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ABSTRACT

Sepsis is a serious condition characterized by a systemic inflammatory
response to an infection. Increased vascular leakage, vasodilation and heart
failure cause circulatory disturbances challenging the intensivist. Despite
modern medication and high technology supportive care, mortality is high. Key
strategies include to find and take care of causative agents at the infection site.
Unfortunately, the microbes are sometimes “slippery small ones” protecting
themselves by for example resistance against antibiotics. But our body is
amazing! For example cells, such as neutrophil granulocytes, produce
antibiotic substances (antimicrobial peptides, AMPs). Increased knowledge of
the host response in sepsis will aid in refining and developing new treatment.

We investigated the effect of the AMP, LL-37, on smooth muscle activity in
isolated human omental vessels and found that it causes formyl peptide
receptor-like 1 mediated dilation in the veins mainly via action of endothelium-
derived hyperpolarizing factor.

Earlier studies have shown that increased levels of glycosaminoglycans
(GAGs) inhibit the action of AMPs in chronic wounds. We found increased
plasma levels of GAGs in sepsis patients correlating to mortality and level of
circulatory derangement. GAGs at concentrations relevant to sepsis patients
inhibited the antimicrobial action of AMPs in vitro.

Plasma levels of AMPs were generally higher in sepsis patients than in controls
and correlated to inflammatory activation, circulatory derangement and
neutrophil activity.

Finally, we found that the contact system is activated in patients with severe
sepsis reflected by decreased levels of high-molecular-weight kininogen. The
levels of the main effector, bradykinin, were, however, also decreased,
suggesting substrate depletion in the state of established severe sepsis.
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BACKGROUND

A significant amount of research is going on in the area of sepsis, a status often
caused by a bacterial infection, with a multifactorial and complicated
pathophysiology [1], followed by high mortality. At the intensive care unit
(ICU), sepsis continues to be an important and fatal diagnose with an ICU
mortality rate around 20% [2]. The accompanying multiorgan failure (MOF) is
often hard to cure. Moreover, the causative bacteria are getting increasingly
resistant against antibiotics, together with surgical drainage of the infection
site, the most important treatment modalities in sepsis.

So far, recent advances in knowledge of innate immunity have revealed that the
infected patient produces its own antibiotics, antimicrobial peptides (AMPs). In
vitro studies show possibilities to further refine such peptides to create new
alternative drugs [3]. AMPs have also been shown to have cytokine-like effects
[4] and could also affect the vasculature [5].

The circulatory disturbances resulting from the immense inflammatory
activation during sepsis are central to the initial signs of the severe cases of the
condition and have also been suggested to contribute to the development of the
challenging complication, MOF. They include increased vascular permeability
and subsequent leak, a process in which the endothelial glycocalyx may be
involved [6, 7].

The resulting hypovolemia is often accompanied by vasodilatation, summing
up to a treatment-refractory hypotension: septic shock. The vasodilation may
be multifactorial, including vascular production of the vasodilator nitric oxide
(NO) induced by cytokines and/or bradykinin.

In an attempt to elucidate the pathophysiology of circulatory collapse in sepsis.
The present thesis focuses on different aspects of the interaction between
inflammation and vascular regulation.

Endothelium

The inside of the blood vessel is lined with a single layer of cells, the
endothelium (Figure 1).

15
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Figure 1. Schematic view of a blood vessel wall. Tunica intima (TI), tunica media (TM),
tunica adventitia (TA), endothelial cells (EC) and smooth muscle cells (SMC). Printed by
permission of Sara Moses, Gothenburg, Sweden.

The endothelial cells, facing the blood have vast effects on the regulation of the
underlying smooth muscle cells (SMCs) and consequently, blood flow. The
signaling between these two cell types includes endothelial release of NO and
endothelium-derived hyperpolarizing factor (EDHF) [8, 9].

Nitric oxide

NO is synthesized from L-arginine by the nitric oxide synthase (NOS) family
enzymes. It is a short lived, highly diffusible lipophilic gas, relaxing smooth
muscle and may thus contribute to the vasodilation seen in shock [10-12]. To
inhibit the vasodilation mediated via of NO, L-N%-nitroarginine methyl ester
(L-NAME), a non-selective and competitive NOS inhibitor, can be used [13].

Endothelium-derived hyperpolarizing factor

EDHF, like NO, conveys an endothelial message to relax vascular smooth
muscle cells (VSM) by means of increasing their membrane potential. The
exact identity of EDHF is not known [14] but the vasodilatory effect can be

16



inhibited by increasing the potassium ion concentration, thereby inhibiting the
hyperpolarization [15].

Glycocalyx, proteoglycans and glycosaminoglycans

Endothelial proteoglycans (PGs) form the glycocalyx, a carbohydrate-rich zone
on the luminal cell surface. PGs are composed of a core protein with covalently
attached glycosaminoglycans (GAGs), unbranched polysaccharides displaying
a negative electric charge due to abundant sulphate groups (Figure 2). GAGs
are structurally heterogeneous and based on the monosaccharides involved they
can be grouped into keratan sulphate, chondroitin/dermatan sulphate, heparan
sulphate or heparin [16]. Glycocalyx is important in regulating vascular
permeability, endothelial interactions with immune cells and anticoagulation,
all mechanisms involved in sepsis [17]. In addition, GAGs inhibit the
antibacterial activity of many AMPs and are present in high concentrations in
chronic wounds [18].

GAGs

~®— protein core

Ml —m 0 O 0% —Ja

tuminal cell surface

endothelial cell membrane

Figure 2. A proteoglycan consists of a protein core, in this case anchoring the molecule to a
cell membrane, with attached glycosaminoglycans (GAGs), negatively charged, structurally
heterogeneous polysaccharides. Illustration by Erik Hulteen.
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Syndecan-1

Syndecan-1 is a chondroitin and heparan sulphate PG present on the surface of
many different celltypes [19, 20]. Experiments show that syndecan-1 is shed
from the endothelium during inflammation [6]. It is, however, not known
whether this is the case also during sepsis. Shedding of GAG-rich molecules on
subsequent higher levels in plasma could have bearing on the efficacy of the
innate immunity response in sepsis since free GAGs in chronic wounds have
been shown to bind and inhibit the actions of AMPs [21].

White blood cells

There exist five types of white blood cells or leukocytes, all origining from the
hematopoietic stem cells in the bone marrow: neutrophils, eosinophils,
basophiles, lymphocytes and monocytes. The neutrophils are the most frequent
ones, making up 50-60% of total white blood cell count (WBC).

Neutrophils

Neutrophils are commonly referred to as polymorphonuclear (PMN)
leukocytes, which also comprises the less abundant basophiles and eosinophils,
due to the multilobed nucleus, which appears like multiple nuclei. The
cytoplasm includes granules, such as azurophil, specific and gelatinase
granules with different contents of enzymes, proteins, AMPs, etc [22]. Upon
neutrophil activation granule content is released. In this work contents from the
azurophil and specific granules have been studied.

Myeloperoxidase (MPO) is a peroxidase enzyme with a heme pigment (which
causes the green colour of secretions rich in neutrophils such as pus), and size
of 140 kDa. MPO is composed of two heavy subunits of 53 kDa and two light
subunits of 15 kDa. MPO is abundantly present in the azurophilic granules of
the neutrophils. MPO, is not primarily acting as AMP but is released into the
extracellular medium where its levels can be used as an index of neutrophil
activity [23].

18



Antimicrobial peptides and proteins

The antimicrobial substances presented in the following are heterogeneous by
means of their size. Weather they should be referred to as peptides,
polypeptides or proteins depends on their size as outlined in Table 1.

Table 1. Definition of peptide, polypeptide and protein [24].

Numbers of amino acid/s of 20 naturally occurring

amino acid one
dipeptide two
tripeptide three

oligopeptide <30
polypeptide > 30
protein polypeptides arranged in primary to quaternary structure

AMPs are the organism’s own “broad spectrum antibiotics”. AMPs exist
naturally on epithelial linings such as the skin, epithelium of lungs, intestines,
etc., but also in body fluids such as seminal plasma and breast milk. AMPs
protect us from microbial invasion, and if it still occurs, they are in the first line
of the immune system. AMPs thus constitute an important part of the innate or
non-specific immune system. AMPs are in general small (less than 100 amino
acids (aa) long), cationic and amphipathic with the amino acid chain often
arranged in an o-helix [25, 26]. Thus, the AMPs bind to the negatively charged
bacterial cell wall via hydrophobic as well as electrostatic interactions [27].

Three groups of “classical” AMPs in humans are defined:

e cathelicidins; the peptide LL-37, which is the only human cathelicidin.

e defensins; of subgroups a and B. In general, a-defensins are expressed
by blood cells such as neutrophils and stored in their azurophilic
granules while the B-defensins are found on epithelium linings.

e histatins; the antimicrobial activity of which is mainly directed against
fungi.

Several other AMPs have been identified such as peptides produced due to
activation of the complement and contact systems [28, 66]. There are also
larger polypeptides, displaying antimicrobial activity such as lactoferrin and
bactericidal/permeability-increasing protein (BPI).

19



hCAP-18/LL-37

LL-37 is stored in the specific granules of neutrophils as the preprotein hCAP-
18 (Table 2). Upon release, hCAP-18 is cleaved to LL-37, the active AMP,
possessing broad spectrum activity against Gram-positive (G+) and Gram-
negative (G-) bacteria, and fungi [3, 4, 29]. LL-37 is a 37 aa long highly
cationic antimicrobial peptide, that may contribute to host defence also by
acting on the lipoxin A4 receptor (FPRL1, ALX), a G-protein-coupled receptor,
to attract neutrophils by chemotaxis [30]. This receptor was originally called
formyl peptide receptor-like 1 (FPRL1) due to its resemblance to the formyl
peptide receptor (FPR) responsible for the chemotactic response to the bacterial
compound formyl-methionyl-leucyl-phenylalanine (fMLP). One of the
endogenous ligands for FPRL-1 is lipoxin A4. This prompted the International
Union of Pharmacology to propose that this receptor should be officially
named ALX [31]. ALX is therefore used in the present thesis although FPRL1
is still in use, mainly by immunologists. LL-37 also shows other biological
effects such as stimulating angiogenesis [5] and neutralizing
lipopolysaccharides (LPS), strong inducers of inflammation shed from
bacterial wall [32]. Endothelial receptors for LL-37 suggest that LL-37 may in
addition take part in regulating the vascular smooth muscle tonus and
consequently blood flow.

Table 2. Antimicrobial peptides and proteins (AMPs) in human neutrophil
azurophil and specific granules[22].

Azurophil granules Specific granules
Heparin-binding protein hCAP-18/LL-37
Bactericidal/permeability-increasing protein Lactoferrin
Myeloperoxidase

Defensins

Alpha-defensins (HNPI-3)

Alpha-defensins, HNP 1-4, are 29-30 aa long peptides, highly abundant in the
azurophil granules of the neutrophils (Table 2), as well as in macrophages and
Paneth cells of the small intestine. The three principal human defensins, HNP
1-3, account for 99% of the total defensin content of neutrophils [33]. Apart
from a broad antimicrobial spectrum, alpha-defensins attract several types of
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immune cells including immature dendritic cells and may therefore serve as a
link between innate and adaptive immunity [34].

Bactericidal/permeability-increasing protein (BPI)

BPI is a 50 kDa cationic protein of 456 aa residues present in the azurophil
granules of neutrophils (Table 2). BPI is rapidly released by neutrophils in
response to bacteria. BPI also binds and neutralizes soluble LPS. BPI induce
bacterial killing and was the first identified “killing-protein” from neutrophils
[35, 36].

Heparin-binding protein (HBP)

HBP, also known as CAP37 or azurocidin is a 37 kDa heparin-binding and
antimicrobial protein. HBP is released from azurophilic granules (Table 2) and
secretory vesicles of neutrophils but is also present to a minor extent in the
plasma membrane [37]. The ability of neutrophils to secrete HBP, and maybe
other proteins, from secretory vesicles, could be important for proinflammatory
functions of this and other neutrophil proteins. For example, HBP has been
suggested to increase vascular permeability [37-39].

Lactoferrin

Lactoferrin is an antimicrobial iron-binding protein with a molecular weight of
80 kDa, found in mammalian milk, tears, saliva and seminal plasma but also in
neutrophils were it is the dominated stored protein in the specific granules
(Table 2) [40]. Studies suggest lactoferrin contributing to the activation of
innate immune system as well as to the adaptive one [41].

Contact system

The human contact system, also known as the kallikrein-kinin system, is
comprised of four plasma proteins: a cofactor, high-molecular-weight
kininogen (HK), together with the serine proteinases factor XII, plasma
kallikrein, and factor XI [42]. Upon activation, HK is cleaved, releasing the
pro-inflammatory peptide bradykinin (Figure 3). The effects of bradykinin and
its metabolite, des-arg’-bradykinin are vasodilation, increased vasopermeability
and proinflammatory activities; all mechanisms participating in septic shock
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where they may contribute to host defence [43-45]. Clear evidence for the
importance of contact system in the pathophysiology of sepsis is, however, still
lacking. Previously, measurements have hardly ever been performed of the
levels of the direct effector, bradykinin, but only indirectly of HK, PPK, FXII,
FXI and their inhibitors. However, in the 70’s O’Donell and co-workers
showed increased bradykinin levels in parallel to the severity of Gram-
negative, hypotensive sepsis. Recently, in a minor study from Mattsson and co-
workers, elevated bradykinin levels in Staphylococcus aureus septicaemia was
found [46, 47]. More extensive studies need to be done also comparing levels
of indirect effectors of the contact system to the direct effector, bradykinin [43-
46, 48].

Coagulation

L

Surface

Bradykinin

O—

Figure 3: Schematic model of the contact system. Upon activation, for example by microbial
components or artificial surfaces; Hageman factor (FXII) is activated, in turn activating FXI
and plasma prekallikrein (PPK) resulting in activation of blood coagulation and release of
bradykinin by cleavage of high-molecular-weight kininogen (HK). Illustration by Erik and
Felix Hulteen.



AIMS OF THE STUDIES

The present studies were undertaken to:

Investigate if the antimicrobial peptide, LL-37, could affect vascular tone.

Investigate if plasma levels of GAGs and syndecan-1 are altered in septic
patients, and if there is a correlation to mortality and circulatory disturbances.

Compare the plasma concentrations of a wide range of AMPs in septic patients
with controls and correlate to the level of mortality, circulatory disturbances
and inflammatory activation.

Challenge the view that bradykinin is clinically important in established severe
human sepsis.

23



MATERIALS AND METHODS

For details on the material and methods used in the present studies, the reader
is referred to the separate papers. The Research Ethics Committee of the
University Hospital of Lund approved the studies.

Preparation of human omental artery and vein

Macroscopically normal segments of human omental arteries and veins (0.5-
1.5 mm in diameter) were obtained from patients undergoing abdominal
surgery. Exclusion criteria included patients with endocrine tumours and
abdominal infections. The vessel segments were immediately dissected free
from fat and connective tissue and then stored in aerated Krebs-Ringer solution
(KRS) at 4°C until the experiments were performed (within 24 hours).

Measurement of smooth muscle force

The vessel segments were cut into 2-4 mm long ring segments, and placed into
2-ml organ baths. The temperature in the baths was thermostatically
maintained at 37°C and the KRS was continuously aerated with a gas mixture
containing O, 92% and CO, 8% at a rate giving pH 7.4. The segments were
rigged on two steel rods through the lumen. One of the rods was attached to a
force displacement transducer for measurement of isometric force (Figure 4).
Six segments in separate organ baths with KRS were run in parallel. To obtain
optimal pretension, the vessel segments were gradually stretched to a stable
resting force of 6 mN during an equilibration period of 60—90 min [49]. Next,
KClI (final concentration 83 mM) was added and the resulting contraction was
registered, in order to obtain an internal contraction standard for each segment.
Subsequently, the KCl was washed out by repetitive changes of the KRS
during which the contraction was allowed to return to baseline. Endothelin-1
(ET-1, 1 nM) was added and the resulting contraction was recorded. If
required, the ET-1 concentration was increased stepwise until the contraction
was equal to 70-130% of the contraction induced by 83 mM KCI. Next,
substance P (SP) was added (final concentration 100 nM) and the resulting
relaxation recorded. In intact segments, substance P induces a relaxation
corresponding to around 80% of precontraction. The endothelium was regarded
as damaged, if SP did not induce a relaxation.
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Figure 4. Schematic drawing of the myograph used in the present studies. Organ bath, 2 ml (a).
Metal holders, diameter 0.1 mm (b) connected to screw (c) for lateral displacement. Fixed
metal holder connected to force-displacement transducer (d).

Effects of LL-37 or WKYMVm

After thorough washout, ET-1 was added at the same concentration as
preceding the addition of substance P and the resulting contraction recorded.
When a stable contraction was achieved, LL-37 or WKYMVm (WKY) were
added cumulatively, in the absence or presence of the ALX receptor antagonist
WRWWWW (WRW4). The resulting relaxation was recorded at each LL-37
or WKY concentration.

Effects of LL-37 in vessel segments with endothelium removed

In another series of experiments, the endothelium was removed in three of the
six vein segments by gentle injection of the O,/CO, gas mixture through the
vessel lumen. To confirm that the endothelium had been removed successfully,
SP was added to the vessel segments precontracted with ET-1. The organ baths
were then rinsed several times and relaxations in response to LL-37 were
assessed as described above.
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Involvement of prostanoids, NO or EDHF

The relative contribution of prostanoids, NO, and EDHF to the LL-37-induced
relaxation in vein segments were assessed in relaxation experiments in the
presence of the nitric oxide synthase inhibitor, L-NAME, KCI at 30 mM
concentration, which prevents hyperpolarization of the vascular smooth
muscle, or the cyklooxygenase inhibitor, indomethacin.

Reverse transcriptase—polymerase chain reaction
RNA isolation

Pieces of omental veins, about 40 mm long, were rinsed in sterile KRS and cut
in half. One of the halves was maintained intact whereas the other was cut open
and the luminal side gently wiped with a sterile cotton swab and rinsed in KRS.
The vessel segments, with and without endothelium, were separately
submerged in trizol and homogenized mechanically. Isolation of RNA was
carried out and cDNA synthesized.

Qualitative assessment

Primer-specific segments of the cDNA were amplified in polymerase chain
reaction. The PCR products were electrophoretically separated on an agarose
gel containing ethidium bromide for UV detection. Primers for ALX and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were used. GAPDH is a
housekeeping gene expressed in all cells and was used to confirm an equal
RNA yield between the separate vessel segments.

Quantitative assessment (Real-time PCR)

Gene expression assays for ALX, von Willebrand factor, and 18S rRNA were
performed. The amount of ALX and von Willebrand factor products was
normalized to the 18S rRNA product. The von Willebrand factor is
constitutively expressed in the endothelium and was used to assess the success
of endothelial removal. 18S rRNA is present in all cells.
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ICU patients

All consecutive patients admitted to the intensive care unit (ICU) of Lund
University Hospital, Sweden, because of suspicious infection and who fulfilled
of at least two out of four SIRS criteria (see Table 3) were included. For
definitions of sepsis, severe sepsis or septic shock used in the present thesis
please see Table 4.

Table 3. Criteria of Systemic Inflammatory Response Syndrome (SIRS) [50].

Body temperature <36°C or > 38°C
Heart frequency > 90 beats/minute
Respiratory frequency 20 breaths/minute or
P,CO,< 4.3 kPa or ventilator treatment
WBC > 12 0r<4.0 (10°/1)

Severity of the organ dysfunction was defined using the Sequential Organ
Failure Assessment (SOFA) score (see Table 5) on the basis of measurements
in the first 24 h of admission. Patients who had received heparin/heparin-like
drugs were excluded. The mortality rate within 90 days after inclusion was
registered.

Table 4. Definition of sepsis, severe sepsis and septic shock as used in the present
studies.

SIRS Infection: Organ failure: Arterial hypotension:
verified or  circulation and/or  requiring inotropic and/or
suspected respiration vasopressor therapy

Sepsis Yes Yes

Severe Yes Yes Yes

sepsis

Septic Yes Yes Yes Yes
shock
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Table 5. Sequential Organ Failure Assessment (SOFA) score system as used in
present studies [51].

Score (points) 0 1 2 3 4

Respiration
PaO2/FiO2 (kPa) > 53 41-53 28 - 40 14 - 27 <13

Coagulation
Platelet count > 150 101 - 150 51-100 21-50 <20
(x 109/])

Liver
Bilirubin (umol/L) <20 20-32 33-101 102 - 204 > 204

Cardiovascular
Hypotension >170 <170
(MAP, mmHg)

Dopamin <5 >5 >15
(ug/kg/min)

Dobutamin any dose

Noradrenaline <0.1 > 0.1
(ug/kg/min)

CNS
RLS 1 2 3 4-5 >5

Kidney

Creatinin (umol/l) <110 110 - 170 171 - 299 300 - 440 > 440
or or or
diuresis (ml/day) <500 <200

Comments: The score can vary between 0-24 points per registration. The six variables
(respiration, coagulation, liver, cardiovascular, CSN, kidney) scores summarize every
day. The worst score is registered.

28



Control patients

The controls consisted of patients scheduled for surgery of an intracranial
tumour at the Neurosurgery Department, Lund University Hospital, Sweden.
None of the control patients had ongoing angiotensin converting enzyme
inhibitor treatment, steroid treatment or had been given heparin/heparin-like
drugs.

Blood samples

Within 24 h after admission to the ICU, blood samples were drawn from an
already existing arterial catheter and collected in citrate-treated and EDTA-
treated plastic vacuettes. In some patients, additional blood samples were
obtained 4 days later. Arterial blood samples from the control patients were
similarly drawn before induction of anaesthesia. The samples were
immediately centrifuged and the plasma supernatant was removed and stored at
-80°C until analysis.

Measurements of procalcitonin, C-reactive protein and white blood cell count

Concentration of C-reactive protein (CRP) and white blood cell count (WBC)
were determined by standard methods at the Clinical Chemistry Department at
our hospital. The concentration of procalcitonin in citrate plasma was measured
using an immunoluminometric assay Kkit.

Measurement of total protein

The concentration was determined by reduction of Cu®" to Cu’ by the peptide
bonds of the polypeptides in an alkaline solution (the biuret reaction). The Cu"
formed was then detected by a reagent containing bicinchoninic acid yielding a
purple colour quantified by spectrophotometry.

GAG assay

Isolation and detection of sulfated GAGs from plasma was performed using a
commercially available kit. The samples were added to an acidulous buffer
rendering all macromolecules neutral or positively charged except GAGs. A
cationic coloring agent (Alcian blue) was added and left to precipitate with the
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negatively charged GAGs. The precipitate was captured by a dot-blot
procedure on a membrane and measured with densitometry.

ELISA assays

Levels of bradykinin, syndecan-1, BPI, HBP, HNP1-3, lactoferrin, LL-37,
interleukins (IL) -6 and -10, and MPO were measured in EDTA plasma by
commercially available enzyme-linked immunosorbent assay (ELISA) Kkits.

High-molecular-weight kininogen Western blot

Proteins were separated by gel electrophoresis and transferred onto
polyvinylidene difluoride (PVDF) membranes. Immunoprinting of the
transferred proteins was done with a primary antibody detected by
chemiluminescence using a peroxidase-conjugated secondary antibody.
Intensity of the 120 kDa bands corresponding to HK was determined with
densitometry and was normalized to a standard plasma sample run in each gel.

Radial diffusion assay

To assess the ability of GAGs to interfere with the antibacterial activity of
human plasma and isolated AMPs, a radial diffusion assay (RDA) was used.
Venous blood from healthy donors was drawn and plasma was collected after
centrifugation. Escherichia coli isolates were grown overnight. The bacterial
suspension was mixed with agarose poor in nutrients and poured into Petri-
dishes. A series of wells were punched in the plates after the agarose had
solidified. Plasma samples, LL-37 or bactericidal/permeability-increasing
protein (BPI) in the absence or presence of chondroitin sulphate (CS)-A, CS-B,
CS-C, or heparin with or without diethylaminoethyl (DEAE)-Dextran were
applied to the wells. Plates were incubated for 3 h. An overlay agarose rich in
nutrients was then poured over, and the plates were incubated again to
visualize growth of bacterial colonies. Antibacterial activity was indicated by a
clear zone corresponding to the lack of bacterial growth around the wells. The
diameter of the clear zone surrounding the wells was measured with a metric
scale.
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Statistical analysis

Due to indications that several of the measurements in patient plasma were not
normally distributed, these were evaluated using non-parametric methods:
Wilcoxon signed rank test, Mann-Whitney U-test and Spearman rank
correlation. In these cases values are given as medians followed by 25" and
75h percentiles. The results from the laboratory experiments were normally
distributed and were analyzed with parametric tests such as Student’s t-test.
These results are given as means and SD or SEM as indicated. When means
from more than two groups were to be compared or when more than one factor
was to be considered, analysis of variance (ANOVA) was performed.
Significance level: P<0.05.

31



RESULTS AND DISCUSSION

Effects of LL-37 in vascular control

Human omental vessels constitute a well-characterized tissue for physiological
and pharmacological investigations and were used in paper I [49, 52, 68]. LL-
37, at submicromolar concentrations, induced a concentration- and
endothelium-dependent relaxation in vein but not in artery segments
precontracted by endothelin-1 (Figure 5 and Figure 6). The relaxation was
profoundly reduced by potassium chloride (30 mM final concentration) to
inhibit endothelium-derived hyperpolarizing factor (EDHF), whereas it was
less affected by the NOS inhibitor, L-NAME (Figure 7) and not at all by
indomethacin. This indicates that the relaxation involved endothelial release of
EDHF and nitric oxide. The ALX agonist, WKY, also induced a relaxation and
both the relaxations induced by LL-37 and WKY were inhibited by the ALX
antagonist, WRW4.
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Figure 5. Endothelium dependency of the relaxation induced by LL-37 in isolated human
omental vein segments precontracted by a submaximal concentration of ET-1. The LL-37-
induced relaxation was markedly reduced after removal of the endothelium (*). Values are
means+SEM, n = 5.
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Figure 6. Representative recorder tracings illustrating the effect of LL-37 on isolated human
omental artery (A) and vein segments (B and C) precontracted with ET-1 (ET). Log molar
concentrations are indicated. LL-37 induced no or only weak relaxations in the artery segments
(A). In vein segments with intact endothelium, LL-37 induced a relaxation (B), while no, or
only weak relaxations were induced in endothelium-denuded segments (C).
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Figure 7. Relaxation induced by LL-37 in isolated segments of human omental vein
precontracted by a submaximal concentration of endothelin-1 in the absence or presence of L-
NC-nitroarginine methyl ester (L-NAME), KCl or both. L-NAME inhibited the LL-37-induced
relaxation by about 30% whereas KCl nearly abolished the LL-37-induced relaxation. Values
are means + SEM, n = 8 - 11. *indicates statistically significant difference from control.
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The potency of WRW4 for inhibiting WKY and LL-37 induced relaxation in
the present experiments was similar to that previously found for WRW4
inhibiting ALX-mediated Ca*" mobilization and cell migration [53]. This
indicates that the LL-37-mediated relaxation in the isolated human omental
vein was mediated via ALX, which was further supported by the fact that the
relaxation was induced by LL-37 in the same concentration range that induces
ALX-mediated leucocyte chemotaxis [30]. Furthermore, the RT-PCR analysis
demonstrated ALX expression in the vein endothelium in the presently used
preparation.

This cardiovascular action of LL-37 presently demonstrate that this
antimicrobial peptide could be a link between innate immunity and
cardiovascular control. The physiological, pathophysiological or both,
relevance of the present finding is unclear. LL-37 preprotein, hCAP-18, is
released from activated leucocytes [54] and is then cleaved by simultaneously
secreted proteinase 3 generating LL-37 [4]. Mean plasma concentrations of
hCAP-18/LL-37 immunoreactivity in healthy individuals have been reported to
be in the range 70-300 nM depending on whether hCAP-18 or LL-37 or a
mixture accounted for the immunoreactivity [55].

In paper III we found a median plasma level of LL-37 around 15 nM in
controls, which is lower by approximately an order of magnitude. The reason
for this is not clear, but could be due to different antibodies employed that
could have different cross-reactivity between hCAP-18 and LL-37. Still, the
concentration correspond to the threshold concentration for LL-37 inducing
relaxation found in the present study. This means that only a moderate increase
in LL-37 concentration would suffice to induce a vascular response. Sepsis
includes the degranulation of leucocytes [56] but our results in paper III
suggest that this does not increase the LL-37 concentration in the circulation.

There is, however, also the possibility that blood vessels could respond to a
local increase in LL-37. During an inflammatory response, granulocytes
interact with the vascular endothelium, first rolling along in the vessel lumen.
This is followed by granulocyte activation and degranulation, which could lead
to a local increase in LL-37 concentrations allowing for the activation of
endothelial ALX [57]. A subsequent relaxation of underlying smooth muscle,
vasodilation and reduction of blood flow velocity and sheer stress could
facilitate leukocyte adhesion and transmigration through the vessel wall. The
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present results suggested that LL-37 could be a mediator of leukocyte-induced
vasomotion. We could only demonstrate LL-37 induced relaxation in vein
segments. The reason for this is not clear but it cannot be caused by a loss of
viability of the arterial specimens as both potassium chloride and ET-1
contracted and substance P relaxed the smooth muscle. It should be noted,
however, that leukocyte-vascular wall interactions mainly take place on the
venous side of the circulation [58]. The results are summarized in figure 8.

S

Figure 8. Endothelium-dependent relaxation of smooth muscle. Substance P (SP) acts on the
neurokinin-1 (NK-1) receptor on the endothelial cell (EC), nitric oxide (NO) and endothelium-
derived hyperpolarizing factor (EDHF) are released and give a relaxing effect on the smooth muscle
cell (SMC). The present results showed that LL-37 is able to do the same, acting on lipoxin Ay
receptor (ALX) with exception that the NO-mediated relaxtion was rather weak. Illustration by Erik
Hulteen.
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Glycosaminoglycans in sepsis and immunity

In our population of patients suffering from sepsis, the median plasma GAG
level was significantly higher compared to matched controls (Figure 9, Paper
10).
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Figure 9. Plasma GAG level in septic shock patients and controls. The median GAG level was
significantly higher in sepsis patients (V) compared with controls (O, A). Among the septic
shock patients, the median GAG level was significantly higher in the patients who died within
90 days postsubmission (<]) compared with the survivors (>, B). The median is indicated
(horizontal line), and the symbols represent individual patients.

The mechanism of GAG metabolism resulting in increased levels is unknown.
A possible explanation is that GAG has been shed from the glycocalyx of the
endothelium which was confirmed by the increased levels of syndecan-1,
which, as mentioned before, is an endothelial membrane PG. Other possible
explanations could be decreased plasma clearance of GAGs due to failing
kidney or liver function, which would be an interesting field for study.
However, contradictory, the GAG levels correlated neither with creatinine nor
bilirubin levels. It seems unlikely that syndecan-1 is the sole cause of the
elevated GAG levels, since the plasma content of syndecan-1 was considerably
lower than the total GAG content.
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Moreover, a positive correlation was found between total GAG concentration
and mortality, but not between syndecan-1 and mortality and no correlation
was to be found between total-GAG and syndecan-1 levels. Considering that
circulatory disturbances are a major problem in septic shock, it was interesting
to note that the increased syndecan-1 level was actually positively correlated to
cardiovascular SOFA score.

Another source of the high GAG levels could be neutrophils. In paper III, the
neutrophil activity was estimated by measurement of levels of MPO. Some of
the patients included in that study were also included in the GAG study and
levels of MPO and GAGs could be measured in arterial blood collected at the
same time point. These patients did not show any correlation between MPO
and GAG, but interestingly between GAG and HBP (P = 0.0011, n = 20),
another protein from the azurophilic granules. Simply demonstrating a
correlation does not mean that there is a release of GAGs in connection with
degranulation of neutrophils. It could just as well be a third factor taking part,
for example inflammatory activation, which could cause neutrophil
degranulation as well as GAG release elsewhere. In vivo studies have shown
that disruption of glycocalyx is associated with subendothelial edema
suggesting a link to vascular permeability and circulatory disturbances [59].
Baranska-Rybak and co-workers have shown that GAGs can bind AMPs and
neutralize their antibacterial actions [21]. In line with this, we found that
GAGs, at concentrations present in sepsis patients, inhibited the antibacterial
activity of plasma as well as isolated AMPs in vitro. This suggests that the
increased levels of GAGs could undermine innate immunity by binding locally
or systematically released AMPs.

Levels of AMPs in severe sepsis

AMPs, such as LL-37 are important for an effective innate immune system
[60], which is heavily activated in sepsis. Our results demonstrated that LL-37,
originating from the specific granules of neutrophils, could participate in
vasodilation via an interaction with endothelial receptors (paper I).
Furthermore, increased levels of BPI in sepsis patients have in previous studies
been found to correlate with mortality [61, 62]. This awoke the idea of
collecting plasma from sepsis patients. Maybe there could be a correlation
between the levels of different AMPs, infectious agent, intensity of
inflammatory activation, circulatory disturbances, and/or mortality. In the 31
sepsis patients scoring for total SOFA and cardiovascular SOFA indicating
organ failure and circulatory derangement, levels of AMPs as well as
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inflammatory mediators were measured (Paper III). Elevated CRP and
procalcitonin as well as cytokine levels (IL-6 and IL-10) confirmed

inflammatory activation (Table 6).

Table 6. Arterial levels of inflammatory parameters, cytokines and antimicrobial
peptides. Data presented as median [25™-75™ percentiles]. n = number of patients.

control sepsis day 0 at day 4 at alive dead
ICU ICU
n 23-25 29-31 10-11 10-11 17-19 12
Lactoferrin 12 159* 116 101 129 201
(ng/ml) [5.5-56] [83-424] [87-211] [64-187] [87-311] [106-298]
LL-37 62 50 48 66 70 46
(ng/ml) [44-86] [32-114] [34-70] [56-90] [30-127] [38-62]
BPI 5.6 19* 27 3.0F 16 281
(ng/ml) [3.7-7.5] [11-34] [21-34] [1.9-5.6] [8.6-26] [18-39]
Defensins 0 73% 71 54 74 65
(pg/ml) [0-25] [47-111] [50-74] [42-78] [58-111] [43-85]
Heparin-binding 8.1 10* 10 8.47 10 11
protein (ng/ml) [7.9-8.3] [9.7-13] [9.8-13] [8.2-8.9] [9.5-11] [9.7-13]
Myeloperoxidase 53 255% 430 1307 255 281
(ng/ml) [48-62] [148-469] [282-517] [97-179] [154-469] [127-462]
Interleukin-6 0.5 2302%* 3785 971 1936 6179%
(pg/ml) [0.3-0.9] [602-7276] [1033- [27-225] [627-4248] [867-
9992] 16396]

Interleukin-10 3.6 126* 131 1471 116 147
(pg/ml) [2.0-4.9] [35-306] [103-299] [11-23] [34-236] [85-328]
Procalcitonin 0.012 39% 35 4.7+ 25 46
(ng/ml) [0.0075- [4.5-86] [4.1-85] [0.34-12] [5.6-68] [4.1-92]

0.028]
C-reactive protein N.D. 196 N.D. N.D. 219 161
(mg/ml) [123-264] [193-335] [82-210]
White blood cell N.D. 12 N.D. N.D. 12 12
count (10°/1) [2.7-19] [2.7-19] [5.4-20]

* Statically significant difference from control.

T Statically significant difference from value at day 0 at ICU.
i Statically significant difference from value for survivors.
N.D. Not determined
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MPO was measured in an attempt to assess the activation of neutrophils. BPI,
HBP, HNP 1-3 and lactoferrin but not LL-37, were elevated in sepsis patients,
and levels of all AMPs, except LL-37, correlated positively to circulatory
disturbances as graded with cardiovascular SOFA score. BPI levels did
correlate with mortality with lower levels in survivors and the levels of most
inflammatory markers and AMPs had at day 4 decreased compared to at
inclusion at the ICU.

The levels of most AMPs correlated to the levels of MPO suggesting
neutrophils as the main source of AMPs in the circulation. The levels of most
AMPs correlated with the levels of IL-10 but not IL-6. This could be due to the
fact that the measurements were made in plasma collected within the first 24 h
in ICU and that many sepsis patients at that stage had already suffered from the
condition for several days. It is probable that in these patients, the IL-6 levels
had already passed their peak in favour of later appearing cytokines such as IL-
10 [63].

Taken together, these results mainly confirm previous findings. The most
interesting finding might be the absence of any alteration in LL-37 levels in
sepsis patients despite that the increased lactoferrin levels suggest release of
neutrophil specific granule content. In paper II we demonstrated that LL-37
binds to GAG. Sepsis patients were found to have higher GAG levels than
controls. It can therefore be speculated that a larger fraction of plasma LL-37 is
bound to GAG in these patients. This could block the epitopes of LL-37
important to recognition by the antibodies employed in the LL-37 ELISA. Pilot
experiments demonstrated, however, that addition of GAGs at relevant
concentrations did not affect the recovery of the ELISA. Furthermore, both
GAG levels and levels of LL-37 were measured in 20 patients and there was
neither a positive nor a negative correlation between the two parameters. We
could not find any correlation between levels of AMPs and infectious agents
(Table 7), which may be due to the limited material.

Table 7. Infectious agent found in blood culture from the sepsis patients. Note that
a positive blood culture was obtained in only 16 out of 31 patients.

Infectious agent Gram +/ Gram - Number of patients
Escherichia coli Gram - 5
Streptococcus pneumoniae Gram + 4
Enterococci Gram + 3
Coagulase-negative staphylococci Gram + 2
Pseudomonas species Gram - 1
Enterobacter species Gram - 1
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Contact system activation in severe sepsis/septic shock

The contact system is a cascade system of enzymes in the blood, which upon
activation produce bradykinin by cleavage of the precursor HK. Bradykinin
increases vessel permeability and is an effective vasodilator, and has therefore
been proposed as an actor in the innate immune system and in the
patophysiology of septic shock [42, 64, 65]. Contact system activation also
yields antimicrobial peptides, which would be beneficial in fighting the
microbes [66]. The patients in Paper IV represents a group with severe sepsis
and circulatory disturbances and therefore in need of intensive therapy at the
ICU. Based on the literature, demonstrating contact system activation in sepsis
patients, one would expect high levels of bradykinin but only a few studies
have presented actual bradykinin levels and the results are inconclusive (please
see background). As expected we found a lower level of HK in sepsis patients
compared to controls, indicating contact system activation and subsequent HK
consumption (Figure 10).
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Figure 10. Plasma levels of high-molecular-weight kininogen (HK) in sepsis patients and
controls. The median HK level was significantly lower in sepsis patients (n = 25) compared
with controls (A, P < 0.001, n = 23). Among the sepsis patients, the median HK level was
significantly lower in the patients who died within 90 days post submission (z = 10) compared
to the survivors (B, P =0.003, n = 15). At day 4 there was no statistically significant difference
between median HK level compared to at inclusion (C, n =9).
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The HK levels did not differ statistically significantly four days later compared
to at inclusion although all but one patient had restored levels. HK levels at
inclusion were lower in non-survivors than survivors and negatively correlated
to severity of circulatory derangement. Taken together this clearly shows that
the contact system was more heavily activated in the most affected patients.
Our findings of lowered levels of bradykinin in these patients are therefore
notable (Figure 11). The most plausible explanation is that in these patients, the
contact system is depleted and lacking substrate, due to a process that has gone
far already before the patient enters the ICU ward. Therefore, as already
suggested [67] therapy aiming at damping the contact system activation in this
patient group would probably be ineffective.
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Figure 11. Plasma levels of bradykinin in sepsis patients and controls. The median bradykinin
level was significantly lower in sepsis patients (n = 29) compared with controls (A, P < 0.025,
n = 25). There was no statistically significant difference in median bradykinin levels between
surviving and dead sepsis patients (B) or at day 4 compared to at inclusion (C). The median is
indicated with a horizontal line, and the symbols represent individual patients.
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CONCLUSIONS

The human antimicrobial peptide, LL-37, induces endothelium-dependent
relaxation in human omental veins mediated via the endothelial receptor ALX.
The relaxation involves the release of nitric oxide and EDHF but not
prostanoids. LL-37 released from white blood cells could thus contribute to
blood vessel dilatation during sepsis and treatment with ALX antagonists might
be successful.

Plasma levels of GAG and syndecan-1 are increased in septic shock patients
and the GAG level correlates to mortality. GAG, at concentrations present in
the sepsis patients with a poor prognosis, inhibits plasma antimicrobial activity
in vitro. The high levels of GAG could therefore be harmful to these patients
by undermining the effectiveness of innate immunity.

Plasma levels of several AMPs, but not LL-37, are increased in patients with
severe sepsis and correlate to circulatory derangement. This probably reflects
neutrophil activation as a part of an innate immune response.

Within 24 hours after admission to ICU, plasma levels of bradykinin are
decreased in patients with severe sepsis compared to controls. Low HK
concentrations suggest previous contact system activation, which can explain
the decrease in bradykinin levels due to substrate depletion. This challenges the
role of bradykinin in the pathophysiology of severe sepsis.
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POPULARVETENSKAPLIG SAMMANFATTNING

Sepsis, eller blodforgiftning, ar ett hogst allvarligt tillstdind med en pataglig
inflammation 1 hela kroppen som svar pa en infektion. Blodkérlens védggar blir
som sdll” och okar dirmed genomsléppligheten, inte bara for vétska, utan
dven for partiklar av olika storlek och dignitet. Av detta foljer svérigheter att
uppritthélla ett tillrackligt blodtryck och darmed att sikerstilla syrgastillforseln
till kroppens olika organ, vilket 1 sin tur bidrar till den utmaning narkosldkaren
stlls infor d& patienten kommer till intensivvardsavdelningen (IVA).

Trots langvarig och intensiv forskning, som gett 6kad kunskap om sjukdomens
orsak och forlopp och dirmed tillgdng till forbéttrad medicin och teknik, &r
dodligheten 1 blodforgiftning alltjaimt hog. Man kan finna dédlighetstal som
varierar mellan 25 % och 50 %. Det faktum att vi har en 6kande motstdndskraft
hos bakterier mot antibiotika parallellt med att vi i 6kad omfattning opererar in
frimmande material i vara kroppar, har gjort att de bakterier eller andra
mikroorganismer som orsakar sjukdomen kan dyka upp i ny skepnad.

Den viktigaste behandlingsstrategin vid blodforgiftning &r att ta pd sig sin
”Sherlock Holmes-mossa” (lamna pipan dédrhin!) och finna den bakomliggande
orsaken, alltsd vilken mikroorganism &r skyldig, och snarast paborja ritt
antibiotikabehandling. Olyckligtvis 4r mikroorganismer ibland “hala sma
rackare” som vet att forsvara sig, till exempel genom att &ndra sitt utseende lite
grann, och pa séd vis som redan ndmnts, bli resistenta mot antibiotika. Men var
kropp dr ocksa nagonting enastdende fantastisk. I blodet finns ett slags celler,
vita blodkroppar, som utgor en del av vér kropps forsvar. En sérskild bataljon
heter neutrofiler och har formégan att tillverka kroppsegna bredspektrum-
antibiotika, “antimikrobiella peptider”, ”AMPs”. Att forsta mera om hur AMPs
fungerar och regleras adr nigot av en utmaning for forskarna men kan bli
framtidens behandling av blodforgiftning.

I denna avhandling studeras huruvida LL-37, en slags AMP, formar att slappa
av blodkdrlen och ddrmed bidra till det blodtrycksfall vi ser wvid
blodforgiftning. Vi fann att sd var fallet och kartlade en del av mekanismerna
som ligger bakom.

Likasé har man 1 tidigare studier av kroniska sir, sett en 6kad niva av ett slags
sockerkedjor, glykosaminoglykaner, GAG, som &dven finns kirlviggen. Vi ville
dérfor undersoka om liknande 6kning kan ténkas finnas i blodet hos véara [VA-
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patienter med blodforgiftning och om det i si fall kunde kopplas till
allvarlighetsgraden och dddligheten 1 sjukdomen. Vi fann GAG vara klart
forhojd hos patienterna, sirskilt hos dem som dog.

I en tredje studie métte vi nivder av olika AMPs, hos patienter med
blodforgiftning, for att forsoka finna en eventuell koppling till hur paverkad
blodcirkulatonen var eller till risken att avlida i sjukdomen. Studien bekréftade
tidigare fynd.

Slutligen ville vi studera sepsispatienternas blodnivaer av bradykinin, som ar
en kraftigt verkande kroppsegen “kérl-vidgare” och ansetts bidra till
blodtryckssdnkning. Man har tidigare visat att bradykinin aktiveras vid
inflammation. Vi kunde inte uppmaéta forhojda nivaer bradykinin hos patienter
med svar blodforgiftning, det vill sdga patienter med paverkan pa blodtryck. Vi
menar darfor att bradykinin sannolikt redan har spelat ut sin roll nér patienten,
som har blodforgiftning, har kommit till det stadium dér blodcirkulationen &r
hotad.
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