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Leukocyte-mediated tissue damage is a key feature in septic lung injury. Accumulating data suggest that
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causes significant pulmonary damage characterized by neutrophil infiltration, increased levels of CXC
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the bronchoalveolar space and edema formation as well as up-regulation of Mac-1 on neutrophils. However,
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mediator of neutrophil activation and recruitment in abdominal sepsis and this platelet mediated neutrophil
activation was indirect and mediated via formation of MIP-2 and CXCR2 signaling. In addition, we observed a
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revealed that activated platelets up-regulate surface expression of MMP-9 and that inhibition of MMP-9
decreased platelet shedding of CD40L. Use of MMP-9-deficient mice suggested that MMP-9 regulates platelet
CD40L shedding in abdominal sepsis. Moreover, pulmonary infiltration of neutrophils as well as edema
formation and lung injury were markedly decreased in septic animals lacking MMP-9. Plasma levels of MMP-9
were significantly increased in patients with septic shock compared to healthy controls. Taken together,
platelets regulate neutrophil activation in abdominal sepsis via MMP-9-dependent shedding of platelet-derived
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APC allophycocyanin

CARS compensatory anti-inflammatory response syndrome
CD cluster of differentiation

CLP cecal ligation and puncture
CXCL2/MIP-2 macrophage inflammatory protein-2
DAMPs damage-associated molecular patterns
ECM extracellular matrix

ELISA enzyme linked immunosorbent assay
FACS fluorescence activated cell sorting
FITC fluorescein isothiocyanate

ip. intraperitoneal

iv. intravenous

ICAM-1 intercellular adhesion molecule-1

ICU intensive care unit

IL interleukin

KC cytokine-induced neutrophil chemoattractant
kD kilo Dalton

LFA-1 lymphocyte function antigen-1

LPS lipopolysaccharide

LRRs leucine-rich repeats

LTA lipoteichoic acid

Mac-1 membrane activate complex-1

MCP-1 monocyte chemotactic protein-1

MFI mean fluorescence intensity

MMPs matrix metalloproteinases

MOF multiple organ failure

MPO myeloperoxidase

NF-kB nuclear factor kappa B

NOD nucleotide-binding oligomerization domain
PAMPs pathogen-associated molecular patterns
PAMPs pathogen-associated molecular patterns
PE phycoerythrin

PF-4 platelet factor-4

PG peptidoglycan

PMNL polymorphonuclear leukocyte

PRRs pattern recognition molecular receptors
PSGL-1 P-selectin glycoprotein ligand-1

ROS reactive oxygen species

s.c. subcutaneous

SEM standard error of the mean

SIRS systemic inflammatory response syndrome
TIMPs tissue inhibitors of metalloproteinases
TLR toll-like receptor

TNF-a tumor necrosis factor-o

VCAM-1 vascular cell adhesion molecule-1
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Introduction

Sepsis describes a complex clinical
syndrome that results from body’s
systemic response to infection [1]. Sepsis
develops when the initial, appropriate host
response to an infection fails and becomes
amplified, and then dysregulated [1-3]. It is
considered as one of the leading cause of
death across the world and highest in non-
coronary intensive care units. The
documented incidence was approximately
3.0 cases per 1,000 populations in North
America [4, 5]. The mortality rate is
generally between 30-40% in the elderly
and 50% or greater in patients with more
severe syndrome, septic shock [1, 5]. The
annual cost for sepsis is €7.6 billion in
Europe and €17.4 billion in the US [4, 6].
The major cause of mortality in patients
with sepsis is multiple organ failure.
Patients usually develop a single organ
failure, typically acute Ilung injury
followed by the failure of other organs, for
instance, the liver and kidney, resulting in
multiple  organ  dysfunctions [1].
Management of patients with sepsis is
largely limited to supportive therapies,
which is partly due to an incomplete
understanding of the underlying patho-
physiology [7, 8].

Abdominal sepsis is characterized by
intestinal perforation in which toxins and
microbes contaminate the abdominal
cavity [9, 10]. Fecal bacteria stimulate
local production of various pro-
inflammatory  substances, which are
subsequently released into the circulation.
Moreover, bacteria can directly invade the
gut-blood  barrier and trigger an
inflammatory host response in the vascular
compartment [11]. In general, neutrophils
constitute body’s first line of defense
against invading microorganisms. They are
able to eliminate harmful pathogens by
their ability to rapidly exit blood vessels
and migrate to extravascular sites of
infected organs [12, 13]. However,
excessive activation and accumulation of
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neutrophils cause pulmonary tissue
damage in sepsis [14-17]. The complex
signalling cascades triggering neutrophil
activation and recruitment in the lung by a
mixed bacterial flora and their released
products are largely unknown [18, 19].
Numerous studies have shown that
inhibition of neutrophil recruitment may
protect against sepsis-induced lung injury
[16, 17,20].

Platelets are considered to be
essential for haemostasis, thrombosis and
wound healing, but a growing body of
evidence indicates that platelets play a role
in inflammation and tissue injury [21-24].
Of interest, some recent studies have
reported that platelets may exert a
supportive role in the recruitment of
leukocytes in the microvasculature [22, 25,
26]. The ability of platelets to store,
produce and release several  pro-
inflammatory  and  anti-inflammatory
factors, make it an important modulator of
other immune cells function [24, 27]. The
mechanism  behind  platelet-dependent
pulmonary recruitment of leukocytes in
abdominal sepsis is remained to be
elucidated.

Background

Sepsis

Sepsis is characterized by body’s host
response to an infection. This host
response is known as systemic

inflammatory response syndrome (SIRS)
and is characterized by an elevated or
lowered body temperature, i.e. under 36
°C (97 °F)or over38 °C(100°F), an
elevated heart rate (above 90 beats per
minute), high respiratory rate (above 20
breaths per minute or a partial pressure of
carbon dioxide in the blood of less than 4.3
kilopascals), abnormal white blood cell
counts (above 12 x 107 per liter) [28, 29].
Sepsis is differentiated from SIRS by the
presence of a known or  sus-
pected pathogen. Severe sepsis arises when
sepsis is  associated  with  organ
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dysfunction, hypotension, organ
hypoperfusion, and septic shock develops
when sepsis is associated with hypotension
despite  adequate  fluid resuscitation
[29]. The clinical appearance of a patient
with SIRS due to infection and other
causes, for example, burns, polytrauma,
chemical pneumonitis and pancreatitis, is
similar. Sepsis is a medical emergency due
to an interruption of oxygen and nutrients
to the tissues of vital organs such as brain,
intestine, liver, kidney and lung.

Pathogenesis of Sepsis

Microbial components

The initiation of complex signaling
cascades of immune system by bacteria or
bacterial components is very complex.
Bacterial motifs which are recognized by
innate immune system are called pathogen-
associated molecular patterns (PAMPs)
[30]. A microbiological diagnosis revealed
that about 60% of the cases are caused by
gram-negative bacteria and remainders are
caused by gram-positive bacteria [31].
Lipopolysaccharide (LPS; also known as
endotoxin) of gram-negative bacteria play
the dominant role in immunepathogenesis
of sepsis. The LPS molecule is embedded
on the outer membrane of bacterial lipid
bilayer and the lipid A portion of this
molecule is the most toxic part and
involved in the activation of host cells [1,
32]. It has the ability to directly activate
host immune cells i.e. macrophages,
endothelial cells, and complement, leading
to the release of several pro-inflammatory
mediators including TNF-o, IL-1, IL-6,
high-mobility group box-1 (HMGB-1),
macrophage migratory inhibitory factor
(MIF), platelet-activating factor (PAF),
nitric oxide (NO), complements and
eicosanoids [33-36]. LPS causes cardiac
dysfunction and decreased systemic
vascular resistance, leading to shock and
death [18, 37]. CD14/TLR4/MD2 receptor
complex of host cells is involved in the
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recognition of most gram-negative bacteria
and their products [38].

Microbial products from gram-
positive bacteria including lipoteichoic
acid (LTA), peptidoglycan (PG), flagellin,
microbial DNA can binds to cell surface
receptors and stimulate for cytokine
production [39, 40]. CD14/TLR2 receptor
complex is involved in binding with these
components. Some of the gram-positive
bacteria can produce potent exotoxins.
Toxic shock syndrome toxin-1 (TSST-1)
of staphylococcus aureus and pyrogenic
exotoxins from streptococcus pyogenes
have been reported to induce IL-1 and
TNF- a production from human monocytes
[41, 42]. Staphylococcal enterotoxins,
enterotoxin A is considered to be more
potent than TSST-lin its ability to cause
fever, cachexia, multiple organs
dysfunction and death [43]. In addition to
other classical immune cells, platelets are
also susceptible to gram-positive bacteria
and their toxins, after exposure platelets
reported to secret granular constitutes such
as PF-4, sCD40L, RANTES [44, 45].

It has been reported that different
toxins from gram-negative or gram-
positive organisms activate the host
immune system in a distinctly different
manner. For example, LPS reported to
activate macrophages and stimulate TNF-a
production [46, 47], whereas superantigens
from gram-positive bacteria do not
provoke clear-cut TNF-a production but
activate primarily T-lymphocytes casing
FasL-dependent apoptosis [48]. However,
activation of immune system during
polymicrobial sepsis by mixed bacterial
flora is much more complex and largely
unknown [18, 19].

Host recognition and pro-inflammatory
response

The discovery of LPS receptor is a sig-
nificant step toward the understanding of
host response to an infection. Toll like
receptors (TLRs) are essential members of
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Figure 1. A simple schematic illustration of pathophysiology of sepsis.

a family of pattern recognition receptors
(PRRs) that alert the innate immune
response system to the presence of a
microbial invader. It was first discovered
in Drosophila in 1985 by Christiane
Nisslein-Volhard [49]. Innate immune
function lacks the precision like adaptive
immune system; however, it compensates
that lack by its ability of phagocytosis and
clearance of pathogens by its cellular
components  such as  neutrophils,
monocytes, macrophages, and natural
killer cells [50, 51]. The transmembrane
part of TLRs involved in the detection of
LPS and many other microbial mediators,
such as PG, lipopeptides, and LTA [52-
54]. Injury of host components in sepsis

causes cell lysis, thus releases many pro-
inflammatory damage-associated
molecular pattern molecules (DAMPs).
DAMPs in turn stimulate PRRs such as
TLRs or NOD-like receptors (NLRs) [55].

There are some other pattern-
recognition molecules such as alternative
complement components [56], mannose-
binding lectin [57], and CD14 [58].
Originally CD14 is identified as the
essential co-receptor that mediates LPS
dependent activation of monocytes but
later it is shown that it can be activated by
PG [59]. CDI14 is also found in the
circulation as a soluble CD14 (sCD14) and
many cells which are constitutively CD14
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negative such as dendritic cells,
fibroblasts, and vascular endothelium cells,
can respond to LPS by interacting with
sCD14 [60]. Ten major human TLRs and 2
NLRs have been identified by genome
researcher so far. TLR4 is the primary LPS
receptor whereas TLR1, TLR2, and TLR6
recognize an array of other microbial
mediators that serve as PAMPs. TLRS
recognizes bacterial flagellin from either
gram-negative or gram-positive bacteria.
TLR9 recognizes unmethylated CpG
motifs found in bacterial DNA. The natural
ligand for TLR10 is not identified yet.
Recently monocytic intracellular proteins
NOD1 and NOD?2 have been identified to
bind and confer responsiveness to LPS and
PG [61, 62].

Ligands binding with the receptors
leading to the activation of transcription
factors, such as nuclear factor kB (NK-
kB), activator protein 1, interferon
regulatory factor 3 [63, 64]. Activation of
transcription factors induce de novo
expression of multiple genes, leading to
the production and release of inflammatory
molecules; including, cytokines,
chemokines, adhesion molecules, and
clotting factors [64]. NOD-1 and NOD2
are cytosolic proteins also known as
CARD4 and CARDIS5 respectively. NODI
or NOD2 interact with RICK (also known
as Rip2 or CARDIK) protein to form a
signaling platform-the inflammasome that
signals via caspase-1 resulting in the
induction of IL-1f and IL-8 [62].

Anti-inflammatory response

Animal as well as clinical studies have
shown that the initial hyper-inflammatory
response in sepsis is quickly followed by a
sustained counter-inflammatory state [65,
66].  Counter-inflammatory  cytokines
including IL-10 and antagonists such as
soluble TNF receptors and IL-1 receptor
antagonist, decoy receptor such as IL-1

receptor type II and inactivation of
complement cascade and anti-
inflammatory  cytokines resulted in
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immunosuppression or immunoparalysis in
sepsis. During this hypo-inflammatory
phase immune system is unable to mount
appropriate host-defense responses against
pathogens known as compensatory anti-
inflammatory response syndrome (CARS)
[67, 68]. CARS increased susceptibility to
infections which are the most common
cause of mortality of septic patients [68].
It is characterized by loss of phagocytic
function, decreased major histo-
compatibility complex type II, loss of
delayed type hypersensitivity response
where T-cells undergo apoptosis as well as
fail to proliferate and produce interferon-y
(IFN-y) [66, 69, 70]. Thus, resulting in loss
of important cross talk between innate and
adaptive immune systems [65, 71].
Moreover, several studies have reported
that the number of regulatory T-cells
increase during CARS which further
reduce the ability of the immune system to
mount anti-bacterial responses [72, 73].
Some investigators believe that it is the
counter-inflammatory response that cause
an insufficient host defense against
infection and resulted in progressive organ
failure and death in sepsis [51, 74].

Organ failure

The pathogenesis of organ dysfunction in
sepsis is poorly understood. Tissue
perfusion and hypoxia considered as main
factors of organ failure [1, 75, 76].
Although immune system is the motor of
multiple organ failure (MOF), gut is
proposed to be one of the major pistons
that turns this motor [77].  Clinical
observations explored that bacteremia,
sepsis, and MOF could exist even in the
absence of an identifiable focus of
infection [77]. Several human and animal
studies favor an association between gut
barrier failure and bacteria or bacterial
toxins translocation, and then development
of multiple organ failure [78-80]. In this
context, it is important to note that lung is
the most sensitive and critical end-organ in
abdominal sepsis and lung injury constitute
significant cause of mortality in spite of



aggressive surgical interventions, antibiotic
and immunomodulating therapies [I18].
Failure of gut barrier allows passage of
bacteria and endotoxin from the gut lumen
to the portal or systemic circulation which
in turn leads to local activation of the
immune inflammatory system and the local
production of cytokines and other immune
inflammatory mediators [77]. Disorders of
coagulation system due to activation of
coagulation  pathways by  bacterial
components are common in sepsis [81].
Activation of coagulation pathways
resulted in series of proteolytic cascades,
and the net result is enhanced fibrin
deposition, thus cause microvascular
occlusion and accumulation of tissue
exudates  resulting in  inadequate
oxygenation and disorders in homeostasis
of microvascular [1]. Excessive neutrophil
infiltration also causes tissue damage by
releasing lysosomal enzymes and reactive
oxygen species [48, 82]. Pro-inflammatory
cytokines, in particular IL-1 and IL6 are
the main inducers of coagulation cascades.
Increased synthesis of nitric oxide by
cytokines contributes to the hypotension
and resistance to vasopressor drugs that
result in vasodilatory shock [83].

Leukocyte recruitment
Chemokines

Chemokines are low molecular weight (8-
10 kD) chemotactic cytokines that
involved in leukocytes recruitment by
activating and regulating integrins via G-
protein coupled  receptors called
chemokine receptor [84, 85]. Although
chemokines are essential for host defense
against bacteria, overproduction of these
mediators has been shown to play an
important role in the pathogenesis of
sepsis. Two major subfamilies, CXC and
CC chemokines have been investigated
mostly in  sepsis. However, CXC
chemokines are most studied neutrophil
chemoattractant in sepsis [86-89]. In
humans, systemic administration of
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endotoxin in healthy volunteers leads to
increase of IL-8 levels [90]. Furthermore,
human PMNs are shown to response to
CXC chemokines, IL-8RA and IL-8RB
[91, 92]. In mouse CXC chemokines, KC
(cytokine-induced  neutrophil ~ chemo-
attractant, mouse IL-8 homologs) and
MIP-2 (macrophage inflammatory protein
-2) have been reported to attract leukocytes
[85, 93, 94] and share a common receptor,
CXCR2 [86]. Furthermore, expression of
CXCR2, but not CXCRI1, has been shown
to be reduced on neutrophils of septic
shock patient [95] and CXCR2 also found
to be elevated in the lung and plasma in
sepsis [86]. Mice deficient of CXCR2 or
treated with CXCR2-specific antagonist
have been shown to be protective against
sepsis [96, 97]. Blockade of CXCR2 by an
inhibitor  reduced  polymorphonuclear
influx, lung protein leakage and the lung
tissue level of KC and MIP-2 in septic
animal [86].

Adhesion molecules

Leukocytes  recruitment  from  the
circulation to the inflamed tissue is a
complex and multi-step process. Most of
the literatures describe this process as
initial tethering, rolling and adhesion on
the endothelium, and finally transmigration
[14, 98]. All of these steps are mediated by
close interaction between leukocytes and
microvascular endothelial cells. Rolling of
leukocytes on the surface of endothelium is
mediated by the selectin family of
adhesion molecules including P- selectin
(CD62P), E-selectin (CD62E) and L-
selectin (CD62L) and their corresponding
ligands and generally considered as the
first step of this multistep process [99,
100]. Leukocytes are considered to roll
when their velocity is approximately 50
times lower than the base line [101]. Many
pro-inflammatory agents like TNF-a,
histamine, leukotrienes have been reported
to regulate rolling by controlling the
upregulation of P-selectin [104, 105].

However, rolling is not a prerequisite for
subsequent adhesion and transmigration in
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narrow lumens, for example, in liver
sinusoids, lung capillaries [102, 103].

The rolling phase of leukocytes can
be shifted towards an irreversible firm
adhesion stage, if appropriate chemotactic
stimulus is present. Leukocyte arresting on
vascular beds is predominantly mediated
by integrins which binds with their
constitutive or inducible ligands [106].
Integrins are expressed on the surface of
leukocyte at a low affinity state but in the
presence of appropriate stimulus they are
activated to mediate firm adhesion [106,
107]. The adhesion molecules are [32-
integrins composed of B-subunit (CD18)
and different type of a-subunits (CD1la-
d). An abundant amount of integrins are
expressed on the surface of leukocyte
comprising LFA-1, CDlla), membrane
activate complex-1 (Mac-1, CDI11b),
p150,95 (CDll1c) and less abundant adp2
(CD11d). When activated these integrins
bind with their transmembrane
glycoproteins ligands which are members
of the immunoglobulin superfamily
namely ICAMs (ICAM-1 to ICAM-5),
vascular  cell adhesion  molecule-1
(VCAM-1) and junctional adhesion
molecules (JAMs) [108].

Some investigators have shown that
ICAM-1 is important in supporting
neutrophil recruitment in the lung during
sepsis [15, 109]. It has been shown that
LFA-1 and Mac-1 play an important role
in abdominal sepsis by supporting
pulmonary infiltration of neutrophils [17].
Furthermore, ICAM-1 is known to interact
with both LFA-1and Mac-1 for firm
adhesion in a stimulus and organ
dependent manner [16, 110, 111]. One
recent study has reported that LFA-1 may
involve in first stable contact and Mac-1
may involve in more established adhesion
with endothelium cells in inflamed organs
and inhibition of either one would be
sufficient  to  reduced  neutrophil
recruitment [112].
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Platelets in inflammation

Platelets or thrombocytes are small (2—
3 um diameters) and irregularly shaped
cell fragments. They are produced as
fragments of megakaryocyte through an
endomitotic process rather than by
straightforward cellular duplication [113].
Platelets are lack of nucleus but they do
process  mitochondria,  residual  of
endoplasmic reticulums, network of actin
and myosin filaments. Under normal
condition, platelets are preferentially
circulated along with the vessel wall
without any interactions [114, 115]. In
response to stimuli (such as thrombin,
trypsin, collagen, adenosine diphosphate,
epinephrine, arachidonic acid metabolites,
PAF and vasopressin), platelets are

transformed irreversibly from its discoid
shape to extend numerous pseudopodia
and become highly adhesive to each other
or to other cells [116].

Figure 2. Scanning electron microscope images
of resting (a) and activated (b) platelets
(Courtesy: David Erlinge).

Platelet activation is accompanied by
secretion of numerous substances from
their specialized granules. They contribute
to the inflammation process either by
direct interaction with other immune cells
or by secreting inflammatory mediators
[24, 117, 118]. 1In addition to
mitochondrial lysosomes and peroxisomes,
platelets contain o-granules and dense
granules. The o-granules are the largest
and most common, containing a number of
factors, including P-selectin, factor V,
factor VIII, von Willebrand factor,
thrombospondin, fibronectin, fibrinogen,
p-thromboglobulin, PF-4, and platelet-
derived growth factor. The a-granules also
reported to contain MMP- 2 and 9 [117,
119, 120]. The dense granules contain



several vasoconstrictive agent and pro-
inflammatory molecules such as adenosine
and guanine nucleotides, calcium,
histamine, and serotonin. The cytoplasm
can contain a number of other substances,
including serotonin, epinephrine,
norepinephrine,  nitric  oxide, and
cytokines, such as transforming growth
factor-f, vascular endothelial growth
factor, CD40L and IL-1p. Thus, release of
platelet contents may have contributions
on attracting neutrophils and leukocytes, in
mediating ongoing inflammatory responses
such as in sepsis.

Accumulating data suggest that
platelets play important roles in several
diverse processes. In addition to their
classical role in homeostasis and
thrombosis, platelets can recruit leukocytes
and progenitor cells to sites of vascular
injury [27, 121]. For example, depletion of
platelets has been shown to decrease
leukocyte accumulation in models of
localized inflammation in the lung and
liver [122, 123]. Leukocytes activated by
interactions with platelets also reported to
release granular contents such as MPO
[117, 124]. Activated platelets described to
regulate endothelial expression of I[CAM-1
and adhesion of neutrophils [118, 125]. It
is also shown that platelets deposit pro-
inflammatory compounds, such as CCLS5
and PF-4 on inflamed endothelium and
thereby promote local recruitment of
leukocytes [126]. In mice, pretreatment
with anti- platelet drug such as clopidogrel
prior to administration of LPS prevents
thrombocytopenia; reduce lung fibrin
accumulation [127].

CDA40L in inflammation

CD40 ligand (CD40L, CD154, TRAP) is a
trimeric 33 kD transmembrane protein
[128, 129]. It was first identified on CD4"
T-lymphocytes [2], and shown to be
involved in T cell dependent humoral
immunity by interaction with CD40
expressed on B lymphocytes [130]. CD40L
is also present on platelets, monocytes,
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macrophages, and endothelial cells [131-
133]. Platelets are estimated to contain
more than 95% of the CD40L in the
circulatory system [134]. A small amount
of CD40L is expressed on the surface of

Table 1. Schematic features of CD40L
(SwissProt).

Description Length Positions Graphical view
(amino acid)  (amino acid)

CD40 ligand 261 1-261 I

Cytoplasmic domain 22 1-22 —

Transmembrane 24 23-46 +-—

Extracellular domain 215 47-261 — —

Soluble CD40 ligand 149 113-261 ——

unstimulated platelets, but within minutes
of activation CD40L is expressed on the
surfaces of activated platelets in vitro
[135]. CDA4OL is subsequently cleaved
from the platelet surface as an 18 kD
soluble  fragment (soluble CDA40L,
sCD40L, or sCD154) that remains trimeric
and contains a TNF-homologous domain
[136, 137]. The trimeric form of sCD40L
has structural domains which are
considered important for its biological
multi-functionality. For example, TNF
homology domain is important for binding
with CD40. The lysine-arginine-glutamic
acid (KGD) motif binds with glycoprotein
GPIIb/Illa and the trimeric structure of
CDA40L involves in induction of signaling
reactions when binds with receptors [134].

CD40L expressed on the surfaces of
activated platelets is capable of initiating
various inflammatory response, including
expression of tissue factor, up-regulation
of various adhesion molecules (ICAM-1,
VCAM-1, E-selectin), and release of
chemokines (MCP-1, IL-6, IL-8) [125,
138]. Like TNF-0, CD40L on platelets is
reported to induce endothelial cells to
secrete chemokines and express adhesion
molecules, thereby involve in recruitment
and extravasation of leukocytes at the site
of injury [138]. Increased levels of
sCD40L are detected in patients with
cardiovascular  diseases, inflammatory
bowel disease, as well as autoimmune
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diseases [139-141]. It is also proposed that
sCD40L may involve in self-perpetuating
feedback loop which is closely associated
with platelet regulatory functions such as
secretion of a-granules and dense granules,
activation of integrin 33, and morphologic
changes in resting platelets [137, 142]. The
physiologically important cleavage event
that releases sCD40L from the platelet
surface is believed to be catalyzed by an
unidentified MMP activity [136, 143].

Matrix Metalloproteinases in infla-
mmation

MMPs comprise a large family of more
than 25 structurally and functionally
related Ca®" containing and Zn®" dependent
endopeptidases [144]. MMPs are capable
of cleave protein components of
extracellular matrix (ECM) and non-ECM
molecules such as growth factors and their
receptors, chemokines, cytokines, adhesion
molecules and surface receptors [145].
They belong to a larger family of proteases
known as metzincin superfamily and
involve in fundamental process such as cell
proliferation, differentiation, adhesion,
migration, angiogenesis, apoptosis, and
inflammation. Based on ECM specificity
they have been divided into following
major classes— collagenases, gelatinases,
stromelysins, and matrilysisns. They are
multi-domain proteins and their activity is
tightly control by compartmentalization
and inhibited by their natural inhibitors
(TIMPs) or by acute-phase reactant o,-
macroglobulin [144]. Loss of control may
lead to an imbalance of MMPs activities
with implication of disease processes
[146].

MMPs were initially discovered to
play an exclusive role in cancer; however,
overexpression of MMPs in many
pathological conditions suggested their
involvement in the pathophysiology of
inflammatory diseases [146-148]. For
example, MMP-9 levels are reported to
increase in healthy human volunteers after
injection of bacterial LPS [149], both pro-
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MMP-9 and pro-MMP-2 and active MMP-
9 were detected in the plasma of patients
with gram-negative sepsis [150], increases
levels of MMP-9 were detected in
experimental  pancreatitis [151], and
increase of MMP-7 and MMP-10 were
observed in the pulmonary infection with
pseudomonas aeruginosa [152]. In this
context it is important to note that MMP-9,
gelatinase B, is reported to be a complex
family member in terms of domain
structure and regulation of its activity
[153]. Most of the MMPs are released as
inactive proforms and activated in the
extracellular environment or at the cell
surfaces by proteolytic cleavage [146,
154]. Fibroblasts, endothelial cells, and
epithelial cells secret mainly MMP-1,
MMP-2 and MMP-9, whereas PMNs and
alveolar macrophages secret MMP-8 and
MMP-9 [154].

Platelets have been shown to express
MMP-1, MMP-2, MMP-3, MMP-9 and
their endogenous inhibitors TIMP-1,
TIMP-2, TIMP-4 [155-159]. Formation of
platelet-leukocyte complex have been
shown to be associated with expression
and activation of MMPs [160]. However,
the exact source of MMPs is not clear here,
could involve both cells. In addition,
platelets from patients with Crohn’s
disease have been shown to have increase
MMP-9  activity  [161].  Activated
platelets are also shown to release MMP-2
in the circulation of patients with acute
coronary syndromes [162]. In contrast,
platelet activation is shown to link with
MMP-9 activation in the coronary
circulation in acute myocardial infarction

[163].

Accumulating studies have shown
that  treatment with  broad-spectrum
inhibitors of MMPs not only attenuate
levels of cytokines and MMPs but also
reduce mortality in the experimental sepsis
models [164-166]. A number of synthetic
MMP inhibitors, such as phenanthroline,
BB94, MMP inhibitor-1, GM6001,
GW280264X and TAPI-2, have been



shown to inhibit platelet MMPs. Effect of
certain MMP inhibitors on platelets have
been shown to be effective in inhibition of
platelet adhesion, aggregation and GPIb
shedding in vitro. The efficacy of MMP
inhibitors is limited to MMP-dependent
platelet modulation and can be enhanced
by co-administration of classical inhibitors
of platelet function such as aspirin or ADP
blockers [155, 167]. Lack of selective
inhibitor is the main drawback to study a
specific MMP in inflammatory processes.

Treatment of sepsis

Human sepsis is a complex and evolving
disease. Despite overwhelming research
efforts and clinical trials, the management
of critically ill patients with sepsis is
largely supportive apart from antibiotic
therapies. The definition of patient
population and the timing of delivery of
potential therapy are critical in emergency
room setting [168, 169]. The initial
management includes supportive care to
correct physiological abnormalities, such
as hypoxia and hypotension and
distinguish sepsis  from  systemic
inflammatory response syndrome (SIRS)
for surgical procedure [8, 170, 171]. Many
anti-inflammatory  and  anti-coagulant
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drugs showing promising results in the
laboratory setting, fail to show significant
survival benefit in recent randomized
human trials [172, 173]. Concerns have
been expressed on the rapidity of progress
from the simple animal studies to clinical
trials without checking the efficacy of
potential therapeutic targets in a range of
models [174] and much of the preclinical
data was often based on lethal bacterial
toxin based studies which did not replicate
the septic patient status adequately [175].
Despite this, several therapies for treatment
of specific populations of septic patients
such as recombinant activated protein C
[176], low dose corticosteroids [177],
intensive insulin therapy [178] have been
shown to reduce mortality. However, each
of these approaches only improves septic
survival by 10% [179]. One reason might
be that sepsis manifests itself as multiple
processes, making therapeutic intervention
difficult. There has yet to be a therapy
offered that significantly modifies the
outcome of this disease. Therefore, an
improved understanding of immune-
pathology of sepsis is important to
facilitate the development of effective
therapy against sepsis.
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Aims

1. To determine the role of platelets in sepsis-induced leukocyte recruitment and lung
edema formation in polymicrobial sepsis.

2. To define the role of platelet-derived CD40L on activation of neutrophils and
pulmonary accumulation in abdominal sepsis.

3. To determine plasma levels of sSCD40L in patients with septic and non-septic shock.

4. To examine the role of MMPs in controlling CD40L release from platelets and
subsequent activation and infiltration of neutrophils in the lung in abdominal sepsis.

5. To determine the role of specific MMP in the regulation of platelet shedding of

CDA40L as well as neutrophil recruitment and lung tissue injury in abdominal sepsis.
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Materials and Methods

Animals

Experiments were performed using male
C57BL/6 wild-type, CD40L-deficient
(B6.129S2-Cd401gtm1 Tmx/J, Jackson
Laboratory, Bar Harbor, ME) male
C57BL/6  mice, MMP-9  deficient
(B6.FVB(Cg)-Mmp9tm1Tvu/J) male
C57BL/6  mice and recombination-
activating gene (RAG) gene-deficient
(B6.129S7-Ragltm1Mom/J, Jackson
Laboratory) male C57BL/6 mice weighing
20-25 g. Animals were kept on a controlled
room with 12 hours light-dark cycle. All
experimental procedures were performed
in accordance with the legislation on the
protection of animals and were approved
by the Regional Ethical Committee for
Animal  Experimentation at Lund
University, Sweden.

Experimental sepsis model

Several experimental animal models have
been used to study sepsis and sepsis
associated systemic inflammatory
response. However, cecal ligation and
puncture (CLP) model in rodents is
considered as the gold standard of
experimental sepsis research [19, 180,
181]. This model of sepsis is known to
closely mimic the pathophysiology of
septic human patients. However, one
major concern of CLP model is its
consistency. The underlying inflammatory
response and outcome of the CLP depends
on several factors i.e. the length of cecum
ligated, size of needle used and number of
punctures and fluid resuscitation. Thus, a
standardized performance of the CLP
procedure is ensured to develop a high-
grade of sepsis by ligating 75% of cecum
and puncturing twice with 21-gauge needle
in the anti-mesenteric side of the cecum.
(Positions of ligature and puncture are
shown in Figure 3).
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In brief, mice were anesthetized and the
lower quadrant of the abdomen was
disinfected with alcohol. The abdomen was
opened by midline incision to exteriorize
the cecum which was filled with feces by
milking stool backwards from the
ascending colon and a ligature was placed
below the ileocecal valve. Care was taken
not to breach or damage the mesenterial
blood vessels. The cecum was soaked with
PBS (pH 7.4) and then punctured twice
with a 21-gauge needle. The cecum was
then returned into the peritoneal cavity and
the abdominal wall was closed with a
suture. Sham mice underwent the same
surgical procedures, i.e., laparotomy and
resuscitation, but the cecum was not
ligated nor punctured. The mice were then
returned to their cages and provided with
food and water ad libitum. Animals were
anesthetized 4-24 hours after CLP
induction. The left lung was ligated and
excised for edema measurement. The right
lung was used for  collecting
bronchoalveolar lavage fluid (BALF) in
which the number of neutrophils were
quantified. Next, the lung was perfused
with PBS through the right ventricle of the
heart and one part was fixed in
formaldehyde for histology and the
remaining lung tissue was weighed, snap-
frozen in liquid nitrogen and stored at -
80°C for later ELISA and MPO assays as
described below.

Ligation g Puncture

Colon Cecum

lleocecal
valve

lleum

Figure 3. Schematic illustration of
characterized positions of cecal ligation and
puncture to induce high-grade sepsis.
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Patients

The study design was a single-center
prospective observational cohort study of
critically ill patients admitted to the mixed-
bed ICU of Malmé University Hospital,
Sweden between December 2005 and May
2008. The local ethics committee approved
the study and informed consent was
obtained from all patients or their next-of-
kin. In the study III, 9 healthy controls and
53 consecutive shock patients with or
without sepsis were included. In the study
V, 9 healthy controls and 29 consecutive
patients with septic shock were included.
For inclusion in the study, patients should
be aged over 18, fulfill the SIRS criteria
[29] and exhibit circulatory failure, defined
as failure to maintain mean arterial
pressure > 70 mmHg despite adequate
fluid resuscitation accordingly to the
surviving sepsis campaign algorithm [171].
Exclusion criteria were pregnancy,
abnormalities of coagulation, fibrinolytic
therapy, compromised immunity or a “Do
Not Resuscitate” order. Patients were
defined as septic or not based on standard
published criteria [176]. All patients were
enrolled into the study within 6 hours of
the diagnosis of shock. Sepsis was defined
as a known infection or a suspected
infection exhibiting one of following:
leukocytes in a normally sterile body fluid,
perforated  viscus, and radiographic
evidence of pneumonia in association with
the production of purulent sputum or a
syndrome associated with a high risk of
infection. Acute Physiology and Chronic
Health Evaluation (APACHE) II scores
[182] were calculated at admission. All
patients were treated according to
international guidelines for the manage-
ment of sepsis and septic shock [171].

Antibodies and biochemical subs-
tances

Animals were anaesthetized by intraperito-
neal (i.p.) administration of 7.5 mg
Ketamine  hydrochloride (Hoffman-La
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Roche, Basel, Switzerland) and 2.5 mg
xylazine (Janssen Pharmaceutica, Beerse,
Belgium) per 100 g body weight. To study
the role of platelets in abdominal sepsis,
1.0 mg/kg of a monoclonal antibody
directed against murine CD42b (GPlba,
rat 1gG, Emfret Analytics GmbH & Co.
KG, Wurzburg, Germany) was
administered ip. 2 h prior to CLP. To
evaluate the functional importance of
PSGL-1, Mac-1 and CD40L, monoclonal
antibodies directed against murine CD162
(PSGL-1, clone 2PHI, rat 1gG;), CD11b
(Mac-1, clone M1/70, rat IgGy,) and
CD40L  (clone MRI1, 10 mgkeg,
eBioscience Inc., San Diego, CA, USA),
were administered respectively and a non-
functional isotype-matched control
antibody (clone R3-34, rat IgG;) at a
concentration of 1.6 mgkg was also
administered in CLP mice. All antibodies
were purchased from BD Biosciences
(Pharmingen, San Jose, CA, USA) except
mentioned. Antibodies and PBS (100 pl)
were administered 7.v. immediately before
CLP induction. In order to delineate the
role of MMPs, a potent and broad-
spectrum hydroxamic acid inhibitor of
MMPs, GM6001 (Galardin, N-[(2R)-2-
(hydroxamidocarbonylmethyl)-4-methyl-

pentanoyl]-L-tryptophan ~ methyl-amide;
Calbiochem, Darmstadt, Germany) was
given (40 mg/kg) ip. 1 hour before the
CLP induction in study IV. In the final
study, a selective inhibitor of MMP-9
(MMP-9 inhibitor I, 10 uM) (Calbiochem)
was used for in vitro studies (Figure 4.
Chemical structures of MMP inhibitors).

Systemic
counts

leukocyte and platelet

Blood was collected from tail vein and was
mixed with Turks solution (0.2 mg gentian
violet in 1 ml glacial acetic acid, 6.25%
v/v) in a 1:20 dilution. Leukocytes were
identified as monomorphonuclear (MNLs)
and polymorphonuclear (PMNLs) cells in
a Burker chamber.
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Figure 4. Chemical structures of MMP inhibitors (calbiochem).

For platelets counting, blood was mixed
with Stromatol solution (Mascia Brunelli
spa, Viale Monza, Milan, Italy) in a
dilution of 1:500 after collecting from tail
vein and then counted in a Burker
chamber.

Lung edema

The left lung was excised, washed in PBS,
and gently dried using a blotting paper
before weighing. The tissue was then dried
at 60°C for 72 hours and re-weighed. The
change in the ratio of wet weight to dry
weight was used as indicator of lung
edema formation.

MPO activity

The enzyme MPO is abundant in PMNLs
and has been used as a reliable marker for
the detection of neutrophil accumulation in
inflamed tissue [183, 184]. In brief, frozen
lung tissue was thawed and homogenized
in 1 ml of 0.5% hexadecyltrimethyl-
ammonium bromide. Next, the sample was
freeze-thawed, after which the MPO
activity of the supernatant was measured.
The enzyme activity was determined
spectrophotometrically as the MPO-
catalysed change in absorbance in the
redox reaction of H,O, (450 nm, with a
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reference filter 540 nm, 25°C). Values
were expressed as MPO units per g tissue.

Enzyme linked immunosorbent assay

For measuring lung chemokines, the lung
sample was thawed and homogenized in
PBS. MIP-2 and KC were analyzed by
using double antibody Quantikine ELISA
kits (R & D Systems) using recombinant
murine MIP-2 and KC as standards. The
minimal detectable protein concentrations
are less than 0.5 pg/ml. For soluble CD40L
analysis, plasma was collected on ice using
citrate as anticoagulant and centrifuged for
20 minutes at 2000 x g immediately after
collection. An additional centrifugation at
10000 x g for 10 minutes at 4°C was
employed for complete removal of
platelets and stored at -20 °C for further
use. Plasma samples were then diluted
with a sterile buffer (10% fetal calf serum
in PBS, pH-7.4) and analyzed by using
commercially available ELISA kits (R & D
Systems). Plasma levels of sCD40L and
MMP-9 in septic patients were analyzed by
use of commercially available ELISA kits
(Bender MedSystems, Vienna, Austria),
using recombinant human CD40L and
recombinant human MMP-9 as standards,
respectively.
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Flow cytometry

Flow cytometry was performed for
analysis of the number of binding platelets
and Mac-1 expression on circulating
neutrophils (I, IT and IV) and for analysis
of CD40L (11, IV, V) and MMP-9 (V) on
platelets. Blood was collected into
heparinized syringes at 4 h post CLP
induction. Immediately after collection,
blood samples were incubated with an anti-
CD16/CD32 antibody blocking Fcy TII/IT
receptors in order to reduce non-specific
labelling for 10 min at room temperature
(RT) and then incubated with FITC-
conjugated 7/4 (clone 7/4, rat IgGa,,
abcam, Cambridge, CB4 0FW, UK), APC-
conjugated anti-Gr-1 (clone RB6-8C5, Rat
IgGy,) and PE-conjugated anti-CD41
antibodies (clone MWReg30, Integrin oy,
chain, rat IgG)) to detect the percentage of
neutrophil-platelet aggregates by
considering neutrophils as cells positive
for Gr-1 and 7/4 and platelets as CD41"
cells. Another set of samples were stained
with PE-conjugated anti-Gr-1 (clone RB6-
8CS5, rat IgGy,), FITC-conjugated anti-
CD41 (clone MWReg30, Integrin oup
chain, rat IgG;) and APC-conjugated anti-
Mac-1 (clone M1/70, Integrin oy chain, rat
IgGyp) antibodies to  detect surface
expression of Mac-1 on neutrophils. For
CD40L expression, blood samples or
platelets were incubated with FITC-
conjugated anti-CD41 (clone MWReg30,
integrin ollb chain, rat IgGl) and PE-
conjugated anti-CD40L (clone MRI,
hamster IgG, eBioscience, San Diego, CA,
USA) antibodies. Cells were fixed with 1%
formaldehyde solution; erythrocytes were
lysed using red blood cell lysing buffer
(Sigma Chemical Co., St. Louis, MO,
USA) and neutrophils and/or platelets were
recovered following centrifugation. For
MMP-9 expression analysis, platelets were
incubated with the anti-CD16/CD32
antibody for 10 min on ice followed by
staining with rabbit anti-mouse MMP-9.
This was followed by staining with FITC-
conjugated  anti-rabbit  IgG.  Flow-
cytometric  analysis was  performed
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according to standard settings on a
FACScalibur flow cytometer (Becton
Dickinson, Mountain View, CA, USA) and
a viable gate was used to exclude dead and
fragmented cells.

Intravital fluorescence microscopy

The lung microcirculation was examined
by using intravital fluoresce microscopy in
study IV. A midline laparotomy was
performed and extended to the side along
the lower border of the right rib cage from
the subxyphoidal to the midaxillary level.
Under transient lowering of the stroke
volume to 100 ul, the right diaphragm was
incised to create a right sided pneu-
mothorax. Then, the diaphragm was
stepwise coagulated and incised along the
ventral chest wall to the midaxillary level.
A parasternal thoracotomy was performed
up to the level of the 4™ intercostal space
after coagulating the internal mammary
and the intercostal vessels. By this, the
main part of the right thorax wall could be
averted to the side. During the preparation,
great care was taken not to directly
manipulate the lung tissue and the lung
surface was intermittently rinsed with
saline (37 °C). A micromanipulator was
used to fix a coverslip horizontally on the
surface of right lung. Horizontal
movements of the lung tissue could be
minimized by modulating a positive end-

Figure 5. Intravital fluorescence microscopy
used to study lung microcirculation.

expiratory pressure between 5 and 7 cm
H,O and adjusting stroke volume
(minimum 150 pl) and stroke frequency
(minimum 100 strokes/min). Immediately
after surgical preparation, the mice were



put on the microscopic stage. Intravital
fluorescence microscopy was performed
after retrobulbar injection of 0.1 ml 0.1%
rhodamine 6G (Sigma-Aldrich, Tauf-
kirchen, Germany) for direct staining of
white blood cells and 0.1 mL 5% FITC-
dextran (MW 150 000, contrast enhance-
ment; Sigma Chemical Co.). The
subpleural pulmonary microvasculature
was visualized by means of a modified
Olympus microscope (BX50WI, Olympus
Optical Co. GmbH, Hamburg, Germany)
equipped with a 100 W mercury lamp and
filter sets for blue (450-490 nm excitation
and > 520 nm emission wave length) and
green (530-560 nm excitation; > 580 nm
emission wave length) light epi-
illumination. Microscopic images were
televised by means of a charge-coupled
device video camera and recorded
digitally. By means of a 20x objective (NA
0.4) a magnification of x990 was achieved.
With this setup, all parts of the subpleural
pulmonary microvasculature, ie.
arterioles, venules and capillaries could be
identified. For the measurement of 3-5
venules and capillaries, Regions of Interest
(ROIs) were selected randomly in each
animal. Leucocyte rolling was determined
by counting the number of such cells
passing a reference point in the venule per
20 s. Firm adhesion was measured by
counting the number of cells adhering to

venular endothelium and remaining
stationary for 20 s.

Histology

Lung samples were fixed in 4%

formaldehyde phosphate buffer overnight
and then dehydrated and paraffin-
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embedded. Six pm sections were stained
with hematoxylin and eosin. In study V,
lung injury was quantified in a blinded
manner by adoption of a modified pre-
existing scoring system as described
previously (22), including size of alveolar
spaces, thickness of alveolar septas,
alveolar fibrin deposition and PMN
infiltration graded on a 0 (absent) to 4
(extensive) scale. In each tissue sample, 5
random areas were scored and mean value
was calculated. Histology score was the
sum of all four parameters.

Statistics

Data are presented as mean values +
standard errors of the means (SEM) in
study I, I, III, IV and median (25"-75"
percentiles) in the study V. Statistical
evaluations were performed using Kruskal-
Wallis one way analysis of variance on
ranks followed by multiple comparisons
versus control group (Dunnett’s method).
Mann-Whitney Rank Sum Test was used
for comparing two groups. In study III,
Comparisons between groups on cate-
gorical variables were carried out with chi-
square test or z-test. The association
between continuous variables was carried
out using Spearman’s rank correlation
coefficient. Comparisons of continuous
variables between groups were carried out
using Kruskal-Wallis one-way analysis of
variance on ranks. P < 0.05 was consi-
dered significant and » represents the
number of subjects in each group.
Statistical analysis was performed using
SigmaStat® software for windows version
3.5 (Systat Software, Chicago, Illinois,
USA).
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Table 2. Histology scoring system used in study V

Alveolar spaces: Alveolar spaces were scored using medium power field 40X

Score Definition

normal alveolar microarchitecture
occasional reduction of alveolar space
progressive reduction of alveolar space
diffuse reduction of alveolar space
extensive destruction of tissue architecture

AW o = O

The thickness of the alveolar septa: The thickness of the alveolar septa were scored in oil
emersion high power field (HPF)

Score Definition

thin alveolar septa

occasional thickening of alveolar septa
progressive thickening of alveolar septa
diffuse thickening of alveolar septa
massive thickening of alveolar septa

AW = O

Fibrin deposition: The fibrin deposition within the alveolar space were scored in oil
emersion high power field (HPF)

Score Definition

absent of fibrin deposition within the alveolar space
occasional fibrin deposition within the alveolar space
progressive fibrin deposition within the alveolar space
diffuse fibrin deposition within the alveolar space
massive fibrin deposition within the alveolar space

AW o = O

PMN infiltration: Infiltrated PMN were counted in interstitial and intraalveolar spaces in
high power field 100X (HPF)

Score Definition

0-10 PMN cells

11-20 PMN cells

21-30 PMN cells

31-50 PMN cells

More than 50 PMN cells

AW = O
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Table 3. Patient demographics in study I1I

Total Septic shock Non-septic shock | P value

Males/females 37/16 25/11 12/5 1.00"
Age (years) 65 (55-74) 65 (57-73) 62 (50-76) 0.83"
APACHE I 24 (19-29) 24 (19-28) 25 (19-32) 0.80"
Number (%) 53 36 (67%) 17 (33)% 0.03"
ICU mortality 28.3% 25.0% 35.5% 0.64"
6-month 39.6% 24.5% 47.1% 0.18"
mortality

Continuous variables are expressed as median (25th—75th percentiles). Categorical variables
are expressed as frequencies and percentages.

* Chi-square test
# Mann-Whitney Rank Sum Test
T z-test
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Table 4. Actiology of shock patient used in study III (* sepsis samples used in the Study V)

Pat. Sepsis | Aetiology

1 Y E. coli urosepsis.

2 N Post operative heart failure and ileus

3 Y Septic shock, focus unknown. P. mirabilis cultured in blood.

4 N Pancreatitis secondary to alcohol overconsumption.

5 Y Fulminant septic shock. E. coli och C. perfringens in blood.

6 Y Streptococcal sepsis post retained products of conception.

7 Y Septic shock, urinary focus with multiple organisms including E. faecalis.
8 Y Sepsis. Soft tissue focus.

9 Y Ulcerous colitis with multiple abdominal abcesses.

10 N Pancreatitis secondary to alcohol overconsumption.

11 Y Pneumococcal sepsis, lung focus.

12" Y Pneumococcal sepsis and meningitis.

13" Y Enterococus urosepsis and aspiration pneumonia.

14 N Post hemicolectomy, severe cardiac failure post-op.

15 N Renal and hepatic failure, post-intoxication

16 N Pancreatitis secondary to alcohol overconsumption.

17 N Bleeding oesophageal varices.

18 N Post sigmoid resection.

19 N Pancreatitis, superior mesenteric vein thrombossis

20 N Post arterial stenting with perioperative AMI.

21" Y Encephalopathy, Creutzfelt Jakob disease, septic shock. Staph spp in blood.
22 Y Staphylococcus aureus sepsis, soft tissue and lung focus.

23 N Pancreatitis.

24 Y Sepsis, abdominal focus. No organism cultured.

25" Y Pneumococcal sepsis.

26" Y Fungal sepsis. Candida albicans in blood and bronchial brush cultures.
27" Y Urosepsis, E.coli.

28 Y Legionella and pseudomonas pneumonia.

29 Y Pneumococcal pneumonia and sepsis with DIC.

30 Y Soft tissue infection with sepsis and ARDS.

31 Y Sepsis with abdominal or lung focus, P. Aeruginosa and E. Faecium.
32 N Intoxication, post-cardiac arrest

33 Y Urosepsis. Staphylococcus aureus cultured in blood and urine.

34 Y Post-operative bilateral pneumonia and wound infection.

35 Y Haemophilus inlfuenzae pneumonia and sepsis.

36 Y Traumatic finger amputation, postoperative sepsis.

37 Y Bowel ischaemia. S. milleri in blood cultures.

38 N Encephalopathy of unknown origin, cardiac failure.

39 N AAA, complicated by post-op bowel ischaemia

40 N Unknown diagnosis, suspected sepsis, all investigations negative.
41 Y Perforated diverticulitis with multiple abcesses.

42 Y E.coli urosepsis.

43" Y Perianal abcess with Group G streptococcal sepsis.

44" Y Gallstone pancreatitis. Abdominal abcesses. Enterococcus faecium.
45" Y Pneumococcal pneumonia with sepsis.

46" Y Pneumonia with sepsis.

47" Y H. influenzae pneumonia with sepsis.

48 Y Necrotixing fasciitis, Group A streptococcus.

49 N Multiorgan failure, diagnosis unclear. Possible AML. Culture negative.
50" Y Pneumonia with sepsis, Serratia spp. In blood cultures.

51 N Thoraco-abdominal AA. Post-stenting.

52 Y Cholecystitis, cholangitis and pancreatitis.

53" Y Klebsiella urosepsis.
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Results and discussion

Role of platelets in abdominal

sepsis

Accumulating data suggest that platelets
play a role in inflammation. However, the
role of platelets for pulmonary recruitment
of sepsis is not demonstrated yet. Herein,
we show for the first time that platelets
constitute an important component in the
pathophysiology of lung injury associated
with abdominal sepsis. We use platelet-
depleting antibody in order to reveal the
role of platelets in CLP animal. We found
that the pulmonary levels of MPO and the
number  of  neutrophils in  the
bronchoalveolar space provoked by CLP
was reduced by more than 50% in platelet-
depleted mice, suggesting that platelets
regulate a significant proportion of
neutrophil accumulation in the lung in
polymicrobial sepsis. CLP increased CXC
chemokine production in septic lung
injury. However, depletion of platelets had
no effect on CLP-induced formation of
MIP-2 and KC, suggesting that the effect
of anti-GPlba antibody on pulmonary
infiltration of neutrophils is not related to
local changes in CXC chemokine
production in the lung. In addition, we
found that platelet depletion not only
decreased neutrophil recruitment but also
attenuated sepsis-induced edema formation
and tissue destruction in the lung,
indicating that targeting platelet functions
may protect against damage to the lung
tissue in abdominal sepsis.

We also investigated the activation
of circulating neutrophils in abdominal
sepsis and found that perforation of the
intestine increased Mac-1 expression on
neutrophils and this up-regulation of Mac-
1 was abolished by depletion of mice
platelets. These observations suggest that
platelets are important for mediating Mac-
1 up-regulation on neutrophils in
abdominal sepsis. Indeed, this platelet-
mediated increase in Mac-1 was of
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functional importance in abdominal sepsis.
We found that immunoneutralization of
Mac-1 markedly decreased CLP-induced
pulmonary infiltration of neutrophils,
suggesting that systemic up-regulation of
Mac-1 by platelets primes circulating
neutrophils ~ for  subsequent  tissue
infiltration in the lung. This finding is in
line with a previous study showing that
Mac-1, together with LFA-1, contributes to
pulmonary accumulation of neutrophils in
abdominal sepsis [17]. Nonetheless, these
findings showing that induction of Mac-1
expression on neutrophils is an important
mechanism  behind  platelet-mediated
recruitment of neutrophils in septic lung
injury does not exclude the possibility that
other mechanisms are operating in parallel.

Circulating leukocyte-platelet
aggregates have been shown to be
increased in a wide range of inflammatory
diseases, such as ischemia reperfusion
injury [185], pneumonia [186],
hemodialysis [187] and acute myocardial
disease [188] and the potential role of such
aggregates in pathological inflammation
has recently attracted a lot of attention. In
fact, we observed that the percentage of
neutrophil-platelet aggregates increased by
more than two-fold in mice with
abdominal sepsis. Knowing that PSGL-1
on neutrophils and P-selectin on platelets is
important for aggregates formation [189,
190], we administered an anti-PSGL-1
antibody which indeed abolished sepsis-
induced formation of neutrophil-platelet
complexes. We also checked the role of
Mac-1 on aggregates formation since Mac-
1 is reported to support neutrophil-platelet
interactions via GP1ba and/or GPIlla/Ilb
[191, 192] but herein we found no change
in the percentage of neutrophils binding
platelets in the circulation, suggesting that
Mac-1 may not be critical for neutrophil-
platelet aggregation in abdominal sepsis.
Nonetheless, immunoneutralization of
PSGL-1 abolished aggregates formation
but had no concomitant effect on CLP-
induced Mac-1 expression on neutrophils,
indicating that aggregate formation per se
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is not necessary for the platelet-mediated
up-regulation of Mac-1 on circulating
neutrophils in  polymicrobial  sepsis.
Moreover, we found that there was no
difference in terms of Mac-1 expression on
neutrophils exhibiting low compared to
high levels of platelet binding, suggesting
that up-regulation of Mac-1 on neutrophils
mediated by platelets is independent of
physical contacts between neutrophils and
platelets in abdominal sepsis. In this
context, it is important to mention that
platelets contain numerous substances,
including PF-4 [193], platelet activating
factor [192], tromboxane A, [194] and
ATP [195], all of which have the ability to
activate  neutrophils  and  increase
expression of Mac-1.

Taken together, we can conclude
that platelets play an important role in
polymicrobial sepsis. This study shows
that platelets regulate sepsis-induced
infiltration of neutrophils in the lung via
up-regulation of Mac-1 on circulating
neutrophils in a contact-independent
manner. Moreover, platelet depletion
attenuates lung edema and tissue
destruction in septic animals, suggesting
that selected targeting of platelet
inflammatory functions may be useful
approach to protect against pulmonary
injury in abdominal sepsis.

Role of platelet-derived CD40L on
neutrophil activation and septic
lung injury

Knowing that platelets mediated up-
regulation of Mac-1 on neutrophils and
neutrophil recruitment in abdominal sepsis
is independent of physical contacts
between neutrophils and platelets [176,
196], we focused on platelet derived
products in activation and recruitment of
neutrophils  in  abdominal  sepsis.
Interestingly, we observed that CLP animal
has increased levels of CD40L in the
plasma. This observation is line with
previous experimental data showing
increased expression of CD40L on
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peritoneal T-cells in CLP mice [197] and
clinical data reporting elevated levels of
CD40L in the blood of patients with
meningococcal sepsis [198].
Concomitantly, we found a reduced
expression of CD40L on the surface of
platelets, indicating that the increased
plasma levels of CD40L originate from
platelets in CLP. This anticipation is later
confirmed by our finding that depletion of
platelets markedly attenuated (90%
reduction) plasma levels of CD40L after
induction of CLP.

We next asked whether CD40L has
any important role in the pathophysiology
of abdominal sepsis. Indeed, we found
that inhibition of CD40L markedly
decreased MPO activity and the number of
neutrophils in the bronchoalveolar space
provoked by CLP, suggesting that CD40L
is an important molecule in regulating
neutrophil trafficking into the inflamed
lung. Additionally, we observed that
blocking CD40L function not only reduced
neutrophils ~ accumulation  but  also
attenuated sepsis-induced edema formation
and tissue destruction in the lung, which
suggest that targeting CD40L may protect
against pulmonary damage in abdominal
sepsis. We found that inhibition of CD40L
had no effect on CLP-induced increase of
circulating platelet-neutrophil aggregates
which suggest that the impact of such
aggregates appears to be very limited in
terms of recruitment of neutrophils to the
lung in sepsis [196].

Herein, we observed that CLP-
induced Mac-1 expression on neutrophils
was significantly reduced both in animals
treated with an anti-CD40L antibody or
mice lacking CD40L. Considering the
finding that the majority of CD40L is
originated from platelets in this model,
these findings indicate that platelet-derived
CD40L is potent regulator of Mac-1
expression on neutrophils in sepsis. This
notion also helps to explain the role of
CD40L in promoting CLP-induced
accumulation of neutrophils in the lung.
One of the receptors of CD40L is CD40,



which is mainly expressed on B-cells,
dendritic cells and mast cells [199], but has
also been detected on neutrophils [200],
which lead us to investigate whether
CD40L had the capacity to directly up-
regulate Mac-1 on neutrophils. However,
we found that co-incubation of peripheral
murine neutrophils or bone marrow
neutrophils with recombinant CD40L had
no effect on Mac-1 expression. In this
context, it interesting to note that CD40L
has the capacity to stimulate the synthesis
of CXC chemokines, such as IL-8, in
macrophages and endothelial cells in vitro
[138] and CXC chemokines are potent
activators of neutrophils [93, 201, 202]. In
the present study, we found that inhibition
of CD40L function significantly reduced
the CLP-induced elevation of plasma
levels of MIP-2. Moreover, our results
showed that administration of a MIP-2
receptor (CXCR2) antagonist markedly
decreased CLP-induced Mac-1 expression
on neutrophils as well as reduced
pulmonary infiltration of neutrophils.

Taken together, these findings
demonstrate that platelet-derived CD40L
promotes MIP-2 secretion which, in turn,
regulates neutrophil expression of Mac-1
and subsequent infiltration in the septic
lung via CXCR?2 signaling. However, the
cellular source of MIP-2 in this chain of
events remains to be determined. Knowing
that both macrophages [202] and
endothelial cells [203] are potent producers
of MIP-2 as well as responsive to CD40L
stimulation [134], it may be speculated that
these cells may be involved. In this
context, it should be noted that platelets
also contain other compounds, such as
platelet activating factor [192],
tromboxane A, [194], and ATP [195],
which have the capacity to activate
neutrophils. Although our present results
clearly show that platelet-derived CD40L
indeed is a critical activator of neutrophils
in sepsis they do not necessarily exclude
the possibility that also other mechanisms
are operating in parallel.
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In conclusion we can say that

platelet-derived CD40L is a pivotal
mediator of neutrophil activation and
recruitment in septic lung injury.

Moreover, these findings suggest that
CD40L mediates sepsis-induced neutrophil
expression of Mac-1 in an indirect manner
via formation of MIP-2 and CXCR2
signaling. We conclude that therapeutic
strategies directed against CD40L may be
useful to protect against pulmonary injury
in abdominal sepsis.

Soluble CD40L in patients with
shock

Once we established that platelet-derived
sCD40L mediates neutrophil activation
and plays a key role in septic-induced lung
injury in mice [204], we asked whether
sCD40L is increased in patients with shock
with and without sepsis. Indeed, we found
that sCD40L levels were significantly
enhanced in all shock patients, regardless
of sepsis or non-sepsis. Although sCD40L
appears mainly to be released from
activated platelets in sepsis [204] we did
not observe a relationship between
platelets counts on one-hand and sCD40L
levels in any of the groups of shock
patients. Moreover, we could not find any
correlation between platelet counts on one
hand and disease severity in shock
patients.

However, we observed that the levels
of sCD40L did not correlate with
APACHE score or disease severity. This
lack of correlation may either be