LPS ACTIVATION OF MONOCYTES AND AM

Table t
frTecr of different a/tfi-CDM mrtb on (.PS-induced TNF-a
re/ease by monocyfes''
Anli-CD14 mAb
FMCI7
UCHMI
MEM-18
MEM-15
Cris6
Control *
None

' LPa«MEM-1l

TNF-a (ng/ml)
4.8±0.4
2.6±0.2
0.3±0.1
2.9±0.3
O.ltO.l
4.1 ±0.2
40i0.1

' Monocytes were exposed to 1 ng/ml LPS in combination with me given
anti-CD14 mAb (10 ug/mlh The supernatant was collected after 20 h of incubation and release of TNF-a was determined with an ELISA. Data are expressed
as mean ± SD of four measurements.
*The nonspecific myeloma protein MOPC-21 (IgGi) was used as control
mAb.

tokines in response to LPS via a CD14-mediated pathway?
3) Is CD 14 able to transduce LPS-activating signal in the
absence of serum?
Materials and Methods

- •
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MEM-18 (ug/ml)
FIGURE 1. Effect of MEM-18 on LPS induced TNF-a release by monocytes. Monocytes were incubated in medium
containing 10% HS, with various concentrations of MEM-18,
in presence or absence of LPS (1 ng/ml). The supernatant was
collected after 20 h incubation and TNF-a release was determined with an ELISA. Data are expressed as mean ± SD of
four measurements. SD bars are omitted if they fall within the
symbol.

Reagents and mAb

Human rTNF-a was kindly provided by BASF/Knoll (Ludwigshafen. FRG). Human rIL-1/3 and the dimeric human
rTNFR-p80:Fc construct (19,20) were a gift of Dr. S. Gillis
(Immunex, Seattle, WA). LPS (from Esc/iencMa co/i, serotype 055:LB5), the phorbol ester PMA and BSA (low
endotoxin <0.1 ng/ml), were purchased from Sigma (St.
Louis, MO). M<p-SFM was obtained from GIBCO Europe
(Paisley, Scotland). HS obtained from the local blood bank
was sterilized by a 0.2-um filter, pooled, and stored at 4°C.
BCS, purchased from HyCIone (Logan, UT), was heated at
56°C for 30 min before storage at 4°C. HS and BCS contained <5 pg/ml endotoxin, as determined in the Li'mu/itfassay (Coatest, KabiVitrum, Stockholm, Sweden).
MEM-15 (IgGi) and MEM-18 (IgGi) specifically reacted with CD 14 as described (21). The anti-CD 14 mAb
FMC17 (IgG2b) (22) was kindly provided by Dr. Zola
(Bedford Park.SA), Cris6 (IgGi) (23) by Dr. Vilella (Barcelona, Spain), and UCHMI (IgG2a) (24) by Dr. Beverley
(London, UK).
Cell isolation and stimulation
Monocytes, obtained from buffy coats of healthy volunteers, kindly provided by the local blood bank, were isolated as described (25). In short, mononuclear cell suspensions obtained after Lymphoprep (Nycomed, Oslo,
Norway) centrifugation were allowed to clump by low
speed centrifugation at 4°C. Cell clumps, consisting for 80
to 95% of monocytes, were separated from the rest of the
cells by sedimentation through ice-cold HS.
AM were recovered from the lung by bronchoalveolar
lavage performed during routine fiberoptic bronchoscopy.

Bronchoalveolar lavage fluid was filtered through a nylon
gauze and cells were washed three times. AM resuspended
in medium consisting of RPMI 1640 (GIBCO) and 10% HS
were purified by adherence to a plastic tissue culture flask
(Costar, Cambridge. MA). After 2 h. adherent cells were
removed by gentle scraping with a rubber policeman.
Monocytes and AM were cultured in 96-well flat bottom
tissue culture plates (Costar) in medium consisting of RPMI
1640, 10% HS, and antibiotics. In serum-free conditions
10% HS was substituted by 0.1% BSA or Mu>SFM was
used. The cells were stimulated immediately after isolation
for 20 h. The supernatants were harvested and kept at
-20°C until use.
Isolation, culture, and stimulation of human umbilical
vein endothelial cells (HUVEC) were performed as described (26). E-selectin expression was determined by
ELISA, using the anti-E-Selectin mAb ENA1 (IgGi) (26).
TNF-a, IL-6, and IL-8 ELISA
Cytokine concentrations in the culture supematants were
determined using sandwich-ELISA for TNF-a (27), IL-6,
and IL-8 (28). In short, 96-weIl Immuno-Maxisorp plates
(Nunc, Roskilde, Denmark) were coated overnight at 4°C
with cytokine-specific monoclonal murine mAb; for IL-6
a newly developed, inhibitory mAb, 5E1 (IgGi) was used.
Human rTNF-a, human rIL-6 (a kind gift from Prof. W.
Sebald, Physiologisch-Chemisches Institut der University,
WUrzburg, FRG), and human rIL-8 were used for standard
titration curves. Test samples were added and incubated for
2 to 3 h. Polyclonal rabbit anti-human TNF-a or polyclonal
rabbit anti-human IL-6 antiserum were followed by
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FIGURE 2. Effect of MEM-18 on cytokine release by monocytes and AM stimulated with LPS. Cells were incubated with
different concentrations of LPS in the presence or absence of MEM-18 (10 ug/ml). After 20-h incubation, supernatant was
collected and cytokine release was measured in cytokine-specific ELISA. Values are the mean ± SD of four measurements. SD
bars are omitted, if they fall within the symbol.

peroxidase-conjugated goat anti-rabbit IgG (Jackson ImmunoResearch, West Grove, PA). In the IL-8 ELISA goat
anti-IL-8 phosphatase conjugate was used. o-Phenylenediamine (Sigma) was used as a substrate for peroxidase and
p-nitrophenyl phosphate (Sigma) as the substrate for the
phosphatase conjugate. Photospectromelry was performed
at 492 nm (IL-6. TNF-a) or 405 nm (IL-8). The lower
detection level of ELISA was 20 pg/ml for TNF-a. lOpg/ml
for IL-6. and 100 pg/ml for IL-8.
Results
Effect of anti-CD14 mAb on LPS-induced TNF-a,
IL-6, and IL-8 release by monocytes and AM
Inhibiting capacity of five anti-CD 14 mAb on LPS-induced
TNF-a release was tested (Table I). mAb MEM-18 and
Cris6 blocked TNF-a release for more than 90%, whereas
mAb UCHMI and MEM-15 inhibited TNF-a release to a
lesser extent. FMC17 had no effect on TNF-a release. All
the anti-CD 14 mAb used were functional, as tested by flow
cytometry. None of the anti-CD14 mAb induced TNF-a
release by monocytes in absence of LPS (data not shown).
MEM-18 that inhibited TNF-a release at concentrations
higher than 0.3 ug/ml, reaching a plateau at 3 ug/ml concentration (Fig. 1), was selected for further experiments.
In order to determine whether CD 14 is involved in LPSinduced IL-6 and IL-8 release by monocytes, the effect of
MEM-18 on the release of these cytokines was tested. LPSinduced release of TNF-a, IL-6, and IL-8, respectively, in
a concentration-dependent manner (Fig. 2). Release of
TNF-a and IL-6 was totally blocked by MEM-18 when
LPS concentration ranged from 0.01 to 1 ng/ml. At higher
LPS concentrations, the inhibition became incomplete, de-

clining gradually with increasing LPS concentration. In
contrast to TNF-a and IL-6, spontaneous IL-8 release by
monocytes was observed. Both the spontaneous and the
LPS-induced IL-8 release was inhibited by MEM-18. This
inhibition also decreased, with increasing LPS concentrations.
LPS-induced cytokine release by AM was inhibited by
MEM-18 in a similar manner as compared with monocytes
(Fig. 2). A complete inhibition of TNF-a and IL-6 release
was obtained at LPS concentrations ranging from 1 ng/ml
to 1 jig/ml. At higher concentrations of LPS, TNF-a and
IL-6 release were partially blocked by MEM-18. AM release of IL-8 was abrogated by MEM-18 and stayed at the
spontaneous release level for LPS concentrations up to 10
ng/ml. At higher LPS concentrations, inhibition of IL-8
release by MEM-18 gradually declined.
To determine whether inhibition of TNF-a release by
MEM-18 was responsible for the reduced release of IL-6
and IL-8, the effect of a blocking anti-TNF-a reagent was
tested. Dimeric human rTNFR-p80:Fc construct reduced
LPS-induced IL-6 and IL-8 release partially, however, inhibition by MEM-18 was much stronger (Fig. 3A). Furthermore, it was shown that the dimeric TNFR-p80:Fc construct prevented TNF activity, as tested by E-Selectin
expression and IL-8 release by HUVEC, for more than 90%
at the highest concentration used (Fig. 35).
Effect of anti-CD14 mAb on cytokine release induced
by IL-10, TNF-a, PMA, and zymosan
In order to show that MEM-18 specifically inhibited LPS
induced cytokine release, the effect of MEM-18 on IL-1/3,
TNF-a, PMA, and zymosan-induced cytokine release was
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FIGURE 3. 4, effect of MEM-18 and dimeric human rTNFR-p80:Fc construct on LPS-induced cytokine release by monocytes.
Monocytes were stimulated with LPS in the absence or presence of either dimeric human rTNFR-p8O:Fc construct (100 ng/ml,
1 ug/ml, or 10 ug/ml) or MEM-18 (10 ug/ml). After 20-h incubation, supernatant was collected and cytokine release was
measured in cytokine-specific ELISA. The effect of MEM-18 and dimeric human rTNFR-p80:Fc construct are expressed as
percentage of inhibition of LPS-induced cytokine release. Data are expressed as mean ± SD of four experiments. SD bars are
omitted if they fall within the symbol. B, effect of dimeric human rTNFR-p80:Fc construct on human rTNF-a-induced HUVEC
activation. HUVEC was stimulated with human rTNF-a in the absence or presence of dimeric human rTNFR-p80:Fc construct
(100 ng/ml, 1 ug/ml, or 10 ug/ml). After 6-h incubation, supernatant was collected and HUVEC was fixed. IL-8 release and
E-Selectin expression were measured in specific ELISA. The effect of dimeric human rTNFR-p80:Fc construct is expressed as
percentage of inhibition of human rTNF-a-induced HUVEC activation. Data are expressed as mean ± SD of four experiments.
SD bars are omitted if they fall within the symbol.

TNF

10

IL-6

IL-8

0

0

10 10 10 40 tO

tO 40 (0 «0 100

FIGURE 4. Effect of MEM-18 on cytokine release induced by different monocyte-stimulating agents. Monocytes were
incubated with the listed agents in the presence or absence of MEM-18 (10 ug/ml). After 20-h incubation, supernatant was
collected and cytokine release was determined in cytokine-specific ELISA. Data are expressed as mean i SD of four
measurements. SD bars are omitted if they fall within the symbol.
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Table II

f/fecr of serum on inhibition by anri-CDM mAb o/ IPS-induced cytofcine production''
IL-8 (ng/mll

IL-6 Ing/ml)

TNF-a Ing/mll

without MEM-18

with MEM. 18

without MEM-18

with MEM-18

without MEM-18

with MEM-18

Monocytes
10% HS
10% BCS
None

4.2*0.4
1.7*0.6
0.3*0.1

0.4*0.1
0.1*0.1
0.1*0.1

357*4.1
38.3*37
2.2*0.5

3.4*17
<0.01
<0.01

84*11
92*8
16*3

66*21
15*3
7*1

AM
10% HS
10% BCS
None

4.0*0.1
3.0*0.3
4.9*0.5

1.5*0.2
0.1*0.1
0.3*0.1

9.4*0.5
12.9*0.5
3.8*0.2

3.5*07
0.3*0 1
0.1*0 1

115*30
100*33
27*7

70*15
40*16
14*3

' Cells were washed five times after isolation procedure and resuspended in medium containing indicated serum. After 20-h stimulation with LPS (monocytes
1 ng/ml LPS and A M 100 ng/ml LPS) in the absence or presence of MEM-16 110 ug/ml), supernatant was harvested and cytokine release determined in
cytokine-specific ELISA. Data are expressed as mean ± SD of four measurements.

studied. As shown in Figure 4, MEM-18 did not block cytokine release by monocytes induced by these agents. These
data further show that anti-CD 14 mAb did not interfere
with the capacity of monocytes to be activated.
Effect of anti-CD14 mAb on LPS-induced cytokine
release in the absence of serum
Stimulation of monocytes and AM with LPS under serumfree conditions (RPMI 1640 supplemented with 0.1 % BSA
or Mip-SFM). or with BCS used instead of HS.resultedin
most experiments in a reduced release of TNF-o, IL-6, and
IL-8 (Table II). Nevertheless. MEM-18 was still able to
inhibit the cytokine release under these conditions.

Discussion
Two out of the five anti-CD 14 mAb tested strongly inhibited LPS-induced TNF-a release. These two mAb
(MEM-18 and Cris6) recognize a same CD 14 epitope (29).
MEM-18, MEM-15, and FMC17 mAb, interacting with
different CD14 epitopes (29) varied as to their capacity to
inhibit LPS-induced TNF-a release. These facts indicate
that a specific CD 14 epitope is involved in CD14-LPS recognition.
MEM-18 that was able to block LPS-induced TNF-a
release also inhibited IL-6 and IL-8 release by human
monocytes and AM. At low LPS concentrations, MEM-18
abrogated cytokine release, whereas at higher LPS concentrations inhibition was incomplete. There are two possible explanations for these observations: i) at high LPS
concentrations, cytokines are either induced via both
CD 14-dependent and independent pathways, or ii) CD 14 is
not effectively blocked by MEM-18. Both mechanisms can
also function simultaneously.
MEM-18 inhibited specifically LPS-induced cytokine
release by monocytes because it did not interfere with the
cytokine release induced by IL-10, TNF-a, PMA. and zymosan. The data further show that also in differentiated

mononuclear phagocytes, such as AM, CD 14 is involved in
the LPS-induced cytokine release. In case of AM only about
50% of the cells express CD 14 (18). At present it is not clear
whether only these CD14-positive cells are responsible to
LPS, or that the CD14-negative cell population consist of
cells with a low, hardly detectable CD 14 surface expression, which might be sufficient for LPS-induced activation.
Because TNF-a is known to induce other cytokines such
as IL-6 (30) and IL-8 (31), we investigated whether inhibition by MEM-18 of IL-6 and IL-8releasewas caused by
blocking TNF-a release. Dimeric human rTNFR-p80:Fc
construct, effectively blocking TNF-a activity, added to
cultures of monocytes stimulated with LPS. partially reduced both the IL-6 and IL-8 release. However, under these
conditions MEM-18 caused a much stronger inhibition of
IL-6 and IL-8 release. Thus inhibition of TNF-a by antiCD14 mAb accounts for only a small part of the reduced
IL-6 and IL-8 release, indicating that CD 14 is involved in
a direct LPS-induced cytokine release that is TNF-a independent.
LPS-induced cytokine release differed in the systems using HS, BCS, or serum-free conditions. Because MEM-18
inhibited cytokine release in all cases, LPS seems to be able
to interact directly with CD14. This correlates with the data
obtained by others, whoreportedthat 1) LPS induced upregulation of CD1 lb/CD18 expression on PMN can be inhibited by ami-CD 14 mAb both in the presence and absence
of serum (7), 2) anti-CD14 mAb MY-4 blocked LPSinduced TNF-a production under serum-free conditions (4,
5). and 3) CD14-transfected 7OZ/3 cells show enhanced
sensitivity to LPS under serum-free conditions (10). However, as the production of cytokines induced by LPS via
CD14 is generally higher in the presence of serum, as compared with serum-free conditions, serum factors seem to
enhance the affinity of LPS to membrane CD 14. Some of
these factors, e.g., LBP or "septin," that opsonize LPS in
serum have been identified recently (9, 11).
In addition to CD14 several other LPS-binding receptors
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on the surface of monocytes have been described. For example, a lectin-like monocyte membrane component has
been found to interact with the polysaccharide part of LPS
(32). known to stimulate monocytes to IL-1 production
(33). Another 80-kDa m.w. molecule expressed on human
mononuclear phagocytes was reported to interact with the
lipid A part of LPS (34). Antibodies recognizing this molecule induced, similar to LPS, tumoricidal activity of macrophages (35), suggesting a functional role on these cells.
The question of whether these structures are involved in
LPS-mediated production of cytokines in concert with
CD14, or these receptors mediate CD14-independent cytokine production, remains to be answered. More insight in
the pathways of LPS action will help to develop therapeutic
strategies to intervene in LPS-mediated pathology.
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SUMMARY
Lipopolysaccharide (LPS) activates both myeloid and endothelial cells. Whereas CD14 has been
shown to be involved in LPS recognition by myeloid cells, the mechanism responsible for the strong
response of endothelial cells to LPS remains to be elucidated. The role of CD14 in this process was
studied using CDI4-specific antibodies (Ab). Anli-CDI4 Ab inhibited LPS-induced interleukin-6
(II.-6) release and E-selectin expression by cultured human umbilical vein endothelial cells
(HUVEC). Messenger RNA encoding IL-6 and E-selectin was reduced in parallel. The inhibitory
effect or anti-CD 14 Ab was epilope dependent, maximal at low LPS concentrations and dropping
with increasing LPS doses Anti-CDl 4 Ab did not affect endothelial cell activation induced by IL-1 /(,
tumour necrosis factor-a (TNF-a) and phorbol 12-myristate 13-acetate (PMA). IL-6 release and
E-selectin expression of HUVEC were strongly reduced when LPS activation was performed in the
absence of serum, indicating involvement of serum components in LPS activation of HUVEC.
Nevertheless, anti-CD14 Abalso blocked LPS-induced HUVEC activation in the absence of serum.
Although the role ofscrum components in LPS activation remains to be elucidated. CD 14 seems to be
a key mediator in LPS-induced activation of endothelial cells.

INTRODUCTION
Endolhelial cells are immunologically active cells and respond
strongly to lipopolysaccharide (LPS) presence. De noeo expression of the leucocyte adhesion molecule E-selectin,'^ and
the release of interleukin-6 (IL-6)," a cytokine that is involved
in inflammatory reaction, are part of this response. The
mechanism of LPS-induced activation of endothelial cells,
however, has not been clarified.
CDI4 has been shown to be involved in LPS activation of
monocytes,'' alveolar macrophages' and neutrophils." CD14
binds LPS complexed with an acute phase protein, designated
LPS binding protein (LBP),"or with seplin'.a group of scrum
proteins that, in co-operation, facilitate LPS interaction with
this receptor.'" It seems that CD 14 is also able to recognize LPS
directly in the absence of serum."" '• It is generally accepted
that LBP and 'septin' opsonize LPS. enhancing its affinity to
CD 14. CD 14 is a glycosylphosphalidylinosilol-anchored protein"" that has originally been considered as a monocyte/

Abbreviations: BCS. bovine calf serum; HS, human serum;
HUVEC. human umbilical vein endolhelial cells; LBP. LPS binding
protein; LPS, lipopolysaccharide.
Correspondence: Dr W. A. Buurman. Dept. of Surgery, Biomedical
Center, University of Limburg, PO Box 616,6200 MD Maastricht. The
Netherlands.

macrophage-specific surface marker." CDI4 has also been
reported to be expressed on neutrophils*" and B cells,""
although to a lesser extent compared to monocytes. Weak
interaction of anti-CD14 monoclonal antibodies (mAb) with
endolhelial cells has been described previously." •' suggesting
that small amounts of CDI4 are also present on endothelial
cells. These data prompted us to study the role of CD14 in LPSinduced activation of endolhelial cells.

MATERIALS AND M E T H O D S

Recombinant human (rh) tumour necrosis factor-a (TNF-a)
was kindly provided by BASF/Knoll AG (Ludwigshafen,
Germany); rhIL-1/) was a kind gift of Dr Gillis (Immunex,
Seattle, WA); LPS (phenol extract, chromatographically purified from EsrArrirAia co/i, serotype O55:LB5) and phorbol 12myristate 13-acetate (PMA) were purchased from Sigma (St
Louis. MO). Preparations of TNF, IL-1/1 and PMA were tested
for endotoxin contamination by the chromogenic limulus
amoebocyte lysate assay (Coatcst, Kabi Diagnostics, Nykoping. Sweden), and were found to contain less than S pg/ml LPS
in final solutions. The following CD 14-reactive Ab were used:
MEM-15 and MEM-18," both IgGl; Cris6," IgGI, kindly
provided by Dr Vilella (Servei d'Immunologia, Hospital Clinic,
Villarroel, Barcelona, Spain); UCHMI," lgG2a, kindly prc-
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vidcd by Dr Beverly (ICRF Human Tumor Immunology
Group. University College Hospital. London. U.K.); BL-467."
IgGI kindly provided by Dr Fiebig (Section of Biosciences,
University of Leipzig. Leipzig, Germany). Rabbit anti-CDI4
Ab were isolated from serum derived from CDI4-immunized
rabbits. Monoclonal antibody MOPC2I, IgGI, a non-specific
control mAb, was kindly provided by Celltech (Slough, U.K.).
Human umbilical vein endothelial cells (HUVEC) were
obtained by collagenase treatment of the human umbilical vein.
The cells were cultured infibronectin-coated(fibronectin kindly
provided by Dr van Mourik, CLB, Amsterdam, The Netherlands) tissue culture flasks (Costar, Cambridge, MA) in RPMI1640 (Gibco, Paisley, U.K.). supplemented with 10% pooled
0 2 /im filtered heat-inactivated human serum (HS) derived
from the local blood bank, 10% heat-inactivated bovine calf
serum (BCS) (Hyclone. Logan, UT), 50 /Jg/ml heparin (Sigma),
.10 ^g/ml endothelial growth supplement (Collaborative
Research Incorporated, Bedford, MA) and antibiotics. Endothelial cells were characterized by their pavement-like monolayer morphology, by positive staining with mAb hec7 directed
against PECAM-1,-'generously provided by Dr Muller(Rockefeller University. NY), and by positive staining with the anti-Eselectin mAb ENA1" after 4 hr of incubation with TNF-a.

HUVEC of passage 3 were seeded at 10* cells/well in fibronectincoated 96-weII flat-bottom tissue culture plates (Costar) in
culture medium. I day prior to stimulation. HUVEC were
rinsed twice with RPMI-1640 and the medium was replaced by
the appropriate agents in 200/il/well RPMI-1640 supplemented
with antibiotics, without growth factor, and with 10% HS (not
heat-inactivated), or 0 1 % BSA (endotoxin contamination
<01 ng/g; Sigma) in experiments in which serum-free medium
was employed. Media were tested for endotoxin contamination
in the chromogenic limulus amoebocyte lysate assay, and were
found to contain less than 5 pg/ml LPS. Supernatants were
harvested and kept at - 2 0 ' until use in the IL-6 ELISA.
Endothelial cell monolayers were washed, fixed with 005%
glutaraldehyde for 10 min at room temperature, and kept at 4°
until use in the E-selectin ELISA. Human monocytes were
isolated as described previously' and incubated with the indicated reagents at 10* cells/well in flat-bottom tissue culture
plates in 200 ^I/well RPMI-1640 supplemented with 10% HS
and antibiotics.

The IL-6 concentration in the culture supernatant was determined using a previously described sandwich ELISA for IL-6."
In short. 96-well immuno maxisorp plates (Nunc. Roskilde,
Denmark) were coated with a newly developed murine mAb
5EI, specific for human IL-6. Recombinant human IL-6 (a
generous gift from Professor Sebald, Physiologisch-Chemisches
Institut der Universitat, Wurzburg, Germany) was used for
standard litration curves. Test samples were added. Plates were
incubated with polyclonal rabbit anti-human IL-6 Ab, followed
by peroxidase-conjugated goat anti-rabbit IgG (Jackson, Westgrove, PA). O-phenylene-diamine (Sigma) was added as a
substrate and photospectometry was performed at 492 nm.
Standard tilration curves were not influenced by the presence of
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serum in the sample buffer. The IL-6 ELISA had a lower
detection limit of 10 pg/ml IL-6.
E-selectin expression was determined by El .ISA using the Eselectin specific mAb EN A I,-' followed by peroxidase-conjugated goat anti-mouse IgG. O-phenylene-diamine (Sigma) was
added as a substrate and photospectometry was performed at
492 nm.
HUVEC was grown and stimulated, as already described, in
150 cm' tissue culture flasks (Costar). Total cellular RNA was
isolated as described previously.-' RNA samples were treated as
recommended by Amersham and applied onto a N * Membrane
(Amersham International. Amersham, U.K.), using a Biodot
apparatus (BioRad, Richmond. CA). cDNA probes were
labelled with ["P)dCTP using the random primer labelling kit of
Boehringer Mannheim (Mannheim, Germany) and hybridized
to the blot (10* c.p.m./ml) as described previously." The IL-6
probe [1-3 kilobase (kb) HIIl-£roRI fragment) was kindly
provided by Dr Aarden (CLB. Amsterdam, The Netherlands),
the E-selectin probe (I 0 kb £coRI-flj?HI fragment) was kindly
provided by Celllech and the actin probe (1-3 />J< fragment) was
kindly provided by Dr Berkvens (University of Leiden, Leiden,
The Netherlands). Labelled bands were visualized by autoradiography.
RESULTS
Anti-CD14 Ab inhibit LPS-induced HUVEC responses
HUVEC monolayers were incubated with 1 /ig/ml LPS in
RPMI-1640 enriched with 10% HS and antibiotics. The
influence of co-incubation with five murine anti-CDI4 mAb,
MEM-18,Cris6,UCHMI,MEM-I5andBL-467,and of serum
of CD14-immunized rabbits (IgG concentration 10 //g ml), on
IL-6 release and on E-selectin expression by HUVEC was
investigated. MEM-18, Cris6, MEM-15 and rabbit polyclonal
anti-CD14 antibodies prevented LPS-induced IL-6 release and
E-selectin expression by 80% or more. UCHM1 inhibited
HUVEC responses less effectively, while BL-467 as well as a
non-reactive control mAb did not influence HUVEC responses
(Table 1). As a control, the same panel of Ab was tested for their
influence on 100 pg/ml LPS-induced TNF and IL-6 release by
human monocytes. The LPS-induced release of both cytokines
was completely prevented by co-incubation with MEM-18 and
Cris6, while MEM-15 and rabbit anti-CDI4 Ab reduced both
TNF and IL-6 release by more than 60% (Table 1). In parallel to
the effect on LPS-induced HUVEC activation, mAb BL-467
hardly influenced LPS-induced monocyte TNF and IL-6 release
(Table 1). None of the anti-CDI4 antibodies induced HUVEC
IL-6 release. HUVEC E-selectin expression or monocyte cytokine release in the absence of LPS (data not shown). MEM-18,
which inhibited HUVEC IL-6 release and E-sclectin expression
at 0-2 /Jg/ml, with a maximal inhibition at 2 //g/ml (data not
shown), was selected for further experiments.
Next, the influence of MEM-18 on HUVEC IL-6 and Eselectin mRNA expression induced by incubation with I /jg/ml
LPS for 2 hr, was determined. In the presence of MEM-18,
substantially reduced amounts of mRNA encoding IL-6 and E-
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TaMc I. Anti-CDI4 antibodies can inhibit LPS-induced responses of both HUVEC and human monocytes
Humsin monocytes

HUVEC

Unstimulated
LPS
LPS + MEM-18
LPS + Cris6
LPS + UCHMI
LPS + MEM-15
LPS+BL-467
LPS + rabbit anti-CDM
LPS+MOPC2I

IL-6
(ng/ml)

E-selectin
(A 492 nm)

TNF
(ng/ml)

IL-6
(ng/ml)

01 ± 0 1
11 2±O-7
09±02
O-5±O-2
2-7±0-7
1 2±O-2
12 4± 15
1 4±0-3
10-8+10

002 ±002
1 6 ±008
012±004
009 ±004
0 28 ±005
0 22 ±0 04
1 6±01
019 ±005
I 5±01

0 02 ± 0 0 2
1-4 ±0-2
01 ± 0 1
01±0I
0 87 ±0 08
050±004
0 97 + 005
0 12 + 007
1-2 ±0-2

0 3 ±01
84±05
004 ±001
002 ±001
5 0±0-4
3-2 ±0-4
72±0-6
l-5±01
8 3±0 4

Influence of 10 /ig/ml mAb and rabbit polyclonal Ab reactive with CD14 on HUVEC IL-6 release and
E-selectin expression and monocy te TNF and IL-6 release induced by LPS. MOPC21, a non-reactive mAb of
the IgGl subclass, was used as a control. Cells were incubated in presence ofLPS (monocytes with 100 pg/ml
and HUVEC with 1 /ig/ml LPS) and antibodies for 5 hr (to determine maximal E-selectin expression) and
18 hr (to determine cytokine release). Data are expressed as mean ± SD of four measurements.

Figure 1. MEM-18 inhibit! LPS-induced IL-6 and E-sclectin mRNA
expression in HUVEC. Messenger RNA was isolated from untreated
HUVEC (A) and HUVEC stimulated for 2 hr with I pg/ml LPS in the
absence (B) or presence (C) of 5 pg/ml MEM-18. in medium containing
10% HS. Parallel blots were run and hybridized with actin probe to
compare the amount of RNA in different samples.

selectin were detected (Fig. 1), indicating interference of M EMI8with LPS-induced IL-6 release and E-selectin expression on a
pre-transcnplional level.
To investigate whether anti-CDM Ab specifically inhibited
HUVEC responses to LPS, we compared HUVEC responses to
LPS, IL-l/i, TNF-a and PMA in the presence and absence of
MEM-18. Whereas MEM-18 induced a major reduction in Eselcctin expression and IL-6 release in response to 5 ng/ml LPS
and 5 /tg/ml LPS. no clear influence was found in the responses
of HUVEC monolayers stimulated with IL-10, TNF-ot and
PMA (Fig. 2).
Inhibition of I PS-induced HUVEC IL-6 release and E-selectin
expression is not abrogated in the absence of serum
To investigate whether serum presence is a prerequisite for
CDI4-mediated LPS activation of HUVEC, HUVEC monolayers were rinsed intensively with serum-free medium before

the addition of LPS, to ensure maximal removal of soluble
serum components. Monolayers were subsequently incubated in
the presence or absence of 10% HS with LPS concentrations
ranging from I ng/ml to 100 jig/ml in RPM I-1640 supplemented
with 0-1 % BSA. In the presence of serum, MEM-18 reduced IL6 release and E-selectin expression in response to 1-100 ng/ml
LPS for 90% or more. This reduction was partly overcome by
stimulation with higher concentrations of LPS (Fig. 3). As
reported previously^ HUVEC showed diminished responses to
LPS in the absence of serum (Fig. 3). MEM-18, however, still
effectively reduced both LPS-induced IL-6 release and Eselectin expression in the absence of serum in the incubation
medium (Fig. 3). The use of special serum-free endothelial cell
culture medium (Endothelial-SFM. Gibco) instead of RPMI
supplemented with bovine serum albumin (BSA), and additional attempts to remove serum proteins, either by repeating
the wash procedure or by 24-hr culture in serum-free medium
before washing and activation in new serum-free medium, did
not prevent the inhibitory effects of MEM-18 co-incubation in
the above-described experiment (data not shown).

DISCUSSION
We demonstrated that certain anti-CDM Ab inhibited LPSinduced activation of cultured HUVEC, measured by induction
of: (I) IL-6 release; (2) E-selectin surface expression, and (3)
IL-6 and E-selectin mRNA expression. We also found that antiCDM mAb reduced LPS-induced IL-8 release, and surface
expression of ICAM-I and VCAM-I (data not shown). On the
basis of these results, we conclude that CDI4 participates in the
response of endothelial cells to LPS. A recent study of Frey */
a/.," also demonstrates CD14 involvement in endothelial cell
activation by LPS. This finding extends the immunological
importance of CD14 in terms of its role in LPS-induced
activation of not only haemopoietic. but also non-hemopoietic
cells. Like others, we have found clear differences in the
capacities of anti-CDM Ab to block LPS-induced cellular
activation.'" Differences in both epitope specificity and affinity
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E-Mlactin (A 492 nm)

Figure 2. MEM-I8 inhibits LPS-induced, but not TNF-. IL-I0- or PMA-induced 1L-6releaseand E-seleclin expression. HUVEC were
incubated with the indicated reagents in the absence (•) and presence (•) of 5 ^g/ml MEM-18. E-selectin expression and IL-6 release
were measured after 5 and 18 hr respectively as indicated in Materials and Methods. Data are expressed as mcans±SD of four
measurements.
,

Inf/nil

Figure 3. MEM-18 inhibits LPS-induced IL-6 release and E-selcctin expression both in the absence (left graphs) and presence (right
graphs) of 10% HS. HUVEC were incubated with different concentrations of LPS in the absence (•) or presence of (•) 5 pg/ml
MEM-18 for 5 hr (to determine maximal E-selectin expression) and 18 hr (to determine IL-6release)in the presence or absence of serum.
Data are expressed as means + SD of four measurements (where SD bars are not shown, they fall within the symbol).

of the individual anti-CD!4 Ab may have contributed lo this
variation. Capacities of anti-CD 14 Ab to block LPS-induced
HUVEC activation were, however, similar to the capacities of
these Ab to block LPS-induccd activation of monocytes.
indicating that the same CDI4 epitope is involved in the

activation process. The finding that anti-CD 14 mAb do not
inhibit endothelial cell responses to cytokincs and PMA demonstrates that CDI4 is specifically involved in the LPS-induced
activation.
There are still several questions to be answered. First, what is
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the role of CD14 in cellular activation by LPS? The fact that
anti-CD14 mAb are able to inhibit LPS-induced activation of
HUVEC in the absence of serum supports the concept that
CDI4 is able to interact directly with L P S . ' " " " " It can.
however, not be excluded that some serum proteins like LBP
may remain bound to the endothelial cell surface and mediate
LPS-CDI4 interactions, despite the efforts to wash these
proteins away. Another conclusion drawn from this observation
is that CDI4 must be associated with the endothelial cell
membrane. The next question concerns the origin of CD14
present on endothelial cells. One possibility is that CD14
represents an endogenous membrane molecule. Since soluble
CD14 is found in large amounts in normal plasma,"" association ofexogenous CD 14 with a counter receptor on the surface
ofendothelial cells would be another option, which has recently
been claimed.'" Attempts to prevent association ofexogenous
CD14 with the endothelial cell surface by culturing HUVEC
monolayers under serum-free conditions before LPS activation
did not, however, prevent the inhibitory effect of anti-CD14
mAb. Whatever the answer, the quantity of cell surfaceassociated CDI4 on HUVEC seems to be fairly low, as we were
not able to detect surface CD 14 using either flow cylometry
analysis or precipitation from detergent lysate of surface
iodinated HUVEC (data not shown). In contrast, we obtained
positive results using both these methods for detection of
surface CDI4 on monocyles (data not shown). However, in
addition to the functional evidence for the presence of CD 14 on
endothelial cells, weak staining of endothelial cells by amiCDI4 mAb has been reported." -' Finally, it is not clear which
scrum proteins arc involved in CDI4-dependent activation of
endothelial cells in the presence of serum. For monocytes. LBP
and scptin' have been identified as serum components which
enhance CDI4-mediated LPS activation.'"" The fact that the
LPS-induccd response of endothelial cells in the presence of
serum is much stronger compared to serum-free conditions.
clearly indicates that serum factors such as LBP participate in
this process. The experiments addressing the questions mentioned above are currently being addressed in our laboratory.
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Lipopolysaccharide LPS-Mediated Soluble TNF Receptor
Release and TNF Receptor Expression by Monocytes
Role of CD14, LPS Binding Protein, and Bactericidal/Permeability-Increasing
Protein'

Jet F. M. Leeuwenberg,** Mieke A. Dentener/ and Wim A. Buurman*
•Department of Surgery, University of Limburg, Maastricht, The Netherlands; and 'Department of Pulmonary Diseases,
University Hospital Maastricht, The Netherlands

Previously we demonstrated that two soluble (s) tumor necrosis factor receptors, TNF-R55 as well as STNF-R75,
are constitutively released in vitro by monocytes, and that this release was markedly enhanced after activation.
Because LPS is an important activator of monocytes, we investigated the effect of LPS on sTNF-R release by
monocytes. It was found that release of sTNF-R75, but not (or minimally) release of STNF-R55, was enhanced after
activation with LPS, reaching plateau levels after approximately 2 days. CD14, one of the membrane receptors for
LPS, is an intermediate in this process, as shown in experiments using mAb directed against CD14. Under serumfree conditions, LPS-induced sTNF-R75 release was less as compared with release in the presence of serum,
suggesting involvement of serum proteins. Addition of LPS binding protein (LBP) enhanced the LPS-induced
STNF-R75 release under serum-free conditions, but had no effect in the presence of serum. On the other hand,
bactericidal/permeability-increasing protein (BPI), known to possess LPS neutralizing activity, inhibited LPS-induced sTNF-R75 release. Furthermore, cell surface expression of both types of TNF-R was shown to be controlled
by LPS, LBP, and BPI. LPS caused, within 1 h, a complete reduction of TNF-R55 as well as TNF-R75 expression,
followed by enhanced re-expression of both receptors after 24 h. The down-modulation of expression was increased by LBP, whereas BPI counteracted the LPS-induced down-regulation. The LPS-enhanced release of sTNFR75, capable of inactivation of TNF, as well as LPS-induced initial down-modulation of TNF-R expression leading
to postulated temporary unresponsiveness to TNF may share in a physiological mechanism to carefully control the
effects of TNF. ,/ouma/ or" /mmuno/ogy, 1994, 152: 5070.

T

NF receptors (TNF-R)'' are expressed on a number
of cell types (1,2) and are believed to mediate the
effects of TNF. Two different types of TNF-R
have been characterized with molecular masses of 55 kDa
(TNF-R55) and of 75 kDa (TNF-R75) (3). Appropriate
activation of polymorphonuclear cells (PMNs) and acti-
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vated T cells induces rapid shedding of membrane-bound
TNF-R in vitro, leading to soluble (s) forms of TNF-R55
and TNF-R75 of 30 kDa and 40 kDa, respectively (4).
Recently, we described the release of both sTNF-R55 and
sTNF-R75 by monocytes upon activation by IL-10 and
phorbol esters in vitro (5). In vivo, sTNF-R are present in
the blood of normal healthy individuals at low levels (6),
whereas elevated plasma sTNF-R are found in pathological situations, such as rheumatoid arthritis (7, 8), sepsis
(9, 10, 11), and experimental inflammation during which
healthy volunteers received LPS (12, 13). Furthermore, in
experimental models it was found that LPS infusion induced enhancement of sTNF-R in mice (14). In this study
(14), no evidence was found for intermediates such as
TNF, suggesting that LPS is directly involved in the enhancement of sTNF-R in plasma. sTNF-R probably play a
role in inactivation of circulating TNF, resulting in a decrease of systemic effects of TNF.
0022-1767/94/J02.00
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The major targets for I P S are mononuclear phagocytes.
An increasing number of LPS-induced activities are shown to
be mediated via the LPS receptor CD14 (15), among which
is TNF release (16,17). The interaction of LPS with CD14 is
facilitated by serum proteins, such as the acute phase reactant
LPS binding protein (LBP) (reviewed in Refe. 18 and 19) and
septin (20), resulting in an enhancement of LPS-induced ac-

RPMI 1640 supplemented with 10% HS. or in M*-SFM (serum-free
condition) or in M*-SFM supplemented with 10% HS. For measurement
of sTNF-R release, cells (final volume 200 >J per well, 1.5 X 10* cells/
ml) were cultured in 96-well flat bottom tissue culture plates (Costar,
Cambridge, MA) in triplicate, supplemented with reagents. After indicated time periods the plates were centrifuged and supematants were
harvested and frozen at - 2 0 ° C . For immunofiuorescence (IF), cells were
cultured in polypropylene rubes (Grciner, GmbH, Solingen, Germany),
supplemented with reagents.

tivation. On the other hand, LPS effects are inhibited by a
PMN-derived product,

bactericidal/permeability-increasing

protein (BPI) (21), which is strongly homologous to LBP
(18). BPI was recently shown to antagonize LBP effects by
competing for binding to LPS (22, 23).
Here, we studied the effect of LPS on sTNF-R release
and on TNF-R expression by monocytes. In addition, we
investigated whether the mechanism via which LPS affects
sTNF-R release and TNF-R expression was mediated via
the same pathway as LPS-induced cytokine release, i.e.,
via CD14. The involvement of LBP and BPI in LPS-induced sTNF-R release and in the regulation of TNF-R expression was studied.

Materials and Methods
/Anf/bod/es and reagents

-•

For detection of sTNF-R55 and STNF-R75 in ELJSA, immunoassay
plates (Nunc-lmmuno Plate Maxisorp, Roskilde, Denmark) were coated
with mAb MR1-1 (5 jig/ml) or with mAb MR2-2 (5 M&'ml), respectively, overnight at 4°C, followed by saturation with 1% BSA. Samples
of culture supernatant (1/2 dilution) were added, and after 2 h at room
temperature, the plates were washed with PBS-0.1% BSA and incubated
for 1 h at room temperature with specific biotin-labeled rabbit antisTNF-R Ig. After washing, peroxidase-labcled strepfavidin (Dako,
Glostrup, Denmark) was added. Peroxidase activity was determined by
addition of TMB (3, 3', 5, 5-tetramethylbenzidinc) substrate (Kirkegaard & Perry Lab., Gaithersburg, MD) and photospectrometry (450 nm)
was performed using a micro ELISA autorcader. The EL1SA had a lower
detection limit of approximately 100 pg/ml. Measurements of sTNF-R
were not affected by the addition of TNF (5), indicating that TNF produced by monocyles during the activation period did not mask sTNF-R
release. The intn-assay variation was less than 10%.

/nc//recf /F and F/4CS ana/ys/s

mAbs specifically directed against TNF-R5S and specifically directed
against TNF-R75 were obtained by immunizing BALB/c mice with sTNFR55 or STNF-R75. To this end, STNF-R55 and STNF-R75 were purified
from the culture supernatant of NSO cells (transfected with the extracellular
part of either TNF-R55 or TNF-R75; kindly provided by Celltech, Slough,
UK) by affinity chromatography on a TNF-coupled agarose column (Amino
Link column. Pierce, Rockford, IL). Spleen cells of immunized mice were
fused with Sp2A) mouse myeloma cells, and growing hybridomas were
tested for production of mAb specifically reactive with sTNF-R55 or sTNFR75. mAb MR1-1 (IgGl) and mAb MR1-2 (IgGl) were specifically directed against TNF-R55. mAb MR2-1 (IgGl) and mAb MR2-2 (IgGl)
were specifically directed against TNF-R75. MR1-1 and MR2-2 were selected for their capacity to bind soluble forms of TNF-R55 and TNF-R75,
respectively, without being inhibited by TNF (5), whereas MR1-2 and
MR2-1 were selected for capacity to bind membrane-bound TNF-R55 and
TNF-R75, respectively, without being inhibited by TNF. Polyclonal rabbit
autism anti-TNF-R55 and anti-TNF-R75 were obtained by immunizing
rabbits with sTNF-R55 and STNF-R75, respectively. mAb MOPC-21 (IgGl,
kindly provided by Celltech) was used as a negative control. mAb MEM-18
(IgGl) directed against human CD14 was kindly provided by Dr. Horejsi
(Inst. of Molecular Genetics, Prague, Czech Republic). LPS £SC/ICTKAIO CO/I
(wild type, serotype 055:B5. cat. no L-2880) and PMA were purchased from
Sigma (St. Louis, MO). LPS derived from .SafrnonWAi mi/i/uaroM (Re mutant
RS9S, rough, cat. no 2 4 - 0 8 - 4 3 ) was obtained from SEBAK Biologiscbes
Forschungs GmbH (Aidenbach, Germany). Human rBPI and rLBP were
kindly provided by Dr. Marra (lncyte Pharmaceuticals Inc., Palo Alto. CA).
Macrophage serum-free medium (M<t-SFM) and RPM1 1540 were obtained
from GD3CO Europe (Paisley, UK). Human serum (HS) was obtained from
the local blood bank.

Cells of the monocytic fraction (2 X 10*) were cultured in polypropylene
tubes in the absence or presence of LPS, or LBP BPI as indicated. After
different periods of time, cells were washed with ice-cold PBS (0.1% BSA,
0.1% NaN,) and resuspended. Aliquots of cells were incubated with mAb
MOPC-21 (background control), WT32 (mAb anti-CD3), MR1-2, or
MR2-1 (final concentration 10 fig/ml) for 30 min at 4°C After two washes,
cells were stained with FITC-labeled F(ab')j fragments of goat anti-mouse
IgG (Jackson, ImmunoRcsearch. Westgrove, PA) on ice for 30 min. The
cells were analyzed by FACSortcr (Bccton Dickinson & Co., Mountain
View. CA). Cells were gated using forward vs side scatter to select for
receptor expression on monocytes, excluding dead cells and debris. The
selected cells were CD3 negative (data not shown). Net median fluorescence
intensity was expressed as channel number of TNF-R expression after
subtraction of the background fluorescence.

Star/sf/ca/ ana/ys/s
Statistical evaluations were performed with the Wilcoxon matched-pain
signed ranks lest.

Results
/.PS-induced re/ease or"s77VF-K by monocytes
sTNF-R55 and sTNF-R75 were measured in supernatant
derived from monocytes cultured in the absence or presence of different concentrations of LPS (£. co/i derived) or
with PMA. As shown in Figure 1, release of both sTNF-

Ce// /so/af/on and acf/Vaf/on

R55 and sTNF-R75 was enhanced upon activation with

PBMCs of normal healthy donors were isolated by buoyant density centrifugation of buffy coat cells on Lymphoprep (Nycomed, Oslo, Norway).
The cells were kindly provided by the Red Cross Blood Bank ZuidLunburg (Maastricht, The Netherlands). Blood was donated by human
volunteers, after informed consent for research was obtained. Monocytes
were isolated according to Graziano and Fanger (24). In short. PBMCs
were allowed to clump by low-speed ccntrifugation at 4°C. Cell clumps,
consisting of more than 80% monocytes as evidenced by esterase staining, were separated from the rest of the cells by sedimentation through
ice-cold bovine calf serum (HyClone, Logan, UT). After five washings in
HBSS to remove all serum components, cells were cultured either in
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LPS as well as with PMA. However, LPS-induced sTNFR55 release was only minimally increased as compared
with the release of STNF-R55 induced by PMA. During
the culture period, the concentration of sTNF-R in supernatant gradually increased spontaneously as well as upon
activation with LPS and PMA, reaching plateau values
after approximately 48 h.
A dose-response curve of LPS from £. co/i (smooth
LPS) and from 5. mi/incrofa (rough) is shown in Figure 2.
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FICURE 1. Enhanced release of sTNF-R by monocytes after
stimulation with LPS. Cells were cultured in RPMI 1640 supplemented with 10% HS in the absence (open bars) or presence of LPS (1 ng/ml, hatched bars; 100 ng/ml, double
hatched bars), or with PMA (50 ng/ml, dotted bars). After the
indicated periods of time, culture supernatant was taken in
which sTNF-R were determined by ELISA. One representative experiment from a series of four independent experiments is shown. Data are given as the mean of triplicate samples. SD was less than 10% (not shown).

sTNF-R.75 release reached plateau values at a concentration of approximately 100 to 1000 ng/ml LPS from £. co/i.
Even at high concentrations of LPS, no enhanced release
of sTNF-R55 was observed. Similarly, LPS from S. mwnesofa enhanced the release of sTNF-R75, but not of
STNF-R55, although higher concentrations of LPS from
5. minncKMa are required than from £. co/i to enhance
release. LPS derived from £. co/i is used in all of the
following experiments. Because sTNF-R55 release was
minimally or not at all affected by LPS, only data of sTNFR75 release are shown.
/nvo/vemenf or"CD74 /n iPS-inducec/
S7NF-R75 re/ease
To study the role of CD14 in the LPS-induced sTNF-R75
release, monocytes were stimulated for 48 h with LPS
alone or in combination with anti-CD14 mAb. Figure 3
shows that the LPS-induced sTNF-R75 release was abrogated by anti-CD 14 mAb MEM-18 at LPS concentrations
ranging from 1 ng/ml to 10 ng/ml. At higher LPS concentrations, the inhibitory effect gradually declined and was
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FICURE 2. Effect of LPS concentration on release of
sTNF-R by monocytes. After a 48-h culture period of monocytes in RPMI 1640-10% HS with different concentrations of
LPS from f. co// (upper grap/i) and LPS from S. m/nnesofa
(/ower graph), STNF-R55 (solid line, A) and STNF-R75
(dashed line, • ) were determined by ELISA. One representative experiment form a series of four independent experiments is shown. The data represent the mean ± SD of triplicate samples. SD bars are omitted if they fall within the
symbol.

not detectable at a concentration of 10 /ig/ml LPS. The
inhibitory effect of MEM-18 was specifically directed
against activation by LPS, because PMA-induced sTNFR55 and sTNF-R75 release was not affected by MEM-18
(data not shown).
Elfeefs or" L8P and 8P/ on /.PS-induced
sT/VF-R re/ease
First, it was investigated whether serum affected LPS-induced sTNF-R75release.Figure 4 shows that in the absence
of serum the release of sTNF-R75 during a 48-h culture period was strongly diminished as compared with the release in
the presence of 10% HS. Addition of LBP under serum-free
conditions enhanced thereleaseof sTNF-R75 using suboptimal concentrations of LPS (Fig. 5/4). However, enhancement by LBP was not observed in the presence of serum (data
not shown). Furthermore, the levels of STNF-R75 release
were always lower under serum-free conditions, even when
LBP was added, than in the presence of 10% HS.
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FIGURE 3. Inhibition by anti-CD14 mAb MEM-18 of LPSinduced STNF-R75 release by monocytes. Cells were cultured in RPMI 1640-10% HS with different concentrations of
LPS (£. co//) in the absence (solid line) or presence (dashed
line) of MEM-18 (10 /ig/ml). After a 48-h culture period, supernatant was collected and sTNF-R75 release was measured
by ELISA. One representative experiment from a series of
eleven independent experiments is shown. The data represent the mean ± SD of triplicate samples. SD bars are
omitted if they fall within the symbol. Statistical analysis of
11 experiments showed that the mean ± SEM inhibition by
MEM-18 was 54% ± 6% ( p < 0.004) at an LPS concentration of 10 ng/ml.
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FIGURE 4. Enhancement of LPS-induced STNF-R75 release by serum. Monocytes were cultured in M<J>-SFM with
different concentrations of LPS (£. co//) in the absence
(dashed line) or presence (solid line) of 10% HS. After a 48-h
culture period, culture supernatant was collected and sTNFR75 release was measured by ELISA. One representative experiment from a series of ten independent experiments is
shown. The data represent the mean ± SD of triplicate samples. SD bars are omitted if they fall within the symbol. Statistical analysis of 10 experiments showed that the enhancement by HS (mean ± SEM) was 222% ± 32% ( p < 0.008) at
an LPS concentration of 10 ng/ml.

To investigate the effect of BPI, experiments were performed in which LPS was preincubated with BPI for at
least 30 min, followed by addition of HS and monocytes.
sTNF-R release was measured after a culture period of
48 h. It was found that BPI inhibited the LPS-induced
STNF-R75 release (Fig. 5.B). This inhibitory effect was
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FIGURE 5. Effect of LBP and BPI on LPS-induced sTNF-R
release. (.4) LBP enhanced the LPS-induced STNF-R75 release. Cells were cultured in M(J>-SFM with different concentrations of LPS (f. co/i) in the absence (solid line) or presence
of 500 ng/ml LBP (dashed line) under serum-free conditions.
Enhancement by LBP (mean ± SEM) of 10 experiments was
182% ± 17% at an LPS concentration of 10 ng/ml (p <
0.008). (6) BPI inhibited the LPS-induced sTNF-R75 release.
Cells were incubated with different concentrations of LPS
(£. co//) in the absence (solid line) or in the presence of 500
ng/ml BPI (dashed line) in M4>-SFM supplemented with 10%
HS. After a 48-h culture period, supernatant was collected
and sTNF-R75 release was measured by ELISA. Inhibition
by BPI (mean ± SEM) of 10 experiments was 37% ± 5% at
an LPS concentration of 10 ng/ml ( p < 0.004). One representative experiment from a series of ten independent
experiments is shown. The data represent the mean ± SD
(omitted if they fall in symbol) of triplicate samples.

not observed at a high concentration of LPS (1000 ng/
ml) and was less pronounced in the absence of HS (data
not shown).
f/fecf of" /.PS on fc/nef/cs or" TNF-R express/on
by monocytes
To investigate the effect of LPS on membrane TNF-R expression, we studied the expression on monocytes. Cells
were analyzed either freshly isolated, or cultured 30 min,
1 h, 2 h, and 24 h in the absence or presence of 1 or 1000
ng/ml LPS (Fig. 6). On freshly isolated monocytes, TNFR55 and TNF-R75 were equally expressed (net median
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FIGURE 6. Regulation of TNF-R expression on monocytes.
Expression was measured by flow cytometry on freshly isolated cells (t = 0) and on cells cultured in RPMI 1640-10%
HS during 30 min, 1 h, 2 h, and 24 h in the absence or
presence of 1 or 1000 ng/ml LPS (f. co//). Cells were stained
with mAb MR1-2 anti-TNF-R55 (1), and MR2-1 anti-TNFR75 (2) as described in Ateferia/s and Afef/xxfe. An irrelevant
mAb MOPC-21 (0) was used as the negative control. Relative
cell numbers are given on the ordinates and fluorescence
intensity on a logarithmic scale on the x-axis. One of four
independent experiments with similar results is shown.

channel number 1.2). During the culture period without
LPS treatment, expression of TNF-R55 and TNF-R75
gradually increased starting approximately after 1 h being
approximately three- and sixfold enhanced, respectively,
after 24 h as compared with expression on freshly isolated
cells. A different pattern was observed when cells were
treated with LPS. At a concentration of 1 ng/ml LPS, expression of both TNF-R was reduced after a culture period
of 30 min and of 1 h. Complete down-modulation of
TNF-R expression was observed at a concentration of
1000 ng/ml within 30 min, and this down-modulation was
sustained for at least 1 h. After 2 h, TNF-R expression
slightly recovered and was even more enhanced after 24 h
than on unactivated cells (Fig. 6). The expression of TNFR75 showed a stronger increase than that of TNF-R55 after 24 h both on unactivated cells (net median channel
numbers 7 and 3.5, respectively) and on LPS-treated cells
(net median channel numbers 11.5 and 7, respectively, at

FIGURE 7. Effect of LBP and BPI on LPS-induced downmodulation of TNF-R expression on monocytes. Cells were
cultured for 1 h in M<J>-SFM without and in the presence of
500 ng/ml LBP or 500 ng/ml BPI (neither affected TNF-R expression, therefore only data on LBP are given). Further, cells
were stimulated with 1 ng/ml LPS (£. co/0 in the absence or
presence of 500 ng/ml LBP and stimulated with 10 ng/ml LPS
(E. co//) in the absence or presence of 500 ng/ml BPI. For
FACS analysis, cells were stained with mAb MR1-2 antiTNF-R55 (1), and MR2-1 anti-TNF-R75 (2) as described in
Ma(er/a/s and Methods. An irrelevant mAb MOPC-21 (0) was
used as negative control. Relative cell numbers are given on
the ordinates and fluorescence intensity on a logarithmic
scale on the x-axis. One of four independent experiments
with similar results is shown.

a concentration of 1 ng/ml LPS; net median channel numbers 31 and 14, respectively, using 1000 ng/ml LPS).
ftfect or" iBP and BW on /.PS-modu/afec/ 7NF-R
express/on
To examine whether LBP and BPI affects LPS-induced
down-modulation of TNF-R, monocytes were cultured for
1 h with different concentrations of LPS in the absence or
presence of LBP or BPI under serum-free conditions (Fig.
7). Incubation of cells with LBP or BPI in the absence of
LPS did not affect TNF-R expression. A concentration of
1 ng/ml LPS caused a clear decrease of TNF-R expression.
Addition of LBP to this suboptimal concentration of LPS
led to a complete down-modulation of expression of both
TNF-R. On the other hand, BPI could largely prevent the
decrease of TNF-R expression induced by 10 ng/ml LPS.
Thus, as in the case of sTNR-R release, the effect of LPS
on TNF-R expression was augmented by LBP and abrogated by BPI.
Discussion
In this study we investigated the effect of LPS on release
and expression of TNF-R55 and TNF-R75 by monocytes.
It was found that LPS enhanced the release of sTNF-R75
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and, to a slight degree, the release of sTNF-R55. Similar to
the enhancement induced by IL-10 and phorbol esters (5),
LPS-induced release was a relatively slow and ongoing
process. Although LPS predominantly induced an enhanced release of sTNF-R75, the membrane expression of
both types of TNF-R was rapidly down-modulated in response to LPS. Our data are supported by Ding et al. (25),
who described rapid internalization of TNF-R expressed
on macrophages in response to LPS, leading to loss of
membrane-bound TNF-R and to a TNF refractory state
(26). The internalization of TNF-R was followed by de
novo synthesis of TNF-R, and within 18 h TNF-R expression was restored as measured in binding experiments using '"l-labeled TNF (25). Our studies show that after 24 h
there is enhanced expression of both TNF-R55 and TNFR75 on unactivated cells. On LPS-activated cells, both receptors reappeared strongly enhanced on the membrane
after 24 h. The synthesis of membrane-bound TNF-R
seemed to be accompanied by release of sTNF-R75, but
not of STNF-R55. In a previous study, we described enhanced reexpression of both TNF-R and enhanced release
of both sTNF-R upon activation with IL-10 or with phorbol esters (5), suggesting a different activation mechanism
as compared with activation with LPS.
Furthermore, using specific mAbs for detection of individual TNF-R expression, it is shown that TNF-R75 expression is more strongly enhanced than TNF-R55 after
24 h. The physiological meaning of this difference in expression pattern of TNF-R55 and TNF-R75 is as yet not
clear. Literature dealing with the function of TNF-R55 and
TNF-R75 contains conflicting theories, and an illustrative
example of this is the discussion about whether TNF-induced cytoxicity (27, 28) and proliferation (29, 30) are
mediated via TNF-R55 or via TNF-R75. The concept proposed by Tartaglia and Goeddel (3) that both receptors
signal distinct TNF activities, and that TNF-R75 in addition serves as a catcher of TNF and delivers it somehow to
TNF-R55, may largely reconcile the controversies. In addition, it is conceivable that, depending on the cell type,
the two TNF-R mediate different biological effects.
A number of LPS-induced activities, such as cytokine
release by monocytes (16,17,23), enhanced CDllb/CD18
expression on PMNs (31), and IgM expression by a CD14transfected pre-B cell line (32) are mediated via CD14, a
receptor for LPS, and the serum protein LBP, known to
enhance the binding of LPS to CD14 (reviewed in Refs. 18
and 19). In this study, we show that CD14 and LBP are
also involved in the enhanced release of sTNF-R75 and
the modulation of TNF-R expression by monocytes in response to LPS. We previously described that LBP and the
neutrophil product BPI, known to block several LPS effects in vitro, e.g., cytokine release by monocytes (22, 23),
have counteractive effects upon LPS-induced cell activation by competing for binding to LPS (23). Here, we
showed that BPI also inhibited LPS-induced sTNF-R75
release and down-modulation of TNF-R expression. The

inhibitory effect of BPI was most pronounced in the presence of serum. This results from the antagonistic effect of
BPI on LBP, which is normally present in serum (19).
In vivo, enhanced plasma levels of sTNF-R have been
found in clinical situations in which endotoxin is involved,
such as sepsis (endotoxemia, meningococcaemia) (9-12).
Furthermore, in human (12, 13) as well as in animal experimental models, LPS administration led to enhanced
sTNF-R levels in plasma (11, 14). In the mouse model
(14), it was found that injection of endotoxin resulted in an
increase of both sTNF-R55 and sTNF-R75 levels within
30 min. Inhibitors of the most likely intermediates, such as
TNF, leukemia inhibitory factor, IL-1, and IFN-7, did not
inhibit the LPS-induced enhancement, suggesting that LPS
is directly involved in this process (14). The kinetics suggest that these sTNF-R are derived from activated neutrophils, because shedding of TNF-R by neutrophils upon
appropriate activation is a rapidly occurring event (4).
However, sTNF-R75 levels in plasma increased during 8 h
after LPS administration in the mouse model and were
significantly enhanced at least during the following 16 h.
sTNF-R are rapidly cleared by the kidney (33), which may
account for the rapid decrease observed for sTNF-R55.
Assuming a similar mechanism in mice and men, it is conceivable that the prolonged presence of sTNF-R75 is
caused by the slow and ongoing release of sTNF-R75 by
monocytes, as we found in our study an enhanced release
of STNF-R75, but little or no release of STNF-R55 by
monocytes upon activation with LPS.
TNF has been shown to play a role in the physiological
protection against microorganisms such as Z.£rtma (34).
However, TNF is also thought to play an important role in the
pathophysiology during endotoxemia and sepsis (35). In the
context of a tight regulation of TNF release and responsiveness, a transient TNF refractory state could be of importance,
mediated either via internalization of TNF-R by monocytes
or via shedding of TNF-R by neutrophils upon appropriate
activation. Thus, in vivo at the site of inflammation, cells may
be temporarily desensitized for locally produced TNF by
rapid loss of TNF-R. The biological function in vivo of this
temporary unresponsiveness to TNF of monocytes as well as
neutrophils has still to be proven. The subsequent enhanced
levels of sTNF-R derived from activated neutrophils and
monocytes in the circulation will provide a mechanism for
systemic inactivation of TNF by formation of TNF-sTNF-R
complexes followed by enhanced clearance (33). The desensitization for TNF as well as the release of sTNF-R induced
by LPS is shown in this study to be accelerated by LBP, but
inhibited by BPI. Thus, the balance between LPS-potentiating proteins and LPS inhibitory proteins will be an important
factor in the outcome of host defense against a microbial
infection.
In summary, we demonstrated that LPS affected TNF-R
in at least two ways. It was found that LPS induced a slow
release of STNF-R75 by monocytes, and CD14 was shown
to play a major role in this process. Furthermore, LPS
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caused a rapid down-modulation of both TNF-R expressed
by monocytes, followed by enhanced re-expression of
both TNF-R within 24 h. The acute phase protein LBP was
found to enhance both LPS effects, whereas BPI was inhibitory. Thus, sTNF-R release as well as modulation of
TNF-R expression induced by LPS are mediated by CD14
and LBP.
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ABSTRACT. Serum proteins play an important role in LPS-induced cell activation. The LPS binding protein (LBP)
enhances cellular responses to LPS, whereas the polymorphonuclear leukocyte product bactericidal/permeabilityincreasing protein (BPI) inhibits LPS-induced cell activation. In this study the influences of LBP and BPI, two proteins
with opposite effects, but with considerable sequence homology, on LPS-induced mononuclear phagocytic cell
cytokine release was studied. LBP was shown to enhance LPS-induced TNF-a, IL-6, and IL-8 release by mononuclear
phagocytic cells, whereas BPI inhibited the release of these cytokines. Furthermore, the effects of LBP and BPI on
LPS-induced cytokine release by mononuclear phagocytic cells were shown to be counteractive. BPI interfered with
the enhancing effect of LBP on the LPS-induced cytokine release. At high LBP to BPI ratios, BPI could no longer inhibit
LBP-induced enhancement. In accordance, increasing concentrations of BPI abrogated the LBP effect. Next, it was
shown that LBP and BPI compete for binding to LPS by using an assay system that detects binding of free BPI to
an anti-BPI mAb. LPS prevented binding of BPI to anti-BPI mAb, whereas preincubation of LPS with LBP prevented
the LPS-induced inhibition. Also, it was observed that both BPI and LBP inhibited LPS activity in the chromogenic
LAL assay. We conclude from this study that LBP and BPI have counteractive effects on LPS-induced mononuclear
phagocytic cell cytokine release by competing for binding to LPS. yourna/ of /mmuno/ogy, 1993, 151: 4258.

L

PS is known to activate a number of cell types such
as PMN,' mononuclear phagocytes, and endotheHal cells. Serum proteins have been found to play
an important role in LPS-mediated cell activation. Among
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these proteins is LBP, a 60-kDa acute phase reactant, which
is also present in normal plasma (1, 2). This glycoprotein
facilitates binding of LPS to CD14, a newly described receptor for LPS (3). The presence of LBP increases the capacity of LPS 1) to prime PMN (4-6), 2) to induce cytokine
release by mononuclear phagocytes (3, 7-9), and 3) to in<,^e IgM expression by a CD14 transfected pre-B cell line
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^ O Z ^ (10). In addition to LBP, a new group of serum proteins with LPS Opsonizing activity for binding to CD14,
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called septin , has been described (11).
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Also, LPS-inhibiting proteins have been reported. PMN
p r o d u c e the very p o t e n t B P I , w h i c h IS Stored in the aZUTO-

tricht, The Netherlands

philic granule (12), but is also expressed on the cell surface

> Abbreviations used in this paper: PMN, polymorphonuclear leukocytes; BPI,
bactericidal/permeability-increasing protein; HS. human serum; LBP, LPS bind-

/ , 3 , 4 \ y t , : - nrotein w a s s h o w n t o bind to L P S w i t h hieh
I " • ***>• » •»* PTO'ein w a s s n o w n IO DU1O. IO L r a Wim mgll

ing protein; M0-SFM, macrophage serum-free medium.

affinity (15-17), to induce bacterial killing (18, 19), and to
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inhibit effects of LPS in several in vitro settings. BPI inhibits LPS-induced PMN priming, TNF-a production in
whole blood, and activation of procoagulant proteases in
Limulus amoebocyte lysates (13,20-22). BPI and LBP, two
proteins with opposite effects on LPS activation, have considerable sequence homology (1,2, 23-25). Furthermore,
both bind to the lipid A part of LPS (7, 13, 20, 26, 27).
In this study, we investigated whether LBP and BPI affect, besides the LPS-induced TNF-a release, the LPSinduced IL-6 and IL-8 release by mononuclear phagocytes.
Furthermore, we investigated the functional relationship
between LBP and BPI on LPS-induced cytokine release.
Our data indicate that the properties of LBP and BPI are
counteractive. These data prompted us to investigate
whether these counteractive effects could be explained by
competition for binding to LPS.

Materials and Methods
Reagents

Human rTNF-a was kindly provided by BASF/Knoll Ag
(Ludwigshafen, Germany); human rIL-6 by Prof. W.
Sebald (Physiologisch-Chemisches Institut der Universitat,
Wiirzburg, Germany); human rIL-8 by Dr. I. Lindley (Sandoz Forschungsinstitut, Vienna); and human rIL-10 by Dr.
S. Gillis (Immunex, Seattle, WA). LPS (from ZT.se/ieric/iia
co/i, serotype 055:B5), the phorbol ester PMA, and polymyxin B sulfate were purchased from Sigma (St. Louis,
MO). M0-SFM was obtained from GIBCO Europe (Paisley, Scotland). HS, which was obtained from the local blood
bank, was pooled, sterilized by a 0.2 /xm filter, heated to
56°C for 30 min, and stored at 4°C. HS contained <5 pg/ml
endotoxin, as determined in the chromogenic LAL assay
(Kabi Pharmacia, Molndal, Sweden). Human rBPI was produced by transfected Chinese hamster ovary cells and was
purified sequentially by ion exchange column and by size
exclusion column. Human rLBP was produced by the transfected human embryonic kidney cell line 293 EBNA provided by Invitrogen (San Diego, CA). The conditioned medium contained ±2.5 /xg/ml human rLBP. A BPI
neutralizing mAb 4E3 was obtained by injecting mice with
human rBPI followed by classical procedures. The selection and properties of the mAb will be discussed in detail
elsewhere. In short, the antibody was selected on basis of
the following properties 1) reactivity with human rBPI, 2)
inhibition of the biologic property of- BPI to reduce the
LPS-induced cell activation, as measured by mononuclear
phagocytic cell TNF-a release, and 3) inhibition by LPS of
mAb reactivity to BPI. An antiserum to BPI was obtained
by immunizing rabbits with human rBPI. This anti-BPI antiserum did not cross-react with human rLBP as tested in
EUSA assay.

Endotoxin determination
Endotoxin was measured using Chromogenic Limulus
Amoebocyte Lysate assay, performing the assay as described by the manufacturer (Kabi Pharmacia). For measurement of endotoxin content in serum, the serum was
heated to 75°C for 5 min to inactivate all serum proteins.
.»

^..

^

" ,i

Cells
The monocytic cell line Mono Mac 6 was obtained from
DSM (Braunschweig, Germany) (28). Human peripheral
blood mononuclear phagocytes, obtained from buffy coats
of healthy volunteers, kindly provided by the local blood
bank, were isolated as described (29). In short, mononuclear cell suspensions obtained after Lymphoprep
(Nycomed, Oslo, Norway) centrifugation were allowed to
clump by low speed centrifugation at 4°C. Cell clumps,
consisting of 80 to 95% of mononuclear phagocytes, were
separated from the rest of the cells by sedimentation
through ice-cold HS. PMN contamination of the cell suspension was less than 5%.
Induction of cytokine release
LPS, LBP, and BPI were resuspended in M0-SFM or in
medium consisting of RPMI 1640 (GIBCO) and 10% HS.
These reagents, alone or in combination, were added in
96-well flat bottom tissue culture plates (Costar, Cambridge, MA) reaching an end volume of 150 /xl/well, and
incubated for 30 min at 37°C. Mononuclear phagocytic
cells or Mono Mac 6 cells were washed five times to remove all serum components, resuspended in the required
medium, and subsequently added to the plates (10* cells/ml
mononuclear phagocytes or 4 x 10* cells/ml Mono Mac 6,
50 /xl/well). Indicated concentrations of the reagents in the
experiments refer to the concentrations at the beginning of
the cell incubation, which were 75% of the preincubation
concentrations. After 18 h incubation at 37°C, supernatants
were harvested and kept at -20°C until use in the cytokinespecific ELISA.
Competitive assay for LPS binding of LBP and BPI
Competition of LBP and BPI for binding to LPS was assayed with BPI-specific mAb 4E3. This mAb recognizes
only free BPI and does not interact with BPI that has formed
a complex with LPS. The assay measures the influence of
LBP on LPS-induced inhibition of binding of BPI to antiBPI mAb 4E3. The 96-well immunomaxisorp plates (Nunc,
Roskilde, Denmark) were coated overnight at 4°C with
4E3. A concentration range of LPS was preincubated 30
min at 37°C with different concentrations of LBP. Next,
human rBPI (40 pg/ml) was added and the mixture was
further incubated 30 min at 37°C. Subsequently, the mixture of reagents was added to the plates and incubated 1 h
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FIGURE 1 . Influences of LBP (/A) and BPI (B) on LPS-induced mononuclear phagocytic cell cytokine release. A concentration
range of LPS was preincubated 30 min at 37°C with no other reagent with 60 ng/ml LBP or 20 ng/ml BPI under serum-free (SF)
conditions or in the presence of 10% HS. Mononuclear phagocytes were stimulated for 18 h, and TNF-a, IL-6, and IL-8 release
were determined in specific ELISA. Data are expressed as mean and SD of four measurements. SD bars are omitted if they fall
within the symbol.

at room temperature. Washing and dilution of reagents were
performed in assay buffer, consisting of 50 mM Tris, pH
7.4, 150 mM NaCl, 0.05% Tween 20, and 1 /xg/ml polymyxin B sulfate. Assay buffer contained ± 10 ng/ml endotoxin. Plates were developed with polyclonal anti-BPI antiserum and peroxidase-conjugated goat anti-rabbit igG
(Jackson ImmunoResearch, Westgrove, PA). TMB (KPL,
Gaithersburg, MD) was used as a substrate for peroxidase.
Photospectrometry was performed at 450 nm.

TNF-a, IL-6, and IL-8 ELISA
Cytokine concentrations in the culture supernatants were
determined using sandwich ELISA for TNF-a (30), IL-6
(31), and IL-8 (32). In short, 96-well immunomaxisorp
plates (Nunc) were coated overnight at 4°C with cytokinespecific murine mAb. Human rTNF-a, human rIL-6, and
human rIL-8 were used for standard titration curves. Test
samples were added and incubated for 2 to 3 h at room
temperature. Polyclonal rabbit anti-human TNF-a, antihuman IL-6, and anti-human IL-8 antiserum were followed
by peroxidase-conjugated goat anti-rabbit IgG (Jackson
ImmunoResearch). TMB (KPL) was used as a substrate for
peroxidase. Photospectrometry was performed at 450 nm.
The lower detection level of ELISA was 20 pg/ml for
TNF-a, 10 pg/ml for IL-6, and 10 pg/ml for IL-8.

Results
Influences of LBP and BPI on LPS-induced
mononuclear phagocytic cell cytokine release
The influences of LBP and BPI on LPS-induced TNF-a,
IL-6, and IL-8 release by mononuclear phagocytes were
studied. To this end a concentration range of LPS was preincubated for 30 min at 37°C with 60 ng/ml LBP or 20
ng/ml BPI and added to mononuclear phagocytic cells either under serum-free conditions or in the presence of 10%
HS. Cytokine release by mononuclear phagocytic cells was
shown to be strongly dependent on presence of serum (Fig.
1). The enhancing effect of serum was less pronounced at
higher LPS concentrations (10-100 ng/ml). Addition of
LBP to different concentrations of LPS, in the absence of
serum, strongly enhanced mononuclear phagocytic cell
TNF-a, IL-6, and IL-8 release, resulting in cytokine release
comparable with that observed in the presence of 10% HS
(Fig. LA). In the presence of serum, LBP did not influence
LPS-induced cytokine release.
BPI inhibited mononuclear phagocytic cell TNF-a, IL-6,
and IL-8 release partially in the LPS range from 1 pg to
10-100 ng/ml, depending on the cytokine studied, in the
presence of 10% HS (Fig. LB). Using higher BPI concentrations, up to 3 ng/ml, the inhibitory effect of BPI was
enhanced, although a complete inhibition was never observed (data not shown). Under serum-free conditions no
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FIGURE 2. Influence of BPI on LPS-induced IL-6 release by
Mono Mac 6. A concentration range of LPS was preincubated
30 min at 37°C with different concentrations of BPI under
serum-free conditions. Cells were stimulated for 18 h and
IL-6 release was determined in an ELISA. Data are expressed
as mean and SD of four measurements. SD bars are omitted
if they fall within the symbol.

inhibitory effect of BPI was observed. BPI did not reduce
mononuclear phagocytic cell TNF-a-release in response to
IL-1 (3 and PMA in the presence of serum (data not shown),
indicating that BPI selectively reduced LPS-induced mononuclear phagocytic cell responses. Neither LBP nor BPI
induced detectable amounts of mononuclear phagocytes
cytokine release in the absence of LPS (Fig. 1).
A minor contamination of mononuclear phagocytic cell
preparation with PMN could lead to PMN-produced BPI,
which may obscure the effect of exogenous BPI in the described serum-free experiments. Therefore, the effect of
BPI under serum-free conditions on the LPS-induced cytokine release by the monocytic cell line Mono Mac 6 was
investigated. This cell line responds to relative high LPS
concentrations by releasing cytokines (33). In these experiments, BPI substantially reduced LPS-induced IL-6 release
(Fig. 2). These data showed that BPI can, also in the absence
of serum, inhibit LPS-mediated cell activation.
Counteractive effects of LBP and BPI on LPS activity
The observation that BPI and LBP have opposite effects on
LPS-induced cytokine release by mononuclear phagocytic
cells and the reports that LBP and BPI, proteins with considerable sequence homology (25), both bind to the lipid A
part of LPS (26,27) prompted us to investigate whether the
effects of BPI and LBP are counteractive. The influence of
BPI on LBP-enhanced mononuclear phagocytic cell cytokine release by LPS was studied by preincubation (30 min
at 37°C) a concentration range of LBP and LPS (1 ng/ml)
in the presence or absence of BPI (3 ng/ml). Figure 3/1
shows that LBP, in a concentration-dependent manner, enhanced LPS-induced TNF-a, IL-6, and IL-8 release. The
presence of BPI reduced the enhancement of the response
induced by LBP. BPI could no longer reduced LBP-induced
enhancement at a LBP concentration of 600 ng/ml.
Next, the influence of increasing concentrations of BPI
on the enhancement by LBP (60 ng/ml) of the cellular re-
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sponses to LPS (5 ng/ml) was studied. In accordance
with the above mentioned data, BPI, even at higher concentrations, did not inhibit LPS-induced cytokine release
by mononuclear phagocytic cells (Fig. 38). However,
BPI reduced the LBP-enhanced cytokine release in a
concentration-dependent manner. At a BPI concentration
of 3 jxg/ml, there was no difference between LPSinduced cytokine release in the absence or presence of
LBP. These results show that LBP and BPI have counteractive properties on LPS-induced cell activation.
LBP and BPI complete for binding to LPS
Next, it was investigated whether the described counteractive effects of LBP and BPI on LPS-induced cell activation were caused by competition for binding to LPS. To
this end an assay was developed; competition of LBP and
BPI for LPS binding was assayed by means of BPI-specific
mAb 4E3. This mAb, coated on the bottom of a 96-well
plate, can only recognize free BPI and does not interact with
BPI that has formed a complex with LPS. Binding of BPI
to 4E3 was detected with polyclonal anti-BPl antiserum and
peroxidase-conjugated goat anti-rabbit IgG. The influence
of LPS on BPI binding to the anti-BPI mAb 4E3 was measured in the presence or absence of LBP. The data showed
that LPS prevented binding of BPI to 4E3 (Fig. 4). Addition
of LBP abrogated the LPS-mediated inhibition of BPI binding. This effect appeared to be both LPS and LBP concentration dependent. Even at LPS concentrations as low as
10 ng/ml, the LPS content of the assay buffer, addition of
LBP induced a substantial enhancement of BPI binding to
anti-BPI mAb. These data indicate that LBP and BPI compete for binding to LPS, probably by binding to or nearby
the same epitope.
Influences of BPI and LBP on LPS activity in the
chromogenic LAL assay
Because LBP and BPI appeared to react with related or
identical epitopes on LPS, it was of interest to determine
whether LBP like BPI (20, 21) interfered with the activity
of LPS in the LAL assay. Therefore, LPS (100 pg/ml) was
incubated for 30 min at 37°C with different concentrations
of LBP or BPI. Both proteins, LBP at 1.5 /ig/ml and BPI
at 3 ng/ml, completely prevented the activation of procoagulant proteases in the Limulus-amoebocyte lysates by
LPS (Fig. 5).

Discussion
In this study we showed that LBP functions as a general
enhancer of LPS-induced cell activation. Besides LPSinduced release of TNF-a by mononuclear phagocytes (3,
7-9), release of IL-6 and IL-8 was enhanced. These data are
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FIGURE 3. Antagonistic effects of LBP and BPI on LPS-induced mononuclear phagocytic cell cytokine release. Different
concentrations of LBP were preincubated 30 min at 37°C with 1 ng/ml LPS in the presence or absence of 3 ng/ml BPI (/A) or
different concentrations of BPI were preincubated 30 min at 37°C with 5 ng/ml LPS in the presence or absence of 60 ng/ml LBP
(0) under serum-free conditions. Cells were stimulated for 18 h and TNF-a, IL-6, and IL-8 release were determined in specific
ELISA. Data are expressed as mean and SD of four measurements. SD bars are not shown if they fall within the symbol.
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FIGURE 4. Effects of LPS and LBP on binding of BPI to
anti-BPI mAb 4E3. A concentration range of LPS was incubated 30 min at 37°C with LBP (300 or 600 ng/ml). After
adding BPI (40 pg/ml) the mixture was further incubated 30
min at 37°C and subsequently added to plates coated with
anti-BPI mAb 4E3. Plates were developed with polyclonal
anti-BPI antiserum and peroxidase-conjugated goat anti-rabbit IgC. Data are expressed as OD and are mean and SD of
three values. SD bars are not shown if they fall within the
symbol.

further supported by data of others showing that LBP enhances LPS-induced priming of PMN (4-6) and IgM expression by CD14-transfected 7OZ/3 cells (10). The presence of HS also enhanced LPS-induced cytokine release
strongly and addition of LBP under these conditions did not
further enhance LPS-induced cytokine release. These data
suggest that in HS, LBP and septin (11), which both opsonize LPS for binding to CD14, are available in adequate

amounts to opsonize all exogenous LPS. In serum a balance
will exist between several LPS activity regulating proteins,
among which soluble CD 14 described to inhibit LPS activation (34, 35). The presence of these proteins could be
the explanation for the observation that cytokine release in
the presence of serum-free medium supplemented with
LBP is not exactly equal to cytokine release in the presence
of 10% HS.
BPI was shown to partially block, not only the LPSinduced release of TNF-a (13, 21, 22), but also the release
of IL-6 and IL-8 by mononuclear phagocytic cells in the
presence of serum. In contrast, under serum-free conditions
no effect of BPI was detected. The relatively high concentrations of LPS that are required to induce cytokine release
under serum-free conditions might trigger a mechanism of
LPS-induced activation of mononuclear phagocytes that is
independent of CD14, LBP, and BPI (31). Another explanation for the lack of effect of BPI under serum-free conditions could be that a minor contamination with PMN of
the mononuclear phagocytic cell suspension might be responsible for endogenously produced BPI, which could obscure the effect of exogenous BPI. This last hypothesis was
confirmed by the observation that the LPS-induced IL-6
release, under serum-free conditions, of the monocytic cell
line Mono Mac 6 was significantly inhibited by BPI. It is
therefore concluded that BPI can inhibit the LPS-induced
cytokine release by mononuclear phagocytes in the presence and absence of serum.
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FIGURE 5. Influences of LBP and
BPI on the activity of LPS in the chromogenic LAL assay. LPS (100 pg/ml)
was preincubated for 30 min at 37°C
with different concentrations of LBP
(/») or BPI (S). LPS activity was then
determined in the LAL assay. The effects of LBP and BPI are expressed as
percentage of recovery of LPS activity
in the LAL assay. One representative
experiment out of a series of three is
shown.
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Furthermore, we showed that the effects of LBP and BPI
on LPS-induced cytokine release by mononuclear phagocytic cells are counteractive. BPI, concentration dependent,
interfered with the enhancing effect of LBP on the LPSinduced cytokine release. At high LBP to BPI ratios, BPI
could no longer block the LBP-induced enhancement. In
accordance, it was shown that increasing concentrations of
BPI abrogated the LBP effect.
The antagonistic effects of LBP and BPI can explain the
above discussed observation that BPI, in presence of serum,
only partially inhibited the LPS-induced cytokine release.
The LBP present in serum has an antagonistic influence on
the exogenously added BPI. Furthermore, this phenomenon
could explain the observations of Aida et al. (36) that PMN
are not able to inactivate LPS in the presence of plasma. In
line with the suggestion of the authors, we hypothesize that
LBP protects LPS against inactivation by BPI, produced by
activated PMN.
Because both LBP and BPI are known to bind to the lipid
A part of LPS (7, 13, 20, 26, 27), we investigated whether
the antagonistic effect was based on a competitive binding
of LBP and BPI to LPS. Using an assay system that consisted of a detection system for free BPI, we are the first
to show that BPI and LBP compete for binding to LPS.
Moreover, the fact that both BPI (20, 21) and LBP inhibit
LPS activity in the LAL assay provide further evidence for
the theory that these two proteins bind to the same or near
the same region on the LPS molecule. We therefore conclude that the observed antagonistic effects of LBP and BPI
on LPS-induced cytokine release by mononuclear phagocytic cells can be explained by competition of LBP and BPI
for binding to LPS.
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for binding to LPS and thus interfering with the LPS-LBP
complex interaction with CD14. Both LBP and BPI were
shown to be involved not only in LPS-induced TNF-a release (3, 7 - 9 , 1 3 , 21, 22), but also in LPS-induced IL-6 and
IL-8 release, as was also recently described for CD 14 (31).
The fact that CD 14 mediates LPS effects primarily at low
LPS concentrations explains the observation that the effects
of LBP and BPI on LPS-induced cytokine release were
absent at high LPS concentrations.
Because of the observation that LBP and BPI have antagonistic effects on LPS-induced cell activation, we expect
that the balance between these two proteins determines LPS
activity under physiologic conditions. The role of septin in
this process needs to be elucidated. The nature of these
proteins influencing LPS activity is quite different. BPI is
rapidly produced by PMN in response to LPS and other
stimuli, although only a small part is reported to be released
(12, 13). LBP on the other hand is an acute phase reactant,
which is continuously present in plasma, that increases with
slower kinetics (2). Septin is also reported to be constitutively present in plasma (11).
Summarizing, in this study we investigated the functional relationship between LBP and BPI, two proteins involved in the response to gram-negative bacteria with considerable sequence homology but with opposite effects.
LBP and BPI were shown to have antagonistic effects on
the LPS-induced TNF-a, IL-6, and IL-8 release by mononuclear phagocytic cells by competition for binding to LPS.
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Characterization of Two Monoclonal Antibodies Directed against Bactericidal/
Permeability-Increasing Protein
Mieke A. Dentener, Frederieke T. Smit,
Gaby J . M . Francol, and Wim A. Buurman

/ o/"/*u//mMlo/o£»'. t/n/verj// v //oj/w/fl/ Mflfl5/r(cA/.

In this study the production and characterization of two monoclonal antibodies (MAbs), 4E3
and SD7, against the bactericidal/permeability-increasing protein (BPI) were described. Using
ELISAs, both 4E3 and SD7 were shown to detect recombinant (r) BPI. Furthermore, natural BPI
present in polymorphonuclear leukocytes (PMNL) was detected by both 4E3 and SD7. The use
of both MAbs in flow cytometry revealed that PMNL expressed low levels of cell-surface BPI.
Lipopolysaccharide (LPS) was shown to block the interaction between anti-BPI MAb and rBPI.
In addition, the MAbs blocked biologic activity of rBPI. The inhibition by BPI of LPS activation
of the limulus amebocyte lysate assay and of LPS-induced tumor necrosis factor-a release by
monocytes was prevented by 4E3 and 5D7. Both MAbs are specifically directed against BPI and
can inhibit BPI bioactivity.

Infection with gram-negative bacteria elicits a variety of
palhophysiologic effects. Lipopolysaccharide (LPS), a component in the wall of gram-negative bacteria, is responsible
for most of these effects. LPS can induce broad reactions like
activation of blood coagulation and of complement. Furthermore. LPS activates cells (e.g.. monocytes) to release inflammatory mediators [ I ].
Polymorphonuclear leukocytes (PMNL) are part of the
first line of defense against invading microorganisms [2].
Among the many cytotoxic proteins present in the granules
is the baclericidal/permeability-increasing protein (BPI). a
potent bactericidal protein of 55-60 kDa [3. 4]. This protein
is found in the azurophilic granules [5. 6] but has also been
found on the cell membrane of PMNL [7. 8], Because of high
affinity for LPS. BPI binds specifically to gram-negative bacteria 19-11 ], causing growth arrest and increased permeability of the bacterial cell wall and then bacterial death [12].
BPI also blocks LPS activity, such as the induction ofcytokine and nitric oxide release by monocytes and priming of
PMNL [7. 13-18]. In addition. BPI has been shown to be
protective against experimental endotoxemia (18-22). We
have recently shown that BPI antagonizes LPS binding protein (LBP) effects during LPS-induced monocyte cytokine
release, which is caused by competition of these proteins for
binding to LPS [ 15. 23]. We report the production and char-
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acterization of two monoclonal antibodies (MAbs) directed
against BPI.

Material and Methods
. LPS (from &cAwirA/a CD/I serotype O55:B5) and
bovine serum albumin (BSA) were purchased from Sigma (St.
Louis). Bovine calf serum (BCS; HyClone. Logan. UT) was
heated at 56°C for 30 min before storage at 4°C. BCS contained
<5 pg/mL endotoxin. Human full-length recombinant (r) BPI.
provided by M. Marra (Incyle Pharmaceuticals. Palo Alto. CA).
was produced by transfected Chinese hamster ovary cells. Purification occurred sequentially by ion-exchange and size-exclusion
chromatography. BPI was biotinylated as described [24], using
biolin-X-NHS (Calbiochem. La Jolla. CA). Human rLBP. produced by transfecled human embryonic kidney cells, was provided by M. Marra.
/V<x/i«7ion ant/ jf/tr/i'on o/"M/4/«. BALB/c mice (from the
central animal facilities of the University of Limburg) were immunized using standard procedures. In short, mice received sequentially intraperitoneal injections of 5 Mg of human rBPI in
Freund's complete adjuvant (Difco. Detroit), in incomplete adjuvant (Difco). and in PBS. At 30 days later, mice received a
booster injection (5 /ig of rBPI in PBS) in the spleen. Spleen cells
were fused with SP2/0 mouse myeloma cells in a 1:8 ratio. Supernatants of wells containing proliferating cells were screened
for the presence of anti-BPI antibody using an ELISA. For this
purpose. 96-well immunomaxisorp plates (Nunc. Roskilde.
Denmark) were coated overnight with goat anti-mouse IgG-Fc
(Nordic. Tilburg. Netherlands). Incubation of supernatant was
followed by addition of biotinylated rBPI and peroxidase-conjugated streptavidin (Dakopatts, Glostrup, Denmark). TMB
(3,3',5.5'-tetramelhylbenzidine; Kirkegaard & Perry Laboratories. Gaithersburg. MD) was used as a substrate for peroxidase.
Photospectrometry was done at 4S0 nm using a micro-ELlSA
autoreader.
Hybridomas producing anti-BPI antibody were cloned twice
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by sequential limiting dilution. M Ab isotype was determined by
ELISA. using rabbit anti-mouse IgG subclass antibodies (BioRad Laboratories. Hercules. CA). Anti-BPI MAbs were purified
from culture supernatant by affinity chromaiography on a Protein G Sepharose 4 Fast Flow gel (Pharmacia Biotechnology,
Uppsala. Sweden) and subsequently biotinylated. Polyclonal
antiserum to BPI and to LBP was obtained by immunizing rabbits with rBPl or rLBP, respectively, using standard procedures.
/rt/era<7/0« o/^ anf/'-B/V A//I65 w/V/i r#/Y a/ia* /'n/fuewe 0/^
i./"S. Two ELISA systems were used to investigate anti-BPI
MAb-BPI interaction. In the first, wells of 96-well immunomaxisorp plates were coated overnight at 4°C with a range of concentrations of rBPl. Free sites were blocked by a 1-h incubation
with PBS plus 1% BSA at room temperature. The wash and dilution buffer used was PBS plus 0.1% BSA. Sequentially biotinylated anti-BPI MAb and peroxidase-conjugaled streptavidin
were added and incubated for I h at room temperature. TMB
was used as the substrate, and absorbance was read at 450 nm.
In the second ELISA. anti-BPI MAbs were coated. A dilution
curve (different concentrations) of biotinylated rBPl was added,
followed by peroxidase-conjugated streptavidin.
To test the influence of LPS on the anli-BPI MAb-BPI interaction, the second ELISA was used. rBPl was preincubated for
30minal 37°C with different concentrations of LPS and added
to the wells coated with anti-BPI MAb. BPI was detected by
sequential addition of rabbit anti-BPI antiserum and peroxidaseconjugated goat anti-rabbit IgG (Jackson ImmunoResearch Laboratories. West Grove. PA).
Z.PS f/rrcniiinar/oii. LPS was measured using a chromogenic
limulus amebocyte lysate (LAL) assay as described by the manufacturer (Kabi Pharmacia. Molndal. Sweden). To test the influence of rBPl and anti-BPI MAb on LPS activity. rBPl was incubated with anti-BPI MAb for 30 min at 37°C: LPS (£. ro//
O55:B5) was then added. After another 30-min incubation. LPS
activity was measured.
/VOOHC/IO/I <y'^7a^2-fragment of MAb. The MAb with Fc
portions highly reactive with protein A were isolated by protein
A (Pharmacia Biotechnology) affinity purification. Immobilized
pepsin (Pierce, Rockford. IL) was added 10 purified IgG and
digested as described by the manufacturer. After 6 h at 37°C.
optimal digestion was obtained. The digested MAb was run
again on a protein A column to remove the Fc parts. Purity of
the F(ab'>2 fragments was ascertained by SDS-PAGE on a Fast
system (Pharmacia Biotechnology).
F/OM- crft»n«n\ For intracellular fluorescence. PMNL were
permeabilized. After a 10-min incubation at room temperature
with 2% paraformaldehyde (Merck. Darmstadt. Germany), cells
were incubated in 70% methanol (Merck) for 30 min on ice.
Aspecific binding to cells was blocked by incubation for 30 min
with 1% glycine (Merck) in PBS at room temperature.
Both membrane (unpermeabilized PMNL) and intracellular
(permeabilized PMNL) fluorescence was measured. PMNL (10'
cells/mL) were incubated with 50 »iL of the first antibody (50
cg/mL 4E3. 30 Mg/mL F[ab']j fragment of 5D7) for I h on ice.
Anti-MHC-I MAb W6/32 (IgG2a; 5 Mg/mL) was the positive
control: (he nonspecific myeloma protein MOPC-21 (IgGI. 50
eg/mL; Celltech, Slough. UK) was the negative control. Next,
cells were incubated with fluorescein isothiocyanate (F1TC)-
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conjugated goat ami-mouse IgG/IgM (Jackson ImmunoResearch) for I h on ice and subsequently analyzed with a FACSort (Becton Dickinson. Mountain View. CA). PMNL were
gated using forward versus side scatter to exclude aggregates,
dead cells, and debris. Fluorescence intensity was expressed as
mean channel number.
f/uoAesffnce »ii'rnuro/>r. PMNL centrifuged on a slide were
fixed and permeabilized with 96% elhanol for 15 min on ice.
Cells were washed with PBS and incubated for I h with 100 »iL
of 50 /ig/mL 4E3 in a wet chamber, followed by FITC-conjugated goat anti-mouse IgG/IgM incubation for 1 h. After the
slides were washed with PBS. cells were evaluated by fluorescence microscopy.
/5o/a;/ono//7u;nan/'iMA/Z.o/tt/;iio/iof)'/es. PMNL and monocytes were obtained from blood provided by the Red Cross
Blood Bank Zuid Limburg (Maastricht). Blood was donated by
volunteers. Monocyles were isolated as described [25]. Briefly,
mononuclear cells were obtained after cenlrifugation (Lymphoprep; Nycomed. Oslo). These cells were allowed to clump by
low-speed cenlrifugation at 4°C. Cell clumps were separated by
sedimentation through ice-cold BCS. The cell suspensions consisted of 8O%-95% monocytes.
The mixture of PMNL and red blood cells collected after centrifugation was dissolved in Plasmasteril (Fresenius. Bad Hotnburg. Germany) and left for 30 min al 37°C. The leukocyte-rich
supernatant was collected and centrifuged PMNL were collected from the interphase after the pellet was separated on a
discontinuous 75% Percoll (Pharmacia Biotechnology) gradient.
S/f'mv/an'on (^Auntan monarr/rj. Monocytes were cultured
in 96-well flat-bottom tissue culture plates (Costar. Cambridge.
MA) in medium consisting of RPMI 1640 (Life Technologies
GIBCO BRL. Paisley, UK), 10% BCS, and antibiotics. To lest
the influence of rBPl in combination with anti-BPI MAb on
LPS-induced monocyte activation. rBPl was incubated with
anti-BPI MAb for 30 min at 37°C: LPS was then added, and the
mixture was incubated for another 30 min at 37°C. Monocyles
were stimulated with these reagents immediately after isolation.
After an 18-h incubation, the supernalants were harvested and
kept at —20°C until determination of tumor necrosis factor-a
(TNFa) concentration by ELISA.
77VFa janaV/Wi £/./S/<. TNFa concentrations in culture supernalants were determined using sandwich ELISA. as described previously [26]. In short. 96-well immunomaxisorp
plates were coated overnight at 4°C wilh murine anti-human
TNFa MAb 6IE7I. Human rTNFa(BASF/Knoll; Ludwigshafen, Germany) was used for standard lilration curves. Test
samples were added and incubated for 3 h. Polyclonal rabbit
anti-human TNFa antiserum was followed by peroxidase-conjugated goat anti-rabbit IgG. TMB was used as substrate and
absorbance was read at 450 nm. The lower detection level of
ELISA was lOpg/mL

Results
/Vodurf/on anrfiWerf/on o/AMfc. Five fusions resulted in
991 proliferating hybridomas. The selection method used for
recognition of anti-BPI MAb-producing hybridomas was
based on the ability of MAbs to capture biotinylated BPI.
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that BPI coated on wells of a 96-well immunomaxisorp plate
interacted, in a BPI concentration-dependent manner, with
both biotinylated 4E3 and biotinylated 5D7. In addition, the
anli-BPI MAbs coated in wells caught biotinylated BPI (figure IB). A concentration-dependent signal was seen, which
reached a plateau at ~ 125 ng/mL biotinylated BPI.
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Next, we tested whether both MAbs interacted with LBP.
a protein with considerable sequence homology with BPI
[27]. LBP (2.5 Mg/mL) spotted directly on a PVDF membrane was not delected by either 4E3 or 5D7 (data not
shown). Moreover, addition of LBP (100 ng/mL) to 96-well
immunomaxisorp plates coated with anti-BPI M A b (2.5 ng/
mL) and development of the plates with polyclonal rabbit
anti-LBP antiserum and peroxidase-labeled goal anti-rabbit
IgG did not yield any signal (data not shown). These data
indicate that neither anti-BPI MAb 4E3 nor 5D7 crossreacted with LBP.
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Figure 1. Interaction of anti-bactericidal/permeabiliiy-increasing protein (BPI) monoclonal antibody with BPI. A. Biotinylated
4E3 (0.5 jug/mL) and 5D7 ( I ng/mL) were added to 96-well immunomaxisorp plates coaled with different concentrations of BPI.
B, Concentration range of biotinylated BPI was added to plates
coated with 2.5 jig/mL of 4E3 and 5D7. Plates were developed
with peroxidase-labeled streptavidin. Data are expressed in mean ±
SD of 2 values. SD bars are omitted if they fall within the symbol.
Background optical density (OD) is indicated. One experiment
from a series of 3 is shown.

Two positive. anti-BPI MAb-secreting hybridomas were
found and designated 4E3 (IgG I) and 5D7 (lgG2a).
•S/wi/Jo/r «/"AMA.i. The specificity of the MAbs for BPI
was further analyzed; we tested whether they immunodetecled BPI separated by SDS-PAGE and blotted lo a polyvinylidene difluoride (PVDF) membrane. Neither MAb could
detect the blotted BPI. although a polyclonal rabbit anti-BPI
amiserum interacted with blotted BPI (data not shown).
When BPI (2 Mg/mL) was spoiled directly onto a PVDF
membrane, the M A b reacted with BPI dissolved in PBS but
not with BPI dissolved in SDS (2.5%) buffer (data not
shown), indicating thai neither M A b recognized denatured
BPI.
Furthermore, the interaction of anti-BPI M A b with BPI
was analyzed using two different ELISAs. Figure I A shows

Defer/ion o/no/ura/ fl/7 6 v A//16J iw/ng/oM- r W0»if//T am/
im/nuno/fuoresrevice m/rnuco/w To investigate whether
the MAbs could also delect natural BPI in and on PMNL.
these cells were examined by flow cytometry and immunofluorescence microscopy. PMNL were either untreated, to
study membrane expression, or permeabilized. to study intracellular expression of BPI. Studies were done with whole
4E3 M A b or with F(ab')2 fragments of 5D7. to prevent Fc
receptor interaction. Flow cytometric studies showed that in
permeabilized PMNL. BPI was detected by both MAbs (figure 2A). The mean channel number o f fluorescence increased from 5 (MOPC21) to 120 (4E3) or 24 (F[ab"]j-5D7).
Furthermore, both MAbs detected BPI surface expression on
PMNL at low levels (mean channel number of fluorescence
of 13 (4E3) or 10 (F[ab']2-5D7) versus 6 (MOPC2I); figure
2B. Immunofluorescence revealed the intracellular presence
of BPI in abundant small cytoplasmic vesicles (figure 3).
£#«7 o/Z./>S on m/erar/ion o/om7-fi/7 Af/4fc H » / I fl/7.
Since BPI binds specifically to LPS [9-11 ], we tested whether
LPS interfered with the recognition of BPI by the MAbs in an
ELISA system. Plates were coated with 4E3 or 5D7; BPI.
preincubated with different concentrations of LPS. was
added. BPI was detected by sequential addition o f rabbit
anti-BPI antiserum and peroxidase-conjugaled goat anti-rabbit IgG. In (his assay. BPI levels of 0.1-50 ng/mL could be
detected. As shown in table I. LPS, in a concentration-dependent manner, prevented the interaction of both anti-BPI
MAbs with BPI (2 ng/mL). Almost complete inhibition of
anti-BPI MAb-BPI interaction by LPS (1 — 10 Mg/mL) was
seen at BPI levels up to 5 ng/mL. whereas at higher BPI
concentrations only a partial disturbance was observed (data
not shown). A t BPI concentrations of 5>50 ng/mL. LPS ( I 10 Mg/mL) did not affect BPI anli-BPI M A b interaction (data
not shown).
£0«7 o/am/-fl/Y A/,4/« o« Wo/ogic arr/'vi/y o/5/V. Since
data suggested that both MAbs recognized the epitope on
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Figure 3. Immunodetection of BPI in permeabilized polymorphonuclear leukocytes (PMNL) byfluorescencemicroscopy. Permeabilized PMNL were incubated with 4E3 (50 Mg/mL). followed
by fluorescein isothiocyanate-conjugated goat anti-mouse IgG/
IgM. Representative experiment from series of 3 is shown.

shown) abrogated this inhibition. IgG at 2.5 Mg/mL completely abolished the BPI effect.

Discussion

Figure 2. Flow cytometric analysis of imracellular (A) and
membrane (B) expression of BPI. Polymorphonuclear leukocytes
were incubated with 4E3 (50 Mg/mL). F(ab')j fragment of 5D7 (30
|ig/mL). or MOPC-21 (50 Mg/mL; negative control), followed by
fluorcscein isothiocyanate-conjugated goat anti-mouse IgG/IgM.
Representative experiment from series of 5 is shown.

BPI involved in interaction with LPS. the influence of the
MAbs on the biologic effects of BPI. as measured by inhibition of LPS activity, was investigated.
LPS activity in the L A L assay was studied. LPS activated
proenzyme in the L A L assay in a concentration-dependent
manner (data not shown). Adding BPI at 30 ng/mL almost
completely inhibited LPS activity (figure 4); this inhibition
was partly prevented by 4E3 (12.5 Mg/mL: figure 4) and 5D7
(data not shown). Anti-BPI M A b alone did not affect proenzyme activation.
Next, we studied LPS ( I ng/mL)-induced TNFa release
by monocytes in the presence of serum. BPI blocked this
release in a concentration-dependent manner (figure 5A). At
a BPI concentration of 3 Mg/mL. 80% inhibition was observed; anti-BPI M A b 4E3 (figure 5B) and 5D7 (data not

In this report the development and characterization of two
BPI-specific MAbs. 4E3 and 5D7. are described. The specificity of these MAbs was shown in several ways. Both reacted
with BPI coated on 96-well immunomaxisorp plates and captured biotinylated BPI. The MAbs apparently recognized native BPI but not BPI denatured by SDS. Furthermore, both
4E3 and 5D7 lacked affinity for LBP. a protein with sequence homology very similar to that of BPI (27).
The MAbs that were made using rBPI as antigen were
shown to be reactive with natural BPI. Flow cytometric analysis revealed that PMNL contained intracellular BPI. which

Table 1. Inhibition by hpopolysacchande (LPS) of anti-baclericidal/permeability-increasing protein (BPI) monoclonal antibody
(MAb)-BPl interaction in ELISA.
% bound BPI
LPS (iig/mL)
0
0.1
10
10.0

•

Coiled 4E3

Coaled 5D7

100
is
0

100
24
12
II

0

NOTE. 2 ng/mL BPI was preincubated 30 min al 37*C with arangeof
concernradonsor LPS and added lo wells coated with 2.5 pg/mL 4E3 or
5D7. Data are mean of 2 values and are expressed as 7 BPI that interacted
with anti-BPI MAb. I representative experiment from series of 4 is shown.
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TNFa, are released: these play a key role in the biologic
effects of LPS [29. 30]. A standard assay for measuring LPS
activity is the LAL assay [31 ]. We showed that BPI blocked
LPS activity in the LAL assay and LPS-induced TNFa release by monocytes. as has been reported [7. 13-16. 18].
Both 4E3 and 5D7 could reduce these inhibitory activities of
BPI. The effect of BPI on LPS-induced monocyte activation
could be prevented completely if MAbs and BPI were at
equal concentrations, whereas the inhibition by BPI of LPSinduced LAL activation could only partly be prevented by
excess MAbs. We postulate that this difference in effectiveness of MAbs can be explained by the difference in interaction between LPS and C D 14 versus LPS and proenzyme.
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Figure 4. Anti-bactericidal/permeability-increasing protein (BPI)
monoclonal antibody reduces BPI inhibition of lipopolysaccharide
(LPS) activity in limulus amebocyte lysate (LAL) assay. BPI (30
ng/mL) preincubated (30 min. 37°C) with no other reagent or with
4E3 (12.5 Mg/mL) was added to different concentrations of LPS
and incubated for 30 min at 37°C. after which LPS activity was
determined. Data are expressed as recovery of LPS activity, expressed in amount of pg/mL of original LPS used to obtain identical signal in LAL assay. Representative experiment from series of 4
is shown.
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was confined to the granules in the cytoplasm of the PMNL.
as shown by immunofluorescence studies. This corresponds
to previous reports of the presence of BPI in azurophilic
granules (S. 6]. In addition. PMNL showed low levels of
membrane expression of BPI. Flow cytometric detection of
membrane BPI has been described using polyclonal anti-BPI
antiserum [7. 8]. Furthermore, in one study [7] membrane
expression of BPI was detected using biotinylation of membrane proteins.
The interaction of anti-BPI MAbs with membrane BPI indicates that the epitope on BPI recognized by both MAbs is
most likely exposed and not involved in the association with
the PMNL membrane. It is not clear whether PMNL expressed surface BPI because of activation due to the isolation
procedure or whether membrane BPI is constilulively present in vivo. It is possible that the BPI bound to the membrane of the azurophilic granule [5. 28] is transported to the
outer membrane through exocytosis. where it could serve as
a specific LPS receptor. This extracellular BPI might be instrumental in the internalization of LPS by PMNL. However, the physiologic function of BPI on the surface of PMNL
requires further analysis.
LPS induces activation of different cells (e.g.. PMNL and
monocytes). After LPS stimulation, cytokines. including
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Figure 5. Anti-bactericidal/permeability-increasing protein (BPI)
monoclonal antibody abrogates BPI inhibition of lipopolysaccharide (LPS)-induced tumor necrosis factor(TNF)-a release by nvwo
cytes. A. Monocytes were incubated with LPS (1 ng/mL) with increasing concentrations of BPI. B. Monocytes were incubated with
LPS (I ng/mL) and BPI (3 (ig/mL) with increasing concentrations
of 4E3. Left bar. LPS (I ng/mL)-induced TNFa release in absence
of BPI. Data are expressed in mean ± SD of 3 values. SD bars are
omitted if they fall within symbol. Representative experiment from
series of 5 is shown.
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phil protein on the bacterial envelope. J Immunol 1984:132:310915.

The prevention by both M Abs of the LPS-inhibiting capacity of BPI is thought to be caused by disturbance of the BPILPS interaction. In addition, we observed that LPS interfered
with the interaction of anti-BPI MAbs with BPI in an ELISA.
Together these data strongly suggest that both anti-BPI
MAbs recognize the epitope on BPI that is involved in the
BPI-LPS interaction. However, other causes for this interference, such as stearic hindrance or configurational changes,
have not been excluded.
Although we have shown that both anti-BPI MAbs can
block LPS activation pathways in vitro, the activity of both
MAbs in vivo has to be established. Furthermore, studies are
needed to test the effect of MAbs on the bactericidal activity
of BPI. Spilznagel et al. [32] have described two MAbs that
recognize CAP57. a protein substantially similar to BPI [6].
One of these MAbs has been shown to block the bactericidal
capacity of CAP57.
Using the anti-BPI MAbs. a sensitive sandwich ELISA has
been developed that shows the presence of BPI in biologic
fluids (unpublished data), indicating that these MAbs are a
valuable tool for studying the regulation of BPI production
and distribution in vivo. Such ELISA data could provide insight into the role o f BPI in the defense against gram-negative
microorganisms. In conclusion, two MAbs reactive with human BPI were isolated and shown to block the biologic activity of BPI.
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Bactericidal/pertneability-increasing protein (BPI), a cationic protein present in the azurophilic
granule and on the surface of polymorphonuclear leukocytes, specifically interacts with lipopolysaccharide (LPS). This study demonstrates for the first time, using flow cytometry with specific antiBPI monoclonal antibody (MAb), that human peripheral blood monocytes express BPI on their cell
surface. The monocyte cell surface BPI was shown to bind to LPS, because binding of anti-BPI
MAb 4E3 (which is known not to react with BPI to which LPS is bound) to cell surface BPI was
strongly reduced after preincubation of cells with LPS. However, cell surface BPI did not quantitatively contribute to the interaction of LPS with the monocyte cell membrane, since preincubation
of cells with 4E3 did not block binding of LPS-fluorescein isothiocyanate to monocytes. The origin
of the monocyte cell surface BPI remains to be further elucidated.

Lipopolysaccharide (LPS), a complex glycolipid in the outer
membrane of gram-negative bacteria, plays a major role in the
pathophysiology of gram-negative infection. The phagocyte system, which consists of polymorphonuclear phagocytes (PMNL)
and mononuclear phagocytes, belongs to the first line of defense
against invading bacteria [1]. Recognition of LPS at the surface
of these cells is required for LPS uptake or initiation of transmembrane signaling, leading to cell activation. Several LPS-binding
proteins are present on the surface of phagocytic cells (reviewed
in [2, 3]). CD18 and the scavenger receptor recognize LPS and
are involved in uptake and degradation of LPS. Furthermore. LPS
binds to a 70-kDa antigen that was recently demonstrated to be
cell membrane-bound albumin [4]. LPS-binding protein (LBP),
which is present in plasma of healthy persons, mediates binding
of LPS to CD 14, a 55-kDa protein present on mononuclear phagocytes and PMNL, resulting in cell activation.
Another important LPS-recognizing protein on the surface
of PMNL is bactericidal/permeability-increasing protein (BPI)
[5, 6). This protein, which is one of the microbicida! proteins
present in the PMNL granule, specifically recognizes LPS, both
in intact bacteria and in isolated form (reviewed in [7]). In
this study, we investigated whether this specific LPS-binding
protein is also present on mononuclear phagocytes. As the
presence of BPI on the cell surface of human peripheral blood
monocytes was demonstrated, the functional activity of monocyte cell surface BPI was also investigated.
Materials and Methods
/teagentt an</ annftot/iVi LPS (from £scAeric*i'a co/i O55:B5),
LPS-fluorescein isothiocyanate (FITC; from £. co/i 0111 :B4), bo-
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vine serum albumin (BSA), and cycloheximide were purchased from
Sigma (St. Louis). Azide (NaNj), paraformaldehyde, methanol, and
glycine were obtained from Merck (Darmstadt, Germany) and streptavidin-R-phycoerythrin (strep-R-PE) from Caltag (South San Francisco, CA). Human serum (HS) was obtained from healthy donors
at the Red Cross Blood Bank Zuid Limburg (Maastricht). Human
full-length recombinant (r)BPI was provided by M. Marra (Incyte
Pharmaceuticals, Palo Alto, CA). Macrophage serum-free medium
was obtained from GIBCO (Paisley, UK) and did not contain human
BPI. as determined by ELISA [8].
BPI-neutralizing monoclonal antibody (MAb) 4E3 (IgGl) and
5D7 (lgG2a) were prepared and characterized as described [9].
Neither anti-BPI MAb cross-reacted with LBP, as described [8,
9). In short, addition of LBP (100 ng/mL) to 96-well plates coated
with anti-BPI MAb and detection with biotin-labeled polyclonal
rabbit anti-human LBP IgG did not yield a signal; LBP (2.5 /Jg*
mL) spotted directly on a polyvinylidene difluoride membrane was
not detected by MAb 4E3 or 5D7; and LBP did not inhibit BPI
detection in a BP1-ELISA based on anti-BPI MAb 4E3 as the
catching reagent, followed by biotin-labeled polyclonal rabbit antihuman BPI, since spiking of rBPI (20 ng/mL) in plasma (containing - 1 0 i/g/mL LBP) of healthy volunteers yielded a BPI
recovery of 70%-100%.
Anti-BPI MAbs l208(lgG2b), 1211 (IgGl), 1213 (IgGl), and
1221 (IgGl) were provided by M. Marra (Incyte Pharmaceuticals).
The nonspecific myeloma protein MOPC21 (IgGl) was provided
by Celltech (Slough. UK) and anti-CD14 MAb MEM-18 (IgGl)
by V. HofejSi (Institute of Molecular Genetics, Prague). MAbs
were purified from culture supernatant by affinity chromatography
on a protein G-Sepharose 4 Fast Flow Gel (Pharmacia. Uppsala.
Sweden). MAbs and rBPI were biotinylated as described [9], using
biotin-X-NHS (Calbiochem, La Jolla. CA). The F(ab')i fragment
of the MAbs was prepared as described [9],
Cr/As. Peripheral blood monocytes were obtained either from
fresh whole blood of healthy volunteers, collected in evacuated
blood tubes (Sherwood Medical. St. Louis) containing 0.1 mL of
15% (wt/wt) EDTA. or from buffy coats of blood anticoagulated
with 0.4% (wt/vol) trisodium citrate (pH 7.4) provided by the Red
Cross Blood Bank Zuid Limburg. Monocytes were obtained as
described [10]. In short, mononuclear leukocytes, obtained after
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Lymphoprep (Nycomed, Oslo) centrifugation, were allowed to
clump by low-speed centrifugation at 4°C. Cell clumps were separated from the rest of the cells by sedimentation through icecold HS. The cell suspensions obtained consisted of 80%-95%
of monocytes and contained < 5 % PMNL contamination.
PMNL, obtained from fresh whole blood of healthy volunteers
and collected as described above, were isolated as reported [11].
In short, the mixture of PMNL and red blood cells collected after
centrifugation was treated with ice-cold isotonic NH4CI solution
to lyse the erythrocytes. PMNL were >95% pure.
F/oiv ryfomefrr. For cell surface fluorescence assay, untreated
cells were used. For intracellular fluorescence assay, cells were
permeabilized as follows: Cells were incubated with 4% paraformaldehyde for 10 min at room temperature, washed, and incubated
with 70% methanol for 30 min on ice, followed by 30 min of
incubation with 1% glycine in PBS at room temperature. After
staining, cells were analyzed with a FACSort (Becton Dickinson.
Mountain View, CA). Using forward versus side scatter, cells
were gated out to discriminate between cell types and to exclude
aggregates and dead cells. Results are expressed as mean fluorescence intensity (MFI) and are presented as mean ± SE.
/fira/vsis o / S P / expression. Aliquots of cells (lO'/mL) were
incubated for 1 h on ice with 10 /Jg/mL biotin-conjugated control
MAb MOPC21 or anti-BPI MAb 4E3. 5D7, 5D7-F(Ab'>2, 1208,
1211, 1213. or 1221. Wash/dilution buffer consisted of cold PBS,
0.1% BSA, and 0.1% NaN,. Cells were stained with I /xg/mL
strep-R-PE for I h on ice.
To test the influence of LPS on interaction of anti-BPI MAb
with BP1 present on the cell surface of monocytes, cells were
preincubated for 1 h at 4°C with LPS (25 /xg/mL) washed in cold
PBS, 0.1% BSA, and 0.1% NaN) and sequentially incubated for
1 h on ice with 10 /xg/mL biotin-conjugated MAb 4E3 and 1 /xg/
mL strep-R-PE.
/4nfl/v5« o/Z.P5-F/7*C oiW/ng /o monocvfc" ce// 5ur/acf. Monocytes (10*/mL) were incubated with 50 /ig/mL LPS-FITC dissolved in wash/dilution buffer in the absence or presence of 10%
HS for 1 h on ice and sequentially analyzed with FACSort. To
lest the effect of anti-BPI MAb 4E3, anti-CD14 MAb MEM-18.
or control MAb MOPC21 on LPS-FITC interaction with monocyte
cell surface, cells were preincubated 1 h on ice with one of the
MAbs (100 Mg/mL); after cells were washed, LPS-FITC (50 /xg/
mL) binding to cells was analyzed.
Results and Discussion
CW/ 5u//ace Kt/jress/on 0/ fl/Y on numon penpnera/ Woo</
monocyto. To investigate whether peripheral blood monocytes express BPI, whole blood of healthy volunteers was collected, and freshly isolated PMNL and monocytes were examined for BPI expression by flow cytometry, using specific antiBPI MAb [8]. In accordance with previous reports [5, 6, 9,
12], the flow cytometry with PMNL showed the presence of
high levels of intracellular BPI (MFI of 5 donors, 726 ± 368
[4E3] vs. 43 ± 19 [MOPC2I]) and of BPI on the PMNL cell
surface (MFI of 5 donors. 35 i 14 [4E3] vs. 6 ± 1 [MOPC21]).
Data from 1 representative donor are shown in figure 1 A.
Analysis of the monocyte fraction of whole blood revealed
that both anti-BPI MAbs 4E3 and 5D7 reacted with the cell
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Figure 1. Flow cytometry detection of membrane and intracellular
BPI expression on peripheral blood phagocytic cells. Dala are from
1 representative donor. A, Polymorphonuclear leukocytes (PMNL)
were incubated with biotin-conjugated control monoclonal antibody
(MAb) MOPC21(1. nonpermeabilized PMNL) or 4E3 (2. nonpermeabilized PMNL; 3. permeabilized PMNL) followed by streptavidinR-phycoerythrin (strep-R-PE). B. Nonpermeabilized monocytes were
incubated with biotin-conjugated MAbs MOPC2I (1), 5D7 (2), 4E3
(3), 1208 (4). and 1221 (5). followed by strep-R-PE incubation.

surface of all monocytes, indicating the presence of BPI. MFI
of 10 donors analyzed was 667 ± 159 (4E3) versus 17 ± 5
(MOPC21); data from 1 representative donor are shown in
figure IB. Permeabilization of monocytes did not enhance the
MFI compared with nonpermeabilized cells (data not shown),
indicating that BPI was localized only on the surface of the
monocytes. Solubilization of monocyies by treatment with 1%
Triton X-100 revealed that these cells, in contrast to PMNL,
contained only low amounts of BPI (~5 vs. ~100 ng/1 Cecils,
respectively), further suggesting that BPI is present, not inside
monocytes but only on the surfaces of these cells.
The use of F(ab'>2 fragments of anti-BPI MAb and incubation of monocytes with anti-BPI MAb in the presence of mouse
serum or human IgG also clearly demonstrated the presence
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Interaction of LPS with monocyte cell surface BPI.

Interfering
Fluorescent reagent

MOPC2l-biolin + strep-R-PE
4E3-biolin + strcp-R-PE
4E3-biotin + strep-R-PE
None

LPS-FITC
LPS-FITC
LPS-FITC
LPS-FITC

reagent

—
LPS
—
—
M0PC2I
4E3
MEM-18

Mean
fluorescence
intensity
16 ± 5
266 £ 176
43 ± 5
6± 2
49 l 25
43 * 20
52 ± 29
17 I 12

NOTE To lest interaction of LPS with monocyte cell surface BPI, influence of LPS on interaction of anti-BPI monoclonal antibody (MAb) 4E3 with
cell surface BPI and effect of anti-BPI MAb on interaction of LPS with cell
surface were studied. As control MAb, nonspecific myeloma protein MOPC21
and anli-CD14 MAb MEM-18 were used. Data are mean » SE (3 experiments)
Strep-R-PE = streptavidin-R-phycoerytherin; LPS-FITC = LPS-fluorescein
isothiocyanate.

of BPI on membranes of monocytes (data not shown), indicating that the anti-BPI MAb interacted specifically with the
monocyte cell surface. Extensive washing of monocytes,
known (o remove LBP [13], a serum protein with great sequence homology to BPI, did not reduce BPI cell surface expression, indicating that anti-BPI MAb did not cross-react with
LBP. Furthermore, the observation that four independently developed anti-BPI MAbs detected BPI on the surfaces of monocytes confirmed that the antigen detected was indeed BPI. Data
from tests with two MAbs are shown in figure IB.
Comparison of BPI cell surface levels on peripheral blood
phagocytes revealed that for all 6 donors tested, MFI of BPI
on monocytes was higher than the MFI of BPI on PMNL (MFI
with 4E3, 424 ± 191 [monocytes] vs. 114 ± 58 [PMNL]),
suggesting a more abundant presence of BPI on the surface of
monocytes.
Wonoevte ce7/-rar/ace- B/V inwracu ivi/A iPS. Next, we
investigated whether the monocyte cell-surface BPI interacts
with LPS. We used the property of anti-BPI MAb 4E3 not
to react with BPI to which LPS is bound [9, 13]. For these
experiments, we used peripheral blood monocytes isolated from
buffy coats, which were also demonstrated to express BPI on
the cell surface (data not shown). Monocytes were preincubated
with LPS at 4°C in the presence of azide to prevent cell activapresence of LPS prevented interaction of 4E3 with the monocyte cell surface (table I). which indicated that LPS interacts
with BPI on the surface of monocytes.
Thereafter, we investigated quantitatively the involvement of
cell-surface BPI in the interaction of LPS with the cell membrane of monocytes. To this end, we used the capacity of MAb
4E3 to block BPI reactivity with LPS [9]. In accordance with
other reports [2, 3], we observed that in the presence of serum,
interaction of LPS-FITC with monocytes was mediated mainly
via CD 14, since the LPS binding was strongly reduced by anti-
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CD 14 MAb MEM-18 (table 1). Preincubation of monocytes
with MAb 4E3 did not reduce the reactivity of LPS-FITC with
the cell surface of monocytes (table 1). In the absence of serum,
and therefore in the absence of LBP, binding of LPS-FITC to
monocytes was strongly reduced (data not shown). Under these
conditions, both MAbs 4E3 and MEM-18 did not reduce binding of LPS-FITC to the monocyte surface (data not shown),
indicating that under serum-free conditions neither CD 14 nor
BPI mediates binding of LPS to monocytes. From these data,
we conclude that LPS binds to the monocyte cell surface BPI;
however, this membrane antigen does not quantitatively contribute to the interaction of LPS with the cell membrane.
The observation that LPS also disturbed the interaction of antiBPI MAb 4E3 to BPI on the PMNL cell surface (data not shown)
strongly suggests that BPI is expressed in a similar functional
form on the cell surface of both monocytes and PMNL.
In vitro 18-h culture of monocytes in the presence of the
protein synthesis inhibitor cycloheximide did not reduce the
level of BPI cell-surface expression (data not shown). The
activity of cycloheximide was ascertained by inhibition of LPSinduced cytokine release in these cultures. Theseresultssuggest
either that BPI is produced at a very slow rate by monocytes,
with a low turnover rate on the membrane, or that BPI is
adsorbed by monocytes from the environment.
Incubation of monocytes with biotin-labeled rBPI (10 /jg/
mL) for 30 min at 37°C, followed by incubation with strep-RPE (1 jig/mL) for 30 min at 4°C did not yield a signal. Furthermore, BPI cell-surface expression on monocytes cultured 18 h
in medium containing 10% HS, and therefore in the presence
of BPI ( ~ l - 5 ng/mL), was not enhanced compared with expression on freshly isolated cells (data not shown). Therefore,
no indications for (extra) adsorption of BPI were seen. These
results could indicate that the amount of BPI on the surfaces
of monocytes was already saturated.
If BPI, like the LPS-binding protein albumin [4], is adsorbed
to the cell membrane, this adsorption must be a relatively specific process, since plasma of healthy volunteers (in contrast
to biologic fluids of patients [8, 14]) contains low or nondetectable BPI levels [8, 15]. Furthermore, afterculture of monocytes
for 18 h in macrophage serum-free medium (and therefore in
the absence of human BPI), no reduction of BPI expression .
was observed compared with freshly isolated cells (data not
shown). This suggests that BPI is strongly anchored to the
cell membrane, confirming a specific interaction with the cell
membrane.
In conclusion, in this study we demonstrated for the first
time that peripheral blood monocytes express (in addition to
the LPS-binding proteins CD14, CD18, and albumin) the protein BPI, which specifically interacts with LPS, on the cell
surface. The origin of monocyte cell-surface BPIremainsto
be further elucidated.
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Bactericidal/Permeability-Increasing Protein Release in Whole Blood Ex Vivo:
Strong Induction by Lipopolysaccharide and Tumor Necrosis Factor-a
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Pieter S. Hiemstri, Anton T. J. Tool, Arthur J. Vcrhocven,
Peter Vindenabeele, and Wim A. Buurman
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In this study, the release of bactericidal/permeabillty-increasing protein (BPI), which is stored in
polymorphonuclear leukocytes (PMNL), was analyzed in a whole blood ex vivo system. Of the
microbial products tested, lipopolysaccharide (LPS) most potently Induced BPI release; FMLP,
serum-treated zymosan (STZ). and lipotekhoic acid (LTA) also Induced BPI release. In addition,
the inflammatory mediator tumor necrosis factor (TNF>or potently activated PMNL in whole blood,
via TNF receptor p5S, to release BPI, whereas interleukln ( I L H , IL-8. platelet activating factor,
and C5a were poor inducers of BPI release. STZ and phorbol myristate acetate, but not LPS, FMLP,
or LTA, stimulated isolated PMNL to release BPI. BPI was released in comparable magnitude with
the azurophllic granule protein elastase. Furthermore, both proteins were released with similar
kinetics, which started within 30 min after onset of stimulation and lasted 1-4 h.

Lipopolysaccharide (LPS), a glycolipid present in the cell
wall of gram-negative bacteria, plays an important role in the
pathophysiologic response in gram-negative bacterial infections. The response of the host to LPS is strongly affected by
the interaction of endogenous components with LPS. The
acute-phase reaciant LPS-binding protein (LBP), which is present in plasma of healthy persons at ~ 10 ^g/mL. is known to
transfer LPS to membrane CDI4 or to the soluble form of
CD14. inducing cell activation (reviewed in [I]). Furthermore,
LBP catalyzes binding of LPS to lipoproteins, thus neutralizing
biologic activity of LPS [2]. Polymorphonuclear leukocytes
(PMNL) contain other LPS-binding proteins, such as bactericidal/permeability-increasing protein (BPI), lysozyme, lactoferrin, and CAP-18 [3].
BPI, a cationic protein of 456 amino acids with a high binding affinity for LPS, has both strong bactericidal activity and
LPS-neutralizing capacity in vitro and in vivo (reviewed in
[4]). Initially, BPI was reported to exert its bactericidal activity
intracellularly [5], However, Weinrauch et al. showed that BPI,
as present in glycogen-induced sterile inflammatory rabbit peritoneal exudate. exhibited bactericidal activity [6], indicating
that extracellular BPI has biologic capacity. Furthermore, various reports have described that exogenous recombinant BPI
(rBPI) has protective capacity in models of experimental endo-

toxemia and bacteremia [7. 8]. These data indicate that rBPI
can overcome the effects of other plasma proteins such as LBP,
which, as we have shown, antagonizes BPI activity [9]. The
release of BPI by PMNL during disease was demonstrated by
the increased levels of BPI in biologic fluids of various patients
groups [10, 11], as opposed to low or undetectable BPI levels
in plasma of healthy volunteers [12. 13]. Taken together, these
data indicate that BPI released by activated PMNL could contribute to the protection against LPS and gram-negative bacteria.
BPI is stored in the azurophilic granules of PMNL, most
probably associated with the granule membrane [14], and is
present on the cell surface [15-17]. After stimulation of
PMNL. granule constituents are released, with a hierarchy in
the mobilization of the four types of PMNL granules: secretory
vesicles, gelatinase granules, specific granules, and azurophilic
granules [18]. In vitro data indicate that BPI is released from
azurophilic granules inresponseto stimulation with the combination of cytochalasin B and FMLP [14, 15].
The present study was done to analyze BPI release in response to physiologic reagents, such as microbial compounds
and inflammatory mediators, in a whole blood ex vivo system.
Furthermore, the release of BPI was compared with the release
of the well-known azurophilic granule protein, elastase.
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nn<y <jn/i6<xfies. Human recombinant tumor necrosis
factor (TNF)-a was provided by BASF/Knoll (Ludwigshafen, Germany), recombinant human (rh) interleukin (ID-1B and the dimeric
rh-p80:Fc construct [19] by S. Gillis (Immunex, Seattle), and rhlL8 by I. Lindley (Sandoz Forschungsinstitut, Vienna). TNF mutants
specifically interacting with the TNF receptors (R) TNFR,, (R32W
S85T) or TNFR,, (DI43N AI43R) were prepared as described
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[20]. The specific interaction of these TNF-o mutants with either
TNFR« or TNFR7J was demonstrated by competitive binding, in
solid-phase assays, and in biologic tests in which only one receptor
rype is signal transducing [20-22]. The lipid A compound monophosphoryl lipid A was provided by J. Rudbach (Ribi Immunochem Research, Hamilton, MT) [23] and was dissolved by preparing a slock solution of I mg/mL in 0.1% TEA (vol/vol), which
was warmed at 45°C and sonicated in a water-bath sonicator for
~5 min. The lipid A analogue SDZ MRL 953 was provided by
P. SUtz (Sandoz Forschungsinstitut) and was dissolved as described (24]. In short, I mg of SDZ MRL 953 was sonicated in
10 (JL of ethanol for 1 min. During further sonication for 10 min,
sterile isotonic glucose solution (5.4%) was added dropwise up to
I mL.
RPMI 1640 was obtained from GIBCO Europe (Paisley, UK).
LPS (from fjcAencA/a co// serotype O55:B5 and from So/mone//a
mifl'iejo/a Re 595), staphylococcal enterotoxin B (SEB), lipoteichoic acid (LTA) derived from S;apA//ococcuj aureur. phorbol
myristate acetate (PMA), FMLP, complement factor C5a, plateletactivating factor (PAF), and zymosan were all obtained from
Sigma (St. Louis). Zymosan was opsonized as described previously
[25] by using pooled human sera from 3 donors, provided by the
Red Cross Blood Bank Zuid Limburg (Maastricht, Netherlands).
In short, zymosan dissolved in distilled water was heated for I h
at IOO°C and washed with PBS. Subsequently, zymosan was incubated for 30 min at 37°C with an equal volume of untreated human
serum, washed with PBS, and stored at — 20°C. Serum-treated
zymosan (STZ) contained <1 pg/mL endotoxin, as determined
in the limulus amebocyte lysate (LAL) assay (Kabi Pharmacia,
. MSIndal, Sweden)
The anti-TNF-a monoclonal antibody (MAb) 61E71 (IgGI),
polyclonal rabbit anti-human TNFR5J antibody, and polyclonal
rabbit anti-human TNFR7; antibody were prepared as described
previously [26, 27]. F(ab'); fragments were prepared by pepsin
digestion (immobilized pepsin; Pierce, Rockford, IL). MAb IB4
(lgG2a), reactive with CD18, was a gift from M. Daha (University
Hospital Leiden).
WAo/f itoot/ co//ec//on am/ srimu/ii/io/i. Blood from healthy
volunteers was anticoagulated in 10-mL blood collection vacuum
tubes (Sherwood Medical, St. Louis) containing 0.1 mL of heparin
at500 lU/mL (Leo Pharmaceutical Products, Weesp, Netherlands).
The heparin contained < I pg/mL endotoxin, as determined in the
LAL assay. Whole blood was stimulated in nonrotating polypropylene lubes (Costar, Cambridge, MA) at 37°C, with indicated
reagents for indicated time periods. Plasma was separated from
blood cells by centrifugation for 5 min at 1500 g and stored at
-20°C until analyzed by EL1SA. For differential blood cell counts,
blood was anticoagulated in 3-mL tubes containing 0.03 mL of
15% (wt/wt) EDTA and analyzed using a MAX-M counter
(Coulter, Luton, UK). The amount of BPI or elastase detected in
plasma was corrected for the total PMNL present in whole blood
and expressed in nanograms per 10* PMNL.
PM/Vi wo/anon and jmm//anon PMNL were obtained either
from the buffy coat of 500 mL of blood anticoagulated with 0.4%
(wt/vol) trisodium citrate, pH 7.4, or from whole blood of healthy
volunteers anticoagulated with heparin as described above. PMNL
were isolated using standard procedures. In short, blood cells were
separated by density-gradient centrifugation over Lymphoprep
(Nycomed, Oslo). The interphase, containing the mononuclear leu-
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kocytes, was removed, and the remaining mixture of PMNL and
red blood cells was treated for 30 min with ice-cold isotonic NH4CI
solution (155 mAf NH,CI, 10 mM KHCOj, 0.1 mM EDTA, pH
7.4) to lyse the erythrocytes. The remaining PMNL were washed
twice. The PMNL had a purity of >98%, and consisted mainly
of neutrophils (>95%).
Untreated PMNL were lysed in the following ways: (1) cells
were dissolved in 0.5% Triton X-100 in HEPES buffer (132 mM
NaCI, 6 raW KC1, 1 mM CaClj, 1 mM MgSO,, 1.2 mM potassium
phosphate, 20 mM HEPES, 5.5 mM glucose, and 0.5% (wt/vol]
human serum albumin, pH 7.4) and incubated for 10 min at 37°C;
(2) cells were dissolved in HEPES buffer, followed by three freezethaw cycles; (3) cells were dissolved in 100 mM glycine, pH 2.0,
followed by three freeze-thaw cycles; (4) cells, dissolved in
HEPES buffer, were sonicated three times for 10 s, 8 pm peak to
peak at 4°C. Isolated PMNL (2-5 x lO'/mL) were resuspended
in RPMI 1640 and stimulated in nonrotating polypropylene tubes
at 37°C, with the indicated reagents. After a 1 -h incubation, the
supernatant was separated from PMNL by centrifugation for 5 min
at 1500 g and stored at -20°C until analyzed by EL1SA. Cell
viability during the experiment was tested by lactate dehydrogenase release, which was <2% under all experimental conditions.
The amount of BPI detected in the supernatant was corrected for
the amount of PMNL present and expressed in nanograms per 10*
PMNL.
fl/7 ££/SX. BPI concentration was determined using a sandwich ELISA as described previously [12]. In short, 96-well Immuno Maxisorp plates (Nunc, Roskilde, Denmark) were coated
overnight at 4°C with human BPl-specific MAb 4E3. The wash
and dilution buffer consisted of 80 mM MgCI;, 50 mM TRIS-HCI,
pH 7.4, 150 mM NaCI, 0.1% bovine serum albumin, and 0.05%
Tween 20; the plates were washed five times after each incubation
step. Human rBPI (provided by M. Marra, Incyte, Palo Alto. CA)
was used as the standard. Samples were diluted in buffers (resulting
in final buffer composition similar to that of assay buffer), added
to the plates, and incubated for 2 h at room temperature. Next, 5
/jg/mL biotinylated polyclonal rabbit anti-human BPI IgG was
incubated for I h at room temperature. Peroxidase-conjugated
streptavidin (Dakopatts, Glostrup, Denmark) diluted in PBS-0.1%
bovine serum albumin was added, and after a I -h incubation, plates
were washed with distilled water containing 0 I % Tween 20 TMB
(3,3',5,5'-tetramethylbenzidine; KPL. Gaithersburg, MD) was
used as a substrate for peroxidase. Spectrophotometry (450 nm)
was done using a microELISA autoreader. The detection limit of
the assay was 200 pg/mL.
£/<ufaie £Z./S/f Human neutrophil elastase was delected by
a sandwich ELISA. Briefly, microwells (Immulon 4; Dynatech
Laboratories, Chantilly, VA) were coated overnight at room temperature with polyclonal rabbit anti-human elastase IgG. Both standard serial dilutions of elastase purified from purulent sputum
(28] and samples were diluted in PBS containing 0,05% (vol/vol)
Tween-20 and 1% (vol/vol) heat-inactivated newborn calf serum
and incubated for I h at 37°C. Bound elastase was delected using
biotinylated rabbit anti-human elastase IgG, followed by peroxidase-conjugated streptavidin. which were both incubated for I h
at 37°C. The lower detection limit of the assay was <0.4 ng/mL.
Cross-reactivities of this ELISA with highly purified preparations
of the PMNL proteinases, cathepsin C (purified from purulent
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sputum), and proteinase 3 (gift from M. Daha), were <0.3% and
<0.0l%, respectively.
5/a/u/ici Data are presented as mean ± SD, representing inlerassay results. For each phase of the study, a different group of
4-6 persons was used, except for the data presented in tables I and
2, which were derived from the same group of persons. Statistical
analyses were performed using a one-tailed Wilcoxon signed-rank
test. Each subject's whole blood or neutrophils were used as the
simultaneous control for the paired statistical analysis. /> < .OS
was considered statistically significant.

Tible 2. Effect of inflammatory mediators on BPI release in whole
blood.
Reagent
None
TNF-a

IL-10
IL-8

Concentration

10 pg/mL
I ng/mL
100 ng/mL
lu"U/mL
10* U/mL
100 ng/mL

Results

PAF

7b/a/ fl/V confenf o/PM/vX. First, the total amount of BPI
in PMNL was determined. To this end, PMNL obtained from
buffy coats were lysed using different methods. Dissolving

10 nM
100 nAf

C5a

100 ng/mL

Table 1. BPI release in whole blood induced by microbial products.
Reagent
None
LPS ( W m r t u ro/Y)

LPS (So/nionW/o minnMowl

MM.
SDZ MRL 953
FMLP

LTA

SEB
STZ
PMA

Concentration

BPI (ng/10* PMNL)

—

1.9 1 1.2
4.1 1 2.4*
4.9 1 1.7*
6.6 ± 3.6*
8.7 i 4.4*
9.7 ± 4.5*
1.9 1 1.0
3 3 ± 2.J*
2.9 1 2 0
4.1 ± 2.9*
7.3 1 4.6*
3.1 1 1.7*
4.3 1 2.2*
5.8 1 4.0*
2.0 1 1.0
3.1 1 2 0*
3.9 ± 2.4
60 ± 3.0*
8.2 1 4.3*
2.4 1 1.7
3.6 1 2.0*
6.1 1 2.7*
8.5 1 3 7*
1.9 1 1.2
2.4 1 1.7
2.2 ± 1.5
2.9 1 1.7*
8.2 1 3.7*
2.3 i 1.6
4.2 1 2.0*
10.3 1 4.2*

lOpg/mL
100 pg/mL
1 ng/mL
10 ng/mL
100 ng/mL
10 pg/mL
100 pg/mL
1 ng/mL
10 ng/mL
100 ng/mL
100 ng/mL
1 pg/mL
10 pg/mL
1 pg/mL
10 pg/mL*
10**/
IO~'Af
IO"'W
1 ng/mL
10 ng/mL
100 ng/mL
1 pg/mL
1 pg/mL
10 pg/mL
1 pg/mL
10 pg/mL
100 pg/mL
10"'Af
10"'M
10^'M

NOTE Hepahnizcd whole blood was incubated for 1 h at 37"C with
indicated reagents. BPI in plasma was detected by ELISA and is expressed in
ng> 10* PMNL Mean » SD ofresultsfrom 5 donors is shown BPI, bactericidal/
permeability-increasing protein. PMNL. poiymorphonuclear leukocytes; LPS.
lipopolysacchande: MPL. monophosphoryl hptd A; LTA, hpotetchoic acid;
SEB. staphylococcil enterotoxin B; STZ. serum-treated zymosan. PMA, phorbol mynstale acetate.
* /* < 05 vs spontaneous BPI release, by I-(ailed Wilcoxon signed-rank
test.

BPI (ng/10* PMNL)
1.9
2.8
8.2
11.1
2.3
3.9
2.1
3.1
2.7
3.5
3.8
2.7
2.9

•
±
1
±
1
1
1
±
1
±
1
l
1

1.2
1.8*
3.4*
4.3*
1.7
2.7*
1.3
1.7*
1.7*
2.1*
1.7*
1.8
1.8

NOTE. Heparinized whole blood was incubated for I h al 37"C with
indicated reagents. BPI in plasma was detected by ELISA and is expressed in
ng/10* PMNL. Mean 1 SD of results from 5 donors is shown BPI, bactericidal/
permeability-increasing protein; PMNL. polymorphonuclear leukocytes: IL.
interleukm; PAF, platelet-activating factor.
• /> < 05 vs. spontaneous BPI release, by I-tailed Wilcoxon signed-nnk

PMNL in either 0.5% Triton X-100 or in 100 mW glycine, pH
2.0, followed by three freeze-thaw cycles yielded comparable
BPI release. The BPI content per 10* PMNL of 4 donors was
182 ± 101 ng (mean ± SD). Dissolving the cells in HEPES
buffer followed by three freeze-thaw cycles resulted in cell
destruction, as measured by release of the cytosolic protein
lactate dehydrogenase (data not shown), but hardly affected
azurophilic granules (only 13% of the BPI was recovered)
compared with the Triton X-100 treatment. Sonication of cells
in isotonic medium induced a BPI recovery of 86%, compared
to the Triton X-100 treatment. Measurement of BPI by ELISA
was not disturbed by different lysis media because the samples
were diluted at least 100 times. These data indicate that because
I mL of blood from healthy individuals contains ~ 3 - 8 X 10*
PMNL, the maximal amount of BPI released after stimulation
of whole blood will be 500-1500 ng/mL.
//irfucfton o / f l / ' / rWfflje i y microt/a/ proi/uctt. First the
capacity of microbial reagents to induce BPI release was studied. Whole blood was incubated at 37°C in polypropylene tubes
to minimize PMNL adherence. Since minimal spontaneous BPI
release was seen after 1 h incubation in nonagitated tubes,
whereas considerable BPI release was observed after LPS exposure (data not shown), we used a 1-h incubation period at
37°C. Unstimulated PMNL in whole blood released ~ l % of
their total BPI content (table 1). Products derived from gramnegative bacteria were strong inducers of BPI release. Both
smooth LPS, derived from £. co/z O55:B5, at »10 pg/mL, and
rough LPS, derived from 5. minnesora. at 100 pg/mL, activated
PMNL in whole blood to release BPI. In addition, two lipid A
analogues were able to induce BPI release in whole blood.
Monophosphoryl lipid A had to be used at 100 ng/mL and
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SDZ MRL 953 at 10 ^g/mL to exert this effect. Furthermore,
at submicromolar concentrations, FMLP strongly activated
PMNL to release BPI. In addition, two products of gram-positive bacteria were tested. The cell wall component LTA induced
release of BPI, although not as potently as the components of
gram-negative bacteria, whereas SEB did not induce BPI release. Furthermore, STZ was found to activate PMNL, leading
lo the release of BPI. The anti-CDI8 MAb IB4 did not affect
BPI release as induced by microbial reagents (data not shown),
indicating that CD 18 is not involved in activation of PMNL
to release BPI in these experiments. Furthermore, PMA, which
directly activates protein kinase C, induced BPI release (table
I), indicating that one of the signal transduction pathways leading to BPI release is mediated via protein kinase C activation.
7W-a /riggers PA/A/Z. /o re/ease fi/7 via 7W/?,* whereas
the inflammatory mediators IL-1B, IL-8, and PAF are weak
inducers of BPI release. In response to infection with gramnegative bacteria or LPS. an array of inflammatory mediators
is produced. Therefore, we analyzed several inflammatory mediators for their ability to induce BPI release in whole blood.
As shown in table 2, TNF-or strongly induced the release of
BPI, at concentrations as low as 10 pg/mL. Since PMNL express two receptors for TNF-a, a 55-kDa (TNFR,,) and a 75kDa (TNFR,,) receptor, which are both able to mediate part
of TNF-o activities [27, 29], we analyzed which receptor was
involved in TNF-o-induced BPI release. To this end, whole
blood was incubated with polyclonal rabbit anti-human TNFR,,
antibody or polyclonal rabbit anti-human TNFR,, antibody,
which have previously been shown to exert agonistic properties
[27]. In response to polyclonal rabbit anti-human TNFR,, antibody, considerable amounts of BPI were released, whereas
high concentrations of polyclonal rabbit anti-human TNFR7,
antibody were required to induce release of low amounts of
BPI (table 3). To exclude activation of PMNL via Fc receptors,
experiments were repeated with F(ab'>2 fragments of polyclonal rabbit anti-human TNFR,, antibody, which yielded comparable results (table 3). In addition, the TNF mutant R32W
S85T. which specifically interacts with TNFR,,, strongly induced BPI release in whole blood, whereas the TNF mutant
DI43N AI43R, specifically interacting with TNFR,,, had no
effect on BPI release (table 3). These data strongly indicate
that TNF-a activates PMNL to release BPI via TNFR,,.
The other inflammatory mediators analyzed, the cytokine
IL-1B, the chemokine IL-8, the lipid mediator PAF, and the
activated complement component C5a, induced the release of
none or low amounts of BPI (table 2). Even the combined
exposure to PAF (100 nM) and IL-8 (I Mg/mL), which was
described to have a synergistic effect upon NADPH oxidase
activation [30], hardly induced BPI release (data not shown).
Since LPS is known to induce the release of TNF-o by
monocytes, which is (as shown in table 2) a potent inducer of
BPI release, we analyzed whether TNF-a is an intermediate
in LPS-induced BPI release. To this end. whole blood was
activated for I and 4 h with different concentrations of LPS
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T»ble 3. TNF-a-induced BPI release is mediated via TNF receptor
(R) TNFR,,.
Reagent

Concentration

None
TNF-o

pAb TNFR,,

'*

100 pg/mL
1 ng/mL
10 ng/mL
100 ng/mL
100 ng/mL
1 (ig/mL

IOpf/mL
F(ab')j pAb TNFR,,

pAb TNFR,,

R32W S85T'

•

D143N A145R'

100 ng/mL
1 pg/mL
10 (ig'mL
100 ng/mL
1 /jg/mL
10 pg/mL
100 pg/mL
1 ng/mL
10 ng/mL
IO0 ng/mL
lOOpg/mL
1 ng/mL
10 ng/mL
100 ng/mL

BPI (ng/10* PMNL)
3.3 • 1.7
4 1 1 2.1*
9.8 • 5.1*
17 7 ± 9 . l «
30.1 I 15.0*
8.7 ± 6.4»
24.5 1 21.9*
23.4 1 I6.1»
4.5 ± 3.2
130 I 10.1*
21.4 1 12.6*

2.8 i 1.2
2.9 ± 1.4
5.0 I 2.7*
4.3 I 2.4*
5 7 ± 2.6*
12 8 i: 4.8*
21.2 ± 7.0*
3.0 ± 1.1
3.1 i 15
3 0 1 18
4.5 ± 3.8

NOTE. Hepannized whole blood was incubated for I h al 37*C. with
indicated reagents BPI in plasma was detected by ELISA and is expressed in
ng/10* PMNL. Mean ± SD of results from 6 donor* is shown BPI. bactericidal/
permeability-increasing protein; PMNL, polymorphonuclear leukocytes; pAb,
polyclonal rabbit anti-human antibody.
*/> < 05 vs. spontaneous BPI release, by I-tailed Wilcoxon signrd-rank
test.
' R32W S8ST. TNF muunl lhal specifically interact} with TNFR,,.
' DI43N A145R. TNF muunl lhal specifically interacts with TNFR,,.

in the absence or presence of anti-TNF MAb 6IE7I and the
dimeric rh-p80:Fc construct, which are both known to block
biologic effects of TNF-o [19.26). The presence of these TNFa blocking agents did not inhibit LPS-induced BPI release but
did inhibit TNF-o-induced BPI release (figure 1), suggesting
that LPS-induced BPI release was not mediated via TNF-a.
/fWeese o/fl/V 6v (jo/a/erf /»M/V£ versus Ay PMM. m wAo/r
6/oorf. Next, BPI release by isolated PMNL versus PMNL in
whole blood was studied. Isolated PMNL were dissolved in
RPMI 1640 and stimulated, in parallel with whole blood from
the same donor, for I h at 37°C. Spontaneous BPI release by
PMNL in whole blood was higher than that by isolated PMNL
(table 4). This difference is partially due to a larger cellular
volume of whole blood compared with that of the PMNL suspension, thus reducing the volume in which BPI is present and
enhancing the BPI concentration. To compare the capacity of
various reagents to induce BPI release by isolated PMNL versus by PMNL in whole blood, the stimulation index (the ratio
of the amount of BPI released after stimulation to spontaneous
BPI release) was calculated (table 4). Isolated PMNL were
strongly activated to release BPI after stimulation with PMA
and STZ, with a stimulation index comparable to that of PMNL
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12
Figure I. Effect o f anti-TNF-o
monoclonal antibody (MAb) 6IE7I
on A, lipopolysaccharide (LPS) and B.
TNF-a-induced BPI release in whole
blood. Whole blood was stimulated for
I h with various concentrations o f LPS
or TNF-a in absence or presence of
anti-TNF-o M A b 6 I E 7 I . BPI was
measured in plasma using specific
ELISA and is expressed in ng/IO*
PMNL. One representative experiment o f series o f 3 is shown.

10

2(
0.01

100

0.1

0.001

0.01

LPS (ng/ml)

in whole blood. However, in response to LPS, LTA, and FMLP,
isolated PMNL released only very low amounts of BPI, in
contrast to the substantial BPI release induced by these agents
in whole blood (table 4, table I). These data suggest that phagocytosis of zymosan and activation of protein kinase C directly
activated PMNL to release BPI, whereas the LPS-, LTA- and
FMLP-induced BPI release appeared to be dependent on other
blood components.
fl/>/ re/««« compared wi'/A Was/ase rWeas*. Release of
elastase is often considered as a marker for the release of
azurophilic granule proteins. Since several types of azurophilic
granules exist in PMNL, which differ in intragranular distribution of BPI and elastase [31 ], we compared the release of both
proteins in whole blood. First, total amounts of elastase and
BPI present in PMNL were compared. To this end, whole blood
was lysed with 0.5% Triton X-100. and the amount of either
protein was expressed per 10* PMNL. Considerably higher
amounts of elastase than BPI were present in PMNL (mean ±
SD of 6 donors was 3169 ± 977 vs. 150 ± 79 ng/10* PMNL,

0.1

None
LPS (CirtorfcA,id ro/i)
FMLP
LTA
STZ
PMA

Concentration

1 ng/mL
100 ng/mL
10'Af
10 ng/mL
1 /ig/mL
100 jjg/mL
lO'M

respectively). Next, whole blood was activated with a series
of agents demonstrated to be either potent or low inducers of
BPI release in whole blood. Table 5 shows that higher amounts
of elastase than of BPI were released. However, presenting the
data as percentage of total elastase or BPI content in PMNL
revealed that elastase and BPI were released to a comparable
magnitude in response to the various stimuli.
ACinerics o/ SP/ and Was/ase re/ease. In the above-described experiments, BPI release was analyzed after a 1-h incubation. Next, we analyzed the kinetics of BPI release induced
by those agents demonstrated to be potent inducers of BPI
release. To this end, whole blood was stimulated, and after
various time points after onset of stimulation, an aliquot was
harvested and analyzed for the amount of BPI. Of the stimuli
tested, STZ and FMLP most rapidly induced the release of
BPI, within 10 min from onset of stimulation (figure 2 A). TNFa and PMA also induced BPI release within 10 min after
activation; in contrast, the LPS- and LTA-induced BPI release
started 10-30 min after stimulation (figure 2A). The release

Isolated PMNL (supernatant)
BPI (ng/10' PMNL)
1.9
1.5
2.4
2.0
1.3
2.1
5.8
8.2

100

TNF (ng/ml)

Table 4. Release of BPI by isolaled PMNL versus by PMNL in whole blood.

Reagent

10

± 14
1 0.8
± 0.9
± 1.0
10.6
1 0.8
1 4.4*
± 4.2*

Whole blood (plasma)
BPI (ng/10* PMNL)

SI
1.0
0.9 ±
1.6 i
1.2 ±
0.8 1
14 »
3.1 1
5.0S

0.1
0.6
0.5
0.2
06
0.8
1.6

50
12.6
24.1
22.8
7.3
168
15.8
27.5

•
1
1
1
»
1
±
1

3.2
4.7'
5.4*
13.3*
4.9
6.2*
9.9*
129*

SI
1.0

2.8
5.8
4.5
1.5
4.1
3.1
5.7

1
±
1
±
1
1
1

0.6
26
10
0.5
2.4
09
1.2

NOTE. PMNL were isolated from heparimzed whole blood of healthy individuals and stimulated parallel with
heparimzed whole blood of same donor for I h at 37*C. BPI concentration in supernatant or plasma was determined
using ELISA and is expressed in ng/10' PMNL. Data are mean i SD of 5 donorv BPI, bactenctdal/permeabilityincreasing protein; PMNL. polymorphonuclear leukocytes: LPS. lipopotysaccharide. LTA, Lipoteichoic acid; STZ,
senim-treated zymosan. SI. stimulation index, expressed as ratio of BPI released after stimulation to spontaneous
BPI release
* P < 05 vs spontaneous BPIrelease,by I-tailed Wikoxon signed-rank lest.
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Table 5. Comparison of BPI and elastase release in whole blood.

Reagent

None
LPS (£. « / / )
LPS (5. mwwiKO/ii)
FMLP
LTA
SEB
STZ
PMA
TNF-a
IL-I0
IL-8
PAF
CSa

Absolute amounts of
% of total amount
Concentration BPI (ng/IO*PMNL) Elastase (ng/10' PMNL)
of BPI
Elastase (•'•!
_

100 ng/mL
100 ng/mL
IO*M
1 pg/mL
t fig/mL
100 <JB/mL

10'M
100 ng/mL
10' U/mL
1 jig/mL
1 MM
1 fjg/mL

1.5 I 0.5
16.4 ± 10.1
12.2 ± 8.8
12.8 ± 7.4
18.6 I 7.9
2.4 ± 1.0
19.1 1 10.1
13.3 ± 8.3
35.2 * 24.8
3.6 ± 2.2
2 . 8 * 1.0
6.6 ± 3.6
2.7 ± 0.4

56.0
272.1
199.2
292.1
370.2
80.6
477.7
110.7
517.8
102.9
103.1

± 10.0
± 56.0
± 45.8
± 36 7
± 124.8
± 13.2
± 88.9
± 9.0
± 269.4
± 9.0
± 10.4

189.3 ± 2 1 . 6
124.2 ± 4 1 . 6

I.I
10.0
6.9
7.9
12.8
1.8
10.7
7.8
20.0
3.9
2.1
3.9
2.2

±
±
±
±
±
±
±
±
±
±
±
±
±

0.5
3.7
2.3
3.0
5.6
1.2
1.5
2.4
8.7
0.9
I.I
0.9
1.5

2.1 ± 0 . 6
10.8 £ 3.1
7.8 ± 1.9
11.5 ± 2.2
14.0 ± 3.6
3 1 ±02
18.8 ±4.4
4.4 ± 0.7
21.0 ± 12.7
4.0 ± 0.1
4.0 ± 0.5
7.4 ± I.I
4.8 ± 1.5

NOTE. Heparinized whole blood was incubated for I h at 37°C with indicated reagents. BPI and elastase
concentration in plasma were determined with specific ELISAs and are expressed in ng/10* PMNL. Data are mean
± SD of 4 donors. Data are also expressed as % of release of total BPI or elastase content of PMNL. determined
for each donor by lysis of aliquot of blood immediately after collection. BPI. bactericidal/permeability-increasing
protein; PMNL, polymorphonuclear leukocytes; LPS, lipopolysaccharide; £. co/i, fscAtfricA/o co/7. S. mimrejo/ff.
&/monW/a /n/nnMom. LTA. lipoteichoic acid; SEB, staphylococcal enterotoxin B; STZ, serum-treated zymosan. IL,
interleukin; PAF. platelet-activating factor.

of BPI, induced by all stimuli, continued to I - 4 h after stimulation. Thereafter, BPI release strongly decreased, which was
reflected by a moderate increase of the BPI concentration after
24 h of stimulation compared with that after 4 h of stimulation
(figure 2B). Figure 3 demonstrates that BPI and elastase are
released with similar kinetics, further supporting the suggestion
that release of both proteins is under similar regulatory control.

Discussion

A series of physiologic agents was investigated for the ability
to induce BPI release in an ex vivo whole blood system. Although we have recently demonstrated that mononuclear
phagocytes express BPI on their cell surface, no indications
were obtained for production of BPI by these cells [17]. Therefore, we assume, on the basis of reports by others [4, 14], that
PMNL are the only producers of BPI. The observation that the
total amount of BPI present in PMNL is ~ 2 0 0 ng/10' PMNL
is supported by data of others, who reported a BPI content of
650 ng/10* PMNL [14] and 230 ng/10' PMNL [32].
The four different types of PMNL granules, secretory vesicles, gelatinase granules, specific granules, and azurophilic
granules, require different signals to trigger degranulation. The
secretory granules are released by an increase of intracellular
Ca" [18]; for the release of azurophilic granules, additional
signals (e.g., preincubation of PMNL with cytochalasin B or
adherence of PMNL to a surface) are required [33-35]. In
concert with these reports, most of the physiologic agents tested
in this study (LPS, FMLP. and LTA) did not activate isolated
PMNL to release the azurophilic protein BPI. In contrast, PMA,

a protein kinase C activator, induced BPI release, indicating
that one of the signal transduction pathways leading to BPI
release is mediated via protein kinase C. Also, serum-opsonized
zymosan, a polysaccharide complex prepared from yeast cell
wall, which is phagocytized by PMNL resulting in cell activation [36], directly activated PMNL to induce BPI release.
In contrast to the results obtained with isolated PMNL. it
was shown in this study that several of the microbial reagents
tested potently induced BPI release in whole blood. LPS. a
known primer for PMNL activation but one that does not directly induce respiratory burst activity or azurophilic granule
release by PMNL in suspension [35, 37], was the most potent
inducer of BPI release in whole blood. At concentrations of
3 1 0 pg/mL. this glycolipid, to which the biologic activity of
BPI is specifically directed, activated PMNL in whole blood to
release BPI. Both rough and smooth LPS induced BPI release.
Furthermore, two lipid A analogues, which were described as
inducing tolerance for LPS [23,24], activated PMNL to release
BPI; in agreement with other reports, high concentrations were
required for cell activation [23, 24].
The strong induction of BPI release in whole blood, in contrast to a weak induction of BPI release by isolated PMNL,
suggests that LPS activates other cellular or humoral factors
present in whole blood that may modulate the activation of
PMNL. The LPS-induced BPI release was not mediated via
production of TNF-a, since reagents blocking the biologic activity of TNF-a did not affect LPS-induced BPI release. Furthermore, although LPS is known to induce complement activation [38], no proof for the involvement of activated complement
factors in BPI release in whole blood was obtained, since C5a
did not induce BPI release in whole blood. In addition, there
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Figure 2. Kinetics of BPI release in whole blood. Whole
blood was stimulated for indicated time periods with indicated reagents. BPI was detected in plasma using specific
ELISA and is expressed in ng/10* PMNL. One representative
experiment of series of 6 is shown. BPI release during 1st h
(A) or 24 h (B) after onset of stimulation is shown. LPS.
lipopolysaccharide; LTA, lipoteichoic acid; STZ, serumtreated zymosan; PMA, phorbol myrislate acetate.

10

20

30

40

50

TIME (MINUTES)
100

TIME (HOURS)
were no indications for the involvement of activated platelets
was found, since the addition of collagen to whole blood (leading to platelet aggregation) did not affect BPI release (data not
shown). Moreover, PAF induced the release of only low
amounts of BPI in whole blood. Therefore, the activation processes involved in LPS-induced BPI release in whole blood
have to be further elucidated.
In addition to the potent BPI release induced by LPS, submicromolar concentrations of FMLP. the synthetic analogue of
the major peptide PMNL chemotactic factor produced by £.
co/i [39], induced BPI release in whole blood. Furthermore,
LTA, a cell wall product of gram-positive bacteria, which is
known to have monocyte-activating capacity [40], activated
PMNL to release BPI. In concert with this observation. LTA
binding sites on PMNL have been reported [41]. In contrast,
SEB, derived from 5. aureiu. which is a potent T cell stimulant
and a macrophage activator [42, 43], hardly induced BPI release.
The inflammatory mediator TNF-a potently induced BPI
release in whole blood, in contrast to the other inflammatory

mediators tested, the monokine 1L-1B, the chemokine IL-8, the
bioactive lipid PAF, and the activated complement factor C5a,
which are all well known PMNL activators [44-47], With use
of agonistic agents, the TNF-or effect was shown to be mediated
via TNFRjs, whereas no direct role for TNFR75 was demonstrated. However, a potentiating role of TNFRT< in TNFRs<induced BPI release, as reported for several TNFR<<-mediated
PMNL and endothelial cell responses cannot be excluded from
our data [27, 48].
Although a different intragranular distribution of the azurophilic
proteins BPI and elastase was reported [14, 31], namely, a membrane association of BPI and cytosolic localization of elastase. in
this study a comparable release of both proteins (expressed as
percentage of total protein present) was observed. The total content of elastase of ~ 3 Mg/lO" PMNL, however, which is comparable to concentrations reported previously [49], is considerably
higher than the BPI concentration of 200 ng/10* PMNL. The
observation that BPI and elastase were released with similar kinetics further indicates that the release of both these azurophilic
granule proteins is under similar regulatory control.
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Figure 3. Comparison of kinetics of elastase and BPI release in whole blood. Whole blood was stimulated for indicated lime periods with
indicatedreagents.Elastase and BPI were detected in plasma using specific ELISAs and are expressed in ng/IO* polymorphonuclear leukocyte
(PMN). One representative experiment of series of 4 is shown. LPS, lipopolysaccharide; LTA. lipoteichoic acid; PMA. phorbol myristatc
acetate.

BPI was released mainly between 0 and 4 h after onset of
stimulation, in concert with the study of Calvano et al. [SO],
who described peak BPI concentrations in plasma of healthy
volunteers 2-10 h after exposure to endotoxin. However, our
observations are in contrast to several in vitro studies in which
a maximal release of granule components was reported to occur
within seconds or minutes after stimulation [51]. This discrepancy could be due to priming of PMNL during isolation, possibly accelerating the degranulation process.
Although we demonstrated in this study that LPS and TNFo. compared with other physiologic stimuli tested, potently
induced release of BPI in whole blood, our data also revealed
that the maximal amount of BPI released was no more than
20% of the total BPI present in PMNL. This indicates that
major part of BPI will remain intracellular and, therefore, we
assume that BPI functions mainly as an intracellular bactericidal protein. However, a role for extracellular BPI in protection against LPS and gram-negative bacteria cannot be excluded, since BPI present in rabbit peritoneal exudate exhibited
bactericidal activity [6]. Furthermore, under certain pathologic
conditions, high levels of BPI will be released, which are expected to exert strong biologic effects. For instance, we have
shown that in wound fluid of humans, BPI levels up to IS jig/
mL were present, most probably caused by rupture of large
amounts of PMNL [12].

-

In conclusion, in this study we demonstrated thai out of a
series of physiologic agents, LPS and TNF-a (via TNFR,,)
most potently and with high sensitivity induced the release of
BPI from whole blood. The induction of BPI release by PMNL
appeared to depend on the presence of other cellular and humoral factors present in whole blood. BPI release was paralleled by the release of the azurophilic granule protein elastase.
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Presence of Bactericidal/Permeability-Increasing Protein in Disease: Detection
by ELISA
Mieke A. Dentener, Gaby J. M. Francot,
Frederieke T. Smit, Albert H. M. Froon,
Herman-Jan Pennings, Emiel F. M. Wouters,
and Wim A. Buurman

/V/moiio/oj)'. (/m'wni/y Wos/M/a/ MaasrrirAi.

A sandwich ELISA was developed specific for human bactericidal/permeability-increasing
protein (BPI), using Mg** ions to abrogate disturbance by lipopolysaccharide of BPI measurement and to prevent aspecific adherence of BPI to solid phase. In fresh EDTA or heparinized
plasma of healthy volunteers BPI was not detectable, whereas in serum BPI was present, indicating that coagulation activates polymorphonuclear leukocytes to release BPI. Furthermore, BPI
was present in plasma of critically ill intensive care unit (ICU) patients, in bronchoalveolar lavage
fluid of patients suspected of having pneumonia, in wound fluid, and in pleural fluid. In subgroups of samples with culture-proven bacteria, mean BPI levels were increased compared with
subgroups without bacteria, although the differences were only significant in EDTA plasma of
ICU patients. These findings indicate the presence of BPI during pathologic conditions. The
physiologic role of the released BPI has to be further elucidated.
A potent bactericidal protein produced by polymorphonuclear leukocytes (PMNL) is bactericidal/permeability-increasing protein (BPI) [1]. This 50- to 60-kDa cationic protein is stored in the azurophilic granules [2] but is also
expressed on the cell surface [3-5]. Bactericidal activity of
BPI is specifically directed against gram-negative bacteria,
caused by the strong affinity of BPI for lipopolysaccharide
(LPS) [I, 6]. Besides bactericidal capacity. BPI neutralizes
LPS activities in vitro and in vivo [3. 7-9].
Activation of PMNL in vitro induces the release of a part
of their BPI content [2, 3]. Furthermore, membrane expression of BPI is up-regulated after stimulation [3, 4], So far,
only indications for an intracellular function of BPI have
been demonstrated [10]. It is unknown whether BPI is released in vivo or whether the released BPI has biologic activity.
A sensitive sandwich ELISA for measurement of human
BPI was developed. BPI levels in blood of healthy volunteers
were determined and optimal conditions for measurement
were established. Furthermore, biologic fluids of patients
with microbial infection were screened for presence of BPI.
Materials and Methods
Bovine serum albumin (BSA) and LPS (£jrArrirAia co/7 O55:B5) were obtained from Sigma (St. Louis). Human recombinant (r) BPI. provided by M. Marra (Incyte. Palo
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Alto. CA). was produced by transfected CHO cells. Purification
occurred sequentially by ion exchange and size-exclusion chromatography. BPI-specific monoclonal antibody (MAb) 4E3
(IgGI) was obtained and characterized as described [5]. MAb
4E3 was purified over Sepharose G (Pharmacia. Uppsala, Sweden). Polyclonal antibodies to human rBPI were obtained by
immunizing rabbits with human rBPI. After protein A (Pharmacia) purification, the polyclonal IgG was biotinylated using bio
tin-X-NHS (Calbiochem. La Jolla. CA). This polyclonal antiBPI IgG did not cross-react with human rLPS-binding protein
(LBP). provided by M. Marra (Incyte), as tested in ELISA.
fl/V £Z./S/f. For ELISA. 96-well plates (Immuno-Maxisorp;
Nunc. Roskilde. Denmark) were coated overnight at 4°C with
human rBPI-specific MAb 4E3. 2.5 *ig/mL dissolved in PBS.
Free sites were blocked by 1 h of incubation with PBS plus 1%
BSA at room temperature. Wash and dilution buffer consisted of
50 m<W TR1S (pH 7.4). 150 mM NaCI. 0.1 % BSA. 0.05% Tween
20. and 80 inM MgCI: plates were washed five times after each
incubation step. Human rBPI was used as standard, and samples
were incubated for 2 h at room temperature. It is not known
whether the affinity of 4E3 for natural and rBPI are similar,
indicating that the amounts of natural BPI detected were equivalent to the described amounts of rBPI.
Next. 5 Mg/mL biotinylated polyclonal rabbit anti-human BPI
IgG was incubated for I h at room temperature. Peroxidase-conjugated streptavidin (Dakopatts, Gloslrup. Denmark) diluted in
PBS plus 0.1% BSA was added: after I h of incubation, plates
were washed with distilled water containing 0.1% Tween 20.
The substrate for peroxidase was 3.3',5.5'-tetramethylbenzidine
(Kirkegaard & Perry Laboratories. Gaithersburg. MD). Spectrophotometry (450 nm) was done with a micro-ELISA autoreader.
Co//«7/on 0/ Wo/og/c y?u;<fe. Blood was anticoagulated in
evacuated blood collection tubes (Sherwood Medical. St. Louis)
containing either 0.1 mL of 15% (wt/wt) EDTA or 0.1 mL of
500 lU/mL heparin (Leo Pharmaceutical Products. Weesp.
Netherlands). Blood was coagulated in integrated serum separator tubes (Sherwood Medical) or in LPS-free glass tubes, prepared by heating the tubes for 3 h at 180°C. After incubation
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times indicated in Results, plasma and serum were separated
from blood cells by centrifugation twice for 5 min at 1500 g to
prevent the presence of residual PMNL. which release BPI after
freezing and thawing (unpublished data).
Freshly prepared plasma and serum collected from 32 healthy
volunteers was screened for the presence of BPI. EDTA plasma
was collected from critically ill patients. For 5 days, blood samples of patients newly admitted to the intensive care unit (ICU)
were collected. Bronchoalveolar lavage (BAL) fluid was obtained from BAL done during diagnostic fiberoptic bronchoscopy of patients with suspected pneumonia. Physiologic fluid
(150 mL) was instilled in three aliquots into the segment suspected for the presence of pneumonia. Each aliquot was aspirated immediately after inspiration. The third aliquot was
screened for presence of BPI. Wound fluid was collected on 5
successive days from patients after surgery. This fluid was obtained either directly out of the superficial wound or from drainage of an abdominal wound. Pleural fluid from patients admitted for evaluation of pleural effusion was obtained by
thoracentesis.
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EDTA plasma from ICU patients. BAL fluid, wound fluid,
and pleural fluid were centrifuged to remove cells and debris
and stored at —20°C until analyzed.
5/ai/tfira/ ana/era. The Mann-Whitney 1/ test was used to
analyze differences between subgroups. /" < .05 was defined as
statistically significant.

Results
Wuma/i fl/7 £/./S/f. By using anti-BPI MAb 4E3 as a
coating reagent in combination with biotinylated polyclonal
rabbit anti-BPI IgG and peroxidase-conjugated streptavidin,
a human BPI ELISA was developed. Since LPS has been
shown to inhibit reactivity of 4E3 to BPI [5. 7]. the effect of
LPS on the measurement of BPI was analyzed. To this end,
BPI was preincubated for 30 min at 37°C with LPS and subsequently added to plates coated with 4E3. Data in figure 1A
show that presence of LPS reduced the detection of BPI in
this ELISA. The LPS effect was concentration-dependent
and was present even at a concentration as low as 100 pg/mL
(data not shown).
Presence of high amounts of Mg** ions has been reported
to prevent BPI-LPS interaction [6, 11 ]. Addition of 80 mW
Mg** to the assay buffers abrogated the influence of LPS on
BPI measurement (figure 1 A). Furthermore, the aspecific adherence of BPI to solid phase, a characteristic of cationic
proteins [ 12], was prevented by presence of Mg** (figure
IB). Optimal results were obtained when 80 niM Mg** in
assay buffers was used until peroxidase-conjugated streptavidin incubation. A sensitivity of 200 pg/mL could be reproduced.
fl/7 co/i/en/ m />/asma an</ sen/m o/Aea/fAy jui/erM. BPI
was not detectable in EDTA or heparinized plasma of 32
healthy persons, when plasma was separated from blood
cells immediately after collection. However, in plasma of
heparinized blood incubated for 0.5-1 h at room temperature, 1-2 ng/mL BPI was present, and the amount increased

10

100

BPI (ng/ml)
Figure 1. Mg** ions prevent disturbance by lipopolysaccharide
(LPS) of BPI interaction to anli-BPI monoclonal antibody 4E3 (A)
and inhibit aspecific adherence of BPI to solid phase (B). A, Recombinant (r) BPI was preincubated with LPS and added to plates
coated with 4E3. Dilution and wash buffer used included or did not
include Mg**. B. rBPI was added to plates coated or not coated
with 4E3. Dilution and wash buffer included or did not include
Mg**. Plates were developed with biotin-labeled polyclonal antiBPI IgG and peroxidase-conjugated streptavidin. One representative experiment from a series of 5 is shown.
concomitant with the length of incubation time, up to 60
ng/mL after 24 h. In plasma of EDTA blood incubated up to
4 h at room temperature, BPI was not detectable. In serum
samples of whole blood coagulated for 1 h at room temperature in integrated serum separator tubes, BPI levels were 2 . 0 40.1 ng/mL (mean. 11.0). In contrast, in serum from blood
coagulated in LPS-free glass tubes, BPI levels were much
lower (mean, 1.4 ng/mL). These data suggest that coagulation activates PMNL, although, in integrated serum separator tubes. PMNL are probably predominantly stimulated by
contaminating PMNL-activating agents. These data indicate
that EDTA plasma is preferred for the detection of BPI.
To investigate matrix effects on recovery of BPI, rBPI (20
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gery. BPI levels were very high, up to 15,900 ng/mL, although in 3 of 18 samples, no BPI was detectable. BPI levels
in subgroups according to the absence or presence of bacteria
were not significantly different (P = .7).
In 20 of 44 pleural fluid samples analyzed. BPI was detected. In only a few samples were bacteria observed, so samples were divided into exudates or transudates. BPI levels in
exudates were higher than in transudates, although these differences were not significant (/" = .1).

ng/mL) was spiked in either pure EDTA plasma or EDTA
whole blood. After I h of incubation at room temperature,
samples were analyzed by ELISA. Recovery of BPI in plasma
was 70%-100%, whereas recovery in whole blood was 60%80% (data not shown). These data indicate that detection of
BPI was hardly disturbed by matrix components.
fl/7 ronrenr m 6/o/^g/fy7i/S</.s o//xi//> n«. Biologic fluids of
several patient groups were screened for presence of BPI (figure 2). First, EDTA plasma obtained from 60 critically ill
ICU patients was analyzed, and results were compared with
the presence of infection proven by bacterial culture (gramnegative, gram-positive, or both). In 50 of these plasma samples, BPI was detectable. In patients suffering from infection,
significantly higher BPI levels were observed than in patients
with negative culture results (/* = .03).

Discussion
For the development of a BPI sandwich ELISA, MAb
4E3, highly specific for BPI (described in [5]), was chosen.
The fact that 4E3 recognized an epitope on BPI involved in
the functional reactivity with endotoxin and lacked interaction with either denatured BPI or LBP was considered to
enhance the value of the assay. The observation that the
presence of LPS disturbed reactivity of 4E3 with BPI supported the specificity of the MAb but reduced the usefulness
of 4E3 in the ELISA. in which samples possibly contaminated with LPS had to be tested.

Furthermore, in BAL fluid of patients suspected of having
pneumonia, BPI was detectable in all but I of the 25 samples
tested. Analysis of samples revealed that BPI levels were
higher in samples for which bacterial culture was proven
than in BAL fluid samples without bacteria, although the
difference was not significant (/> = .1).
BPI was also detected in wound fluid of patients after sur-

PLASMA ICU PATIENTS

BAL FLUID
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Figure 2. BPI levels in biologic
fluids of patient groups. Plasma,
wound fluid, and bronchoalveolar
lavage (BAL) fluid were divided in
groups according to presence or absence of bacteria in fluids. Numbers of patients in each subgroup
are plasma intensive care unit patients, no bacteria, n - 30. and bacteria present, n - 30; wound fluid,
no bacteria, n - 5. and bacteria
present, n - 13; BAL fluid, no bacteria, n « 8, and bacteria present, n
- 17. Pleural fluid samples were divided into transudate (n - IS) or
exudate (w - 29). Data are mean of
2 values; average is indicated. BPI
levels below detection are indicated as 0.1 ng/mL.
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The use of M g * \ which has been reported to disturb LPSBPI interaction [6, II], in the assay buffers prevented the
inhibition by LPS of BPI recovery in the EL1SA. In addition,
the aspecific adherence of BPI to the solid phase was prevented by Mg**. Recently, a sandwich BPI ELISA based on
a polyclonal antibody has been described, in which the
polyanion heparin was used to circumvent sticking properties of this cationic protein [ 12]. Using heparin in our ELISA
similarly prevented aspecific adherence; however, the disturbance by LPS was less effectively prevented by heparin than
by Mg** (data not shown). Thus, this newly developed sandwich ELISA with a sensitivity of 200 pg/mL appeared to be
useful for measurement of BPI in biologic fluids.
BPI was not detected in fresh plasma of healthy subjects in
this study, whereas White et al. [ 12] observed low levels of
BPI in plasma. Incubation of heparinized whole blood at
room temperature yielded the presence of BPI, indicating
that PMNL in collection tubes were activated. In addition,
we showed that coagulation induced the release of BPI, although presence of contaminating PMNL-activating agents
in coagulation tubes must be considered. The release of BPI
during coagulation might prevent bacterial growth in situations of induced coagulation. EDTA treatment of whole
blood did not induce BPI release and permits detection in
vivo of circulating BPI.
Our study with patients showed that in various biologic
fluids from different patient groups, BPI was detectable. In
subgroups with culture-proven bacteria, mean BPI levels
were higher than in subgroups without bacteria, although the
differences were only significant in EDTA plasma of ICU
patients. These results strongly suggest that high levels of
BPI are related to inflammation. These observations are compatible with reports describing enhanced levels of the azurophilic protein elastase. found in infectious diseases [ 13].
Recently. BPI levels in plasma from patients with sepsis
were analyzed [14]. In that study. BPI was detectable not
only in plasma from patients but also in plasma from healthy
volunteers. We consider that these data were obtained because of the blood collection method used. The observed
differences of BPI plasma levels between patients and
healthy volunteers were not significant. This is in contrast to
our patient data, which show clear differences between BPI
plasma levels in healthy subjects and ICU patients with bacteremia.
Until now, only indications for an intracellular function
for BPI exists [10]. It is unclear if BPI present in biologic
fluids contains LPS neutralizing or bactericidal capacity. For
determination of biologic consequences of enhanced BPI levels, further studies are now in progress, using larger patient
groups and analyzing results on a patient-by-patient basis.
Furthermore, the physiologic function of BPI present on the
surface of PMNL must be analyzed further.
We have recently reported that BPI and LBP have counteractive effects concerning LPS-induced cell activation [8]. In
plasma of healthy volunteers, LBP levels of 7 pg/mL were

JID 1995:171 (March)

observed [15]. Although BPI levels in biologic fluids of patients were much lower than this LBP concentration, at the
site of inflammation, sufficiently high levels of BPI might
overcome LBP levels and have a physiologic effect. Moreover, it has recently been shown that soluble BPI can protect
against endotoxemia in experiments using systemic administration of BPI [3, 9].
In conclusion, a specific and sensitive ELISA for human
BPI was developed. BPI was not present in plasma of healthy
volunteers, but it was present in biologic fluids of patients.
These data are evidence that measurement of BPI could be a
valuable tool for studying in vivo the role of BPI in the defense against gram-negative microorganisms.
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Lipopolysaccharide Toxicity-Regulating Proteins in Bacteremia
Albert H. M. Froon, Mieke A. Dentener,
Jan Willem M. Greve, Graham Ramsay,
and Wim A. Buunnan
The toxicity of lipopolysaccharide (LPS) is modified by several proteins, such as bactericidal/
permeability-increasing protein (BPI) and LPS-binding protein (LBP). BPI and LBP plasma
levels were measured in patients with gram-negative (n = 36) or gram-positive (n = 28) bacteremia. Levels of BPI and LBP, which are proteins that neutralize and enhance LPS effects,
respectively, were increased before bacteremia was first detected. The BPI/neutrophil ratio, reflecting neutrophil activation, was significantly associated with the presence of sepsis syndrome
and death in bacteremic patients: 1.06 (0.11-6.49) versus 0.57 (0.06-3.82) in patients with and
without sepsis syndrome (/> < .01), respectively, and 0.64 (0.06-3.82) versus 1.02 (0.12-6.49) in
survivors and nonsurvivors (P < .OS), respectively (ratio in nanograms of BPI per 10* neutrophils). High LBP peak levels were significantly associated with the presence of sepsis syndrome
(/* < .01). No differences in BPI and LBP levels were observed in patients with gram-negative
versus gram-positive bacteremia. BPI/neutrophil ratio, as a parameter of neutrophil activation,
may be useful in monitoring infectious disease.

Infections with gram-negative and gram-positive bacteria
can lead to a systemic inflammatory response syndrome
(SIRS). In gram-negative infections, endotoxin (lipopolysaccharide [LPS]). a component of the gram-negative bacterial
cell wall, is considered the principal initiator of SIRS [ 1 , 2 ] .
LPS activates mononuclear phagocytes to produce inflammatory mediators, such as tumor necrosis factor and interleukin-l and -6. which are responsible for many of the clinical
features of endotoxemia [3, 4]. The LPS-induced release of
these inflammatory mediators is regulated by endogenous
proteins of different origin. In this regard. sCD 14, the soluble
form of the putative LPS receptor C D 14 [5-9], and LPS binding protein (LBP), a carrier molecule for LPS, are of importance [10-14]. Also. LPS inactivating factors such as bactericidal/permeability-increasing protein (BPI) are considered
important in regulating LPS effects during endotoxemia [ I S 19].
BPI. specifically cytotoxic for gram-negative bacteria [20],
is a 55-kDa cationic protein stored in the azurophilic granules [21] but also expressed on the cell surface of polymorphonuclear leukocytes (PMNL) [22. 23]. Binding of BPI to
LPS in the cell wall of gram-negative bacteria induces membrane alterations and eventually bacterial death [24]. Besides
being bactericidal, BPI inhibits LPS-induced phagocyte acti-
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vation [ 10. 22. 25-29]. In addition. BPI has been found to be
protective in experimental animal studies of gram-negative
infection [15-19]. Activation of PMNL induces release of a
part of their BPI content in vitro [21,22], and limited survey
studies showed that BPI was present in large quantities in
several body fluids during infection; however, BPI was not
detectable in plasma of healthy volunteers [30].
LPS-binding protein (LBP), a 60-kDa acute-phase protein,
appears to function in an opposing fashion to BPI despite a
striking homology in DNA sequence [31, 32]. LBP facilitates
binding of LPS to the LPS receptor CD 14. whereas BPI prevents this interaction [10, 11, 33, 34]. Specifically, in the
presence of low LPS concentrations, LBP enhances LPS-induced cell activation [10-12, 14]. It was recently reported
that LBP also neutralizes LPS effects by transferring LPS to
high-density lipoproteins [35]. However, increased LBP levels, as demonstrated after LPS administration in an animal
model [36], may. as in vitro, antagonize BPI effects and enhance LPS toxicity [10. 12, 37].
The role of sCDI4, normally present in plasma, in modulating LPS toxicily seems to be twofold. For CD14-negative
cells, such as endothelial and epithelial cells. sCD 14 strongly
enhances LPS-induced cell activation [5-8]. In contrast, for
CD14-positive monocytes, sCD14 neutralizes LPS effects by
competing with cell-bound CD 14 [9].
To investigate the role of LPS activity-modulating proteins in infectious disease, BPI. LBP, and sCD14 plasma levels were measured in patients with culture-proven gramnegative bacteremia. These data were compared with those
from bacteremic patients from whom a gram-positive, consequently LPS lacking, microorganism was isolated. In addition, the correlation between plasma levels and clinical parameters was assessed.
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Patients and Methods
/>a//>n«. In a prospective study in which all patients admitted to the intensive care unit (ICU) were enrolled, clinical data,
sepsis syndrome parameter measurements, and plasma samples
were collected daily. Patients were included in the study when,
while they were in the ICU. bacteremia was proven by at least I
positive blood culture. Blood for culture was obtained by vein
puncture Exclusion criteria were detection of a single blood
culture with S(a/j/iv/<x"«ruj e/?;d«7ni<fo (considered as contamination), presence of a mixed gram-negative/gram-positive bacteremia (to analyze differences between gram-negative vs. grampositive bacteremia). or surgical interventions within 2 weeks
before bacteremia (to exclude the putative effect of surgery on
the parameters studied). Patients were divided into 3 subgroups:
those with or without sepsis syndrome (as a parameter of severity of disease) [38]; survivors and nonsurvivors at day 28 after
first positive blood culture; and those with gram-negative versus
gram-positive bacteremia.
Plasma samples obtained during the study (from 3 days before
up to 3 days after first positive blood culture) were analyzed, and
the data were compared with those of 49 healthy volunteers.
Further, the kinetics of BPI and LBP were investigated in 10
patients selected because plasma samples from a 14-day followup were available.
flfow/ umi/>/«. As part of a larger surveillance study, blood
samples were taken daily from each ICU patient using evacuated blood collection tubes containing EDTA. Blood samples
were always collected at the first daily round of routine blood
sampling at —6 A.M. The blood samples were immediately put
on ice. and plasma was prepared by cenlrifugation at 2200 g for
5 min at 4°C. Care was taken to prevent contamination of the
plasma samples with PMNL. which may release BPI after freezethawing. Hemolytic plasma samples were excluded from laboratory measurements; this procedure minimizes artificial BPI release [30]. Samples were stored at -70°C until use. Levels of
BPI. LBP. and sCDI4 were determined, as described later, in
plasma samples collected during the study.
flragenrs an</ maferia/5. Human recombinant BPI (rBPl;
provided by M. Marra. InCyte. Palo Alto. CA) was produced by
transfected CHO cells. Purification was done sequentially using
ion-exchange and size-exclusion columns. A BPl-neutralizing
monoclonal antibody (MAb) 4E3 (IgG I) was developed in our
laboratory and described elsewhere [ 10]. This antibody has been
shown to react specifically with human rBPI. with no cross-reactivity with recombinant LBP (rLBP). Polyclonal antibodies to
human rBPI were obtained by immunizing rabbits with human
rBPI. This anti-BPI antiserum did not cross-react with human
rLBP as tested by ELISA. After protein A purification, the polyclonal IgG was biotinylated.
Human rLBP was produced by the transfected human embryonic kidney cell line 293 EBNA provided by Invitrogen (San
Diego). Polyclonal antibodies to human rLBP were obtained by
immunizing rabbits with human rLBP. After protein A purification, the polyclonal IgG was biotinylated.
The murine anti-human CD14 MAb MEM-18 (IgGI).
sCD14, and polyclonal rabbit anti-sCDI4 antibodies were provided by Hofesji Institute of Organic Chemistry and Biochemistry (Prague) (39. 40].

Peroxidase-conjugated goat anti-rabbit IgG was purchased
from Jackson Immunoresearch Laboratories (Westgrove. PA),
peroxidase-conjugated streptavidin from Dakopatts (Glostrup.
Denmark), and TMB (3'.5.5'-tetramethylbenzidine) substrate
from KPL (Gailhersburg. MD). lmmuno maxisorp plates
(Nunc. Roskilde. Denmark) were used for ELISAs.
/mmun«ijj<m. Plasma BPI. LBP. and sCDI4 levels were
measured using sandwich ELISAs.
BPI was detected as described elsewhere [30]. In short. 96well plates were coated with human rBPl-specific MAb 4E3,
and free sites were blocked with PBS-1 * bovine serum albumin.
Washing and dilution buffers contained 80 mM MgCI; the Mg**
ions prevented disturbance of BPI measurement by LPS. Human rBPI was used for the standard titration curve. Test samples
diluted in assay buffer (1:2) were incubated for 2 h at room
temperature. Next, a biotinylated polyclonal rabbit anti-human
BPI IgG was used, followed by peroxidase-labeled streptavidin.
TMB was used as a substrate, and photospectometry (450 nm)
was done using a micro ELISA autoreader. The detection limit
for the BPI assay was 100 pg/mL.
For LBP detection, plates were coated with polyclonal antihuman LBP antibodies. The washing and reagent dilution buffer
contained 40 mM MgCI; the Mg** ions prevented disturbance
of LBP recovery by LPS in the ELISA. Diluted plasma samples
(1:5000) and a standard dilution series with rLBP were added to
the plate. Detection occurred with a biotinylated polyclonal rabbit anti-human LBP IgG, followed by peroxidase-conjugated
streptavidin and substrate. The detection limit for the LBP assay
was 200 pg/mL.
Plasma sCDI4 levels were measured using MEM-18 as capture reagent. Diluted plasma samples (1:2000) and a standard
dilution series with sCDI4 were added to the plates. The
amount of sCD14 bound to the wells was quantified by sequential incubation with a polyclonal rabbit anli-sCDI4 antibody,
followed by peroxidase-conjugaled goal anti-rabbit antibody.
The detection limit for the sCDI4 assay was 50 pg/mL.
All plasma samples were analyzed in the same run. When
plasma levels exceeded the detection limit of the assay, samples
were additionally diluted and analyzed in a separate run with an
overlap to correct for interassay variation. The intra- and interassay coefficients of variance of the various assays were all
Aafu/ra/ ana/w/5. To analyze differences between the subgroups studied, the Mann-Whitney test was done using the peak
levels detected in each patient during the study period (day 3
before to day 3 after bacteremia was diagnosed). Correlations
were analyzed by using Spearman's rank correlation test. The
incidence of sepsis syndrome and mortality in the studied subgroups was assessed by x'test. Unless staled otherwise, plasma
levels are given as median (range). Differences were considered
significant at /• < .05.
Results
A total of 64 patients (36 men, 28 women)
aged 29-95 years (average ± SE, 62 ± 2) were included in
the study. The microorganisms isolated from the blood are
given in table I. The severity of clinical symptoms varied
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Table 1. Organisms isolated from the blood of bacleremic patients.
Organism isolated
species
Hoc/ercH^rt species
fmmirorrwj /

IVo/w/om/wr/wium species

5rrra//a
5/a/>/t vfororru*
j species
j/orocru.i species

No. of patients

2
3
6
II
3
6
2
1
2
5
4
I
9
3
4
7

NOTE. In 58 patients. I organism was isolated: in 6. 2 organisms were
cultured. Patients from whom X rpntmun/u was isolated were included
only when another gram-positive organism was detected simultaneously.

from mild fever to severe multiple organ dysfunction. According to sepsis criteria [38], 30 patients had sepsis syndrome (table 2). The incidence of sepsis syndrome was similar for patients with gram-negative and gram-positive
bacteremia. On the day bacteremia was first detected (day 0).
APACHE II scores [41] of sepsis syndrome patients were
significantly higher than those of patients without sepsis syndrome (20.0 [ 11.0-36.0] vs. 14.8 [8.0-22.0]; /> < .0001). In
addition, mortality in patients with sepsis syndrome was significantly higher (/> < .005) than in those without sepsis syndrome (18/30 [60%] vs. 7/34 [21%]. respectively).
fl/7, L/V, ant/ J C D / 4 />/asma /fvWi m fear/ere/mc
/xMienM BPI. usually not detectable in plasma of healthy
volunteers [30], was found in large amounts in 60 of 64 bacleremic patients (figure I. left). As a result, peak levels ofBPI
were significantly higher in patients with bacteremia (median [range], 8.39 [ < 0 . 2 - l 20.0] ng/mL) than in healthy volunteers ( / • < .0001). In the healthy volunteers (57 years old
[range. 21-82]). BPI was detectable in only 8 of 49 subjects
(0.4-0.8 ng/mL).
Proteins modulating LPS toxicity are expected to be more
affected in patients with gram-negative than in those with
gram-positive infections, since gram-positive microorganisms do not contain LPS. Interestingly. BPI peak levels were
similar in patients with either gram-negative or gram-positive
bacteremia (7.9 [<0.2-120.0] and 9.3 [<O.2-82.I] ng/mL.
respectively).
LBP was detectable in all blood samples from bacteremic
patients and healthy volunteers. Peak levels of LBP in bacteremic patients (figure 1, middle) were significantly higher

(/> < .0001) than those in healthy controls (216.0 [44.0656.0] Mg/mL vs. 16.2 [9.1-43.2] Mg/mL). However, again
no significant differences were observed in LBP peak levels
between patients with either gram-negative (228 [44-656]
Mg/mL) or gram-positive (203 [68-475] Mg/mL) bacteremia.
For sCDI4 (figure 1. right), peak levels were significantly
lower in the gram-negative subgroup (2.23 [0.82-5.30] jig/
mL) than in either the gram-positive subgroup (2.74 [1.158.34] Mg/mL) or healthy controls (2.64 [1.36-6.82] Mg/mL)
(gram-negative [n = 36] vs. gram-positive [n = 28] bacteremia. /> < .01; gram-negative bacteremia vs. controls, /> <
.01). When all 64 bacteremic patients (2.42 [0.82-8.34] ^g/
mL), however, were compared with the healthy controls, differences in peak levels were not significant.
/MV, /.BP. am/ .sCD/4 />/as/na /ewAs an</ r/in/ra/ course.
Severity of disease in bacteremic patients was assessed by the
presence or absence of sepsis syndrome and mortality at day
28. For BPI. peak levels in bacleremic patients (figure 2. left)
were similarly enhanced in patients with and without sepsis
syndrome (/" = .19). and there was no correlation with outcome.
Sepsis syndrome may be accompanied by leukocytosis as
well as leukopenia. Since BPI is released by peripheral blood
neutrophils. the number of blood neutrophils during bacteremia was expected to affect plasma BPI levels. Therefore, the
correlation between plasma BPI levels and neutrophil counts
was investigated. In patients with detectable BPI levels, a
significant correlation was found between neutrophil counts
and BPI levels (/• = .49; /• < .0001; data not shown). In
accord, in patients with severe neutropenia (n = 4; leukocytes < 2 X lO'/L) BPI was not detectable (<0.2 ng/mL). In
order to consider BPI levels independently of blood neutrophil counts, the BPl/neutrophil ratio, as an indicator of neutrophil activation, was analyzed in the studied subgroups. In
patients with sepsis syndrome, peak values of BPl/neutrophil
ratio (figure 3. left) were significantly higher (/* < .01) compared with those of patients without sepsis syndrome (1.06
[0.11-6.49] vs. 0.57 [0.06-3.82] ngof BPI/10' neutrophils).
In addition, peak values of the BPl/neutrophil ratio were
significantly higher (/> < .05) in nonsurvivors (1.02 [0.126.49] ng of BPI/10' neutrophils) than in survivors (0.64
[0.06-3.82] ng of BPI/10* neutrophils) of bacteremia.
In patients with bacteremia, LBP levels were significantly

Table 2. Blood culture data and prevalence of sepsis syndrome
and mortality in the study population.
Sepsis syndrome
Blood culture

Yes (n - 30)

No (n = 34)

Gram-negative
Gram-positive

20(11)
10(7)

16(4)
18(3)

NOTE.
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Figure 1. Bactericidal/permeability-increasing protein (BPI).
lipopolysaccharide-binding
protein (LBP). and soluble
CD 14 (sCD 14) levels in bacteremic patients (n = 64) and
healthy controls (n = 49). Data
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associated with the presence of sepsis syndrome (figure 2.
middle). These patients had higher LBP peak levels than did
patients without sepsis syndrome: 256 (66-656) versus 184
(44-574) Mg/mL, respectively (f < .01). However. LBP peak
levels were not different in nonsurvivors compared with survivors of bacteremia: 223(68-475) versus 204 (44-656)/ig/
mL. respectively.
Since BPI and LBP have antagonistic properties, the ratio
between these proteins may be of clinical relevance in patients with bacteremia and endotoxemia. No association between day 28 mortality and the peak values of LBP/BPI ratio
was found. However, in the subgroup of patients with gramnegative bacteremia. the LBP/BPI ratio at day 0 tended to be
higher in patients who died early (within 7 days after diagnosis of bacteremia) compared with survivors (69 [4-488] and
20 (2-330) X 10', respectively; /> = .06) (figure 3. right). No
association between LBP/BPI ratio and mortality rate was
observed in patients with gram-positive bacteremia (34 [ I 297] vs. 51 [2-907] X 10' for nonsurvivors and survivors,
respectively).
Absolute differences in sCD14 levels between the subgroups were small (figure 2, right). No differences in sCDI4
peak levels were observed between nonsurvivors and survivors (2.29 [0.82-4.64] and 2.43 [ 1.25-8.34] Mg/mL. respectively). However, sCD 14 peak levels were significantly lower
in patients with sepsis syndrome than in those without sepsis

syndrome: 2.23 (0.82-5.30) versus 2.56 (1.76-8.3
respectively (P < .01).
/f/n?f jcs o/fl/V an</ Z.B/* in md/wdi/a/ /wjien/j. Kinetics
of BPI and LBP were assessed in a subgroup of 10 patients.
Data for 4 typical cases with either an early recovery or an
early fatal course are given in figure 4. Both plasma BPI and
LBP levels were already increased in the first samples tested
compared with levels in controls. Fluctuations in plasma levels, assessed during a 14-day period after bacteremia was
diagnosed, were more pronounced for BPI than for LBP. The
ratio between maximum and minimum levels in these 4 patients ranged from 11 to 133 for BPI and from 1.8 to 3.3 for
LBP.
Two of 4 patients survived beyond day 28, whereas the
other 2 died at day 14 and 21, respectively. In a survivor of
gram-negative pulmonary sepsis (figure 4A), a significant
correlation between BPI and blood neutrophil kinetics was
observed (r = .86; P < .0001). This case demonstrates that
during severe sepsis. BPI levels may normalize as a result of
neutropenia complicating sepsis syndrome and not because
neutrophils are not activated.
The second survivor had gram-negative bacteremia accompanying strangulation ileus (figure 4B). After surgical intervention (day 2-3), the patient recovered quickly, and BPI
levels decreased rapidly (from 120.0 to 0.9 ng/mL) with normalizing neutrophil levels, whereas LBP levels remained en-
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Figure 2. Correlation of bactericidal/permeability-increasing protein (BPI). lipopolysaccharide-binding protein (LBP),
and soluble C D U (sCDl4)
with sepsis syndrome and mortality. Data represent peak levels in survivors and nonsurvivois. Horizontal lines, median
peak levels in patients with and
without sepsis.
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hanced (from 3I3 to 109 jig/mL, maximum and day 14
value, respectively).
BPi and LBP both increased in a patient with gram-positive abdominal sepsis who died on day 14 (figure 4C). Of
interest, the ratio between plasma BPI levels and blood neutrophil counts increased from 0.1 to 0.6 ng BPI/10* circulating neutrophils shortly before death. These data strongly
suggest an ongoing activation of neutrophils until death due
to multiple organ dysfunction.
Similarly, in a patient with osteomyelitis due to Sw/jAy/oforcui aurfus. both BPI level and BPI/neutrophil ratio increased shortly before death (figure 4D) due to deterioration
of sepsis syndrome complicated by multiple organ dysfunction. The increase in BPI/neutrophil ratio (from 0.5 to 63.0
ng of BPI/10* neutrophils. day 14 and 21. respectively), however, was more pronounced compared with the increase in
BPI levels (from 4.6 to 57.0 ng/mL).
Discussion
The toxicity of LPS is. at least in vitro, modulated by several proteins, including BPI. LBP. and sCD14. Therefore,
these LPS toxicity-modulating proteins were expected to be
more affected in gram-negative than in gram-positive bacteremia. Indeed. sCDI4 levels were found to be decreased in
the subgroup of patients in which a gram-negative microorganism was detected. In accord. LPS was demonstrated, al-

though not consistently, to lead to a decreased monocyte cell
membrane expression of CD 14. which may lead to decreased
sCD14 levels (42. 43]. On the other hand, activation of
monocytes has also been reported to lead to shedding of
CDU [42].
In contrast to the expected differences between data in
gram-negative and gram-positive bacteremia, the present
study shows similarly enhanced BPI and LBP levels in both
gram-negative and gram-positive bacteremia. In gram-negative bacteremia. these observations may be explained by the
presence of LPS, which has been shown to induce an increase of BPI in human volunteers [44], and of LBP in an
animal model [36]. During infections with gram-positive microorganisms, however. LPS may also be present and affect
plasma levels of the parameters studied. The presence of endotoxemia in critically ill patients without gram-negative infection has been reported [45, 46]. In such patients, endotoxin may leak from the gut into the circulation following
failure of the gut mucosa! barrier [47-49]. The presence of
endotoxemia during gram-positive infections could also be
explained by failure to detect gram-negative microorganisms.
In bacteremic patients, LPS levels are reported to be timedependent, usually not exceeding 100 pg/mL [46]. It remains, therefore, unclear whether LPS is the most important
stimulus for the increase in BPI and LBP levels. Besides LPS,
other stimuli may be responsible for the increase in BPI and
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processing, leading to minimal BPI release. The high BPI
levels in our patients, therefore, reflect BPI levels present in
plasma at the time of blood drawing.
The release of the neutrophil product BPI is considered to
depend on the extent of neutrophil activation. We therefore
hypothesized that BPI levels depend on the extent of neutrophil activation as well as the number of activated neutrophils. In this light, the BPI/neutrophil ratio represents the
degree of neutrophil activation: this ratio was positively
correlated with the presence of sepsis syndrome as well as
death. In accord, in the selected cases presented, an increase
in the BPI/neutrophil ratio was associated with subsequent
death. These data are in line with other reports on parameters of neutrophil activation in infectious disease. Enhanced
levels of elastase. stored in the same granules as BPI. were
detected in sepsis syndrome patients [51-53]. A correlation
between enhanced elastase levels and mortality was. however, not found consistently. This inconsistency may be the
result of the influence of blood neutrophil count on these
levels as we demonstrated for BPI.

Figure 3. Prognostic value of bactericidal/permeability-increasing protein (BPI) in relation to blood neutrophil count and lipopolysaccharide-binding protein (LBP) levels. Left, peak values of BPI/
blood neutrophil ratio. Horizontal lines = medians in patients with
and without sepsis. Right, ratio on day bacleremia was first detected according to early mortality (day 7). Dashed lines = medians
in survivors: solid lines = medians in nonsurvivors.

LBP levels. Nonspecific inflammatory responses elicited by,
for example, extracorporeal circulation, as occurs during hemodialysis. were reported to induce a temporary BPI increase [50]. Furthermore, turpentine administration and
gram-positive bacterial infection were accompanied by an
increase of LBP levels in an animal model [36].
In most of the patients. BPI and LBP levels were increased
in the first samples studied, indicating that the inflammatory
response had been triggered before bacteremia was detected.
Fluctuations of plasma levels with time were more pronounced for BPI than for LBP. whereas changes in sCDI4
levels (data not shown) were minimal.
BPI levels were remarkably enhanced in patients with bacteremia. but no correlation with the presence of sepsis syndrome or mortality was observed. Our data are supported by
a recent report describing high BPI levels in sepsis syndrome
patients [44]. These authors also reported, however, high
BPI levels in healthy controls: in controls, these levels may
be due to the artificial release of BPI after blood sampling,
which occurs if BPI release is not prevented, as we have recently shown [30]. The low BPI levels detected in a minority
of the controls in the present study suggest that only minimal
neutrophil activation occurred during blood sampling and

BPI (nfl/mL) • :lBP(wj/mL) •

: Blood neutrophil count (10E9/L)

o

1000

Day relative to first positive
blood culture

Day relative to first positive
blood culture

Figure 4. Kinetics of bactericidal/permeability-increasing protein (BPI) and lipopolysaccharide-binding protein (LBP) in individual patients. Data represent survivor of gram-negative pulmonary
sepsis (A), patient who recovered from gram-negative bacteremia
accompanying strangulation ileus (B). nonsurvivor of gram-positive abdominal sepsis (C). and nonsurvivor with gram-positive osteomyelitis (D).
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Increased LBP levels were, as with the BPI/neutrophil ratio, associated with the presence of sepsis syndrome. The
highest levels were detected 24-48 h after onset of bacteremia, confirming the acute-phase nature of LBP, whereas the
BPI/neutrophil ratio reached highest values within the first
24 h (data not shown). The results presented are in line with
those concerning C-reactive protein (CRP) [54]. Increased
plasma levels of CRP. also an acute-phase protein, were associated with the presence of bacteremia and severity of infection, whereas no correlation was found with causative microorganisms.
On the basis of in vitro data. LBP appears to enhance LPS
toxicity and antagonize the effects of BPI. which is considered to be protective by inactivation of LPS. Therefore, we
investigated the ratio between LBP and BPI levels. This parameter may reflect the net result of these proteins on LPS
effects. Only in a subgroup of patients with gram-negative
bacteremia was an enhanced LBP/BPI ratio on the day of
detection of bacteremia associated with poor outcome, suggesting that this ratio may be of value in gram-negative infections. The exact role of enhanced circulating BPI and LBP
levels remains unclear, since BPI and LBP probably exert
their main functions locally at the site of infection.
The present study shows that decreased sCD 14 levels were
associated with gram-negative bacteremia and the presence
of sepsis syndrome. However, differences between the subgroups were not substantial: therefore, monitoring sCDI4
levels seems to be of limited value.
In conclusion, enhanced levels of BPI and LBP characterized the inflammatory response during bacteremia. An increased BPI/neutrophil ratio, as a parameter of neutrophil
activation, and increased LBP levels correlated positively
with the presence of sepsis syndrome. In addition, an enhanced BPI/neutrophil ratio was associated with a fatal clinical course. Further studies on BPI and LBP will be required
to elucidate the exact role of these LPS toxicity modulating
proteins in infectious disease.
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1 DISCUSSION AND SUMMARY
Endotoxin or LPS comprises the major component of the outer membrane of all
gram-negative bacteria. Therefore, the recognition of and response against this
glycolipid by the host will provide protection against a wide range of
microorganisms. The host can be exposed to LPS due to translocation of gut bacteria
into the circulation, as a result of mucosal epithelium dysfunction or due to severe
trauma, whereas another route of exposure is the inhalation of air-borne LPS
(Chapter 1).
LPS interacts with a broad range of humoral and cellular systems of the host.
After entering the circulation, LPS binds to lipoproteins in plasma, resulting in a
reduction of its biological activity. Furthermore, LPS activates the complement
system, and induces coagulation, whereas also the liver and the neuro-endocrine
system are also activated, resulting into metabolic alterations. In parallel, cells of the
immune system, like monocytes and PMN, but also endothelial and epithelial cells,
which perform besides their barrier function also an immune function, are activated.
These cellular activation processes are mediated via LBP and CD 14. The diversity of
physiological responses act in concert and are directed at the elimination of free LPS
and gram-negative bacteria, and subsequently at the repair of damaged tissues.
However, under certain conditions, like the continuous presence of high
concentrations of LPS, or as a result of enhanced sensitivity for LPS, the actions of
these normally well regulated defense systems, become noncontrollable. As a
consequence, instead of contributing to protection against microorganisms, these
responses will be detrimental for the host. More insight in the pathways of LPS
action will help to develop therapeutic strategies to intervene in LPS-mediated
pathology. To this end, a series of studies was performed analyzing several aspects
of host response to LPS.
The sensitivity for LPS, which varies considerably across species (1), is strongly
increased due to exposure to environmental agents, like lead (2). The mechanisms
which underlie this phenomenon are not yet fully understood. Since TNFct is an
important mediator of LPS effects (3), the role of this pro-inflammatory cytokine in
this phenomenon was investigated (Chapter 2).
In this study evidence was provided that TNFcc plays an important role in the
mechanism of the enhanced sensitivity of animals to endotoxin after exposure to
lead. It was shown that mice after exposure to lead become more sensitive to TNFa,
in a similar way as to LPS. Furthermore, lead treated mice had lower serum TNFa
levels two hours after LPS exposure, whereas serum TNFa levels at six and eight
hours after LPS were enhanced as compared to mice not exposed to lead. Finally, a
monoclonal antibody (mAb) directed against mouse TNFa prevented lethality
induced by the combined administration of lead and LPS.
Other studies confirmed the central role of TNFa in the enhanced susceptibility
for LPS, after exposure to hepatotoxic agents like lead and D-galactosamine (4,5).
Recently, it was demonstrated that the enhanced sensitivity to LPS induced by Dgalactosamine is caused by TNFa-induced apoptosis in hepatocytes with
transcriptional arrest (6). This indicates that lead most probably induces sensitization
-148-

via a similar pathway, although this had not yet been confirmed,
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Furthermore, a series of studies was preformed to analyze the regulation of cellular
responses to LPS. Studies by Wright et ai, demonstrated that CD 14, an antigen
present on monoeytes but also at low levels at the surface of PMN (7), functions as
a receptor for LPS. LPS was shown to bind to CD 14, a process mediated by the
plasma protein LBP, whereas blockade of CD 14 prevented LPS-induced TNFa
release by monoeytes (8,9). Next to TNFa, the pro-inflammatory cytokine II.-6 and
the chemokine IL-8 are important mediators of LPS-induced biological effects
(10,11). Therefore, it was analyzed whether the release of these cytokines was also
mediated via CD14 (Chapter 3).
First, a series of anti-CD 14 mAb were tested for their ability to block LPSinduced TNFa release. Two out of the five anti-CD 14 mAb tested, namely MEM18 and Cris6 which recognize the same epitope (7) inhibited LPS-induced TNFa
release by monocytes, indicating that a specific CD 14 epitope is involved in CD14LPS recognition. Evidence that CD 14 is also involved in the LPS-induced IL-6 and
IL-8 release was obtained from the observation that anti-CD 14 mAb MEM-18
blocked the LPS-induced, TNFa independent, release of IL-6 and IL-8. This
inhibition was most pronounced at low LPS concentrations, and only partial at
higher LPS concentrations. A possible explanation for this observation is that at high
LPS concentrations cytokine release is induced via both CD14-dependent and
independent pathway.
Furthermore, MEM-18 also blocked cytokine release by monocytes stimulated
under serum-free conditions, indicating that LPS is able to interact directly with
CD14, as was confirmed in other studies (12,13). However, as the production of
cytokines induced by LPS via CD 14 is generally higher in the presence of serum as
compared to serum-free conditions, serum factors like LBP, seem to enhance the
affinity of LPS to membrane CD14.
In addition, the LPS-induced cytokine release by alveolar macrophages was also
blocked by MEM-18. This indicates that on these differentiated mononuclear
phagocytes CD 14 also functions as a receptor for LPS. From this study was
concluded that CD 14 is involved in the LPS-induced release of TNFa, IL-6 and IL8 by monocytes and alveolar macrophages.
Besides monocytes, endothelial cells function as immunologically active cells and
respond strongly to LPS (14). Whereas, as described in chapter 3, CD 14 is involved
in LPS-induced monocyte activation, the mechanisms of LPS-induced endothelial
cell activation were not elucidated. This prompted us to analyze the role of CD 14 in
LPS-induced endothelial cell activation (Chapter 4).
This study demonstrated that, comparable to monocytes, CD 14 is involved in
LPS-induced endothelial activation. The anti-CD 14 mAb MEM-18 blocked the LPSinduced human endothelial cell (HUVEC) activation, as measured by the novo
expression of the adhesion molecule E-selectin, and the release of IL-6. This
inhibition was most pronounced at low LPS concentrations. Messenger RNA
encoding E-selectin and IL-6 was reduced in parallel, indicating that MEM-18
blocked these LPS effects at the pretranscriptional level. MEM-18 did not affect
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endothelial cell activation induced by IL-lp\ TNFa, and phorbol myristate acetate
(PMA), indicating that anti-CD 14 mAb specifically inhibited HUVEC responses to
LPS.
Since IL-6 release and E-selectin expression on HUVEC were strongly reduced
when LPS activation was performed in the absence of serum, the involvement of
serum components in LPS activation of HUVEC was indicated. Nevertheless, MEM18 also blocked LPS-induced HUVEC activation under serum-free conditions,
suggesting that LPS is able to interact directly with the endothelial cell membrane
associated CD14. This hypothesis however, could not be confirmed, since no
indications for expression of CD14 on endothelial cell surface were obtained, neither
by flow cytometry, nor by surface labeling.
Although the involvement of CD 14 in LPS-induced endothelial cell activation was
clearly shown, the role of serum components was not completely elucidated. Further
studies by others showed that the plasma protein LBP mediates binding of LPS to
sCD14, also present in plasma. The LPS-sCD14 complex activates cells that do not
express membrane CD 14, like endothelial cells, epithelial cells, and astrocytes, most
probably via an yet unidentified receptor on these cells (15,16).
The pro-inflammatory cytokine TNFa, mediating many LPS effects, activates cells
via interaction with membrane receptors. Most cells express two types of TNFa
receptors namely TNFR55 and TNFR75, which can be shed from the cell surface after
activation, resulting into soluble forms (17-19). sTNFR probably play a role in
inactivation of circulating TNFa, by preventing the interaction with membrane
TNFR, although low sTNFR concentrations were reported to stabilize the trimeric
structure of TNFa, so reducing its decay of activity (20,21). Since monocytes are a
primary target for LPS, it was investigated whether LPS also affected TNFR
shedding or expression, whereas also the role of CD 14 in this process was analyzed
(Chapter S).
LPS was shown to induce release of STNR75, but not of STNFR55, reaching
plateau levels after approximately 48 hours. The induction of TNFR75 release was
mediated via LBP and CD 14, since anti-CD 14 mAb inhibited LPS-induced TNFR75
shedding, whereas the LPS-induced TNFR75 shedding, which was strongly reduced
under serum-free conditions could be restored by addition of LBP. Furthermore,
BPI, a PMN protein known to possess LPS neutralizing capacity (22), blocked LPSinduced TNFR75 shedding.
Also the cell surface expression of both TNFR was affected by LPS. On freshly
isolated monocytes the expression of both TNFR was similar, which increased
gradually during culture of monocytes. In contrast, after 1 hour exposure to LPS, the
expression of both receptors was completely reduced, followed by enhanced reexpression after 24 hours of stimulation. This LPS effect was enhanced by LBP, and
blocked by BPI.
LPS thus not only activates monocytes to release TNFa, but also controls the
TNFa effects by inducing shedding of TNFR75, possibly inhibiting TNFa effects,
and by temporary downregulation the expression of both TNFR55 and TNFR75.
Moreover, both the release of TNFa and the LPS-induced TNFR shedding are
mediated via a similar pathway mediated by LBP and CD 14, and blocked by BPI.
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Studies described in chapter 2 to 5 showed that endogenous proteins strongly affect
LPS-induced cell activation, as is confirmed in other studies (11,23,24). LBP and
BPI, two proteins with opposing effects, have considerable sequence homology (9),
and both bind to the lipid A part of LPS (25,26). This urged us to study the
functional relationship between these two proteins (Chapter 6). To this end, the
effect of both proteins on LPS-induced cytokine release by monocytes was analyzed.
LBP was demonstrated to enhance not only the LPS-induced TNFct release (as
reported previous:9,12), but also the IL-6 and IL-8 release by monocytes stimulated
under serum-free conditions. In contrast to the enhancing effect of LBP, BPI
inhibited the release of all these three cytokines. Furthermore, it was demonstrated
that the effects of LBP and BPI on LPS-induced cytokine release by monocytes
were counteractive. BPI interfered with the enhancing effect of LBP on the LPSinduced cytokine release. At high LBP to BPI ratios, BPI could no longer inhibit
LBP-induced enhancement. In accordance, increasing concentrations of BPI
abrogated the LBP effects.
In order to analyze the mechanism of these antagonistic activities, it was studied
whether LBP and BPI compete for binding to LPS. To this end, an assay was used
that detects binding of free BPI to an anti-BPI mAb, which will be further described
below. Presence of LPS prevented binding of BPI to anti-BPI mAb, whereas
preincubation of LPS with LBP prevented this inhibition, indicating that LBP and
BPI bind on the same site of LPS.
It was therefore concluded that the antagonistic effects of LBP and BPI are due to
competition for binding to LPS (Figure 1), as was confirmed by other reports
(27,28). These data indicate that the balance between BPI and LBP levels determines
LPS activity under physiologic conditions. Although BPI, in contrast to LBP, is not
present in blood of healthy individuals, levels can be enhanced during disease, as
will be discussed below.

+LBP

TNF
IL-6
IL-8
STNFR75

+BPI

Figure 1. LBP and BPI have antagonistic effects upon LPS-induced monocyte activation. This
antagonistic effects are due to competion for interaction with LPS. Whereas the interaction of LPS
with LBP results in CD 14 mediated monocyte activation, BPI binding blocks LPS interaction with
CD 14 and, thus prevents cell activation.

The PMN protein BPI, which was originally characterized as a potent bactericidal
protein (29), thus appears to be a very important protein neutralizing LPS-induced
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cell activation. Next, the presence of this protein in health and disease was
investigated. Firstly, mAb directed against BPI were developed and characterized
(Chapter 7).
Two BPI-specific mAb, named 4E3 (IgG,) and 5D7 (IgGjJ were generated. The
specificity of these mAb was shown in several ways. Both mAb reacted with BPI
coated on immuno-plates, in a BPI concentration dependent manner. In addition, the
anti-BPI mAb coated in wells captured biotinylated BPI. These mAb recognized
native BPI, but not BPI denatured by sodium dodecyl sulfate. Furthermore, the antiBPI mAb did not cross-react with LBP, a protein with high sequence homology to
BPI (9).
The use of 4E3 and 5D7 in flow cytometry revealed that PMN contained
intracellular BPI, which was confined to the granules in the cytoplasm, as shown by
immunofluorescence. These data correspond to previous reports of the presence of
BPI in azurophilic granules (30,31). Furthermore, also low PMN surface expression
of BPI was detected, in accordance with other studies (32,33).
In addition, both anti-BPI mAb were able to block biological activity of BPI. The
inhibition by BPI of LPS-induced limulus amebocyte lysate activation, and of LPSinduced TNFa release by monocytes, was prevented by 4E3 and by 5D7. Moreover,
LPS was shown to interfere with the interaction of anti-BPI mAb with BPI in an
enzyme linked immunosorbent assay (ELISA) system. Together, these data strongly
suggest that both mAb recognize an epitope on BPI involved in the BPI-LPS
interaction.
In chapter 7 it was described that BPI is present not only inside PMN, but also on
the cell surface of PMN. Next it was investigated whether monocytes, which are
extremely sensitive for LPS, also express the specifically LPS-binding protein BPI
on their cell surface (Chapter 8). Flow cytometric analysis, using anti-BPI mAb
4E3 and 5D7, and anti-BPI mAb kindly provided by M. Marra (Incyte, Palo Alto,
Ca) revealed that monocytes, express BPI on their cell surface. However, no
indications for intracellular presence of BPI were obtained.
Furthermore, it was demonstrated that monocyte cell surface BPI binds LPS,
because binding of anti-BPI mAb 4E3 (which, as described above, does not react
with BPI to which LPS is bound) to cell surface BPI was strongly reduced after
preincubation of cells with LPS. However, cell surface BPI did not contribute
quantitatively to the interaction of LPS with the monocyte cell membrane, since
preincubation of cells with 4E3 did not block binding of LPS to monocytes.
Although we assume that BPI is adsorbed by monocytes from the environment,
no indications for this hypothesis were obtained, since incubation of monocytes with
biotin labeled BPI, or with human serum, known to contain BPI, did not enhance the
cell surface expression of BPI as compared to untreated cells. The origin and the
function of BPI present on the surface of monocytes and PMN have therefore to be
further elucidated. In a recent report it was shown that the monocytic cell line THP1 is able to adsorb exogenous BPI, which still exerted biological activity (34).
BPI which was originally shown to exert its bactericidal activity intracellularly (35),
was recently shown to be released during pathological conditions and to perform
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biological activity under these conditions (36). These data indicate that BPI released
by activated PMN can contribute to the protection against LPS and gram-negative
bacteria. Therefore, the release of BPI induced by physiological agents was studied,
using a human whole blood system (Chapter 9). BPI levels as present in plasma
were detected using a BPI specific ELISA, which is described in more detail in the
next study.
Out of a series of microbial agents tested LPS most potently induced BPI release.
Exposure of whole blood to FMLP, serum treated zymosan (STZ) and Lipoteichoic
acid (LTA) also lead to BPI release. In contrast, Staphylococcal enterotoxin B did
not induce BPI release.
In addition, the inflammatory mediator TNFa potently activated PMN, via
TNFR55, in whole blood to release BPI, whereas IL-1, IL-8, PAF and complement
factor C5a hardly induced the release of BPI. The LPS-induced BPI release was not
mediated via production of TNFa, since agents blocking biological activity of TNFa
did not affect LPS-induced BPI release.
Whereas LPS, FMLP and LTA potently induced BPI release in whole blood these
stimuli hardly activated isolated PMN to release BPI. This is in agreement with
other reports showing that for release of azurophilic granules additional stimulation
is required, like adherence to solid phase or stimulation with cytochalasin P (37,38).
These data further indicate that in whole blood other cellular or humoral factors are
stimulated that are involved in the activation of PMN. In contrast, STZ and PMA a
protein kinase C activator, seemed to activate PMN directly, since isolated PMN
were stimulated to a similar magnitude as PMN in whole blood.
Also, BPI release was compared with release of the well studied azurophilic
granule protein elastase (39). Elastase was shown to be present in PMN in
considerable higher amount than BPI (approximately 3 ug versus 200/10* PMN).
Expressing the amount of either protein released as percentage of total amount
present, revealed that both proteins were released with similar magnitude.
Furthermore, both BPI and elastase were released with similar kinetics, which started
within 30 minutes after onset of stimulation and lasted up to 1 or 4 hours,
suggesting that the release of both proteins is under similar regulatory control.
Although we demonstrated that LPS and TNFa are relatively potent inducers of
BPI release, the maximal amount of BPI released was maximally 20% of total BPI
content present in PMN. This indicates that major part of BPI will remain
intracellular, and confirms other studies that under non-vigorously conditions BPI
functions mainly intracellularly (35).
In order to further study the role of extracellular BPI and its impact on disease, BPI
levels present in healthy volunteers and in patients with microbial infection were
analyzed (Chapter 10). To this end, an ELISA for measurement of human BPI was
developed, by using anti-BPI mAb 4E3 as catching reagent, and biotinylated
polyclonal rabbit anti BPI IgG as detector. Since the presence of LPS disturbed
detection of BPI in this ELISA, 80 mM Mg*\ known to prevent BPI-LPS
interaction (40), was used in assay buffers. Furthermore, the use of Mg^* in assay
buffers also prevented aspecific adherence of the cationic BPI to solid phase. This
newly developed specific BPI ELISA could be used for detection of BPI in
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biological samples and had a lower detection level of 200 pg/ml.
In plasma of healthy volunteers no BPI was detectable. It was shown that PMN
can be activated in collection tubes, indicating that proper collection is required,
including the use of EDTA as anticoagulant as well as rapid handling of bloodsamples. In contrast to absence of BPI in healthy volunteers, in biological fluids of
patients BPI was detected. BPI was present in plasma of critically ill intensive care
unit patients (n=60; mean 4,8 ng/ml), in bronchoalveolar lavage fluid of patients
suspected for pneumonia (n=25; mean 16,2 ng/ml), in wound fluid (n=18; mean
1860 ng/ml) and in pleural fluid (n=44; mean 3,1 ng/ml). In subgroups of patients
with culture proven bacteria mean BPI levels were enhanced compared with
subgroups without bacteria, although the differences were only significant in plasma
of intensive care unit patients.
,>!.«
;
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Although it was shown in chapter 10 that BPI is released during pathological
conditions, the biological effects of BPI will be affected by the presence of other
endogenous LPS binding proteins like LBP and sCD14 (15,41). Therefore, next the
levels of all three of these LPS-activity modulating proteins were analyzed in
bacteremic patients, and correlated with clinical parameters (Chapter 11).
BPI and LBP levels were significantly enhanced in bacteremic patients (n=64) as
compared to healthy controls (n=49) (mean, 8.4 ng/ml versus <.2 ng/ml; 216 ug/ml
versus 16 ng/ml), in accordance with other study (42,43). sCD14 levels in
bacteremic patients were not changed as compared to healthy controls, although in a
subgroup of patients with gram-positive bacteria significantly higher sCD14 levels
were detected as compared to a subgroup of patients with gram-negative infections
(2.7 |ig/ml versus 2.2 ng/ml).
The BPI/neutrophil ratio, which is used as an indicator for neutrophil activation,
was significantly associated with the presence of sepsis syndrome and death in
bacteremic patients. Furthermore, high peak LBP levels were significantly correlated
with sepsis, but not with mortality. On the contrary, patients with sepsis syndrome
were observed to have reduced sCD14 levels, as opposed to another study (44).
Analyzing the kinetics of BPI and LBP levels in a subgroup of patients revealed
that levels of both proteins were already enhanced before demonstration of positive
blood culture. Since LBP and BPI exert antagonistic effects concerning LPS-induced
cell activation, the ratio of these proteins was also analyzed, which did not correlate
with mortality.
BPI and LBP probably exert their main functions locally at the site of infection,
therefore the exact role of enhanced circulating BPI and LBP levels as detected in
bacteremic patients remains unclear. It can be speculated that, due to leakage,
circulating levels reflect levels locally present. Indications that at site of infection
BPI can be present at greater concentrations than LBP, thus able to exert its
biological function were provided by studies of Opal et al. showing a BPI/LBP ratio
>1 in abscess fluid (45).

-
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In conclusion, a series of studies was performed to obtain more insight in the
pathways of LPS action. First, it was demonstrated that TNFa is an important
intermediate in the phenomenon of the enhanced sensitivity for LPS obtained after
exposure to lead. Furthermore, it was shown that monocyte membrane CD 14 is a
general 'LPS-receptor' since this antigen is involved not only in the LPS-induced
release of pro-inflammatory cytokines but also in the LPS-induced shedding and
downregulation of TNFR. These LPS activities were enhanced by LBP, facilitating
the binding of LPS to CD 14, and blocked by the PMN protein BPI. Furthermore,
both proteins were demonstrated to have antagonistic effects, due to competition for
binding to LPS. Besides, it was revealed that CD 14 is also involved in LPS-induced
endothelial cell activation.
In addition, studies on the potent LPS neutralizing protein BPI were performed,
using newly developed antibodies. It was shown that monocytes, like PMN, express
BPI on their cell surface. Furthermore, analysis of BPI release in whole blood
revealed that LPS and TNFa are relatively potent inducers of BPI release. However,
major part of BPI remained inside PMN, indicating that BPI functions mainly
intracellularly. In blood of healthy volunteers no BPI was detectable, whereas in
biological fluids of several patient groups BPI was present. The biological function
of extracellular BPI will depend on the levels of other endogenous LPS binding
proteins. It was observed that in infectious lesions like wound fluid, high BPI levels
were present, and it can be expected that under these conditions BPI will contribute
to fluid phase protection against LPS. However, under less rigid conditions, BPI
most probably mainly contributes to LPS defense as an intracellular protein. Further
studies are required on the function of this protein, which could possibly serve as
therapeutic agent in protection against LPS and gram-negative bacteria.

-155-

2 REFERENCES
1.
2.
3.
4.
5.
6.

7.

8.
9.
10.

11.
12.

13.

14.

15.
16.
17.
18.
19.
20.
21.

22.
23.

Berczi I, Bert6k L, Bcreznai T. Comparative studies on the toxicity of EscAm'c/i/a co/i
lipopolysaccharide endotoxin in various animal species. Can J Microbiol 1966; 12:1070-1.
Seyle H, Tuchweber B, Bertok L. Effect of lead acetate on the susceptibility of rats to
bacterial endotoxins. J Bacteriol 1966;91:884-90.
Tracey KJ, Cerami A. Tumor necrosis factor: a pleiotropic cytokine and therapeutic target.
Annu Rev Med 1994;45:491-503.
Honchel R, Marsano L, Cohen D, Shedlofsky S, McClain JC. Lead enhances
lipopolysaccharide and tumor necrosis factor liver injury. J Lab Clin Med 1991 ;117:202-8.
Lehmann V, Freudenberg MA, Galanos C. Lethal toxicity of lipopolysaccharide and tumor
necrosis factor in normal and D-galactosamine-treated mice. J Exp Med 1987;165:657-63.
Leist M, Gantner F, Bohlinger I, Tiegs G, Germann PG, Wendel A. Tumor necrosis factorinduced hepatocyte apoptosis precedes liver failure in experimental murine shock models. Am
JPathol 1995;146:1220-34.
Goyert SM, Haziot A, Jiao D, Katz IR, Kruger C, Ross J, Schiltt C. CD14 cluster workshop
report. In: Schlossman SF, Boumsell L, Gilks W. et al. Leucocyte typing V: white cell
differentiation antigens. Oxford: Oxford University Press, 1995:778-90.
Wright SD, Ramos RA, Tobias PS, Ulevitch RJ, Mathison JC. CD 14, a receptor for complexes
of lipopolysaccharide (LPS) and LPS binding protein. Science 1990;249:1431-3.
Schumann RR, Leong SR, Flaggs GW, et al. Structure and function of lipopolysaccharide
binding protein. Science 1990;249:1429-31.
Baggiolini M, Dewald B, Walz A. Interleukin-8 and related chemotactic cytokines. In: Gallin
JI, Goldstein IM, Snyderman R. Inflammation: basic principles and clinical correlates. 2nd ed.
New York: Raven Press, 1992:247-63.
Hirano T, Akira S, Taga T, Kishimoto T. Biological and clinical aspects of interleukin 6.
Immunol Today 1990; 11:443-9.
Heumann D, Gal lay P, Barras C, et al. Control of lipopolysaccharide (LPS) binding and LPSinduced tumor necrosis factor secretion in human peripheral blood monocytes. J Immunol
1992;148:3505-12.
Lee J-D, Kato K, Tobias PS, Kirkland TN, Ulevitch RJ Transfection of CD14 into 70Z/3 cells
dramatically enhances the sensitivity to complexes of lipopolysaccharide (LPS) and LPS
binding protein. J Exp Med 1992; 175:1697-1705.
Pohlman TH, Harlan JM. Endotoxin-endothelial cell interactions. In: Morrison DC, Ryan JR.
Bacterial endotoxic lipopolysaccharides vol 1: Molecular biochemistry and cellular biology.
Boca Raton: CRC Press, 1992:347-71.
Frey EA, Miller DS, Jahr TG, Sundan A, Bazil V, Espevik T, Finlay BB, Wright SD. Soluble
CD14 participates in the response of cells to lipopolysaccharide. J Exp Med 1992; 176:1665-71.
Haziot A, Rong G-W, Silver J, Goyert SM. Recombinant soluble CD14 mediates the activation
of endothelial cells by lipopolysaccharide. J Immunol 1993; 151:1500-1507.
Tartaglia LA, Goeddel DV. Two TNF receptors. Immunol Today 1992;13:151-3.
Porteu F, Nathan C. Shedding of tumor necrosis factor receptors by activated human
neutrophils. J Exp Med 1990;172:599-607.
Van Der Poll, Jansen J, Van Leenen M, et al. Release of soluble receptors for tumor necrosis
factor in clinical sepsis and experimental endotoxemia. J Infect Dis 1993;168:955-60.
Burger D, Dayer J-M. Inhibitory cytokines and cytokine inhibitors. Neurology 1995;45(suppl
6):S39-S43.
Mohler KM, Torrance DS, Smith CA. et al. Soluble tumor necrois factor (TNF) receptors are
effective therapeutic agents in lethal endotoxemia and function simultaneously as both TNF
carriers and TNF antagonists. J Immunol 1993;151:1548-61.
Elsbach P, Weiss J. Bactericidal/permeability increasing protein and host defense against gramnegative bacteria and endotoxin. Curr Opin Immunol 1993;5:103-7.
Tobias PS, Mathison JC, Ulevitch RJ. A family of lipopolysaccharide binding proteins

-156-

involved in the responses to gram-negative sepsis. J Biol Chem 1988:263:13479-81.
24. Marra MN, Wilde CG, Griffith JE, Snable JL, Scott RW. Bactericidal/permeability-increasing
protein has endotoxin-neutralizing activity. J Immunol 1990:144:662-6.
25. Tobias PS, Soidau K, Ulevitch RJ. Identification of a lipid A binding site in the acute phase
reactant lipopolysaccharide binding protein. J Biol Chem 1989;264:10867-71.
26. Gazzano-Santoro H, Parent JB, Grinna L, et al. High-affinity binding of the
bactericidal/permeability-increasing protein and a recombinant amino-terminal fragment to the
lipid A region of lipopolysaccharide. Infect Immun 1992:60:4754-61.
27. Heumann D, Galiay P, Betz-Corradin S, Barras C, Baumgartner J-D, Glauser MP. Competition
between bactericidal/permeability-increasing protein and lipopolysaccharide-binding protein for
lipopolysaccharide binding to monocytes. J Infect Dis 1993:167:1351-7.
28. Gazzano-Santoro H, Meszaros K, Birr C, et al. Competition between rBPIj,, a recombinant
fragment of bactericidal/permeability-increasing protein, and lipopolysaccharide (LPS)-binding
protein for binding to LPS and gram-negative bacteria. Infect Immun 1994;62:1185-91.
29. Weiss J, Elsbach P, Olsson I, Odeberg H. Purification and characterization of a potent
bactericidal and membrane active protein from the granules of human polymorphonuclear
leukocytes. J Biol Chem 1978;253:2664-72.
30. Weiss J, Olsson I. Cellular and subcellular localization of the bactericidal/permeabilityincreasing protein of neutrophils. Blood 1987;69:652-9.
31. Egesten A, Breton-Gorius J, Guichard J, Gullberg U, Olsson I. The heterogeneity of azurophil
granules in neutrophil promyelocytes: immunogold localization of myeloperoxidase, cathepsin
G, elastase, proteinase 3, and bactericidal/permeability-increasing protein. Blood 1994:83:298594.
32. Marra MN, Wilde CG, Collins MS, Snable JL, Thornton MB, Scott RW.The role of
bactericidal/permeability-increasing protein as a natural inhibitor of bacterial endotoxin. J
Immunol 1992:148:532-7.
33. Weersink AJL, Van Kessel K.PM, Van den Tol ME, et al. Human granulocytes express a 55kDa lipopolysaccharide-binding protein on the cell surface that is identical to the
bactericidal/permeability-increasing protein. J Immunol 1993; 150:253-63.
34. Burnett RJ, Lyden CA, Tindal CJ, Marra MN, Neely AN, Solomkin JS. Effects of bactericidal
permeability-increasing protein upon mononuclear cell interactions with endotoxin-evidence for
cell binding. J Endotox Res 1995:2:349-57.
35. Weiss J, Kao L, Victor M, Elsbach P. Oxygen-independent intracellular and oxygen-dependent
extracellular killing of Escherichia coli S15 by human polymorphonuclear leukocytes. J Clin
Invest 1985:76:206-12.
36. Weinrauch Y, Foreman A, Shu C, Zarember K, Levy O, Elsbach P. Weiss J. Extracellular
accumulation of potently microbicidal bactericidal/permeability-increasing protein and pi5s in
an evolving sterile rabbit peritoneal inflammatory exudate. J Clin Invest 1995:95:1916-24.
37. Nathan CF. Neutrophil activation on biological surfaces: massive secretion of hydrogen
peroxide in response to products of macrophages and lymphocytes. J Clin Invest
1987:80:1550-60.
38. Zurier RB, Hoffstein S, Weissmann G. Cytochalasin B: efect on lysosomal enzyme release
from human leukocytes. Proc Natl Acad Sci U S A 1973:70:844-8.
39. Janoff AJ. Elastase in tissue injury. Annu Rev Med 1985:36:207-16.
40. Mannion BA, Kalatzis ES, Weiss J, Elsbach P. Preferential binding of the neutrophil
cytoplasmic granule-derived bactericidal/permeability increasing protein to target bacteria:
implications and use as a means of purification. J Immunol 1989:142:2807-12.
41. Marra MN, Thornton MB, Snable JL, Leong S, Lane J, Wilde CG, Scott RW. Regulation of
the response to bacterial lipopolysaccharide by endogenous and exogenous lipopolysaccharide
binding proteins. Blood Purif 1993;11:134-40.
42. Calvano SE, Thompson WA, Marra MN, et al. Changes in polymorphonuclear leukocyte
surface and plasma bactericidal/ permeability-increasing protein and plasma lipopolysaccharide
binding protein during endotoxemia or sepsis. Arch Surg 1994; 129:220-6.
43. Galiay P, Barras C, Tobias PS, Calandra T, Glauser MP, Heumann D. Lipopolysaccharide

-

157-

(LPS)-binding protein in human serum determines the tumor necrosis factor response of
monocytes to LPS. J Infect Dis 1994; 170:1319-22.
44. Landmann R, Zimmerli W, Sansano S, Link S, Hahn A, Glauser MP, Calandra T. Increased
circulating soluble CD 14 is associated with high mortality in gram-negative septic shock. J
Infect Dis 1995; 171:639-44.
45. Opal SM, Palardy JE, Marra MM, Fisher Jr CJ, McKelligon BM,Scott RW. Relative
concentrations of endotoxin-binding proteins in body fluids during infection. Lancet
1994;344:429-31.

- 158-

- 159-

NEDERLANDSE SAMENVATTING VOOR NIET-INGEWIJDEN
DE AFWEER TEGEN BACTERIELE ENDOTOXINE:
DE ROL HIERIN VAN CD14, LBP EN BPI

Infectie met ziekteverwekkende bacterien, of de verplaatsing van bacterign, zoals
EscAmc/i/a co//, vanuit de darmholte het lichaam in, kan schadelijke gevolgen
hebben voor de mens. Deze bacterien dringen in weefsels binnen waar ze zich
kunnen vermenigvuldigen, terwijl ze daarnaast giftige stoffen (toxinen) produceren.
De mens bezit een uitgebreid afweersysteem tegen bacterien. Een grote groep van
bacterien, namelijk de gram-negatieve bacterien, wordt door het afweersysteem
herkend via een specifiek bestanddeel van de bacterie wand, het endotoxine
(beschreven in hoofdstuk 1). De naam endotoxine is afgeleid van 'endogeen toxine',
oftewel toxine van binnen uit. Endotoxine is opgebouwd uit een vet gedeelte (lipide)
en een suiker gedeelte (poly-saccharide) en wordt om die reden ook aangeduid als
lipopolysaccharide of LPS. Door de interactie van het afweersysteem met endotoxine
wordt een reeks van processen geactiveerd die alien bijdragen aan de bescherming
tegen
gram-negatieve
bacterien. Het endotoxine
is dus een
unieke
herkenningsstructuur voor het afweersysteem waardoor dit systeem tegen de grote
groep van gram-negatieve bacterien kan reageren. Een aantal facetten van de
verschillende onderdelen van het afweer systeem op endotoxine, worden hier kort
beschreven.
De aanwezigheid van endotoxine in het bloed leidt tot de activatie van zogeheten
complement eiwitten, die samen het complement systeem vormen. Het complement
systeem draagt op meerdere manieren bij aan de verdediging tegen bacterien. De
geactiveerde complement eiwitten tasten de membraan van de bacterie aan, hetgeen
leidt tot sterfte van de bacterie. Ook activeren complement eiwitten de cellen van de
afweer die betrokken zijn bij het opruimen van vreemde deeltjes zoals bacterien.
Daarnaast binden complement eiwitten het endotoxine, en in deze complexe vorm
wordt het endotoxine gemakkelijker herkend door de cellen van de afweer, en
vervolgens onschadelijk gemaakt.
Een ander systeem dat door endotoxine wordt geactiveerd is het stollings systeem.
De interactie van endotoxine met stollingsfactoren in het bloed leidt tot de vorming
van een bloedstolsel. Dit draagt bij aan de bescherming tegen bacterien, omdat de
bacterien die worden gevangen in het bloedstolsel zich niet verder kunnen
verspreiden in het lichaam. Een andere reactie van het lichaam op endotoxine is de
inductie van koorts, hetgeen wordt veroorzaakt door activatie van de hypothalamus,
een zenuwcentrum in de hersenen. De verhoogde lichaamstemperatuur remt de
deling van micro-organismen en activeert de verdediging van de gastheer.
Naast de readies van eiwitten in het bloed spelen ook cellen, en in het bijzonder
die van het afweersysteem, een belangrijke rol in de verdediging tegen
endotoxine/gram-negatieve bacterien. Twee belangrijke cellen van de afweer zijn de
granulocyt en de monocyt. Granulocyten vormen 60-70% van de cellen die in het
bloed circuleren, en zijn gespecialiseerd in het opruimen van vreemde
deeltjes/bacterie'n. Na specifieke interactie van de bacterie met de celwand (de
-
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celmembraan) van de granulocyt wordt de bacterie door een deel van de wand
omstulpt en als een zakje naar binnen gehaald. In de granulocyt zijn verscheidene
blaasjes (granules) met toxische eiwitten aanwezig, die versmelten met het blaasje
waarin de opgenomen bacterie zit en deze onschadelijk maken.
De monocyt vormt ongeveer 5% van de totale hoeveelheid circulerende cellen in
de bloedbaan, en kan net als de granulocyt, bacterien opnemen en onschadelijk
maken. Daarnaast zijn monocyten in staat om na prikkeling door endotoxine,
hormoon-achtige stoffen, de zogenaamde cytokinen te produceren en af te geven.
Cytokinen zijn boodschapper moleculen met vele runcties waaronder het activeren
van andere cellen van de afweer en het aantrekken van deze cellen naar de plaats
van de ontsteking. Ten gevolge van deze activiteiten ontstaat een versterkte afweer.
De gastheer heeft dus een aantal mogelijkheden om te reageren op, en zich te
verdedigen tegen, endotoxines en dus tegen gram-negatieve bacterien. Echter, het is
belangrijk dat de activiteiten van deze verdedigingsmechanismen goed gereguleerd
worden. Immers een te sterke activiteit, die voor kan komen indien er zeer grote
hoeveelheden bacterien aanwezig zijn, of indien er een overgevoeligheid voor
endotoxine bestaat, zoals beschreven bij astma patienten, is schadelijk is voor de
gastheer. Bijvoorbeeld, een niet goed gecontroleerde stolling kan ertoe leiden dat
vaten dicht komen te zitten, terwijl het vrijkomen van eiwitten die bacterien kapot
knippen ook schadelijk kan zijn voor het eigen weefsel. Veel van de schadelijke
effecten die optreden ten gevolge van een infectie met bacterien blijken dan ook te
worden veroorzaakt door de reactie van de gastheer op het endotoxine van gramnegatieve bacterien.
In dit proefschrift staan een aantal onderzoeken beschreven die verricht zijn om
meer inzicht te verkrijgen in de readies van de gastheer op endotoxine. Dit inzicht
draagt bij aan het ontwikkelen van therapieen waarmee overmatige reakties op, en
dus schadelijke effecten van endotoxine voorkomen kunnen worden.
De gevoeligheid voor endotoxine van mens en verschillende diersoorten is niet
gelijk. De mens reageert b.v. al op veel kleinere hoeveelheden endotoxine dan de
muis en de rat, terwijl het konijn ook erg gevoelig is voor endotoxine. De
gevoeligheid voor endotoxine kan onder bepaalde omstandigheden veranderen. Na
blootstelling aan lood worden muizen veel gevoeliger voor endotoxine. In hoofdstuk
2 hebben we onderzoek gedaan naar het mechanisme dat hieraan ten grondslag ligt.
Een belangrijk cytokine dat gevormd wordt door endotoxine geactiveerde monocyten
is het TNF (Tumor Necrosis Factor). TNF speelt een essentiele rol in de
ontstekingsreacties die veroorzaakt worden door bacterien en endotoxine, terwijl
grote hoeveelheden TNF toxisch zijn. Wij toonden aan dat het TNF belangrijk is in
de verhoging van de gevoeligheid van muizen voor endotoxine na blootstelling aan
lood. Ten eerste bleek dat lood 66k de gevoeligheid van muizen voor TNF
verhoogde. Ten tweede, na de blokkade van de biologische activiteiten van TNF was
de sterfte ten gevolge van blootstelling aan lood en endotoxine sterk verminderd. Het
cytokine TNF dat wordt geproduceerd na blootstelling aan endotoxine is dus
bepalend voor de mate van gevoeligheid voor endotoxine.
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Vervolgens zijn studies uitgevoerd om na te gaan op welke manier het endotoxine de
verschillende cellen van het afweer systeem activeert. Om op endotoxine te kunnen
reageren moet er een specifieke herkenning van endotoxine met de cellen
plaatsvinden. Deze interactie verloopt via bepaalde eiwitten gelokaliseerd op de
membraan van de cellen, die het endotoxine herkennen en vervolgens een signaal de
eel in sturen, hetgeen leidt tot celactivatie. Deze ontvanger-eiwitten worden ook
receptoren genoemd.
Een membraaneiwit op monocyten waarvan bekend is dat het als receptor voor
endotoxine ftinctioneert is het CD 14 eiwit. CD 14 bindt endotoxine en geeft signalen
door die resulteren in de produktie van het cytokine TNF. Echter, in respons op
endotoxine wordt door monocyten behalve TNF ook de cytokinen IL-6 en IL-8
geproduceerd. De studie beschreven in hoofdstuk 3 laat zien dat het CD 14 eiwit
eveneens betrokken is bij de door endotoxine veroorzaakte produktie van IL-6 en IL8. Dit werd aangetoond in monocyten van het bloed, en in alveolaire macrofagen,
een monocyt-achtige eel die in de longen aanwezig is.
Endotheelcellen vormen de binnenbekleding van de bloedvaten. Deze cellen zijn ook
in staat om op endotoxine te reageren. Het resultaat hiervan is ondermeer dat cellen
van de afweer makkelijker naar het gebied van de infectie kunnen migreren.
Aangezien het onbekend was via welk membraaneiwit de endotheel-cellen het
endotoxine specifiek herkennen, hebben we onderzocht of CD 14 hier eveneens een
rol in speelt. In de studie beschreven in hoofdstuk 4 toonden we aan dat in de
aanwezigheid van antistoffen (Y-vormige bloedeiwitten die zeer specifiek een
bepaald eiwit binden) die de biologische activiteit van CD 14 blokkeerden, de
endotheelcel activatie door endotoxine geremd was. Dit suggereert zeer sterk dat het
CD 14 eiwit betrokken is bij de endotheelcel activatie door endotoxine. Echter, omdat
het niet lukte om het CD 14 eiwit aan te tonen op de membraan van de
endotheelcellen, was het onduidelijk op welke manier dit proces plaats vond.
Verdere studies van andere onderzoeksgroepen hebben aangetoond dat het CD 14 niet
alleen voorkomt als membraan-gebonden eiwit, maar ook in een losse vorm, het
soluble CD 14 (sCD14), circulerend in het bloed. Het sCDI4 bindt endotoxine en dit
complex gaat een interactie aan met een onbekend eiwit op endotheelcellen, hetgeen
resulteert in endotheelcel activatie.
TNF is in staat om andere cellen te activeren, hetgeen leidt tot een
ontstekingsreactie. TNF interacteert met cellen via 2 specifieke membraaneiwitten,
de TNF receptoren genaamd TNF receptor 1 (TNFR1) en TNFR2. Na activatie van
cellen kunnen deze TNF-receptoren van de membraan afgesplitst worden, waardoor
losse oftewel soluble TNF-receptoren (sTNFR) ontstaan. Deze sTNFR kunnen TNF
binden, en op deze wijze de activatie van cellen door TNF beinvloeden. In
hoofdstuk 5 tonen we aan dat na de blootstelling aan endotoxine monocyten TNFR2
afsplitsen, volgens een proces dat plaats vindt via het membraan gebonden CD 14
eiwit.
Eerdere studies hebben aangetoond dat in het lichaam verschillende eiwitten
aanwezig zijn die de effecten van endotoxine kunnen beinvloeden. Een van deze
eiwitten is het LPS bindende proteine (LBP), welke in het bloed circuleert en
-
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endotoxine bindt. Het complex van endotoxine en LBP kan veel gemakkelijker aan
het membraan CD 14 binden dan het losse endotoxine. Dit betekent dat in de
aanwezigheid van LBP veel minder endotoxine nodig is voor binding aan membraan
CD 14, en dus voor eel activatie. In de studie beschreven in hoofdstuk 5 is vcrder
aangetoond dat in de aanwezigheid van LBP veel minder endotoxine nodig was om
het afsplitsen van de TNFR2 te induceren.
Een ander eiwit dat endotoxine bindt is het BPI (bactericidal/permcabilityincreasing protein), een eiwit aanwezig in de granule van de granulocyt. Van dit
eiwit is bekend dat het de effecten van endotoxine kan remmen. In overeenstemming
hiermee zagen wij dat het BPI de endotoxine geinduceerde afsplitsing van de TNF
receptor sterk verminderde.
- - •
De lichaamseigen, endotoxine bindende eiwitten LBP en BPI oefenen dus een
tegengesteld effect uit met betrekking tot de endotoxine geinduceerde monocyten
activatie. LBP vergemakkelijkt de binding van endotoxine aan CD 14 waardoor de
monocyt bij een lagere endotoxine hoeveelheid geactiveerd wordt en de eel dus
gevoeliger is voor endotoxine. Het BPI daarentegen remt de activatie van monocyten
door endotoxine en maakt de eel ongevoeliger voor endotoxine. Bovendien is bekend
dat de structuur van LBP en BPI veel overeenkomsten vertonen. In hoofdstuk 6 is
de werking van beide eiwitten nader bekeken. We toonden aan dat LBP en BPI
elkaars functie remmen. Indien een hoge LBP concentratie aanwezig was kon BPI de
endotoxine geinduceerde cytokine produktie door monocyten niet meer remmen,
terwijl bij een hoge BPI concentratie LBP geen effect meer had op endotoxine. Deze
tegenwerking bleek veroorzaakt te worden doordat LBP en BPI met elkaar
competeren voor binding aan het endotoxine. Deze resultaten betekenen dat de
verhouding tussen de hoeveelheid LBP en BPI bepaalt in welke mate endotoxine
monocyten kan activeren.
Van het BPI eiwit was oorspronkelijk bekend dat het een bacterie dodend eiwit is.
Aangezien BPI bovendien de biologische activiteiten van endotoxine kan remmen,
zijn meerdere studies verricht naar dit granulocyt eiwit. Hiertoe zijn twee antistoffen,
die specifiek het BPI herkennen, ontwikkeld en gekarakteriseerd, als beschreven in
hoofdstuk 7. Met deze antistoffen werd de aanwezigheid van BPI in de granule van
de granulocyt aangetoond, terwijl BPI ook aanwezig bleek te zijn op de
celmembraan van de granulocyt. Daarnaast waren beide antistoffen in staat de
biologische activiteit van BPI te remmen.
Gebruik makend van deze anti-BPI antistoffen hebben we laten zien dat BPI niet
alleen aanwezig is in de granulocyten, maar 66k op de celmembraan van monocyten,
hoofdstuk 8. Het BPI op de monocyt membraan was in staat om endotoxine te
binden. Aangezien er geen aanwijzingen waren dat de monocyten zelf BPI
produceren vermoeden we dat het BPI door de monocyten wordt opgenomen uit hun
omgeving.
Vervolgens is nagegaan onder welke condities de granulocyten het BPI vrijmaken uit
de granule in de eel en vervolgens afgeven in de omgeving. Hiertoe werd bloed (met
-
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de daarin aanwezige granulocyten) gestimuleerd met een aantal bestanddelen
afkomstig van verschillende micro-organismen waaronder gram-negatieve bacterien,
alsook met cytokinen, hoofdstuk 9. Het bleek dat met name endotoxine, waartegen
BPI specifiek gericht is, en TNF de afgifte van BPI het meest stimuleerden. Echter,
de hoeveelheid BPI die uitgescheiden werd was nooit meer dan 20% van de totale
hoeveelheid BPI aanwezig in de granulocyt. Dit betekent dat het grootste deel van
BPI in de eel blijft. Deze resultaten suggereren dat de belangrijkste taak van BPI is
om in de granulocyt de opgenomen bacterie te doden, of het binnengehaalde
endotoxine te neutraliseren.
Ook is geanalyseerd of BPI aanwezig is in bloed van gezonde individuen en/of in
verschillende lichaamsvloeistoffen van patienten, hoofdstuk 10. In bloed van
gezonde personen was geen BPI aantoonbaar, terwijl in bloed van ernstig zieke
patienten, in vocht afkomstig uit wonden, in pleuravocht en in vocht uit de longen
van patienten, wel BPI aanwezig was. Dit duidt erop dat de granulocyten van deze
patienten geactiveerd waren, of kapot waren gegaan, waardoor BPI was
vrijgekomen.
,
.
...
.
.
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Alhoewel het BPI aanwezig is in biologische vloeistoffen van patienten (hoofdstuk
10), zal het biologisch effect van BPI op endotoxine mede worden bepaald door de
aanwezigheid van andere endotoxine bindende eiwitten zoals LBP en sCD14.
Daarom zijn de hoeveelheden van deze drie eiwitten gemeten in een groep patienten
met een bacteriele infectie, hoofdstuk 11. In het bloed van deze patienten waren, in
vergelijk met gezonde personen, sterk verhoogde concentraties van LBP en BPI
aanwezig, terwijl de hoeveelheid sCD14 niet was veranderd. De hoeveelheid LBP
was gerelateerd aan het verergeren van het ziektebeeld, namelijk het optreden van
een sepsis syndroom. De BPI/granulocyt ratio was ook gecorreleerd met het ontstaan
van een sepsis syndroom, alsook met het overlijden van de patienten. Deze data
geven aan dat de hoeveelheden LBP en BPI in het bloed de ernst van de ziekte
weerspiegelen.
Concluderend: In dit proefschrift zijn verschillende onderdelen van de gastheer
respons op endotoxine geanalyseerd. We hebben aangetoond dat het cytokine TNF
een belangrijke rol speelt in de verhoogde gevoeligheid voor endotoxine, die ontstaat
na de blootstelling aan lood. Verder is duidelijk geworden dat membraan CD 14
betrokken is bij vele effecten die endotoxine uitoefent op monocyten, namelijk de
produktie van TNF, IL-6 en IL-8, maar ook de afsplitsing van een TNF-receptor
(TNFR2). Deze effecten van endotoxine worden versterkt door LBP en geremd door
BPI. LBP en BPI blijken elkaars werking op te heffen, doordat ze met elkaar
concurreren voor binding op het endotoxine. Daarnaast is aangetoond dat het CD 14
eveneens een belangrijke rol speelt in de endotheelcel activatie door het endotoxine.
Verder zijn studies verricht met betrekking tot BPI, een endotoxine neutraliserend
granulocyt eiwit. Antistoffen tegen BPI zijn ontwikkeld. Met deze stoffen kon
worden aangetoond dat BPI ook op de membraan van monocyten voorkomt.
Endotoxine en TNF blijken de meest sterke stimulatoren te zijn van BPI afgifte door
granulocyten. Echter, omdat het grootste deel van BPI intracellulair blijft
-

164-

concluderen wij dat het de belangrijkste taak van BPI is om in de granulocyt, de
opgenomen bacterien/endotoxine te doden cq te neutraliseren. In het bloed van
gezonde personen kon geen BPI aangetoond worden terwijl in vloeistoffen van
patienten wel BPI aanwezig was. De werking van dit extracellulaire BPI hangt af
van de aanwezigheid van andere endotoxine bindende eiwitten. De hoeveelheden
LBP en BPI aanwezig in het bloed van ernstig zieke patienten bleken een maat te
zijn voor de ernst van de ziekte.
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NAWOORD Dat de bundeling van een aantal wetenschappelijke artikelen, samen met een
inleiding en discussie, een 'boek' vormt, stelt mij in de gelegenheid een nawoord te
schrijven, waar ik dankbaar gebruik van wil maken. Alhoewel alleen de naam van
ondergetekende op de omslag van dit proefschrift prijkt, zou dit niet tot stand zijn
gekomen zonder de bijdrage van velen. Graag wil ik een aantal personen met name
noemen.
Als eerste natuurlijk mijn co-promotor Wim Buurman. Nadat ik via een stage
vanuit de studie Gezondheidswetenschappen, kennis had gemaakt met het onderzoeks
laboratorium van Algemene Heelkunde onder zijn leiding, zou ik 7 maanden op dit
lab komen werken om enkele nieuwe technieken op te starten. Nu zijn we heel wat
jaren en een promotie verder. Wim, dat het onderzoek van de afgelopen jaren heeft
geresulteerd in dit proefschrift is in belangrijke mate te danken aan jouw
enthousiasme, je scherpe blik en je motiveringsvermogen. Mijn (blijvende)
stationering binnen de vakgroep Heelkunde nadat ik binnen de vakgroep
Pulmonologie was aangesteld, heeft mij in de gelegenheid gesteld om optimaal
gebruik te maken van de binnen de Heelkunde aanwezige kennis en mogelijkheden.
Mijn promotor, prof.dr. Wouters, wil ik graag bedanken voor de, vanuit de
vakgroep Pulmonologie, geboden mogelijkheden om aan het in dit proefschrift
beschreven onderzoek te werken, en dit af te ronden met een promotie.
Dan mijn paranimphen: Gaby, je hebt een aanzienlijke bijdrage geleverd aan het
onderzoek beschreven in dit proefschrift. Je praktische vaardigheden, kritische
houding en grote betrokkenheid maakte de samenwerking erg prettig alsook zeer
productief. Trudi, vanaf het aller-begin toen ik stage kwam lopen (en ver daarvoor)
was jij aanwezig. Je bent een vast anker binnen de sterk wisselende groep van
onderzoekers/sters en je vriendelijke behulpzaamheid en je warme belangstelling
maken je tot een zeer gewaardeerd anker/medewerkster.
De (oud)-medewerkers van het lab Algemene Heelkunde onder leiding van Wim
Buurman: Jet, Eckhardt, Ingeborg en Marc B, toen ik (geheel onervaren)
binnenkwam was ik erg onder de indruk van jullie wetenschappelijke discussies.
Gelukkig doet goed voorbeeld volgen. Albert Froon, als er monsters nodig waren
van patienten op de intensive care unit, kon ik altijd op jou rekenen. Maarten,
Robbert-Kees, en Berry, het was erg gezellig om met jullie samen te werken.
Marjan, en later Shirley, bedankt voor de ondersteunende secretariele
werkzaamheden. Monique, Jessica, Nicole, en Marc D, naast het (harde) werk(en)
staan ook gezelligheid en betrokkenheid hoog in het vaandel, hetgeen een zeer
prettige werksfeer creert!
Medewerkers van het metabole lab Algemene Heelkunde, Ivo, Carlo, Dennis,
Hans, Gabrie, Marcella, Maaike en Mick, alsook Bas, Mart-Jan, Vincent, en
Stephen: de pauzes met vlaai (al blokkeren we dan de gang) en de gezamelijke labuitjes zijn altijd een aangename ontspanning.
Ook de aanwezigheid van student(-assistent)en brengt veel gezelligheid met zich
mee. Graag wil de studenten noemen die een steentje hebben bijgedragen aan het
onderzoek, te weten: Frieke Smit, Marika Laan, Sandra Verploegen, Joffrey KleinOvink, en Renske Bun. Verder natuurlijk Anita Vreugdenhil, naast een prettige
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samenwerking ontwierp je ook de omslag van dit proefschrift!
De vele bloeddonoren (en prikkers) waren essentieel voor de uitvoer van een
groot deel van het onderzoek, mijn dank hiervoor.
Ook een aantal medewerkers van de vakgroep Pulmonologie wil ik met name
noemen. Jeske, je bracht altijd leven in het lab van Heelkunde; het was erg gezellig
om met je samen te werken. Herman-Jan, voor pleuravocht, BAL-vloeistof of longgerelateerde vragen kon ik bij jou aankloppen; op naar jouw proefschrift. Daarnaast
wil ik waardering uitspreken voor de prettig samenwerken met Annemie Schols en
Marjolein Drent, alsook voor de behulpzaamheid van de secretaresses.
De samenwerking met Anton Tool, Arthur Verhoeven (CLB, Amsterdam), Pieter
Hiemstra (afdeling longziekten, AZL) en Peter Vandenaabele (Rijksuniversteit Gent,
Belgie) heeft geresulteerd in de data zoals beschreven in hoofdstuk 9, waarvan hier
akte.
De leden van de beoordelingscommissie te weten, prof.dr. C.A.M.V.A.
Bruggeman (voorzitter) prof.dr. M.P. van Dieijen-Visser, prof.dr. J. Kips, dr. G.
Ramsay, prof.dr. E.Th. Rietschel, dank ik voor hun bereidheid het manuscript te
willen beoordelen. Prof.dr. E.Th. Rietschel, thank you very much for critically
reading this manuscript.
Dan als laatste degenen aan wie ik dit boekje heb opgedragen: pa en ma bedankt
voor de ruimte en steun die jullie me gegeven hebben, tijdens mijn eerdere
opleidingen van zeer dichtbij en tijdens dit onderzoek van wat grotere afstand.
Johan, jij weet als geen ander wat het doen van onderzoek inhoudt. Je stond altijd
voor me klaar, hielp me te relativeren en vierde met mij de (wetenschappelijke)
successen.
Allemaal zeer hartelijk bedankt.
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