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Introduction
In daily

life, most people only associate cholesterol with

atherosclerosis.

However, hypercholesterolemia can also play an i m p o r t a n t role in the outcome of
infection. In this thesis both aspects of hypercholesterolemia were
immunologic

factors

that

may

lead

to

atherosclerosis

cholesterolemia (FH) and the susceptibility

in

investigated:

Familial

Hyper

of hypercholesterolemic animals to

infections.

Familial Hypercholesterolemia & Atherosclerosis
In h u m a n s with Familial Hypercholesterolemia (FH), high plasma cholesterol
concentrations are caused by genetic defects in the low density lipoprotein (LDL)
receptor [1]. H u m a n s with two defective LDL receptor genes have greatly elevated
blood concentrations of intermediate density lipoproteins (IDL) and LDL, and
fulminant atherosclerosis is already present at an early age. Atherosclerotic lesions
consist of macrophages, T-lymphocytes, smooth muscle cells, connective tissue,
necrotic material and varying amounts of lipids and lipoproteins, covered by a
fibrous cap formed by connective tissue from smooth muscle cells. This composition
does not explain h o w hypercholesterolemia induces the extreme atherosclerosis in
FH.
Hypercholesterolemia

hypothetically

induces

a subtle

form

of

injury

to

endothelium [2]. Chronic exposure to elevated concentrations of LDL may injure the
endothelium in a variety of ways: increased m e m b r a n e viscosity of the endothelial
cells, resulting in decreased malleability, altered monocyte adhesion and Chemotaxis,
increased levels of ox-LDL that

injure endothelial cells a n d possibly increased

production of growth factors by the endothelium and subendothelial tissue [2].
Alternatively, hypercholesterolemia may d i s r u p t the n o r m a l repair process

after

endothelial d a m a g e , for example caused by LPS [3] or a n infection like Chlamydia
p n e u m o n i a e [3].
In addition, high cholesterol concentrations in plasma may activate monocytes
to a d h e r e to endothelial cells. Indeed, monocytes isolated
hypercholesterolemia

a d h e r e better to endothelial cells

from patients

with

than monocytes

from

normocholesterolemic persons [4,5].
Injury

to endothelium is considered

the initial event in the process

of

atherosclerosis, a complex mechanism in which a c o n t i n u o u s interaction between
cells, lipoproteins, adhesion molecules and cytokines takes place. The cascade of
10
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events following this injury is called the 'response-to-injury'
atherosclerosis [6].

hypothesis of

The response-to-injury hypothesis
In the early phase, atherogenesis resembles a chronic inflammatory response
[7] The initial injury to the endothelium induces production of growth-stimulatory
molecules, such as platelet-derived growth factor (PDGF) which is mainly produced
by platelets, but also - albeit to a lesser extent - by macrophages, smooth muscle cells
and endothelium [6]. Altered endothelial permeability results in increased
accumulation of lipid and lipoprotein particles beneath the endothelium, and this is
rapidly followed by the attachment of peripheral blood monocytes and
T-lymphocytes [6]. The adherence of these inflammatory cells is a result of the
increased expression of adhesion molecules on both the endothelium and the
leukocytes. One group of adhesion molecules, the selechns present on vascular
endothelial cells, mediates attachment of flowing leukocytes to the vessel wall and
subsequent rolling, after which another group, the integrine, supports firm adhesion
to ICAM-1 and VCAM-1 [8].
In a subsequent phase, monocytes and T-lymphocytes migrate into the
subendothehal space, where monocytes are converted into macrophages which
develop into foam cells as a result of unlimited uptake of modified lipoprotein
particles Not only macrophages but also smooth muscle cells can become foamy [7].
Stimulated by PDGF and other growth factors and chemoattractants, migration and
proliferation of smooth muscle cells takes place All these events will contribute to
the formahon of a fatty-streak or even a fibrous plaque, which is covered by
endothelial cells. In some cases the debris of macrophages and smooth muscle cells
looses the endothelial cover and platelets may attach to this side, again resulting in
production and release of growth factors and further lesion progression [2].
Thus that, what begins as a protective inflammatory response followed by the
formation of a fibroprohferative response, becomes the disease process [6].
However, it is possible that endothelium is injured but remains intact. In this
case increased endothelial turnover may take place, resulting in formation of growth
factors which shmulate migration of smooth muscle cells, without the interference of
monocytes and T-lymphocytes [2].
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Cytokines in atherosclerosis
An inflammatory response is always regulated by cytokines. Cytokines are
pepbde mediators that co-ordinate the interachons within the immune system They
can induce cells to express adhesion molecules and they have a role in Chemotaxis of
leukocytes and smooth muscle cells, in cell proliferahon, and in the control of lipid
and protein synthesis [9], important events in the process of atherosclerosis.
In atherogenesis, vascular endothelial cells are among the main targets for the
cytokines. Already in the beginning, when the endothelium is exposed to injurious
agents, cytokines (such as IL-1, TNFa, interferon γ and IL-2) and colony-shmulahng
factors (CSFs) play an important role in the inflammatory response that occurs [9],
expression of adhesion molecules being one of the events. Subsequently, CSFs,
monocyte chemotactic protein-1 (MCP-1), IL-8 and transforming growth factor β
(TGFß) see to recruitment of monocytes and macrophages into early atherosclerotic
lesions [9-11] and endothelial transmigration. Finally, smooth muscle cell migrahon
and proliferahon can be induced by platelet-derived growth factor (PDGF), TNFa,
IL-1, IL-8 and TGFß [9]. Moreover, IL-1, TNFa and TGFß can for their part also
induce PDGF produchon, reinforcing the effects.
Cytokines do not only play an important role in the formation of a plaque, but
also in the regulation of its stability [12]. Cytokines may destabilise advanced
atheroma that leads to clinical manifestations of the disease, including acute
coronary syndromes and myocardial infarction.

HMG-CoA reductase inhibitors
Cholesterol can be derived either from the intestinal absorption of dietary
cholesterol or from de-novo synthesis within the body. In the biosynthesis of
cholesterol, 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase is the
rate-limiting enzyme, mainly acting in liver and intestine. The enzyme catalyses the
conversion of HMG-CoA to mevalonate. When cells are deprived of external
cholesterol, for example by dietary cholesterol deprivation, HMG-CoA reductase
activity is upregulated in liver and intestine to synthesise sufficient cholesterol to
meet the needs of all the other cells in the body. On the other hand, when enough
cholesterol is present, cholesterol synthesis is nearly completely suppressed in liver
[13] Since de novo cholesterol synthesis is an important source of cholesterol,
inhibiting HMG-CoA reductase would be an effective means of lowering plasma
cholesterol in humans.
12
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In the 70's two separate groups isolated a substance from Pénicillium that could
inhibit sterol synthesis, but did not affect the conversion of mevalonate into sterols
[14]. The HMG-CoA reductase inhibitors were discovered then. These drugs were
able to decrease serum cholesterol concentrahons effectively in persons with
hypercholesterolemia, and reduchon of cardiovascular morbidity and mortality was
demonstrated [15,16].
However, since mevalonic acid (MVA), the product of the enzyme reaction, is
the precursor of numerous metabolites, inhibition of HMG-CoA reductase has the
potential to result in pleiotropic effects. MVA and other intermediates of cholesterol
synthesis (isoprenoids) are necessary for cell proliferation and other important cell
functions [17], hence effects other than cholesterol reduction can contribute to the
anti-atherosclerotic properties of statins. For example, cholesterol synthesis
inhibitors have an inhibitory effect on the production of several cytokines. LPSinduced expression of the proinflammatory cytokines TNFa, IL-lß and IL-6 in rat
primary astrocytes, microglia and macrophages as well as the produchon of IL-8 and
MCP-1 by monocytes and human mesangial cells, respectively, have been shown to
be inhibited by lovastahn [18-20]. Recently, Rosenson et al. demonstrated that
treatment of hypercholesterolemic patients with pravastahn, reduced produchon of
TNFa and IL-6 in LPS-stimulated peripheral blood [21]. Furthermore, statins were
shown to reduce production of üssue factor by cultured human macrophages [22].
In addition to the effect on cytokine produchon, most cholesterol synthesis
inhibitors inhibit cholesterol estenficataon and accumulation in macrophages,
improve plaque stability, decrease replication of myocytes, reduce neoinhmal
formahon [23] and depress Chemotaxis of monocytes [24]. These effects are not
related to the cholesterol lowering. Moreover, it was demonstrated that in vivo some
of these effects occurred without affecting cholesterol concentrahon [23].

Endotoxemia and Gram-negative infections
Endotoxin, the lipopolysacchande (LPS) component of the outer membrane of
Gram-negative bacteria, is considered to be one of the most important mediators in
the pathogenesis of Gram-negative sepsis [25]. When infused in vivo, LPS induces
hypotension, disseminated intravascular coagulation, and renal, hepatic and cerebral
damage, which may lead to shock and death. Endotoxin does not exert most of these
effects directly, but rather through produchon and release of cytokines such as
tumour necrosis factor α (TNFa), interleukin-lß (IL-lß) and IL-6 by monocytes and
macrophages as well as by endothelial cells and fibroblasts [25].
13
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Mechanism of LPS-induced cell activation
Once LPS has entered the circulation, it is cleared from the plasma
predominantly by the liver. Here, Kupffer cells take up most of the endotoxin, but
parenchymal cells and endothelial cells can take up this molecule as well [26,27].
LPS is an amphipathic molecule that forms micelles in aqueous environments
such as tissue culture medium or blood. Because of this structure, spontaneous
binding of LPS to its major receptor on cells, the CD14 molecule, occurs very slowly
[28]. However, this process is accelerated in the presence of LPS-binding protein
(LBP) that binds to the lipid A part of endotoxin with high affinity [28,29]. LBP is a
60 kDa acute phase protein associated with apoA-I containing lipoproteins (LpA-I)
in plasma [30]. It catalyses the binding of LPS to either soluble CD14 (sCD14) important for activation of endothelial cells-, or to membrane bound CD14 resulting in the activation of mononuclear phagocytes, including Kupffer cells
[28,31,32]. Moreover, LBP and sCD14 are also involved in the transfer of LPS to
lipoprotein particles [30,33]. Activation of mononuclear cells, either directly or by
other mediators, leads to the production of many cytokines [31,34].
Recently it has been demonstrated that CD14, which lacks an intracellular
signalling domain, requires the presence of Toll-like receptors (TLRs) for optimal
LPS signalling [35,36]. At least two Toll-like receptors have now been shown to be
involved in the LPS-induced signalling: TLR2 [36] and TLR4 [37,38]. Moreover,
TLR2 can bind LPS directly and mimic an interleukin 1 receptor-like response [35].
However, at high LPS concentrations, production of IL-la and IL-1 β is also
induced via a CD14 - and LBP - independent mechanism, whereas production of
TNFa is still upregulated via a CD14 dependent mechanism [39]. Most probably, the
CDllc/CD18 molecule is involved in the production of IL-la and IL-1 β at these
concentrahons [40]. Although LBP has an important role in transporting LPS to
CD14, no such role has been found with regard to CDllc/CD18 [41].

Cytokine production
During bacterial sepsis, large quantities of TNFa may be released rapidly into
the circulation, which is essential for stimulation of IL-1 and IL-6 production [42]
Many of the systemic and local effects induced by TNFa, which may be deleterious
to the host, can be brought about by IL-1 as well [43]. Moreover, TNFa and IL-1 act
synergishcally when combined [43]. High TNFa concentrations in sepsis are
associated with poor outcome. Although IL-6 seems to be largely anti-inflammatory
14
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[44], high concentrations in blood are associated with fatal outcome. Apparently, it
mirrors the presence of TNFa or IL-1 [45].

Regulation of LPS-toxicity
Because of its deleterious effects many investigations have attempted to
interfere with the toxicity of LPS. In principle, this can be accomplished in different
ways: 1) interference with the interaction of endotoxin with inflammatory host cells,
2) interference with the production and action of mediators produced in response to
LPS and 3) prevention of tissue damage.
Prevention of œil activation
One way to prevent LPS-induced activation of host cells is trying to inactivate
the LPS molecule. Many investigations have been performed to neutralise LPS, in the
last decades. One way to achieve this, is by using specific antibodies. So far, these
attempts have not been very successful and a detailed discussion is beyond the
scope.
In 1968, Skarnes already reported the first evidence that LPS can bind to plasma
lipoproteins [46]. Subsequently, investigators demonstrated that especially high
density lipoproteins (HDL) can rapidly interact with LPS in plasma and diminish its
toxicity in vivo [27,47,48]. These results were obtained in rats and rabbits, where
HDL carries most of the plasma cholesterol. In contrast to these findings, van Lenten
et al. demonstrated that in humans, although all major lipoprotein classes were able
to bind LPS, only LDL could reduce the toxicity of LPS [49]. Other investigators have
reported that LDL as well as HDL, VLDL, chylomicrons and LP(a) can bind and
neutralise endotoxin [50-53], resulting in a decreased release of IL-lß, TNFa and IL-6
from human mononuclear cells [51,53-55]. Lipoproteins do not only bind and
neutralise endotoxin in vitro, but it has also been demonstrated that infusion of
VLDL or chylomicrons can prevent septic death in mice and rats [50,56]. In addition,
reconstituted HDL (R-HDL) injected before LPS challenge in humans will reduce the
endotoxin-induced release of TNF, IL-6, and IL-8 [57]. R-HDL is even more effective
in reducing this release than native lipoproteins [58]. Furthermore, hypercholesterolemia in LDL receptor deficient (LDLr-/-) mice [59] and a 2-fold-elevated
plasma HDL in mice over-expressing human apolipoprotein Al (apo Al) [60]
protects these mice against LPS toxicity. Hypolipidemic mice, on the contrary, are
more susceptible to the harmful effects of LPS [61], confirming the protective
function of lipoproteins.
15
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However, the relative importance of the various lipoprotein subclasses for LPS
neutralisation is still controversial. Some studies reported that in comparison with
LDL and HDL, VLDL is less potent in inactivating LPS [48,53,62], or even not
capable at all [49]. Parker et al, on the other hand, found a higher LPS-neutrahsing
capacity of VLDL [58]. A possible explanation for this discrepancy may be the
frequent contamination of VLDL with endotoxin [50], resulting in decreased capacity
to neutralise LPS.
A second issue is which component of the lipoprotein molecule is responsible
for LPS-neutrahsation. It has been demonstrated that the binding of LPS to
lipoproteins depends on the cholesterol concentration of the particle [49]. On the
other hand, cholesterol-free SOYACAL protects mice from endotoxin-induced death
as well, proving that cholesterol is not essential or necessary for the interaction
between endotoxin and lipoproteins [50]. Van Lenten et al supposed that, a lipidhpid interaction accounts for the association of lipoproteins with endotoxin [49]. This
was then confirmed by means of ultrastructural studies of LDL-LPS complexes,
demonstrating that the lipid A domain can anchor LPS in the phospholipid surface
of a lipoprotein particle [63]. A leaflet insertion model has been suggested by Levine
et al [60]. In this model insertion of the fatty acyl chains of lipid A into the surface of
lipoproteins takes place, which effectively masks the lipid A domain, preventing
interactions between LPS and LPS receptors. Although these studies suggest lipidendotoxin interactions in the neutralisafaon of LPS, other studies demonstrated that
protein-endotoxin interactions play a dominant role in the detoxification process
Emancipator et al. showed inacfavafaon of endotoxin in the Ltmulus amebocyte assay
by both apo Al and apo B, and, in addition, showed reduced pyrogemcity for apo
Al [64]. Independently, inhibition of LPS-induced cytokine release was also reported
to be a property of human apo Al [62]. These apohpoproteins contain lipid-binding
domains that may bind and shelter the lipid A component of LPS, which is the
monocyte-achvating moiety [62]. Likewise, the selective interaction of LPS with apo
E has been demonstrated recently [65]. Apo E can redirect endotoxin from Kupffer
cells to hepatocytes and reduce the LPS-induced cytokine concentrations in rats [66]
Probably both protein- and lipid-endotoxin interactions are of importance, but the
individual contribution still has to be determined.
Direct inacfavafaon of endotoxin is probably of most benefit, since LPS may act
via several mechanisms that are difficult to inhibit all at the same fame. Nevertheless,
inhibition of any of these mechanisms involved in cell-activahon can reduce the
harmful effects of endotoxin.
The fact that CD14 is the most relevant receptor for LPS, makes it an attractive
target for monoclonal antibodies (Mabs) Investigations performed to inhibit
LPS/LBP binding to cells by Mabs to CD14, show that these anhbodies are capable

16
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of suppressing several LPS-induced responses [67,68]. Additionally, antibodies
directed to CD18 were also shown to decrease LPS-induced toxicity [69].
Another target would be LBP, which can enhance the biological achvity of LPS.
Anhbodies against this protein protected mice against the lethal effect of LPS [70],
Mice disrupted for the LBP gene were protected against LPS in one study [71], but
not in another [72].
Inactwation of secondary mediators
Once cell acbvahon has taken place, secondary inflammatory mediators are
released, such as cytokines and acute phase proteins. Since most of the deleterious
effects of LPS are caused by cytokines, the discussion will be limited to this.
Cytokine producbon is essenhal to deal with an infechon. However, when they are
produced in excess they become harmful to the body. Therefore, it is important to
prevent the deleterious biological effects without interfering with host defence
quality [25]. Inacbvation of the proinflammatory cytokines TNFa, IL-1 and IL-6 will
be discussed here.
It has been demonstrated in animal models that antibodies against TNFa can
protect against shock induced by LPS or Gram-negative bacteria [73,74] and decrease
the release of IL-1 and IL-6 [42]. However, in pahents with severe sepsis, no overall
difference in mortality was found after treatment with MAbs to human TNFa
[75,76]. MAbs to IL-6 can also modify the inflammatory response to endotoxin, at
least in chimpanzees [77]. Several other approaches to inhibit the effects of cytokines
are available as well. Treatment with naturally occurring antagonists of TNF and IL1, such as soluble TNFa receptors (sTNFRs) and IL-1 receptor antagonists prevents
endotoxin-induced lethality in several animal models [78-80]. Furthermore,
antibodies to the IL-1 receptor [81] and inhibihon of the IL-1 ß-converting enzyme
[82], which activates IL-1, have also been demonstrated to give some protechon from
endotoxemia in mice.

Cytokines
Cytokines are proteins (usually glycoproteins) of relatively low molecular mass
(seldom more than 8-25 kD) and often consisting of just a single chain. They are
secreted by white blood cells and a variety of other cells in the body in response to
several inducing stimuli. Cytokines are the major means of communication within
the immune system, mediating the complex interachons between lymphoid cells,
inflammatory cells, and hematopoiebc cells. Their action is transient and usually of
short range, that is: they act on cells in close proximity, although in some cases they
17
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bind to receptors on the cell that secreted them or on a distant target cell. Picomolar
concentrations of cytokines are enough to mediate a biological effect, since they have
a high affinity for their receptors. They are pleiotropic and overlap in their activities.
The interactions result from a cascade of one cytokine inducing production of
another, transmodulation of the receptor for another cytokine through synergism or
antagonism of two cytokines. This system is often referred to as the cytokine
network [83].

TNFa
A key mediator in inflammation is tumour necrosis factor α (TNFa or
cachectin). In its active form it is a trimeric 17 kDa protein, mainly produced by
macrophages but also by lymphocytes, mast cells, basophils, eosinophils, NK cells, Β
cells, Τ cells, Kupffer cells and keratinocytes. Upon activation of cells with LPS,
TNFa is secreted within minutes and levels peak at 90-120 minutes [74], after which
the plasma concentration falls rapidly as the molecule is cleared. TNFa plays an
important role in triggering the release of a series of other cytokines in lethal Gramnegative bacteraemia, such as IL-1 and IL-6 [84]. Initiation of this cascade of factors
results in potentiation of the effects of TNFa and in an activation of the host response
to invasion, injury, or infection. In addition to the capacity to induce production of
other cytokines, TNFa exerts several other important effects. It can activate
neutrophils, increase adhesion to endothelial cell surfaces, enhance phagocytic
activity and induce an acute-phase response [43]. However, TNFa does not only
improve host defence mechanisms, since in some cases the toxicity of TNFa may
provoke disease by mediating shock, tissue injury, or catabolic illness [84].

IL-1
The proinflammatory cytokine IL-1 is produced and secreted during
inflammation, injury, immunological challenge and infection. This cytokine is
synthesised by a variety of cells, such as monocytes, macrophages, Β cells, dendritic
cells and endothelial cells [85]. IL-1 consists of two forms, α and β, which share,
despite the low homology, multiple biological properties. The mature size of the
two forms of IL-1 is 17 kDa, obtained by cleavage of the precursor molecules.
However, unlike IL-1 β, the precursor of IL-1 α does not need to be cleaved. Nearly all
IL-la stays in the cytosol, where it is transported to the surface of the cell. The
18
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membrane-bound IL-Ια precursor is biologically active [86]. To obtain optimal
biological activity, the precursor of IL-lß needs to be cleaved after which the mature
form is released in the circulation. A highly specific enzyme that cleaves only IL-lß
precursor is the IL-lß converting enzyme (ICE) [87,88]. LPS induces transcription of
IL-1 mRNA within 15 minutes and peak levels of the protein have been measured at
3-4 hours [89,90].
The biological effects of IL-1 are diverse. During lymphocyte activation IL-1
will induce synthesis of other cytokines. In addition, IL-1 acts to augment corticosteroid release and it can induce fever, increased circulating neutrophils, increased
expression of adhesion molecules, hepatic acute phase proteins, slow wave sleep,
elevated insulin levels and hypotension [85]. Furthermore, infusion of IL-lß induces,
comparable to TNFa, a shock like state [91]. Moreover, TNFa can amplify these toxic
effects of IL-1.
Both IL-la and IL-lß are recognised by the same receptors, IL-1 receptor type I
(IL-1RI) and type II (IL-IRII). IL-1RI, which preferentially binds IL-la, is mainly
found on endothelial cells, hepatocytes, fibroblasts, keratinocytes and T-lymphocytes, whereas IL-IRII, which particularly binds IL-lß, is mainly found on
B-lymphocytes, monocytes and neutrophils [85]. The IL-1 receptors only need to be
occupied for about 2% to achieve a biological response [85].

IL-6
IL-6 is a 20 kDa glycoprotein with pleiotropic activities that is of importance in
the host defence. IL-6 can exert (1) initiation of B-cell differentiation, (2) proliferation
of myeloma, hybridoma and plasmacytoma cells, (3) suppression of TNFa
production, (4) differentiation and/or activation of T-cells and macrophages,
(5) synthesis of acute phase proteins, with exception of albumin and transferrin,
(6) upregulation of ACTH production and (7) nerve cell differentiation [43]. A
variety of cells can produce and secrete this cytokine, including monocytes,
macrophages, Τ cells, Β cells, granulocytes, keratinocytes, fibroblasts, endothelial
cells, mesangial cells and bone marrow stromal cells. Under normal conditions no
IL-6 is detectable in the serum, however when stimulated with LPS, plasma IL-6
levels increase rapidly reaching peak serum levels after 2 hours [45]. In addition to
LPS, oncostatin M, TNFa, IL-1 and γ-interferon (IFN-γ) can upregulate the
production of IL-6, depending on the cell type that is involved [92]. In contrast to
these inducers of IL-6, corticosteroids, estrogens and IL-4 are potent inhibitors of the
production of this cytokine [92]. IL-6 may act as a proinflammatory as well as an
anti-inflammatory cytokine, acting, on one hand, synergistically with IL-1 and TNFa
19
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in the regulation of the production of acute phase proteins and, on the other hand,
inhibiting LPS-induced synthesis of TNFa and IL-1 [44,93]. Although IL-6 does not
provoke shock in mice or humans, it is associated with fever and severity of illness
or mortality in human septic shock [43].

Outline of this thesis
In the first part of this thesis two possible parameters in the development of
atherosclerosis in heterozygous and homozygous FH patients were examined:
cytokine production and adhesion molecule expression and binding. The purpose
was to better understand the atherosclerotic process in hypercholesterolemic
patients.
Since proinflammatory cytokines are thought to play an important role in the
development of atherosclerosis, we investigated in Chapter 2 and 3 whether
hypercholesterolemia influences cytokine production,. For this purpose, we assessed
the cytokine production capacity of peripheral blood mononuclear cells (PBMCs)
from heterozygous and homozygous FH patients and compared it with that of
normocholesterolemic controls. In addition, since LDL can induce binding of
monocytes to the endothelium in vitro, the expression of the LPS receptors CD14 and
ß2-integrins on peripheral monocytes and lymphocytes was determined. In
Chapter 2 we also investigated whether HMG-CoA reductase inhibitors can affect
the cytokine production capacity, next to lowering plasma cholesterol levels, in
heterozygous FH patients.
In Chapter 4 the cytokine production capacity of FH patients was assessed by
using a whole blood culture, and production and mRNA expression were compared
with healthy volunteers. In addition, the influence of cholesterol lowering on the
cytokine production and mRNA expression was determined.
Other investigators demonstrated that hypercholesterolemia and hypertriglyceridemia can induce the adhesion of monocytes to endothelial cells [4,5,94,95].
In Chapter 5 we investigated whether this increased adhesion is mediated by LFA-1
or VLA-4. By using a newly developed fluorescent beads adhesion assay [96], the
adhesion of lymphocytes and monocytes from FH patients to ICAM-1 and VCAM-1
was examined.
In the second part of this thesis we investigated the effects of apolipoprotein E
deficiency and hypercholesterolemia in mice on the susceptibility to Gram-negative
and fungal infections.
20
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All major lipoproteins in plasma and apolipoprotein A-I (apoA-I) and apo E
can bind LPS and thereby neutralise its toxic effects. Netea et al demonstrated that
hypercholesterolemic LDLr-/- mice are protected against endotoxemia and a Gramnegative infection [59]. ApoE-/- mice also have high cholesterol concentrations. To
investigate whether these mice, deficient in apoE and rich in VLDL-cholesterol, are
also protected against endotoxemia, a model for Gram-negative sepsis, mice were
challenged with LPS (Chapter 6).
The endotoxemia model, is a means to investigate the direct effect of bacterial
products on cytokine production without interference of bacterial outgrowth.
However, outgrowth of the bacteria in organs is also an important mechanism
leading to death. Therefore, we infected apoE-/- mice with live K. pneumoniae and
determined outgrowth of the bacteria in the organs, and possible mechanisms for the
increased mortality were searched for in Chapter 7.
Since lipoproteins can bind and neutralise LPS, released from Gram-negative
bacteria, it was suggested in some studies to infuse lipoproteins as an adjuvant
therapy in sepsis. However, other microorganisms such as C. albicans and
Staphyolococcus aureus seem to grow better in a lipid-rich environment [97,98].
Therefore, it would be advisable to gain more insight into the growth of these
microorganisms in the presence of high lipoprotein concentrations, before using
lipoproteins as an adjuvant therapy in sepsis. In Chapter 8 and 9 we investigated in
two different animal models for hypercholesterolemia whether the outcome of
systemic candidiasis was influenced by hyperhpidemia. In Chapter 8 LDLr-/- mice,
with 7 to 9-fold increased LDL concentrations, were infected with C. albicans,
whereas in Chapter 9 mice deficient for apo E-/-, with 8-fold increased plasma
VLDL levels, were used.
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Abstract
Inflammatory

processes play

an important

role

in atherogenesis,

and

proinflammatory cytokines as interleukin-lß (IL-lß), IL-6, and tumour necrosis
factor α (TNFa) are thought to be mediators in this phenomenon. We have
previously established that peritoneal macrophages of LDL-receptor knock-out mice,
which are hyper-cholesterolemic and are prone to atherosclerosis, have an increased
LPS induced cytokine production capacity, ex vivo. The aim of the present study was
to investigate whether the process leading to atherosclerosis in patients with familial
hypercholesterolemia (FH) is associated with increased cytokine production capacity
of peripheral blood mononuclear cells (PBMC) and/or increased expression of adhe
sion molecules on monocytes and lymphocytes. Furthermore, we assessed the effect
of cholesterol lowering on the produchon capacity of PBMC, as these drugs are
beneficial with regard to cardiovascular diseases. LPS-induced IL-lß and TNFa produchon by PBMCs of 21 heterozygous FH patients appeared to be similar to the
production by PBMCs of 21 healthy volunteers. In addition, expression of the LPS
receptors CD14 and ß2-integrins in 9 patients and controls did not differ either In a
second series of experiments, HMG-CoA synthesis inhibitors were ineffective to
change the LPS induced productaon by PBMC of IL-la, IL-lß, IL-1 receptor
antagonist (IL-lra), IL-6, and TNFa.
In conclusion, cytokine production capacity of blood cells or the expression of
LPS-receptors on circulating PBMC do not deviate in subjects with FH and also do
not change as a result of treatment with cholesterol synthesis inhibition.
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Introduction
The lipopolysaccharide (endotoxin, LPS) component of Gram-negative bacteria
cell-wall is considered to be responsible for several pathological conditions in which
these micro-organisms are involved. Apart from the role of LPS in Gram-negative
sepsis [1], recent studies suggest that LPS-induced immune mechanisms may be
important in triggering atherogenesis [2-4]. One way in which LPS could initiate the
atherosclerotic lesion, is by formation of complexes with the lipoproteins [5] that are
transported from the circulation into the arterial wall and initiate an inflammatory
response [6]. In addition, LPS can activate macrophages and induce oxidative
modification

of

low-density lipoproteins (LDL) [7], a major mediator in

atherogenesis [8,9]. Furthermore, LPS is able to enhance the expression of adhesion
molecules and thereby adhesion of monocytes and Τ cells to endothelium [10-12].
Endothelial damage appears to be more severe and persistent if LPS is administered
to hypercholesterolemic animals compared to control animals [13]. This LPS toxicity
is considered to be mediated mainly by proinflammatory cytokines such as tumour
necrosis factor-α (TNFa), interleukin-la (IL-la) and IL-lß [1]. Apart from their role
in LPS-mediated endothelial damage, the proinflammatory cytokines are also able to
enhance the uptake of oxidised LDL through increased expression of macrophage
scavenger receptors [14] and to regulate the plaque stability [15]. Each of these may
be important in the process of atherosclerosis. Moreover, these cytokines induce the
production of endogenous growth factors which regulate cell proliferation in the
arterial wall [16].
Few reports in the literature deal with cytokine production capacity of cells
from hypercholesterolemic hosts. Leirisalo-Repo and colleagues have shown that
monocytes of patients with familial hypercholesterolemia (FH) produce more TNFa
in response to LPS in vitro [17], while we have recently reported that peritoneal
macrophages of mice deficient for the LDL receptor have a higher cytokine
production capacity in response to LPS than control mice [18]. The mechanisms
behind these increased responses have not been elucidated. Recent in-vitro studies,
however, have shown that cholesterol regulates the cell surface expression of CD14 the main LPS receptor

[19], and

controls

the clustering

of other glyco-

phospholipid-anchored receptors [20], suggesting involvement of receptor mediated
mechanisms in the increased LPS-induced cytokine synthesis.
To our knowledge only a few reports describe the effects of HMG-CoA
reductase inhibitor therapy, which decreases serum cholesterol levels effectively and
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can reduce cardiovascular morbidity and mortality [21,22], on proinflammatory
cytokines. Leinsalo-Repo et al. have demonstrated that TNF production by
monocytes was not altered due to hypocholesterolemic treatment [17]. Other reports
investigating the effect of cholesterol synthesis inhibitors on cytokine production
capacity in vitro, demonstrated that production of IL-6 and IL-8, and monocyte
chemoattractant protein-1 (MCP-1) by monocytes and human mesangial cells,
respectively, is inhibited [23,24].
In the present study, we assessed the cytokine production capacity of
peripheral blood mononuclear cells (PBMC) from FH patients and healthy controls.
We also investigated the expression of CD14 and of the ß2-integrins CDlla, CDllb,
and CDllc on peripheral monocytes and lymphocytes, since these adhesion
molecules are considered important LPS receptors. As no data about the in vivo
effects of cholesterol lowering treatment on production of IL-la, IL-lß, IL-1 receptor
antagonist (IL-lra) and IL-6 by PBMC are available, this was investigated in a second
group of heterozygous FH patients treated with an HMG-CoA reductase inhibitor.

Methods
Study design
The present study deals with two cohorts of FH patients. The first cohort
consisted of a group of twenty-one heterozygous FH patients (Table 1). They were
treated with HMG-CoA reductase inhibitors (20-40 mg/day). To exclude a direct
interaction of this medication with our assays, cholesterol-lowering treatment was
stopped intentionally two days before blood samples were obtained. For twelve
patients the controls consisted of family members (siblings and parents), while for
the remaining patients the controls were age and weight-matched healthy volunteers
from the hospital personnel. There were no significant differences in age or weight
between patients and controls. In the second cohort of heterozygous FH patients
(n=27) (Table 2) we investigated the effects of hypolipidemic treatment. These
patients stopped cholesterol-lowering medication 8 weeks before the study.
Subsequently, the FH subjects were treated, in a double blind trial, with either
simvastatin (40 mg daily) or atorvastatin (80 mg daily) The present investigations
were performed just before and eight weeks after starting the treatment. None of the
patients or controls received immunosuppressive therapy during the study or had a
systemic illness or infection that could have influenced the immunological system
10
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The study was approved by the local ethical committee, and written informed
consent was obtained from all participants before being enrolled in the study.
Lipid measurements
Fasting plasma concentrations of total cholesterol, high-density lipoprotein
(HDL) cholesterol and plasma triglycerides were determined enzymatically on a
Hitachi 747 analyser

[25]. LDL cholesterol levels were calculated with the

Friedewald formula [26].
Table 1. Characteristics of the first cohort (:>f heterozygous familial hypercholesterolemia
(FH) versus controls.

Ν

FH

controls

21

21

Ρ
n.s.

Male/female

12/9

10/11

n.s.

age (years)

46.7 ± 15.8

39.6 ± 15.6

n.s.

Weight (kg)

75.7 ± 13.6

71.3 ±9.5

n.s.

Total cholesterol (mmol/1)

7.6 ±1.6

5.5 ± 0.9

< 0.001

LDL-cholesterol (mmol/1)

5.8 ±1.6

3.7 ± 0.9

< 0.001

HDL-cholesterol (mmol/1)

1.18 + 0.35

1.26 ±0.20

n.s

Triglycerides (mmol/1)

1.71 ± 0.91

1.21 ±0.54

0.03

Data are given as mean ± S.D.

LPS-stimulation of PBMC
Venous blood from one heterozygous FH patient and one control was drawn at
the same time and tested simultaneously. Venous blood from the group of
heterozygous FH patients on hypolipidaemic drug was drawn just before and eight
weeks after starting medication.
Separation and stimulation of PBMC was performed as described elsewhere
[27], with minor modifications. Briefly, blood was drawn into EDTA tubes
(Monoject, 's-Hertogenbosch, The Netherlands). The PBMC fraction was obtained by
density centrifuga Hon of diluted blood (1 part blood to 1 part phosphate buffered
saline (PBS)) over Ficoll-Paque (Pharmacia Biotech AB, Uppsala, Sweden). PBMC
were washed twice in PBS and suspended in culture medium (RPMI 1640 Dutch
modification, ICN Biomedicals Inc., Ohio, USA) supplemented with 5% human
plasma (heath inactivated), gentamicin (50 μg/ml), L-glutamine (2 mM) and
pyruvate (1 mM). The cells were counted with a Coulter counter (Coulter
Electronics, Mijdrecht, The Netherlands) and cell concentration was adjusted to
5x10' cells/ml. Cells were incubated at 5xl0 5 cells/well in 96-wells polystyrene
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plates (Greiner BV, Alphen a/d Rijn, The Netherlands) with or without LPS (final
concentrations of 1 ng/ml and 1 μ§/πι1). The supernatants were collected after 4 hr
0

o

or 24 hr of incubation at 37 C and 5% CO^ and stored at -70 C until assay. To the
remaining PBMC, 200 μΐ RPMI 1640 was added, and the cells were disrupted by
three freeze-thaw cycles to determine the cell-associated cytokine contents. The
samples were stored at -70oC until cytokine measurements.
Table 2. Charactenslics of the second cohort of heterozygo us FH patients before and after
cholesterol lowering treatment.
Before medication

After medication Ρ

Ν

27

27

Male/female

12/15

12/15

Age (years)

44.5 ± 9.7

44.5 ± 9.7
74.2 ± 9.3

Weight (kg)

74.2 + 9.3

Total cholesterol (mmol/1)

11.37 ±1.8

6.60 ± 1.53

< 0.001

LDL-cholesterol (mmol/1)

9.40 ±1.75

4.81 ± 1.50

< 0.001

HDL-cholesterol (mmol/1)

1.16 ± 0.31

1.22 ± 0 . 3

<0.04

Triglycerides (mmol/1)

1.99 ±0.92

1.37 ±0.67

< 0.001

Results are mean ± S.D.

Cytokine measurements
IL-la (cell-associated), IL-lß, IL-lra and TNFa concentrations were determined
using a radioimmunoassay as described previously [28]. IL-6 concentrations were
determined using an ELISA (Pelikine Compact™ human IL-6 ELISA kit, CLB,
Amsterdam, the Netherlands). To minimise analytical errors, all samples from the
same patients were analysed in the same run in duplicate. The inter-assay variation
of our RIA and ELISA are estimated to be less than 15%, while the intra-assay
variation is less than 10%. These are typical figures for these assays. In order to
correct for spontaneous cytokine release, the net production was calculated by
subtracting the concentrations without stimulus from those induced by LPS.
Flow cytometry analysis
PBMC from nine, randomly selected, heterozygous FH patients and nine
controls were isolated as described above and adjusted to 4xl0 6 cells/ml. 4xl0 5 cells
were transferred into each tube and incubated in the dark at 40C for 30 minutes with
3 μg/ml of the following mouse anti-human monoclonal antibodies: anti-CD14
(clone M5E2), anti-CDlla (G43-25B), anti-CDllb (44) and anti-CDllc (B-ly6) (kindly
provided by dr. Jorg Homfeld, PharMingen GmBH, Hamburg, Germany). The cells
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were washed, resuspended in PBS supplemented with 0.5% BSA and 0.1% NaNs,
and incubated with FITC-conjugated sheep anti-mouse antibodies (litre 1:300)
(Jackson Labs., New Brunswick, NJ) in the dark at 40C for 30 minutes. After two
washings, the contaminating erythrocytes were lysed with FACS lysing solution
(Beckton and Dickinson), according to the instructions of the manufacturer.
Subsequently, the cells were fixed in 2% paraformaldehyde solution and the
expression of the various LPS-receptors was measured using a flow cytometer
(Coulter, Palo Alto, CA). The expression of the LPS-receptors on the membrane of
monocytes and lymphocytes from FH patients was calculated relative to that of the
controls.
Statistical evaluation
Data are given as mean ± S.D. Statistical analysis was performed using a
Wilcoxon test for paired and unpaired data. A 2-sided p<0.05 was considered to be
significant.

Results
Lipid concentrations
Total plasma cholesterol, LDL-cholesterol and triglyceride concentrations were
significantly higher in the first cohort of heterozygous FH patients when compared
with control subjects, while no difference in plasma HDL-cholesterol was found
(Table 1). In the second cohort of heterozygous FH patients, total plasma cholesterol,
LDL-cholesterol and triglyceride concentrations were significantly decreased (42%,
49%, and 31% resp.), whereas HDL-cholesterol concentrations were only slightly, yet
significantly, increased (5%) after hypocholesterolemic treatment (Table 2). Fasting
lipid levels between the control groups of family members and of hospital personnel
were similar (data not shown).
Cytokine production capacity
No differences in the LPS stimulated cytokine production capacity ex vivo
between the control groups were found (data not shown). Circulating concentrations
of IL-lß, IL-lra, IL-6 and TNFa and the cytokine production of unstimulated
mononuclear cells were very low and did not differ between patients and controls or
after cholesterol lowering treatment (data not shown).
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The cytokine production of PBMC from FH patients and controls was assessed
at two different LPS concentrations: at 1 ng/ml LPS activation is serum dependent
and

CD14-mediated, whereas at 1 μg/ml

serum-

and CD14-independent

mechanisms are important for the LPS-induced cytokine synthesis. With 1 μg/ml
LPS, cytokine levels were three to eight times higher compared to the stimulation
with a 1 ng/ml concentration. Production capacity for IL-lß and TNFa at either
concentration did not differ significantly between PBMC from heterozygous FH
patients and controls (Table 3).

Table 3. Production of Interleukin (IL)-lß and Tumour Necrosis Factor
(TNF)-a by PBMC of heterozygous FH patients and their controls
after stimulation with either 1 n g / m l or 1 Hg/ml LPS
FH

Controls

IL-lß (ng/ml)

3.75 ± 3.87

3.83 ± 4.32

TNFa (ng/ml)

0.94 ± 1.69

0.89 ±1.16

IL-lß (ng/ml)

16.0 ± 11.3

12.6 ±8.9

TNFa (ng/ml)

2.3 ±1.6

2.3 ± 2.0

1 n g / m l LPS

lMg/ml LPS

Data are presented as mean ± S.D. of 21 recipients in each group.

On hypolipidemic treatment cytokine production by exposing PBMC to 1
ng/ml LPS for either 4 or 24 hours was similar before treatment and after 8 weeks on
treatment (Table 4).
Expression of LPS-receptors
The expression of the LPS-receptors CD14, CDlla, CDllb, and CDllc was
assessed on monocytes and lymphocytes of nine heterozygous FH patients and controls. No differences in expression of the LPS-receptors were found between
heterozygous FH patients and the healthy volunteers (Table 5). Neither was there a
correlation between plasma cholesterol or LDL-cholesterol concentration and expression of CD14 or CDlla, CDllb, and CDllc.
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Table 4. Production of various cytokines by PBMC after stimulation with LPS for 4 hours and
24 hours before and during treatment to decrease cholesterol.

η

Before cholesterol lowering

During cholesterol lowering

IL-la (ng/ml)
4h

25

0.56 ±0.19

0.53 + 0.14

24 h

23

0.50 ± 0.05

0.47 + 0.07

22

0.28 ±0.06

0.15 ± 0.15

22

1.15 ±1.34

0.75 ±0.47

4h

25

0.47 ±0.53

0.31 ± 0.33

24 h

23

2.75 ± 2.37

2.40 ±1.63

20

12.5 ±8.8

11.2 ±5.4

4h

25

1.55 ±1.22

1.45 ± 0 69

24 h

19

1.47 ±1.30

1 26 ± 0.53

IL·! β (ng/ml)
4h
24 h
IL-lra (ng/ml)

1L-6 (ng/ml)
24 h
TNF a (ng/ml)

Results are mean ± S D . As in some cases we ran out of cells, η is different for the
cytokines we tested . Net production was calculated by subtrai ting the concentrations
without stimulus from the concentrations induced by LPS.

Discussion
In the present study, no differences in cytokine production capacity between
heterozygous FH patients and controls were seen. These results are divergent from
those of Leirisalo-Repo et al. who reported increased LPS-induced TNF production
by monocytes of heterozygous patients with familial hypercholesterolemia [17].
When compared with our first cohort cholesterol concentration in their patients was
higher. Most likely, this was due to the fact that in our study the first cohort stopped
medication only 2 days prior to collection of blood, while in the above mentioned
report the patients had stopped medication for 6 weeks. It is conceivable that the lack
of difference in cytokine production in our first cohort is due to the relatively small
difference in cholesterol concentrations between patients and controls. However, in
the second cohort TNFa production capacity of PBMC was not affected

by

cholesterol lowering due to medication even though the cholesterol levels were
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decreased by more than 40%. This might be explained by the fact that we used a low
concentration of LPS (1 ng/ml) to activate the cells. Leirisalo-Repo et al. also found
no significant difference after incubation of monocytes with LPS (10 ng/ml). Only
stimulation with 10 μg/ml LPS revealed a significant difference [17]. However,
circulating concentrations of LPS in the range of μg/ml are never seen, whereas
1 ng/ml LPS is a much more biologically relevant concentration.
Table 5. Expression of LPS-receptors on monocyles and lymphocytes of
heterozygous FH patients, expressed as percentages of controls.
Monocytes

lymphocytes

CD14

102 ± 18

98 ±91

CDlla

107 ± 15

112 ± 28

CDllb

101 ± 22

103 ± 35

CDllc

108 ±20

111 ±59

Numbers are shown as percentage of expression on control cells ± SD.
None of the receptors differs significantly between patients and controls.
Expression of the LPS-receptors CD14, C D l l a , C D l l b , and C D l l c was
analyzed by FACS on PBMC of 9 heterozygous FH patients and 9 controls.

Furthermore, we show here that in vivo administration of cholesterol synthesis
inhibitors does not alter production of TNFa, IL-la, IL-lß, IL-lra and IL-6 by PBMC,
in vitro. This is in part in contrast with the results of Terkeltaub et al. [23], who
demonstrated

that addition of HMG-CoA reductase inhibitors suppressed IL-6

production by THP-1 cells. However, the LPS concentration used was a 100 fold
higher than the concentration used in our experiments. On the other hand, in
agreement with our data, Leirisalo-Repo et al, using LPS concentrations as high as 10
μg/ml did not find any effect of cholesterol lowering on TNF production by PBMC
[17]. Cholesterol synthesis inhibitors act mainly in the liver and the intestine, where
the activity of the enzyme HMG-CoA reductase is inhibited by about 90% [29,30].
Therefore, in-vivo administration of a hypolipidemic drug could be different from
in-vitro incubation of monocytes with these inhibitors.
In the present study no effect of hypercholesterolemia on the expression of the
LPS-receptors CD14 and CD11/CD18 was demonstrated. Depending on the
endotoxin concentration present, either CD14-dependent or CDll/CD18-dependent
mechanisms are important for LPS-induced cytokine production [31,32]. CD14 and
the ß2-integrins are also important adhesion molecules contributing to the adherence
of monocytes and T-lymphocytes to endothelium and vascular smooth muscle cells
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[33,34], processes which are very important in the development of atherosclerosis.
Our finding that CD14 and CD11/CD18 did not change are in accordance with our
results on cytokine production capacity, because any difference in receptor expression would imply an altered cytokine profile after LPS stimulation. Expression
of CD14 and the ß2-integrins is not enhanced and does not explain the increased rate
of atherosclerosis in hypercholesterolemic patients. Currently, we are investigating
the binding capacity of lymphocytes from heterozygous FH patients to ICAM-1 and
E-selectin, to examine whether increased activation rather than enhanced expression
of adhesion molecules may be involved in atherosclerosis.
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Abstract
It has been suggested that proinflammatory cytokines such as tumor necrosis
factor-α (TNF) and interleukm-lß (IL-1), as well as adhesion molecules such as ß2integnns and CD14, play a role in the pathogenesis of atherosclerosis Familial
hypercholesterolemia (FH) is an autosomal disease in which defective or absent LDL
receptors are the cause for extreme LDL concentrations and early development of
atherosclerosis. We studied hpopolysacchande-induced cytokine production and the
expression of adhesion molecules by mononuclear cells of 3 homozygous FH
patients, and compared them with first-degree relatives and healthy controls There
was a tendency towards increased cytokine production by cells of FH patients,
whereas the expression of adhesion molecules was not modified compared to
controls In addition, LDL-apheresis inhibited IL-1 and TNF producbon and the
expression of CDlla, CDllb, CDllc and CD14 by the mononuclear cells of FH
pabents, and this may be an addibonal beneficial effect of LDL-apheresis apart of
decreasing LDL concentrabons.
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Introduction
It has been suggested that immune mechanisms, such as inflammatory
mediators induced by the lipopolysaccharide (LPS)-cell wall component of Gramnegative micro-organisms, play an important role in the development of
atherosclerosis [1]. Proinflammatory cytokines such as tumor necrosis factor-α (TNF)
and interleukin-lß (IL-1) are considered to be the main mediators of LPS toxicity [2].
Apart from their role in LPS-mediated endothelial damage, the proinflammatory
cytokines are able to increase the expression of adhesion molecules [3], to enhance
the uptake of oxidised LDL through increased expression of macrophage scavenger
receptors [4], to regulate the plaque stability [5], and to induce production of
endogenous growth factors which regulate cell proliferation in the arterial cell wall
[6], all potentially important mechanisms in the process of atherosclerosis. Moreover,
induction of adhesion molecules by LPS leads to adhesion of monocytes and T-cells
to endothelium, a process that is very important for the initiation of the atherogenic
lesion [7], [8], [9].
Few studies have investigated the cytokine production capacity and expression
of adhesion molecules of cells from patients with familial hypercholesterolemia
(FH), an autosomal disease characterised by defective or absent LDL-receptors,
increased levels of LDL and early development of atherosclerosis [10]. LeirisaloRepo and colleagues have shown that monocytes of FH patients have an increased
TNF response to LPS stimulation, but they used very high concentrations of LPS in
the microgram/ml range [11]. Whether induction of cytokine production by
biologically relevant concentrations of LPS, in the nanogram/ml range, is also
increased in FH is not known. In addition, native LDL increase expression of
ICAM-1 in-vitro [12], and increase ß2-integrin expression [13] and plasma levels of
soluble adhesion molecules [14] have been recently reported in patients with
hypercholesterolemia

of various aetiologies. Despite these studies and

the

importance of adhesion molecules for atherosclerosis, little is known of their
expression and function in FH. In this respect, it is important to underline that
ß2-integrins, together with the CD14 molecule, are also important LPS receptors [15],
The aim of the present study was to assess the TNF and IL-1 production
capacity of peripheral blood mononuclear cells (PBMC) from 3 homozygous FH
patients in the basal state and after LDL-apheresis performed biweekly to reduce
plasma cholesterol concentrations. In addition, we studied

whether

hyper-
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cholesterolemia m these patients led to modified expression of ß2-integrins and
CD14 on their circulating monocytes and lymphocytes.

Methods
Patients and controls
Three homozygous FH pahents (all women, 16, 17 and 25 years old) took part
in the study. The diagnosis of FH was proven by DNA and familial investigation.
Two patients underwent coronary artery bypass grafting at the age of 16 years old,
whereas the third did not have significant coronary disease on angiography. They
were treated with cholesterol synthesis inhibitors (40-80 mg/day atorvastahn),
aspirin (80 mg/day), and underwent LDL-apheresis every two weeks. Because of the
genetic variability in cytokine-production, one group of controls consisted of firstdegree family members of the 3 pahents. Moreover, since the circumstances of
testing are important variables for the cytokine produchon capacity, all
determinations were done at the same time for each patient and the respechve
control volunteer. None of the pahents or controls received immuno-suppressive
therapy or suffered from a systemic illness; none had an infection in the previous 4
weeks. In addition, cytokine values were also determined in a group of 21 healthy
volunteers (10 men, 39.6 ± 15.6 years old, no medication).
LDL-apheresis
LDL adsorphon from the homozygous FH-pahents was performed using a
Liposorber column (LA-15, Kanefuchi Chemical Industry, Tokyo) installed in a
double column system [16]. The liposorber column contains 150 ml dextran sulphatecellulose gel that selectively adsorbs apo B-containing particles from plasma. NaCl
solution reciprocally reachvates the adsorbent columns by eluting LDL. The two
columns are used in rotation: while one serves as immunoadsorbent, LDL is being
desorbed from the other. The treated plasma is then reinfused into the patient after
mixing with the cell-rich blood-component. Coagulation is prevented by heparin
The maximal blood flow is 120 ml/min and five litres of plasma are treated in each
session of approximately three hours.
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LPS-stimulation of PBMC
Venous blood from one patient with familial hypercholesterolemia and one
family member was drawn at the same time into three 10 ml EDTA tubes (Monoject,
s-Hertogenbosch, The Netherlands). Venous blood from the homozygous FH
patients was drawn before and directly after LDL-apheresis. Two determinations of
cytokines were performed for each pahent and volunteer. A similar procedure was
performed for the unrelated 21 healthy volunteers.
Separation and stimulation of PBMC was performed as described elsewhere
[17], with minor modifications. The PBMC fraction was obtained by density
centrifugation of diluted blood

(1 part blood to 1 part pyrogen-free saline) over

Ficoll-Paque (Pharmacia Biotech AB, Uppsala, Sweden). PBMC were washed twice
in saline and suspended in culture medium (RPMI1640 DM, ICN Biomedicals Inc.,
Costa Mesa) supplemented with pooled human serum 5%, gentamicin 1%,
L-glutamine 1% and pyruvate 1%. These in vitro experiments were performed in
hpoprotein-free conditions. The cells were counted on a Coulter counter (Coulter
Electronics, Mijdrecht, The Netherlands) and the number was adjusted to 5xl0 6
cells/ml 5xl0 5 cells/well were incubated in 96-wells plates (Greiner B.V., Alphen
a/d Rijn, The Netherlands) with or without 100 μΐ of a solution of LPS (E.coli
serotype 055:B5, Sigma Chemical Co, St. Louis, MO), final concentrations of 1 ng/ml
or 1 μg/ml, for 24h at 37':,C. Samples were stored at -70oC until assay
TNF and IL-1 measurement
TNFa

and

IL-lß

concentrahons

were

determined

by

specific

radio-

immunoassay as described [18].
Flow cytometry analysis
PBMC from FH pahents and controls were isolated as described above and
adjusted to 4xl0 6 cells/ml. 4xl0 5 cells were transferred into each tube and incubated
in the dark at 10C for 30 minutes with 3 μg/ml of the following mouse anti-human
monoclonal antibodies- anti-CD14 (clone M5E2), anh-CDlla (G43-25B), anh-CDllb
(44) and anh-CDllc (B-ly6) (kindly provided by Dr. Jorg Homfeld, PharMmgen
GmBH, Hamburg, Germany). The cells were washed,

resuspended

in PBS

supplemented with 0,5% BSA and 0,1% NaNs, and incubated with FITC-conjugated
sheep anti-mouse antibodies (titre 1:300) (Jackson Labs., New Brunswick, NJ) in the
dark at 4°C for 30 minutes. After an additional two washes, the contaminating
erythrocytes were lysed with FACS lysing solution (Beckton and Dickinson,
Mountain

View,

CA), according

to

the instructions

of

the

manufacturer.
45

Chapter 3

Subsequently, the cells were fixed in 2% paraformaldehyde solution and the
expression of the various membrane antigens was measured using a flow cytometer
(Becton and Dickinson).
Lipid measurements
Total cholesterol, HDL and triglycerides were determined by enzymatic
methods on a Hitachi 747 analyser.

Results
Lipid concentrations
Total cholesterol and LDL-cholesterol concentrations before LDL-apheresis
were high in the homozygous FH patients (total cholesterol: 8.4, 9.2 and 9.9 mmol/1,
LDL-cholesterol: 7.3, 7.7 and 8.5 mmol/1), while HDL-cholesterol levels were low
(0.73, 0.73 and 1.12 mmol/1). After LDL-apheresis, total cholesterol levels were
markedly

decreased

to 1.7,

1.9

and 2.4

mmol/1 respectively.

Triglyceride

concentrations decreased only slightly from 1.0, 1.3 and 1.6 mmol/1 to 0.72, 0.92 and
0.90 mmol/1 respectively.
The relatives of the patients had total cholesterol concentrations of 5.8, 6.6 and
6.2 mmol/1 (LDL 3.9, 4.8 and 4.3 mmol/1, and HDL levels 0.82, 1.12 and 0.95
mmol/1). Triglyceride levels of the relatives were 1.5, 2.1 and 1.8 mmol/1.
Cytokine production capacity
Circulating cytokine concentrations were low and not influenced by LDLapheresis (IL-1: 0.11, 0.12 and 0.07 after LDL-apheresis vs. 0.10, 0.10 and 0.09 ng/ml
before apheresis, and TNF: 0.075, 0.075 and 0.055 after apheresis vs. 0.060, 0.075 and
0.075 ng/ml before apheresis). No differences with the values in both control groups
could be observed (data not shown).
The cytokine production of PBMC from patients and controls was studied after
stimulation with two different LPS concentrations: 1 ng/ml LPS stimulation in which
serum

dependent, CD14-mediated mechanisms are responsible

for

cytokine

production, and 1 μg/ml LPS stimulation in which serum- and CD14-independent
mechanisms are important for the LPS-induced cytokine synthesis [19]. After
stimulation of PBMC with a concentration of 1 μg/ml LPS, cytokine concentrations
were three to eight times higher than after the stimulation with 1 ng/ml
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concentration. After

24 hours of incubation of PBMC with LPS at both LPS

concentrations, IL-1 and TNF production tended to be higher in homozygous
patients than in the respective first degree relatives (Fig.l). The control production in
healthy volunteers after stimulation with 1 ng/ml LPS was 3.8 ± 4.3 ng/ml for IL-l
and 0.9 ± 1.1 ng/ml for TNF, and after stimulation with 1 μg/ml LPS was 12.6 ± 8.9
ng/ml for IL-1 and 2.3 + 2.0 ng/ml for TNF (means ± SD).
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The effect of LDL-apheresis on cytokine production
LDL-apheresis induced

a marked

decrease in the synthesis of IL-1 after

stimulation of PBMC with 1 ng/ml LPS, whereas TNF production after apheresis
was only marginally decreased (Fig. 2a and b). When mononuclear cells were
stimulated with LPS at a concentration of 1 μg/ml, a tendency towards lower IL-1
production was apparent after apheresis, while TNF synthesis was not modified
(Fig. 2c and d).
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Expression of ß2-integrins and CD14
The expression of the LPS-receptors CD14, CDlla, CDllb, and CDllc on
monocytes and lymphocytes of FH patients before apheresis and family member
controls showed no difference (Table 1). There was no correlation between plasma
cholesterol concentration and expression of CD14 or CDlla, CDllb, and CDllc.
However, the expression of all molecules strongly decreased after LDL-apheresis
(Table 2).

Table 1. Expression of LPS-receptors on monocytes and lymphocytes of
homozygous FH patients, expressed as percentages of controls.
Monocytes

Lymphocytes

CD14

107

-

CDlla

111

92

CDllb

99

103

CDllc

106

98

Expression of CD14, CDlla, C D l l b , and C D l l c was analysed by FACS. CD14
expression on lymphocytes is practically negligible. Numbers are shown as
percentage of expression on control cells of hrst degree relatives (n=3).

Discussion
In the present study we found that the cytokine production capacity in patients
with homozygous FH was increased when compared to controls. The expression of
CD14 and α-chain of ß2-integrins were not modified in FH patients. LDL-apheresis
had a potent inhibitory effect on both cytokine production and expression of
adhesion molecules.
There is increasing evidence that proinflammatory cytokines such as IL-1 and
TNF are important in atherogenesis

[1]. Recent studies have shown

that

mononuclear cells from heterozygous FH patients [11] and LDLR-/- mice [20]
produce more proinflammatory cytokine than control cells. These data are sustained
by the findings of the present study, showing that PBMC from homozygous FH
patients produce more IL-1 and TNF than PBMC from first-degree relatives after
stimulation with LPS. It is important to underline that these controls were also
diagnosed with heterozygous FH. In a recent study, we have shown that at
pathophysiologically relevant LPS concentrations, the cytokine production capacity
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of heterozygous FH patients is similar to that of normal controls [21]. This differs
from a previous study showing

increased cytokine production by cells of

heterozygous FH patients, but in that study LPS concentrations of 10 μg/ml, far
above the physiological concentrations, have been used [11]. The tendency for an
increased cytokine production in the homozygous FH patients was also apparent
when compared with a group of healthy controls. Due to the rare incidence of the
disease, we could study only 3 homozygous FH patients. A collaborative study in
which more patients should be investigated is needed to confirm our data, and
further establish the importance of cytokines for the development of atherosclerosis
in FH patients.
Table 2. Expression of LPS-receptors on cells of the homozygous FH patients
after LDL-apheresis, given as percentage of expression before LDL-apheresis.
Monocytes

Lymphocytes

CD14

57

-

CDlla

51

54

CDllb

56

50

CDllc

54

42

Expression of CD14, C D l l a , C D l l b , and C D l l c on monocytes and lymphocytes
of the homozygous FH patients after LDL-apheresis. Numbers represent means
of the percentage of the expression after LDL-apheresis versus the expression
before the procedure (n=3).

There are several ways through which hyperlipoproteinemia could influence
cytokine production capacity. We have previously reported that specific binding of
radiolabelled LPS to macrophages of LDLR-/- mice is increased when compared
with

binding to control macrophages [20], arguing

for receptor-dependent

mechanisms. It has also been shown that hypocholesterolemia decreased the
expression of CD14, and that LDL suppletion restored normal expression [22].
Despite the fact that these studies suggest increased expression of LPS-receptors as a
potential mechanism for higher cytokine production in FH, the expression of both
CD14 and the ß2-integrins CDlla, CDllb and CDllc was normal on the circulating
cells of the FH patients. This is an argument that a greater number of LPS-receptors
on cells from FH patients is not the responsible mechanism for enhanced cytokine
production. Modulation of clustering of the LPS-receptors may be an alternative
mechanism, since cholesterol controls the clustering of other GPI-linked receptors
[23], and clustering is an important mechanism for increased
50
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intracellular signalling. Alternatively, changes in the phenotypic characteristics of
monocyte subpopulations in patients with hypercholesterolemia as shown by others
[24], may also be involved in the increased cytokine production. Further studies are
needed to elucidate this matter.
LDL-apheresis affected the LPS-induced cytokine production and LPS-receptor
expression. While circulating concentrations of cytokines were not modified by LDLapheresis, as others have reported [25], the LPS-induced IL-1 synthesis after LDLapheresis was reduced when compared with the production capacity before the start
of the procedure. TNF production was much less influenced. Because it is well
known that regulation of IL-1 and TNF synthesis occurs through different pathways
[26], this may explain the differential effect of apheresis on the IL-1 and TNF
synthesis.
The changes in cytokine production capacity after LDL-apheresis were
accompanied by a lower expression of CD14, CDlla, C D l l b and CDllc on the cells.
Since the effects of apheresis are rapid, it is unlikely that this is a consequence of the
decrease in cytokine producbon capacity. However, the reverse may be the case: the
decreased expression of these molecules may influence cytokine production, because
they are important LPS-receptors [18]. Others have also observed a significant
reduction of the adhesion molecules VLA-4 and VLA-5 expression [27], and
decreased circulating levels of sICAM-1 and sELAM-1 [25] after LDL-apheresis.
Taken together, the decreased cytokine production and decreased expression of
adhesion molecules may represent important additional mechanisms through which
LDL-apheresis may exert its beneficial effects in slowing the progression of
atherosclerotic disease [16]. Which mechanisms contribute to the apheresis-induced
effects on cytokine produchon and receptor expression is unclear. Mechanical stress
induced by the procedure may very well account for part of this effect. On the other
hand, it has been shown that acute changes in lipoprotein concentrahons after
infusion of reconstituted HDL induce a rapid modification of CD14 expression on
blood mononuclear cells [28], whereas cholesterol controls the clustering of other
GPI-linked receptors [22], and therefore acute changes in the lipoprotein
concentrahons may have influenced receptor expression on circulating cells. Further
experiments are currently performed to elucidate these potential mechanisms.
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Abstract
Proinflammatory cytokines such as interleukin-lß (IL-lß), IL-6 and tumour
necrosis factor α (TNFa) are suggested to have an important role in the process of
atherosclerosis. Patients with heterozygous familial hypercholesterolemia (FH) have
a marked elevation in the plasma level of low-density lipoproteins (LDL), and they
show an early development of atherosclerosis. The aim of the present study was to
test with a whole blood culture system whether hyperlipoproteinemia is associated
with an increased cytokine production capacity in these pahents and whether
treatment HMG-CoA reductase inhibitors influences this production capacity of the
blood cells, both at protein and mRNA levels. The capacity of blood cells in a whole
blood culture to produce IL-lß, IL-6, TNFa and IL-1 receptor antagonist (IL-lra) in
response to LPS appeared to be similar for heterozygous FH pahents and healthy
volunteers. Furthermore, the capacity to produce IL-lß, IL-6 and TNFa in response
to LPS was not modified by cholesterol synthesis inhibitors, neither at the level of
mRNA expression nor at the level of release. On the other hand, the release of IL-lra
was significantly increased after treatment with HMG-CoA reductase inhibitors,
though only at the protein level. This suggests a possible beneficial
inflammatory role for this therapy.
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Introduction
Endotoxin, the h p o p o l y s a c c h a n d e (LPS) c o m p o n e n t of the outer m e m b r a n e of
Gram-negative bacteria is considered to be one of the most important mediators m
the pathogenesis of Gram-negahve sepsis [1]. In addition, recent studies suggest a
role for LPS-induced i m m u n e mechanisms in the d e v e l o p m e n t of atherogenesis [24]. Several m e c h a n i s m s may be responsible for initiation of the atherosclerotic lesion.
One such m e c h a n i s m is the formation of complexes of LPS w i t h the lipoproteins [5]
that are t r a n s p o r t e d from the circulation into the arterial wall w h e r e they initiate an
inflammatory response [6]. In addition, LPS has a m a c r o p h a g e activating capacity
and can i n d u c e oxidation of low-density lipoproteins (LDL) [7], a major mediator in
atherogenesis [8,9]. Furthermore, the expression of a d h e s i o n molecules can be
upregulated by LPS, resulting in an increased adhesion of monocytes and T-cells to
the endothelium [10-12]. When compared to controls, hypercholesterolemic animals
show more severe and persistent endothelial d a m a g e in response to LPS [13]. It is
hypothesised

that

most

of

these

toxic

effects

of

LPS

are

mediated

by

proinflammatory cytokines such as tumour necrosis factor-α (TNFa), interleukin-la
(IL-la) and IL-lß, produced by monocytes and macrophages

[1]. It has been

postulated that hypercholesterolemia in combination with LPS may increase the risk
to develop atherosclerosis, LPS causing the initial endothelial damage, and hypercholesterolemia disrupting the normal repair process [2].
Only a few reports deal with the cytokine p r o d u c h o n m hypercholesterolemic
hosts

Diet-induced

hypercholesterolemia

in

rabbits

and

in

mice

has

been

demonstrated to cause increased LPS-induced TNF production [14,15]. In addition,
peritoneal m a c r o p h a g e s of low-density lipoprotein receptor deficient (LDLr-/-) mice
produced m o r e TNF and IL-1 in response to LPS [16]. Furthermore, there was a
tendency t o w a r d s increased cytokine p r o d u c h o n by isolated PBMC of homozygous
familial hypercholesterolemia (FH) patients [17] and it was demonstrated that the
TNFa production

capacity of peripheral

heterozygous

FH

pahents

concentration

[18]

On

differences

was

blood

increased

the other hand,

mononuclear

when

cells (PBMC) of

stimulated

at more physiological

with

high

LPS

LPS-doses,

no

in T N F a or IL-lß production between PBMC of heterozygous

FH

pahents and controls were found [19]
HMG-CoA reductase inhibitor therapy decreases serum cholesterol

levels

effectively and reduces cardiovascular morbidity and mortality [20,21]. Reports
investigating the effect of cholesterol synthesis inhibitors on cytokine production
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capacity in vitro demonstrated an inhibitory effect on the production of several
cytokines. Lovastatin inhibits LPS-induced expression of proinflammatory cytokines
such as TNFa, IL-lß and IL-6 in rat primary astrocytes, microglia and macrophages
[22], and also the produchon of IL-6 and IL-8, and monocyte chemotactic protein-1
(MCP-1) by monocytes and human mesangial cells, respectively [23,24]. However,
only a few reports describe in vivo effects exerted by cholesterol lowering therapy
on cytokine produchon. Leinsalo-Repo et al. have shown that hypocholesterolemic
treatment did not alter the TNF production by monocytes ex vivo [18]. In accordance
with these results we demonstrated that cholesterol lowering treatment in FH
pahents did not influence the production of IL-la, IL-lß, IL-1 receptor antagonist
(IL-lra) and IL-6 by PBMC either [19].
Although isolated cell-populations can provide useful data, this is an artificial
model as compared to a system involving whole blood. In a whole blood culture, the
fame course of ex vivo production of cytokines after LPS stimulation is comparable to
that in healthy volunteers after a single LPS injection [25], which stresses the
importance of this test. An additional advantage of using a whole blood culture
above studies with primary cultures or preisolated cells, is the maintenance of
physiological metabolite and drug concentrabons.
In the present study we used a whole blood culture to evaluate the cytokine
produchon capacity of pahents with heterozygous FH in response to LPS. The effect
of treatment with cholesterol synthesis inhibitors on this capacity, both at protein
and mRNA levels was studied as well.

Methods
Subjects
Twenty-one heterozygous FH pahents and twenty-one healthy controls
(Table 1) participated in the study. The pahents were treated with inhibitors of
cholesterol synthesis. To exclude a direct interaction of this medicahon with our
assays, cholesterol-lowering treatment was stopped 2 days before draining blood
samples in the first series of experiments For twelve pahents the controls consisted
of family members (siblings and parents), while for the other pahents the controls
were age and weight-matched healthy volunteers from hospital personnel No
differences in lipid levels and cytokine produchon between the group of family
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members and the group of hospital personnel were found (data not shown). There
were no significant differences in age or weight between patients and controls.
Table 1. Characteristics of the first cohort of heterozygous familial hypercholesterolemia
(FH) versus controls.

Ν

FH

controls

21

21

Ρ
n.s.

Male/female

12/9

10/11

n.s.

age (years)

46.7 ±15.8

39.6 ± 15.6

n.s.

Weight (kg)

75.7 ± 13.6

71.3 ±9.5

n.s.

Total cholesterol (mmol/1)

7.6 ±1.6

5.5 ± 0.9

< 0.001

LDL-cholesterol (mmol/1)

5.8 ±1.6

3.7 ± 0.9

< 0.001

HDL-cholesterol (mmol/1)

1.18 ±0.35

1.26 ± 0.20

n.s.

Triglycerides (mmol/1)

1.71 ± 0.91

1.21 ±0.54

0.03

Data are given as mean ± S.D.

In a second series experiments, another twenty-seven heterozygous DNAproven FH patients (m/f: 12/15; age: 44.5 ± 9.7; weight: 74.2 ± 9.3), which already
took part in a clinical trial, were examined to investigate the direct effects of
cholesterol lowering treatment. These patients stopped hypolipidemic medication
eight weeks before the study. Subsequently, the FH subjects were treated, double
blind, with either simvastatin (40 mg daily) or atorvastatin (80 mg daily). Blood
samples were obtained just before and eight weeks after starting the treatment. None
of the patients or controls received immunosuppressive therapy during the study
and they had no systemic illnesses that might have influenced the immunological
system (e.g. diabetes mellitus, rheumatoid arthritis and malignancy). None of the
patients or controls had infections in the two weeks before tested and they were all
requested to fast overnight. The study was approved by the local ethical committee,
and written informed consent was obtained from al participants before being
enrolled in the study.
Serum lipid measurements
Serum levels of total cholesterol, high-density lipoprotein (HDL) cholesterol
and triglycerides were determined enzymatically on a Hitachi 747 analyser [26].
LDL cholesterol levels were calculated according to the Friedewald method [27].
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Blood samples
Blood from one heterozygous FH patient and one control was drawn at the
same time and tested simultaneously. Blood from the group of heterozygous FH
patients in the second experiment was drawn just before and eight weeks after
starting hypolipidemic medication. Samples were collected into 2-ml (for ex vivo
production) endotoxin-free tubes containing EDTA (Vacutainer Systems, Becton and
Dickinson, Rutherford, NJ). To study the circulating cytokine concentration, one tube
was centrifuged immediately at 2250 χ g for 10 minutes followed by centrifugation
of the plasma at 15,000 χ g for 5 minutes to remove platelets.
Whole blood stimulation
Cytokine production was measured using a whole blood culture system as
described elsewhere [28]. Briefly, blood was drawn into two 2-ml tubes containing
24 μΐ EDTA-K3 (Vacutainer Systems, Becton and Dickinson, Rutherford, NJ). One
tube was incubated immediately, the other tube was incubated after addition of 50 μΐ
LPS (Escherichia coli serotype 055:B5:Sigma, St. Louis, MO: final concentration 10
μg/ml blood). After 24 h of incubation in a waterbath at 370C the tubes were
centrifuged as described above. Plasma was used for cytokine protein determination.
In the second group of heterozygous patients the tubes were centrifuged after 4h of
incubation at 370C, as this is the optimal stimulation period for cytokine mRNA
measurement. After removing the plasma, by centrifugation at 2250 χ g for 10
minutes, aliquots of 500 μΐ cell-pellet were taken and an equivalent volume of
guanidinium-isothiocyanate (GITC), enriched with 7 μΐ ß-mercaptoethanol per ml,
for isolation of total RNA[29] was added.

IL-lß, IL-lra, IL-6 and TNFot measurements
IL-lß, IL-lra and TNFa concentrations were determined using thoroughly
validated radioimmunoassays as described previously [30]. IL-6 concentrations were
determined using a sandwich enzyme immunoassay (Pelikine Compact™

human

IL-6 ELISA kit, CLB, Amsterdam, the Netherlands). In order to correct for
spontaneous cytokine release, the net production was calculated by subtracting the
concentrations without stimulus from those induced by LPS.
mRNA expression
Total RNA was isolated as described previously [29]. The amount and quality
of RNA were determined by spectrophotometry. RT-PCR for IL-lß, TNFa and ß2m
was performed as described extensively elsewhere [29]. The RT-PCR for IL-lra and
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Table 2 List of primer pairs used for mRNA amplification, with data regarding sequence, annealing temperature, size of the
PCR product and number of PCR cycles within the exponential phase of the reaction
Sequence

Pnmer

Fragment
length

ß2m

TNFa

IL-lß
IL-lra

IL-6

sense

5'-CCAGCAGAGAATGGAAAGTC-3'

anti-sense

5'-GATGCrGCTTACATGTCTCG-3'

sense

5'-ACAAGCCTGTAGCCCATGTT-3'

anti-sense

5'-AAAGTAGACCTGCCCAGACT-3'

sense

5'-GGATATGGAGCAACAAGTGG-3'

anti-sense

5'-ATGTACCAGTTGGGGAACTG-3'

sense

5'-CTTCTATCTGAGGAACAACC-3'

anti-sense

5'-TCATCACCAGACTTGACACA-3'

sense

5'-CACCTCTTCAGAACGAATTG-3'

anti-sense

5'-GGATCAGGACTTTTGTACTC-3'

Annealing
Temp

0

Cycles

C

268

55

26

427

55

29

263

55

29

158

55

25

314

55

28
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IL-6 was similarly performed (30 sec denaturation at 920C, 30 sec annealing at 550C
and 90 sec extension at 720C). To remain in the linear range of the reaction 25 and 28
cycles, respectively, were run. The sequences of the PCR primers we used are listed
in Table 2. To correct for fluctuations in leukocyte count, IL-lß, IL-Ira, IL-6 and
TNFa mRNA concentrations in a sample were expressed as a ratio vs the amount of
mRNA of the housekeeping gene ß2-microglobulin (ß2m). To correct for spontaneous
cytokine mRNA expression, the net production was calculated by subtracting the
expression rate without stimulus from the expression rate induced by LPS. To
minimise analytical variation, samples before and after eight weeks of medication
were tested in duplicate in the same series of PCR.
Statistical analysis
Data are expressed as mean ± S.D. Statistical analysis was performed using a
Wilcoxon test for paired or unpaired data. Probability (P) values were calculated on
the basis of two-tailed tests. A P<0.05 was considered to be significant.

Table 3. Characteristics of the second cohort of heterozygous FH patients before and after
cholesterol lowering treatment.

Ν

Before medication

After medication Ρ

27

27

Male/female

12/15

12/15

Age (years)

44.5 ± 9.7

44.5 ± 9.7

Weight (kg)

74.2 ± 9.3

74.2 + 9.3

Total cholesterol (mmol/1)

11.3711.8

6.6011.53

< 0.001

LDL-cholesterol (mmol/1)

9.4011.75

4.8111.50

< 0.001

HDL-cholesterol (mmol/1)

1.1610.31

1.2210.3

<0.04

Triglycerides (mmol/1)

1.9910.92

1.37 1 0.67

< 0.001

Results are mean ± S.D.

Results
Lipid concentrations
Total plasma cholesterol, LDL-cholesterol and total triglyceride concentrations
were significantly higher in heterozygous FH patients versus controls, whereas no
difference in plasma HDL-cholesterol was found (Table 1). In the second cohort,
total plasma cholesterol, LDL-cholesterol and triglyceride concentrations were
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significantly decreased (42%, 49%, and 31% resp.) after

hypocholesterolemic

treatment, whereas HDL-cholesterol concentrations were slightly, yet significantly,
increased (5%) (Table 3).
Cytokine production
LPS stimulated cytokine production capacity ex vivo (mean ± SD) was within
the normal range. Circulating concentrations of IL-lß, IL-lra, IL-6 and TNFa and the
cytokine production of unstimulated whole blood cultures were very low and did
not differ between patients and controls after cholesterol lowering treatment (data
not shown).
Table 4. Production of cytokines in a whole blood culture of heterozygous FH
patients and their controls after stimulation with 10 Hg/ml LPS for 24 hours.
FH (ng/ml)

Controls (ng/ml)

IL-lß

8.9±49

9.6 ± 3.3

IL-lra

8.811.4

10.012.2

IL-6

24.0 ± 8.8

21.717.5

TNFa

3.8 ± 2.0

4.011.9

Results are mean 1 S.D. Net production was calculated by subtracting the
concentrations without stimulus from the concentrations induced by LPS.

To overcome variable neutralisation of LPS by lipoproteins [5], the cytokine
production in the whole blood cultures from FH patients and controls was assessed
at an excess LPS concentration of 10 μg/ml. To examine the influence of
hypercholesterolemia on the cytokine production capacity, the production of the
proinflammatory cytokines IL-lß, IL-6 and TNFa and the anti-inflammatory
cytokine IL-lra in a whole blood culture was measured. Cytokine production
capacity was comparable between the cultures of FH patients and controls (Table 4).
As HMG-CoA reductase inhibitors have been shown to decrease cytokine
production in vitro, we investigated any difference in the ex vivo cytokine
production capacity of heterozygous FH patients due to the hypolipidemic
treatment. IL-lra concentrations in the whole blood culture, 4 hours after LPS
administration, were slightly, albeit significantly, increased, but the production of
IL-lß, IL-6 and TNFa was similar before treatment and after 8 weeks on treatment
(Table 5).
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Table 5. Production of cytokines in a whole blood culture after stimulation with
10 μg/ml LPS for 4 hours, before and during treatment to decrease cholesterol.
Before medication (ng/ml)

After medication (ng/ml)

IL-lß

7.0 ± 3.2

6.5 ±2.3

IL-lra

6.1 ±1.3

6.5 ± 1 . 6 *

IL-6

9.8 ± 4.8

9.3 ±4.6

TNFa

3.1 ±1.3

3.3 ± 2.0

Results are mean ± S.D. Net production was calculated by subtracting the
concentrations without stimulus from the concentrations induced by LPS. * p<0.05

Cytokine mRNA expression
The cytokine level found in the plasma after culturing whole blood, is the net
concentration obtained after subtracting uptake of cytokines by the cells from the
actual production. To get insight in the production of cytokines, we also investigated
the effect of HMG-CoA reductase inhibitors on the transcription of cytokines. The
HMG-CoA reductase inhibitors did not influence the expression of mRNA for IL-lß,
IL-lra, IL-6 and TNFa (table 6).
Table 6. mRNA expression of cytokines in a whole blood culture 4 hours after
LPS stimulation, before and after 8 weeks of cholesterol lowering treatment.
Ratio

Before medication

After medication

IL-lß/ßzm

2.0 ± 0.5

1.9 ±0.5

IL-lra/ß2m

1.0 ±0.2

0.9 ± 0.2

lL-6/ß2ni

1.6 ±0.5

1.6 ±0.5

TNFa/ßzm

1.6 ±0.6

1.5 ±0.6

Results are shown as ratio of cytokine mRNA to the mRNA expression of the
housekeeping gene ß2m. Net mRNA expression was calculated by subtracting
the concentrations without stimulus from the concentrations induced by LPS.

Discussion
Proinflammatory cytokines are suggested to have a role in LPS-mediated
endothelial damage [1], in uptake of oxidised LDL through increased expression of
macrophage scavenger receptors [31] and in regulating the plaque stability [32]. Each
of these may be important in the process of atherosclerosis [33]. Nevertheless, it is
important in which compartment the cytokines are produced. In plasma TNFa and
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IL-1 may induce endothelial cell damage [2], whereas cytokines produced in the
atherosclerotic plaque can stimulate cell proliferation and migration of smooth
muscle cells and macrophages [33], and decrease the stability of the plaque [32]. We
investigated whether the blood cells of patients with FH have an increased cytokine
production capacity in comparison to normocholesterolemic controls, which would
reflect the cytokine mediated endothelial damage.
In the present study, whole blood production capacity for the cytokines IL-lß,
TNFa, IL-6 and IL-lra was similar in heterozygous FH patients and controls,
consistent with the results found for PBMC isolated from these subjects, and
stimulated with a lower and more physiological dose of LPS [17-19]. However,
Leirisalo-Repo et al. reported that at much higher LPS concentrations, that are
comparable to the concentrations used in our whole blood culture, TNF production
by monocytes of heterozygous FH patients was increased [18], in contrast to our
observations. In both studies, the medication was stopped 24-48 h before testing. The
differences between these results are possibly dependent on the different methods
used: PBMC vs whole blood culture, the latter approaching better the 'native
environmenf of blood cells. Several substances present in the circulation, such as
hormones, antioxidants and lipids, will be preserved in a whole blood culture. All of
these substances may have an effect on the immunologic responses of the cells and,
in addition, have interactions with LPS. Moreover, the cell to cell interaction is very
important, as the release of cytokines by certain cells can inhibit the production by
other cells. However, it can not be excluded that in FH patients a source other than
blood cells, such as tissue macrophages, endothelial cells, smooth muscle cells or
liver cells, do have an increased cytokine production capacity.
Diet-induced hypercholesterolemic rabbits and mice demonstrated increased
LPS-induced TNF production as well [14,15]. It is questionable whether results
obtained in rodents can be extrapolated to man, especially when the
hypercholesterolesterolemia is of exogenous instead of endogenous origin.
Furthermore, the immunologic response may vary with the type and physical state
of the LPS, as demonstrated for LBP binding capacity, which was different for LPS
derived from Salmonella [34] and LPS derived from E. coli [35]. The diet-induced
hypercholesterolemia in rabbits was more profound than the hypercholesterolemia
in our group of patients [14]. Such an extreme hypercholesterolemia in these rabbits
might have caused an increased rate of oxidation, rendering them more susceptible
to LPS.
HMG-CoA reductase inhibitors are presently the first choice of drugs to
decrease elevated levels of plasma cholesterol, as these agents decrease serum
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cholesterol levels effectively and, moreover, reduce cardiovascular morbidity and
mortality [20,21]. Inhibitors of HMG-CoA reductase reportedly inhibited production
of several cytokines in vitro [22-24]. Pahan et al. demonstrated that the LPS-induced
expression of TNF-a, IL-lß and IL-6 in rat primary astrocytes, microglia

and

macrophages was inhibited by 10 μΜ lovastatin [22], while others showed that the
production of IL-6 and IL-8 by THP-1 cells was suppressed after compactin
treatment (ΙΟμΜ) [23]. Therefore, we determined whether in vivo administration of
these drugs can also inhibit the production of cytokines. On the base of a whole
blood culture, we were not able to confirm these findings: the capacity of blood cells
to produce IL-lß, IL-6 and TNFa was independent of the treatment, both at the level
of protein concentration and at the level of mRNA expression.
An important difference with our study was the dose of HMG-CoA reductase
used in these in vitro studies, which is more than a hundred times higher than the
physiological

peak plasma concentration

of 0.07 μΜ, found in humans [36].

Furthermore, the methods and the origin of the cells used for assessing cytokine
production are not comparable.
On the other hand, our results support the observations that treatment of FH
patients with inhibitors of HMG-CoA reductase does not influence the capacity of
their PBMC to produce proinflammatory cytokines in response to LPS [18,19]. The
results obtained with PBMC particularly showed the indirect effect of inhibitors of
HMG-CoA reductase on cytokine production capacity, as the drug was not present
in the culture anymore. In addition, our results demonstrate that HMG-CoA
reductase inhibitors do not have any direct influence on the capacity of blood cells to
produce proinflammatory cytokines either. Nevertheless, this does not exclude
possible direct effects by HMG-CoA reductase inhibitors on in vivo mechanisms.
Although we used a system that closely resembles the in vivo situation, there are still
a lot of compartments in vivo that could be triggered by these drugs. In this respect,
it should be mentioned that cholesterol synthesis inhibitors act mainly in the liver
and the intestine, where they inhibit the activity of the enzyme HMG-CoA reductase
by about 90% [37,38].
In contrast to the capacity to produce pro-inflammatory cytokines, blood cells
of patients treated with cholesterol synthesis inhibitors can produce significantly,
though marginally, more of the anti-inflammatory cytokine IL-lra. However, the
IL-lra mRNA expression did not change. Apparently,

HMG-CoA reductase

inhibitors affect the direct release of this cytokine, but not the mRNA expression
after 4 hours. Nevertheless, it may be possible that the effect of HMG-CoA reductase
inhibitors on the release of this anti-inflammatory cytokine may be more important
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than its effect on pro-inflammatory cytokines. It has been suggested that IL-lra plays
a pharmacological role in inhibiting vascular smooth muscle cell proliferation
possibly by interfering with the autocrine regulatory pathway of IL-1 [39].
Furthermore,

it has

been demonstrated

that IL-lra

inhibits

IL-lß-induced

adhesiveness of human vascular smooth muscle cells for monocytes and neutrophils
[10]. Both these mechanisms are important in the process of atherosclerosis.
However, the increase in IL-lra was minimal and its biological relevance remains to
be demonstrated.

Ackno wled gement
The authors thank Trees Verver-Jansen, Liesbeth Jacobs, Ineke Verschueren,
Marielle Spruytenburg, Raymond Krebbers and Gerard Pesman for the help with the
cytokine assays, and Til Terburg for helping with collecting the blood.

References
1.

Lynn WA, Cohen J. Adjunctive therapy for septic shock - a review of expérimental

approaches.

Clin Infect Dis 1995; 20:143-158.
2.

Lopes-Virella MF. Interactions between bacterial kpopolysacchandes

and serum

lipoproteins

and their possible role in coronary heart disease. Eur Heart J 1993; 14 Suppl K:118-124.
3.

Saikku P, Leinonen M, Mattila Κ, et al. Serological evidence of an association of a novel
Chlamydia, TWAR, with chronic coronary heart disease and acute myocardial infarction.
Lancet 1988, 2:983-986.

4

Sinensky M, Logel J. Inhibition of degradation of 3-hydroxy-3-methyIglutaryl

coenzyme A

reductase by mevinolin. J Biol Chem 1983; 258:8547-8549.
5.

Van-Lenten BJ, Fogelman AM, Haberland ME, Edwards PA. The role of lipoproteins and
receptor-mediated endocytosis in the transport of bacterial hpopolysacchande. Proc Natl
Acad Sci U S A 1986; 83:2704-2708.

6.

Navab M, Hough GP, Van-Lenten BJ, Berliner JA, Fogelman AM. Low density hpoproteins
transfer bacterial bpopolysacchandes across endothelial monolayers m a biologically active
form. J Clin Invest 1988, 81:601-605

7

Calhcart MK, McNally AK, Morel DW, Chisolm GM. Superoxide anion participation m human
monocyte-mediated oxidation of low-density lipoprotein and conversion of low-density
lipoprotein to a cytotoxm. J Immunol 1989; 142:1963-1969.

8.

Berhner JA, Haberland ME. The role of oxidized low-density lipoproteins m atherogenesis. Curr
Opin hpidol 1993; 4:373-381.
67

Chapter 4
9.

Yla-Herttuala S. Macrophages and oxidized low density lipoproteins in the pathogenesis of

10.

Wang X, Feuerstein GZ, Gu JL, Lysko PG, Yue TL. Interleukin-1 beta induces expression of

atherosclerosis. Ann Med 1991; 23:561-567.
adhesion molecules in human vascular smooth muscle cells and enhances adhesion of
leukocytes to smooth muscle cells. Atherosclerosis 1995; 115:89-98.
11. Takahashi M, Ikeda U, Masuyama J, et al. Involvement of adhesion molecules in human
monocyte adhesion to and transmigration through endothelial cells in vitro. Atherosclerosis
1994; 108:73-81.
12. Seitz CS, Kleindienst R, Xu Q, Wick G. Coexpression of heat-shock protem 60 and intercellularadhesion molecule-1 is related to increased adhesion of monocytes and Τ cells to aortic
endothelium of rats in response to endotoxin. Lab Invest 1996; 74:241-252.
13.

Reidy MA, Bowyer DE. Distortion of endothelial repair. The effect of hypercholesterolaemia on
regeneration of aortic endothelium following injury by endotoxm. A scanning electron
microscope study. Atherosclerosis 1978; 29:459-466.

14.

Bnto BE, Romano EL, Grunfeld C. Increased hpopolysacchande-induced tumour necrosis factor
levels and death in hypercholesterolaemic rabbits. Clin Exp Immunol 1995; 101:357-361.

15. Hemunger DD, Gemtsen ME, Granger DN. Low-density lipoprotein receptor knockout mice
exhibit exaggerated microvascular responses to inflammatory stimuli. Circ Res 1997; 81:274281.
16.

Netea MG, Demacker PN, Kuliberg BJ, et al. Low-density lipoprotein receptor-deficient mice are
protected against lethal endotoxemia and severe gram-negative infections. J Clin Invest 19%;
97:1366-1372.

17.

Rovers C, Netea MG, de Bont Ν, et al. LPS-induced cytokine production and expression of β2integnns and CD14 by peripheral blood mononuclear cells of patients with homozygous
familial hypercholesterolemia. Atherosclerosis 1998; 141: 99-105.

18. Leinsalo-Repo M, Jaattela M, Gylling H, Miettinen TA, Repo H. Phagocyte function in familial
hypercholesterolaemia: peripheral blood monocytes exposed to lipopolysacchande show
increased tumour necrosis factor production. Scand J Immunol 1990; 32:679-685.
19.

de Bont Ν, Netea MG, Rovers C, et al. LPS-mduced cytokine production and expression of
LPS-receptors

by

peripheral

blood

mononuclear

cells

of

patients

with

familial

hypercholesterolemia and the effect of HMG-CoA reductase inhibitors. Atherosclerosis 1998;
139:147-152.
20.

Esfaham M, Bigler RD, Alfieri JL, Lund-Katz S, Baum JD, Scerbo L. Cholesterol regulates the cell
surface expression of glycophosphohpid-anchored CD14 antigen on human monocytes.
Biochun Biophys Acta 1993; 1149:217-223.

21.

Anonymous Randomised trial of cholesterol lowering in 4444 patients with coronary heart
disease: the Scandinavian Simvastatin Survival Study (4S) [see comments] Lancet 1994;
344:1383-1389.

22. Pahan K, Sheikh FG, Namboodin AM, Singh I. Lovastatin and phenylacelate inhibit the
induction of nitric oxide synthase and cytokines in rat primary astrocytes, microglia, and
macrophages. J Clin Invest 1997; 100:2671-2679
23. Terkeltaub R, Solan J, Barry MJ, Santoro D, Bokoch GM. Role of the mevalonate pathway of
isoprenoid synthesis in IL-8 generation by activated monocytic cells. J Leukoc Biol 1994,
55:749-755.

68

LPS-mduced cytokine release m FH
24. Kim SY, Guijarro C, O'Donnell MP, Kasiske BL, Kun Y, Keane WF. Human mesangial cell
production of monocyte chcmoattractant protem-l: modulation by lovastatin. Kidney Int
1995;48:363-371.
25. Van-Zee K], Kohno T, Fischer E, Rock CS, Moldawer LL, Lowry SF. Tumor necrosis factor
soluble receptors circulate during expérimental and clinical inflammation and can protect
against excessive tumor necrosis factor alpha m vitro and m vivo. Proc Natl Acad Sci U S A
1992; 89:4845^1849.
26. Demacker PN, Hijmans AG, Brenninkmeijer BJ, Jansen AP, van-'t-Laar A. Five methods for
determining low-density lipoprotein cholesterol compared. Clin Chem 1984; 30:1797-1800.
27. Fnedewald WT, Levy RI, Frednckson DS. Estimation of the concentration of low-density
lipoprotein cholesterol in plasma, without use of the preparative ultracentnfuge. Clin Chem
1972; 18:499-502.
28. van Deuren M, van der Ven-Jongeknjg J, Keuter M, Demacker PNM, van der Meer JWM.
Cytokine production m whole blood cultures. J Int Fed Clin Chem 1993; 5:216-221.
29. Netea MG, Drenth JP, De-Bont N, et al. A semi-quantitative reverse transcriptase polymerase
chain reaction method for measurement of MRNA for TNF-alpha and IL-1 beta in whole
blood cultures: its application m typhoid fever and exentnc exercise. Cytokine 19%; 8:739744.
30. Drenth JP, Van-Uum SH, van-Deuren M, Pesman GJ, Van-der-Ven-Jongeknjg J, van-der-Meer
JW. Endurance run increases circulating IL-6 and IL-lra but downregulates ex vivo TNFalpha and IL-1 beta production. J Appi Physiol 1995; 79:1497-1503.
31. Li H, Freeman MW, Libby P. Regulation of smooth muscle cell scavenger receptor expression m
vivo by atherogenic diets and m vitro by cytokmes. J Clin Invest 1995; 95:122-133.
32. Libby P, Sukhova G, Lee RT, Galis ZS. Cytokines regulate vascular functions related to stability
of the atherosclerotic plaque. J Cardiovasc Pharmacol 1995; 25 Suppl 2:S9-12.
33. Ross R. The pathogenesis of atherosclerosis: a perspective for the 1990s. Nature 1993; 362:801809.
34. Jack RS, Fan X, Bemheiden M, et al. Lipopolysacchande-binding protem is required to combat a
munne gram-negative bacterial infection. Nature 1997; 389:742-745.
35. Würfel MM, Monks BG, Lngalls RR, et al. Targeted deletion of the lipopolysacchande (LPS)binding protem gene leads to profound suppression of LPS responses ex vivo, whereas m
vivo responses remam intact. J Exp Med 1997; 186:2051-2056.
36. Pan HY, DeVault AR, Wang-Iverson D, Ivashkir BN, Swanson N, Sugerman A. Comparative
pharmacokinetics and pharmacodynamics of pravastatin and lovastatin. J Clin Pharmacol
1990; 30:1128-1135.
37. Koga T, Shunada Y, Kuroda M, Tsujita Y, Hasegawa K, Yamazaki M. Tissue-selective inhibition
of cholesterol synthesis m vivo by pravastatin sodium, a

3-hydroxy-3-methylglutaryl

coenzyme A reductase inhibitor. Biochim Biophys Acta 1990; 1045:115-120.
38. Endo A. Chemistry, biochemistry, and pharmacology of HMG-CoA reductase inhibitors. Klin
Wochenschr 1988, 66:421^27.
39

Porreca E, Di-Febbo C, Barbacane RC, Panara MR, Cuccurullo F, Conti P. Effect of mterleukin-1
receptor antagonist on vascular smooth muscle cell proliferation. Atherosclerosis 1993; 99:7178.

69

Chapter 4

70

Chapter 5
Integrin mediated adhesion of mononuclear cells from patients
with Familial Hypercholesterolemia.

Natasja de Bont, Teunis Β. Η. Geijtenbeek, Mihai G. Netea, Tineke J. Smilde,
Pierre N.M. Demacker, Cari. G. Figdor, Jos W.M. van der Meer
and Anton F.H. Stalenhoef

Eur. J. Clin. Invest. 1999; 29: 749-757

Chapter 5

Abstract
Background: Low-density lipoproteins (LDL) can induce the adhesion of
monocytes to endothelial cells. Monocytes of patients with familial
hypercholesterolemia (FH) are exposed to high concentrations of LDL, and it has
been reported that adhesiveness of these cells of hypercholesterolemic patients is
enhanced. We investigated whether LFA-1 or VLA-4 mediated adhesion is altered in
FH patients and whether HMG-CoA reductase inhibitors influence this adhesion.
Patients and Methods: LFA-1 and VLA-4 mediated adhesion to ICAM-1 and
VCAM-1 coated beads was investigated using freshly isolated monocytes and
T-lymphocytes from patients with homozygous FH, heterozygous FH (before and
after cholesterol lowering treatment), and from controls. In addition, the expression
of ßl- and ß2-integrins on these cells was determined.
Results: Both LFA-1 and VLA-4 mediated adhesion and integrin expression of
monocytes and CD3+ cells from patients with homozygous FH and heterozygous FH
was similar to that of monocytes from a control population. Treatment with HMGCoA reductase inhibitors did not affect the adherence to ICAM-1 or VCAM-1, and
did not influence the expression of integrins.
Conclusions: In contrast to studies by others, we demonstrated in the present
study that the actual LFA-1 and VLA-4 mediated adhesion of T-lymphocytes and
monocytes is not altered in patients with FH.
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Introduction
One of the earliest events in the process of atherosclerosis is attachment of
monocytes and lymphocytes to endothelial cells [1] with subsequent subendothelial
migration, accumulation of lipids and the development of foam cells [2,3]. Because
selechns mediate rolling and integnn attachment through their interaction with
endothelium, both these classes of molecules are very important for the initial
adhesion of leukocytes to the endothelial cells and their migrabon into the inbma [4].
Atherosclerosis in humans is associated with E-selecbn expression on endothelial
cells [5,6], and both ICAM-1 and VCAM-1 expression are increased on macrophages,
endothelial cells and on smooth muscle cells from atherosclerobc lesions [5-9].
Quite some research has been done regarding the influence of low-density
lipoproteins on the adhesion of leukocytes to endothelial cells. It has been
demonstrated that oxidised LDL (oxLDL) as well as minimally oxidised LDL (MMLDL) and nahve LDL (nLDL) enhances leukocyte adhesion to endothelium [10-17].
However, the relahve role of the various adhesion molecule subclasses for LDL
induced adhesion is controversial. Increased adhesion both with and without
upregulahon of ICAM-1 or VCAM-1 expression on the endothelial cells has been
reported [11,14,18,19].
In addition to the effects of lipoproteins on endothelial cells, oxLDL, mmLDL
as well as nLDL can induce binding of monocytes to the endothelium and their
differentiation into macrophages, in vitro [13,20-23]. Moreover, it has been reported
that monocytes isolated

from

pabents with

hypercholesterolemia

or

hyper

triglyceridemia have an increased adhesion to endothelial cells in vitro [24-27].
Since increased LDL levels can induce the adhesion of monocytes to endothelial
cells, the importance of research directed at the effect of cholesterol lowering on this
process is evident. Two opposite reports on this subject have been published. One
showed a reduchon in adhesiveness of monocytes [26], whereas the other could not
demonstrate any effect of medicahon on the binding of monocytes to endothelial
cells [24].
Achvahon of integnns is more important for binding of mononuclear cells than
the expression levels of integnns and their ligands, as only acbvated ßl- or ß2integrin molecules can interact with their ligands [28]. Recently, a fluorescent beads
adhesion assay has been developed which facilitates flow cytometric invesùgabon of
LFA-1 and VLA-4 mediated funcbonal adhesion of both CD3+ cells and monocytes
within one blood sample [29]. Untai now, only the binding of monocytes isolated
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from hyperhpidemic subjects to an endothelial cell line has been investigated
[13,21,24]. Since endothelial cells express a variety of hgands, it is not clear which
adhesion molecules are involved in the enhanced binding of PBMC of these persons.
The present study was designed to examine the potential contribution of ICAM-1
and VCAM-1 to the leukocyte-endothelium interaction. Since oxidised LDL has been
demonstrated to induce T-cell activation [30], and because only a few reports
describe the effects of hypercholesterolemia on the binding of T-lymphocytes to
endothelial cells, both monocytes and CD3+ cells were examined. We compared the
functional integnn mediated adhesion of freshly isolated cells from homozygous FH
patients and healthy normocholesterolemic controls. In addition, we investigated the
effect of HMG-CoA reductase inhibitors in patients with heterozygous

familial

hypercholesterolemia (FH) on the Τ lymphocyte and monocyte binding to either
ICAM-1 or VCAM-1.

Methods
Patients and controls
Three homozygous FH patients (all women, 17,18 and 26 years old) took part
in the first part of the study. DNA investigations of the pedigree proved the
diagnosis of FH. Two patients underwent CBAG at the age of 16 years old, whereas
the third did not have significant coronary disease on angiography. They were
treated with cholesterol synthesis inhibitors (40-80 mg/day atorvastahn), aspirin (80
mg/day), and underwent LDL-apheresis every two weeks. The group of controls
consisted of 4 healthy female volunteers (19, 20, 27 and 28 years old).
In a second series of experiments we studied the effect of hypolipidemic
medication in heterozygous FH patients (n=5) on the active adhesion of leukocytes
These patients stopped cholesterol-lowering medication 8 weeks before the study
Subsequently, FH subjects were treated with either simvastahn (40-80 mg/day) or
atorvastahn (40-80 mg/day). Blood samples were obtained before and eight weeks
after starting treatment. None of the patients or controls received immuno
suppressive therapy during the study and none had another underlying disease or
recent infection. Pahents and volunteers were requested to fast overnight before the
bloodtaking. This overnight fashng did not influence the adhesion-assay (data not
shown). The study was approved by the local ethical committee, and written
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informed consent was obtained from all the participants before being enrolled in the
study.
Cells
Venous blood from one homozygous FH patient and one control was drawn at
the same time and tested simultaneously. Furthermore, blood of the homozygous FH
patients was drawn before LDL-apheresis. Blood from the group of heterozygous FH
patients was drawn just before and eight weeks after starting hypolipidemic
medication. Samples were collected into 10 ml tubes containing 500 units of heparin
(Leo Pharmaceubcal Products BV, Weesp, The Netherlands).
Separation of PBMC was performed as described elsewhere [31], with minor
modifications. Briefly, the PBMC fraction was obtained by density centrifugation of
diluted blood (1 part blood to 1 part phosphate buffered saline (PBS)) over Ficollpaque (Pharmacia Biotech AB, Uppsala, Sweden). PBMC were washed twice in PBS
and resuspended

in culture medium (RPMI 1640 Dutch modification,

ICN

Biomedicals Inc., Ohio, USA) supplemented with 1% gentamicin, 1% L-glutamine
and 1% pyruvate. The cells were counted with a Coulter counter (Coulter
Electronics, Mijdrecht, The Netherlands).
Monoclonal antibodies
The anti-ß2 chain m Ab KIM185 and the anti-ßl chain m Ab TS2/16 were used
to activate LFA-1 [32] and VLA-4 [33], respecbvely. The anti-al mAb NKI-L15 and
the anti-a4 mAb HP2/1 were used to specifically block the adhesion of LFA-1 [34]
and VLA-4 [35] respectively. ICAM-1 Fc or VCAM-1 Fc consist of the extracellular
part of both proteins fused to a human IgGl Fc fragment. ICAM-1 Fc was produced
in Chinese Hamster Ovary Kl cells cotransfected with the ICAM-1-IgGlFc [36] (20
μg) and pEE14 (5 μg) vector similarly as described for CD4 Τ lymphocyte
glycoprotein [37]. ICAM-1 Fc concentration in the supernatant was determined by an
IgGl ELISA and the supernatant was used without further purification. Purified
VCAM-1 Fc was kindly provided by Dr. Rob Lobb [38]. The mAb (bear-1 (CDllb,
Keizer [39]), KIM225 (CDllb, Robinson [32]), SAM-1 (CD49e, Keizer [39]) and 169A1
(aD integrin chain, Vandervieren [40])) have been described before, with the
exception of AZN-L19 (CD18) developed at the dept. of Tumor Immunology,
University Hospital, Nijmegen, The Netherlands. AZN-L19 was obtained by
immunising BALB/c mice with PBL and subsequently screening the hybridoma
supernatants for the ability to stain CD18 transfected cell-lines.
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Fluorescent beads adhesion assay
Carboxylate-modified

TransFluorSpheres (488/645 nm, 1.0 μιη; Molecular

Probes, Eugene, OR) were coated with integrin hgands as described previously [29].
For cell adhesion to ICAM-1 and VCAM-1 cells were resuspended in Tns-SodiumBSA (TSA, 20mM Tns-HCl pH 8.0, 150 mM NaCl, 1 mM CaCb, 2 mM MgClz, 0.5%
BSA (w/v); 5xl0 6 cells/ml). 50.000 cells were pre-incubated with/without LFA-1- or
VLA-4-blocking mAb (20 μg/ml) for 10 mm at RT in a 96-wells V-shaped bottom
plate. Integrin hgand-coated fluorescent beads (20 beads/cell) and different integrin
shmuli (100 nM PMA; achvahng mAbs (10 μg/ml)) were added. The suspension
was incubated for 30 mm at 370C. The cells were washed with TSA and incubated
for 10 mm at RT with FITC-conjugated anti-CD3-antibody. After washing with TSA,
the cells were resuspended in 100 μΐ TSA. LFA-1- or VLA-4-mediated adhesion of
the CD3+, CD3 cells and monocytes was measured by flowcytometry using the
FACScan (Becton and Dickinson & Co., Oxnard, CA). Monocytes were gated based
on their scatter pattern and high background FITC staining. Values are depicted as
integrin specific

adhesion, i.e. cell adhesion percentage minus cell adhesion

percentage in the presence of a specific anti-integrm blocking mAb.
Flowcytometricanalysis was performed on a FACScan (Becton and Dickinson &
Co., Oxnard, CA) using standard immunofluorescence staining techniques
Serum lipid measurements
Serum levels of total cholesterol, high-density lipoprotein (HDL) cholesterol
and triglycerides were determined by enzymabc methods on a Hitachi 747 analyser
[41]. LDL cholesterol levels were calculated according to the Friedewald method
[42].
Statistics
The influence of cholesterol lowering treatment on lipid concentrahons was
analysed using a Student's paired t test.

Results
Lipid concentrations
Total cholesterol and LDL-cholesterol concentrahons just before LDL-apheresis
were high in the homozygous FH pahents (total cholesterol. 7.6, 9 7 and 9 8 mmol/1.
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LDL-cholesterol 6.1, 8.3 and 9.1 mmol/l), while HDL-cholesterol levels were low
(0.88, 0.88 and 0.49 mmol/l respectively). Triglyceride concentrations were 1.50, 1.34
and 0.53 mmol/l respectively.
In the heterozygous

FH patients, treatment with

HMG-CoA reductase

inhibitors induced a significant decrease of total plasma cholesterol and LDLcholesterol concentrations (31% and 36% resp.), whereas HDL-cholesterol levels
were unchanged. Triglyceride concentrations also reduced after cholesterol lowering
treatment, although not significantly (Table 1).
Table 1. Plasma cholesterol and triglycerides m heterozygous FH patients before and
during treatment with HMG-CoA reductase inhibitors.
Before medication

After medication

Ρ

5

Ν
male/female

3/2

age (years)

49.6 ± 14.2

weight (kg)

80.5 ± 9.6

total cholesterol (mmol/l)

12.1 ± 2.2

8.4 ± 2.6

p<0.02

LDL-cholesterol (mmol/l)

10.0 ± 2.1

6.4 ± 2.5

p<0.03

HDL-cholesterol (mmol/l)

1.18 ± 0.27

1.27 ±0.31

ns

Triglycerides

2.09 ±0.54

1.57 ±0.66

ns

Results are mean ± SD

The higher cholesterol concentrations in heterozygous FH patients when
compared with homozygous FH patients can be explained by the LDL-apheresis
every two weeks and the continuous treatment with cholesterol synthesis inhibitors
in the homozygous patients.
Fluorescent beads adhesion assay
Adhesiveness of blood cells from hypercholesterolemic patients has been
examined by determining the binding of these cells to an endothelial monolayer
[24,26].

However,

adhesion

molecules

are

expressed

heterogeneously

on

endothelium, making it difficult to designate the one responsible for the altered
binding. The assay used in the present study has been recently developed to
determine specifically lymphocyte function-associated antigen-1 (LFA-1) and very
late antigen-4 (VLA-4) mediated adhesion of different blood cells within one blood
sample. The adhesion is determined by measuring the amount of cells which bind
fluorescent beads coated with specific integrin ligands. Figure 1 shows the LFA-1
mediated binding of CD3 + cells (70%), CD3- cells (19%) and monocytes (5%), after
LFA-1 activation with the phorbol ester PMA, from a representative patient (no 1) in
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this assay. The different cell populations are gated based o n their CD3 expression
(frame 1) a n d the adhesion of these cell populations to ICAM-1 coated beads are
s h o w n in frames 2, 3 a n d 4. In frame 2, 3 and 4, the defined peaks represent cells that
have b o u n d one bead, 2 beads a n d more beads, respectively. Determination of the
VLA-4 induced b i n d i n g to VCAM-1 beads is similar.
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Fig 1. LFA-1 mediated adhesion of a heterozygous FH pahent (no Ì) and control peripheral blood lymphocytes
(PBL) measured with the fluorescent beads assay. Binding of ICAM-Ί coated fluorescent beads by CD3 cells
(Frame 2), CD3* cells (Frame 3) and monocytes (Frame 4) after PMA stimulation
LFA-1

mediated

adhesion

in

heterozygous

FH

patients

before

and

after

cholesterol-lowering treatment
LFA-1-mediated

binding

of

CD3 + cells

and

monocytes to ICA M-!

was

investigated in PBMC isolated from heterozygous FH patients before and d u r i n g
treatment with HMG-CoA reductase inhibitors by using

the

fluorescent

beads

adhesion assay. Figure 2 illustrates the data of one patient (no 1), before and d u r i n g
medication, and versus a healthy normocholesterolemic control; the overall data are
s u m m a r i s e d in Table 2. We d e t e r m i n e d monocyte a d h e s i o n of 3 of the 5 patients.
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Fig 2. LFA-1 mediated binding of T-lymphocytes and monocytes m a heterozygous FH patient (no 1) before
and during HMC-CoA reductase treatment versus a control measured with the fluorescent beads adhesion
assay Monocytes could be distinguished from T-lymphocytes on the basis of scatter-pattern and CD3-FITC
staining The figure represents LFA-1 mediated adhesion of T-lymphocytes (CD3*) and monocytes to ICAM-1
coated beads without stimulation (white bars), after stimulation with PMA (grey bars) or the activating antib2 integrm mAb K1M185 (black bars). The speafiaty was determined by measuring adhesion in the presence
of blocking anti-LFA-1 (L15) mAb The remaining adhesion was 5 9% ± 2.5% for the CD3* cells and 26 6 ±
5.3% for the monocytes.

Table 2. LFA-1 mediated binding of T-lymphocytes and monocytes of heterozygous
FH patients before and after 8 weeks of cholesterol lowering medication.
Medium
Before

PMA

KIM185

After

Before

After

Before

After

-

+

+

+++

+++

+

+

+++

+++

3*

+/-

+

++

+++

+++

4*

-

+/-

+

+++

++

+

+

+++

+++

+/-

++

+++

+++

++

-

++

++

+++

++

+/-

+++

+++

+++

+++

1*
2*

5*
1*
4*
5»

+

ADHESION (%): 0-5=-, 6-15=+/-, 16-30=+, 31 ^5=++, 46-100= +++. After blocking
with anti-LFA-1, the remaining adhesion of the CD3* cells was on average 5.9 ±2.5%,
whereas 26.6 ± 5.3% of the monocytes remained attached to the beads
* T-lymphocyles; * Monocytes
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The LFA-1 mediated adhesion of monocytes is similar to that of CD3 cells. As
shown, LFA-1 is activated by the phorbol ester PMA and the activating anti-b2
integrin mAb KIM185. This adhesion was LFA-1 specific, since incubation of the
cells with the blocking anti-LFA-1 mAb NKI-L15 inhibited their binding to the
ICAM-1 coated beads (data not shown). No difference in LFA-1 mediated adhesion
was found between the heterozygous FH patients and the controls. Furthermore,
although inhibitors of HMG-CoA reductase reduced total cholesterol and LDL
cholesterol concentrations more than 30%, they did not have any influence on LFA-1
mediated adhesion of either resting CD3 + cells or monocytes. In addition, no effect
was found on PMA-induced LFA-1 adhesion.
Very late antigen-4 (VLA-4)-mediated adhesion in heterozygous FH patients
before and after cholesterol-lowering treatment
VLA-4 mediated adhesion to VCAM-1 coated beads was investigated. Results
of one representative patient (no 1) and one control are given in Figure 3, the other
results are presented in Table 3.
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Fig 3. VTi4-4 mediated binding m a heterozygous FH patient (no 1) before and after 8 weeks of cholesterol
lowering treatment and a control determined with the fluorescent beads adhesion assay T-lymphocytes (CD3*)
and monocytes were either not stimulated (white bars), stimulated with PMA (grey bars) or with activating
anti-bì mtegrin mAb TS2/16 (black bars) The speafiaty

was determined by measuring adhesion in the

presence of blocking anh-VLA-i (HP2/1) mAb After blocking VLA-4, 6 1 ± 3 3% of the CD3* cells and 31 4 ±
8 9% of the monocytes stayed attached to the beads
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+

The VLA-4 mediated adhesion of both CD3 cells and monocytes is higher than
the LFA-1 mediated adhesion of these cells. VLA-4 mediated adhesion increased
after activation with PMA and the activating anti-bl integrin mAb TS2/16. This
adhesion was also specific, as it could be blocked by the blocking anti-VLA-4 mAb
HP2/1. Adhesiveness of the cells was similar for both patients and controls. No
effect of HMG-CoA reductase inhibitors on the VLA-4 mediated binding capacity of
the CD3 + cells could be demonstrated. PMA-induced VLA-4 activation was not
altered either. In one patient the VLA-4 mediated adhesion of the monocytes before
medication was higher than that of the other patients. However, this is probably not
related to the elevated cholesterol levels since these were similar to the other
patients. The observed decrease in TS2/16 stimulated adhesion is due to the
extremely low block after medication .
Table 3. VLA-1 i»pecific adhesion of T-lymphocytes and monocytes from patients
Wl

Η heterozygous FH before and after 8 weeks of cholestero lowering treatment.
Medium
before

TS2/16

PMA
after

Before

After

Before

After

1*

+/-

+/-

+/-

+

+

++

2*

+/-

+/-

+

+

++

+

3*

+/-

+/-

+

+

++

++

4*

-

-

+/-

+/-

++

+

5*

+/-

+/-

+/-

+

++

++

It

+

+

++

++

+++

++

4*

+/-

+

+

+++

+

5*

++

-

+++

++

+++

+++

ADHESION (%): 0-5=-, 6-15=+/-, 16-30=+, 31-45=++, 46-100= +++. After blocking with
anti-VLA-1, the remaining adhesion of the CDS* cells was on average 6.1 ± 3.3%,
whereas 31.4 ± 8.9% of the monocytes remained attached to the beads.
Τ  lymphocytes. * Monocytes

LFA-1 and VLA-4 mediated adhesion in homozygous FH patients in comparison
to controls
In a separate experiment we compared the binding of T-lymphocytes and
monocytes from homozygous FH patients and normocholesterolemic controls. The
data concerning the LFA-1 induced binding in homozygous FH patients as
compared to controls are given in Table 4. For technical reasons we determined
monocyte-adhesion of only 2 instead of 3 patients. Monocytes showed a higher
binding than T-lymphocytes. No differences in adhesion to ICAM-1 were found
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between cells from controls and cells from patients, neither in the presence of
medium nor after stimulation with PMA or KIM185.
Table 4. LFA-1 mediated adhesion of T-lymphocytes and monocytes m homozygous
FH patients and their controls.
Medium
Patients

PMA

KIM185

Controls

Patients

Controls

Patients

Controls

+/-

+++

+++

+++

+++

+

+++

+++

+++

+++

3*

-

+

+

++

+++

4*

+/+
+

1*
2*

+/-

1*

+

3*

+

+
++
++

+
++

+++
+++

+++

+++

+++

ADHESION (%): 0-5==-, 6-15=+/- 16-30=+, 31^5=++, 46-100=+++. Aftei blocking with
anti-LFA-1, the remaining adhesion of the CD3* cells was on average 5.9 ± 2.5%,
whereas 26.6 ± 5.3% of the monocytes remamec attached to the beads.
* T-lymphocytes; * Monocytes

Table 5 summarises the data of the VLA^l mediated adhesion of T-lymphocytes and
monocytes from homozygous FH patients and controls. Adhesion of cells from
patients and controls to VCAM-1 beads was similar.
Flow Cytometry
Adhesive function of ßl- and ß2 integrins has been dissociated from their
surface expression [28]. Since both function and expression are important in the light
of the present investigation, the expression of CD18, CDlla, CDllb, CDllc, aD,
VLA-4 and VLA-5 was determined in PBMC. After 8 weeks of medication none of
the adhesion molecules differed as compared with CD3+ cells and monocytes before
starting the cholesterol lowering treatment (data not shown). Furthermore, both
heterozygous and homozygous patients showed similar expression of the adhesion
molecules when compared with controls (data not shown).

Discussion
In the present study we demonstrate that high circulating plasma cholesterol
concentrations in FH patients do not influence the LFA-1 and VLA-4 mediated
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adhesion. Moreover, treatment of heterozygous FH patients with HMG-CoA
reductase inhibitors does not alter the LFA-1 mediated adhesion to ICAM-1 or the
VLA-4 mediated adhesion to VCAM-1 of both monocytes and T-lymphocytes. These
findings are remarkable since monocytes [13,22] and lymphocytes [30] can be
activated by LDL. Couffinhal et al. could abolish LDL-activated adhesion of
monocytes with the specific monoclonal anti-CD18 blocking antibody CLB-LFA1/1
[20]. We could also inhibit LFA-1 mediated adhesion, but since adhesion was
suppressed to the same extent in homozygous FH patients, heterozygous FH patients
and controls this cannot explain the increased binding of monocytes from
hypercholesterolemic patients to endothelium, found by others. We were also able to
block VLA-4 mediated binding. Binding of CD3+ cells to ICAM-1 and VCAM-1
could be suppressed completely by the antibody against LFA-1 and VLA-4
respectively, whereas a less pronounced inhibition was observed for monocytes.
CDllb/CD18, present on monocytes, can bind ICAM-1 as well [4]. This may explain
why antibodies against LFA-1 could only partially block monocyte binding to
ICAM-1 beads. Monocyte binding to VCAM-1 was also incompletely inhibited with
blocking anti-VLA-4 antibodies, which indicates the contribution of other receptors
capable of binding to VCAM-1.

Table 5. VLA-4 mediated adhesion of T-lymphocytes and monocytes in homozygous
FH patients and their controls.
Medium

~f*

PMA

TS2/16

Patients

Controls

Patients

Controls

Patients

+7-

+

++

++

+++

Controls

+++

2*

+/-

+/-

+

++

++

+++

3*

+/-

+/-

+/-

+

+

++

4*

+

+

+++

1*

++

++

++

+

+++

+++

3*

++

++

++

++

+++

+++

ADHESION (%): 0-5=-, 6-15=+/-, 16-30=+, 31-15=++, 46-100=+++. After blocking with
anti-VLA-l, the remaining adhesion of the CD3 + cells was on average 6.1 ± 3.3%,
whereas 31.4 ± 8.9% of the monocytes remained attached to the beads.
* T-lymphocytes; * Monocytes

Although we did not find any effect of FH or cholesterol lowering on the LFA-1
and VLA-4 mediated binding to ICAM-1 and VCAM-1 respectively, this does not
exclude the involvement of these surface molecules in the process of atherosclerosis
in FH patients. Both ICAM-1 [10] and VCAM-1 [43] expression on endothelial cells
can be induced by LDL, resulting in an enhanced adhesion of monocytes and
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lymphocytes to endothelium. Since ICAM-1 expression is dependent on the
concentration of LDL [16,44], cholesterol lowering may result in a decreased
expression of this adhesion molecule on endothelial cells in vivo.
Adhesiveness of monocytes and T-lymphocytes is not only dependent on
LFA-1 and VLA-4. Monocytes can also bind to endothelial cells via CDllb/CD18,
which is present on monocytes [4]. Whether this can explain the observed increase in
binding of monocytes from FH patients [24] is doubtful, because in the presence of
an antibody directed towards LFA-1, similar adhesion remained for FH patients and
controls. For the same reason, it is also not likely that inhibitors of HMG-CoA
reductase have an influence on CDllb/CD18 mediated adhesion. This is in contrast
to the observations of Weber and colleagues, who found a CDllb/CD18 dependent
decrease in binding of monocytes to endothelium [26]. However, in accordance to
our observations. Jongkind et al. were unable to detect any effect of cholesterol
lowering medication on monocyte binding in FH patients either [24]. In addition to
CDllb/CD18, monocytes can adhere to E-selectin and P-selectin, which are present
on endothelium, via Sialyl-Lewis X [4]. In accordance with monocytes, lymphocytes
can also bind E-selectin and P-selectin via Sialyl-Lewis X [45]. It would be interesting
to investigate the influence of HMG-CoA reductase inhibitors and FH on SialylLewis X mediated binding of both cell-types.
In addition to the fluorescent functional adhesion assay, which gives insight
into the activity, we also investigated the antigenic expression of the ß2-integrins
CDlla, CDllb, CDllc and CD18, and the ßl-integrins VLA-4 and VLA-5 as well as
the differentiation antigen CD14. The expression of these antigens, both on
T-lymphocytes and on monocytes, was similar for all subjects. These findings
confirmed those obtained with homozygous FH patients previously [46] and are in
line with those where control monocytes were preincubated with LDL [20].
Furthermore, it has been reported that combined hyperlipidemia and
hypertriglyceridemia have identical flow cytometric patterns of monocytes when
compared with controls [24,27]. Weber and colleagues on the other hand, found an
upregulation of CDllb/CD18 expression on monocytes incubated with oxidised
LDL [13] and on monocytes from patients with isolated hypercholesterolemia [26].
Yet, it should be noted that the studies mentioned above, with exception of that of
Rovers et al. [46], did not examine the in-vivo effect of increased LDL upon cellular
activation, like we did. The origin of hypercholesterolemia may have distinct effects
on the expression of integrins, which would explain the different results found by
various investigators.
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In conclusion, in the present study we used a fluorescent adhesion assay to
analyse functional adhesion of the integrins LFA-1 and VLA-4 to their ligands
ICAM-1 and VCAM-1, respectively. With regard to monocytes and T-lymphocytes
neither LFA-1 and VLA-4 mediated adhesion, nor expression of ßl and ß2 integrins
were influenced by FH or by cholesterol synthesis inhibitors.
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Abstract
Lipoproteins are able to neutralise bacterial lipopolysaccharide (LPS), and
thereby inhibit the proinflammatory cytokine response. In a previous study, we
demonstrated that hypercholesterolemic low-density lipoprotein receptor knockout
(LDLr-/-) mice are protected against lethal endotoxemia and Gram-negative
infection. In the present study we investigated the susceptibility of apolipoprotein E
knockout mice (apo E-/-) to LPS and to Klebsiella pneumoniae. These mice have
increased plasma lipoprotein concentrations in the very low-density lipoprotein
(VLDL)-sized fraction. Despite eight-fold higher plasma cholesterol levels compared
to controls, and in contrast to LDLr-/- mice, apo E-/- mice were significantly more
susceptible to endotoxemia and to K. pneumoniae infection. Circulating TNFa
concentrations after intravenously injected LPS were 4 to 5-fold higher in apo E-/mice, whereas IL-lct, IL-lß and IL-6 did not differ. This TNF response was not due to
an increased cytokine production capacity of cells from apo E-/- mice, since ex-vivo
cytokine production in response to LPS did not differ between apo E-/- and control
mice. The LPS-neutralising capacity of apo E-/- plasma was significantly less than
that of controls. Most likely, the absence of apo E itself in the knockout mice explains
the failure to neutralise LPS, despite the very high cholesterol concentrations.
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Introduction
Endotoxin, the lipopolysaccharide (LPS) component of the outer membrane of
Gram-negative bacteria, is the major pathogenic factor in Gram-negative sepsis [1].
When infused in vivo, LPS induces hypotension, disseminated intravascular
coagulation, and renal, hepatic and cerebral damage, which may lead to shock and
death. These actions are mediated by the production and release of proinflammatory
cytokines such as TNFa and IL-lß by monocytes and macrophages.
LPS forms complexes with all major lipoprotein classes in plasma, including
chylomicrons, very low density lipoproteins (VLDL), low density lipoproteins
(LDL), high density lipoproteins (HDL) and lipoprotein (a) (LP(a)) [2-5]. Binding of
endotoxin to either of these lipoproteins results in neutralisation of LPS and reduced
release of TNFa, IL-lß and IL-6 [4,6,7]. Recent studies have shown that
hyperlipoproteinemia in genetically modified mice [8,9] as well as infusion of
reconstituted HDL (rHDL) in humans [10,11] result in a diminished cytokine
response, leading to protection against the toxic effects of endotoxemia. Other
studies have demonstrated that triglyceride-rich lipoproteins, such as chylomicrons
and VLDL, also have the capacity to inactivate LPS and prevent endotoxin-induced
death in rodents [3,12-14].
It is not well understood which lipoprotein component is most important for
LPS-neutralisation. The ability of lipoproteins to bind and inactivate LPS is
modulated by apolipoproteins. Both apolipoprotein (apo) A-I, present on HDL, and
apo E, present on chylomicrons, VLDL, HDL, and IDL, are capable of directly
inactivating endotoxin and decreasing LPS-induced cytokine release [14-17]. An
additional mechanism may be represented by the lipid-lipid interactions between
the lipid A component of LPS and cholesterol, triglycerides and/or phospholipids,
leading to binding and neutralisation of LPS [9,18].
In a previous study with LDL receptor deficient (LDLr-/-) mice, we
demonstrated that these mice with a hypercholesterolemia due to 7-9-fold increase of
intermediate density lipoprotein (IDL) and LDL are protected against Gram-negatave
infections [8]. The aim of the present study was to investigate the relative importance
of the lipid component of VLDL and apo E for binding and neutralisation of LPS.
For this purpose, we investigated the susceptibility to endotoxin and K. pneumoniae
of mice with a gene disruption for apo E. Due to the lack of apo E, these mice have
hyperlipidemia as a result of decreased clearance and high levels of VLDL [19]. Since
cholesterol-rich LDL and HDL are able to neutralise LPS [12], one would expect
91

Chapter 6

cholesterol-rich VLDL to neutralise LPS as well, rendering these mice resistant to
LPS like the hypercholesterolemic LDLr-/- mice [8].

Materials and Methods
Animals
6-8 weeks old homozygous apolipoprotein E deficient (apo E-/-) mice were
used (Transgenic facility

of Leiden University

Medical Center, Leiden, The

Netherlands [19]). For the experiments weight-matched C57BL/6J mice were
selected. The animals were kept under specific pathogen-free conditions. The
experiments were approved by the ethics committee on animal experiments of the
Catholic University Nijmegen.
Lipid measurements
Of all mice total and lipoprotein specific cholesterol and triglycerides in EDTA
plasma, 4 days proceeding the experiments mentioned below, were determined
enzymatically

with a Hitachi 747 analyser.

For determination of chemical

composition and lipoprotein cholesterol and triglyceride concentrations, samples of 5
mice were pooled. To isolate the VLDL + IDL fraction, plasma was brought to a
density of 1.019 g/ml with d = 1.10 g/ml and centrifuged for 18 hours at 36000 χ g.
After aspiration of the upper-layer, the d > 1.019 g/ml fraction was brought to a
density of 1.070 g/ml with d=1.225 g/ml to isolate the LDL fraction during 24 hours
at 36000 χ g. After aspirating LDL from the top layer, HDL was separated from the
serum proteins by centrifugation for 24 hours at 39000 χ g after raising the density to
1.18. Subsequently, cholesterol and triglyceride concentration in all of the lipoprotein
fractions was determined with the Hitachi 747 analyser. Phospholipids and free
cholesterol in all fractions were measured by using a kit (Boehringer Mannheim,
Germany). Finally, protein concentrations were ascertained by the method of Lowry
[20] and cholesterol esters were calculated by subtracting free cholesterol from total
cholesterol concentration.
Lethality studies
Lipopolysaccharide (LPS; Escherichia coli Serotype 055:B5) was obtained from
Sigma Chemical Co. (St. Louis, MO). Groups of at least 10 mice were injected iv into
the retro-orbital plexus with LPS (dose: 2 mg in 100μ1 PBS/mouse). Survival in both
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groups was assessed daily for at least 7 days.
LPS-induced cytokine production in vivo
In 3 separate experiments, apo E-/- and control mice were injected iv into the
retro-orbital plexus with LPS (50 μg in ΙΟΟμΙ PBS/mouse). After 90 minutes for
TNFa production) and 4 hours (for IL-la and IL-lß production), groups of at least 5
animals were bled from the retroorbital plexus into EDTA containing tubes. Tubes
were centrifuged for 5 minutes at 13000 χ g and cytokines were measured in the
plasma.
Ex-vivo cytokine production
In three separate experiments resident peritoneal macrophages were isolated
from groups of at least 5 apo E-/- and control mice. Subsequently, secreted and cellassociated production of TNFa, IL-la, and IL-lß by these cells was determined as
described elsewhere [8], upon stimulation with 100 ng/ml LPS for 24 hours. Samples
were stored at -70oC until assay.
Klebsiella pneumoniae infection
K.-pneumoniae(ATCC 43816), a strain that produces a lethal infection in normal
mice, was injected iv into the retroorbital plexus (0.5 χ IO5 CFU/mouse) of apo E-/and control mice. After 90 minutes, subgroups of five mice were killed, and blood
was collected from the retroorbital plexus for the measurement of cytokine
concentrations. In a separate group of mice, survival was assessed twice a day.
Cytokine measurements
TNFa,

IL-la,

and

IL-lß

concentrations

were

measured

by

specific

radioimmunoassays (RIAs) described previously [21]. IL-6 concentrations were
determined using a commercial ELISA kit (Biosource, Europe S.A.). Detection limits
were 0.02 ng/ml for IL-la and IL-lß, and 0.04 ng/ml for TNFa. The accuracy of the
cytokine assays was determined using reference preparations: murine recombinant
TNFa, IL-la, and IL-lß obtained from the National Institute of Biological Standards
and Control (NIBSC, Hertfordshire, UK), for the IL-6 ELISA and for the RPMI
samples control pools were made at our laboratory. All samples of each experiment
were analysed in the same run in duplicate. Using various batches of tracers the bias
of all cytokine-assays was < 20%; interassay variation ranged between 10 and 13%
depending on the concentration (n=22).
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LPS measurements
To determine whether the clearance of LPS in apo E-/- mice is different from
the clearance of LPS in C57BL/6 mice, 6 animals of each group were bled 10 minutes
after LPS injection and 5 animals of each group after 90 minutes and 4 hours into
LPS-free EDTA containing tubes. Tubes were centrifuged for 5 minutes at 13000 χ g
and plasma was transferred to clean LPS-free tubes. Subsequently a chromogenic
LAL assay (Endosafe Inc., Charleston, SC) was used to measure endotoxin
concentrations. Assays were performed according to the manufacturer's instructions.
LPS neutralising capacity
In order to assess the capacity of plasma of apo E-/- and C57BL/6 mice to
neutralise exogenous LPS in vitro, blood of apo E-/- mice and their controls was
drawn by cardiac puncture and collected in LPS-free EDTA-containing tubes
(Beckton Dickinson). Tubes were centrifuged

for 10 minutes at 1800 χ g.

Subsequently, plasma was centrifuged in an Eppendorf centrifuge at 13000 χ g to
acquire platelet-free plasma. LPS (100 ng/ml) was preincuba ted with the plasma at
370C. After 24 hours, human peripheral blood mononuclear cells (obtained by Ficollseparation) were added to the LPS and incubated at 37 0 C once again. After an
additional 24 hours incubation, cytokines in the supernatant were measured by RIA
and the production was expressed per ml of medium containing 106 cells.
Table 1. Plasma and kpoprolem cholestérol and triglyceride concentrations (mmol/l) in
apo E-/- and control mice.
Cholesterol (mmol/l)
apo E-/-

Triglycerides (mmol/l)

controls

apo E-/-

controls

Plasma

16.14 ± 3.73

1.8710.15"*

1.13 ±0.40

0.85 ± 0.30 **

VLDL

10.2 ±1.14

0.12 ± 0.03 * "

0.81 ± 0.14

0.48 ±0.16*

LDL

0.60 ± 0.06

0.23 ± 0.03 ***

0.03 ± 0.01

0.04 ± 0.01

HDL

0.47 ± 0.10

1.04 ±0.10***

0.03 ±0.01

0.03 ± 0.01

Results are given as mean ± SD for 30 animals per group. *p<0.01, **p<0.001, ***p<0.0001
(for comparison between C57BL/6 and apo E-/-).

Statistical analysis
Survival data were analysed using the Kaplan-Meyer log rank test. Differences
in concentrations of cytokines were analysed using the Mann-Whitney U test.
Differences

in lipid

concentrations

were analysed

Differences were considered significant at p<0.05.
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Results
Concentrations of lipids, lipoproteins and relative chemical composition
Total plasma cholesterol concentrations were more than 8 times higher in
apo E-/- mice than in control C57BL/6 mice, due to extremely high cholesterol
concentrations of the VLDL + IDL fraction and to a lesser extent to LDL cholesterol
concentrations, whereas HDL concentration was lower (Table 1). Total triglyceride
concentrations were slightly, though significantly, higher in the apo E-/- mice
(Table 1). The higher triglyceride concentrations were reflected in the triglyceride
concentrations of the VLDL + IDL fraction (Table 1).

Figure 1. Chemical composition of lipoprotein fractions (VLDL + IDL, LDL and HDL) of apo £-/- (hatched
bars) and control mice (solid bars) The figure represents the percentage offree cholesterol (fc), cholesterol esters
(ce), triglycerides (tg), phospholipids (pi) and protein of each fraction

The chemical composition of all lipoprotein fractions showed differences
(Fig. 1), especially in the cholesterol and triglyceride content of the VLDL + IDL and
the LDL fraction. In the apo E-/- mice, cholesterol represented the most abundant
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Lethality and cytokines in vivo
Survival after an endotoxin injection is depicted in Fig 2. The mortality in the
apo E-/- mice (86%) was

significantly higher than in controls

(41%).

Plasma

concentrations of TNFa 90 min after LPS administration were more than four-fold
higher in

apo

E-/- mice than in

control animals

(Fig 3). The

circulating

concentrations of IL-la, IL-lß and IL-6 were 10 to 100-fold lower than those of TNF,
and no differences were detected 4 hours after LPS injection (Fig. 3).

Table 2. Secreted and cell-associated cytokine production after in vitro stimulation of
peritoneal macrophages ofapo E-/- and C57BL/6 mice.
Secreted
C57BL/6
apo E-/-

Cell- associated
C57BL/6
apo E-/-

IL-la

0.13 ± 0.03

0.10 ± 0.01

IL-lß
TNFa

0.05 ± 0.01
0.73 ± 0.20

3.62 ±1.29
0.29 ± 0.07

2.90±1.29

0.0710.02
0.79 ± 0.19

0.19 ± 0.04

0.24 ± 0.08

0.30 ± 0.11

5

10 peritoneal macrophages/well were stimulated with LPS (lOOng/ml) for 24 h at 37°C.
The data represent mean 1 SD for six animals The results do not differ sigmficantly for
The three cytokines measured.
Klebsiella

pneumoniae

infection

After an intravenous injection of 0.5 χ IO 5 CFU of K. pneumoniae, apo E-/- mice
showed an increased mortality compared with control mice. All apo E-/- mice died,
whereas only 40% of the controls were killed by the infection (Fig. 4). Ninety
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minutes after a Κ pneumoniae inoculum of 5 χ IO CPU T N F concentration in the
circulation of a p o E-/- mice were higher than those of control mice (12.3 ± 3.4 n g / m l
vs 7.6 ± 3.8 n g / m l ) , although these differences d i d not reach statistical

significance

(p=0.056).

Ex-vivo cytokine production
To investigate w h e t h e r the increased in vivo p r o d u c t i o n of T N F a w a s d u e to an
increased capacity of peritoneal macrophages to p r o d u c e cytokines, cells of both
mouse-strains w e r e stimulated with LPS. N o differences

were found in either

secreted and cell-associated TNFa, IL-la or IL-lß between both strains (Table 2).

Figure 3. Plasma cytokine concentrations m apo E-/- (hatched columns)
and control mice (white columns) after
50

μξ

of

LPS w

The plasma

concentrations of TNFa (90 mm after
the LPS challenge) was significantly
higher in apo E-/- mice compared with
control mice No differences in IL la,
IL-Ίβ or IL-6 plasma concentrations
(4h after LPS challenge) were detected
The figure shews pooled data of three
experiments with groups of at least
5 animals

Data are represented as

proportion

of

production

of

the mean

cytokine

control

animals

*p<0 0001

LPS clearance
To test whether the LPS clearance differed in the 2 m o u s e strains, w e assessed LPS
concentrations in the circulation. 10 minutes after an iv injection of 50 μg LPS,
apo E-/- mice s h o w e d similar levels of endotoxin in plasma as control mice in the 2
mouse strains (3.69 ± 0.80 vs 3.75 ± 1.21 μ g / m l ) . After 90 m i n u t e s apo

E-/- mice

showed lower, albeit not significant, levels of endotoxin in plasma c o m p a r e d with
control animals (0.51 ± 0.03 vs 0.66 ± 0.21 μ g / m l ) . Again n o differences w e r e seen 4
hours after LPS injection (0 34 ± 0.03 vs 0.37 ± 0.09 μ g / m l ) .
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LPS neutralising capacity
To investigate w h e t h e r the lipoproteins in the p l a s m a of apo E-/- a n d control
mice w e r e equally potent in binding and neutralisation of LPS, preincubation of LPS
with plasma from the 2 m o u s e strains was performed. After 24 h, h u m a n PBMC
were a d d e d , and cytokine p r o d u c h o n measured after a n additional 24 h incubation
(Table 3). IL-lß and T N F a production by PBMC w e r e higher after preincubahon of
LPS with plasma obtained from apo E - / - mice than w i t h control plasma, compatible
with decreased LPS-neutrahsing capacity of lipoproteins from apo E - / - mice.

Discussion
In

the

present

study

we

show

that

hyperhpidemic

mice

deficient

in

apohpoprotein E are more susceptible to endotoxemia a n d to Klebsiella pneumoniae
infection than control mice

In the apo E - / - mice the severe cytokinemia, in

parhcular T N F a , is most probably responsible for d e a t h . Since macrophages of
apo E - / - and control mice produced similar amounts of T N F a , the differences do not
seem to be d u e to differences in intrinsic cytokine production capacity
These results are in accordance with those of Roselaar et al who demonstrated
that apohpoprotein E deficient mice are more susceptible to Listeria monocytogenes
[22]. However, they are in marked contrast to those w e obtained in hyperhpidemic
LDL receptor knock out (LDLr-/-) mice which had an increased survival towards a
Gram-negative challenge and a d a m p e r e d proinflammatory endotoxin response by
virtue of the endotoxin-neutrahsing effects of lipoproteins [8] Moreover, the plasma
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of the apo E-/- mice appeared to have a low LPS-neutralising capacity, which was
even less than that of normo-lipidemic control mice. How should these differences
be explained?
Table 3. Effect of apo E-/- and control plasma on LPS-induced
cytokine production.
IL- I ß (ng/ml)

TNFa (ng/ml)
apo E-/-

Control

apo E-/-

Control

1.

0.59

0.38

2.48

1.31

2.

0.27

0.22

1.81

0.65

3.

0.44

0.36

1.88

0.84

100 n g / m l LPS preincubated with either plasma of apo E-/- or
5

of control mice was added to 5 χ IO PBMC/well and incubated
0

for 24 h at 37 C (n=3).

Basically, two mechanisms may be responsible for neutralisation of endotoxin:
the increased lipid concentration on the one hand, and the apolipoproteins on the
other. Both apo E-/- and LDLr-/- mice have increased plasma lipid concentrations
due to either increased cholesterol-rich VLDL in apo E-/- mice, or high IDL and LDL
in LDLr-/- mice [23]. Because both strains have similar elevations in lipoprotein
concentrations, and all lipoprotein subfractions have been shown to neutralise LPS
[2-7], the discrepancy

in LPS neutralisation cannot easily

be explained

by

quantitative differences in hyperlipidemia.
The apo E-/- plasma apparently exerts an impaired LPS-neutralising capacity
despite high cholesterol. This is in accordance with results of Harris et al., showing
that cholesterol is not necessary for the interaction between lipoproteins and LPS, as
a cholesterol-free lipid emulsion, Soyacal® also protected against endotoxin-induced
death [12]. On the other hand, infusion of a commercially produced triglyceride-rich
particle, Intralipid®, in humans did not result in a reduced cytokine release [24].
It should be taken into account that the lipoproteins in the VLDL-sized fraction
of apo E-/- mice have a different chemical composition when compared to controls.
Conformational changes may have taken place, resulting in a diminished availability
of LPS-binding sites and a decreased neutralising capacity.
The second possible mechanism concerns the apolipoproteins. Both free apo A-I
and apo E have strong LPS neutralising effects [14-17]. In apo E-/- mice the VLDL +
IDL fraction is relatively poor in apoproteins. In addition, the excess of lipids carried
by the lipoprotein particles in these mice may result in a change of the LPS-binding
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sites on their apoproteins. This, together with a 2-fold decrease in HDL, may be an
explanation why LPS in apo E-/- mice is neutralised to a limited extent. In addition
to the LPS-binding capacity of apoproteins, apo E seems to be able to neutralise LPS
differently. The LPS-detoxifying effects of chylomicrons are thought to be mediated
by apo E present on this lipoprotein [14]. Free endotoxin, injected iv, is cleared from
the plasma by the liver, where it is predominantly taken up by the Kupffer cells
resulting in production of cytokines [25,26]. However, when bound to apo E (free or
associated with chylomicrons), LPS can be shunted away from these Kupffer cells
and directed to the parenchymal liver cells [14], resulting in a reduction of peak
cytokine serum levels [17].
These observations are in accordance with ours, showing that in apo E-/- mice
TNFa plasma concentrations were 4 to 5-fold higher than in controls after LPS
challenge. Moreover, the fact that no difference was found in LPS clearance from the
plasma between the two mouse strains, indicates that the outcome after an LPS
injection is determined in the liver and not in the blood. So most probably, the LPS
in apo E deficiency is only directed towards cytokine-producing Kupffer cells,
whereas in the control mice a part is directed towards parenchymal cells. How
should we explain that we did not find differences in circulating IL-la, IL-lß or IL-6
four hours after LPS injection? One explanation could be that TNF and IL-1
production are differentially regulated [27]. We have recently found that different
LPS receptors seem to be responsible for the production of the various cytokines:
CD14-dependent mechanisms mediate TNFa production, while IL-1 synthesis is
induced by both CD14-dependent and CD14-independent mechanisms [28].
Secondly, IL-la and IL-lß are less prominent as circulating cytokines than TNFa.
Let us now return to the question how the discrepancy in LPS-neutralisahon
between the two hyperlipidemic mouse strains should be explained. In comparison
with C57BL/6J mice, LDLr-/- mice have an extremely high IDL and LDL
concentration and a two-fold increased HDL-cholesterol as well (data not shown).
Apo E is present on both IDL and HDL, hence increased in LDLr-/- mice. Therefore,
absence of apo E in apo E-/- but not in LDLr-/- mice may indeed explain the
difference in outcome between the two mouse strains.
In conclusion, in this study we demonstrated that hypercholesterolemia itself is
not sufficient for protection against endotoxemia. More likely, the presence of apo E
is essential in the process of LPS detoxification, either by catalysing the binding of
LPS to the lipoprotein particle or by directing the LPS to the parenchymal cells away
from cytokine producing Kupffer cells, or by both mechanisms.
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Abstract
All lipoproteins are able to bind to bacterial lipopolysacchande (LPS), thereby
neutralising its deleterious effects. However, we demonstrated, recently, that in the
absence of apolipoprotein E (apoE), 8-fold increased VLDL levels were not sufficient
to protect apoE deficient mice against LPS.
During

a

live Gram-negabve

infection,

other

mechanisms

than LPS-

neutrahsahon may play a role in the pathogenesis of the disease To further examine
the role of apoE in Gram-negative sepsis, we infected apo E-/- mice with Klebsiella
pneumoniae. Mice that lack apoE showed higher mortality in response to Κ
pneumoniae than control C57BL/6j mice (90% vs 23% resp after 2 weeks; p<0 0005)
At day 1 of infection, apo E-/- mice had 10-100 tames more outgrowth of the bacteria
in liver, spleen, kidneys and blood than controls (p<0.004). Furthermore, circulating
TNFa concentrations 90 minutes after a challenge, were almost twice as high in the
apo E-/- mice when compared to controls (13.0 ± 2.9 ng/ml vs. 76 ± 3.8 ng/ml,
p<0.05). When

apo E-/- and control mice were

rendered neutropenic, the

discrepancy in survival, and outgrowth of Κ pneumoniae on day 1 disappeared.
In conclusion, apo E-/- mice are more susceptible than control C57BL/6 mice to
a Κ pneumoniae infection. The absence of apoE may render these mice more
susceptible, since this protein is of importance in the detoxification of lipo
polysacchande of Gram-negative bacteria. On the other hand, the phagocytic
capacity of granulocytes seems to be decreased in apo E-/- mice, resulting in
increased outgrowth and mortality.
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Introduction
Gram-negative infections are a serious clinical problem, in which cytokines
seem to play an important role [1]. Mortality due to Gram-negative infection seems
to be caused by two mechanisms. One mechanism is the induction of cytokines by
interaction of bacterial lipopolysaccharide (LPS) with host cells, such as monocytes
and macrophages [1]. The other mechanism is microbial growth, the resultant of
proliferation of the microorganism and from microbicidal mechanisms of the host,
interfering with organ function.
Concerning LPS, we and others have previously shown that lipoproteins are
able to interfere with the interaction between LPS and cytokine producing cells [2-7].
It has been demonstrated that hyperlipoproteinemia, in low density lipoprotein
receptor deficient (LDLr-/-) mice [8] as well as in mice that have elevated HDL
concentrations [9], protects against endotoxemia. In contrast, apolipoprotein E
deficient (apo E-/-) mice that have increased plasma lipoprotein concentrations in
the very low-density lipoprotein (VLDL)-sized fraction are highly susceptible to
endotoxemia [10].
Regarding

microbial

growth,

lipoproteins

can

modulate

growth

of

microorganisms, which has been demonstrated for both Candida albicans [11,12] and
Staphylococcus Aureus [13,14]. However, less information is available on Gramnegative bacteria. We have previously shown the influence of lipoproteins on
Klebsiella pneumoniae infection in LDLr-/- mice [8]. However, it was not possible to
differentiate between the role of lipid components and apolipoproteins in that
model. For this purpose, we investigated in the present study the course of
K. pneumoniae infection in apo E-/- mice.

Methods
Animals
Homozygous apolipoprotein Ε-deficient (apo E-/-) mice (6-8 weeks old; 20-25
grams) were used (Transgenic Facility of Leiden University Medical Center, Leiden,
The Netherlands [15]). For the experiments weight-matched C57BL/6J mice were
selected. Both groups of animals were kept under specific pathogen-free conditions.
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The experiments were approved by the ethics committee on animal experiments of
the Catholic University Nijmegen.
Lipid measurements
Total and lipoprotein associated cholesterol and triglycerides were determined
by enzymatic methods on a Hitachi 747 analyser.
Cyclophosphamide
Mice were rendered neutropenic by two subcutaneous (s.c.) injections of
cyclophosphamide

(Dagra

Pharma B.V.,

Diemen, The Netherlands) in the

toxicological unit of the animal laboratory. Four days before the infection with
K. pneumoniae mice were injected with 150 mg cyclophosphamide per kg of body
weight dissolved in 150 μΐ non-pyrogenic phosphate-buffered saline (PBS). A second
injection of 100 mg/kg in 100 μΐ PBS was given 1 day before injection with
K. pneumoniae [16]. Mice not pre-treated with cyclophosphamide are noted as normal
mice.
Klebsiella Pneumoniae infection
K. Pneumoniae (ATCC 43816), maintained in Brain Heart Infusion (BHI) at
C

-80 C, was plated on McConkey Agar (MCA)-2 plates (Oxoid, Haarlem, The
Netherlands) and cultured overnight at 370C. One colony was inoculated into 100
mL BHI and cultured for 16 h at 37°C. Subsequently, the culture was centrifuged for
10 minutes at 3350 χ g, and the sediment was dissolved in sterile saline. Normal
apo E-/- and control mice were injected into the retro-orbital plexus with 1 χ IO·1
colony forming units (cfu) of K. pneumoniae /mouse, while neutropenic mice were
injected with 1 χ IO3 cfu/animal. Survival was assessed daily for two weeks in
groups of at least 10 animals. In separate groups (both in neutropenic and normal
mice), after 90 min, subgroups of 6 mice were killed and blood was collected from
the retro-orbital plexus for the measurement of TNFa concentrations in the plasma.
Samples were stored at -70 o C until assay. Outgrowth of K. pneumoniae in liver,
spleen, kidneys and blood of normal and neutropenic animals was quantified 24 h
after the injection of the micro-organisms. Mice were bled from the retro-orbital
plexus and organs were removed aseptically, weighed, and homogenised in sterile
saline in a tissue grinder. Serial dilutions of the homogenates and the blood were
made and plated on MCA-2 plates, and cfu were counted after overnight incubation
at ?>7°C Results were given as the log cfu per gram of tissue.
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Measurement of TNFa concentrations in plasma
TNFa concentrations were measured by using a specific radioimmunoassay
(RIA) developed in our laboratory, as described previously [17].
In vitro growth of K. pneumomae
To determine whether the high plasma VLDL-cholesterol concentrahons in
apo E-/- mice had any influence on the growth of K. pneumoniae, the micro-organism
was incubated in the presence of plasma obtained from apo E-/- or control animals.
2 χ 104 cfu/mL of Κ pneumomae in BHI was incubated in 10 mL glass blood
collection tubes (Monoject; Sherwood Medical, Ballymoney, Northern Ireland) with
an equal amount of plasma in a final volume of 2 mL at 37 0 C under light rotation.
Before, and after 4 h, 8 h and 24 h of incubation, aliquote of 0.1 mL were removed
and diluted serially. Dilutions were plated on MCA-2 plates, incubated overnight at
37CC and counted for cfu.
Statistical analysis
Kaplan-Meyer Log Rank test was used to analyse survival data. Differences in
TNFa concentrations and outgrowth of micro-organisms in the organs were
analysed using the Mann-Whitney U test Differences in lipid concentrations were
analysed with the Students' f-test. Differences were considered significant at
Ρ < 0.05. All experiments were performed at least twice.

Results
Cholesterol and Triglyceride concentrations
Cholesterol concentrahons in plasma of Apo E-/- were 8-9 fold elevated when
compared with control animals. This elevation was due to extremely high cholesterol
concentrations of the VLDL + IDL fraction and, to a lesser extent, increased LDL
cholesterol concentrations. On the other hand, HDL cholesterol concentrahons were
50% lower in apo E-/- mice, p<0.0001 (Table 1). Total triglyceride concentrations
were also slightly elevated in apo E-/- mice. This elevation was also found in the
VLDL + IDL fraction (Table 1). The VLDL like particles of the knock-out mice are
cholesterol rich and triglyceride poor in contrast to VLDL from control C57BL/6
mice [10].
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Table 1. Plasma and lipoprotein cholesterol and triglyceride concentrations (mmol/1) in
apo E-/- and control mice.
Triglycerides (mmol/1)

Cholesterol (mmol/1)

Plasma
VLDL
LDL
HDL

apo E-/-

controls

16.14 ± 3.73
10.2 ±1.14
0.60 ± 0.06
0.47 ± 0.10

1.87 ± 0.15
0.12 ± 0.03
0.23 ± 0.03
1.04 ±0.10

apo E-/-

Controls

1.13 ± 0.40

0.85 ± 0.30 *

0.81 ± 0.14

0.48 ± 0.16*

0.03 ± 0.01

0.04 ± 0.01

0.03 ± 0.01

0.03 ± 0.01

Results are given as mean ± SD for 30 animals per group. *p<0.01 / **p<0.001,

*p<0.0001

(for comparison between C57BL/6 and apo E-/-).

Klebsiella pneumoniae infection
An iv injection of 1 χ 104 cfu Κ. pneumoniae per mouse resulted in higher
mortality in apo E-/- mice than in control C57BL/6 mice. Only 10% of the apo E-/survived, compared to 77% of the control mice (Fig. 1). Using the same lethal
inoculum of 1 χ IO4 cfu Κ. pneumoniae per animal, no TNFoc could be detected ninety
minutes after injection. However, at a concentration of 5 χ IO5 cfu/mouse, TNF
concentrations were two-fold higher in the circulation of apo E-/- mice than in that
of control mice (13.0 ± 2.9 ng/ml vs. 7.6 ± 3.8 ng/ml; p<0.05).
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To investigate whether the outgrowth of K. pneumoniae in the organs reflected
the increased mortality, liver, spleen, kidneys and blood were isolated 24 hours after
the infection and counted for cfu of the micro-organism. In the organs of apo E-/mice 50-100 times more K. pneumoniae was found, per gram tissue, than in the organs
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of control a n i m a l s . T h e blood of apo E-/- mice also s h o w e d higher concentrations of
bacteria (Fig. 2).

Fig 2. Outgrowth of K. pneumoniae
in liver, spleen, kidneys and blood in
apo E-/- (hatched bars) and control
mice (white bars) 24 hours after an
4

infection imth

1 χ IO

cfu Κ.

pneumoniae per animal. Results are
presented

as

mean

Log[counts/gram
Outgrowth

weight].

of the micro-organisms

was significantly
organs

± s d. of

organ

elevated in the

of apo E-/- mice when

compared to control mice *P < 0.01,
"P < 0.00Ì

In vitro growth of K. p n e u m o n i a e
To investigate w h e t h e r

the o u t g r o w t h of K. pneumoniae

in the organs of

a p o E - / - mice is d u e to increased g r o w t h of the bacterium in a lipid-rich m e d i u m , K.
pneumoniae w a s g r o w n in the presence of plasma obtained from either apo E - / - or
control mice. H o w e v e r , in vitro g r o w t h of K. pneumoniae w a s not influenced by the
lipid-rich a p o E - / - plasma, since similar o u t g r o w t h w a s found in the presence of
either of the a p o E - / - or a p o E + / + plasma after 0, 4, 8 or 24 h o u r s incubation (data
not shown).
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Κ. pneumoniae in neutropenic mice
To study the role of granulocytes in the increased mortality and outgrowth of
Κ pneumoniae in apo E-/- mice, both mouse-strains were rendered neutropenic by
3

cyclophosphamide. An i.v. injection of 1 χ IO cfu Κ pneumoniae per animal resulted
in a decreased distinction between the two mouse-strains (Fig 3).
To investigate whether the reduced difference in mortality was reflected in the
outgrowth of Κ pneumoniae in various organs, liver, spleen, kidneys and blood were
isolated 24 hours after the infechon and counted for cfu of the micro-organism.
Indeed, no difference in organ-outgrowth of Κ pneumoniae on day one of infechon
between apo E-/- and control mice was found anymore (Fig 4).

Fig 4. Outgrowth of Κ pneumoniae
in liver, spleen, kidneys and blood in
neutropenic apo E-/- (hatched bars)
and C57BL/6 mice (white bars) 24
hours after an infection with 5 χ IO2
cfu

Κ

pneumoniae per

animal

Results are presented as mean ± s d
of Loglcounts/gram organ weight]
Outgrowth of the micro-organisms
in

the

various organs was

not

significantly different between both
mouse-strains

Discussion
In this paper we demonstrate that apo E-/- mice are extremely susceptible to
Gram-negahve infechon. This induced susceptibility seems to be multifactorial. First
of all, the animals have TNFa concentrations in their blood that are double of those
of control mice Secondly the number of bacteria in the organs of these mice are some
50 to 100 fold higher than in the controls
As far as it concerns the first phenomenon, the high TNF concentrations, it
should be menhoned that we could only detect circulating TNF concentrations in
animals challenged with a high inoculum of bacteria In those animals the degree of
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cytokinemia should be considered as a major lethal factor [18]. Although it is likely
that differences in cytokine production at tissue levels also exist with the lower
bacterial inocula, it is less clear in these animals whether that cytokine production
contributes to death. It can be speculated that under these circumstances the second
phenomenon, i.e., greater outgrowth of bacteria, prevails.
An important question is, how these differences between apo E-/- and control
mice arise. With regard to the cytokine concentrations, our findings in a previous
study are relevant. In that study, using bacterial endotoxin as a challenge, we also
found a greater degree of cytokinemia in apo E-/- mice [10]. These findings are in
sharp contrast to those obtained in another strain of hyperlipidemic mice, i.e., the
LDL receptor deficient (LDLr-/-) mice [8]. The latter strain is highly resistant to
endotoxin and to a live Gram-negative bacterial challenge. In view of the
hyperlipoproteinemia in both strains we have speculated that the lack of apo E
rather than differences in the lipoprotein composition explains the differences [10].
ApoE (free or associated with chylomicrons) can bind LPS and direct it to
parenchymal liver cells away from cytokine producing Kupffer cells [19].
Redirection of the LPS will result in reduced peak cytokine serum levels [20].
Presumably, LPS released from K. pneumoniae can also be bound by apoE and
shunted to the parenchymal cells. In apo E-/- mice, LPS might only be directed
towards the cytokine-producing Kupffer cells, whereas in control mice a part is
directed towards parenchymal cells, resulting in higher cytokine concentrations [10].
With regard to the greater outgrowth of bacteria in organs, two major
mechanisms could play a role. One would be increased outgrowth of bacteria in a
lipid-rich environment and the second would be defective bacteriostatic or
bactericidal mechanisms. Increased outgrowth due to lipoproteins, which has been
demonstrated for microorganisms such as Candida albicans [11,12], does not seem to
be a mechanism here: there was no increased outgrowth in the plasma of apo E-/mice compared to control plasma.
Defective bacteriostatic or bactericidal mechanisms could be due to either
defective humoral or defective cellular defense mechanisms. Since the growth curves
of Klebsiella pneumoniae in the apo E-/- and control plasma were identical, a major
humoral defect is virtually ruled out. It is generally accepted that cellular defense
against Gram-negative bacteria resides in phagocytic cells, i.e. granulocytes and
mononuclear phagocytes. We have explored the role of granulocytes by inducing
granulocytopenia. The observations that the differences between both strains of mice
disappear by this intervention points to a granulocytic defect as an explanation for
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the increased outgrowth of bacteria. Studies are underway to further characterise
this phenomenon.
Our findings

in Gram-negative bacterial infections corroborate those of

Roselaar et al. obtained in experimental infection with Listeria monocytogenes, a
Gram-positive pathogen [21]. These authors explain their findings by a deficiency of
innate immunity in apo E-/- mice, but data to support this notion are lacking.
In conclusion, mice deficient in apo E are highly susceptible to a K. pneumoniae
infection. Both the absence of apo E, important in the neutralisation of LPS, and a
defect in granulocytes may explain this increased sensitivity.
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Abstract
Recent studies have suggested the use of lipoproteins as an adjuvant treatment of
lethal Gram-negative infections However, other important microorganisms for the
ethiology of sepsis such as Candida species grow better in hpid-nch environments. We
investigated the effect of hyperlipoproteinemia on systemic candidiasis in low-densityhpoprotein receptor deficient mice (LDLR-/-) in which the loss of the receptor results in
a 7 to 9-fold higher plasma LDL than their wild-type littermates (C57B1/6J) The
LDLR-/- mice died earlier and the outgrowth of C albicans in the kidneys and liver of
LDLR-/- mice was significantly higher when compared with controls. After infection,
circulating cytokine concentrabons were significantly higher in LDLR-/- mice In vitro,
C albicans grew better in plasma of LDLR-/- mice than in control plasma, and peritoneal
macrophages of LDLR-/- mice challenged with heat-killed C albicans produced more
cytokines than controls. This latter phenomenon was probably due to an increased
binding of the yeast to the macrophages of LDLR-/- mice. These data suggest that
hyperlipoproteinemia is deletenous in systemic candidiasis.
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Introduction
Acute

disseminated

candidiasis

is

a

life-threatening

condition occurring

predominantly in immunocompromised hosts. The mortality rate associated with
disseminated candidiasis is high [31], and the incidence of the disease has increased in
the recent years [1, 3]. C. albicans now ranks number 4 among the organisms most
frequently isolated from blood cultures in the U.S. [1]. Clinically, systemic candidiasis
sometimes mimics Gram-negative sepsis. Viable Candida and its cell-wall constituents
are able to induce synthesis of proinflammatory cytokines in vitro [13, 14,18], similar to
Gram-negative bacteria and their lipopolysaccharide (LPS) component [23]. However,
the role of these cytokines in systemic candidiasis is probably beneficial rather than
deleterious [20, 26]. In contrast, the induction of pro-inflammatory cytokines such as
interleukin-1 (IL-1) α and β and tumour necrosis factor α (TNF) merely is a deleterious
event in Gram-negative sepsis [4], and treatment aimed to block cytokine action has
proved beneficial in various experimental models [2, 27, 30]. In sepsis in humans, anticytokine strategies have not been successful so far. This is the reason why several recent
studies focus on the capacity of lipoproteins in the circulation to bind and neutralise LPS,
and subsequently inhibit cytokine production.
Preincubation of LPS with lipoproteins prior to injection into animals decreased the
mortality after LPS injection [28]. Moreover, the in vivo infusion of lipoproteins
markedly reduced the cytokinemia and mortality after LPS administration [11]. Transge
nic mice that express human apolipoprotein A-l at high levels and have elevated plasma
HDL concentrations are protected against LPS challenge [17]. Furthermore, low-densitylipoprotein receptor deficient mice (LDLR-/-), in which the LDL plasma concentration is
increased 7-9 times [12], were significantly protected not only against lethal endotoxemia, but also against lethal Klebsiella pneumoniae infection [21]. In addition, infusion of
lipoproteins in rats protected the animals against the mortality due to Gram-negative
bacterial sepsis in a model of cecal ligation and puncture [24]. Taken together, these
experiments demonstrate the capacity of lipoproteins to neutralise LPS and support their
potential use as adjuvants in the therapy of sepsis.
On the other hand, earlier in-vitro studies performed when lipid-containing
parenteral solutions were introduced for clinical use suggested that certain micro
organisms such as C albicans and Staphylococcus aureus grew better in a lipid-rich
environment [5, 9, 16]. Therefore, it would be important to know the effect of
hyperlipoproteinemia on the outcome of a systemic infection with these organisms,
before suggesting the application of infusion with lipoproteins as an adjuvant therapy in
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sepsis. In the present study, we have assessed the influence of hyperlipoproteinemia on
experimental systemic candidiasis using LDLR-/- mice.

Methods
Animals
Homozygous C57B1/6J mice lacking low density lipoprotein receptors (LDLR-/-)
and wild-type littermates were obtained from the Jacksons Laboratory (Bar Harbour,
ME) as mating pairs, and bred in our local facility. For the experiments, 6-8 weeks old
mice, weighing 20-25 g, were used. The animals were fed standard laboratory chow
(Hope Farms, Woerden, the Netherlands) and housed under specific pathogen-free
conditions. The experiments were approved by the ethical committee on animal
experiments of the CathoUc University Nijmegen.
Candida albicans infection
G albicans (strain UC820), maintained on agar slants at 4 0 C, was inoculated into 100
ml Sabouraud broth and cultured for 24 h at 370C. After three washes with pyrogen-free
saline by centrifugation at 1,500 χ g, the number of yeast cells was counted in a
hemacytometer; occasional strings of two or more yeasts were counted as one G albicans
CFU. The suspension was diluted to the appropriate concentration with pyrogen-free
saline. The viability of the yeasts was at least 98%, as confirmed by plating serial
dilutions on Sabouraud dextrose agar plates. Mice were injected iv. into the retroorbital
plexus with 1 χ IO6 or 1 χ IO7 CFU of G albicans. Survival was assessed daily for 14 days,
in groups of at least 15 animals. In separate groups, after 4 hours, 1 day and 3 days sub
groups of 5 mice were killed by cervical dislocation and blood was collected for the
measurement of plasma cytokine concentrations.
The outgrowth of the micro-organisms from the liver, spleen and kidneys of the
animals was quantified on days 1 and 3 after the injection of G albicans. For this purpose,
the organs were removed aseptically, weighed, and homogenised in sterile saline in a
tissue grinder. The number of viable G albicans cells in the tissues was determined by
plating serial dilutions on Sabouraud dextrose agar plates as described previously [15],
and CFU were counted after overnight incubation at 37CC. The results were expressed as
the log CFU per gram of tissue.
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Ex-vivo cytokine production
Resident peritoneal macrophages were harvested by nnsing the peritoneal cavity
asephcally with cold PBS containing 0.38% (w/v) sodium citrate. After centnfugabon,
cells were resuspended in RPMI 1640 (Dutch modification; Flow Laboratories, Irvine,
UK), containing 1 mM pyruvate, 2 mM L-glutamine and 100 mg/ml gentamicin, and
incubated for Ih at SJ'C (lOVwell) in 96-wells microhter plates (Costar Corporahon,
Cambridge, MA). The non-adherent cells were discarded and the remaining cell
population consisted of more than 90% macrophages, as assessed by light microscopy.
Heat-killed C albicans (30 min, 100oC) was washed three hmes in RPMI (final concentration 2xl07 CPU/ml). Two hundred ml of suspension containing 106 micro-organisms
in RPMI were added to peritoneal macrophages and incubated at 370C. After 24h, the
supematants were collected and stored at -70oC until assay. To the remaining macrophages, 200 ml RPMI 1640 was added, and the cells were disrupted by three freeze-thaw
cycles to determine the cell-associated cytokine contents. The samples were stored at
-70CC unhl assay.
Cytokine measurements
TNFa, IL-la

and

IL-lß concentrahons

were determined

using

specific

radioimmunoassays (RIAs) developed in our laboratory, as previously described [21].
C. albicans binding studies
C albicans was radioiodinated according to the lodogen method [8] with minor
modifications. Briefly, IxlO8 C albicans in 50 mM phosphate buffer (pH 7.2) were
incubated in a lodogen-coated vial (20mg/100ml) in the presence of 300 mCi of Na125I
(specific activity 15 mCi/mg; Amersham, Bucks, UK) in a total volume of 100 ml.
Following 15 mm of incubahon, the suspension was washed three hmes with phosphate
buffered saline and resuspended in RPMI 1640 contaimng 1 mM of pyruvate, 2 mM of
L-glutamine and 100 mg/ml of gentamicin (labelling efficiency: 45%). Pentoneal
macrophages from LDLR-/- and control mice were collected as described above.
5

6

Macrophages (2x1ο ) were incubated with 10 CFU of radioiodinated C albicans in a total
0

volume of 200 ml of RPMI 1640 at 37 C, in 96-wells microhter plates. After 5 mm, 15 mm
and 30 mm, the supernatant was discarded and the radioactivity associated with the
adherent cells was measured by a gamma-counter. Non-specific binding was
determined in wells in which Candida was incubated in the absence of macrophages.
Total binding of C albicans to macrophages (including both specific binding to receptors
and non-specific binding through membrane hydrophobicity or other non-specific
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interactions) was determined by extracting the binding of C. albicans to the plastic from
the total counts.
Table 1. Plasma cholesterol and tnglycende concentrations (mmol/L) before and 4h after
C albicans infection in LDLr-/- and C57B1/6J mice.
LDLr-/-

C57BL/6J

Cholesterol

Triglycerides

Cholesterol

Triglycerides

Before infecbon

9.55 ±1.11*

After infection

6.76 ±0.92* S

1.25 ±0.33*

2.25 ±0.45

0.65 ±0.12

0.58 ±0.05 s

1.84 ±0.09 s

0.49 ±0.11

6

LDLr-/- and control mice were infected i.v. with 1 χ IO CFU of C albicans. Each figure
represents mean ± SD of 5 mice. *p<0.01 for comparison between LDLr-/- and controls.
§p<0.05 for comparison between levels before and after C. albicans infection.

Growth of Candida in vitro
To investigate whether the growth of G albicans is similar in the plasma of LDLR-/and control mice, 2 χ IO4 CFU of C. albicans were incubated in plasma obtained from
LDLR-/- or control mice diluted 50% with Sabouraud broth in 10 ml glass tubes
(Hospidex, Nieuwkoop, The Netherlands), in a final volume of 2 mL. After 12 h and 24 h
of incubation at ST'C, aliquots of 0.1 ml were removed, serial dilutions were plated on
Sabouraud agar, and CFU were counted after overnight incubation at 3TC. Adherence
of C.albicans to the tubes was checked and found to be less than 1% of the total counts.
Table 2. Outgrowth of Candida in the organs of LDLR-/- and control
6
mice after i.v. infection with ' χ IO CFU of C albicans.

Kidneys
Liver
Spleen

LDLr-/-

Controls

day 1

6.3 ± 0.5 *

5.9 ± 0.2

day 3

7.4 ± 0.3 S

6.8 ± 0.3

dayl

4.8 ± 0.3

4.8 ± 0.1

day 3

5.2 ± 0.2 §

4.9 ± 0.1

dayl

4.9 ± 0.2

5.1 ± 0.2

day 3

5.1 ± 0.5

5.0 ± 0.2

Figures re present mean ± SD of log CFU/gram of tissue -pooled data
from 2 experiments with 10 animals/group each (*p<0 01, §p<0.05).

Determination of plasma lipids
Cholesterol and triglycerides were determined by enzymatic methods on a Hitachi
747 analyser.
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Statistical analysis
Survival curves in control and LDLR-/- mice were compared by Kaplan-Meyer log
rank test Differences in concentrations of cytokines and in organ counts of the micro
organisms were analysed using the Mann-Whitney U test Differences were considered
significant at p<0.05. All the experiments were performed at least twice.

Results
Candida albicans infection
Plasma cholesterol concentrations decreased significantly

during G albicans

infection in both mouse strains (p<0.05), but remained 3-4 times higher in LDLR-/- mice
than in control mice (p<0.01) (Table 1). Initial plasma triglycerides in the LDLR-/- mice
were 2-times higher when compared with controls (p<0.01). Four hours after the
infection triglycerides decreased significantly in the LDLR-/- mice (p<0.05) and only
marginally in the control animals (p>0.05) (Table 1). The triglyceride levels 4 h after the
G albicans infection did not differ significantly between the 2 mouse strains (p>0.05)
(Table 1). After iv. injection of either 10* or 10 7 CFU of G albicans, LDLR-/- mice died
significantly earlier compared with control animals (p<0.05) (Fig.l).

Figure 1. Survival during C albicans
infection LDLR-/- mice (closed
symbols) injected with either IxlO7
(triangles) or 1x20° (circles) CFU oj
C albicans died significantly earlier
compared with C57BI/6J mice (open
symbols) (pO 05)
•Q——fl
0

2

4

6

Days

θ

10

12

14

One day after infection with 1 χ 10* of G albimns, the outgrowth of yeasts in the
kidneys of the LDLR-/- mice was significantly higher compared with controls, while 3
days after infection outgrowth of G albicans was increased both in the kidneys and liver
of LDLR-/- mice (Table 2). No difference in the outgrowth of G albicans in the spleen
was detected between the two mouse strains (Table 2).
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Four hours after infection, TNFa plasma concentrations were below detection limit,
while IL-la concentrations were higher in LDLR-/- mice when compared with controls
(140 ± 22 pg/ml vs. 78 ± 48 pg/ml, p<0.05). Circulating IL-lß concentrations were
similar in both strains (56 ± 29 vs. 37 ± 28 pg/ml, p>0.05). TNFa plasma concentrations
were significantly higher in LDLR-/- mice when compared with control animals both
24 h (42 ± 5 vs. 18 ± 4 pg/ml, p<0.01) and 72 h (302 ± 237 vs. 98 ± 58 pg/ml, p<0.02) after
the infection (Fig.2). No differences in IL-la and IL-lß plasma concentrations were
observed at these time points (Fig.2).
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Figure 2. In vivo cytokine concentrations during C. albicans infection. Circulating concentrations of
proinflammatory cytokines in control mice (open bars) and LDLr-/- mice (grey bars) 4, 24 and 72 hours afler injection
oflxlCfi CFU C. albicans. *p<0.05

In-vitro cytokine production
We investigated the capacity of the peritoneal macrophages of both mouse strains
to produce cytokines when stimulated in-vitro with heat-killed C albicans. Compared
with controls, TNFa concentrations in the supernatants from macrophages of LDLR-/mice were significantly higher (Fig. 3a). IL-la and IL-lß concentrations were only
marginally increased (Fig. 3a). Cell-associated IL-la was significantly increased in
macrophages of LDLR-/- mice, while cell-associated TNFa and IL-lß did not differ
between the two mouse strains (Fig. 3b).
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Figure 3. In mtro cytokine production capaaty of peritoneal macrophages In-mtro production of secreted (Fig 3a)
and cell-associated (Fig 3b) cytokines by peritoneal macrophages of control (open bars) and LDLr-/- (grey bars) mice,
7

stimulated with heat-killed C albicans (2xl0 CFU/mL) *p<0 05

Candida albicans

binding

To investigate the total binding of C albicans to macrophages from the two mouse
strains, we

incubated radioiodinated Candida with macrophages

(5:1 rabo)

and

determined the amounts bound to macrophages after 5, 10 and 30 mm. of incubabon.
The binding of the yeasts to macrophages of LDLR-/- mice was increased and more
rapid when compared to control macrophages (Fig.4).

Figure 4. C albicans binding to peritoneal
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macrophages Peritoneal macrophages of control
(O) and LDLR-/- (*) mice were incubated with
radioiodinated C albicans (Ì 5 ratio of macro-
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phages to C albicans) *p<0 05

^î
30

Growth of Candida albicans in vitro
To investigate whether the outgrowth of C albicans in the organs of LDLR-/- mice
is due to enhanced growth of the yeast in a hpoprotein-nch environment, w e compared
the in-vitro growth of 1 χ IO4 CFU of C albicans in plasma (diluted 1:1 with Sabouraud
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medium) of LDLR-/- mice and controls. The capacity of LDLR-/- plasma to inhibit the
outgrowth of C. albicans was decreased when compared with that of control plasma, as
shown by the growth of C albicans in the two types of plasma after 12 h (7.2 ± 2 4 χ IO3
CFU/ml vs. 2.4 ± 1.5 χ IO3 CFU/ml, p<0.05) and 24 h (4.2 ± 1.6 χ KPCFU/ml vs. 1.5 ± 1 0
χ 103 CFU/ml, p<0.04) of incubation.

Discussion
The main conclusion from the present study is that hyperlipoproteinemia has
deletenous effects on the outcome of severe C albicans infection, in contrast to Gramnegahve bacterial infections We have shown that LDL receptor knock-out mice, with 7-9
times higher LDL levels, are more susceptible to C albicans infection when compared
with their wild-type littermates. The earlier mortality in the LDLR-/- mice was
associated with an increased outgrowth of C albicans in their organs, and these mice
produced significantly more proinflammatory cytokines than the control mice.
In general, mortality to infection may be due to lethal cytokinemia or to functional
impairment by growth of the micro-organisms in the organs of the animal. The increased
susceptibility of LDLR-/- mice to Candida is likely to be due to the latter mechanism,
because C albicans did not induce an impressive cytokinemia. The hypothesis that the
cytokines are not responsible for the death of animals during C albicans infection is in
agreement with studies showing that stimulation of neutrophils and macrophages by
TNF and IL-1 enhances their capability to kill Candida [6, 29], whereas anh-TNF
antibodies [26] or pharmacological inhibition of proinflammatory cytokines proved to be
deletenous dunng severe C albicans infection [20]. Thus, the proinflammatory cytokines
seem to play a beneficial rather than a deleterious role in the defence against C albicans
It should be noted that despite the greater cytokine response, the LDLR-/- mice were not
protected against C albicans infection, probably due to overwhelming outgrowth of the
yeast in their organs.
It may be hypothesised that the enhanced outgrowth of C albicans in the organs of
LDLR-/- mice is due to the elevated lipoprotein concentrahons. Normal serum has a
candidacidal effect [22] and, as shown by the in-vitro growth expenments, this property
was significantly decreased in LDLR-/- mice plasma This effect may be due to the use
of lipoproteins as a nutrition factor by C albicans, as has been suggested by earlier
studies showing increased growth of C albicans in lipid-containing parenteral solutions
when compared with formulahons without lipid content [5, 9, 16] Another possible
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mechanism by which lipoproteins could influence G albicans growth is the interaction
with other plasma factors. We cannot exclude that plasma candidacidal factors as
platelet microbicidal protein [32] or the calprotechn complex [19] may be bound and
inactivated by lipoproteins.
The higher cytokine concentrations during infection in LDLR-/- mice, when
compared with controls, are probably at least in part a response of the host against the
enhanced Candida outgrowth in the organs of LDLR-/- mice. However, surprisingly,
when stunulated in vitro with heat-killed G albicans, macrophages of LDLR-/- mice
produced significantly more TNFa and IL-la than macrophages of control mice did.
Most likely, this is due to the observed increased binding of C albicans to macrophages of
LDLR-/- mice as compared with control macrophages. This phenomenon may be
explained by an influence of the consta tuhvely increased lipoprotein concentrations in
LDLR-/- mice on the Candida-binding proteins on the macrophages. It has been shown
previously that hypercholesterolemia is able to modify the number and the clustenng of
other receptors such as the LPS-receptor CD14 [7, 25]. Earlier, we have observed similar
higher binding of radiolabelled LPS to macrophages of LDLR-/- mice, followed by
higher cytokine production [21]. Thus, similar changes in number and/or clustenng of
Candida-binding proteins may facilitate the bmding of C albicans to macrophages of
LDLR-/- mice, with a subsequent increase of the cytokine producbon. Hyperlipoproteinemia could also modify the hydrophobicity of the cells, which may also influence
the adherence of Candida to the macrophages, as has been shown for endothelial cells
[10]. Which of these mechanisms is responsible for the observed increase in cytokine
production by macrophages of LDLR-/- mice is presently under study.
An alternabve desirable expenment to our model in order to investigate the
influence of hyperlipoproteinemia in G albicans infecbon would have been to infuse
lipoproteins into animals before and dunng infection. However, infusion of lipoproteins
into mice is not possible to be done, while other models of lipoprotein infusion in rabbits
[11] or rats [24] are short-bme models not suitable for sustained lipid infusion dunng a
systemic candidiasis. Therefore, the genebcally modified mouse model is a good
alternative to study in vivo effects of hyperlipoproteinemia in models of sustained
infecbon.
In conclusion, hyperlipoproteinemia has deletenous effects on the course of acute
disseminated C albicans infection, in contrast to its beneficial effect in Gram-negabve
infecbon. Although there are no epidemiological studies done to show a relabonship
between hyperlipoproteinemia and increased suscepbbility to C albicans, infusion of
lipoproteins into a pabent with disseminated candidiasis under the presumpbve
diagnosis of Gram-negabve sepsis may prove deleterious. These divergent effects of
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hyperlipoproteinemia should be taken into account when suppletion of lipoproteins is
considered as an adjuvant for the treatment of sepsis.
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Abstract
Candida albicans seems to grow better in a lipid-rich environment. Both infusion
of high concentrations of rHDL in humans and 7 to 9-fold increased LDL levels in
LDL receptor deficient mice result in increased growth of C. albicans in plasma from
these subjects. However, no information is available about the effect of high VLDL
levels in plasma on C. albicans growth.
In the present study, we investigated the susceptibility of apolipoprotein E
knock-out (apo E-/-) mice to a C. albicans infection. The absence of apo E in these
mice results in an 8-fold increased plasma lipoprotein concentrations in the very low
density lipoprotein (VLDL)-sized fraction, when compared with control mice.
C. albicans caused greater mortality in apo E-/- mice than in control mice (86% vs
52%). This increased mortality was reflected in the outgrowth of C. albicans in the
kidneys, which was significantly increased in apo E-/- mice on day 1 and day 3 of
infection. No effect was found on circulating cytokine concentrations on day 1 or day
3 of infection. However, in neutropenic mice the difference in outgrowth in the
kidneys on day 3 had dissapeared. Furthermore, in vitro, C. albicans grew 6-times
better in plasma of apo E-/- mice than in control plasma. These data demonstrate
that, in addition to LDL and HDL, high concentrations of VLDL in plasma induces
growth of C. albicans, independent of the presence of apo E on its surface.
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Introduction
Disseminated infection caused by Candida species, occurs predominantly in
patients with impaired host resistance, and is life-threatening despite the availability
of potent anti-fungal drugs [1]. In lipid-rich environments, there is increased growth
of Candida [2-4]. LDL receptor deficient mice are highly susceptible to Candida with
an increased outgrowth of Candida in lipoprotein rich plasma [5]. Likewise, plasma
from volunteers infused with high concentrations of rHDL promotes growth of
C. albicans [5]. Which components promote fungal growth is unclear. Whether it is
the lipoproteins, the apolipoproteins (apo) or neither, is not established.
Apolipoprotein E (apo E) is a major structural component of several plasma
lipoproteins,

such

as chylomicrons, very

low

density

lipoproteins

(VLDL),

intermediate density lipoprotein (IDL) and high density lipoprotein (HDL) and has
an important role in the metabolism of these plasma lipoproteins. In addition,
increasing evidence suggests involvement of apo E in many other physiological
processes [6], including immunoregulation. Terkeltaub et al reported that apo E can
inhibit the capacity of monosodium urate crystals to stimulate neutrophils, in vitro
[7], while others demonstrated an apo E dependent inhibition of lymphocyte
proliferation [8-10]. These in vitro results imply an immunosuppressive action of apo
E. However, in vivo, mice deficient in apo E show enhanced susceptibility to both
Listeria monocytogenes [11] and Klebsiella pneumoniae [12], showing other important
functions of apo E, like modulation of innate immunity and detoxifying LPS,
respectively.
In the present study we will approach the question whether apo E plays a role
in the fungal growth promoting effect of lipoproteins, making use of the availability
of apo E deficient mice.

Methods
Animals
For all experiments, homozygous apolipoprotein Ε-deficient (apo E-/-) mice
(6-8 weeks old; 20-25 grams), were used (Transgenic Facility of Leiden University
Medical Center, Leiden, The Netherlands [13]). Weight-matched C57BL/6J mice
were selected as controls. The animals were kept under specific

pathogen-free
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conditions. The experiments were approved by the ethics committee on animal
experiments of the Catholic University Nijmegen.
Lipid measurements
Total and lipoprotein specific cholesterol and triglycerides, plasma samples
were determined by enzymatic methods on a Hitachi 747 analyser.
Table 1. Plasma and lipoprotein cholesterol and triglyceride concentrations (mmol/l) in
uninfected apo E-/- and control mice.
Cholesterol (mmol/l)

Triglycerides (mmol/l)

controls

apo E-/-

apo E-/-

Controls

Plasma

16.14 ± 3.73

1.87 ± 0.15 ***

1.13 ±0.40

0.85 ± 0.30 "

VLDL

10.2 ±1.14

0.12 ± 0.03 * "

0.81 ± 0.14

0.48 ± 0.16*

LDL

0.60 ± 0.06

0.23 ± 0.03 ***

0.03 ± 0.01

0.04 ± 0.01

HDL

0.47 ± 0.10

1.0410.10*"

0.03 ± 0.01

0.03 ± 0.01

Results are given as mean ± SD for 30 animals per group. *p<0.01 / **p<0.001/ ***p<0.0001
(for comparison between C57BL/6 and apo E-/-).

Cyclophosphamide treatment
To

render

mice

neutropenic,

two

subcutaneous

(s.c.)

injections

of

cyclophosphamide (Diemen, The Netherlands) were given. Four days before the
infection with C. albicans, mice were injected, in the toxicological unit of the animal
laboratory, with 150 mg cyclophosphamide per kg of body weight dissolved in
150 μΐ non-pyrogenic phosphate-buffered saline (PBS). A second injection of 100
mg/kg in 100 μΐ PBS was given one day before injection with C. albicans [14]. To
maintain neutropenia, an additional dose of 100 mg cyclophosphamide per kg was
administered 1 day after the injection of C. albicans.
Candida albicans infection
Candida albicans strain UC820, was inoculated in Sabouraud broth and cultured
for 24 h at 370C. After 10 minutes of centrifugation at 1650 χ g, pellets were dissolved
in sterile saline. Apo E-/- and control mice were infected with C. albicans by iv
injection of 4-6 χ 105 colony forming units (cfu) in 100 μΐ into the retroorbital plexus.
Survival was assessed daily for 21 days in groups of at least 13 animals.
Separate subgroups of 6 mice were killed by cervical dislocation on day 1,
day 3 and day 7 of the infection, and blood was collected for the measurement of
plasma cytokine concentrations. To quantify fungal outgrowth of C. albicans in these
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animals, kidneys, liver and spleen were removed asephcally, weighed,

and

homogenised m stenle saline in a tissue grinder. Serial dilutions of the homogenates
were plated on Sabouraud dextrose agar plates as described before [15]. After
0

incubation at 37 C for 48 h, the C. albicans cfu were counted and results were
expressed as the log cfu per gram of hssue. In neutropenic mice, outgrowth of
C albicans in liver, spleen and kidneys was assessed on day 3 of infection, only.
Cytokine measurements
Concentrations of TNFa and IL-la in EDTA plasma were measured by using
specific radioimmunoassays (RIA) developed in our laboratory, as described before
[16]
Recruitment of neutrophils
To investigate the recruitment of PMNL at the site of Candida infection, groups
of 6 apo E-/- mice and control mice were injected i.p. with 107 CFU of C albicans.
Four hours after injection, cells were harvested by washing the peritoneal cavity
with 4 ml of PBS, and the total number of cells was counted in a Coulter counter
(Coulter Electronics, Mijdrecht, The Netherlands).
Zymosan preparation
Zymosan A (Sigma-Aldnch, Deisenhofen, Germany) was suspended in PBS
(250 mg/30 ml) and sonicated in a somfier for 1 hour. After centrifugation for 5 mm
at 2000 rpm the pellet was suspended in 10 ml of human serum and incubated at
37°C for 45 min in a shaking water bath. Subsequently, the Zymosan suspension was
t

centrifuged three times in PBS, resuspended in 25 ml of PBS, and frozen at -80 'C
until use for chemiluminescence measurements.
Superoxide production
To investigate whether the capacity to produce superoxide was altered in
apo E-/- mice, exudate peritoneal PMNL were studied in a luminol-enhanced
peroxidase-catalyzed

chemiluminescence (CL) assay

[17]. To obtain exudate

peritoneal PMNL, 5 mice per group were injected i.p. with 1 ml of 10% proteose
peptone (Difco, Detroit, MI). Four hours after injection, cells were harvested by
washing the peritoneal cavity with 4 ml ice-cold PBS. After harvesting, cells were
washed three times and diluted in HBSS without phenol red (Life Technologies,
Paisley, Scotland) supplemented with 0.25%

human serum

albumin

(HSA)

6

(Behnngwerke, Marburg, Germany) at 2 χ IO cells/ml. Cells were counted in a
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Coulter counter

and diluted in HBSS/HSA to obtain the right concentration.

Chemiluminescence was measured on a Victor

2

1420 multilabel counter (Wallac,

Turku, Finland) at room temperature using white 96-well microplates (Costar,
s

Cambridge, MA). Cells (2 χ 10 /well) were incubated with, 50 μΜ luminol, 4.5 U/ml
horseradish peroxidase (Sigma) and stimulated with phorbol 12-myristate 13-acetate
(PMA; 50 ng/ml), 25 μΐ of Zymosan or 2 χ IO8 cfu of heat-killed (30 min, 100oC) C.
albicans. Total reaction volume amounted 200 μΐ of HBSS/HSA. Area under the curve
was measured with a planimeter, and results are given as total luminescence in 1
hour.
Growth of C. albicans in vitro
To investigate whether growth of C. albicans is influenced by the lipid-rich
plasma in apo E-/- mice, blood was collected from apo E-/- and control mice by
cardiac puncture. Plasma was obtained by centrifugation at 15000 χ g for 5 minutes.
2 χ IO4 cfu of C. albicans in 1 ml of Sabouraud broth was added to 1 ml plasma of
apo E-/- or control mice in silicone-coated 10 ml glass tubes (Monoject; Sherwood
Medical, Ballymoney, Northern Ireland) and incubated at 37 0 C under gentle rotation
(500 rpm). Before and after 4, 8 and 24 hours, aliquots of 0.1 ml were taken and serial
dilutions were plated on Sabouraud agar. After 48 h of incubation at 370C, colonies
of C. albicans were counted. Tubes were checked for adherence of C. albicans to the
wall. Adherence of C. albicans to the tubes was found to be less than 1% by light
microscopy.
Statistics
The Kaplan-Meyer log rank test was used to analyse survival data. Differences
in cytokine concentrations and outgrowth of micro-organisms in the organs were
analysed using the Mann-Whitney U test. Differences in lipid concentrations,
recruitment and superoxide production were analysed with the Students' i-test.
Differences were considered significant at Ρ < 0.05. All experiments were performed
at least twice.

Results
Cholesterol and triglyceride concentrations
Plasma cholesterol concentrations were 8-9 fold higher in uninfected apo E-/mice than in control animals (Table 1). These elevated concentrations were due to
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high cholesterol concentrations in the VLDL + IDL fraction a n d , to a lesser extent,
increased

LDL

cholesterol

concentrations.

concentrations w e r e significantly

lower

In

contrast,

HDL

cholesterol

in apo E-/- mice. Plasma

triglyceride

concentrations w e r e two-fold higher in apo E-/- mice d u e to an elevation in the
VLDL + IDL fraction (Table 1). In fact, the VLDL like particles of the knock-out mice
are cholesterol rich a n d triglyceride poor in contrast to VLDL from control mice [12].

infection

C. albicans

5

Animals injected w i t h a dose of 5 χ IO cfu/mouse, started to die at d a y 6 of the
infection. Mortality w a s significantly higher in a p o E-/- mice (86%) w h e n c o m p a r e d
with control mice (52%), Ρ < 0.005 (Fig. 1).
Fig 1. Survival of apo E-/- (*) and
control (Ώ) mice during acute
disseminated candidiasis Mice were

*vH

injected ι v. in the retroorbital

S

plexus with 5 χ 105 cfu per mouse

è8

survival (%)

100 ι κκ K K K k j

C

\

\

T)-0-D-t>D-D-D

8

12
Days

16

more

figure displays pooled data from 2

η

4

significantly

cfu/mouse than control animals. The

•*~

0

were

sensitive to an infection with 5 χ IO5

V +*«s,

20

albicans per mouse Apo £-/-

mice

20

24

experiments with at least 13 animals
per group per experiment; Ρ <0 005

To examine w h e t h e r the increased mortality in a p o E-/- mice is caused by
increased o u t g r o w t h of C. albicans in their organs, animals w e r e sacrificed on d a y 1,
day 3 or d a y 7 of infection and liver, spleen a n d kidneys w e r e removed to assess
outgrowth. O n day 1, a p o E-/- mice already s h o w e d significant m o r e o u t g r o w t h in
their kidneys
significantly

(Fig. 2). O n day 3, o u t g r o w t h of the yeast w a s

still enhanced

in kidneys of apo E-/-, however on d a y 7 this difference w a s less

obvious (Fig. 2). O n d a y 3 a n d 7, o u t g r o w t h of C. albicans w a s significantly higher in
spleens of control mice t h a n in spleens of apo E-/- mice (Fig. 2).

Cytokine production f o l l o w i n g G albicans

infection

IL-la w a s not detectable in the circulation on d a y 1, 3 or 7 of infechon. T N F a
was only detectable on d a y 3 of infection: 0.25 ± 0.21 n g / m l in apo E-/- a n d 0.18 ±
0.18 n g / m l in control animals.
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C. albicans i n neutropenic mice
To assess the role of granulocytes in these mice, w e determined outgrowth of
the yeast in organs of neutropenic mice. As shown in Fig 3, outgrowth of C. albicans
in liver, spleen and kidneys of neutropenic apo E-/- mice on day 3 w a s similar to the
outgrowth of the yeast in the organs of neutropenic control mice.

Fig 3. Outgrowth of C albicans in the
organs of neutropenic apo £-/- (hatched
bars) and neutropenic

control mice

(white bars) assessed 3 days after an w
infection of 1 χ 10* cfu of C albicans
Results

are pooled

data from

2

experiments with 6 animals per group
each and presented as mean ±SD of log
cfu per gram

tissue

No significant

differences were found between the two
mouse strams
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Recruitment of PMNL.
To further assess the role of granulocytes, we investigated

whether the

increased outgrowth of Candida in kidneys of apo E-/- mice was due to decreased
recruitment of neutrophils to the site of infection. Therefore, recruitment of PMNL to
a G albicans infection in the intraperitoneal cavity was determined in apo E-/- and
control mice. However, at 4 h the number of PMNL at the site of infection in
apo E-/- mice was significantly higher than that in control mice (11.9 ± 0.9 χ IO6 vs
10.2 ± 1.2 χ ΙΟ6; Ρ = 0.04)
Superoxide production
Spontaneous superoxide production by exudate peritoneal PMN was higher in
control mice than in apo E-/- mice (Table 2). However, when stimulated with
Zymosan A or heath-killed G albicans, PMN obtained from apo E-/- mice produced
more superoxide than controls. Total capacity to produce superoxide was not
different between the two mouse-strains, as measured by PMA-stimulation (data not
shown).
Table 2. Superoxide production by PMN, obtained from apo E-/- and control
mice, in response to Zymosan A or C albicans.
Apo E-/-

Controls

(x IO 7 counts)

(x 10 7 counts)

P-value

Medium

2.02 ±1.12

3.20 ±1.08

0.02

Zymosan A

9.28 ± 2.21

7.47 ± 1.24

0.057

C albicans

5.24 ±1.09

3.74 ±1.04

0.01

Results are given as mean ± SD of total counts during one hour immediately
after stimulation of the PMNL, for 10 mice per group.

Growth of Candida albicans in plasma
To determine whether the increased outgrowth of G albicans in kidneys of
apo E-/- mice is due to enhanced growth of the yeast in hyperlipidemic plasma of
apo E-/- mice, we compared growth of G albicans in the presence of plasma obtained
from apo E-/- and control mice. The hypercholesterolemic plasma from apo E-/mice had a decreased capacity to inhibit growth of Candida when compared with
control plasma, as illustrated by the growth of G albicans in the two types of plasma
after 24 hours of incubation (7.63 ± 3.8 χ 104 CFU/ml vs 1.21 ± 0.51 χ IO4 CFU/ml,
p=0.04).
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Discussion
In the present study, we demonstrate that apo E-/- mice are more susceptible to
C. albicans than control animals. Both mortality and outgrowth of the yeast were
enhanced in mice deficient for apo E.
It is not likely that a proinflammatory cytokine response plays a role in the
increased mortality of apo E-/- mice, since IL-la and TNFa, both important in the
defence against C. albicans [18,19], were either not detectable in the circulation or not
different between the two mouse strains. It is more likely that the enhanced
outgrowth of the yeast in the kidneys, which was already apparent on day 1 of
infection, is responsible for the increased mortality of apo E-/- mice.
The major reason for this difference seems to be the 6-times increased
outgrowth of candida in the hyperlipidemic plasma of the apo E-/- mice. These
results are reminescent of those obtained in LDL receptor deficient (LDLr-/-) mice.
The latter mice are hyperlipidemic like the apo E-/- mice and also more susceptible
to C. albicans than controls [2]. The major conclusion here is that the growthpromoting effect of hyperlipidemic plasma is not due to apo E. We have
hypothesised previously that the excess of lipoproteins influences the growth of
C. albicans either by serving as a nutrient or by binding and inactivating plasma
candidacidal factors [2]. Both mechanisms probably play a role. Concerning lipids
being a nutrient for C. albicans, it has been reported that C. albicans grows better in
lipid emulsions used for parenteral feeding [3,4] as well as in freshly isolated human
lipoprotein subfractions [5]. On the other hand, the fact that C. albicans still grows
better in lipoprotein-depleted plasma isolated from LDLr-/- than in that of normal
mice [5], points to binding of a candidacidal factor by lipoproteins, thereby
diminishing the candidacidal effects of plasma. In the LDLr-/- mice the major
lipoprotein in the circulation is LDL, whereas in the apo E-/- mice it is VLDL. Thus,
it is likely that other lipoproteins than LDL may be able to bind and neutralise
candidacidal factors in plasma, independent of apo E availability.
Our results in neutropenic mice suggest that the promotion of candidal growth
by plasma is not the sole factor explaining the greater susceptibility to Candida
infections in apo E-/- mice. These findings suggest that neutrophils are also a factor
in apo E-/- mice. This is in line with the findings of Roselaar et al. [11], who found
increased outgrowth of Listeria monocytogenes in apo E-/- mice during the early stage
of infection, probably due to a granulocyte defect.
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Possibly, mice depleted of apo E have granulocytes which are deficient in
eliminating the microorganisms, resulting in increased outgrowth. This is neither
due to an impaired capacity to recruit leukocytes at the site of infection nor to the
capacity to produce superoxide. Surprisingly, granulocytes of apo E-/- mice showed
a greater chemi-luminescence signal in response to heat-killed C. albicans than those
of control mice did. This could mean greater superoxide production capacity and
this in turn could give rise to more tissue-damage. It is conceivable that such
damages facilitate the outgrowth of yeast. Moreover, the lack of apolipoprotein E
implies the abscence of an important antioxidant [20] and this could contribute to
tissue damage. This would be in line with the findings of Lomnitski who
demonstrated that recovery from closed head injury is impaired in apo E-/- mice as
a result of increased oxidative stress [21]. The higher chemiluminescence was not
due to an altered fluidity of the cell membranes, since preliminary results showed no
changes in membrane fluidity between granulocytes from apo E-/- and control mice
(de Bont and Wanten, unpublished observations).
In conclusion, our results suggest two possible mechanisms for the enhanced
outgrowth of C. albicans in kidneys of apo E-/- mice. First, the increased growth of
yeast in hypercholesterolemic plasma of apo E-/- mice could account for a part of
the elevated outgrowth of C. albicans in kidneys of apo E-/- mice. Secondly,
increased superoxide production in combination with decreased antioxidant
availability may induce tissue damage and facilitate infiltration and growth of the
microorganism in kidneys.
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Summary
In blood, cholesterol is predominantly transported as lipoprotein particles, such
as chylomicrons, very low density lipoproteins (VLDL), intermediate density
lipoproteins (IDL), low density lipoproteins (LDL) and high density lipoproteins
(HDL). IDL and LDL particles are preferentially removed from the plasma by the
LDL receptor and catabohzed by the cell [1]. However, in patients with familial
hypercholesterolemia (FH), a genehc defect in the synthesis or funchon of the LDL
receptor, uptake of LDL and IDL parhcles from the blood is decreased, leading to
increased intravascular concentrabons of LDL Homozygous FH pahents can already
suffer from coronary artery disease at an early age [2], whereas heterozygous
pahents show increased incidence of myocardial infarction before the age of 60 [2]
What makes these people more prone for atherosclerosis than normocholesterolemic
persons 7
It has been hypothesised that hypercholesterolemia induces a subtle form of
injury to endothelium [3], which initiates a protective inflammatory response. This
injury leads to increased produchon of growth stimulatory molecules as well as to
increased expression of adhesion molecules on endothelium and leukocytes,
resulting in adherence of blood monocytes and T-lymphocytes [4]. Subsequently,
these adhered monocytes and T-lymphocytes migrate into the subendothehal space,
where oxidized LDL (oxLDL) triggers the conversion of monocytes into
macrophages. Unlimited uptake of modified lipoprotein parhcles results in the
development of foam cells and eventually in the formation of a fatty-streak or
fibrous plaque [4].

Hypercholesterolemia in atherosclerosis
On the other hand, hypercholesterolemia may stimulate circulating monocytes
and lymphocytes as well In the first part of this thesis we have addressed the
queshon to what extent hypercholesterolemia affects these blood cells
Since both pro-inflammatory cytokines and bacterial hpopolysacchande (LPS)
are considered important in the initiation of atherogenesis [5], we investigated
whether the LPS-induced cytokine produchon capacity is increased in the blood cells
of pahents with familial hypercholesterolemia In chapter 2 isolated peripheral blood
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mononuclear cells (PBMC), obtained from

heterozygous FH patients

were

investigated, whereas in chapter 4 whole blood cultures obtained from heterozygous
FH patients, were used. In heterozygotes, no effect of hypercholesterolemia on
cytokine production capacity was found. In contrast, PBMC obtained

from

homozygous FH patients appear to produce more IL-1 and TNF than PBMC from
first-degree,

heterozygous

relatives

(chapter

3).

Apparently,

cholesterol

concentrations in heterozygous patients were insufficiently high to increase cytokine
production capacity. Since more LPS binds to macrophages of LDLr-/- mice than to
control macrophages [6] and because hypocholesterolemia reportedly decreases the
expression of CD14 [7] we hypothesised that receptor-dependent mechanisms might
explain the increased cytokine production in homozygous FH patients. However, the
expression of both CD14 and the ß2-integrins CDlla, CDllb and CDllc on
circulating cells of homozygous patients was not altered (chapter 3). Thus, not a
greater number of LPS-receptors on cells, but other mechanisms, such as clustering
of the LPS-receptors [8], may be responsible for enhanced cytokine production in
homozygous patients.
Besides functioning as LPS-receptors, CD14 and ß2-integrins are also important
adhesion molecules, involved in the initiation of atherosclerosis [9]. It has been
demonstrated in literature that hypercholesterolemia can induce binding of
monocytes to endothelium [10-12]. Since the exact mechanism of this increased
adhesion was not clear yet, we tried to shed more light on this topic. In chapter 2, 3
and 5 we demonstrated that expression of CD14 and ßl- and ß2-integrins on
monocytes and T-lymphocytes was not altered in homozygous nor in heterozygous
FH patients. Next, we focussed our research on the activation of integrins. Actually,
only activated ßl- and ß2 integrin molecules can interact with their ligands [13]. This
means that increased expression of these adhesion molecules is no prerequisite for
enhanced binding to endothelium. In chapter 5 we investigated the effect of
hypercholesterolemia, in homozygous FH patients, on the VLA-4 (ßl-integrin) and
LFA-1 (ß2-integrin) mediated functional adhesion to VCAM-1 and ICAM-1,
respectively. For this purpose we used a fluorescent beads adhesion assay in which
adhesion of both T-lymphocytes and monocytes within one blood sample can be
measured [14]. From this study we learned that FH does not influence VLA-4 or
LFA-1 mediated adhesion of monocytes and T-lymphocytes to VCAM-1 and
ICAM-1. Nevertheless, these integrins may still be involved in the increased
atherogenesis in FH patients, since the expression of both ICAM-1 [15] and VCAM-1
[16] on endothelium can be enhanced by LDL, resulting in an increased adhesion of
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cells bearing VLA-4 or LFA-1. Furthermore, binding of monocytes and lymphocytes
to the endothelium via interaction of Sialyl-Lewis with E-selectin and P-selectin may
also be altered by hypercholesterolemia.
The drugs of choice in the treatment of patients with FH are the HMG-CoA
reductase inhibitors. HMG-CoA reductase is the rate-limiting enzyme in the
synthesis of cholesterol It acts mainly in liver and intestine and inhibition of this
enzyme results in decreased plasma cholesterol levels by increasing LDL-receptor
activity. Not only cholesterol levels are decreased by these inhibitors, but also
cardiovascular morbidity and mortality are reduced

[17,18]

Although high

cholesterol concentrabons are a risk factor for cardiovascular disease, it is not
unlikely that effects of HMG-CoA reductase inhibitors other than cholesterol
reducbon are involved in the decreased cardiovascular events. Several beneficial
effects on different events in the process of atherosclerosis have been reported, such
as decreased Chemotaxis of monocytes [19], improved plaque stability, decreased
rephcabon of monocytes and reduced neoinbmal formabon [20].
It was also reported that HMG-CoA reductase inhibitors influence cytokine
producbon [21-23]. However, these results were all obtained from in vitro studies
At the moment of invesbgabon, there was only one paper reporbng the in vivo
effects of cholesterol lowering on cytokine producbon. TNFa producbon by
monocytes was not altered by hypocholesterolemic treatment [24] Since other
proinflammatory cytokines than TNFa are thought to be involved in atherogenesis
as well [5], we invesbgated the in vivo effects of HMG-CoA reductase inhibitors on
IL-lct, IL-lß, IL-6 and TNFa and on the anb-inflammatory cytokine IL-lra. We
determined the producbon of these cytokines both in PBMC (chapter 2) and in a
whole blood culture (chapter 4), obtained from heterozygous FH pahents before and
after cholesterol lowering treatment PBMC were used, because it gave us the
opportunity to use biologically relevant concentrabons of LPS, whereas a whole
blood culture preserves physiological metabolite and drug concentrabons. The
results obtained from these experiments showed that, on the whole, the cytokine
producbon capacity of blood cells does not change as a result of treatment with
HMG-CoA reductase inhibitors, neither in PBMC nor in a whole blood culture
Cytokine mRNA expression, in the whole blood cultures was not altered either by
cholesterol lowering (chapter 4) Recently, Rosenson et al demonstrated that LPSinduced TNFa and IL-6 producbon in a whole blood culture were inhibited after
treatment with pravastahn, whereas IL-lß, IL-lra and IL-8 did not change [25]
Possible explanabons for the partial discrepancy with our whole blood results may
be 1) the different HMG-CoA reductase inhibitors used for lowering cholesterol,
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2) the use of different anticoagulants, 3) the LPS-concentration to stimulate the
culture and 4) the number of patients.
Investigations into the effects of HMG-CoA reductase inhibitors on circulating
blood cells are not limited to cytokine production. As already mentioned,
hypercholesterolemia can induce adhesion to endothelial cells [10-12]. Therefore, it is
reasonable to assume that cholesterol lowering will influence this increased
adhesion. Both expression and activation of integrin molecules on monocytes and
T-lymphocytes, obtained from heterozygous FH patients before and after cholesterol
lowering medication, were determined in chapter 5. Expression of ßl- and ß2integrins, both on T-lymphocytes and on monocytes, was not altered by cholesterol
synthesis inhibitors. In addition, activation of LFA-1 and VLA-4 was not influenced
either by HMG-CoA reductase inhibitors, since neither LFA-1 nor VLA-4 mediated
adhesion of monocytes and T-lymphocytes to ICAM-1 and VCAM-1 coated beads
was changed. Weber and colleagues [11] on the other hand, reported decreased
binding of monocytes to endothelium after cholesterol lowering. This decrease was
dependent on CDllb/CD18, which is present on monocytes and binds ICAM-1.
However, in accordance with our results. Jongkind et al.[10] did not observe an
effect of cholesterol lowering medication on monocyte binding. After blocking
LFA-1 mediated adhesion of monocytes to ICAM-1, the CDllb/CD18 mediated
binding remained. The fact that we did not find any difference in binding of
monocytes to ICAM-1 after using an antibody directed towards LFA-1 suggests that
CDllb/CD18 binding to ICAM-1 is probably not influenced by HMG-CoA
reductase inhibitors either.

Hypercholesterolemia in infections
Besides playing an important role in the development of atherosclerosis, hypercholesterolemia may also influence the outcome of infection e.g.. Gram-negative
sepsis. Infusion of LPS, a component of the outer membrane of Gram-negative
bacteria, can induce similar clinical features as observed in patients with sepsis:
hypotension, disseminated intravascular coagulation, and renal, hepatic and cerebral
damage, which may lead to shock and death [5]. Most of the deleterious effects of
LPS are mediated by proinflammatory cytokines, such as TNFa, IL-lß and IL-6,
predominantly released by monocytes and macrophages [5]. Preventing LPS147
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induced activation of these cells has been an objective of many studies in the last
decades.
An important discovery was the ability of plasma lipoproteins to bind LPS [26].
Lipoproteins can not only bind LPS, but also neutralise it, resulting in reduced
release of proinflammatory cytokines [27-31]. This phenomenon was also observed
in vivo, both in genetically modified mice with hypercholesterolemia [6, 31] and
after infusion of lipoproteins [33, 34]. Besides lipoproteins, free apo A-l as well as
apo E can effectively neutralise LPS [35, 36] as well.
Both VLDL and apo E can bind and neutralise LPS. However, can VLDL bind
LPS because apolipoprotein E is present on its surface or because of the lipid
component of the particle? To answer to this question, we induced endotoxemia in
mice that have 8-fold increased lipoprotein concentrations in the VLDL-sized
fraction due to the lack of apo E (chapter 6). In contrast to the findings in
hyperlipidemic LDL receptor knock out (LDLr-/-) mice [6], apo E-/- mice are highly
susceptible to endotoxemia and to Klebsiella pneumoniae infection. In response to
intravenously injected LPS, apo E-/- mice produced 4 to 5-fold more TNFa than
control animals, which was probably the cause of death in apo E-/- mice. These
results demonstrated that hypercholesterolemia itself is not sufficient for protection
against endotoxemia in apo E-/- animals. Apparently, the presence of apo E on the
surface of VLDL is essential in the process of LPS detoxification. Rensen et al. found
that apo E can bind LPS and diminish its interaction with Kupffer cells by
redirecting LPS to the parenchymal cells of the liver that do not produce
proinflammatory cytokines [36]. By doing this, production of pro-inflammatory
cytokines largely prevented [37]. In apo E deficient mice, LPS is most likely only
directed towards cytokine-producing Kupffer cells, and not towards parenchymal
cells.
Although lethal endotoxemia is a useful model to study the role of apo E in
Gram-negative sepsis, other mechanisms than LPS-neutralisation may be important
in the pathogenesis of an infection. In chapter 7 we could demonstrate that both
increased cytokine production and extreme bacterial outgrowth in liver, spleen,
kidneys and blood are involved in the high mortality in apo E-/- mice after a
challenge with K. pneumoniae. Leukocytes probably play a role in this increased
susceptibility, since differences in survival and outgrowth during an infection with
K. pneumoniae had disappeared in neutropenic apo E-/- and control mice.
Recent studies have demonstrated that administration of rHDL to animals
protects them against lethal endotoxemia [38] and Gram-negative sepsis [39].
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Moreover, when infused into humans, rHDL inhibits the effects induced by LPS [34].
Because of these results, infusion of rHDL has been suggested as an adjunctive
therapy to Gram-negative sepsis. In clinical medicine, however, it may be difficult to
differentiate between Gram-negative sepsis and sepsis with other microorganisms.
Growth of micro-organisms other than Gram-negative bacteria may just be favoured
by the infusion of lipoproteins. Earlier in-vitro studies have shown increased growth
of C. albicans in lipid emulsions used for parenteral feeding [40, 41], suggesting that
C. albicans growth is promoted by a lipid-rich environment. Therefore, we
investigated in chapter 8 whether hypercholesterolemia in LDL receptor deficient
mice increases the susceptibility of these animals to systemic candidiasis. These mice
have 7 to 9-fold higher plasma LDL than control animals and cholesterol
concentrations are similar to those seen in humans with FH.
The results obtained with these mice demonstrate that hyperlipoproteinemia in
LDLr-/- mice is deleterious for the outcome of severe C. albicans infection, in contrast
to Gram-negative bacterial infections. Most likely, the increased susceptibility is due
to elevated lipoprotein concentrations in plasma, since C. albicans grew better in
serum obtained from hypercholesterolemic mice than in that from controls. At least
two mechanisms may account for the increased growth of Candida in plasma from
LDLr-/- mice.
Since growth of C. albicans is enhanced in lipid containing emulsions used for
parenteral feeding [40, 41], it is not unlikely that LDL may serve as a nutrition factor
for C. albicans. The second mechanism may come down to the fact that plasma has a
candidacidal effect [42]. The observation that the candidacidal activity had decreased
in plasma obtained from LDLr-/- mice, suggests that lipoproteins may bind the
candidacidal factors in plasma, such as platelet microbicidal protein [43] or the
calprotechn complex [44], neutralising their activity. This was confirmed by the
results of Netea et al. [45] who demonstrated that C. albicans also grows significantly
better in LDLr-/- lipoprotein depleted plasma from which 5-fold more lipoproteins,
and thus candidacidal factors, had been extracted.
Not only high LDL levels in plasma appear to increase the growth of C. albicans.
In chapter 9 we show that plasma of apo E-/- mice with high concentrations of
VLDL-like particles can also induce growth of the micro-organism. Moreover, since
these lipoprotein particles do not contain apo E on their surface, it may be
hypothesised that any binding and neutralisation of candidacidal factors by
lipoproteins is independent of this apolipoprotein.
Furthermore, we demonstrated in chapter 9 that apo E-/- mice have an
increased susceptibility to an infection with C. albicans. These mice had higher
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mortality and increased outgrowth of the yeast in their kidneys, when compared
with controls. The best explanation for this observation is would be the increased
growth of C. albicans in plasma from apo E-/- mice, like suggested for LDLr-/- mice.
The results obtained with C. albicans in hypercholesterolemic mice imply that
1) the growth of some microorganisms really may be favoured by the infusion of
rHDL and that 2) humans with hypercholesterolemia may have an increased
susceptibility to certain infections.

Conclusions
1. Homozygous, but not heterozygous, patients with familial hypercholesterolemia
have enhanced cytokine production capacity of circulating blood cells, (chapter 2,
3 and 4)
2. Elevated levels of LDL in patients with FH do not alter LFA-1 and VLA^t
mediated adhesion, nor the expression of ßl or ß2 integrins. (chapter 5)
3. The protective effects of HMG-CoA reductase inhibitors on cardiovascular
morbidity and mortality are not due to an altered cytokine production capacity of
the blood cells, (chapter 2 and 4)
4. Cholesterol lowering does not affect LFA-1 and VLA-4 mediated adhesion or
expression of ßl or ß2 integrins. (chapter 5)
5. Apolipoprotein E is essential in the defence against endotoxemia and a Gramnegative infection, (chapter 6 and 7)
6. Lipoproteins can associate with candidacidal factors in blood, and due to this
binding the candidacidal effects of plasma may decrease, (chapter 8 and 9)
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Samenvatting
Cholesterol wordt in de bloedbaan hoofdzakelijk vervoerd in deeltjes die
lipoproteïnen genoemd worden. Men onderscheidt: chylomicronen, zeer lage
dichtheids- (VLDL), 'intermediaire' dichtheids- (IDL), lage dichtheids- (LDL) en hoge
dichtheids- (HDL) lipoproteïnen. De IDL- en LDL-deeltjes worden bij voorkeur uit
het bloed verwijderd door de LDL-receptoren (eiwitstructuren op het oppervlak van
lichaamscellen). Na opname, worden de lipoproteïnen gekataboliseerd door de cel.
Een te veel aan LDL-deeltjes in het bloed gaat over het algemeen gepaard met een
verhoogde kans op hart- en vaatziekten. Een overmaat aan HDL-deeltjes in het bloed
is juist geassocieerd met een verminderde kans op hart- en vaatziekten.
Bij mensen met familiaire hypercholesterolemie (FH), welke een erfelijk defect
hebben in de synthese of de functie van de LDL-receptoren, accumuleren LDL- en
IDL-deeltjes in het bloed. Bij overerving van dit defecte gen van één van de ouders
spreken we van heterozygote FH, dit komt voor bij 1 op de 500 mensen. Deze
patiënten hebben een 2 tot 3 maal verhoogd plasma cholesterolgehalte en een
verhoogde kans op een hartinfarct voordat ze 60 zijn. Wanneer men van beide
ouders het defecte gen erft is er sprake van homozygote FH, welke veel zeldzamer is
(1 op de miljoen mensen). Bij deze patiënten is het cholesterol tot wel 6 maal de
normale waarde en kransslagaderlijden kan al op jonge leeftijd optreden. Waarom
nu zijn deze mensen gevoeliger voor aderverkalking dan mensen met een normaal
plasma cholesterolgehalte?
Er wordt aangenomen dat hypercholesterolemie op de een of andere manier
een kleine beschadiging aan de vaatwand veroorzaakt. Als gevolg hiervan wordt er
een ontstekingsreactie op gang gebracht die een beschermende werking zou moeten
hebben. De beschadiging leidt tot een verhoogde productie van groeistimulerende
moleculen en tot een verhoogde expressie van adhesiemoleculen (eiwitten die aan
het oppervlak van een cel zitten en voor de specifieke binding zorgen van bepaalde
cellen aan andere cellen) op de vaatwand en de witte bloedcellen (bijv: monocyten en
T-lymfocyten). Door de verhoogde expressie van deze adhesiemoleculen zullen er
monocyten en T-lymfocyten aan de vaatwand hechten. Deze bloedcellen passeren
tussen de cellen van de vaatwand en infiltreren de subendotheliale ruimte (de ruimte
net onder de cellen van de vaatwand). In deze ruimte veranderen de monocyten,
onder invloed van geoxideerd LDL (oxLDL), in macrofagen. Geoxideerde LDLdeeltjes worden via een specifieke oxLDL-receptor die in tegenstelling tot de normale
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LDL-receptor niet downgereguleerd wordt door een excessieve opname. Door de
ongelimiteerde opname ontwikkelen de macrofagen zich tot schuimcellen en ontstaat
er

uiteindelijk

een

plaque.

Dus

dat

wat

begint

als

een

beschermende

immuunresponse, wordt het ziekteproces!

Hypercholesterolemie in aderverkalking
Hypercholesterolemie hoeft met perse alleen een effect op de vaatwandcellen
te hebben, ook monocyten en lymfocyten zouden gestimuleerd kunnen worden. Dit
hebben we in het eerste deel van dit proefschrift onderzocht.
Er wordt verondersteld dat pro-inflammatoire cytokmen (eiwitten die door
lichaamscellen
immuunsysteem

geproduceerd
hebben)

zijn

en

een belangrijke

een
rol

boodschapperfunctie
spelen

in

het

in

het

ontstaan

van

aderverkalking. Zodoende hebben we onderzocht of bloedcellen van patiënten met
FH misschien

meer

cytokmen

produceren,

hetgeen

de

grotere

mate

van

aderverkalking in deze mensen eventueel zou kunnen verklaren. In hoofdstuk 2
hebben we gekeken naar de cytokmen produche door geïsoleerde bloedcellen van
heterozygote FH-patienten, terwijl we in hoofdstuk 4 volbloed van heterozygote FHpatienten gestimuleerd hebben. In deze groep patiënten vonden we geen invloed van
hoge cholesterolconcentrahes op de capaciteit voor cytokinenprodukhe. Bloedcellen
geïsoleerd uit bloed van homozygote FH-pahenten lijken, echter, wel meer cytokmen
(interleukine 1: IL-l en tumor necrosis factor α: TNFa) te produceren. Blijkbaar
waren de cholesterolconcentrahes in het bloed van heterozygote FH-patienten niet
hoog genoeg om de capaciteit voor cytokinenprodukhe te verhogen. Soms kan een
verhoogde produktie van cytokmen veroorzaakt worden door een toename van het
aantal receptoren voor de stimulus. In het geval van de homozygote FH-pahenten
lijkt dit echter niet het geval, want de expressie van een aantal receptoren/
adhesiemoleculen op hun bloedcellen was niet veranderd. Een ander mechanisme
moet dus verantwoordelijk zijn voor de verhoogde cytokinenproductie.
Uit de literatuur is gebleken, dat hypercholesterolemie de binding van
monocyten aan endotheel (cellen waarmee de vaatwand bekleed is) kan induceren
Aangezien het exacte mechanisme van de toegenomen adhesie nog met duidelijk is,
hebben we dit onderzocht. Hierbij hebben we hoofdzakelijk naar geïsoleerde
bloedcellen gekeken. In hoofdstuk 2, 3 en 5 wordt aangetoond, dat de expressie van
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CD14, ßl- en ß2-integnnes (eiwitmoleculen op bloedcellen die noodzakelijk zijn voor
de binding van de cellen aan de vaatwand) op monocyten en T-lymfocyten niet
veranderd is in homozygote of heterozygote FH-pabenten. Vervolgens hebben we
gekeken naar de acbvatie van integrmes. Er zijn voor de integnnes speciale
eiwitmoleculen op de vaatwand (zoals VCAM-1 en ICAM-1) waarmee ze kunnen
binden. Voor deze interache is acbvahe van de integnnes nodig. Dit betekent dat een
toename van het aantal integnnes op de bloedcellen met perse nodig is voor een
verhoogde binding aan de vaatwand In hoofdstuk 5 hebben we het effect van
hypercholesterolemie, in homozygote FH-pabenten op de VLA-4 (een ßl-integnne)
en LFA-1 (een ß2-integnne) gemedieerde binding aan resp. VCAM-1 en ICAM-1
onderzocht. Hiervoor hebben we gebruik gemaakt van een bepabng waarbij
VCAM-1 of ICAM-1 eiwitjes gebonden zijn aan fluorescente bolletjes. Binding van
T-lymfocyten en/of monocyten aan deze bolletjes veroorzaakt een hchtflitsje. Op
deze manier kan het aantal bloedcellen die aan VCAM-1 of aan ICAM-1 binden
gemeten worden. Uit deze studie hebben we geleerd dat FH geen invloed heeft op de
acbvabe van VLA-4 of LFA-1. Het kan natuurlijk nog mogelijk zijn dat andere
integnnes wel geachveerd worden door hypercholesterolemie Dit zou nog verder
uitgezocht moeten worden.
De reguliere behandeling van pahenten met FH is met HMG-CoA-reductase
remmers (ook wel cholesterolsyntheseremmers genoemd). HMG-CoA-reductase is
het snelheidsbepalende enzym m de synthese van cholesterol. Het is hoofdzakelijk
werkzaam in de lever en in de darmen en remming van dit enzym resulteert in
verlaagde plasma cholesterolconcentraties, mede door een verhoging van de LDLreceptoracbviteit. HMG-CoA-reductaseremmers verlagen niet alleen het cholesterolgehalte, maar ze verminderen ook de sterfte aan hart- en vaathjden. Hoewel een
hoog cholesterolgehalte in het bloed een nsicofactor voor hart- en vaathjden is, is het
met onwaarschijnlijk dat effecten van HMG-CoA-reductaseremmers, anders dan via
cholesterolverlaging, betrokken zijn bij deze verminderde sterfte.
Eén van die effecten zou een veranderde produche van cytokinen kunnen zijn.
Verschillende artikelen laten een effect van HMG-CoA-reductaseremmers op
cytokinenproductie door cellen zien. Deze resultaten zijn, echter, allemaal verkregen
door middel van in vitro studies (buiten het lichaam, hierbij worden cellen direct
blootgesteld aan de stoffen die je wilt onderzoeken) Toen wij begonnen met ons
onderzoek naar de effecten van behandeling met HMG-CoA-reductaseremmers op
de cytokinen producbe, was er slechts één artikel waarin er in vivo (in het lichaam)
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gekeken werd naar de invloed van cholesterolverlaging op de cytokinenproduktiecapaciteit van de bloedcellen Zij zagen geen verschil in TNFa-producbe
door monocyten na cholesterolverlaging. In ons onderzoek hebben we, behalve naar
TNFa, ook nog gekeken naar andere cytokinen zoals IL-la, IL-lß, IL-1 receptorantagonist en IL-6 In hoofdstuk 2 hebben we cellen geïsoleerd uit het bloed van
heterozygote FH-patienten vóór en nâ behandeling met HMG-CoA-reductaseremmers, terwijl in hoofdstuk 4 volbloed van deze pahenten bestudeerd werd De
resultaten die we verkregen uit deze experimenten lieten zien dat behandeling met
HMG-CoA-reductaseremmers, in vivo, de capaciteit voor cytokinenprodukhe van de
bloedcellen met beïnvloedt.
Onderzoek

naar de effecten

van

HMG-CoA-reductaseremmers

is met

gelimiteerd tot bestudering van cytokineproduche alleen Zoals reeds vermeld, kan
hypercholesterolemie binding aan endotheelcellen induceren. Cholesterolverlaging
zou deze toegenomen

bindingscapaciteit

misschien kunnen

beïnvloeden

In

hoofdstuk 5 hebben we daarom, zowel expressie als activahe van integnnemoleculen op monocyten en T-lymfocyten bepaald, in heterozygote FH-pahenten
vóór en na cholesterolverlaging

Uit deze expenmenten bleek dat HMG-CoA-

reductaseremmers in deze groep geen invloed hebben op de expressie van ßl- en ß2integrines, noch op de achvabe van LFA-1 en VLA-4 Of andere integrines of
adhesiemoleculen wel beïnvloed worden door cholesterolverlaging blijft een open
vraag

Hypercholesterolemie en infecties
Hypercholesterolemie

is

met

alleen

betrokken

bij

het

ontstaan

van

aderverkalking, maar het zou ook het verloop van een infectie, bijv Gramnegaheve
sepsis, kunnen beïnvloeden Patienten die aan sepsis lijden hebben last van een lage
bloeddruk, een verhoogde hartslag, koorts, een verhoogd aantal witte bloedcellen en
slecht functionerende organen, en 10-50% van deze patiënten sterft uiteindelijk Door
LPS, een component uit de celwand van Gramnegaheve bacteriën te intraveneus te
injecteren, kun je deze klinische verschijnselen nabootsen (inclusief sterfte) Veel van
de schadelijke effecten van

LPS worden gemedieerd door pro-inflammatoire

cytokinen, zoals TNFa, IL-lß en IL-6 Deze cytokinen worden

hoofdzakelijk

uitgescheiden door monocyten en macrofagen, welke geactiveerd worden in reactie
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op LPS. Het is daarom van belang dat de LPS-geïnduceerde activatie van deze cellen
voorkomen wordt. In de laatste decennia zijn er veel studies geweest om dit te
onderzoeken.
Een belangrijke ontdekking was, dat lipoproteïnen in plasma LPS kunnen
binden en gedeeltelijk neutraliseren, met als gevolg een verminderde productie van
pro-inflammatoire cytokinen. Genetisch gemodificeerde muizen met sterk verhoogde
plasma cholesterolconcentraties werden beschermd tegen LPS geïnduceerde dood.
Intraveneus toegediende lipoproteïnen bij proefdieren en vrijwilligers beschermen
ook tegen de schadelijke effecten van LPS. Het blijft echter nog onduidelijk welke
lipoproteïnencomponenten hierbij een rol spelen: de apolipoproteïnen (eiwitten die
aanwezig zijn aan het oppervlak van lipoproteïnen) of de lipiden? Van de
apolipoproteïnen was bekend dat apo A-I, aanwezig op HDL, en apo E, aanwezig op
chylomicronen, VLDL, HDL en IDL, beide LPS effectief kunnen neutraliseren. Maar
ook de vetcomponenten zoals het cholesterol, de triglyceriden en de fosfolipiden
kunnen een belangrijke rol spelen tijdens de interactie van lipoproteïnen met LPS.
In hoofdstuk 6 hebben wij ons gericht op VLDL. Omdat beschreven was dat
LPS bindt aan zowel apo E als VLDL, hebben wij onderzocht of de binding van
VLDL aan LPS juist tot stand kan komen doordat er apo E op het oppervlak van
VLDL zit of dat dit komt door één van de vetcomponenten van het VLDL-deeltje.
Om deze vraag te beantwoorden hebben we een hoge dosis LPS ingespoten in
muizen die geen apo E hebben. Door dit gebrek is in deze muizen het cholesterol
sterk verhoogd

(8x), met name in de VLDL-fractie.

We zagen dat deze

hyperlipidemische muizen juist veel gevoeliger voor LPS zowel als voor Klebsiella
pneumonia, een Gramnegatieve bacterie, zijn dan controle muizen. Na injectie van
LPS bleken de apo E deficiënte (apo E-/-) muizen 4 tot 5-maal meer TNFa te
produceren dan controle muizen. Dit verklaart waarschijnlijk de verhoogde sterfte in
de apo E-/- muizen. Blijkbaar is de aanwezigheid van apo E op het oppervlak van
VLDL essentieel om LPS onschadelijk te kunnen maken.
Als LPS in de circulatie komt, wordt het uit het plasma gefilterd door de lever.
Bij dit proces spelen met name Kupffercellen

(levermacrofagen), maar ook

parenchymale cellen en endotheelcellen een rol. De Kupffercellen worden door het
LPS aangezet tot cytokine-productie, terwijl parenchymale cellen juist geen
cytokinen produceren. Apo E is in staat om LPS naar de parenchymale cellen te
dirigeren, met als resultaat een verminderde cytokineproductie. Wat gebeurt er nu in
de apo E-/- muizen? Er is geen apo E aanwezig dat een gedeelte van het LPS kan
sturen naar de parenchymale cellen, zoals in controle muizen. Hierdoor zal al het
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LPS waarschijnlijk naar de cytokine-producerende Kupffercellen gaan, resulterend in
extreem hoge TNFa concentraties in het bloed en een verhoogde sterfte.
Hoewel injectie van een hoge dosis LPS een bruikbaar model is om de rol van
apo E tijdens Gramnegaheve sepsis te bestuderen, zijn er naast LPS-neutralisatie ook
andere mechanismen belangrijk in het verloop van een dergelijke infectie. In
hoofdstuk 7 konden we aantonen dat zowel een verhoogde cytokinen produche als
extreme bactenele uitgroei in lever, milt, rueren en bloed betrokken zijn in de hoge
sterfte van apo E-/- muizen na een infeche met Klebsiella pneumonia. Waarschijnlijk
spelen granulocyten (witte bloedcellen) een rol in de toegenomen gevoeligheid. Als
je de granulocyten verwijdert uit apo E-/- en controle muizen dan gaan de twee
verschillende muizenstammen namelijk even snel dood; ook het verschil in uitgroei
van Klebsiella pneumonia tussen deze muizen is dan verdwenen.
Recente

studies

hebben

aangetoond

dat

toediening

van

recombinant

(synthetisch) HDL (rHDL) aan dieren, bescherming biedt tegen hoge doses LPS en
Gramnegaheve sepsis. Ook wanneer rHDL in mensen wordt ingegeven kan het
bescherming bieden tegen de schadelijke effecten die LPS veroorzaakt. Vanwege
deze resultaten is er gesuggereerd om rHDL toe te dienen als aanvullende therapie
tijdens Gramnegaheve sepsis. In de kliniek kan het echter moeilijk zijn om
onderscheid te maken tussen Gramnegaheve sepsis en sepsis die door andere microorgamsmen veroorzaakt is. Het is met uit te sluiten dat andere micro-organismen
dan Gramnegaheve, juist beter groeien in het lichaam na toediening van
hpoproteinen. Zo groeit de gist Candida albicans erg goed in vetemulsies die gebruikt
worden voor parenterale voeding (via een infuus in de bloedbaan gebracht), hetgeen
suggereert dat de groei van Candida albicans bevorderd wordt in een hpid-njke
omgeving Bij een Candida-infectie zou toediening van rHDL averechts kunnen
werken en de groei van de gist juist stimuleren in plaats van remmen. Om deze
reden hebben we in hoofdstuk 8 onderzocht of hypercholesterolemie in LDLreceptor-deficiënte (LDLr-/-) muizen de gevoeligheid van deze dieren voor Candida
verhoogt Deze muizen hebben 7- tot 9-maal verhoogde plasma LDL-concentrahes in
vergelijking met controle dieren, het cholesterolgehalte is van dezelfde orde als bij
patiënten met FH
De resultaten die we met deze LDL-receptor-deficiente muizen verkregen
hebben, laten zien dat hyperlipoproteinemie een negaheve invloed heeft op het
verloop van een ernstige Candida albicans infeche, in tegenstelling tot wat we zien bij
een Gramnegaheve bactenele infeche. Hoogstwaarschijnlijk is de toegenomen
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gevoeligheid toe te schrijven aan de verhoogde lipoproteïnenconcentraties in het
plasma,

want

Candida albicans groeide

beter

in

het

serum

van

hyper-

cholesterolemische muizen dan in dat van controles. Tenminste 2 mechanismen
zouden verantwoordelijk kunnen zijn voor deze sterke groei van Candida in het
plasma van LDLr-/- muizen.
Aangezien Candida albicans beter groeit in lipiden bevattende emulsies die
gebruikt worden voor parenterale voeding, is het niet onwaarschijnlijk dat LDL zou
kunnen dienen als een voedingsfactor voor Candida albicans. Het tweede mechanisme
zou samen kunnen hangen met het feit dat plasma een factor bevat, zoals platelet
microbicidal factor of calprotectin complex, welke de groei van Candida kan remmen.
Het feit dat de groei van Candida minder sterk geremd werd in plasma van LDLr-/muizen dan in plasma van controle muizen, wijst op iets in het plasma van de
LDLr-/- muizen dat deze Candzda-remmende factor kan binden en diens werking
neutraliseren. De meest voor de hand liggende oorzaak zijn de lipoproteïnen die in
overmaat aanwezig zijn in het plasma van deze hypercholesterolemische muizen. Dit
is later bevestigd door de resultaten van Netea et al. Hij verwijderde al de
lipoproteïnen uit het plasma van LDLr-/- en van controle muizen en zag dat Candida
albicans nog steeds beter groeide in het plasma van LDLr-/- muizen. Dit pleit voor
een binding van Candida-remmende factoren aan lipoproteïnen die vervolgens als
een geheel uit het plasma verwijderd zijn.
Niet alleen hoge LDL-concentraties in het bloed blijken de groei van Candida
albicans te stimuleren. In hoofdstuk 9 laten we zien dat het plasma van apo E-/muizen, waarin juist veel VLDL-deeltjes zitten, eveneens de groei van de gist kan
bevorderen.

Binding en neutralisatie van

Candida-remmende factoren

door

lipoproteïnen is dus onafhankelijk is van apo E.
Het zal op basis hiervan niet verbazen dat apo E-/- muizen aanzienlijk
gevoeliger waren voor een infectie met Candida albicans dan controles (hoofdstuk 9).
De vergrote sterfte was geassocieerd met een hogere uitgroei van de gist in de nieren
van apo E-/- muizen. De meest voor de hand liggende verklaring voor deze
waarnemingen lijkt, evenals bij de LDLr-/- muizen, de sterke groei van Candida
albicans in plasma van apo E-/- muizen.
De verkregen resultaten met Candida albicans in hypercholesterolemische
muizen suggereren dat 1) de groei van sommige micro-organismen inderdaad
bevorderd zou kunnen worden door de infusie van rHDL en dat 2) mensen met
hypercholesterolemie een toegenomen gevoeligheid zouden kunnen hebben voor
bepaalde infecties.
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Nog even en dan is alles écht achter de rug. Bijna 5 jaar ben ik bezig geweest om
invulling aan dit boekje te geven. Ondanks het feit dat het met altijd even soepel liep,
kijk ik met plezier terug op een paar hele mooie en gezellige jaren. Hoe kan het ook
anders met zoveel fijne collegae, vrienden en familie7 Een aantal wil ik hier graag bij
name noemen.
Pierre, door je handicap ging het niet altijd even makkelijk met de communicatie,
maar dat deed niets af aan je betrokkenheid bij mijn onderzoek. Ik heb je ervaren als
een fijne en hartelijke begeleider die altijd het beste met me voor had. De snelheid
waarmee je mijn artikelen corrigeerde was door anderen met te evenaren. Bedankt
voor alle hulp! Mihai, jou zie ik een beetje als mijn tweede begeleider en dat komt
natuurlijk omdat mijn onderzoek het jouwe voor een deel overlapte. Albjd kon ik
met vragen over infecties bij je terecht. Ik vond het erg prettig om met je samen te
werken, bedankt.
Mijn promotors Prof. Dr. A.F.H. Stalenhoef en Prof. dr. J.W.M, van der Meer:
Anton, ik zou je willen bedanken voor de samenwerking en sturing die ik heb mogen
ontvangen en voor de gelegenheid die je me geboden hebt om dit proefschrift tot een
goed eind te brengen Jos, bedankt voor de goede raad en kritische opmerkingen
tijdens de wekelijkse cytokinenbesprekingen.
Alieke, men zegt wel eens gedeelde vreugd is dubbele vreugd en gedeelde smart is
halve smart. Dit is zeker van toepassing op ons, denk ik. We hebben heel wat
afgelachen samen en we wisten elkaar altijd weer op te monteren als een van ons het
even niet zag zitten. Bedankt ook voor al die uren datje naar me hebt zitten luisteren.
Je bent een toffe meid, zorg dat je zo blijft. Beny, jou zie ik een beetje als een
kameleon. Aanwezig, maar onzichtbaar voor degene die niet goed kijkt. Je stond
altijd klaar, als ik je hulp of een advies nodig had. En ik hennner me nog hoe blij ik
was dat ik eindelijk met iemand over die welbekende dip tijdens het AIO-schap kon
praten, bedankt. Anneke, samen hebben we toch zo'n dikke 2 jaar de moleculaire tak
van het lab gevormd. Vele PCR-reacties hebben we ingezet en beoordeeld. Ik vond
het erg leuk om met jou dit team te vormen en bovendien het dagje uit in 1998 te
organiseren. Ineke, JIJ leerde mij hoe ik een RIA moest uitvoeren, hetgeen soms wel
eens mis kan gaan als je mij laat vortexen. Voor het muizenfront ben je van groot
belang, dat bleek duidelijk na het fietsongeluk in december 1998: toen moesten die
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RIA's ineens zelf gedaan worden. Helga, bedankt voor al de gezelligheid bij de
lunches, sorry dat ik de laatste maanden de frequentie wat omlaag geschroefd heb.
Wanneer gaan we trouwens weer zwemmen? Trees, gelukkig konden mijn monsters
altijd wel mee met de RIA's die jij en Liesbeth uitvoerden. Verder kon ik hier bij de
computer in de 2e helft van de week altijd op een gesprekje met jou rekenen (of jij dat
leuk vond, dat weet ik niet). Liesbeth, wat was het toch heerlijk om je elke keer weer
op de kast te jagen. Magda, papier, paperclips, pennen, agenda's, chemische
structuren, bestellingen, problemen etc, ik kreeg bij jou altijd wel een antwoord op
mijn vragen. Aan wie moet ik die nu voortaan stellen? Johanna, ik zal je kreten en
uitroepen als er weer eens een flesje omviel, een slangetje losschoot of de verkeerde
epjes gebruikt werden, de computerproblemen en de gezelligheid zeker gaan missen.
Pietemei, bedankt voor al je werk met de muizenhartjes. Helaas is het geen
hoofdstuk uit m'n proefschrift geworden, maar misschien nog een verhaaltje voor de
toekomst. Heidi, we hebben bijna geen experimenten samen gedaan, maar wel
regelmatig samen in het restofant gegeten, bedankt voor het gezelschap.
Van het Centraal Dierenlaboratorium wil ik met name Monique, Margot, Maichel,
Wiljan, Bianca, Annette, Geert, Theo en Fred bedanken voor al het werk dat ze
voor me gedaan hebben vóór en tijdens mijn muizenexperimenten. Zonder jullie
hulp zou een belangrijk deel van mijn proefschrift niet tot stand gekomen zijn. Ook
Yvette wil ik graag nog bedanken voor haar werk.
Ko, ik had apo E deficiënte muizen nodig en jij hebt ervoor gezorgd dat ik ze ook
kreeg. Dit leverde me een hoop leuke experimenten op, bedankt. Bart Jan, bedankt
voor je raad met betrekking tot de Candida experimenten. Joost, je hebt een grote
mond maar een klein hartje. Wanneer gaan we weer naar St. Anneke? Jacqueline de
Graaf, zonder jou had ik Athene nooit overleefd. Tineke, bedankt dat ik heb mogen
meeliften in je Clinical Trial: goed voor 3 hoofdstukken. Van de vele studenten die
hier op de afdeling rondgelopen hebben, maar niet onder mijn begeleiding, wil ik
toch nog even Rembrandt, Marcel, Edith, Michiel, Chantal, Dominique, Marc en
Nike bedanken voor de gezelligheid die ze hier brachten. Dankzij hen voelde ik me
tenminste niet meer het jonkie van het lab.
Alfons en Erik, ook al waren jullie van een andere afdeling, jullie waren wel
gezellige kamerbewoners. Ook Reinout, Denise, Henry en Mihai, bedankt voor de
gezelligheid in de dagen dat ik nog bivakkeerde in jullie kamer.
Zonder vrienden zou het leven er maar grijs en saai uitzien. Bedankt dat jullie er
gewoon waren: Donna, op het moment dat ik hier als AIO begon, had ik me al
voorgenomen dat ik jou als paranimf naast me wilde hebben staan. Gedurende de 4V2
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jaar die daarop volgden, ben ik bij dit standpunt gebleven en ik vind het hartstikke
tof dat je deze taak ook op je wilt nemen. Esther, bedankt dat je albjd voor me klaar
hebt gestaan als ik je hulp nodig had. Daarnaast vind ik het ook heel fijn dat je mijn
paranimf wilt zijn. Peter, bedankt dat je m'n khmmaatje wilde zijn; Lois, faxen of emailen, het maakt allemaal met uit als je maar contact met elkaar hebt; Petra, alweer
7

een beetje beko-men van het wadlopen ; Ina, zeker weten dat je geen onderzoek wilt
7

doen , Esther Boer, voorlopig nog geen ΓΓ voor mij; Brigitte, we hebben de
eindstreep dan toch gehaald, Jolanda, vriendschap op grote afstand kan ook; Lianne,
hablamos Espanol; Marie-Jose, wat vliegen die 15 jaar toch snel om; Ilse, jammer dat
je met meer in Nijmegen woont; Astrid, hoe moet het nu met het squashen

7

Dré, gave kaft, bedankt voor al die moeite!
Cees Somers, bedankt voor de hulp bij de stellingen.
Maris en Ron, hef zusje en favonete zwager, jullie waren getuige van mijn
"flitsende" start als promovenda, hopelijk willen jullie wederom getuige zijn als ik
over de eindstreep kom. Alex, was sich hebt das neckt sich, ik houd van je; en
Merche, estoy muy contenta que mi hermano fue a Espaha y te ha encontrado. Pap
en Mam, zonder jullie was dit proefschrift er nooit geweest. Jullie gaven me immers
de mogelijkheid te gaan studeren en hebben me altijd gestimuleerd het beste uit
mezelf naar boven te halen. Bedankt dat jullie er altijd voor me waren. Last but not
least wil ik jou bedanken, Huub, voor de rust die je in m'n leven gebracht hebt. Is het
daardoor dat ik zonder veel stress de laatste loodjes heb weten te volbrengen 7
Tijdens je promotieonderzoek leer je zoveel mensen kennen, mocht ik dus iemand
vergeten zijn hierboven te vermelden, bij deze bedankt!
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Curriculum Vitae
De schrijfster van dit proefschrift werd geboren op 4 augustus 1972 te Tilburg. In
Berkel-Enschot doorliep zij de kleuterschool en de lagere school, waarna zij in 1990
haar VWO diploma behaalde aan het Cobbenhagen College te Tilburg. Datzelfde jaar
begon zij aan de studie Medische Biologie aan de Universiteit Utrecht. Op de
afdeling virologie van de faculteit diergeneeskunde werd een bijvak (o.l.v. Dr. V.
Schijns) uitgevoerd, gevolgd door het hoofdvak op de afdeling Pathologie van het
RIVM (o.l.v. Dr. R.J. Vandebriel en Dr. J. Garssen). In april 1995 werd deze studie
afgesloten met het behalen van de titel doctorandus. Van april 1995 tot oktober 1999
was zij werkzaam als assistent in opleiding op de afdeling Algemeen Interne
Geneeskunde van het Academisch Ziekenhuis Nijmegen en verrichtte zij onderzoek
onder begeleiding van Prof. Dr. A.F.H. Stalenhoef, Prof. Dr. J.W.M, van der Meer en
Dr. P.N.M. Demacker. De resultaten van dit onderzoek vormen de inhoud van dit
proefschrift.
Sinds 1 februari 2000 is zij, via Kendle, werkzaam als Clinical Research Associate bij
Bayer te Mijdrecht.
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Stellingen
Behorende bij het proefschrift

Hypercholesterolemia and inflammatory aspects
involved in atherosclerosis and host defense

Natasja de Bont

1.

Circulerende bloedcellen van patiënten met homozygote familiaire
hypercholesterolemie hebben in tegenstelling tot patiënten met de
heterozygote vorm een verhoogde capaciteit om cytokinen te
produceren, (dit proefschrift)

2.

Verhoogde LDL-concentraties in plasma van patiënten met
familiaire hypercholesterolemie veranderen de LFA-1 en VLA^l
gemediëerde adhesieve capaciteit van de witte bloedcellen niet.
(dit proefschrift)

3.

Choiesterolverlaging door HMG-CoA-reductase-remmers
beïnvloedt noch de LFA-1 en VLA-4 gemediëerde adhesieve
capaciteit van de witte bloedcellen noch de integrine-expressie op
deze cellen, (dit proefschrift)

4.

Hypercholesterolemie alleen is niet voldoende om bescherming te
bieden tegen endotoxmemie en Gram-negatieve sepsis, (dit
proefschrift)

5.

Lipoproteinen kunnen candida-remmende factoren in bloed
binden en zo hun candidacide effecten in plasma verminderen, (dit
proefschrift)

6.

Een wijde blik verruimt het denken. (Loesje)

7.

"The mysteries of Nature and of Humanity are not lessened, but
increased by the discoveries of philosophic skill" (Talfourd)

Aangezien alles in de natuur toch streeft naar chaos omdat dat de
minste energie kost, betekent opruimen verspilde energie.
Het is het vaak moeilijker iets te vinden nadat je opgeruimd hebt
dan ervoor, (eigen waarneming)
De frequentie waarmee dankwoord en CV worden gelezen m
vergelijking met de rest van het proefschrift, wettigt deze 2
paragrafen op de eerste pagina's te zetten.
"Nothing holds up the progress of science so much as the right
idea at the wrong time" (Vigneaud)
Door het steeds groter wordende aanbod aan vitaminepreparaten,
bestaat het gevaar dat we ongezonder gaan eten.

